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CHAPTER 1

Introduction

People have always been driven by curiosity going well beyond immediate necessity and asked
questions of how or why things work and what they are made of. Experiences gained in
experiments, ranging from the simplest trial and error to today’s most advanced methods,
have developed into a working understanding of the four forces governing our every day world.
This working understanding has been met by theories thought up to explain or model the
observations of the past and to make predictions for the future.

The currently accepted working theory for the gravitational force, governing the movement of
falling apples as well as clusters of galaxies and predicting the existence of black holes, is the
very successful theory of “General Relativity”. While obviously showing its presence, gravity is
by far the weakest of the four forces at the typical energies and length scales we encounter in
microcosm.

The other three forces are described by the “Standard Model” (SM) of particle physics. This
theory contains a model for all electromagnetic phenomena, including electricity, magnetism
and the propagation of light and is responsible for binding atoms and molecules to each other
in chemistry and at even smaller scales binding electrons to the nucleus in atoms. Closely
linked to and in the SM even combined with the electromagnetic force is the short-ranged weak
force, mostly known as the cause of radioactivity, but also involved in fusion processes in the
sun. Third is the strong force, which keeps protons and neutrons bound to each other in an
atom’s nucleus, overcoming the electric repulsion of the protons. At scales below that, it is
also responsible for having the quarks and gluons combine into these protons and neutrons in
the first place. Furthermore, the SM contains a mechanism for providing masses to the known
elementary particles.

The predictions of both theories have been the target of extensive experimental scrutiny and
found to be very precise, as necessary for today’s applications for example in satellite-based
global positioning or microelectronics.

Focussing on the SM, it was conceived in its current form in the 1970s, describing the combined
electroweak and the strong interactions in a common mathematical framework. It was able to
explain the observations made by prior experiments and predicted further elementary particles
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1 Introduction

that were, with one exception, found by the year 2000 using high energy particle accelerators
and detectors.

Despite its huge success, the SM still raises a number of questions, even beyond finding the, as
of 2000, last missing particle, the Higgs boson. These questions are addressed by many different
theories beyond the standard model (BSM), which are usually either direct extensions of the
SM or try to embed it into more fundamental theories.

The Large Hadron Collider (LHC) was built to collide protons at center-of-mass energies of up
to 14TeV, expected to be in range of the mass of the SM Higgs boson as well as that of new
elementary particles predicted by BSM theories. The first major goal was achieved in mid-2012
when the ATLAS and CMS experiments announced the observation of a SM-compatible Higgs
boson in their detectors. More detailed studies of this boson as well as the search for BSM
signals are still ongoing.

One BSMmodel which has been studied in much detail is “Supersymmetry” (SUSY). It proposes
a symmetry between matter particles and force carriers and as a result predicts new elementary
particles. This symmetry has to be broken, though, to explain why the new particles have not
been seen so far. To still solve the Higgs mass related problems of the SM, as intended, many
implementations of SUSY breaking predict at least some of the new particles to have masses
at or below the TeV scale, in reach of the LHC.

A further prediction of SUSY is the possibility of rapid proton decay. As experimental obser-
vation places lower limits on the proton’s lifetime above 1029 years, in most cases an additional
ad-hoc symmetry, called R-parity, is imposed on the models to forbid such decays. While this
approach has so far been widely favored in experimental SUSY searches in ATLAS, it is not
without equally well motivated alternatives.

The BC1 model was introduced as a benchmark for one class of such R-parity violating models,
incorporating a non-standard candidate for the lightest SUSY particle and focussing on a part of
parameter space not open in models with conserved R-parity. BC1 and some of the surrounding
parameter space were previously studied only in simulations, though.

In this thesis, the phenomenological studies of this parameter space are extended and the
predictions of the simulation are confronted with the first 2 fb−1 of data taken with the ATLAS
detector in 2011. This is done by interpreting the results of a search for new physics in final
states with multiple leptons and missing transverse momentum.

The thesis is structured as follows: Chapter 2 will introduce the LHC and the ATLAS detector,
which were used to collect the experimental data for the search. Chapter 3 will start with
a brief overview of the SM, including some of its open questions. This will be followed by
an introduction to SUSY, R-parity violation and the benchmark point BC1. Chapter 4 will
describe the analysis devised for the search in detail. Chapter 5 will provide a phenomenological
overview of the BC1 model and the surrounding parameter space, and will show the results of
interpreting the findings of the analysis in terms of these models. Chapter 6 finally will contain
a short summary and some conclusions.
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CHAPTER 2

Accelerator and Detector

Probing small scales requires high energies. In elementary particle physics, these energies are
typically achieved by colliding particles, either in particle beam on target or beam on beam
configurations. The desired information then has to be extracted from the scattering products.
To undertake such experiments on the one hand a source of high energy particles is required.
Due to the small probability of the events that are of most interest to particle physicists today,
these colliding particles usually have to be provided by a particle accelerator to reach the
necessary energies and to observe sufficient numbers of the studied type of event. On the other
hand, detectors capable of measuring the properties of the particles produced in the collision
with a suitable precision are required as well.

This chapter will introduce the Large Hadron Collider (LHC) and the main detector experiments
built to study its output in Sec. 2.1. This will be followed by a closer look at the ATLAS detector
and its components in Sec. 2.2, which provided the data analyzed for this thesis.

2.1 The Large Hadron Collider

The LHC [1] is a ring accelerator with a circumference of 26.7 km, located roughly 100m
underground, at the Franco–Swiss border near Geneva. It is part of the CERN1 accelerator
complex, schematically shown in Fig. 2.1. Following pre-acceleration in the LINAC, PS and
SPS stages of the complex, two counter-rotating beams consisting of protons or heavy ions
(lead nuclei) are injected into the two rings of the LHC at energies of 450GeV. After further
acceleration up to the final center-of-mass energy of 7TeV to 14TeV for the run, the particle
bunches that make up these beams can then be brought to collisions at a number of interaction
points.

Four of the interaction points are equipped with major detectors. Two of these, ATLAS [3]
and CMS [4], are multipurpose experiments, built to search for the Higgs boson and to be able
to measure a broad range of signatures expected from processes beyond the current standard
1 European Organization for Nuclear Research
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2 Accelerator and Detector

Figure 2.1: Schematic view of the CERN accelerator complex. [2]

model. Employing different solutions for the same problems, they are able to cross-check each
other. The LHCb [5] experiment is dedicated to B-physics and CP-violation, featuring a detec-
tor with forward angular coverage only. The ALICE [6] detector was designed to investigate
the quark–gluon plasma that is expected to be created in heavy ion collisions.

In addition there are a number of smaller detectors. The TOTEM [7] experiment’s goal is to
measure the total pp cross section and study elastic and diffractive scattering. Its detectors
are located in the (very) forward region of CMS and are technically integrated into the bigger
experiment. The LHCf [8] experiment’s detectors were located ±140m from ATLAS. They
were designed to measure neutral particle production at very small angles to provide input for
modeling cosmic ray showers in the atmosphere. They were removed in July 2010 after successful
data-taking and upgrades for future operations are planned. The MoEDAL [9] experiment is
the newest of the LHC experiments. It was approved in 2010 and will share the interaction point
of LHCb, covering the opposite hemisphere. It was designed to search for magnetic monopoles
and other highly ionizing (pseudo)stable massive particles.

The LHC was built to probe physics at very small scales, among other things by searching for
the last missing part of the SM, the Higgs boson, or by hunting for new heavy particles and
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2.1 The Large Hadron Collider
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Figure 2.2: Standard Model cross sections as a function of the collider energy, including a 125 GeV
Higgs boson [10]. The discontinuity of some curves is due to differences between pp̄ (left) and pp (right)
collision cross sections.

resonances, predicted by its extensions. The rate Rpp→X at which any such event is produced
is given by

Rpp→X = L · σpp→X (2.1)

where L is the instantaneous luminosity and σpp→X is an energy-dependent cross section, giving
the probability to produce this type of event.

While a high instantaneous luminosity seems favorable, it comes at the cost of a so-called
“pileup” of events, which has to be taken into account in simulation and analysis (cf. Secs. 4.2
and 4.4.5). Regarding the energy, a basic problem of hadron colliders like the LHC is the fact
that protons have a substructure. According to the QCD factorization theorem (cf. Sec. 3.1.1),
the protons’ constituents, the so-called partons, can be viewed as the particles actually colliding
to produce the observed final states. They only carry the fractions x1/2 of the protons’ momenta,
though, effectively reducing the center-of-mass energy available for the hard interaction by a
factor of √x1x2.

Examples of SM cross sections and the corresponding event rates are given in Fig. 2.2 for
different LHC energies, as well as for the proton–anti-proton collider Tevatron [11] at Fermilab.
As shown in the figure, the cross sections generally increase towards higher center-of-mass
energies,

√
s, with some of the rarer processes even gaining an order of magnitude between the
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2 Accelerator and Detector

two accelerators.

The LHC was designed to provide energies of up to 14TeV in proton–proton collisions, a peak
luminosity of 1034 cm−2 s−1 with 1.15× 1011 protons per bunch and a bunch spacing of 25 ns.
The energy will be limited by the 8.33T superconducting magnets necessary to keep the beams
in their orbits, while the luminosity depends on beam parameters like the number of bunches
per beam, the number of protons per bunch and the sizes of the beam profiles (see Eq. 2.2),
which allow for some tuning.

The accelerator has been successfully delivering beams since Nov. 2009, starting with runs
at
√
s = 900GeV and 2.36TeV, running at 7TeV in 2010 and 2011 and reaching 8TeV in

2012. During these three years maximum peak instantaneous luminosities of 2× 1032 cm−2 s−1,
3.6× 1033 cm−2 s−1 and 7.7× 1033 cm−2 s−1 were reached, respectively. While at design param-
eters the LHC beam can provide a maximum of 2808 bunches for collisions with a spacing of
25ns, for the 2011/12 runs a bunch spacing of 50 ns was chosen, allowing for a maximum of
1380 colliding bunches.

A further increase of the center-of-mass energy to its design value of 14TeV is planned after a
longer technical shutdown in 2013/14.

2.2 The ATLAS Detector

The ATLAS2 detector [3, 12, 13] is one of the general-purpose experiments at the LHC, designed
to observe a variety of potential new physics phenomena predicted at the TeV scale and at the
same time allowing for a precise measurement of Standard Model parameters at the LHC’s
unprecedented collision energies.

A cut-away view of the detector is shown in Fig. 2.3. Surrounding the nominal interaction point
inside the beam pipe at its center, it contains sub-detectors for precision tracking, including
(secondary) vertexing and momentum measurement, as well as calorimeters for measuring the
energies of particles and jets, while the outermost part is designed for the detection of muons.
The magnetic field necessary for the momentum measurements in the inner tracking detectors
is provided by a solenoid magnet, while further out toroid magnets allow the muon tracking
to work independently. To cover as much of the solid angle as possible the detector layers are
arranged cylindrically in the central, so-called barrel region and perpendicular to the beam axis
in the so-called end-caps, with overlap in many places and the highest coverage realized by the
calorimeters. With a length of about 44m and a diameter of about 25m the ATLAS detector
is the largest experiment at the LHC, while 7000 t are not enough to make it the heaviest.

Using the nominal interaction point (IP) as origin, the z-axis of the ATLAS coordinate system
is defined to point along the beam direction, the positive x-axis towards the center of the LHC
ring and the positive y-axis upwards, completing the orthogonal system. The azimuthal angle
φ is measured in the x–y or “transverse” plane. Since the longitudinal component of the initial
momentum is usually not known, the transverse components of the momentum, pT =

√
p2
x + p2

y,
and (missing) energy, E(miss)

T , are often used. The polar angle θ is measured from the beam axis,
2 A Toroidal LHC ApparatuS
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2.2 The ATLAS Detector

Figure 2.3: Cut-away view of the ATLAS detector. [3]

while the so-called pseudorapidity is defined as η = − ln tan(θ/2). Finally, distances between
objects in the η–φ plane are measured by ∆R =

√
(∆η)2 + (∆φ)2.

The main detector components will be summarized in the following sections. Further details
as well as information on support systems and structures can be found in the references given
above.

2.2.1 The Inner Detector

A cut-away view of the Inner Detector is shown in Fig. 2.4. Its three independent sub-detectors
are located within a cylindrical volume of about 1m radius and about 6m length around the
beam pipe. Starting from the inside these are the Silicon Pixel Detector (Pixel), the Semicon-
ductor Tracker (SCT) and the Transition Radiation Tracker (TRT). Their task is to sample the
trajectories of charged particles with high precision, such that the “tracks” of these particles
can be reconstructed later using pattern recognition algorithms. Extrapolating these tracks
back inwards then allows finding the primary and secondary interaction points or “vertices” of
the collision event(s). The inner detector is surrounded by a superconducting solenoid, which
creates a homogeneous 2T magnetic field parallel to the beam direction, deflecting particles in
φ. By measuring the curvature of the tracks it is then possible to calculate the momentum of
the particles. In addition to basic tracking the TRT helps to identify electrons by also detecting
transition radiation.

7



2 Accelerator and Detector

Figure 2.4: Cut-away view of the ATLAS Inner Detector. [3]

The Silicon Pixel Detector

The Pixel Detector is a precision silicon tracking detector with high granularity in R–φ and z
and covers pseudorapidities up to 2.5. It consists of three concentric cylinders around the beam
axis in the barrel, with the innermost sensitive layer at a radius of around 5 cm, very close to
the outer edge of the beam pipe at 3.6 cm. In both end-caps the sensitive layers take the shape
of three discs perpendicular to the beam axis, such that a typical track crosses three layers over
the full |η| range of the inner detector. The intrinsic accuracy of the Pixel Detector is 10 µm in
R–φ and 115 µm in z or R for barrel or end-caps, respectively.

The Semiconductor Tracker

The SCT is a silicon micro strip detector consisting of four concentric cylinders around the
beam axis in the barrel and nine discs perpendicular to the beam axis in each end-cap. It
has the same angular coverage as the Pixel Detector, but achieves its accuracy in z or R by
combining two strip layers positioned at a stereo angle of 40mrad with respect to each other
to get one space point. With this setup the information of four such space points is typically
available for pattern matching for a track traversing this sub-detector. The SCT’s intrinsic
accuracy is 17 µm in R–φ and 580 µm in z or R for barrel or end-caps, respectively.

8



2.2 The ATLAS Detector

The Transition Radiation Tracker

The TRT contains many single wire drift tubes (“straws”) interleaved with material that can
emit transition radiation photons. The orientation of the straws is axial in the 73 barrel planes
and radial in the 160 end-cap planes. The TRT only covers |η| up to 2.0 and has an electrical
division near z = 0, but typically collects 30 hits for an average track. The TRT has an intrinsic
accuracy of 130 µm in R–φ and does not provide z information, apart from which half-barrel
was hit, but still contributes significantly to the momentum measurement with the much higher
number of hits and a longer lever arm than the two silicon detectors. Signals created in the
straws by transition radiation photons, which are larger than those created by tracking hits,
provide additional information for electron identification.

2.2.2 The Calorimeter

Continuing outwards there are the sampling electromagnetic and hadronic calorimeters, a cut-
away view of which can be seen in Fig. 2.5. The individual sub-detectors are the Electromagnetic
Calorimeter (EMCal), the Scintillator Tile Calorimeter (Tile), the Liquid Argon Hadronic End-
Cap Calorimeter (HEC) and the Forward Calorimeter (FCal). Their task is to measure the
energy and direction of outgoing charged and neutral particles up to |η| = 4.9. The high
granularity of the EMCal in the η-region matching the inner detector is ideal for measuring
electrons and photons, while the coarser granularity in the remaining calorimeter is sufficient
for a good measurement of jets and missing transverse energy (Emiss

T ). The whole calorimeter
provides a total thickness equivalent to at least ten interaction lengths. This is enough to deliver
a good resolution for high energy jets and to reduce the so-called “punch-through” such that it
does not influence the muon measurement further out. The EMCal provides at least 22 and 24
radiation lengths in the barrel and end-caps, respectively.

The Electromagnetic Calorimeter

The EMCal uses liquid Argon (LAr) as active material and lead absorber plates. It has
accordion-shaped electrodes to provide φ symmetry without azimuthal cracks and consists of
two half-barrel parts, covering |η| up to 1.475 and two end-caps, covering |η| between 1.375 and
3.2. Radially it extends from 1.4m to 2m. It has three layers in the precision physics region of
|η| up to 2.5, which includes the cylindrical barrel and the radially outer of two coaxial wheels
in the end-caps, while the inner wheels have only two layers and a lower lateral granularity. The
first layer is finely segmented in η to allow accurate position measurements, e.g. of photons. A
thin pre-sampler detector in front of the inner calorimeter surface, made of an active LAr layer
allows correcting for energy losses of electrons and photons before reaching the calorimeter for
|η| up to 1.8 (overlapping the HEC).

The Scintillator Tile Calorimeter

The Tile calorimeter, located outside the EMCal, is a hadronic calorimeter with steel as absorber
and scintillator tiles as active material. It consists of a barrel part, covering |η| up to 1.0 and
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2 Accelerator and Detector

Figure 2.5: Cut-away view of the ATLAS Calorimeter. [3]

two extended barrel parts, covering |η| between 0.8 and 1.7. It provides about 7.4 interaction
lengths in three layers between 2.28m and 4.25m radius from the interaction point.

LAr Hadronic End-Cap Calorimeter

The HEC is located outside the EMCal’s end-caps and is using copper as the absorber and LAr
as active material. It covers |η| between 1.5 and 3.2, overlapping with Tile and FCal to reduce
the drop in material density in those areas. Radially it extends from 0.475m (0.372m where it
overlaps with FCal) to 2.03m. The HEC consists of two wheels, providing a total of four layers
per end-cap, with the wheel closer to the IP having higher granularity. It also has the ability
to detect muons.

The Forward Calorimeter

The FCal covers the forward region of |η| between 3.1 and 4.9. As it has to cope with high
particle fluxes it is recessed in z by about 4.7m from interaction point, while still providing
a thickness of ten interaction lengths. It consists of three layers per end-cap, the innermost
optimized for electromagnetic showers and using copper as absorber material, the outer two for
hadronic ones, using tungsten as absorber. Because of its intrinsic radiation hardness LAr is
used as active material for the whole FCal.

10



2.2 The ATLAS Detector

Figure 2.6: Cut-away view of the ATLAS Muon Spectrometer. [3]

2.2.3 The Muon Spectrometer

The outermost sub-detector is the muon spectrometer, shown in Fig. 2.6. The three essen-
tial design criteria for the muon spectrometer were a reliable beam-crossing identification, fast
triggering on muon tracks up to |η| = 2.4 and good stand-alone muon transverse momentum
(pT) measurement. There are four types of muon chambers to provide these capabilities. For
the high precision measurement there are the Monitored Drift Tube Chambers (MDT) and the
Cathode Strip Chambers (CSC), while for triggering there are the Resistive Plate Chambers
(RPC) and Thin Gap Chambers (TGC). To provide the magnetic field necessary for the mo-
mentum measurement in the muon system, superconducting air-core toroid magnets are part
of the ATLAS detector design. The main barrel toroid bends tracks in the |η|-range up to 1.4
with an average field of 0.5T, the two end-cap toroids for tracks with |η| between 1.6 and 2.7
have an average strength of 1T. They create a toroidal magnetic field deflecting in η-direction.
The precision tracking chambers in the barrel are located between the eight coils of the magnet,
as shown in the figure, while they are in front of and behind the magnet in the end-caps. The
timing resolution of the trigger chambers is between 1.5 ns and 4 ns.

Monitored Drift Tube Chambers

The MDT chambers deliver the main precision track coordinate measurement in the principal
bending direction for barrel and end-caps in the pseudorapidity range up to 2.7 (2.0 in innermost
end-cap layer). In the barrel the MDT has three concentric cylindrical shells of chambers, at
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radii of 5m, 7.5m and 10m. In the end-caps there are four layers of wheels, perpendicular to
the beam axis, at z of about 7.4m, 10.8m, 14m and 21.5m, with typical muon tracks crossing
three of the chambers. Each chamber has three to eight layers of drift-tubes with an average
resolution of 35 µm per chamber. Since alignment is very important to achieve the design
performance, it is checked within and between chambers using a high-precision laser-based
system.

Cathode Strip Chambers

The CSC is used as the innermost layer of precision muon tracking in the forward region of
both end-caps with |η| from 2 to 2.7 and is designed to cope with the expected higher fluxes.
In contrast to the MDT, multi-wire proportional chambers with cathodes segmented into strips
are employed in the CSC. Each end-cap has four planes of strips and allows measuring both
coordinates by correlating two orthogonal strips. Using this a resolution of 40 µm in the bending
plane and 5mm in the transverse plane can be achieved.

Resistive Plate Chambers

The RPCs are fast trigger chambers located in the barrel region, covering |η| up to 1.05. They
are gaseous parallel electrode-plate detectors. Two layers of RPCs surround the middle MDT
layer, while one is either close to the inside or outside of the outer MDT layer, depending on
sector in φ. The average chamber resolution is 10mm in z and φ.

Thin Gap Chambers

The TGCs extend the coverage of fast trigger chambers to the end-caps in the |η| range from
1.05 to 2.4 They’re based on the same principle as multi-wire proportional chambers. The
TGCs have four layers per end-cap. One layer is located in front of the inner MDT layer, the
next two surround the middle MDT layer and the last is a bit further out. The average chamber
resolution is 2mm to 6mm in R and 3mm to 7mm in φ.

Together with the RPCs, the TGCs allow for reliable beam-crossing identification with at least
99% probability. They also provide a fast and coarse measurement of both coordinates for the
high-level trigger. Using the bending plane coordinate to match the MDT, the trigger chamber’s
perpendicular coordinate is also adopted as second coordinate for the muon tracks.

2.2.4 Luminosity Measurement

In order to convert between cross sections and event rates it is essential to know the luminosity.
The LUCID (Luminosity measurement using Cherenkov Integrating Detector) detector was
designed as the main online relative luminosity monitor. It is a Cherenkov detector located
±17m from the interaction point, at a radius of 10 cm from the beam pipe and detects charged
particles produced in inelastic proton–proton scattering in the forward direction (|η| about 5.8).
While the primary purpose of the Beam Condition Monitor (BCM) is to monitor background
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Figure 2.7: Total integrated luminosity for (a)
√
s = 7TeV in 2011 and (b) 8TeV in 2012. [17]

levels and issue beam-abort requests in case of beam losses, its fast readout also allows measuring
the relative bunch-by-bunch luminosity. The BCM consists of four small diamond sensors on
each side of the beam pipe at z = ±184 cm and |η| = 4.2.

The absolute luminosity can be expressed using measurable beam parameters as follows:

L = fr
nbn1n2
2πΣxΣy

(2.2)

where fr is the revolution frequency (11 246Hz), nb the number of colliding bunches, n1/2 the
number of particles in the colliding bunches and Σx/y are measures of the horizontal and vertical
beam profiles3. By performing so-called “van-der-Meer” scans, in which beam separations are
varied in known step sizes and the resulting changes in collision rates are recorded (e.g. in
LUCID), Σx/y can be measured.

Details on the algorithms and additional sub-detectors used for the luminosity measurement
can be found in [14–16].

The total integrated luminosities recorded by ATLAS at
√
s = 7TeV in 2010 and 2011 were

45.0 pb−1 and 5.08 fb−1, respectively. Another 21.3 fb−1 were taken at 8TeV in 2012. Together
this corresponds to a total of about 1.8× 1015 total proton–proton collisions. This was very
close to the luminosity delivered by the LHC, as can be seen in Fig. 2.7, taken from [17]. The
delivered luminosity here is the one measured between the start of stable beams, as declared by
LHC, and ATLAS putting the detector in “safe standby” mode prior to a beam dump or beam
studies. The difference to the recorded luminosity is due to inefficiencies of the data acquisition
as well as startup times for high-voltage and preamplifiers in the ATLAS tracking detectors.

The design goal for the relative uncertainty of the measurement of the instantaneous luminosity
of less than 5% was met already for the 2011 data, where 3.7% was achieved [14], with the
measurement of the bunch-charge product (n1·n2 in Eq. 2.2) being the dominant contribution.

3 In case of Gaussian beam profiles the Σx/y would be their standard deviations.
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2.2.5 The Trigger System

At a design event rate of 40MHz it is not possible to read out and store all events. To get this
rate down to the roughly 200Hz the offline storage can handle, the ATLAS detector employs
a three level trigger system, that searches for interesting signatures, dropping other events in
the process.

Level-1 Trigger

Level-1 (L1) is a hardware trigger implemented using electronics designed for this purpose.
It uses information from a subset of detectors (muon trigger chambers and all calorimeter
sub-detectors) with reduced granularity and searches for signatures from high-pT muons, elec-
trons/photons, jets, hadronically decaying τ leptons or global quantities, like large overall ET
or Emiss

T , but only decides based on simple quantities like multiplicities or thresholds. For events
passing, it flags so called Regions of Interest (RoI) for the higher level triggers. L1 has to reduce
the event rate to a maximum of 75 kHz and provide this decision within 2.5 µs.

Level-2 Trigger

The Level-2 trigger (L2) builds and uses additional information from the RoIs for events passing
L1. It can utilize the full granularity and precision in these regions and uses coordinates, energies
and types of signatures to make its decision and has to reduce the event rate to below 3.5 kHz.
The average processing time per event is about 40ms.

Event Filter

The Event Filter (EF) uses the offline analysis procedures to fully build all events that passed
L2. Only events passing the EF are recorded to disc and later to tape. For this the event rate
has to be reduced to about 200Hz. Processing an event at EF level on average takes about 4 s
of processing time and produces O(1) MB of event output for later analysis.

L2 and EF together are called the High-Level Trigger (HLT) and are both implemented in
software and run on off-the-shelf servers.

To allow for optimal use of the available bandwidth, it is possible to “pre-scale” the trigger
decisions individually on all levels by discarding an adjustable fraction of otherwise passing
events. While this is obviously undesirable for searches for new physics, higher luminosities
and numbers of interactions per bunch crossing require either pre-scaling or increasing the
thresholds of existing trigger items, as long as “smarter” triggers are not available.

Finally events are sorted into different (possibly overlapping) data “streams” depending on what
triggered them. Apart from dedicated streams for performance studies, the streams typically
used for physics analysis are called Egamma, Muons and JetTauEtmiss, which are filled by
electron/photon, muon and jet/τ/Emiss

T triggers, respectively.
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CHAPTER 3

Theory

Theory and experiment are complementary. While the theoretical side of particle physics tries
to explain and model the observations made by the experiments with the goal of being able to
provide further predictions, it also requires the experimental results as input to determine the
values of its parameters as well as to support or falsify additions to the model.

Section 3.1 will give a brief overview of the current standard model of particle physics, touching
some of its basic concepts, the particles it describes and the forces that govern their interactions
in Secs. 3.1.1 and 3.1.2, as well as the mechanism generating the particle masses in Sec. 3.1.3.
This will be followed by a short account of some of the unsolved questions of the Standard
Model in Sec. 3.1.4.

Section 3.2 will go beyond the Standard Model, introducing the notion of Supersymmetry as
a potential solution to some of the open questions. The “minimal” supersymmetric extension
to the Standard Model will be introduced in Secs. 3.2.1 and 3.2.2, followed by a description of
some important changes to the Standard Model behavior in Secs. 3.2.3 and 3.2.4. In Sec. 3.2.5 a
constrained version of the minimal supersymmetric extension will be introduced, which will be
the basic framework for a summary of the production processes of new supersymmetric particles
in Sec. 3.2.6 as well as for the discussion about the so-called “R-parity” in Sec. 3.2.7. Finally an
example of an R-parity violating supersymmetric model will be provided in Sec. 3.2.8, leading
to a possible signature to be studied with ATLAS data in the following chapters.

3.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics describes our current understanding of the basic
building blocks of matter and their interactions on small scales. The model can explain the
electromagnetic force as well as the weak and strong forces and its predictions have successfully
been tested to very high precision in many experiments. The SM contains two categories of
particles: fermions, carrying half-integer spin, providing the elementary constituents of matter
and bosons, carrying integer spin, responsible for mediating the interactions between them.
Starting with the latter, the electromagnetic force is represented by the photon (γ), the weak
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Name Q Mass
electron neutrino 0 < 2 eV

electron −1 510.998 928 ± 0.000 011 keV
muon neutrino 0 < 2 eV

muon −1 105.658 371 5 ± 0.000 003 5 MeV
tau neutrino 0 < 2 eV

tau −1 1776.82 ± 0.16 MeV
up 2

3 2.3 +0.7
−0.5 MeV

down −1
3 4.8 +0.7

−0.3 MeV
charm 2

3 1.275 ± 0.025 GeV
strange −1

3 95 ± 5 MeV
top 2

3 173.5 ± 0.6± 0.8 GeV
bottom −1

3 4.18 ± 0.03 GeV
gluon 0 0 eV
photon 0 < 10−18 eV

W± bosons ±1 80.385 ± 0.015 GeV
Z0 boson 0 91.1876 ± 0.0021 GeV

Higgs boson 0 125.9 ± 0.4 GeV

Table 3.1: Particle content of the Standard Model, including the electric charges and masses as given
in [18]. The gluon mass corresponds to the theoretical value. For the Higgs boson mass the value from
the 2013 partial update of the 2014 edition of [18] is given.

force by the W± and Z0 bosons and the strong force by eight gluons (g). In addition the SM
contains one Higgs boson (h) which is related to the way the masses of the other SM particles are
generated. The fermions consist of leptons and quarks. Of the six leptons, three only interact
via the weak force while the other three carry electric charge and interact electromagnetically as
well. The six quarks in contrast feel all three forces. Leptons as well as quarks can be grouped
into three families (or generations) each, with identical quantum numbers, but different masses.
Table 3.1 summarizes the particle content of the Standard Model including the electric charges
and approximate masses. The model also describes the charge conjugate states of same spin
and mass, the so-called anti-particles.

From a theory point of view the SM is formulated in the form of a relativistic quantum field the-
ory. As in all other fields of physics, symmetries and their associated invariants have shown to
be an excellent tool in explaining many of the properties of the SM. The first required symmetry
is an invariance of the action or the corresponding Lagrangian density under transformations
of the Poincaré group (i.e. space-time translations, rotations and boosts), resulting in the same
equations of motion in all inertial frames. Next, starting with a theory of free massless fermion
fields only, the requirement of invariance under local gauge symmetries (i.e. independent phase
shifts and internal rotations of the fields at every point in space-time) automatically introduces
gauge fields, whose quanta mediate forces between the original fields. The gauge groups repro-
ducing the experimentally observed phenomenology of the SM are SU(3)C×SU(2)L×U(1)Y .

An important feature of the SM, caused by its gauge symmetries, is its renormalizability.
Computing measurable quantities like masses, cross sections, decay rates, etc. perturbatively
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beyond the lowest order requires evaluating Feynman diagrams involving particle loops. While
naively these loop diagrams diverge, for renormalizable theories these divergencies vanish, when
re-expressing the so-called “bare” couplings and masses in the original Lagrangian in terms of
measured values. In this way, higher-order contributions to propagators can be included in
renormalized masses, while contributions to interaction vertices can be included in couplings
(an effect that is sometimes referred to as “integrating out” the high energy or small length-
scale details of the theory). The remaining finite contributions usually come in the form of
large logarithms, which can be included by treating couplings and masses appearing in the
Lagrangian as “running” parameters. Different choices of how these logarithms are treated lead
to different renormalization schemes.

This renormalization procedure introduces a renormalization scale µR via the measurements.
While different choices of this scale will lead to different expansions, in the end physical ob-
servables must be independent of this scale. This requirement gives rise to scaling laws for
the couplings and masses, the so-called renormalization group (RG) equations, which depend
on the details of the theory. The solutions of these equations then allow the prediction of the
renormalized parameters at one scale, given a set of values at another.

The next three sections will provide some more details concerning the strong and electroweak
forces and introduce the Higgs mechanism, which generates masses for the vector bosons and
fermions in the SM. (For additional introductory material see e.g. [19–21]). Following that,
some of the questions not addressed or solved by the SM will be discussed, before focussing
on Supersymmetry as one possible theory beyond the Standard Model (BSM), which provides
answers to some of the open questions.

3.1.1 The Strong Force

The theory of the strong force or “quantum chromodynamics” (QCD) [22] is given by the
invariance of the SM Lagrangian under local SU(3)C transformations1. This requires an octet
of gauge bosons, the gluons g, coupling to the six quarks, which are often divided into up-
and down-type quarks, when only electric charge or weak isospin (cf. Sec. 3.1.2) are important.
In contrast to the electrically neutral photon for electromagnetism, the gluons, because of the
non-Abelian nature of the gauge group, carry “color” charges and also couple to themselves.

One consequence of this self-coupling is that the running QCD coupling αs is small at high
energies, leading to the “asymptotic freedom” of quarks, but becomes large for low energies,
which prevents perturbative QCD calculations in this regime, because the Lagrangian can no
longer be expanded in terms of the coupling. A summary of measurements of αs, together with
the QCD prediction is shown in Fig. 3.1.

Caused by the large coupling at low energies quarks form color-neutral bound states, called
hadrons. One possibility for this are quark–antiquark states, so-called mesons, like the pion,
where color and anti-color compensate each other. Another possible combination are three
(anti-)quarks, which form a so-called baryon, like the proton, as the sum of three different
(anti-)colors also result in a SU(3)C singlet.
1 The subscript C is a reminder of the coupling to color.
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Figure 3.1: Summary of measurements of αs as a function of the respective energy scale Q. [18]

While hadrons are typically described in terms of these two or three so-called valence quarks,
probing the content of a proton in scattering experiments with electrons reveals non-negligible
amounts of the other flavors of (anti-)quarks, usually called sea quarks, as well as gluons.
Quarks and gluons as constituents of hadrons are called partons.

A relation between the perturbatively computable hard interaction cross section σ̂ab→X(ŝ) of
two partons producing a final state X and the cross section at proton collision level is given by
the QCD factorization theorem:

σpp→X =
∑
a,b

∫ 1

0

∫ 1

0
dx1dx2 fa(x1, µF ) fb(x2, µF )× σ̂ab→X(ŝ) (3.1)

Here x1/2 are the longitudinal fractions of the proton momenta that any two interacting partons
a and b, which can produce X, carry into the hard interaction. fa/b(x1/2, µF ) are the so-called
“parton distribution functions” (PDFs), which give the probability density to find each type of
parton at the fraction xi of the proton momentum. The PDFs also depend on a non-physical
factorization scale µF , which is usually chosen to be equal to the typical momentum transfer
Q2 = µ2

F in the hard process and often set to also be equal to the renormalization scale µR for
the calculation. For the hard interaction only the reduced center-of-mass energy

√
ŝ = √x1x2

√
s

is available.

The PDFs contain the “soft” part of the interaction, which cannot be computed perturbatively.
They can be extracted from global fits to data measured in deep inelastic scattering. Such fits
are provided by a number of groups. Examples for PDFs provided by the MSTW group [23]
can be seen in Fig. 3.2 for two different values of the momentum transfer Q2.
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Figure 3.2: MSTW 2008 NNLO PDFs at Q2 = 10GeV2 and Q2 = 104 GeV2 [23]. Note that the gluon
curve is scaled down by a factor of 10.

3.1.2 The Electroweak Force

The electroweak (EW) force [24] provides a unified description of the electromagnetic and weak
interactions. It corresponds to a symmetry of the Lagrangian under local SU(2)L × U(1)Y
transformations2. The EW eigenstates of the gauge bosons are theW1,2,3 bosons for the SU(2)L
group, and the B0 boson for the U(1)Y group. The W bosons only couple to left-handed
fermions, which form weak isospin (T ) doublets, while the right-handed fermions are singlets,
making the SM a chiral theory. The B boson couples to weak hypercharge (Y ), carried by all
fermions, as well as the Higgs field. The third component of the weak isospin T3 and Y are
related to the electric charge by3 Q = T3 + Y . The four vector bosons combine to the mass
eigenstates

W± = 1√
2

(W1 ∓ iW2) and
(
Z0

γ

)
=
(

cos θW − sin θW
sin θW cos θW

)(
W3
B0

)
(3.2)

where θW is the weak mixing angle, which can be expressed in terms of the SU(2)L and U(1)Y
coupling constants g and g′ as cos θW = g/

√
g2 + g′2. This mixing also results in a relation

2 The subscripts L and Y are reminders of the couplings to left-handed particles and to the hypercharge,
respectively.

3 An alternative convention, used in Sec. 3.2, is Q = T3 + 1
2Y .
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between the W and Z masses: mW = mZ cos θW .

For quarks the electroweak and mass eigenstates also differ. The resulting mixing can, in
the SM, be described by one unitary 3 × 3 matrix, the “Cabbibo–Kobayashi–Maskawa” or
CKM matrix, which experimentally turns out to be mostly diagonal, suppressing the couplings
between quarks of different families.

3.1.3 Particle Masses in the Standard Model

The SM fermions, as well as the W and Z bosons experimentally show non-zero masses, as
listed in Tab. 3.1. Since explicit mass terms for the fermions (−mf f̄f) as well as the vector
bosons (1

2m
2
AAµA

µ) are forbidden by the gauge symmetries, another mechanism has to explain
these masses. In the Standard Model this is done via the introduction of one weakly coupling
complex spin 0 doublet field and the Higgs mechanism [25], briefly explained in the following.

To begin with, the Higgs field φ =
(φ+

φ0
)
is added to the Lagrangian, together with a potential

V (φ†φ) = 1
2µ

2φ†φ+ 1
4λ(φ†φ)2, where λ has to be positive for the potential to be bounded from

below. Initially the µ2-term seems to be a mass term for the Higgs field. Choosing µ2 < 0,
though, shifts the minimum of the potential away from zero to v2 = −µ2

λ , where v is the so-
called vacuum expectation value (VEV) of the Higgs field. While the theory including this
potential is still SU(2)L symmetric, a non-zero ground state has to be chosen for the Higgs
field, because perturbative calculations require an expansion around a minimum. This choice
spontaneously breaks the EW symmetry and only the U(1)EM symmetry of electromagnetism
remains.

When re-expanding the Lagrangian in terms of the physical Higgs field, all terms involving
powers of the original field split up into one part including the physical field and additional
parts containing the VEV instead. Since φ originally coupled to the weak vector bosons, the
quadratic interaction terms now give rise to masses for the W and Z bosons. The one physical
degree of freedom remaining, the real scalar Higgs boson h, also receives a mass from the
quartic coupling term in the potential. In addition also the fermions can get their masses via
this mechanism, since so-called Yukawa interactions between the fermions and the Higgs field
(or its charge-conjugate) of the form λfφf̄f are allowed by the gauge symmetries.

In summary the resulting masses are:

mW = 1
2vg , mZ = 1

2v
√
g2 + g′2 , mh =

√
2λv2 and mf = 1

2λfv (3.3)

where the value of the Higgs VEV is known, because it is related to the well-measured Fermi
constant GF via the W boson mass: v ≈ 246GeV.

While the observation of neutrino mixing implies non-zero masses for at least two of the three
neutrinos, their masses are so small, compared to the other SM particles, that they usually
are neglected. Since right-handed neutrinos would be gauge singlets, which do not interact via
any of the three forces, and would only show up in the Yukawa terms, they are (usually) not
included in the SM. In some theories that try to explain the neutrino masses, these additional
fields are required, though.
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Discovering the Higgs boson, as the last unobserved SM particle, has been one of the major goals
of the LHC. In July 2012 both the ATLAS and the CMS collaborations published results with
“clear evidence for the production of a neutral boson”, found in about 10 fb−1 of combined 7TeV
data from 2011 and 8TeV data from 2012. ATLAS found an excess of 5.9 standard deviations,
compatible with production and decay of a SM Higgs boson of mh = (126.0 ± 0.4 (stat.) ±
0.4 (sys.))GeV [26]. CMS observed 5.8σ for mh = (125.3 ± 0.4 (stat.) ± 0.5 (sys.))GeV [27].
Because of its decay into two photons, only spin 0 and 2 are possible for this new boson.
Further studies of the boson’s properties are under way to determine whether it is in fact the
SM Higgs boson, as particles or resonances with similar properties are predicted by theories
beyond the SM, for instance the lightest Higgs boson in Supersymmetric models.

3.1.4 Open Questions

Most of the predictions of the Standard Model have been confirmed experimentally to high
accuracy. Nevertheless there are a number of open questions and problems that hint at or
even require additions to the theory at higher energies. Some examples will be given in this
section.

The SM has 19 free parameters, which are not predicted by the theory and have to be measured:
the nine Yukawa couplings of the Higgs to the fermions, the three couplings for the strong, weak
and electromagnetic forces, the three angles and a complex phase of the CKM matrix, the Higgs
VEV and self-coupling and a CP-violating phase in the strong sector. (If one includes three
massive neutrinos this number is increased by eight: three parameters for the Yukawa couplings
and five for the equivalent of the CKM matrix for leptons.) While not strictly necessary, it
stands to reason that a more fundamental theory could explain the value of these parameters
directly or as effective values at the currently observable energy scales.

The evolution of the inverse running couplings for the three forces in the SM (dashed lines in
Fig. 3.4) might be seen as an additional hint in that direction, if one assumes modifications to
the theory at higher energies. An example of such a theory, further explained in Sec. 3.2, is
shown by the solid lines in the same figure, with a unification scale of roughly 1016 GeV.

This unification of the strong and electroweak forces, together with a more fundamental relation
between quarks and leptons, is also one of the basic predictions of so-called grand unified
theories (GUTs). These usually start from the assumption that some gauge group, like SO(10)
or SU(5), containing the SM’s SU(3)C×SU(2)L×U(1)Y groups, provides the more fundamental
description at higher energy scales, with only one force and one gauge coupling. GUTs are able
to explain relations between the SM group couplings and the ratio between quark and electron
charges as an expression of the respective group structure, but typically have the problem of
predicting new gauge bosons coupling to leptons and quarks, which have to be very heavy or
only couple very weakly, if at all, to explain the observed proton lifetime.

While negligible at LHC energies, a complete theory will somehow have to include gravity as
well, at the latest at the so-called Planck scaleMPl of about 1019 GeV, where quantum effects of
gravity become important. One of the problems that arise in this context is that the Lagrangian
including the force carrier of gravity, the massless spin 2 graviton, is non-renormalizable, which
prevents a simple perturbative treatment. Such additional terms might just be an effective
approximation of an underlying renormalizable theory (like Fermi’s four fermion interaction
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is of EW theory) for energies small compared to the Planck scale, though, and thus perfectly
valid.

Any theory extending the current Standard Model to higher energies, in its effective approxima-
tion at energies around the electroweak scale, will at least have to reproduce the SM’s successes
in explaining experimental observations, though.

Another problem of the Standard Model is the CP-violating phase in the strong sector, already
mentioned above, included in a term not forbidden by any of the gauge symmetries. Exper-
imentally a non-zero value of this phase would show up as an electric dipole moment for the
neutron. Existing measurements restrict this phase to be extremely small or absent, which is
not explained by the SM and could be seen as a case of “fine tuning”. This is usually known as
the “strong CP problem”. A possible solution for this was proposed by Peccei and Quinn [28],
introducing a new global U(1)PQ symmetry and a new scalar field. Caused by interactions of
the field with the non-trivial QCD vacuum, the VEV it acquires after spontaneously breaking
this symmetry then naturally cancels the original phase exactly and a new boson, usually called
axion remains, the mass of which depends on the curvature of its potential. So far, though, no
conclusive evidence for the existence of axions has been found.

As a final example, the value of the Higgs mass itself is a potential source of concern. Observed
properties of weak interactions suggested mh to be roughly of order 100GeV, which has now
been confirmed by the direct LHC measurements. For consistency the mass is also required to
be below the TeV scale, to preserve the unitarity of the WW scattering amplitude at higher
energies. The problem of the SM’s prediction presents itself when including the modifications
of the Higgs mass arising from loop diagrams. For each Dirac fermion f of mass mf the SM
Lagrangian contains a term λfhf̄f , leading to a correction

∆m2
h = −|λf |

2

16π2

(
2Λ2 + 4m2

f ln Λ
mf

+ 4m2
f + . . .

)
(3.4)

Here Λ is a cutoff, regularizing the loop integral, which can be thought of as the scale at which
corrections from physics beyond the SM become relevant. This correction will be especially
sensitive to the heaviest fermion coupling to the Higgs4. Even if using dimensional regular-
ization, where the Λ2 term is not present, the terms quadratic in the fermion masses would
require very fine-tuned cancellations at each order of perturbation theory, which would have
to be explained by the new theory, to keep the Higgs boson light. This is often called the
“Hierarchy Problem”.

3.2 Supersymmetry

Fine-tuned cancellations as required to solve the Hierarchy Problem of the SM might seem
unnatural when introduced by hand. They can however occur as a very natural byproduct of
symmetries. If a theory extending the SM contained additional complex scalar fields S of mass
mS with the coupling λS |S|2 |h|2 to the Higgs field, they would contribute to the Higgs mass
4 This holds even if the coupling is only indirect.
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corrections as
∆m2

h = λS
16π2

(
Λ2 − 2m2

S ln Λ
mS
− 2m2

S + . . .

)
(3.5)

where the opposite sign is due to the loops being bosonic instead of fermionic. Obviously this
could exactly cancel the terms in Eq. 3.4 if there were two such scalars per Dirac fermion with
mf = mS and λS = |λf |2. This is precisely what is predicted by “Supersymmetry” (SUSY) [29]
which proposes a global symmetry between the bosons and fermions of the underlying theory.

Introductory reviews of SUSY and its phenomenology as an extension of the SM can be found
e.g. in [30, 31]. The following sections will introduce the basic ideas relevant in the context of
this thesis.

The operator Q generating such a supersymmetric transformation relates fermionic and bosonic
fields with

Q |fermion〉 ∼ |boson〉, Q |boson〉 ∼ |fermion〉 (3.6)

and thus has to be an anti-commuting spinor itself, carrying spin 1⁄2. The hermitian conjugate
operator Q† then also is a SUSY generator. These two operators have to satisfy an algebra of
(anti-)commutation relations {

Qα, Q
†
α̇

}
= 2σµαα̇Pµ

{Qα, Qβ} = 0,
{
Q†α̇, Q

†
β̇

}
= 0 (3.7)

[Qα, Pµ] = 0

where α, α̇, β, β̇ are spinor indices, σµ are the identity and the three Pauli matrices and Pµ
is the four-momentum operator. In addition they also commute with the generators of gauge
transformations T a,

[Qα, T a] = 0 (3.8)

As a result a field and its “superpartner”, which together form a so-called “supermultiplet”,
have the same mass and gauge quantum numbers and only differ by 1⁄2 in spin. Each of these
supermultiplets has to contain an equal number of bosonic and fermionic degrees of freedom.
The two simplest possibilities leading to a renormalizable supersymmetric theory are a Weyl
fermion combined with a complex scalar and a vector boson combined with a Weyl fermion.
The former combination is called a chiral supermultiplet, the latter a gauge supermultiplet.

To allow the SUSY algebra to also close off-shell, as required by a quantum theory, non-physical
auxiliary fields have to be included into the supermultiplets. These fields do not propagate and
can be eliminated on-shell using their respective algebraic equation of motion. For the chiral
supermultiplets the additional degrees of freedom off-shell require a complex scalar field F , while
for the gauge supermultiplets a real scalar D is needed, both carrying the unusual dimension
[mass]2.

The fields of the superpartners are usually marked with a tilde and their names are usually
prefixed with the letter “s” for the scalar superpartners, i.e. sfermion, slepton, selectron, squark,
etc. and end in “-ino” for the fermionic partners, i.e. gaugino, gluino, higgsino, etc.

The basic SUSY and gauge invariant Lagrangian contains kinetic terms for the scalars, fermions
and vector bosons of all chiral and gauge supermultiplets with gauge-covariant derivatives, as
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well as mass and Yukawa interaction terms for the fermions and scalars, which take the following
form:

Lint = −1
2
(
W ijψiψj + h.c.

)
−W iW ∗i (3.9)

with
W i = δW

δφi
and W ij = δ2W

δφi δφj
(3.10)

Here ψ and φ are the fermion and scalar parts of the chiral supermultiplets, respectively and
W is the so-called “superpotential”, which has to be holomorphic in the fields φ. Since they are
derived from the same superpotential, the couplings of scalars to scalars and scalars to fermions
are related.

The auxiliary fields of the chiral supermultiplets can be expressed in terms of the superpotential
as Fi = −W ∗i and F ∗i = −W i via their equation of motion δL

δFi
= 0. Their contribution W iW ∗i

to the scalar potential V (φ, φ∗) of the Lagrangian are called “F-terms”. Similarly theD auxiliary
fields can be replaced for each gauge supermultiplet using Da = −ga

∑
i,j(φ∗iT ija φj) (without

summing over a), contributing to V (φ, φ∗) in form of the so-called “D-terms”: −1
2(gaφ∗Taφ)2,

now summing over all φi and a.

Finally there are also terms in LSUSY describing fermion–sfermion–gaugino and higgsino–Higgs–
gaugino Yukawa couplings of gauge-strength.

3.2.1 The Minimal Supersymmetric Standard Model

Tables 3.2 and 3.3 show the particle content necessary for the minimal supersymmetric extension
of the Standard Model, the MSSM. All fermionic fields in the chiral supermultiplets are left-
handed. The corresponding scalars carry the index L/R only to denote their SM partners.

Compared to the Standard Model (at least) one additional Higgs doublet is needed in the
MSSM. One reason for this is that giving down-type quarks and charged leptons masses using
the Higgs field and up-type quarks using the charge conjugate of the Higgs field, as done in
the SM, is not possible in the MSSM, since the terms for the conjugate field are not allowed
in the superpotential. Another reason shows up on the higgsino side of the supermultiplet. In
the SM, to prevent anomalies arising from Feynman graphs containing fermion triangles, the
trace over the hypercharges of all fermionic fields has to and does cancel. An additional single
higgsino with Y = −1/2 would spoil this cancellation. Both of these problems can be solved by
introducing a second Higgs supermultiplet with Y = +1/2, where the latter (Hu) can then give
mass to the up-type quarks, while the former (Hd) can do the same for the down-type quarks
and charged leptons.

The most general renormalizable superpotential with this particle content allowed by the SM
gauge interactions and SUSY is then given [32] by:

W = εab
(
(YE)ijLaiHb

dĒj + (YD)ijQaxi Hb
dD̄jx + (YU )ijQaxi Hb

uŪjx
)
− εabµHa

dH
b
u (3.11a)

+ εab

(1
2λijkL

a
iL

b
jĒk + λ′ijkL

a
iQ

bx
j D̄kx

)
+ 1

2εxyzλ
′′
ijkŪ

x
i D̄

y
j D̄

z
k − εabκiLaiHb

u (3.11b)
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Names spin 0 spin 1⁄2 SU(3)C , SU(2)L, U(1)Y
squarks, quarks Q (ũL d̃L) (uL dL) (3,2, 1/6)
(×3 families) Ū ũ∗R u†R (3̄,1,−2/3)

D̄ d̃∗R d†R (3̄,1, 1/3)
sleptons, leptons L (ν̃ ẽL) (ν eL) (1,2,−1/2)
(×3 families) Ē ẽ∗R e†R (1,1, 1 )

Higgs, higgsinos Hu (H+
u H0

u) (H̃+
u H̃0

u) (1,2, 1/2)
Hd (H0

d H−d ) (H̃0
d H̃−d ) (1,2,−1/2)

Table 3.2: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The spin 0 fields are
complex scalars, the spin 1⁄2 fields are left-handed two component Weyl spinors. Adapted from [31].

Names spin 1⁄2 spin 1 SU(3)C , SU(2)L, U(1)Y
gluino, gluon g̃ g (8,1, 0)

winos, W bosons W̃± W̃ 0 W± W 0 (1,3, 0)
bino, B boson B̃0 B0 (1,1, 0)

Table 3.3: Gauge supermultiplets in the Minimal Supersymmetric Standard Model. Adapted from [31]

where i, j, k are generation indices, x, y, z are SU(3)C and a, b SU(2)L gauge indices and all
involved fields are the scalar parts of the supermultiplets5. The YE,D,U are 3 × 3 matrices of
Yukawa couplings. The λijk, λ′ijk and λ′′ijk are Yukawa couplings as well, with λ anti-symmetric
in the first two indices and λ′′ in the last two. The parameters µ and κi have mass dimension
one.

The first, second and the last term in Eq. 3.11b violate the conservation of lepton number L,
while the third violates the conservation of baryon number B. Allowing combinations of B and
L violating terms leads to rapid proton decay, as shown in the example in Fig. 3.3, and thus
strongly contradicts observation.

To avoid this, an additional ad-hoc symmetry called R-parity is usually introduced with the
multiplicative quantum number

Rp = (−1)2S+3B+L (3.12)

where S is the particle’s spin, being considered a conserved quantity. This explicitly forbids
all terms on the second line of Eq. 3.11. For collider experiments this would have a number of
consequences. Since all SM particles have Rp = +1 while all SUSY partners have Rp = −1,
SUSY particles at colliders would be produced in even numbers and then decay via the emission
of SM particles down to the lightest supersymmetric particle, the so-called “LSP”, which would
have to be stable. If this LSP additionally was electrically neutral, it would be an interesting
candidate for non-baryonic dark matter, an ingredient necessary for most cosmological models.
This is often even turned into a requirement for the LSP, leading to the expectation of a missing
energy signature for SUSY events at colliders.
5 To reduce clutter the tilde usually signifying the superpartners will be omitted for terms of the superpotential,
which only contains scalar fields.
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Figure 6.5: Squarks would mediate disas-
trously rapid proton decay if R-parity were
violated by both ∆B = 1 and ∆L = 1 in-
teractions. This example shows p → e+π0

mediated by a strange (or bottom) squark. u

u

d s̃∗
R
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4

d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.

54

Figure 3.3: Example of a possible proton decay p→ e+π0 via a down-type squark and B and L violating
couplings. [31]

To simplify the discussion of the main features of the MSSM, Rp conservation will be assumed
for the following sections, before coming back to the consequences of R-parity violation (Rp/ ) in
Sec. 3.2.7.

3.2.2 Soft Supersymmetry Breaking

If SUSY was an exact symmetry, all members of a supermultiplet would have the same mass.
Since the superpartners of the SM particles have not been found so far by experiments, super-
symmetry, if realized in nature, has to be broken.

The SUSY breaking scale cannot be too large, though, and the relation between the dimen-
sionless couplings (λS = |λf |2) has to hold, if this theory is still to provide the solution to the
hierarchy problem of the SM. The additional SUSY breaking part of the Lagrangian can then
only contain mass terms and couplings with positive mass dimension. It can be shown that
such a “soft” breaking is free of quadratic divergencies for the masses of the scalar fields to all
orders. If the model has to remain valid and perturbative up to the Planck scale, the scale of
this soft breaking (msoft) has to be of the order of roughly 1TeV.

Spontaneously breaking global Supersymmetry at tree-level by allowing non-zero vacuum ex-
pectation values in the F-term and/or D-term parts of the scalar potential usually leads to
phenomenologically problematic results. Regardless of whether SUSY is broken at tree-level or
only indirectly or radiatively, it requires an extension of the MSSM with additional supermul-
tiplets and interactions at high energies.

As there is no obvious choice of breaking mechanism, the MSSM makes no further assumptions
on the origin of SUSY breaking and instead adopts a parametrizing approach, by including all
terms allowed by the symmetries and the requirements of soft breaking mentioned above. The
soft-breaking part of the Lagrangian, Lsoft, then contains [31] gaugino mass terms, trilinear
scalar interactions, scalar mass terms and bilinear scalar terms:6

Lsoft =− 1
2
(
M3g̃g̃ +M2W̃W̃ +M1B̃B̃ + h.c.

)
−
( ˜̄UaUQ̃Hu − ˜̄DaDQ̃Hd − ˜̄EaEL̃Hd + h.c.

)
−
(
Q̃†m2

Q̃Q̃+ L̃†m2
L̃L̃+ ˜̄Um2

Ũ
˜̄U † + ˜̄Dm2

D̃
˜̄D† + ˜̄Em2

Ẽ
˜̄E†
)

−m2
HuH

∗
uHu −m2

Hd
H∗dHd − (bHuHd + h.c.)

(3.13)

6 If the MSSM contained gauge singlets, linear terms would be allowed, too.
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where generation and gauge indices have now been suppressed. M1/2/3 are gaugino mass terms,
m2

Q̃, m2
L̃, m2

Ũ, m2
D̃ and m2

Ẽ are hermitian 3 × 3 mass-squared matrices for the squarks and
sleptons, aU, aD and aE complex 3 × 3 dimension mass matrices, analogue to the trilinear
Yukawa couplings in the superpotential, m2

Hu/d
are explicit contributions to the squared masses

of the two Higgs doublets and b is a dimension mass-squared bilinear coupling between the
Higgs doublets. This results in over 100 unknown real parameters introduced by the soft SUSY
breaking, which is far from predictive.

As the general form of terms in Lsoft implies SUSY contributions to flavor changing neutral
currents as well as CP violation, the terms are severely constrained by experiment. A common
assumption is that of so-called “universal” SUSY breaking, which can be defined as

m2
X̃ = m2

X̃
1 for X ∈ {Q, Ū , D̄, L, Ē} (3.14a)

aX = AX0YX for X ∈ {U,D,E} (3.14b)

=(M1) = =(M2) = =(M3) = =(AU ) = =(AD) = =(AE) = 0 (3.14c)

where 1 is the 3×3 unit matrix in family space and YX are the corresponding Yukawa matrices
in the superpotential. This results in flavor-blind mass terms and trilinear scalar couplings
which are large only for the third family fields, i.e. t̃, b̃ and τ̃ , while the vanishing imaginary
parts of the parameters lead to a suppression of SUSY contributions to CP violation. Under
this assumption the number of free parameters of the MSSM would be reduced to three real
gaugino masses, five real squark and slepton mass parameters, three real scalar-cubed couplings
and four Higgs mass parameters in addition to the SM parameters.

3.2.3 Electroweak Symmetry Breaking and Mass Eigenstates in the MSSM

As an extension of the SM, the MSSM should of course be able to reproduce the experimentally
observed features of the broken electroweak symmetry. In contrast to the SM, the quartic Higgs
coupling is not a free parameter in the MSSM, but given by the electroweak gauge couplings. In
addition the two soft-breaking Higgs massesm2

Hu/d
, which also contribute to the scalar potential

via Lsoft, have to differ at the weak scale to provide a minimum which breaks the EW symmetry.
Since the SUSY conserving contributions to the two Higgs doublet masses are identical, this
provides another reason for Supersymmetry to be broken in the MSSM.

Via the Higgs mechanism three of the now eight degrees of freedom provided by the two Higgs
doublets give rise to theW and Z boson masses, as in the SM. In addition to that, the remaining
five degrees of freedom result in three neutral real scalars: a lighter and a heavier CP-even Higgs
boson, h0 and H0 respectively, a CP-odd Higgs, A0, as well as two charged scalars, H+ and
H−. The VEVs of the two Higgs doublets vu and vd are related to the SM Higgs VEV v via

v2
u + v2

d = v2 (3.15)

and one usually also defines the ratio

tan β = vu
vd

(3.16)
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After the electroweak symmetry is broken, all MSSM fields with the same SU(3)C × U(1)EM
quantum numbers can mix. The W 0 and the B0 again form the Z0 and the massless photon.
For the leptons and quarks the masses and CKM mixing angles are mainly determined by the
Yukawa coupling matrices in the superpotential.

The charged higgsinos mix with the charged winos into two “charginos”, χ̃±1 and χ̃±2 , while
the neutral higgsinos, the neutral wino and the bino combine into four Majorana fermions, the
“neutralinos”, χ̃0

1, χ̃0
2, χ̃0

3 and χ̃0
4. By convention these are numbered according to their mass,

starting with 1 for the lightest.

If the mixing between different sfermion generations can be neglected, the mass-squared ma-
trices decompose into 2 × 2 blocks for each pair of SU(2)L doublet and corresponding singlet
state. Since the mixing is proportional to the mass of the SM partner, this is mostly relevant
for the third generation squarks and sleptons. The mass eigenstates e.g. of the τ̃L and τ̃R are
called τ̃1 and τ̃2, where the first is again the lighter one, by convention.

3.2.4 Renormalization Effects in the MSSM

The parameters in Lsoft as well as in the superpotential are subject to renormalization. This
includes the universal breaking conditions mentioned in Sec. 3.2.2 or any alternatives, which
have to be understood as boundary conditions at some input scale and will in general only hold
approximately at the EW scale.

The input scale is often chosen to be the scale of the apparent gauge coupling unification in
the MSSM when assuming a supersymmetric GUT theory at higher energies or as the value at
which g1 and g2 meet, as g3 tends to be slightly bigger there, which can be due to threshold
corrections of new physics becoming important.

The one-loop RG equations for the three gauge couplings are [31]

d

dt
ga = 1

16π2 bag
3
a with (b1, b2, b3) =

{
(41/10,−19/6,−7) SM
(33/5, 1,−3) MSSM

(3.17)

where t is the log of the ratio between the input and the renormalization scale and g1 =
√

5/3g′,
to have the canonical normalization for a SU(5) or SO(10) GUT. Apart from the modified
values of the coefficients note the different sign for b2 and recall that the contributions of the
new SUSY fields only affect the running above their mass scale.

The result of plotting the RG evolution for the inverse couplings, αa = g2
a

4π , versus energy scale
for a fixed input scale, including two-loop effects is shown in Fig. 3.4.

An example of the effects of RG evolution on the scalar and gaugino mass parameters can be
seen in Fig. 3.5. Here a specific model called mSUGRA, which is even more predictive than the
universal SUSY breaking assumptions of Sec. 3.2.2 and which is further explained in Sec. 3.2.5,
is assumed to provide the boundary conditions at high energies7. For the squarks and sleptons
the solid lines mark the evolution of the mass parameters of the first two generations, while the
dashed lines stand for the third family. While the parameters for both Higgs fields start out
7 The model parameters used are m0 = 200GeV, m1/2 = −A0 = 600GeV, tan β = 10, sgn(µ) = +1.
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Figure 3.4: Two-loop renormalization group evolution of the inverse gauge couplings α−1
a (Q) in the

Standard Model (dashed lines) and the MSSM (solid lines). In the MSSM case, the sparticle masses
are treated as a common threshold varied between 500GeV and 1.5TeV, and α3(mZ) is varied between
0.117 and 0.121. [31]
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at the same value, the one for Hu runs negative, because of the contribution of the large top
Yukawa coupling, triggering a radiative electroweak symmetry breaking.

3.2.5 Minimal Supergravity/The Constrained MSSM

To get around the phenomenological problems arising when spontaneously breaking Supersym-
metry, one can assume that the breaking happens in a “hidden” sector of new supermultiplets,
which have no or only very small direct couplings to the chiral supermultiplets of the MSSM
(the “visible” sector). This breaking then has to be mediated to the visible sector by some
shared interactions, effectively resulting in some of the soft-breaking terms in Eq. 3.13.

One interesting candidate for such an interaction is gravity. Since including gravity implies
invariance under local coordinate changes and the SUSY algebra (Eq. 3.2) includes the generator
of space-time translations Pµ, SUSY has to be promoted to a local symmetry as well. Such a
theory is called “supergravity” (SUGRA).

The full SUGRA Lagrangian can be expanded in powers of E/MPl, resulting in non-renormali-
zable contributions to the effective MSSM Lagrangian, which describe the interactions between
some hidden sector field X and the usual chiral supermultiplets of the visible sector of the
MSSM. When the generalized auxiliary field F of this theory acquires a VEV 〈F 〉 and the
Lagrangian is re-expanded, it will contain soft breaking terms as in Eq. 3.13. The parameters
of these terms are proportional to powers of 〈F 〉MPl

and to the original couplings of X to the
visible sector fields.

Requiring X to have only one common coupling to all MSSM gauginos and common, real
couplings to all MSSM scalars and aligning the other couplings with their superpotential coun-
terparts8 leads to a “minimal” model in which the soft terms of the MSSM are determined by
just four parameters: a common gaugino mass m1/2 with

M1 = M2 = M3 = m1/2 (3.18a)

a common scalar mass m0 with

m2
Q̃ = m2

L̃ = m2
Ũ = m2

D̃ = m2
Ẽ = m2

01, m2
Hu = m2

Hd
= m2

0 (3.18b)

a common trilinear coupling A0 with

aU = A0YU , aD = A0YD, aE = A0YE (3.18c)

and B0, relating the µ term of the superpotential and the b term in Lsoft as

b = B0µ (3.18d)

If m1/2, A0 and B0 have the same complex phase this describes a stronger version of the
universality conditions given in Eq. 3.14.
8 This can be achieved by imposing an additional U(N) symmetry on the so-called “Kähler metric” of the
SUGRA theory, where N is the number of supermultiplets in the visible sector (N = 17 for the MSSM).
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By requiring the radiative electroweak symmetry breaking to reproduce the measured Z mass,
one can replace b or B0 and the unknown parameter µ of the superpotential with the ratio of
the two Higgs VEVs tan β and the sign of µ. This model, consisting of only four parameters
and a sign, is called minimal Supergravity (mSUGRA) or the constrained MSSM (CMSSM)9.

As mentioned in Sec. 3.2.4, these conditions have to be seen as boundary conditions. While the
corresponding scale should in principle be MPl, in practice often the unification scale (of order
2× 1016 GeV) is chosen instead, neglecting the evolution between these scales.

As a final remark, a supersymmetric QFT including gravity also has to include the massless spin
2 graviton and its spin 3⁄2 superpartner, the gravitino. When SUSY is spontaneously broken a
massless neutral Weyl fermion called goldstino emerges and is absorbed by the gravitino, which
thus acquires a mass. In analogy to the way the vector bosons acquire mass in the SM, this
is called the “super Higgs mechanism”. While the gravitino mass typically is comparable to
the other sparticle masses in mSUGRA, its interactions are only of gravitational strength and
usually can be neglected for collider phenomenology.

3.2.6 Sparticle Production at the LHC

Supersymmetric particles, just like their SM partners, are produced in parton interactions, i.e.
in those of quarks, anti-quarks and gluons contained in the protons brought to collision at the
LHC.

Possible production processes of squarks and gluinos via strong couplings (so-called “strong
production”) of the type pp→ g̃g̃, pp→ q̃q̃ and pp→ q̃g̃ are shown in more detail in Figs. 3.6
and 3.7. These are the dominant production processes at the LHC’s center-of-mass energies, as
long as squarks and gluinos are not too heavy to be produced directly.

Squarks or gluinos can also be produced together with charginos or neutralinos in mixed elec-
troweak and strong processes (so-called “associated production”) of the type pp → q̃χ̃ or
pp → g̃χ̃ as schematically shown in Fig. 3.8. For many models the cross sections for this
type of production process are predicted to be very small, though.

Sparticles can also be produced in electroweak processes of the type pp→ χ̃χ̃, pp→ ˜̀̀̃ , pp→ ν̃ν̃
or pp→ ˜̀̃ν, shown in Fig. 3.9.

9 CMSSM is also used sometimes to indicate a model with the parameters given here, but without implying
a specific SUSY-breaking mechanism. Conversely, mSUGRA is also used to name models including further
relations e.g. between A0 and B0.
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Figure 3.6: Feynman diagrams for gluino and squark production at hadron colliders from strong quark–
antiquark annihilation and quark–quark scattering. Adapted from [31].
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gluon–quark fusion.

32



3.2 Supersymmetry

q

q

γ, Z
χ̃+
i

χ̃−
j

u

u

d̃L

χ̃+
i

χ̃−
j

d

d

ũL
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3.2.7 Consequences of R-Parity Violation

While excluding all R-parity violating (Rp/ ) terms in Eq. 3.11b from the superpotential can
prevent the proton decay, the introduction of R-parity is somewhat ad hoc and more restrictive
than necessary, as preventing either baryon or lepton number violating couplings is in principle
enough to achieve the same.

All anomaly-free discrete gauge symmetries for the MSSM that are suitable for this purpose
without introducing new light particles were studied systematically in [32] for Z2 and Z3 sym-
metries and in [33] for the general ZN case. The number of viable symmetries was found to be
severely restricted by the following phenomenologically motivated requirements:

• allowing the presence of the µ term in the low-energy effective superpotential,

• baryon number conservation up to non-renormalizable dimension-five operators, which
are allowed if the MSSM is only an effective theory and

• allowing the presence of a LHuLHu term, which can incorporate neutrino masses into the
model without introducing additional fields.

In addition the discrete symmetry was required to be the remnant of a spontaneously broken
abelian gauge symmetry, as global discrete symmetries are typically violated by quantum gravity
effects, as found e.g. in supergravity models. The authors found that only two symmetries fulfill
all of these requirements: “proton hexality”, which can be seen as a generalized form of the
usual R-parity10, and “baryon triality”, defined as

B3 = exp(2πi[B − 2Y ]/3) (3.19)

which forbids the baryon number violating, but allows the lepton number violating terms in the
superpotential (including dimension-five operators) and in fact absolutely forbids proton decay
as it only allows baryon number to change in multiples of three units.

In the general Rp/ case, B- or L-violating couplings are allowed, but their magnitude is often
severely restricted by experiment. Upper bounds on single Rp/ couplings, derived from particle
decay ratios and atomic parity violation can be found in [34] and bounds for the lepton number
violating couplings in a B3 mSUGRA model, resulting from the cosmological bound on the sum
of neutrino masses, are given in [35]. Bounds on products of couplings can be found in [36], for
example.

A full description of an R-parity violating mSUGRA model is given in [32]. A closer look at
the mass spectrum in this framework, concentrating on the B3 case, as well as a proposal for
four benchmark points, specifically designed to not have the neutralino LSP typical for the Rp
case, is given in [37].

The remainder of this section contains a short summary of some of the changes of the Rp/
models given in the two references above compared to the phenomenology of the Rp conserving
case discussed so far. Some more details on one of the benchmark point chosen for further
experimental study will follow in Sec. 3.2.8.
10 In fact proton hexality is isomorphic to the direct product of B3 and matter parity, which is equivalent to
R-parity, when looking at the resulting superpotential.
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Looking at Tab. 3.2 one can see that, in case L is not conserved, the lepton doublet and the
down-type Higgs supermultiplets will in general form mixed states, since they have the same
gauge quantum numbers. One effect of this can be seen in the superpotential, where the L-
violating terms in Eq. 3.11b follow from the Rp conserving terms when replacing Hd → L̃i. The
actual mixing of the four supermultiplets depends on the parameters µ and κi.

The Rp/ terms in the superpotential are accompanied by corresponding additions to the soft-
breaking part of the Lagrangian which was given in Eq. 3.13 [31, 32]:

LRp/soft =− hijkL̃iL̃j ˜̄Ek − h′ijkL̃iQ̃j ˜̄Dk − h′′ijk
˜̄Ui ˜̄Dj

˜̄Dk − D̃iL̃iHu

−H∗dm2
HdL̃i

L̃i − h.c.
(3.20)

where h, h′ and h′′ are couplings of mass dimension one and the D̃i
11 couplings of mass dimen-

sion two. The last term results from the soft-breaking squared mass term for L̃i, when L̃i and
Hd mix. These new terms contribute to the scalar potential, too, of course.

The three sneutrinos can now also acquire vacuum expectation values vi, modifying the relation
of the two MSSM Higgs VEVs to the SM Higgs VEV in Eq. 3.15 into

v2
u + v2

d +
∑
i

v2
i = v2 (3.21)

For comparison with the Rp conserving case, in particular when vi � v, it is usually more
convenient to keep the definition of tan β as in Eq. 3.16.

After breaking the EW symmetry the mixing of fields as described in Sec. 3.2.3 is modified in
the following ways:

• the electrically neutral Higgs bosons can now mix with the (anti-)sneutrinos, influenced
by the coefficients of the bilinear soft-breaking terms and the vi,

• the charged Higgs bosons can mix with the charged sleptons, the off-diagonals containing
λijk and hijk terms and vi,

• the down- and up-type squark mass matrices are modified by terms proportional to prod-
ucts of the sneutrino VEVs and λ′ijk as well as h′ijk,

• the down quark mass matrix receives a contribution from λ′ijkvi terms,

• the neutrinos can mix with neutralinos, depending on ratios of Higgs and sneutrino VEVs

• and the charged leptons can mix with the charginos with contributions depending on
λijkvi.

The full mass matrices are given in [32].

The mixing of neutrinos and neutralinos leads to another important feature of the B3 MSSM.
Apart from four massive neutralinos, it can also predict one massive neutrino at tree level and
two additional massive neutrinos once loop corrections are taken into account. In contrast
to other neutrino mass models, no additional fields (e.g. right-handed neutrinos) have to be
11 Note that the couplings D̃i do not carry a bar, in contrast to the down-type SU(2)L singlet supermultiplets
D̄i and their scalar parts ˜̄Di.
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Figure 3.10: Loop contribution to the neutrino mass matrix via non-vanishing λ (left) or λ′ (right)
couplings. [35]
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Figure 3.11: Dynamical generation of the Rp/ couplings λi2i and λ′2ii from non-zero λ121 at the GUT
scale.

introduced into the theory for this. Feynman graphs for such loop contributions are shown in
Fig. 3.10.

As mentioned above this can be used to derive upper bounds on the lepton number violating
couplings in B3 mSUGRA models at the GUT scale, by expressing the generated neutrino
masses as functions of the Rp/ couplings.

While bounds on combinations of Rp/ couplings at the GUT scale indicate that starting with just
one non-zero coupling is a very good approximation, additional couplings can dynamically be
generated in the RG evolution down to the EW scale via loops like the one shown in Fig. 3.11.
The example shows λ121 generating all other λi2i and λ′2ii couplings. Because of the small size of
the Yukawa factors YE/D the most relevant contributions are those for the third family (i = 3).
Note that the generated couplings scale with size of the original Rp/ coupling.

The violation of R-parity can also have an influence on the expected SUSY signatures at
colliders, compared to the Rp conserving case. To begin with, SUSY particles do not have
to be produced in pairs any more, allowing single slepton/sneutrino or squark production at
hadron colliders like the LHC in case of a non-zero λ′ or λ′′ coupling, as schematically shown in
Fig. 3.12a and b, respectively, or single slepton production via a non-zero λ coupling at a lepton
collider, as shown in Fig. 3.12c. Whether or not this is the primary production mechanism of
course depends on the relative strengths of the couplings, the mass spectrum of the model in
question and on the available center-of-mass energy.

36



3.2 Supersymmetry

q

q

ℓ̃, ν̃

λ′

(a)

q

q

q̃∗R

λ′′∗

(b)

ℓ−

ℓ+

ν̃

λ

(c)

Figure 3.12: Feynman diagrams schematically showing resonant production of sleptons/sneutrinos (a,c)
and squarks (b) in case of non-zero Rp/ couplings.

Even if the single sparticle production is impossible or highly suppressed, the expected final
states can be very different from the Rp conserving case, as the LSP is no longer cosmologically
constrained to be weakly interacting and neutral and can in principle be any SUSY particle.
In mSUGRA models, for example, the τ̃1 is the LSP in large parts of the parameter space.
In addition all sparticles coupling to the non-zero Rp/ operator(s) can directly decay to SM
particles. While typically not the dominant decay mode when compared to gauge-strength
interactions, this allows the LSP to decay, without necessarily leaving the missing transverse
energy signature expected in Rp conserving models. In principle this even allows a direct
reconstruction of the LSP’s mass in Rp/ models where its decay does not involve neutrinos.

As the lifetime of the LSP increases with smaller values of the Rp/ coupling, it can become large
enough to show up in searches for signatures expected from long-lived particles, like displaced
vertices, or even seem stable on the length scales of today’s detectors. This effect can be
enhanced if the LSP does not couple to the Rp/ operator directly and has to decay via one or
two off-shell sparticles.

3.2.8 The Benchmark Point BC1

An example for an Rp violating, but B3 conserving SUSY model is the benchmark point BC1.
It was proposed in [37] and describes a no-scale mSUGRA scenario with one non-zero lepton
number violating Rp/ coupling at the GUT scale (MGUT). The values of the model parameters
are as follows:

• m0 = A0 = 0GeV

• m1/2 = 400GeV

• tan β = 13

• sgn(µ) = +1

• λ121 = 0.032 at MGUT (0.048 at MEW)

At the LHC with
√
s = 7TeV the production cross section for this model is about 0.35 pb

at leading order (LO) and 0.42pb at next-to-leading order (NLO), including next-to-leading-
logarithmic (NLL) corrections from resummation of soft gluon emissions for squark and gluino
production. At this point in parameter space about 2⁄3 of the produced sparticles originate from
strong and about 1⁄4 from electroweak production processes. Details on how these numbers were
obtained will be provided in Chapter 5.
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Mass [GeV] Decay BR [%]
τ̃±1 143 e∓↪ ↩νµe

±τ± 50.1
µ∓↪ ↩νee

±τ± 49.8
ẽ±R 156 e±↪ ↩νµ 50.0

µ±↪ ↩νe 50.0
µ̃±R 157 τ̃∓1 τ

±µ± 100.0
χ̃0

1 162 τ̃±1 τ
∓ 85.0

ẽ±Re
∓ 8.2

µ̃±Rµ
∓ 6.8

Table 3.4: Masses and decays of the four lightest supersymmetric particles in the BC1 benchmark model.

The high scale parameters of the model were chosen such that the τ̃1 is the LSP, while ẽR and
µ̃R are co-NLSPs (next-to-lightest supersymmetric particles) and the χ̃0

1 is the fourth lightest
sparticle only. The remainder of the generated mass spectrum can be seen in Fig. 3.13, where
the labels for the almost mass-degenerate sleptons and squarks of the first two families were
merged into ˜̀R, ˜̀L, q̃R and q̃L, respectively.

At the LHC sparticles in BC1 events would be produced in pairs, like in the typical Rp con-
serving case, with almost all sparticles cascade-decaying to the LSP. The biggest exception to
this decay pattern is the ẽR, which always decays to an electron or muon and a neutrino. The
other sparticles that couple to λ121 (ν̃e, ν̃µ, ẽL and µ̃L) only directly decay into SM particles
about 8% of the time. Masses and decays, including the respective branching ratios, of the
four lightest SUSY particles in this model are shown in Tab. 3.412.

The τ̃1, which does not couple directly to the Rp/ operator, decays via a virtual χ̃0
1 and a virtual

ẽ or µ̃, producing three charged leptons, one of them a tau, and a neutrino. An example of
12 Differences between the table shown here and the numbers given in the paper defining BC1 are due to the use

of a newer version of SOFTSUSY for the former.
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Figure 3.14: Example of a τ̃1 LSP four-body decay in the BC1 model.

this is shown in Fig. 3.14. In a typical BC1 event the decays of the two τ̃1 will thus result in a
final state with at least four light charged leptons (electrons or muons) and missing transverse
momentum/energy. The taus resulting from production and decay of the two LSPs can either
add jets or further electrons, muons and Emiss

T to this signature.

The discovery potential for the original BC1 model as well as BC1-like models in the surround-
ing m1/2–tan β parameter space, as expected for the early LHC data taking, was studied in [38].
For the evaluation of the signal and the dominant SM background expectations, the fast generic
detector simulation Delphes [39] was employed with ATLAS-like settings. The study was up-
dated to use the full ATLAS simulation for the background estimate in [40], where the event
selection cuts were re-optimized as well. The search strategy that was proposed in both cases
required minimal transverse momenta for at least one muon and at least two electrons as well as
additional cuts on the sum of momenta of all leptons. Assuming a strong production scenario,
the sum of momenta of the first four jets was chosen to suppress diboson backgrounds, while
cuts on Emiss

T were explicitly excluded to stay complementary to Rp conserving SUSY searches.
No LHC data was analyzed.

Depending on the measure of significance and the expected size of systematic uncertainties
on the background prediction, integrated luminosities between about 5 fb−1 and 50 fb−1 were
found [40] to be sufficient to discover BC1-like models up to m1/2 ≈ 620GeV.

In addition, the selection efficiency for hadronic τ leptons using the ATLAS tau identification
algorithms was studied in the same reference. It was more than a factor of two below the
one found in typical reference events (Z → ττ), discouraging a use of taus for the selection of
BC1-like events.

For this thesis a different search strategy was adopted, which will be described in Sec. 4.1.
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CHAPTER 4

Analysis

Due to the large number of possible supersymmetric models, searches are usually split into
separate analyses based on the predicted final state features, like the number of jets or charged
leptons or whether or not missing transverse energy is expected, as this allows choosing the
analysis cuts best suited to separate the predicted signal from the expected SM backgrounds.
At the same time, finite human and computing resources as well as the desire to combine
the results of different searches require a grouping of analyses with common SM backgrounds
and object definitions so that for example simulated background events, corrections for known
effects and uncertainty estimates can be shared.

Considering this, the search for signals predicted by BC1 or similar models was realized in
two steps. It first was combined with similar efforts for R-parity conserving SUSY models
into a more general search for supersymmetry in final states containing at least four prompt
leptons (electrons or muons, including those from non-hadronic τ decays) and missing transverse
energy, which in the following will be referred to as “four lepton analysis”. This general search
was conducted in collaboration with the ATLAS multi-lepton group and focused on all steps
common to SUSY analyses with this final state, while leaving interpretations in terms of specific
SUSY models for further studies. A short summary of the analysis was publicly reported in [41]
and further details were presented in the internal note [42].

The subsequent interpretation in terms of BC1-like models, which is the main focus of this
thesis, will be the subject of Chapter 5.

The following sections will describe the four lepton analysis, beginning with the targeted event
signature and the main expected SM backgrounds in Sec. 4.1. A summary of the simulated
samples used to estimate the SM backgrounds will be given in Sec. 4.2, followed by a description
of the reconstructed electron, muon and jet objects as well as the missing transverse energy
as they were used in the analysis in Sec. 4.3. Section 4.4 will describe the preselection of
events from the base dataset, followed by an intermediate summary of events with at least
four leptons in Sec. 4.5 and the definition of the two signal regions in Sec. 4.6. The next two
sections, 4.7 and 4.8, will cover the topics of background estimation and validation as well as
the systematic uncertainties. Section 4.9, finally, will summarize the number of events found in
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the signal regions as well as the resulting limits on SUSY models with final states consisting of
four leptons and Emiss

T , which can be deduced from them.

4.1 Targeted Event Signature and SM Backgrounds

As explained in Sec. 3.2.8, for the BC1 model, at least four light charged leptons and Emiss
T are

expected from the decays of the two τ̃1 LSPs. Thus in a search for BC1 it is reasonable to look
for a signature of

pp→ ≥ 4`+ Emiss
T +X

where ` now only denotes electrons or muons1.

In Rp conserving SUSY models the same signature can be found. The two escaping LSPs
are a source of Emiss

T and the leptons can be produced in the cascade decays of the initial
pair of sparticles, for example in the production and decay of sleptons in the chain, as in
χ̃0

2 → `˜̀→ ``χ̃
0
1, or by radiating electroweak or Higgs bosons, as in q̃ → q̃Z → q̃``. Whether or

not such decays are possible or maybe even enhanced strongly depends on the sparticle mass
spectrum of the particular SUSY model.

Standard model backgrounds for this final state, especially fully hadronic ones, are severely
suppressed by the requirement of four or more leptons already. This leaves mainly dibo-
son decays in the form of ZZ → 4` and decays of top quark pairs as in tt̄ → bb̄ WW →
cc̄ WWWW → 2jets + 4` + Emiss

T or top quarks in association with a vector boson as in
tt̄Z → bb̄ WWZ → 2(b-)jets + 4` + Emiss

T as real backgrounds. On top of that processes in
which one or more “fake” leptons originate from misidentification of a jet have to be taken into
account, as inWZ+ jet→ 3`+Emiss

T +”`” or Z+2jets→ 2`+2”`”. To reduce the contribution
of these backgrounds, cuts on a minimal Emiss

T are introduced as well as an optional veto of
Z bosons, realized by cutting on the invariant mass of lepton pairs with the same flavor and
opposite sign.

To study the SM backgrounds and determine cuts compatible with a variety of possible SUSY
models, Monte Carlo (MC) simulated events were used.

4.2 Monte Carlo Simulated Background Samples

This section will summarize the samples of MC events which were used to estimate the standard
model background for the SUSY four lepton analysis.

The diboson samples containing ZZ, WZ and opposite-sign W+W− processes (including off-
shell bosons) were produced using the event generator Herwig [43] with the MRST2007/LO*

set of modified leading-order parton distribution functions (PDFs) [44]. Their cross sections,
rescaled to NLO values [45], as well as the integrated luminosity corresponding to the number of
1 As the identification of electrons and muons is much simpler than that of taus and the presence of neutrinos
only leads to additional Emiss

T , in an experimental context the meaning of “(charged) lepton” is often reduced
to designate electron and muon only. It will be used as such in the following and taus or neutrinos will be
mentioned explicitly.
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events produced are listed in Tab. 4.1. The ZZ andWZ samples were filtered at generator level
to require at least oneW or Z boson to decay into a lepton with pT > 10GeV and |η| < 2.8. The
WZ sample required at least three such leptons. The reduced cross sections, taking into account
the generator filter efficiencies (ε), are given in the same table. The same-sign W±W±(+jet)
samples were produced unfiltered, using Madgraph [46] to simulate the tree-level processes.

The W±/Z + γ samples, subdivided into separate weak boson decay channels, were also gen-
erated using Madgraph, but were filtered at generator level requiring the W or Z to decay to
leptons with pT > 10GeV and |η| < 2.5 and to contain a photon with pT > 7GeV and |η| < 2.5.
The samples’ LO cross sections [47] as well as their integrated luminosities can be found in the
second part of Tab. 4.1. The Madgraph samples used the PDF set CTEQ6L1 [48].

Table 4.2 shows the NNLO cross sections [49–52], that the samples containing tt̄ and single
top processes were normalized to, as well as their integrated luminosities. The samples were
generated using the NLO MC generator MC@NLO [53] with CTEQ6.6 NLO PDFs [48]. The
sample tagged “not all-hadronic” was filtered at generator level to require at least one leptoni-
cally decaying top quark. MC events of tt̄ processes including additional weak bosons (and jets)
were simulated as well, using Madgraph with CTEQ6L1 PDFs. The cross sections, rescaled to
NLO [54], and the corresponding integrated luminosities are given in Tab. 4.3.

Samples of processes involving a single weak boson and additional jets were generated using
Alpgen [55] with the same set of PDFs as for Madgraph. Individual subsamples were produced
for each type of lepton resulting from the boson decay (e.g. Z → ee or W → τντ ) and number
of additional partons generated in the process (NpX). The samples with light-flavor (u, d, s)
and c jets, designated Z/W + jets, were filtered on generator level to include only Z and W
bosons with an invariant mass of the resulting lepton pair of more than 40GeV. Samples with
pairs of b jets, tagged Z/Wbb, were produced with a generator boson mass cut of 30GeV. In
addition, the Zbb → ee/µµ/ττ samples were filtered to contain three leptons (here e, µ or τ)
from the Z and b decays with pT > 5GeV and |η| < 10. In order to cover the boson mass
range between 10GeV and 40GeV, Drell–Yan samples (Z∗/γ∗ + jets) were used as well. The
corresponding cross sections, normalized to NNLO [56–58], and sample luminosities are given
in Tab. 4.4.

Samples of fully hadronic events were analyzed as well, but their contribution was found to be
negligible after the four lepton requirement, as expected.

The generator level cuts mentioned above did not affect the analysis, as the individual and
combined requirements placed on the analysis objects given in Sec. 4.3 were more restrictive.

The Herwig, Alpgen and MC@NLO samples used Herwig to simulate the hadronization process
of the partons generated in the hard interaction and Jimmy [59] to model the “underlying event”,
i.e. the additional soft interactions caused by the proton remnants. The Madgraph samples
used Pythia [60] for these purposes. Simulation of the full detector response was performed as
described in [61] with a program based on GEANT4 [62]. Background effects originating from
processes in the ATLAS cavern, from the interaction of the beam with the upstream accelerator
elements and the residual gasses in the beam pipe were taken into account by overlaying detector
hits from events separately generated. Additional proton–proton interactions in the same bunch
crossing as well as overlapping signals in the detector from interactions in neighboring bunch
crossings (“in-time” and “out-of-time pileup”, respectively) had to be modeled as well, by
overlaying a number of soft-scattering events, to account for the resulting effects in the readout
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Process Generator σ [pb] σ × ε [pb]
∫
L dt [fb−1]

ZZ Herwig 7.08 1.31 190.4
WZ Herwig 19.11 0.25 199.4
W+W− Herwig 52.5 17.02 14.7
W±W± + jet Madgraph 0.22 0.22 433.03
W+γ (eν) Madgraph 27.97 27.97 1.8
W+γ (µν) Madgraph 27.94 27.94 1.8
W+γ (τν) Madgraph 25.42 4.32 11.0
W−γ (eν) Madgraph 18.59 18.59 2.7
W−γ (µν) Madgraph 18.59 18.59 2.7
W−γ (τν) Madgraph 16.86 2.87 17.1
Zγ (ee) Madgraph 10.02 10.02 5.0
Zγ (µµ) Madgraph 10.02 10.02 5.0
Zγ (ττ) Madgraph 9.76 1.66 29.6

Table 4.1: The diboson samples used for the four lepton analysis, generated with Herwig and Madgraph.
The NLO (LO for W±/Zγ) cross sections are given without and including the generator filter efficiency.
The integrated luminosities corresponding to the total statistics in each sample are also given. Adapted
from [42].

Process σ [pb]
∫
L dt [fb−1]

tt̄
not all-hadronic 89.36 129.49
all-hadronic 75.21 12.34

Single t

t-channel eν 7.12 24.95
t-channel µν 7.12 24.93
t-channel τν 7.10 24.97
s-channel eν 0.47 540.04
s-channel µν 0.47 539.50
s-channel τν 0.47 539.67

Wt 14.59 54.65

Table 4.2: The top-quark samples used for the four lepton analysis, generated with MC@NLO. The
NNLO cross sections are given, taking into account any generator filter efficiency as well as the k-factors
used to rescale the cross sections. The integrated luminosities corresponding to the total statistics in
each sample are also given. Adapted from [42].

Process σ [pb]
∫
L dt [fb−1]

tt̄ W 0.17 577.7
tt̄ W + jet 0.12 861.1
tt̄ Z 0.13 752.0
tt̄ Z + jet 0.11 880.6
tt̄ WW 0.002 57 541.3

Table 4.3: The top+boson samples used for the four lepton analysis, generated with Madgraph. The
NLO cross sections are given, taking into account any generator filter efficiency as well as the k-factors
used to rescale the cross sections. The integrated luminosities corresponding to the total statistics in
each sample are also given. Adapted from [42].
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4.2 Monte Carlo Simulated Background Samples

Process σ [pb]
∫
L dt [fb−1] Process σ [pb]

∫
L dt [fb−1]

Z+jets

(ee+Np0) 835.40 7.9

W+jets

(eν+Np0) 8305.92 0.4
(ee+Np1) 167.95 7.9 (eν+Np1) 1565.16 0.4
(ee+Np2) 50.68 8.0 (eν+Np2) 453.95 8.3
(ee+Np3) 13.95 7.9 (eν+Np3) 121.72 8.3
(ee+Np4) 3.60 8.3 (eν+Np4) 31.04 8.0
(ee+Np5) 1.04 8.7 (eν+Np5) 8.40 8.3
(µµ+Np0) 835.85 7.9 (µν+Np0) 8303.52 0.4
(µµ+Np1) 167.68 8.0 (µν+Np1) 1565.04 0.4
(µµ+Np2) 50.41 8.0 (µν+Np2) 453.40 8.3
(µµ+Np3) 13.99 7.9 (µν+Np3) 122.26 8.3
(µµ+Np4) 3.44 8.7 (µν+Np4) 30.90 8.2
(µµ+Np5) 0.96 10.4 (µν+Np5) 8.30 8.4
(ττ+Np0) 835.50 7.9 (τν+Np0) 8302.32 0.4
(ττ+Np1) 168.51 7.9 (τν+Np1) 1563.84 0.4
(ττ+Np2) 50.45 8.0 (τν+Np2) 453.82 8.3
(ττ+Np3) 14.06 7.8 (τν+Np3) 121.81 8.3
(ττ+Np4) 3.49 8.6 (τν+Np4) 30.77 8.1
(ττ+Np5) 0.96 10.4 (τν+Np5) 8.45 7.5

Zbb

(ee+Np0) 1.03 200.2

Zbb

(µµ+Np0) 1.03 194.2
(ee+Np1) 0.59 170.7 (µµ+Np1) 0.61 166.6
(ee+Np2) 0.25 163.2 (µµ+Np2) 0.24 166.4
(ee+Np3) 0.13 157.8 (µµ+Np3) 0.13 152.6

Zbb

(ττ+Np0) 11.50 13.0

Wbb

(W+Np0) 4.01 1.6
(ττ+Np1) 4.36 22.9 (W+Np1) 3.22 1.7
(ττ+Np2) 1.56 25.7 (W+Np2) 1.67 1.8
(ττ+Np3) 0.68 13.2 (W+Np3) 0.79 1.9

DY

(ee+Np0) 3819.00 0.3

DY

(µµ+Np0) 3818.63 0.3
(ee+Np1) 106.15 2.8 (µµ+Np1) 106.09 2.8
(ee+Np2) 51.75 9.7 (µµ+Np2) 51.81 9.6
(ee+Np3) 10.48 14.3 (µµ+Np3) 10.48 14.3
(ee+Np4) 2.31 17.3 (µµ+Np4) 2.31 17.3
(ee+Np5) 0.58 17.4 (µµ+Np5) 0.58 17.4

DY

(ττ+Np0) 3818.88 0.3
(ττ+Np1) 106.16 2.8
(ττ+Np2) 51.84 9.6
(ττ+Np3) 10.45 14.3
(ττ+Np4) 2.31 17.3
(ττ+Np5) 0.58 17.4

Table 4.4: The Z+jets, W+jets, Zbb, Wbb and Drell–Yan (DY) samples used for the four lepton anal-
ysis generated using Alpgen. The NNLO cross sections are given, taking into account any generator
filter efficiency as well as the k-factors used to rescale the cross sections. The integrated luminosities
corresponding to the total statistics in each sample are also given. Adapted from [42].

45



4 Analysis

and reconstruction. The number of such simulated pileup events was varied when generating
the MC samples to cover the initially estimated distribution for the 2011 data-taking periods.
For the further treatment of pileup see Sec. 4.4.5 below.

To give an impression of possible signal contributions, some of the figures below also include
distributions for two SUSY models that were used as benchmark scenarios for the analysis. The
first model, labelled “DGwSL”2, was an Rp conserving scenario where charginos and neutralinos
were directly produced, leading to a multi-lepton and Emiss

T signature by decaying into the
lightest neutralinos via sleptons. The second model, labelled “RPV”, was an Rp/ scenario very
similar3 to BC1.

4.3 Analysis Object Definitions

While analysis strategies or search channels are typically thought of in terms of “physical” ob-
jects or quantities like “electron”, “jet” or “total missing transverse energy”, the reconstruction
and identification used to extract this type of high-level information from the raw data measured
in the sub-detectors leaves quite a number of choices, including the type and settings of the al-
gorithms used for tasks like calibration, pattern matching or combining the response of different
sub-detectors. Achieving the best possible performance and understanding for these high-level
objects and quantities in data and MC requires a dedicated effort, in this case provided by
the ATLAS sub-detector experts and the EGamma Working Group, the Muon Combined Per-
formance Group and the Jet/Emiss

T Working Group. As different types of analyses still have
varying requirements e.g. concerning the identification efficiencies/purities of the objects actu-
ally used, typically a number of recommendations of possible “working points” are provided by
these groups together with uncertainty estimates.

To allow for the combination of results, the definitions used in the ATLAS SUSY searches follow
the same or at least compatible recommendations.

The remainder of this section will give a brief overview of the definitions as they were used
in the four lepton analysis, starting with the charged leptons, followed by jets, which were
needed for the basic “event cleaning” (cf. Sec. 4.4.1), for the removal of objects that fulfill the
requirements of more than one identification hypothesis (cf. Sec. 4.3.4), as well as for the Emiss

T
definition, given in Sec. 4.3.6.

4.3.1 Electrons

The electron objects were based on two algorithms. The first was seeded by “clusters” of
energy deposits in the EM calorimeter, found using a sliding-window algorithm, which could
be matched to an inner detector track, and was optimized for high-pT electrons. The second
was seeded by tracks in the inner detector and optimized for soft electrons as well as electrons
within jets. The electrons were required to pass a number of low-level cuts based on information
about the shower shape in the EM calorimeter, energy leakage into the hadronic calorimeters
2 short for: Direct Gaugino production with SLeptons in the decay chain
3 tan β was set to 22 instead of 13.
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and the quality of the track as well as the track–cluster matching, equivalent to the medium-level
selection as described in [63].

The ET- and η-dependent electron energy scale (EES) and resolution (EER) and their uncer-
tainties were determined by the EGamma Working Group with the tag-and-probe method given
in the reference above, using Z → ee, W → eν and, for low-pT electrons, J/Ψ→ ee events from
40 pb−1 of 2010 data. The scale was found to be compatible with unity. The constant part of
the relative resolution σE

E was about 1.2% in the barrel region and 1.8% in the end-caps.

In MC the electron energy was smeared to reproduce the resolution observed in data, as rec-
ommended by the ATLAS EGamma Working Group.

The following additional cuts were applied for the “baseline electron” objects:

• ET > 10GeV (15GeV in the barrel/end-cap transition region 1.37 < |ηcl| < 1.52)

• |ηcl| < 2.47, where |ηcl| is the pseudorapidity of the associated calorimeter cluster

• Electrons affected by the LAr calorimeter readout problem mentioned in Sec. 4.4.1 below
were discarded.

4.3.2 Muons

The muon objects were reconstructed using a statistical combination (“STACO”) algorithm [13,
64], combining either a reconstructed muon spectrometer (MS) track with a matched inner
detector (ID) track (“combined muons”) or an extrapolated ID track and one or more track
segments in the MS (“segment-tagged muons”).

The muon momentum resolution was studied in cosmic-ray events recorded in 2009 [65]. For
combined muons the constant and linear (in pT) parts of the relative resolution σpT

pT
were

determined as about 1.6% and 23× 10−3 %/GeV, respectively.

To reproduce the resolution observed in data, the pT of muons had to be shifted and smeared
in MC. The procedure recommended by the ATLAS Muon Combined Performance Group [66]
was followed. It required separate smearing of the ID and MS measurements and an additional
smearing of the pT of the re-combined muon, as well as a shift of the combined scale.

For “baseline muon” objects additional cuts were applied:

• pT > 10GeV

• |η| < 2.40

• Further track quality cuts based on the number of hits, holes and outliers in the Pixel,
SCT and TRT.
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4.3.3 Jets

Jets were reconstructed using the anti-kT jet algorithm [67] with a radius parameter R = 0.4,
based on “topological” clusters of calorimeter cells. These clusters were seeded by calorimeter
cells with energy significantly above the measured noise and neighboring cells were iteratively
added as long as above a lower threshold, as described in [68].

The measured jet energies were corrected for the fact that the ATLAS calorimeter’s response is
tuned to be suitable for electromagnetic showers und systematically underestimates the energy
deposited by hadronic objects, as well as for dead material and other effects, using pT- and
η-dependent “jet energy scale” (JES) calibration factors obtained from MC simulation [69] and
validated with test-beam and collision data [70].

The jet energy resolution was studied in [71] for 2010 data and recently updated for a dataset
of 4.5 fb−1 recorded in 2011 [72]. For the jet objects used in the four lepton analysis the relative
resolution σpT

pT
was found to be about 25%, 13% and 7.5% for jets with a pT of 25GeV,

100GeV and 400GeV, respectively, in the lowest rapidity4 bin, |y| ≤ 0.8, and smaller for higher
rapidities.

Jets had to meet the following requirements:

• pT > 20GeV

• |η| < 2.8

4.3.4 Overlap Removal

By construction, electrons seeded by calorimeter information are reconstructed both by the
electron and jet finding algorithms. Jet objects therefore were discarded, if they were found to
be closer than ∆R = 0.2 to a baseline electron object.

The jets remaining after the overlap removal with electrons still can contain leptons from
semileptonic b or c decays, which were not part of the SUSY signature searched for. While such
leptons generally are rejected by requiring “signal leptons” to be isolated within narrow cones
(cf. Sec. 4.3.5), a considerable number of leptons, mainly muons, was still found to be close to
some jet’s axis. To specifically target these, all leptons were required to be separated by more
than ∆R = 0.4 from the closest jet.

If a muon produces bremsstrahlung in the detector the photon can sometimes be misidentified
as an electron, resulting in two closely overlapping badly reconstructed muon and electron
objects. To prevent using such objects, if an electron and a muon were found to overlap within
∆R = 0.1, they were both discarded.

4 The rapidity is defined as y = 0.5 ln E+pz
E−pz

.
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4.3.5 Isolation Requirements for Signal Leptons

Following the overlap removal, “signal electrons” and “signal muons” were required to be iso-
lated. Good measures of isolation were studied separately, e.g. in the ATLAS cross section
measurement of W + jets events [73]. The two variables that were used for the four lepton
analysis were the summed pT of other tracks within a cone of ∆R ≤ 0.2 around the lepton
(pcone20T ) and the summed ET in the calorimeter within ∆R ≤ 0.3 of the lepton (Econe30

T ).

A signal electron required:

• pcone20T /ET < 0.1

while the requirements for a signal muon were chosen to be:

• pcone20T < 1.8GeV and

• Econe30
T < 4GeV

where the Econe30
T cut for muons was added to work around some discrepancies seen between

data and MC in the muon channels of several other analyses.

The lepton isolation efficiency was determined using Z/γ∗ → `+`− events from a dataset of
1 fb−1 from 2011 and corresponding Z/γ∗ + jets MC events. To do this, the tag-and-probe
method used in [74] was adapted to the specific isolation cuts and jet overlap removal used in the
four lepton analysis. For electrons efficiencies between 98% and 100% were found, depending
on the event’s jet multiplicity and η, with the lowest values for higher jet multiplicities and the
barrel–end-cap transition region. In the case of muons efficiencies between 66% and 97% were
determined, again depending on jet multiplicity and η, with higher jet multiplicities and more
central values of η leading to the lower efficiency values.

4.3.6 Missing Transverse Energy

The definition of the “missing transverse energy”, Emiss
T , was based on the vector sum of the

transverse momenta of the reconstructed objects:

Emiss
x/y = Emiss,e

x/y + Emiss,µ
x/y + Emiss,jets

x/y + Emiss,cl
x/y (4.1)

and

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2

where the electron term (Emiss,e
x/y ) was calculated using the signal electrons and the muon term

(Emiss,µ
x/y ) using all muons passing the basic selections (i.e. not requiring isolation). The jet

term (Emiss,jets
x/y ) was calculated using all jet objects as defined above, but extending the an-

gular coverage to |η| < 4.9. The contributions of all topological clusters not associated with
reconstructed electrons or jets (Emiss,cl

x/y
5) were added as well.

5 This is also called the “CELLOUT” term in some support documents.
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The Emiss
T resolution was studied in Z → `` and W → `ν events for 36 pb−1 of 2010 data

in [75] and more recently for 4.2 fb−1 of data taken in 2011 in [76]. The resolution of Emiss
x/y can

be parametrized as σEmiss
x/y

= k ·
√∑

ET. For the pileup conditions of 2010 and 2011 values of
k ≈ 0.5GeV1/2 and 0.7GeV1/2 were determined.

4.4 Event Preselection

The analysis was based on a subset6 of the data taken by ATLAS in 2011. At the most general
level all considered runs were delivered during stable beam conditions as declared by the LHC
and were flagged by the ATLAS data quality monitoring to have been recorded while the
detector was at nominal high voltage and operating properly overall. Additionally the ATLAS
solenoid and toroid magnets were on and the sub-detectors necessary for electron, muon and
jet identification and reconstruction were running at nominal conditions. These requirements
amounted to a base dataset with an integrated luminosity of 2.06 fb−1.

Events from this base dataset were further required to pass a set of basic cleaning cuts and
to have fired a subset of triggers, as given below, where additional event preselection cuts and
event weight corrections for MC are summarized as well.

4.4.1 Event Cleaning

In data, events were discarded if they contained objects that were identified as jets with pT >
20GeV and |η| < 2.8 and passed overlap removal with electrons, but could be associated
with calorimeter effects, like coherent noise in the EM calorimeter, energy “spikes” in the
hadronic end-caps or energy deposits from cosmic muons or beam background. Data events
which exhibited data integrity errors in the LAr calorimeters were removed as well.

With the leading primary vertex of the reconstructed event defined as the one with the largest
sum of squared transverse momenta of the associated tracks, events were required to have more
than four tracks associated to that vertex, to ensure that only actual collision events were
selected.

If a baseline muon passed the requirements of overlap removal, but had a longitudinal impact
parameter |z0| > 1mm or a transverse impact parameter |d0| > 0.2mm, both with respect to
the primary vertex, the event was discarded as a possible cosmic ray candidate.

In addition about 42% of the dataset suffered from a readout problem of the LAr calorimeter
in an area given by: −0.1 < η < 1.5 and −0.9 < φ < −0.5. As this caused mis-measurements
for jets and electrons and influenced the Emiss

T measurement, events in the affected data periods
and a corresponding fraction of MC were discarded, if a jet was found inside this region with
pT > 40GeV (with pT corrected for dead calorimeter cells, to provide a response similar to
MC).

6 up to and including period K
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4.4.2 Trigger

Events in data were required to have been flagged by the high-level trigger, requiring a single
electron with ET > 20GeV or a single muon with pT > 18GeV. For the later data taking
periods the threshold for the electron trigger had to be raised to 22GeV to cope with higher
trigger rates at increasing luminosity. To ensure that the corresponding trigger efficiencies were
in their plateau region, the triggering signal leptons were required to have ET > 25GeV for
an electron or pT > 20GeV for a muon. To meet the requirements used to derive the weights
necessary for the MC reweighting explained below, the leptons also had to unambiguously
match an object reconstructed at trigger level within ∆R < 0.15.

For MC, instead of using the existing trigger simulation, a trigger efficiency measurement was
performed on data, using a Z → `+`− tag-and-probe method to determine the trigger response
to signal electrons or muons in bins of η, φ and ET for electrons and pT for muons, respec-
tively. Different types of muon reconstruction (combined/segment-tagged muon) were treated
separately.

In case of electrons efficiencies between 96% and 98% in ET and φ were found and between 87%
and 99% in η, with the smallest values in the barrel–end-cap transition region and for η close to
2.47, at the edge of the acceptance region. For muons the plateau efficiencies were determined
to be on average about 77% (70% for some data taking periods with slightly different trigger
definitions) in the barrel and about 87% in the end-caps.

The resulting trigger efficiency maps were then applied to the MC in the form of event weights.
In this way a larger fraction of the available MC sample statistics could be kept and only a
single efficiency measurement was necessary per trigger. In cases where more than one lepton
was capable of triggering the event, the event weight was corrected using a factor of

ε = 1−
∏
i

(1− εi) (4.2)

where εi are the efficiencies for the individual leptons `i. The ET/pT and trigger object matching
requirements for the leptons were the same as for data events.

4.4.3 Low Invariant Mass Cut

In order to suppress potential backgrounds due to Drell–Yan, W/Zγ and photon conversion
processes or decays of low-mass particles such as J/Ψ resonances, events were discarded if
they contained baseline lepton pairs of same flavor and opposite sign (SFOS), passing overlap
removal, with a combined invariant mass below 20GeV.

4.4.4 Correction of the Lepton Identification and Reconstruction Efficiency

The identification and reconstruction efficiencies for electrons, as reported in [77], were deter-
mined based on the tag-and-probe method explained in [63], using Z → ee, W → eν and
J/ψ → ee events, but updated for the full 2011 dataset (4.7 fb−1). Identification efficiencies
between 77% and 92% were found, depending on ET. The η-averaged reconstruction efficiency
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was between 90% and 96%, depending on ET, with slightly lower values for high-|η| and slightly
higher values in the central region.

The reconstruction efficiency for muons was reported in [78], based on a tag-and-probe method
using Z → µµ and J/ψ → µµ events selected from 42 pb−1 of 2010 data. In η the efficiency
varied between 95% (close to |η| ≈ 2.47) and 100%, with the exception of a small region around
η ≈ 0, which had a lower value of about 87%, as the muon system has less chambers there to
provide the space necessary for servicing the inner detector and calorimeters. The η-averaged
efficiency was between 97% and 99%, depending on pT.

To account for the differences between data and simulation, corrections in the form of event
weights were applied to MC events, as recommended by the EGamma Working Group and the
Muon Combined Performance Group. These weights consisted of the product of scale factors
applied for each signal lepton. The electron efficiency scale factor was η- and ET-dependent,
taking values between 0.95 and 0.99 for electrons with pT > 20GeV and starting from 0.84 for
electrons with pT between 10GeV and 20GeV. The muon efficiency scale factor was η- and
pT-dependent, with values between 0.91 and 1.01 for the muons considered.

4.4.5 Correction of the MC-Based Estimate of Pileup Effects

As mentioned in Sec. 4.2 the initial distribution of pileup included in the samples of simulated
events could only be estimated based on the expectations for 2011 data taking. In order to
correct for the differences compared to the actually observed pileup distributions for each data-
taking period, MC events were reweighted to match the observed average number of interactions
per bunch crossing. The average was taken across all bunch crossings of a “luminosity block”7
(LB) as well as across all bunches of the 50 ns-spaced groups of protons called “bunch-trains”,
as this best described the effects of the out-of-time pileup.

7 the smallest amount of data the luminosity is determined for
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4.5 Events with at least Four Signal Leptons
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Figure 4.1: Multiplicity of baseline leptons for events passing the preselection. At least one lepton had
to fulfill the trigger requirements. [42]

≥ 4` All eeee eeeµ eeµµ eµµµ µµµµ

tt̄ 0.22± 0.15 0.012± 0.042 0.06± 0.06 0.10± 0.07 0.05± 0.07 0 ± 0.018
Single t 0 ± 0.04 0 ± 0.04 0 ± 0.04 0 ± 0.04 0 ± 0.04 0 ± 0.04
tt̄V 0.59± 0.26 0.086± 0.043 0.14± 0.07 0.17± 0.08 0.13± 0.06 0.07 ± 0.04
ZZ 19 ± 5 3.8 ± 1.0 0.16± 0.08 10.0 ± 2.5 0.17± 0.07 4.9 ± 1.2
WZ 0.54± 0.17 0.06 ± 0.03 0.07± 0.04 0.17± 0.07 0.24± 0.09 0 ± 0.011
WW 0 ± 0.015 0 ± 0.015 0 ± 0.015 0 ± 0.015 0 ± 0.015 0 ± 0.015
Zγ 0 ± 0.5 0 ± 0.5 0 ± 0.5 0 ± 0.5 0 ± 0.5 0 ± 0.5
Z+LFjets 3.8 ± 1.6 1.8 ± 0.9 0 ± 0.29 1.5 ± 1.1 0.6 ± 0.6 0 ± 0.29
Z+HFjets 0.26± 0.28 0.022± 0.037 0.06± 0.07 0.13± 0.14 0.05± 0.06 0.0021± 0.0034
Drell–Yan 0 ± 0.29 0 ± 0.14 0 ± 0.018 0 ± 0.14 0 ± 0.06 0 ± 0.014∑

SM 25 ± 5 5.8 ± 1.4 0.5 ± 0.6 12.0 ± 2.8 1.2 ± 0.7 5.0 ± 1.4
Data 24 8 2 8 0 6

Table 4.5: Number of events passing preselection and with at least four signal leptons for SM MC and
2.06 fb−1 of 2011 data. Adapted from [41].

4.5 Events with at least Four Signal Leptons

Following the event preselection, only events with four or more signal leptons were selected for
the analysis described here. This was done to remove the overlap with similar SUSY searches,
targeting signatures for which exactly one, two or three leptons were expected, to allow for a
later combination of results.

This requirement already causes a big reduction of expected SM background, as can be seen
in Fig. 4.1, which shows the lepton multiplicity of the SM backgrounds, where at least one of
the selected leptons had to pass the harder ET/pT cuts given in Sec. 4.4.2 to match the trigger
requirement in data.

A summary of the number of events that passed the preselection requirements and had at least
four signal leptons are shown in Tab. 4.5, for all leptons combined as well as separated into the
different lepton flavor combinations found. The expected numbers given for the SM MC samples
include statistical and systematic (covered in Sec. 4.8) uncertainties, added in quadrature.
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Figure 4.2: EeT/p
µ
T distributions of (a) the leading, (b) second-leading, (c) third-leading and (d) fourth-

leading lepton in events passing preselection and with at least four signal leptons for 2011 data and MC
simulation. The hashed band represents statistical and systematic uncertainties added in quadrature. [41]

In general the statistical uncertainties given for MC samples in the tables in this and the
following sections were calculated as σstat. = s ×

√∑
ω2, where ω is the MC event weight

combining the scale factors for trigger, lepton efficiencies and pileup, and s is the factor applied
to scale the MC events to a luminosity of 2.06 fb−1. In cases where at least two real leptons
were expected for a MC sample i, but no events remained after a cut, an upper limit of
1.1 · Ldata/LMC

i was used to estimate the uncertainty. The factor of 1.1 is given by the mean of
a Poisson distribution, which yields zero events with a probability of 0.32%. For the low mass
Drell–Yan samples (10GeV < mZ < 40GeV) it was possible to get a better estimate, based
on the ratio of the number of low mass DY to Z+jets (mZ > 40GeV) events in two and three
lepton events, for which much higher MC statistics was available. As a result an upper limit on
the uncertainty was applied given by 5% of the sum of the nominal Z+jets (all flavors) value
and its uncertainty.

The ET/pT distributions (for electrons and muons, respectively) of the four signal leptons at
this stage are shown in Fig. 4.2. Figure 4.3 contains the distributions of jet multiplicity, Emiss

T ,

54



4.5 Events with at least Four Signal Leptons

Number of jets

0 1 2 3 4 5 6

E
v
e

n
ts

110

1

10

210

3
10

410 Data 2011 
Total SM

tt

 Vtt
WZ

 llll →ZZ 

 other →ZZ 
Z+jets

SM + RPV 

SM + DGwSL 

= 7 TeVs 1
L dt = 2.06 fb∫

ATLAS Preliminary

(a)

 [GeV]
miss
TE

0 20 40 60 80 100 120 140 160 180 200 220

E
v
e

n
ts

 /
 2

0
 G

e
V

110

1

10

210

3
10

Data 2011 
Total SM

tt

 Vtt
WZ

 llll →ZZ 

 other →ZZ 
Z+jets

SM + RPV 

SM + DGwSL 

= 7 TeVs 1
L dt = 2.06 fb∫

ATLAS Preliminary

(b)

 [GeV]SFOSM

0 50 100 150 200 250

E
v
e

n
ts

 /
 2

0
 G

e
V

110

1

10

210

3
10

Data 2011 
Total SM

tt

 Vtt
WZ

 llll →ZZ 

 other →ZZ 
Z+jets

SM + RPV 

SM + DGwSL 

= 7 TeVs 1
L dt = 2.06 fb∫

ATLAS Preliminary

(c)

 [GeV]effM

0 100 200 300 400 500 600 700 800 900

E
v
e

n
ts

 /
 5

0
 G

e
V

110

1

10

210

Data 2011 
Total SM

tt

 Vtt
WZ

 llll →ZZ 

 other →ZZ 
Z+jets

SM + RPV 

SM + DGwSL 

= 7 TeVs 1
L dt = 2.06 fb∫

ATLAS Preliminary

(d)

Figure 4.3: Distributions of (a) the jet multiplicity, (b) Emiss
T , (c) MSFOS and (d) Meff in events passing

preselection and with at least four signal leptons for 2011 data and MC simulation. In events with
multiple SFOS lepton pairs, the pair with invariant mass closest to the Z boson mass is plotted. Meff is
defined as the scalar sum of the Emiss

T , the pT of the leptons and the pT of jets with pT > 40GeV in the
event. The hashed band represents statistical and systematic uncertainties added in quadrature. [41]

the invariant mass of that SFOS lepton pair in each event, which is closest to the Z mass,
MSFOS, and the “effective mass”, Meff, defined as the scalar sum of the Emiss

T , the pT of the
leptons and the ET/pT of all jets with pT > 40GeV in an event. The hashed band represents
the combined statistical and systematic uncertainties on the SM MC predictions. All of these
distributions exhibit good overall agreement within uncertainties.
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4.6 Definition of Signal Regions

Figure 4.3b shows the distribution of the missing transverse energy Emiss
T for events with at

least four signal leptons. To further suppress the components of the remaining SM backgrounds,
which have little or no (real) sources of missing transverse energy, like the dominant ZZ → 4`,
a moderate Emiss

T cut was chosen. While the expectations for the number of SM background
and signal events for a variety of models similar to the two above-mentioned SUSY benchmark
models were taken into account, the cut was not optimized for any one of these models.

The first signal region (SR1) was then defined by requiring events to

• pass the event preselection,

• contain ≥ 4 signal leptons and

• have Emiss
T > 50GeV.

To further suppress Z backgrounds for models where the signal leptons are typically not ex-
pected to originate from Z decays, a second signal region (SR2), with a corresponding veto
condition was defined. In SR2 events had to

• pass the event preselection,

• contain ≥ 4 signal leptons,

• have Emiss
T > 50GeV and

• not contain a SFOS lepton pair with |mSFOS −mZ | ≤ 10GeV (“Z-veto”).

In data the signal regions were initially blinded to prevent bias, that is, before actually applying
these cuts to the data samples, the modeling of the SM backgrounds as well as the description
of the Emiss

T distribution and lepton isolation were validated and the sources of systematic
uncertainties studied.

4.7 Background Estimation and Validation

As the small number of events left after the four signal lepton requirement was not enough to
use data-driven techniques for background estimation in most cases, the predictions of the SM
MC samples had to be used for this purpose. Only backgrounds with at least two expected
prompt leptons (from W/Z(∗)/τ decays) were considered, as prior dedicated studies of W+jets
MC simulation found the contribution of backgrounds with a smaller number of leptons to be
negligible. In order to validate the predictions of the background model, data and MC were
compared in a number of control regions, separated from the signal regions defined in Sec. 4.6,
for example by inverting the Emiss

T cut and/or by requiring one or more leptons to fail the jet
overlap or isolation criteria (called “fake” leptons below).

Furthermore, the method that was used to estimate the background from internal conversions,
as well as the dedicated validation of the missing transverse energy and the lepton isolation are
summarized below.
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4.7 Background Estimation and Validation

4.7.1 Validation in Control Regions

Control regions aiming to enrich the contribution of the samples containing top quarks were
defined by first requiring two opposite-flavor opposite-sign (OFOS) signal leptons and one b-
tagged jet. The b-tagging algorithm used impact parameter and secondary vertex information
as described in [79]. In one region then two or more signal leptons and Emiss

T < 50GeV were
required, while for the other two regions two fake leptons and Emiss

T > 50GeV or Emiss
T > 30GeV

were selected, respectively. For all three regions lepton pairs within 10GeV of the Z mass were
vetoed. The two regions with two fake leptons and higher Emiss

T were found to be dominated
by the targeted tt̄(+V ) backgrounds, as expected.

Three regions were defined to target ZZ and Z-rich backgrounds. For the first only the Emiss
T

cut was inverted (4 signal leptons and Emiss
T < 50GeV) and no further Z requirements were

applied. For the other two regions events with two SFOS signal leptons with an invariant mass
in the Z peak (as above) and either two more signal leptons and Emiss

T < 50GeV or two fakes
and Emiss

T > 50GeV were selected. Both low-Emiss
T regions were dominated by ZZ events,

followed by Z+LFjets, while tt̄ was the biggest contribution in the region with two fake leptons
and higher Emiss

T .

Finally two control regions were defined focussing on events with two SFOS signal leptons in
the Z peak, one additional signal lepton and one fake, as expected for example in WZ events,
but also in ZZ, Zγ and Z+jets. In one region a cut of Emiss

T < 50GeV was applied, while in
the second case (20GeV < Emiss

T < 50GeV) some missing transverse energy was required to
further suppress the ZZ contribution.

In all regions the total number of selected MC events were compared to the number observed
in data. Where possible the comparison was repeated for separate (fake) lepton flavor (combi-
nations). The distributions of the ET/pT of the four leptons, Emiss

T , the number of jets or the
invariant mass of SFOS pairs of leptons were studied as well.

Overall, good agreement between the simulated SM backgrounds and data was found, within
uncertainties, in all aforementioned validation regions.

4.7.2 Background from Internal Conversions

Another possible contribution to a real four lepton final state is given by internal conversions of
final state radiation photons: Z → ``γ∗ → ````. As this process was not described by the MC
samples used, a data-driven approach was employed to estimate its contribution in the signal
regions. For this the photon conversion probability was measured outside the signal region
(by inverting the Emiss

T cut), using the ratio of events found where M``γ∗ or M```` were within
10GeV of mZ . The measured conversion rates for electrons and muons were then applied to
the number of ``γ events found in the signal region. The resulting contribution was found to
be negligible, though.

Similarly, the contribution of W → ν`γ∗ → ν``` to the signal region was estimated to be
negligible by comparing it to the Z case, since the enhanced cross section for the W case is
more than compensated for by the low probability to find a fake fourth lepton.
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4.7.3 Missing Transverse Energy Validation

As the missing transverse energy was one of the main signal region cuts, its distribution in
the SM MC samples was compared to the one observed in data for all events with at least
four leptons. Additionally events with opposite-sign lepton pairs with an invariant mass within
10GeV of the Z mass were compared as well, to test the description of Z → `+`− and `+`′−
(where the second case can result from τ decays). The distributions were checked separately
for all lepton flavor combinations, as well as for each of the Emiss

T components (cf. Eq. 4.1).
While statistics for the flavor-separated distributions in the four lepton case was very limited,
good agreement was still found within uncertainties in all cases.

4.7.4 Lepton Isolation Validation

The MC simulation of the lepton isolation, used in the definition of signal leptons, was validated
using a tag-and-probe method. Events containing W → `ν decays, but no b-jets, were selected
in data and MC and the distributions of the values used to define the isolation (cf. Sec. 4.3.5)
for electrons and muons were compared for a second opposite-flavor probe lepton, for which the
isolation criterion was dropped. Within uncertainties, the comparison showed the isolation to
be well modeled.

4.8 Systematic Uncertainties

In addition to an estimate of the SM backgrounds and their statistical uncertainties, the po-
tential impact of systematic effects on this prediction was studied. While in the simplest cases
the uncertainty due to, for example, a systematically shifted energy scale can be estimated by
retracing all analysis steps with that scale set to another value and just comparing the resulting
number of events, dedicated studies are often required to disentangle the influences of separate
effects. Results of such studies were provided by the ATLAS performance groups in the form
of parametrized uncertainty estimates or scaling recommendations and used to derive some of
the systematic uncertainties for the four lepton analysis.

The percentages given below for the individual systematic effects studied always reflect the
changes in the final number of events in the signal regions, if not explicitly stated otherwise.

The changes due to variations of the jet energy scale [80] were found to be one of the leading
systematic effects at ∼ 20% for SR1 and ∼ 50% for SR2. The method, as recommended by
the Jet/Emiss

T Working Group, also included a pT- and η-dependent uncertainty (2% to 7%) to
account for the effect of out-of-time pileup in multi-jet environments. The jet energy resolution
had an effect of comparable strength (∼ 20% for SR1 and ∼ 50% for SR2). To estimate this,
the pT of each jet was smeared according to a Gaussian distribution with unit mean and a
width given by a pT- and η-dependent resolution function, further explained in [81].

The typical EES uncertainty per electron was < 1%, but increased up to ∼ 9% for low-pT
(10GeV to 20GeV) electrons, due to the low number of W and J/Ψ events in the study [63] of
the EGamma Working Group the determination was based on. Applied to the electron objects
of the four lepton analysis, the uncertainty on the EES was found to have a moderate impact of
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about 4% on the resulting number of events in both signal regions, while the EER uncertainty
had large effects of about 20% for SR1 and ∼ 50% for SR2.

The impact of varying the electron identification and reconstruction efficiency, used to correct
the observed difference between data and MC, as described in Sec. 4.4.4, was studied by the
EGammaWorking Group inW and Z events and found to be between about 0.6% and 1.8% per
electron (η- and ET-dependent), rising to ∼ 10% for electrons with ET < 20GeV. Propagated
to the final number of events, this translated into a moderate systematic uncertainty of ∼ 5%
for SR1 and ∼ 10% for SR2.

Systematic uncertainties related to smearing and shifting the muon pT, described in Sec. 4.3.2,
were calculated using tools provided by the Muon Combined Performance Group, based on [66].
This was done separately for the inner detector and spectrometer tracks in both combined and
segment-tagged muons. The effects on the resulting number of events for the four lepton analysis
was found to be very small (< 1% in both signal regions).

The uncertainty in the muon reconstruction efficiency, provided by the Muon Combined Per-
formance Group as a function of the muon momentum, only had a very small impact on the
number of SM background events (< 1% in both signal regions).

The systematic uncertainty of the lepton isolation efficiency was found to have a negligible
effect only.

As already mentioned, the jet and lepton systematic uncertainties described above were applied
to the related objects in the event. Additionally, they were also propagated to the respective
components of the Emiss

T . The uncertainty due to the Emiss
T term summing up the contribution of

calorimeter clusters not associated to reconstructed objects (Emiss,cl
x/y in Eq. 4.1) were studied by

smearing the energy scale and resolution of the calorimeter clusters, but its effect was negligible
for all SM samples studied.

The systematic uncertainty caused by the MC trigger reweighting procedure given in Sec. 4.4.1,
found by propagating the uncertainties of the determined weights, was of negligible size as
well.

The systematic uncertainty caused by the MC event reweighting used to account for the effects
of multiple pp collisions (cf. Sec. 4.4.5) was assessed by comparing the results of the nominal
pileup distribution, which best described the effects of out-of-time pileup, with a distribution
better describing the in-time pileup (by not averaging across neighboring bunches). The impact
on the number of SM background events was small (∼ 1%).

To estimate the uncertainty due to the MC modeling of the local readout problem in the LAr
calorimeter, present during part of the data-taking (cf. Sec. 4.4.1), the 40GeV pT threshold of
the jets used for the event rejection was varied by 20% in MC. The resulting uncertainty was
about 1% in SR1 and even less in SR2.

To estimate the systematic uncertainty of the fake rate of leptons from heavy flavor decays,
the fake rate in bb̄-enriched events was compared between data and MC using a tag-and-probe
method. Agreement was found to be within 10% and the same percentage was applied to the
tt̄, single top, tt̄V and Z+(c,b jets) MC samples as a additional systematic uncertainty. This
amounted to systematic uncertainties of ∼ 3% for SR1 and ∼ 1% for SR2.
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The uncertainty of the integrated luminosity for the 2011 dataset was determined to be 3.7%
in [14, 15].

The uncertainties applied to the theoretical fiducial cross sections were 5% for the ZZ, WW ,
Z+(u,d,s jets) and Drell–Yan samples [45, 57], 7% for the WZ samples [45], +7.0

−9.6 % for the tt̄
samples [49, 82], 7% for the single top samples [51, 52] and 40% for the tt̄V samples [54]. For
the Z+(c,b jets) samples the uncertainty for the cross sections given in [58] was 30%–40%.
As this uncertainty depended on the event topology of the analysis, though, a conservative
uncertainty of 100% was applied for these samples in the four lepton analysis. The effect of
these uncertainties on the predicted number of SM background events was ∼ 12% for SR1 and
∼ 6% for SR2.

The effect of varying the parton distribution functions used for the MC simulation process
was calculated with the full eigenset provided by the CTEQ collaboration for the CTEQ6.6
PDFs as used for samples generated with MC@NLO, while the full eigenset of the MSTW08LO
PDFs was used for the Herwig samples. Since the tt̄V and Alpgen samples were generated with
the PDF set CTEQ6L1 for which no PDF error sets were available, no PDF uncertainty was
applied. The resulting effect on the number of SM events was ∼ 5% for SR1 and ∼ 3% for
SR2.

To estimate the uncertainties due to different choices of the factorization/renormalization scale
uncertainty for tt̄, the yield from a tt̄ sample generated with a different combination of MC gen-
erator and shower simulation, PowHeg [83] and Pythia, was compared to the nominal MC@NLO
sample. Fluctuations of 46% were seen within the small statistics available. As the 40% un-
certainty on the tt̄V cross section mentioned above already included the effect of such scale
variations, no extra scale uncertainty was applied. Based on [84], the scale variations used for
the ZZ, WZ and WW samples were 15%, 16% and 20%, respectively. For all other back-
grounds no scale uncertainties were applied since their contributions were either very small or
currently known only with more than 100% uncertainty. Applying the factorization/renormal-
ization scale uncertainties had ∼ 6% and ∼ 9% effects on the SM background estimation in
SR1 and SR2, respectively.

With a four lepton requirement, not enough MC statistics was available to conclusively study
the systematic uncertainty caused by varying the amount of initial and final state radiation.
Similar studies requiring only three leptons found the variation across the same MC samples to
be < 10%. Since these effects were not expected to have a dominant contribution, no systematic
uncertainties were applied to account for them.

The large systematic effects seen for the jet energy scale and resolution as well as the electron
energy resolution were caused by the fact that only one event remained of the Z+(u,d,s jets)
MC samples after applying the selection criteria. To account for the possibility of one event
fluctuating in or out of the selection a 100% uncertainty was applied, making this the dominant
contribution to the total systematic uncertainty on the MC background estimation in both signal
regions.

A summary of the expected number of SM background events, the absolute statistical uncer-
tainty on the MC samples and all non-negligible systematic uncertainties is shown in Tab. 4.6
for both signal regions. In cases where varying the input within its (usually ±1σ) extremes
resulted in asymmetric uncertainties, the largest value was applied as a symmetric systematic
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SR1 SR2
Expected Events 1.70 0.66
MC statistics 0.59 0.57
Jet Energy Scale 0.35 0.34
Jet Energy Resolution 0.34 0.34
Electron Energy Scale 0.07 0.03
Electron Energy Resolution 0.34 0.34
Muon Inner Detector Track p Resolution 0.01 0.00
Muon Spectrometer Track p Resolution 0.01 0.00
Electron Identification/Reconstruction Efficiency 0.09 0.07
Muon Identification/Reconstruction Efficiency 0.01 0.00
Multiple pp collisions (Pileup) 0.02 0.01
LAr readout problem 0.02 0.00
PDF 0.08 0.02
Factorization/Renormalization scale 0.11 0.06
Cross section 0.20 0.04
Luminosity 0.06 0.02
Heavy flavor lepton fake rate 0.05 0.01
TOTAL systematic uncertainty 0.88 0.82

Table 4.6: Summary of the effect of systematic uncertainties on the background estimation for SR1 and
SR2, normalized to 2.06 fb−1 of data. The expected numbers of events are listed, followed by the absolute
MC statistical and the individual systematic uncertainties. Adapted from [41].

uncertainty. When calculating the total systematic uncertainty on the background estimation,
the individual sources of uncertainty were assumed to be uncorrelated.
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Selection ≥ 4` Emiss
T > 50GeV Z-veto

(SR1) (SR2)
tt̄ 0.22± 0.15 0.17 ± 0.14 0.13 ± 0.11
Single t 0 ± 0.04 0 ± 0.04 0 ± 0.04
tt̄V 0.59± 0.26 0.48 ± 0.21 0.07 ± 0.04
ZZ 19 ± 5 0.44 ± 0.19 0.019± 0.020
WZ 0.54± 0.17 0.25 ± 0.10 0.09 ± 0.05
WW 0 ± 0.015 0 ± 0.015 0 ± 0.015
Zγ 0 ± 0.5 0 ± 0.5 0 ± 0.5
Z+LFjets 3.8 ± 1.6 0.33 ± 0.67 0.33 ± 0.67
Z+HFjets 0.26± 0.28 0.024± 0.035 0.024± 0.035
Drell–Yan 0 ± 0.29 0 ± 0.05 0 ± 0.05∑ SM 25 ± 5 1.7 ± 0.9 0.7 ± 0.8
Data 24 4 0

Table 4.7: Summary of the numbers of SM MC and data events for different stages of the analysis. The
uncertainties given are statistical and systematic, added in quadrature. All numbers are normalized to
2.06 fb−1.

4.9 Upper Limits on the Visible Cross Section

After all analysis cuts were decided on and the systematic uncertainties were estimated, the
signal regions were unblinded. For 2.06 fb−1 at 7TeV a total of 1.7± 0.9 events were predicted
by the SM MC for the signal region with four or more signal leptons and more than 50GeV of
missing transverse energy (SR1), while four events were found in the analyzed ATLAS dataset.
For the signal region with an additional Z-veto (SR2) 0.7± 0.8 events were predicted and none
were observed. These numbers, with their combined statistical and systematic uncertainties,
are summarized in Tab. 4.7, where the results at the four lepton stage and the individual SM
contributions are given as well. Detailed numbers for the different lepton-flavor combinations
in the two signal regions are given in Tab. 4.8.

Using a frequentist method based on a profile likelihood ratio, which will be further explained
in Sec. 5.5, the total numbers of expected and observed events were used to derive upper limits
(95%, CLs) on the number of events predicted by new physics models to still be compatible
with this measurement. This can also be expressed in terms of the “visible” cross section,
which here is defined as the product of cross section, branching ratio, acceptance and efficiency
(i.e. without unfolding geometric, kinematic or detector effects), which was deduced from the
number of events simply as σvis = n · (

∫
Ldt)−1. Table 4.9 shows the expected and observed

limits, the former based on the SM MC prediction and its uncertainties only, the latter making
use of the measured values.

An interpretation of these limits in terms of concrete (SUSY) models was left to follow-up
studies. The case of the BC1 scenario and the surrounding m1/2–tan β parameter space will be
the topic of the following chapter.
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SR1 All eeee eeeµ eeµµ eµµµ µµµµ

tt̄ 0.17 ± 0.14 0.011± 0.042 0.027 ± 0.042 0.09 ± 0.06 0.05 ± 0.07 0 ± 0.018
Single t 0 ± 0.04 0 ± 0.04 0 ± 0.04 0 ± 0.04 0 ± 0.04 0 ± 0.04
tt̄V 0.48 ± 0.21 0.072± 0.037 0.12 ± 0.06 0.14 ± 0.07 0.08 ± 0.04 0.059± 0.032
ZZ 0.44 ± 0.19 0.14 ± 0.08 0.016 ± 0.012 0.21 ± 0.12 0.047± 0.032 0.025± 0.045
WZ 0.25 ± 0.10 0.015± 0.022 0.07 ± 0.04 0.050± 0.032 0.11 ± 0.06 0 ± 0.011
WW 0 ± 0.015 0 ± 0.015 0 ± 0.015 0 ± 0.015 0 ± 0.015 0 ± 0.015
Zγ 0 ± 0.5 0 ± 0.5 0 ± 0.5 0 ± 0.5 0 ± 0.5 0 ± 0.5
Z+LFjets 0.33 ± 0.67 0.33 ± 0.67 0 ± 0.29 0 ± 0.29 0 ± 0.29 0 ± 0.29
Z+HFjets 0.024± 0.035 0 ± 0.17 0 ± 0.17 0 ± 0.17 0.024± 0.035 0 ± 0.17
Drell–Yan 0 ± 0.05 0 ± 0.05 0 ± 0.017 0 ± 0.017 0 ± 0.016 0 ± 0.017∑

SM 1.7 ± 0.9 0.6 ± 0.8 0.24 ± 0.57 0.5 ± 0.6 0.32 ± 0.55 0.08 ± 0.57
Data 4 0 1 2 0 1

SR2 All eeee eeeµ eeµµ eµµµ µµµµ

tt̄ 0.13 ± 0.11 0 ± 0.018 0.027 ± 0.042 0.05 ± 0.04 0.05 ± 0.07 0 ± 0.018
Single t 0 ± 0.04 0 ± 0.04 0 ± 0.04 0 ± 0.04 0 ± 0.04 0 ± 0.04
tt̄V 0.07 ± 0.04 0.007± 0.007 0.024 ± 0.017 0.022± 0.021 0.011± 0.008 0.005± 0.005
ZZ 0.019± 0.020 0.008± 0.011 0 ± 0.012 0.010± 0.018 0 ± 0.012 0 ± 0.012
WZ 0.09 ± 0.05 0 ± 0.020 0.0021± 0.0024 0.050± 0.032 0.039± 0.028 0 ± 0.011
WW 0 ± 0.015 0 ± 0.015 0 ± 0.015 0 ± 0.015 0 ± 0.015 0 ± 0.015
Zγ 0 ± 0.5 0 ± 0.5 0 ± 0.5 0 ± 0.5 0 ± 0.5 0 ± 0.5
Z+LFjets 0.33 ± 0.67 0.33 ± 0.67 0 ± 0.29 0 ± 0.29 0 ± 0.29 0 ± 0.29
Z+HFjets 0.024± 0.035 0 ± 0.17 0 ± 0.17 0 ± 0.17 0.024± 0.035 0 ± 0.17
Drell–Yan 0 ± 0.05 0 ± 0.05 0 ± 0.017 0 ± 0.017 0 ± 0.016 0 ± 0.017∑

SM 0.7 ± 0.8 0.35 ± 0.83 0.05 ± 0.57 0.13 ± 0.57 0.12 ± 0.55 0.005± 0.567
Data 0 0 0 0 0 0

Table 4.8: Total and flavor-separated expected SM MC background and observed data for SR1 and SR2.
Adapted from [42].

SR1 SR2
Expected number of SM events predicted by MC 1.7± 0.9 0.7± 0.8
Observed number of events in data 4 0
Expected upper limit on number of predicted signal events 4.3 3.0
Observed 7.1 3.0
Expected upper limit on visible cross section [fb] 2.09 1.46
Observed 3.45 1.46
CLb 0.07 0.78

Table 4.9: Summary of the ATLAS four lepton analysis results for 2.06 fb−1 at 7TeV and upper limits
derived from them.
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CHAPTER 5

Interpretation

Going beyond the general result summarized in the previous chapter, the four lepton analysis
strategy can now be applied to the BC1 model introduced in Sec. 3.2.8 as well as to models in
the surrounding m1/2–tan β parameter plane, which have a very similar phenomenology.

The production chain used to generate simulated events for such models will be summarized in
Sec. 5.1. Following that, theoretical and experimental constraints for the placement of model
points in the parameter plane will be discussed in Sec. 5.2. Phenomenological properties of
the models, like sparticle masses, production cross sections, branching ratios, life times and
decays will be presented in Sec. 5.3 to point out important or interesting features found in some
regions of the parameter space. The results of applying the four lepton analysis strategy to
these models will be summarized in Sec. 5.4. Finally Sec. 5.5 will explain the statistical method
used to derive limits and present the expected and observed limits on the BC1-like scenarios
discussed here.

5.1 MC Production Chain for Simulated Signal Events

Simulated events are generated for a grid of model points in the m1/2–tan β plane to study
the model phenomenology at generator level and include a simulation of the ATLAS detec-
tor response for the full analysis. The mass spectrum, couplings and mixing matrices for
each point are derived from the GUT scale model parameters using SOFTSUSY 3.2.4 [85].
ISAJET 7.64 [86] and ISAWIG 1.200 are used to provide decay rates and an interface to the
event generator Herwig 6.52 [43].

This emulates the setup which was used in the original work defining BC1 [37], as well as
in [38] and [40], including the modifications to Herwig, which allow the generator to model the
Rp/ four-body decays of the τ̃1 LSP. As early studies using the four lepton analysis strategy
indicated that an improved reach could be expected with the available integrated luminosity,
compared to the results of the references above, a new and extended grid of models was defined
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Figure 5.1: Positions of the generated model points.

and studied for this thesis. The newer version of SOFTSUSY was used to take advantage of a
number of corrections to the spectrum generator code1.

For each of the 224 chosen points 5000 events were generated. Their positions in the parameter
plane are shown in Fig. 5.1. The points have a general spacing of 60GeV in m1/2 and 3 in tan β.
Due to limited computing resources and the expected increase in reach, the m1/2-spacing was
increased form1/2 < 680GeV, after testing that no irregularities were to be expected for models
inside the area.

Furthermore the fast detector simulation AtlFast-II [88] had to be used instead of the full
simulation as employed for the SM background MC. While the full GEANT4 simulation is still
used for the inner detector and the muon system in this fast simulation, the full development of
particle showers within the calorimeter is replaced by a parametrized treatment of the shower
properties, tuned to provide a good description of each reconstructed object’s key features. As
a cross-check additional events using the full detector simulation were generated for a small
subset of points from different areas of the parameter plane. A comparison of the properties of
the reconstructed objects used for the analysis and of the selected event numbers showed good
agreement within their respective uncertainties.

In addition to these officially created events, generator-level information was produced for
further points with a smaller m1/2-spacing, where necessary to define the boundaries discussed
below and to allow further studies of general model properties.

1 Table 3.4 already uses these numbers for BC1 instead of the original ones given in [37] or [87].
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Figure 5.2: Constraints for BC1-like models. The shaded regions include a theoretically forbidden region
producing tachyons, a region with a χ̃0

1 LSP, a region excluded by LEP Higgs bounds and a region with
mτ̃1 below the 80GeV threshold considered in this analysis. [87]

5.2 Theoretical and Experimental Constraints

Figure 5.2 contains four shaded regions in the m1/2–tan β plane, defined by theoretical or
experimental constraints for BC1-like mSUGRA models (m0 = A0 = 0GeV, µ > 0 and λ121 =
0.032 at MGUT), which were taken into account when defining the grid of model points and
also included for the interpretation of the results of the four lepton analysis.

The upper left (grey) region is theoretically excluded, as the resulting models contain tachyons,
rendering these theories unstable. In the hatched region at low m1/2 and tan β, the LSP is the
lightest neutralino instead of the τ̃1 targeted in this interpretation2. Both of these define outer
bounds for the grid of model points.

For the final interpretation, two additional areas are excluded. The first is the (green-shaded)
area, where the mass of the τ̃1-LSP is below 80GeV. This is motivated by lower limits on the
τ̃1 mass, found in direct searches for R-parity conserving and violating decays of the τ̃1 at LEP,
as summarized in [18].

The second (yellow-shaded) area is given by the LEP experiments’ lower limits on the mass of
the lightest CP-even Higgs boson. In [37] a constraint of mh > 111.4GeV was directly applied
to the Higgs mass computed for each model3, which is shown in Fig. 5.3. For this interpretation
the excluded area is determined in a more accurate procedure, using FeynHiggs 2.8.6 [89] and
HiggsBounds 3.6.1beta [90].

For each point the full model information in the form of an SLHA [91, 92] file is passed on
to FeynHiggs, which for the given model computes the decays of the Higgs bosons, as well as
2 In principle, though, the χ̃0

1 LSP will also lead to four lepton final states via the Rp/ three-body decay χ̃0
1 →

`(˜̀)∗ → ``ν (similar to Fig. 3.14 but with the χ̃0
1 on-shell).

3 The actual LEP limit of 114.4GeV at 95% CL was lowered by 3GeV to cover SOFTSUSY’s uncertainty on
the prediction of the mass.
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Figure 5.3: Mass of the lightest Higgs boson.

their effective couplings squared to bosons and fermions. While the determination of the Higgs
boson masses in FeynHiggs includes more higher-order effects than the one that was used in
SOFTSUSY, the former does not include Rp/ effects. With only about 1GeV in the region of
interest and at most about 3GeV at the high-m1/2–tan β border of the grid, the difference in
mh is well within typical theoretical uncertainties, though.

The combined information is then passed on to HiggsBounds, which uses them to compute the
ratios between studied model and SM cross sections and branching ratios. Out of all analysis
results incorporated into HiggsBounds, the one with the highest statistical sensitivity for the
studied model is determined. The observed limits of that analysis are then used to decide
whether the studied model is excluded at 95% confidence level. Following the publication
defining the benchmark point, only LEP results are used to define the excluded region.

The discovery of a Higgs boson with a mass of about 126GeV a posteriori excludes the models
presented here. They are nevertheless a valuable benchmark for R-parity violating models with
non-χ̃0

1 LSPs and multiple leptons and Emiss
T in the final state, which are not limited to the

very restrictive no-scale mSUGRA boundary conditions at the high scale, which the BC1-like
models are derived from.
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5.3 Model Properties in the Parameter Plane

5.3 Model Properties in the Parameter Plane

To give an impression of the changes to some model properties as m1/2 and tan β are varied in
the parameter plane, a number of phenomenological details are presented in this section. Where
color gradients are shown in the figures, they are based on linear interpolations between the
values available at the simulated grid points. For logarithmic plots this interpolation is done
on the log-values to reduce interpolation artifacts in areas where the changes in the plotted
parameter are very big.

5.3.1 Sparticle Masses

Figures 5.4 and 5.5 show the masses of the squarks across the plane, Figs. 5.6, 5.7 those of the
sleptons.

While the soft-breaking mass terms for all SM fermion partners start out with m0 = 0GeV
at MGUT, they receive positive corrections from the soft-breaking mass terms of all gauginos
they couple to in the RG evolution down to the SUSY/weak scale4, analog to the example
shown in Fig. 3.5. This effect is clearly visible in the figures, where squark and slepton masses
can be seen to increase with m1/2. As squarks have color charge, the M3 contribution makes
them heavier than the sleptons. Similarly the SU(2)L doublets are generally heavier than the
singlets, because of the additional M2 contribution.

The third family squarks and sleptons are generally lighter than those of the first two, with the
t̃1 as the lightest squark and the τ̃1 as the lightest slepton. This is expected, since the scalars’
masses receive a negative contribution proportional to the corresponding Yukawa couplings,
which are biggest for the SUSY partners of the top, bottom and tau. Another effect visible for
the third family sfermions is the tan β dependence of the mass eigenstates, which has a small
impact only for the heavy stops and sbottoms, but is a dominant effect for the LSP in these
BC1-like models, as can be seen in Fig. 5.7c.

The masses of the gluino and those of the neutralinos and charginos are displayed in Figs. 5.8
and 5.9, respectively. Starting from the same m1/2, their RG evolution is determined by the
same coefficients found in Eq. 3.17.

Due to the different sign of their coefficients the gluino becomes heavy at the SUSY/weak scale,
while the bino and wino become lighter. For the models discussed here the gluino becomes the
heaviest particle in the spectrum, as seen in the figure. The χ̃0

1 is almost purely bino in this part
of parameter space and, as mentioned before, one of the four lightest supersymmetric particles,
together with the ẽR, µ̃R and the τ̃1.

4 The full RGEs for the soft-breaking terms are given in [32].
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(a) ũL mass
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(b) d̃L mass
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(c) c̃L mass
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(d) s̃L mass
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(e) t̃2 mass
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(f) b̃2 mass

Figure 5.4: Masses of the q̃L/2.
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(a) ũR mass
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(b) d̃R mass
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(c) c̃R mass
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(d) s̃R mass
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(e) t̃1 mass
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(f) b̃1 mass

Figure 5.5: Masses of the q̃R/1.
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(a) ẽL mass
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(b) ν̃e mass
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(c) µ̃L mass
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(d) ν̃µ mass
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(e) τ̃2 mass
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(f) ν̃τ mass

Figure 5.6: Masses of the ˜̀
L/2 and the sneutrinos.
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(a) ẽR mass
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(b) µ̃R mass
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(c) τ̃1 mass

Figure 5.7: Masses of the ẽR, µ̃R and the τ̃1 LSP.
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(a) g̃ mass

Figure 5.8: Mass of the gluino.
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(a) χ̃0
1 mass
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(b) χ̃0
2 mass
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(c) χ̃0
3 mass
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(d) χ̃0
4 mass
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(e) χ̃±1 mass
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(f) χ̃±2 mass

Figure 5.9: Masses of the neutralinos and charginos.
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5.3.2 Production Cross Sections

The mass spectrum discussed above has a big influence on the total production cross section
as well as on which combination of sparticles is dominantly produced in the hard interaction as
will be shown below.

Production cross sections beyond the LO estimates of Herwig are computed for 65 different
combinations of sparticles produced in the hard interaction, using Prospino 2.1 [93] and NLL-
fast 1.2 [94]. These combinations are: q̃q̃, q̃g̃, g̃g̃, q̃q̃∗, t̃t̃∗ (2), χ̃g̃ (8), χ̃q̃ (8), χ̃χ̃ (30) and ˜̀/ν̃
– ˜̀/ν̃ (13). Here the left- and right-handed first and second family as well as bottom squarks
are treated as mass-degenerate in the calculation of NLO/LO cross section K-factors, using the
average of their masses as the squark mass. For the production of stop pairs the mass average
does not include the sbottoms. The NLO cross sections then are the product of theses K-factors
and the LO prediction, where Prospino does treat the squarks separately.

While Prospino provides NLO accuracy in SUSY QCD for all combinations, for some processes
NLL-fast adds analytic corrections of next-to-leading-logarithmic (NLL) accuracy from the
resummation of soft gluon emissions, matched to Prospino’s NLO result, in the form of pre-
computed look-up tables. These NLL results were available for strong production of squarks
and gluinos with masses between 200GeV and 2TeV or in the case of direct stop-pair production
between 100GeV and 1TeV. Additional numbers were available for squark masses up to 3.5TeV
for squark–gluino and 4.5TeV for gluino–gluino production.

As in the case of the SM MC samples, the predicted cross sections and their “theory” uncer-
tainties also depend on the choice of the set of parton distribution functions, factorization and
renormalization scales, as well as the αS uncertainty.

To test the influence of using different PDFs and the associated uncertainties on their fit pa-
rameters, the CTEQ6.6M [95] and the MSTW2008NLO [23] PDF sets are used. They each
include a nominal set and a number of variations (e.g. 44 for the CTEQ set), where the values
of the fit parameters are modified within their uncertainties in a consistent way. For the effect
of a different value of αS a second PDF set with a varied value of αS , included with the CTEQ
sets, is used.

The factorization and renormalization scales are simultaneously varied between their nominal
value, set to the average of the two initially produced sparticles’ masses, half and twice that
value.

Then for each of the selected points in them1/2–tan β plane and each of the production processes
the cross section is computed (or interpolated from fast lookup tables in the case of NLL-fast)
for all of the mentioned variations. As the difference between the nominal values of the two
PDF sets can be as big as the one resulting from their individual uncertainties, the results
for both sets are used to define a common envelope. This envelope is given by the maximum
(minimum) of the 68% CL upward (downward) fluctuations of the CTEQ and MSTW sets,
where the fluctuations in each set are given by the variations in alternative-fit-parameter-PDFs,
scale and αS , added in quadrature. The nominal cross section is then defined as the midpoint
of the envelope and the cross section uncertainty is taken to be half the width.
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Figure 5.10: Total NLO(+NLL) production cross section.

Further details of the method used here to arrive at the values for the nominal NLO(+NLL)
cross sections and their uncertainty estimates, which is based on the PDF4LHC recommenda-
tions [96], have been summarized in [97].

Since the ratio between LO and NLO cross sections is not the same for the production of all
sparticle combinations, in the analysis, each simulated signal event has to be rescaled according
to its combination’s NLO cross section and the total number of events of this type found in the
LO sample.

Figure 5.10 shows the total NLO(+NLL) sparticle production cross sections across the m1/2–
tan β plane around BC1, while the relative contributions of the production of squarks and
gluinos, charginos and neutralinos, LSP pairs and other sleptons (charged sleptons as well as
sneutrinos) are given in Fig. 5.11.

The total cross section falls withm1/2, which increases the mass of the whole sparticle spectrum,
while the total available center-of-mass energy stays the same. Above tan β values of about 30
this happens at higher values of m1/2 under the influence of the very light τ̃1 (cf. Fig. 5.7c).
While the typically dominant role of strong production processes at the LHC can also be seen
here for models with low m1/2, their contribution drops to a level comparable to that of direct
production of neutralinos and charginos at about 700GeV, where even the mass of the lightest
squark is above 1TeV, severely restricting the production phase space available at

√
s = 7TeV.

Above about 1.1TeV or for tan β & 30, direct LSP pair production becomes the dominant
process. The remaining fraction is mainly due to the direct production of other slepton pairs.

As shown in Fig. 5.12a the maximum relative theoretical uncertainty on the cross sections can
be up to about 100% for individual production processes in the high m1/2-region of the grid.
The processes responsible for the highest relative uncertainties (associated, strong and at the
highest m1/2 values also weak gaugino production) only make up a (very) small fraction of the
total production cross section in the affected region, though. As a way of taking into account
the relative importance of the different production channels for each grid point, Fig. 5.12b
displays the cross section weighted mean of the relative uncertainties, for comparison. This
mean value is much smaller, with a maximum about 15% at m1/2 around 600GeV and as small
as 5% in the high tan β region, where τ̃1 pair production dominates.
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5.3 Model Properties in the Parameter Plane

 [GeV]1/2m

200 400 600 800 1000 1200

β
ta

n
 

10

20

30

40

50

to
t

σ/
σ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
 = 7 TeVs, 

GUT
 = 0.032 at m

121
λ > 0, µ = 0 GeV, 0 = A

0
mSUGRA/CMSSM, m

(a)
 [GeV]1/2m

200 400 600 800 1000 1200

β
ta

n
 

10

20

30

40

50

to
t

σ/
σ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
 = 7 TeVs, 

GUT
 = 0.032 at m

121
λ > 0, µ = 0 GeV, 0 = A

0
mSUGRA/CMSSM, m

(b)

 [GeV]1/2m

200 400 600 800 1000 1200

β
ta

n
 

10

20

30

40

50

to
t

σ/
σ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
 = 7 TeVs, 

GUT
 = 0.032 at m

121
λ > 0, µ = 0 GeV, 0 = A

0
mSUGRA/CMSSM, m

(c)
 [GeV]1/2m

200 400 600 800 1000 1200

β
ta

n
 

10

20

30

40

50

to
t

σ/
σ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
 = 7 TeVs, 

GUT
 = 0.032 at m

121
λ > 0, µ = 0 GeV, 0 = A

0
mSUGRA/CMSSM, m

(d)

Figure 5.11: Relative contributions to the total cross section of squark and gluino (a), chargino and
neutralino (b), τ̃1 pair (c) and other slepton–slepton production (d).
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(b)

Figure 5.12: Maximum (a) and cross section weighted mean (b) relative theoretical uncertainty on the
production cross section.
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(a) generated λ121
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(b) generated λ233
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(c) generated λ′233

Figure 5.13: Sizes of the R-parity violating couplings λ121 and the generated λ233 and λ′233 at MEW.

5.3.3 Four- vs. Two-Body Decays of the LSP

As mentioned in Sec. 3.2.7, starting with only one non-zero Rp/ coupling at MGUT, further Rp/
couplings can be generated in the RG evolution through loop effects as sketched in Fig. 3.11.
While the size of this effect depends on the size of the original non-zero Rp/ coupling and
additional Yukawa couplings and is relevant mostly for third family sfermions, the effect plays
a role in the very high tan β part of the parameter space, as can be seen in Fig. 5.13, where
the values of the original coupling λ121, as well as the two largest generated couplings, λ233 and
λ′233, are shown at the EW scale.

For the models discussed here the non-zero λ233 coupling allows additional Rp violating two-
body decays of the τ̃1 LSP: τ̃1

λ233−−→ τνµ or µντ . Analogously to what is given in [98] and [32],
the four- and two-body decay rates of the τ̃1 approximately depend on the Rp/ couplings and
the involved masses as follows:

Γ4 ∝ λ2
121

m7
τ̃1

m2
χ̃0

1
m4
f̃

, Γ2 ∝ λ2
233mτ̃1 (5.1)
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(a) m(χ̃0
1)−m(ẽR)
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(b) m(χ̃0
1)−m(µ̃R)
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(c) m(χ̃0
1)−m(τ̃1)
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(d) m(ẽR)−m(τ̃1)
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(e) m(µ̃R)−m(τ̃1)
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(f) m(µ̃R)−m(ẽR)

Figure 5.14: Mass differences between the four lightest sparticles, χ̃0
1, ẽR, µ̃R and τ̃1.
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Figure 5.15: Fraction of four- vs. two-body decays of the τ̃1.

where mf̃ is the mass of the virtual sfermion involved in the decay. This means that the relative
importance of the two competing types of decay processes increases quadratically with the ratio
of the Rp/ couplings, but more rapidly with the growing mass differences between the τ̃1 and
the other involved sparticles. These differences become large for high tan β values as shown in
Fig. 5.14c–e for the four lightest sparticles.

The resulting fraction of the four-body decays of the τ̃1 across the m1/2–tan β plane can be seen
in Fig. 5.15. It shows that for most of the analyzed parameter space the assumption of a four-
body decay of the LSP and the resulting multi-lepton signature is valid. Nevertheless, rapid
changes can be seen close to the upper border of the grid, where two-body decays dominate.

5.3.4 Lifetime of the Lightest Sparticles

A second effect of the strong dependence of the τ̃1 four-body decay rate on its mass becomes
apparent when looking at the inverse of the rate: the τ̃1 lifetime. As shown in Fig. 5.16a at the
upper tan β border of the grid, it becomes larger than about 1 ps, equivalent to 0.3mm before
applying any boost factors, thus exceeding the limit of sensitivity for the four lepton analysis,
given by the cosmic muon veto (c.f. Sec. 4.4.1) and for cm-distances also given by the track
quality requirements for electron and muon, which include the number of hits in the vertex
detector as one possible criterion.

Figure 5.16b shows a problem of the MC event generation concerning the simulated lifetime of
the right-handed smuon at small tan β, where the values very quickly increase from fractions of a
ps up to 1011 ps, effectively rendering the smuon stable on detector scales. This happens for the
following reason: For tan β values down to 7 the dominant decay is µ̃R → (χ̃0

1)∗µ → τ̃1τµ. At
tan β = 4, though, the mass difference between the three lightest charged sleptons (c.f. Fig. 5.14)
becomes smaller than the τ mass. While atm1/2 = 340GeV the χ̃0

1 is still lighter than the smuon
and µ̃R → χ̃0

1µ is kinematically possible, this is not the case for higher values of m1/2. Since the
right-handed smuon does not couple to the R-parity violating operator L1L2Ē1 directly and
a four-body decay comparable to the τ̃1 case (e.g. µ̃R → (χ̃0

1)∗µ → (ẽR)∗eµ λ121−−→ eνµeµ) was
not implemented in Herwig, only the Rp conserving decay µ̃R → (χ̃±1 )∗νµ → τ̃1ντνµ via a far
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(c)
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(d)

Figure 5.16: Lifetimes of the τ̃1 (a), µ̃R (b), ẽR (c) and the χ̃0
1 (d).

off-shell virtual chargino was simulated, leading to the unphysical prediction shown here. This
effect does not pose a significant problem for the analysis, though, since most of the affected
region is already excluded from the search by the LEP Higgs limits and only a fraction of
possible final states is affected.

In comparison to the previous two, the lifetimes of the right-handed selectron and the lightest
neutralino pose no problem for the analysis. The ẽR lifetime can be seen in Fig. 5.16c and only
shows a slight increase near mẽR = mχ̃0

1
, where the dominant decay changes from an R-parity

violating mode to a decay to the lightest neutralino. The χ̃0
1 lifetime is shown in Fig. 5.16d.

As expected it increases close to the mτ̃1 = mχ̃0
1
border, as the direct decay χ̃0

1 → ˜̀
R/1`

is no longer kinematically possible and replaced by R-parity violating three-body decays like
χ̃0

1 → `(˜̀)∗ λ121−−→ ``ν, which are suppressed by the size squared of the Rp/ coupling.

Due to the size of the increase and the placement of grid points in tan β some interpolation
artifacts can be seen in 5.16b and d.
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(c)

Figure 5.17: Branching ratios of the lightest neutralino into τ̃1 (a), ẽR (b) and µ̃R (c).

5.3.5 Decays of the Lightest Neutralino into the Lightest Sleptons

Lastly, for the BC1 benchmark point the lightest neutralino mostly decays to a τ̃1 and a tau,
leading to the possibility of a striking, but very challenging to select, four tau plus four lepton
plus Emiss

T signature. Figure 5.17 shows that this is also the case for m1/2 values below about
350GeV, where the χ̃0

1 becomes the NLSP. For m1/2 values above that and low tan β this
branching ratio approaches 1⁄3, though, as the τ̃1, the µ̃R and the ẽR are almost mass degenerate
and the decay itself is flavor-blind. As in the case of the lifetimes mentioned above, some
interpolation artifacts can be seen at the mτ̃1 = mχ̃0

1
border, where at the lower left edge in

Fig. 5.17b only the decay χ̃0
1 → ẽR + e is kinematically possible and in Fig. 5.17a only Rp

violating three body decays of the χ̃0
1 are open (e.g. χ̃0

1 → (µ̃R)∗ + e
λ121−−→ eνee).
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(b)

Figure 5.18: Number of signal events expected in SR2 for 2.06 fb−1 (a) and signal acceptance times
efficiency of the four lepton analysis, averaged over all production processes (b). [87]

5.4 Analysis Results in the Parameter Plane

While the model properties discussed in the previous sections can be seen as a point of reference,
the generated events still have to pass through reconstruction and identification as well as all
cuts defining the signal regions of the four lepton analysis, as discussed in the previous chapter.
Since for the BC1-like models discussed above the presence of a Z boson is not necessary to
produce the desired final state, the second signal region (SR2), which explicitly rejects lepton
pairs of same sign and opposite flavor close to the Z peak is used for this interpretation.
Figure 5.18a shows the number of signal events expected in SR2 for an integrated luminosity
of 2.06 fb−1 as a function of m1/2 and tan β.

As noted in Sec. 4.9 this reflects the “visible” cross section, σvis, only. The ratio of visible and
production cross section is given by the product of kinematic acceptance, A, and the selection
efficiency, ε.

σvis = Nsel∫
Ldt = A× ε · σ or Nsel = A× ε ·Ngen (5.2)

where Nsel is the number of events selected by the analysis and Ngen is the number of generated
events for the model.

The value of A × ε as a function of m1/2 and tan β, averaged over all production processes, is
displayed in Fig. 5.18b. It increases towards high m1/2 and low tan β, becoming as large as
45%. The same trend can be found for the separate types of production processes, as shown in
Fig. 5.19 for strong production of squarks and gluinos and weak production of charginos and
neutralinos (called “gauginos” in the figures of this section), LSP pairs, as well as combinations
of the other leptons. Note the different color-scale of the latter two, though. The strong
statistical fluctuations, which are clearly visible for the case of strong production in this and
the following figures are due to the small number of events contributing to the signal region, as
shown in Fig. 5.22.

Since theorists typically do not have access to the simulation and reconstruction frameworks
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(d)

Figure 5.19: Signal acceptance times efficiency for squark and gluino (a), chargino and neutralino (b),
τ̃1–τ̃1 (c) and other slepton–slepton (d) production. [87]

of the detector experiments, and can thus only estimate the efficiency of reconstruction and
identification, it is important to either unfold these effects from the analysis results or provide
numbers for the efficiency so that further studies and comparisons are possible.

On the experimentalists’ side this information is helpful for understanding the different sources
of limitations for the performance of the analysis (model/simulation vs. detector/reconstruc-
tion/identification) and for adjusting the future analysis strategy.

Using the truth information contained in the generated events and applying all cuts of the anal-
ysis related to the number of objects and their kinematic properties, it is possible to determine
the acceptance, here defined as

A = N truth
sel
Ngen

(5.3)

and the efficiency
ε = Nsel

N truth
sel

(5.4)
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Figure 5.20: Signal acceptance for squark and gluino (a), chargino and neutralino (b), τ̃1–τ̃1 (c) and
other slepton–slepton (d) production. [87]

where N truth
sel is the number of events selected at truth level. The resulting values of the

acceptance across the m1/2–tan β plane can be seen in Fig. 5.20 for the four different types
of production processes.

For all types of production processes the acceptance is above 50% over most of the parameter
space. It reaches up to about 80% for strong production at low m1/2 and τ̃1 pair production
at high m1/2 and low tan β. A general loss of acceptance is seen for all processes close to the
region excluded due to a small τ̃1 mass, with the largest decrease down to a complete loss
of sensitivity for LSP pairs at high tan β, as generally expected from the model properties
discussed in Sec. 5.3.
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Figure 5.21: Signal efficiency for squark and gluino (a), chargino and neutralino (b), τ̃1–τ̃1 (c) and other
slepton–slepton (d) production. [87]

The accompanying efficiency distributions are shown in Fig. 5.21. The efficiency is largest in
the high m1/2 and low tan β region with up to about 80% for the production of weak gauginos
and above 50% for the other processes. Like the acceptance it drops towards higher tan β
values and lower m1/2, with the lowest values for LSP pairs and strong production.

Combining these acceptances and efficiencies with the corresponding fractional cross sections,
which were given in Fig. 5.11, results in the relative contributions of the four types of production
processes to the overall number of events expected in SR2, which are shown in Fig. 5.22. Over
most of the parameter space the relative changes in cross section are the dominating effect.
Close to the region excluded due to a light τ̃1 mass at high tan β, however, the contributions
of weak gaugino and non-τ̃1-pair slepton production show a strong relative gain in importance.
The reason for this are the additional leptons that can be produced in the decay of the initial
sparticles to a τ̃1, that can compensate for the smaller number of leptons expected from the
two-body decays of the LSP, which is not possible in the case of direct τ̃1-pair production.
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5.4 Analysis Results in the Parameter Plane
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Figure 5.22: Relative contribution to the signal expectation from squark and gluino (a), chargino and
neutralino (b), τ̃1–τ̃1 (c) and other slepton–slepton (d) production. [87]
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5 Interpretation

5.5 Statistical Interpretation of Results

As the four lepton analysis found no significant disagreement between the SM MC predictions
and the number of events observed in data, upper limits were set on the number of predicted
signal events or the corresponding visible cross section, respectively, as summarized in Tab. 4.9.
To test if a given signal model is excluded or not, as a first approximation, this limit can be
directly applied to the number of predicted events in the signal region, as given in Fig. 5.18a.
This neglects possible fluctuations of the predicted number of signal events due to theoretical
(e.g. cross section) and experimental (e.g. electron energy scale) uncertainties as well as corre-
lations of the uncertainties with those of the SM background prediction, though. Since these
uncertainties have been computed for the BC1-like models discussed above, they are included
in the limit setting procedure described below.

A frequentist method is used to assess the agreement between the observed data and the
hypothesis of observing either the sum of a signal and background or background only. The
method is based on the approach presented in [99], as implemented in the “ATLAS SUSY
Combination” package [100]. The quantity used to measure the agreement can be expressed in
terms of the probability to find results at least as incompatible with the prediction of the tested
hypothesis as what was observed in data:

p =
∫ ∞
qobs

f(q|H) dq (5.5)

where the test statistic, q, used to quantify the incompatibility with the hypothesis, H, is
distributed according to a probability density f(q|H). Its value observed in data is qobs and
higher values of q express greater incompatibility.

This test statistic then has to incorporate all the information about the signal and background
predictions and the observation that is to be used to judge compatibility. For this interpretation
of BC1-like models and a number of other ATLAS SUSY searches, the test statistic is built
around a profile likelihood ratio, where the likelihood is defined as

L(µ,θ) = Pois
(
n, µs(θ) + b(θ)

)
Psyst(θ) (5.6)

The first term is the Poisson probability to observe n events if the expectation is µs + b.
The signal strength parameter, µ, is introduced as a free parameter with the cases of µ = 1
corresponding to the signal plus background hypothesis and µ = 0 to the background-only
hypothesis. The uncertainties of the signal and background predictions are accounted for by
defining:

s(θ) = stot
(
1 +

∑
i

θiσ
s
i

)
and b(θ) = btot

(
1 +

∑
j

θjσ
b
j

)
(5.7)

where stot and btot are the nominal values for signal and background expectation given by the
MC, σsi and σbj are the corresponding relative systematic uncertainties and the θi,j are nuisance
parameters.

The second term in Eq. 5.6, Psyst(θ), describes the combined probability distribution of all
nuisance parameters, which in this case is a product of Gaussians, each with zero mean and a
standard deviation of one. They model the distributions of the uncertainties on the luminosity,
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5.5 Statistical Interpretation of Results

the jet energy scale and the electron energy scale, which are treated as 100% correlated between
signal and background, as well as one combined uncertainty for the remaining systematics on
the signal and one combined uncertainty for the remaining systematics on the background,
which are assumed to be uncorrelated.

Based on this a profile likelihood ratio can be calculated:

λ(µ) =
L
(
µ,

ˆ̂
θ(µ)

)
L
(
µ̂, θ̂

) (5.8)

where the ˆ̂
θ(µ) in the numerator maximizes the likelihood for a fixed value of µ, while µ̂

and θ̂ in the denominator maximize the likelihood with floating values of signal strength and
the nuisance parameters. The profiling procedure, consisting of the maximum likelihood fits,
reduces the dependencies of the resulting likelihood ratio to the strength parameter µ alone.
Values for λ(µ) thus defined vary between zero and one.

Since the signal strength is supposed to only add to the overall number of events observed in the
signal region (assuming no negative interference of amplitudes), physical values of µ should not
be negative. To take this into account, the definition of the profile likelihood ratio is slightly
altered, such that if the observed data leads to µ̂ < 0 the likelihood in the denominator is
instead maximized for fixed µ = 0, as the smallest value that can be realized:

λ̃(µ) =


L
(
µ,

ˆ̂
θ(µ)

)
L
(
µ̂,θ̂
) µ̂ ≥ 0

L
(
µ,

ˆ̂
θ(µ)

)
L
(

0,ˆ̂θ(0)
) µ̂ < 0

(5.9)

Following the recommendation from [99] further, the test statistic for determining the one-sided
upper limits, q̃µ, finally is defined as:

q̃µ =
{
−2 ln λ̃(µ) µ̂ ≤ µ
0 µ̂ > µ

=


−2 ln L

(
µ,

ˆ̂
θ(µ)

)
L
(

0,ˆ̂θ(0)
) µ̂ < 0

−2 ln L
(
µ,

ˆ̂
θ(µ)

)
L
(
µ̂,θ̂
) 0 ≤ µ̂ < µ

0 µ̂ > µ

(5.10)

This transforms the range of values to [0,∞), so that higher values of the test statistic corre-
spond to a higher incompatibility of data and hypothesis µ. In addition, in the large sample
limit, −2 ln λ̃(µ) becomes a chi-squared-type distribution, making further analytic calculation
of the asymptotic behavior possible and, as done in [100], even allowing a re-parametrization
of the test statistic directly in the form of p-values, as the cumulative distribution is known.

Equation 5.10 also adds a second distinction of cases for µ̂ > µ, as µ-values smaller than the
value corresponding to the maximum likelihood for a given observation are not regarded as less
compatible to the data for the purpose of setting an upper limit.
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5 Interpretation

In analogy to Eq. 5.5 the p-values for a hypothetical signal strength µ are then given by

pµ =
∫ ∞
q̃µ,obs

f(q̃µ|µ) dq̃µ (5.11)

As the size of the data sample in both signal regions is too small to rely on the asymptotic for-
mulas given in the references, the distribution of the test statistic, f(q̃µ|µ), has to be determined
with the help of pseudo-experiments. These simulate new measurements with new hypothetical
values for n and new mean values for the distributions of the nuisance parameters θ, which are
randomly drawn according to their initial distributions5. These pseudo-data sets are then used
to first find the new maximum likelihood estimators, ˆ̂

θ(µ), θ̂ and µ̂, for the likelihood ratio,
and then to re-evaluate the test statistic, resulting in the required distribution.

One possibility, called CLs+b method, for an exclusion at 95% confidence level (C.L.) is then to
require the above probability, to be pµ < 1−0.95 = 0.05. A problem with this approach is that
if s � b then a downward fluctuation of the background can lead to the exclusion of a signal
model, for which there is actually no sensitivity. Alternatively the definition of an exclusion
can be modified to account for such cases, as done in the CLs method [101], by factoring in
the confidence in the background-only hypothesis for the same observation. While not strictly
necessary for this interpretation of signal models, the CLs method is adopted for setting limits,
to be consistent with the four lepton analysis.

The exclusion criterion for a signal model then is defined as:

CLs ≡
CLs+b
CLb

= pµ=1
1− pb

< 0.05 (5.12)

with
CLb = 1− pb =

∫ ∞
q̃µ,obs

f(q̃µ|0) dq̃µ (5.13)

where the distribution f(q̃µ|0) is generated with pseudo-experiments as above, but setting
µ = 0.

The observed upper limit on the signal strength µup can be found numerically by solving:

pµup

1− pb
= 0.05 (5.14)

In addition to the observed limit, the median expected upper limit and its one sigma uncer-
tainties are found by repeating the above procedure using pseudo-data sets produced assuming
the background-only hypothesis in place of the observation, to generate a distribution of upper
limits. The median limit then is the 50% quantile of this distribution and the ±1σ values are
given by the 16% and 84% quantiles, respectively.

In the case of the four lepton analysis, which only assumed a specific final state instead of
a complete signal model with a nominal cross section to relate to or theoretical uncertainties
5 For generating the new pseudo-data set the signal strength is fixed to one for setting upper limits and to zero
when computing deviations from the background-only hypothesis.
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Figure 5.23: Observed and expected 95% confidence level exclusion regions, calculated with the CLs
method for 2.06 fb−1. [87]

on the signal, these limits were converted into a number of events and a visible cross section
instead, as reported in [41] and summarized in Sec. 4.9.

For the BC1-like models discussed in this chapter, the observed and expected CLs values for
each grid point can be interpolated in the m1/2–tan β plane, resulting in the exclusion regions
shown in Fig. 5.23.

The observation of 0 events for a SM expectation of 0.7± 0.8 events excludes models in a region
of m1/2 . 800GeV and tan β . 40. As indicated by the overlaid mass contours, this translates
into a lower limit on gluino masses of about 1770GeV in this framework.

These results were obtained for a nominal value of the R-parity violating parameter, λ121 =
0.032 (at MGUT). As discussed in this chapter, the expected number of signal events depends
mostly on the mass and the related lifetime and four-body branching fraction of the τ̃1. Compar-
ing the nominal sparticle mass spectrum and decays of the τ̃1 with models where the GUT-scale
λ121 values were changed by factors of 0.5 and 2, only small quantitative differences were found.
The most significant effect is expected on the high-tan β border of the excluded region, due to
the reduction in reconstruction efficiency for τ̃1 lifetimes above the sensitivity of the analysis of
about 1 ps.
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CHAPTER 6

Summary and Conclusions

The Standard Model of particle physics has been tested with high precision by many experiments
in the decades since its formulation. With the observation of a SM-compatible Higgs boson by
the ATLAS and CMS experiments, the SM’s last missing elementary particle has by now been
found, reaching the first of the LHC’s main physics goals.

Despite its obvious successes, the SM contains a number of open issues pointing at physics
beyond the SM. Among them are the questions of how the Higgs boson’s mass is stabilized at
higher orders in perturbation theory, if and how the electroweak and strong forces are unified
at higher energies and how to incorporate the experimental observation of non-zero neutrino
masses into the picture. Open issues such as these have lead to a plethora of possible extensions
of the theory, thus defining the second main goal of the LHC: searching for signals predicted
by these BSM physics models or excluding models where no such signal is found.

One widely studied class of BSM models are supersymmetric extensions of the SM, which ad-
dress the Hierarchy Problem by predicting systematic cancellations. To explain why none of
the superpartners has been observed so far, SUSY has to be broken, though. Nevertheless, at
least some of the masses of the newly predicted elementary particles have to be at or below
the TeV scale, in range of the LHC, to achieve the necessary effect of the cancellations. Al-
though a grand unified theory is no requirement of SUSY, in case of the MSSM, the running
of the couplings is modified compared to the SM in a way that more obviously hints at gauge
unification.

To address the issue of rapid proton decay, which is possible in general SUSY models, one
usually introduces an additional symmetry to prohibit some or all of the operators involved in
these decays. One candidate is R-parity and searches for SUSY in ATLAS have largely been
focussed on Rp conserving models with neutralinos or gravitinos as lightest supersymmetric
particles in the past, motivated by the interpretation of the escaping LSP as candidate for dark
matter.

An equally well motivated and less restrictive alternative in the Rp violating case is baryon
triality, which only prohibits the baryon number violating operators in the superpotential. This
allows SUSY models to have charged and decaying LSPs and re-opens large parts of parameter
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6 Summary and Conclusions

space excluded in theRp conserving case. In addition, the lepton number violating B3 mSUGRA
models can address the question of non-zero neutrino masses without introducing additional
fields into the theory. One benchmark scenario for this class of models is BC1, sampling a part
of the mSUGRA parameter space where the τ̃1 is the LSP and which is excluded in the Rp
conserving case.

The goal of this thesis was to search for events compatible with the predictions of BC1 and
similar models in ATLAS data. After initial studies with an existing grid of BC1-like model
points, created for prior phenomenological analyses based on a generic detector simulation, the
search was split into two parts. On the one hand an analysis of the expected SM backgrounds
and the systematic uncertainties, which was done in cooperation with similar searches for Rp
conserving SUSY, and on the other hand studies of an extension of the grid of BC1-like model
points and an interpretation of the observations made in data in terms of these models.

Motivated, in the case of BC1-like scenarios, by the decay products of the LSP and a very
good rejection of SM backgrounds, a final state with four leptons and Emiss

T was chosen for the
analysis. The dominant backgrounds were tt̄ (plus vector boson), dibosons and Z + jets and
could be reduced further by introducing a Z-veto. The dominant systematic uncertainties were
the often extremely small remaining MC statistics, the jet energy scale and resolution and the
electron energy resolution. No event was found in the first 2.06 fb−1 of data taken by ATLAS
at
√
s = 7TeV in 2011, where a total of 0.7± 0.8 events were predicted for the considered SM

backgrounds in the signal region including the Z-veto (SR2). Since no significant excess of
events was found, compared to the SM prediction, in SR2 upper limits (95%, CLs) were set at
3.0 signal events or equivalently at a visible cross section of 1.46 fb to still be compatible with
the observation. This coincided with the expected limits.

To interpret these numbers in terms of models in the m1/2–tan β parameter plane around BC1
a new grid of 224 points was defined and MC events were simulated for each of them. This
became necessary because the collected integrated luminosity and the expected sensitivity range
of the signal selection exceeded those used for the prior simulation-only studies. Although the
search strategy was not optimized for the exact predictions of the BC1 scenario as in these
studies, a comparable average overall signal selection efficiency was achieved for the benchmark
point itself. In contrast to those studies, a moderate cut on Emiss

T was used instead of a harder
one on the sum of pT of the four hardest jets. This reduced the dependence on the properties of
jets in signal events, which previously posed a problem for the heavier SUSY spectra at higher
m1/2 values, where the assumption of dominantly strong production is not valid any more and
where in addition higher boosts of jets from the decay chain can become a problem for the
applied isolation criteria. Combined with the possibility to include softer leptons, this change
lead to an increased selection efficiency for BC1-like models at higher m1/2.

Due to slightly different predictions of the more recent version of the spectrum calculator used
for the new grid of models (e.g. for the τ̃1 mass) and the increased range in m1/2 and tan β, it
was also necessary to revisit the properties of the models most important for the search. The
experimental bounds of the grid were adjusted as well, introducing an area excluded from the
search due to small τ̃1 masses and using a more accurate procedure to express the LEP bound
on the Higgs mass.

Since the predictions used for the SM backgrounds’ cross sections were at least at the NLO
level in the strong coupling, NLO(+NLL) cross sections and their uncertainties were computed
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Figure 6.1: Observed and expected 95% confidence level exclusion regions, calculated with the CLs
method for 4.7 fb−1. [102]

for the BC1-like scenarios as well. Based on this, areas of dominantly strong, weak or direct
slepton production were identified in the parameter plane. In addition to the sparticle masses,
the lifetimes and decay modes of the lightest sparticles were examined as well. As expected,
this revealed regions close to the high-tan β border of the grid where the τ̃1-lifetime is no longer
compatible with the assumption of a prompt LSP decay or where the τ̃1 decays dominantly into
two instead of four objects. Both of these effects restrict the range of the four lepton analysis in
tan β direction. The overall effect of the studied properties can also be seen in the acceptance
expected for the grid of signal models.

Finally, the number of expected signal events and its uncertainty at each point in the grid
were combined with the result of the four lepton analysis to derive an excluded region in the
parameter plane around BC1 using a frequentist method based on a profile likelihood ratio.
At 95% confidence level (CLs) models with m1/2 . 800GeV and tan β . 40 can be excluded.
Within this framework this translates into a lower limit on gluino masses of about 1770GeV.

The results found in this thesis were subsequently updated by ATLAS to the full 4.7 fb−1 of data
taken at 7TeV in 2011, using a newer version of the ATLAS software, with additional dilepton
triggers and slightly changed object definitions on the analysis side. The corresponding exclusion
region, as published in [102], is shown in Fig. 6.1 and roughly consistent with the expectation
for the increase in integrated luminosity.
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6 Summary and Conclusions

Generalized/simplified models, in which sparticle content, masses and branching ratios are more
directly controlled, instead of being based on high-scale boundary conditions, are being studied
by ATLAS as well. While not new for the R-parity conserving case, based on the experiences
gained with the BC1-like models studied in this thesis, the effort was extended to Rp/ models.
In the context of multi-lepton models additional λijk couplings are now covered, too.

With an increase in available statistics, a data-driven treatment of some of the SM backgrounds
and uncertainty estimates has also become a viable option. And more recently the multi-lepton
analysis for the 8TeV dataset collected in 2012 has started including (non-leptonically decaying)
τ leptons directly, as well.

Even though no significant excesses have been found in data so far, searches for signals indicating
physics beyond the SM are still ongoing and will certainly benefit from the planned upgrades
of the LHC and the detectors for running at 14TeV.
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1. . . . . . . . . . . . . . . . . . . . . . . . . 81
5.17 Branching ratios of the lightest neutralino into τ̃1, ẽR and µ̃R.. . . . . . . . . . . 82
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