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Abstract

This thesis was completed in the ATLAS experiment at the Large
Hadron Collider at CERN. The work presented here spans from
detector monitoring to the early collision physics and finally to
the analysis of 7 TeV collisions data in search for New Physics.
Three main topics are presented in the thesis. The first one is
the monitoring and data quality of the ATLAS Inner Detector.
The measurements of charged particle spectra in p-p collisions
with energies of 900 GeV, 2.36 TeV and 7 TeV are shown in Paper
I attached in the thesis and the cross-check that was carried out
on the analysis 7TeV dataset is presented. A search for Super-
symmetric events in the 7TeV data is presented and the results
are summarised in Paper II attached in the thesis.
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Chapter 1

Introduction

The Large Hadron Collider (LHC) is a state of the art proton-proton collider
built at CERN. It has a 27 km circumference and is designed to reach Center
of Mass (CoM) energies of 14 TeV. This is the highest energy ever achieved
in a collider, and by analysing the output of its collisions the physics at these
high energies can be studied. To this end there are four major experiments
at the LHC, built to record the particles produced in collision at the LHC.
These experiments are ATLAS, ALICE, CMS and LHCb; I participated in
the ATLAS experiment.

The physics investigated covers many different areas. The most impor-
tant goal for the ATLAS experiment was to find the Higgs particle, the dis-
covery of the Higgs particle was indeed announced by both ATLAS and CMS
on July 4th 2012. In addition, searching for physics beyond the Standard
Model (SM), such as Supersymmetry, is an important topic. The detector
is also suited for doing more refined measurements of SM properties, taking
advantage of the very high event output of the LHC, as well as probing SM
physics at the higher energy of the LHC.

I had the privilege of doing my PhD during the time when the first LHC
run took place, starting in 2009 and ending in 2013. This allowed me to
participate in the detector commissioning for collisions, the start of the run,
as well as the gradual improvements in the understanding of the detector
and the machine.

During the entire run I worked on the Inner Detector Global monitoring,
a monitoring package responsible for assessing the status and performance
of the ATLAS Inner Detector as a whole. Throughout this I worked closely
with the ATLAS Inner Detector and Data Quality communities, which was
greatly aided by being stationed at CERN as a Technical PhD Fellow. In the
years 2009-2014 I was responsible for the Inner Detector Global Monitoring
package as well as day-to-day operations; assessing the quality of data as
well as maintaining the system for running the monitoring package during
data-taking.
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I got the opportunity to participate in the 7 TeV minimum bias analysis in
2010. This analysis produced the first 7 TeV minimum bias result for ATLAS
and combined them with the results from the analysis of the 900 GeV and
2.36 TeV data collected in the first months of operation in 2009. In this
paper I was responsible for the cross-check analysis performed on the 7 TeV
dataset, leading to the same distributions as those published. This was very
interesting as it was the first chance to see how the work on monitoring
comes into play in a physics analysis and getting a better understanding of
the impact of tracking on physics analyses. The work on this is published in
Paper! included in the thesis, entitled “Charged-particle multiplicities in pp
interactions measured with the ATLAS detector at the LHC*.

PaperII, entitled “Search for supersymmetry in events with large missing
transverse momentum, jets, and at least one tau lepton in 7 TeV proton-
proton collision data with the ATLAS detector”, presents a search for Su-
persymmetric events in the 7TeV data collected in 2011 with tau leptons
as a signature. Supersymmetry is an extension of the Standard Model that
predicts a relatively light Higgs boson and solves the so called hierarchy
problem, stabilizing the Higgs boson mass. There are also good Dark Mat-
ter candidates among supersymmetric particles. In many supersymmetric
models a partner of the tau lepton, the stau, is the so called Next to Light-
est Supersymmeric Particle (NLSP). This leads to tau lepton signatures in
the detector. My role in Paper II was to develop methods to estimate back-
grounds from W and top production. In addition, I have been responsible
for large parts of the developement of the framework used for the analysis.
The framework relies on so called “skims and slims”, to produce subsets of
interests from the ATLAS data with preselected information which is impor-
tant for the analysis. I have continued my active analysis support also for
the analysis based on 8 TeV data from 2012, which resulted in a conference
note [1] and a paper [2].

I got the opportunity to present results on behalf of ATLAS, including
my work, on two occasions, once at the 2nd International Workshop on Mul-
tiple Partonic Interactions at the LHC in Glasgow with a talk titled “Mini-
mum bias measurements at ATLAS” and in the First Large Hadron Collider
Physics Conference in Barcelona with a talk titled “Inclusive searches for
squarks and gluinos with the ATLAS detector”.



Chapter 2

LHC and ATLAS

The work presented in this thesis has been performed at the ATLAS de-
tector situated at the Large Hadron Collider (LHC), both presented in this
chapter. This chapter discusses the relevant accelerator parameters as well
as ATLAS detector technologies, operation, data taking and reconstruction
of physics objects and quantities used in the analysis. This forms the back-
ground needed for the work presented in the following chapters. All ATLAS
information in this chapter is based on the ATLAS detector reference pa-
per [3], unless otherwise stated.

2.1 LHC

The LHC [4] is a new collider built at CERN. It is a proton-proton collider
nominally operating at a 14 TeV CoM energy. It is built within the old Large
Electron Positron Collider (LEP) tunnel and has a 27 km circumference, see
figure 2.1. The entire collider is operated with superconducting magnets,
which are cooled down to 1.9K to keep the dipoles superconducting and
providing the necessary 8.3T field to bend the protons.

The accelerator has four interaction points, where collisions take place.
There are the four main experiments of the LHC, ATLAS (Point 1), AL-
ICE (Point 2), CMS (Point 5) and LHCb (Point 8).

Luminosity is a very important collider parameter, allowing us to calcu-
late expected event rates given a process cross-section. It can be approxi-
mated as

L_fo2

drooy

(2.1)

where f is the rotation frequency of particles in the beam, IV is the number
of particles and o, and o, are the spread of the beam in the directions or-
thogonal to the beam. Nominally the LHC could be filled with 2808 bunches
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4 LHC and ATLAS

with a 25 ns bunch spacing between them, each containing 1.1 x 10! protons,
to reach a design luminosity of 10 x 103 cm™2s™!. The resulting interac-
tion rate at the detectors is about one billion collisions per second, putting
a heavy strain on the detector readout and trigger systems. As the lumi-
nosity is very high and the bunch spacing is tight there is more than one
interaction in each bunch crossing. These additional additional interactions
are referred to as pileup. At such high luminosity and tight bunch spacing
pileup becomes a significant problem.

The results presented in this thesis use data collected during the years
2011-2012. During this time the LHC underwent commissioning towards
increasingly higher CoM energies and luminosity. The CoM energy was
7TeV and 8 TeV in 2011 and 2012 respectively, with 1368 bunches at 50 ns
spacing. The integrated luminosity and average number of interactions per
bunch crossing for the 2011 and 2012 runs can be found in figure 2.2.

LHC

Figure 2.1: Overview of the LHC accelerator chain. The proton beam enters the
LHC from the SPS with an energy of 450 GeV, with collisions happening at four
interaction points around the ring, one for each of the main experiments; ATLAS,
ALICE, CMS and LHCDb. The interaction point where ATLAS is located is referred
to as Point-1.

2.2 ATLAS

The ATLAS detector is a general purpose detector, situated in one of the
four LHC interaction points, as indicated in figure 2.1. The detector is built
with a broad physics programme in mind, ranging from searches for the Higgs
boson and physics beyond the Standard Model to top physics and precision
Standard Model measurements. It is a 44 m long and 25 m tall detector, built
with three primary components: the Inner Detector (ID), the calorimeters
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Figure 2.2: Total integrated luminosity delivered by the LHC as a function of
time as measured by ATLAS (left) and average number of interactions per bunch
crossing, weighted by luminosity (right) for the 2011 and 2012 runs.

and the Muon Spectrometer; the overall structure of the detector is shown
in figure 2.3. All of these components are built for providing excellent her-
miticity as well as giving reliable measurements of particle properties under
the conditions of the LHC. These include very high event rates, large event
multiplicities and a high radiation environment.

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 2.3: Overview of the ATLAS detector. Shown are the main detectors of
ATLAS and the magnet system [5].

2.2.1 Coordinate system

The ATLAS coordinate system is oriented such that the z-axis points to-
wards the center of the LHC ring and the y-axis points upwards. Thus the
z-axis is along the beam pipe, pointing counter-clockwise. The azimuthal
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angle ¢ is defined as ¢ = arctan (y/z) and the polar angle, § between the
particle and the z-axis. Pseudorapidity is commonly used instead of 6, de-
fined as n = —Intan /2. The transverse momentum of a particle is defined

as pr = 4/p2+ p}%. Angular distances between objects, denoted AR, are

defined as: AR = \/An? + A¢?

2.3 Inner Detector

rR= 1082 mm

TRT

R =88.5 mm
R =50.5 mm

R=0mm

R=122.5mm -—— & Pixels
Pixels -

Figure 2.4: The ATLAS inner detector, showing a cutaway view of the barrel and
end-caps. The Pixel detector is closest to the beampipe, followed by the SCT and
the TRT. The dimensions of the entire ID are shown for perspective [5].

The ID is a tracking detector, comprised of three sub-detectors. These
are two silicon detectors, the Pixel and the SemiConductor Tracker (SCT)
and a straw tube detector, the Transition Radiation Tracker (TRT). An
overview of the detector layout can be found in figure 2.4.

A solenoid magnet provides a 2T magnetic field with the field aligned
with the beampipe bending the tracks of charged particles in the z-y plane
allowing for momentum measurements in the tracker, see figure 2.5.

An evaporative cooling system, using CsFg as coolant, is used to keep
the Pixel and SCT detectors at a —7 °C temperature. This ensures that the
detector performance stays high even after irradiation. The TRT operates
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barrel
toroids

end-cap

toroids solenoid

Figure 2.5: Overview of the ATLAS magnet systems, showing the solenoid, which
provides the magnetic field to the ID and the toroid magnets providing magnetic
field in the MS volume [6].

at room temperature, therefore heating pads are placed at the SCT-TRT
boundary.

Pixel

The Pixel detector consists of three concentric cylindrical layers in the barrel
and three disks for the endcap on each side with a total 1744 modules in the
whole detector. The barrel and end-cap modules are identical, with nominal
Pixel size of 50 x 400 pm? and a sensor thickness of 250 pm. Each sensor has
46 080 independently read-out channels, resulting in more than 80 million
readout channels for the whole detector. The Pixel sensors are built using
an oxygenated n-type bulk material. One side is n™ implanted where the
sensors are placed. The detector is operated with a 150V depletion voltage
applied to the sensors. As charged particles traverse the sensor they produce
electron-hole pairs that are then collected and read out as electric signal by
the electronics. The accuracy of the detector is 10 pm in the R-¢ plane and
115 pm in the z direction (R in the endcap). The innermost layer of the Pixel
detector is referred to as the b-layer and is very important for vertexing.

Semiconductor Tracker

The SCT is a silicon microstrip detector. It consists of four double sided
concentric layers in the barrel and nine single-sided endcap disks on each side,
with 15912 modules in total and more than six million readout channels. The
sensors are made using a single sided p-in-n design with each sensor consisting
of 768 strips with 12 cm length and 80 pm strip pitch. As charged particles
traverse the detector they create electron-hole pairs that are collected and
read out by the electronics. The strips are aligned along the z-axis in the
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barrel and radially in the end-caps. In order to provide position information
along the sensor strip direction the two modules in each layer have a stereo
angle of 40 prad, resulting in 580 pm accuracy along the strips. The detector
is operated at 150V bias voltage.

Transition Radiation Tracker

The TRT is a straw tube detector, placed outside the SCT. The detector
is constructed from 4 mm diameter straw tubes with each tube made of two
35 pm layers, containing a gas mixture of 70% Xe, 27% CO2 and 3% Os.
The straws are 144 cm long in the barrel. In order to cope with the high
track multiplicities they are split in two sides, each side read out separately;
this means there is no measurement of the z coordinate. In the end-caps the
straws are arranged radially and are 39 cm long. As charged particles traverse
the straws they create electron-ion pairs, that drift to the cathode and anode
respectively. The detector records the position of charged passing particles by
measuring the drift time of the electrons to the anode. The spatial accuracy
for the drift radius is 130 pm. A distinction is made between low threshold
minimum ionising particle hits and high threshold transition radiation hits.
This is used to provide separation between pions and electrons. The TRT
provides coverage for |n| < 1.1 in the barrel and 1.0 < || < 2.0 in the
end-cap. The total number of readout channels of the whole detector is
350 000.

The TRT provides an large number of additional hits from each straw,
typically 36 per track. This significantly improves the transverse momentum
resolution, by extending the lever arm for the measurement, while also en-
hancing the electron/pion separation via its coating that produces transition
radiation for high pr electrons.

2.4 Calorimeters

The ATLAS calorimetry system is built from five different sub-detectors,
split into electromagnetic and hadronic calorimetry. Electromagnetic calorime-
try is done using liquid argon as active material and lead as absorber. Behind
the electromagnetic calorimeters are the hadronic calorimeters. In the bar-
rel this is done by the tile calorimeter and in the end-caps by the Hadronic
Endcap Calorimeter (HEC). At high pseudorapidities the Forward Calorime-
ter (fCal) provides both electromagnetic and hadronic calorimetry. In the
barrel the cryostat houses the Liquid Argon Calorimeter (LAr) while in the
end-caps the LAr, HEC and fCal share a common cryostat. An overview
of the calorimetry system can be found in figure 2.6 and it is described as
follows:
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Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

Figure 2.6: Overview of the ATLAS calorimeters [5].

Electromagnetic calorimetry

Cells in Layer 3
AdxAN = 0.0245%0.05

I‘\T”gger Towe,
An=g 1

Square cellsin
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~—
. 4.6 An =
0031 -& o
®
Strip cells in Layer 1
~—CellsinPS
AnxAd =0.025%0.1

Figure 2.7: Structure of the ATLAS electromagnetic calorimeter, showing the ac-
cordion shape of the detector as well as the different layers and their granularity [5].

The ATLAS electromagnetic calorimeter is a sampling calorimeter using
lead absorbers and liquid argon as the active material. A schematic view
of the calorimeter can be seen in figure 2.7. The calorimeter is built using
an accordion structure covering the |n| < 2.5 region in the barrel and 2.5 <
In| < 3.2 in the end-caps. The detectors are segmented in three (two) regions
in depth in the barrel (end-cap) with varying granularity in 7. The first
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layer is very finely segmented in 7 in order to provide accurate direction
determination. Starting from the innermost, each layer provides 4.3, 16 and
2 radiation lengths respectively. The accordion ridges run along ¢ (R) in
the barrel (end-cap). Between the absorbing layers there is an electrode
mesh, consisting of three copper layers, the first and third layer at 2kV
potential and the second layer is used to read out the signal. This results in
a 450 ns charge collection time. The energy resolution of the calorimeter can
be parametrised as:

o(E) B a
5 =BG @b (2.2)

where the stochastic term is a = 10% - vVGeV and the constant term is
b=0.17%.

Hadronic calorimetry

The hadronic calorimeter of ATLAS sits outside the LAr calorimeter and is
used to provide measurement of energy for hadronically interacting particles
that will punch through the LAr calorimeter. It is built from iron absorber
tiles and plastic scintillator tiles covering the |n| < 1.7 region. The tiles are
arranged azimuthally.

The detector is split into three layers. The layers are segmented into
areas of A¢ x An = 0.1x0.1 in the first two layers and A¢ x Anp = 0.1 x0.2
in the third layer. On average the active detector spans 8 interaction lengths.

As hadrons transverse the detector they interact with the iron tiles, ini-
tiating showers. As the resulting shower goes through the scintillating tiles
ultraviolet light is emitted, which is collected at the edge of each scintil-
lating tile through wavelength shifting fibers connected to PhotoMultiplier
Tubes (PMTs) at the outer surface of the detector. The collected light is
converted into electric signal and read out.

The relative resolution of the Tile calorimeter can be parametrised as in
eq. 2.2 with parameters a = (56.4 + 0.4)% - vVGeV and b = (5.5 £ 0.1)%.

In the end-caps, the HEC is used, which is a liquid argon calorimeter with
copper plates as the absorber material, covering the 1.5 < |n| < 3.2 region.
The detector is built from two wheels with the innermost having 24 layers
and the outer 16 layers. The absorbing copper layers are flat and a nominal
voltage of 1.8kV is applied between the absorbers and the electrodes.

Forward Calorimeters

In the forward region (3.1 < |n| < 4.9) the fCal is used to provide calorime-
try for both electromagnetically and hadronically interacting particles. The
detector uses liquid argon as the active material. It is further segmented into
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three regions in depth, the one closest to the interaction point using copper as
the absorber and specialising for electromagnetic calorimetry, with the next
two using tungsten absorbers and meant to provide hadronic calorimetry and
limit punch through to the muon systems.

Calorimeter calibration

The calorimeter response is different depending on the type of particle travers-
ing it. In ATLAS two different calibration schemes are used:

Electro-Magnetic Energy Scale (EMES) is a calibration based on the
calorimeter response to electrons and photons. This calibration was
performed using test beam data. It is the baseline calibration applied
to calorimeter clusters.

Jet Energy Scale (JES) is a calibration appropriate for Quantum Chro-
modynamics (QCD) jets. It is applied as a correction to the EMES
calibration.

2.5 Muon spectrometer

The muon spectrometer makes up the largest part of the detector and is
composed of four detector systems with two different purposes:

e Precision measurements

— Monitored Drift Tubes (MDT) ( |n| < 2.7 )

— Cathode Strip Chambers (CSC) ( 2.0 < |n| < 2.7, in the inner-
most layer )

e Triggering

— Resistive Plate Chambers (RPC) ( || < 1.05 )
— Thin Gap Chambers (TGC) ( 1.05 < |n| < 2.4)

MDTs are used for precision measurements throughout most of the detec-
tor, providing coverage for |n| < 2.7. These are 30 mm diameter drift tubes,
filled with a 93%/7%Ar/CO, mixture under 3 bar pressure. At the center
of the tube is a 50 pm thick tungsten-rhenium wire at a 3080V potential
difference compared to the tubes. The passage of muons triggers ionisation
of the gas mixture and the readout of the resulting electrons at the wire.
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CSCs are used for the innermost muon wheel, covering 2.0 < |n| < 2.7,
as they have very good granularity and timing resolution. The detector is a
multi wire proportional chamber, with wires running in the radial direction
at a 1900V potential. Cathode strips run both parallel and perpendicular
to the wires. Based on the charge collected at each strip it is possible to
pinpoint the position of the track in both dimensions.

RPCs are built using electrode plates only, and no wires, with a 2mm
gap. A 4.9kVmm™! electric field leads to electron avalanches as muons pass
between the plates.

TGCs are multi wire proportional chambers. Their defining feature is
that the distance between the wires is larger than between the wire and the
cathode. They have excellent timing resolution for the detector.

RPCs and TGCs are used for providing input to the Level one (L1)
trigger, owing to their high readout speed, as well as additional hits for
muon tracking.

An air-core superconducting toroid magnet provides magnetic field in the
muon spectrometer volume, as indicated in figure 2.5. The magnet system
consists of eight toroid coils in the barrel and two magnets in the endcaps
built of eight coils, see figure 2.8. The coils in each endcap are housed inside
a common cryostat. Due to the low number of coils building up the field
there is considerable variation in the magnetic field, with values between 2
to 4T m.

Thin-gap chambers (TEC)

Cathode strip chambers (CSC)

pr \

"

Resistive-plate

chambers (RPC)
End-cap toroid

Monitored drift tubes (MDT)

Figure 2.8: Overview of the ATLAS Muon Spectrometer. Shown are the MDTs and
CSCs as well as the TGCs and RPCs. The barrel toroid magnets are also visible
as are the end-cap magnets [5].
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2.6 Reconstruction

Reconstruction is the process of going from the raw detector output to ob-
jects which are closer to the particles that were produced in the collision.
In the ID and the MS the hits are combined to form tracks, recording the
passage of charged particles. In the calorimeters, nearby energy deposits
are combined to form clusters, representing possibly related energy deposits.
From this point, they can be further combined to produce composite objects.

Tracks are the object of interest both in chapter 2 and 3 that follow. For
the analysis presented in chapter 4 taus and jets are the main focus, as well
as EMIss which is very important in the characterisation of Supersymmetry
(SUSY) events.

Below follows a brief summary of the physics objects reconstructed in
ATLAS with focus on the most important ones for the work presented in the
following chapters.

Tracks

Tracks are reconstructed particle trajectories using data from the ID and the
muon spectrometer (for muon tracking). The following track parametrisation
is used in ATLAS (see section 2.2.1 for coordinate system summary):

do The transverse distance of the particle to a reference at the point of
closest approach.

zop The longitudinal distance of the particle to a reference at the point of
closest approach.

1 The n direction of the particle.
¢o The ¢ direction of the particle.
pr The transverse momentum of the particle.

Primary tracks, those originating from p-p interactions, are found using
the so-called “inside-out” track reconstruction. This is the principal step in
the track reconstruction and is seeded by hits in the Pixel and SCT. The
track seeds are constructed by finding three hits in the Pixel and/or SCT
that are compatible with a charged particle trajectory. These seeds are then
propagated outwards through the Pixel and SCT detector using a Kalman
filter to find compatible hits and update the track parameters at each layer
of the detector. At this stage any ambiguities in the hit association to tracks
are resolved and following this the track candidates are propagated to the
TRT. Finally, the tracks are scored, in order to select the candidates that
correspond most likely to primary charged particles. This procedure is done
for tracks with momenta down to a certain minimal pT threshold. This



14 LHC and ATLAS

threshold is typically set at 500 MeV but can go down to as little as 100 MeV
for minimum bias event reconstruction.

For handling secondary charged particles, an additional tracking mode
is in place using TRT hits as seeds to construct TRT-only tracks, these are
then propagated inwards towards the interaction point adding extra Pixel
and SCT hits to the track [7].

Finally, tracks are also built with Pixel hits alone. This is done in the
very forward region, where Pixel alone provides coverage. These tracks are
combined with muon hits to produce forward muons.

During the hit collection phase the tracking is aware of disabled modules
in the detector, such that if a disabled module is passed by a track, the result-
ing missing hit is treated like a properly associated hit in the requirements
applied during event reconstruction and physics analyses. On the other hand,
active modules that did not add a hit to the trajectory count against the
track hypothesis, and only a limited number of such occurrences is allowed
per track. This allows the tracking to handle the large hit multiplicities in
the detector, where fake tracks can easily arise from combinatorics. The
exact quality requirements for a successful track fit and suppression of fakes
depend on the luminosity, becoming tighter as the luminosity increases [8§].

Vertexing and Beamspot

Vertex reconstruction uses primary tracks to determine the location of in-
teraction and decay vertices in the event. This is made more difficult in
the high-pile-up LHC environment, requiring many separated vertices to be
found. For the LHC runs in 2011 and 2012 the mean number of interactions
per bunch crossing (u) was 9.1 and 20.7 respectively and the distribution of
1 can be seen in figure 2.2.

Vertex reconstruction uses an iterative X2 fit of tracks to a common ver-
tex. The 2y parameter of the tracks is used to produce seeds, by combining
nearby tracks, and then tracks are added and scored according to their con-
tribution to the y2. Tracks that are more than 7o away are taken out and
used to seed a new vertex candidate.

The beamspot is reconstructed by taking the vertices found during re-
construction and fitting an ellipsoid to contain them. The determination is
done every ten Luminosity Blocks (LBs), letting the software track changes
in beamspot position. When available, the beamspot is used as a three di-
mensional constraint on the vertex parameters. The procedure terminates
when no more seeds are available [8].
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Jets

Jets are reconstructed using the anti-kr algorithm [9] where the distance
parameter is set to 0.4. The calorimeter inputs to the jet reconstruction
are topological calorimeter clusters. Energy determination is done in two
different ways. One scheme relies on cluster energy being evaluated with
the EMES calibration with the JES correction factor applied [10] while the
other method relies on a direct calibration of the cluster energy using a
local calibration scheme. This correction factor is meant to correct for the
different calorimeter response to hadrons compared to the electron beams
that the EMES calibration is based on.

B-tagging Jets originating from b-quark hadronisation can be distinguished
from jets originating from other quarks. This is due to the relatively long life-
time of b-hadrons. To identify these jets a secondary vertex is reconstructed
from the charged tracks belonging to the jet.

In order to provide b-tagging, special algorithms are used. In use in
ATLAS are IP3D [11] which relies on the impact parameter of the tracks to
identify b-jets. SVO [11] uses secondary vertex information to identify such
decays. JetCombNN [12] does more sophisticated identification, exploiting the
topology of the decays in the b-jet. Finally, the MV1 [11] algorithm uses the
output of all the above algorithms and combines them using a neural network,
to produce one combined output from all of these, and thus achieving the
highest discrimination power.

Taus

Tau leptons, due to their larger mass, can decay into a large variety of states.
In all decays there is a tau-neutrino, an odd number of charged particles
and possibly neutral mesons are produced. Classified by the type of the
charged particles, the possible decay modes include decays through electrons
or muons as well as hadronic decay modes. The goal of tau reconstruction is
to be able to correctly reconstruct and identify hadronically decaying taus,
since it is very hard to distinguish taus decaying through leptonic modes
from primary electrons or muons.

The main challenge of identifying hadronic tau decays is that they are
very similar to QCD jets. Hadronic decay modes include charged and neu-
tral hadrons, primarily pions. The decay modes are split by the number
of charged particles, most commonly one or three, referred to as one- and
three-prong decays respectively. These charged hadrons are detected in the
tracking and as hadronic energy. The neutral pions in the decay are seen as
electromagnetic energy, as they promptly decay into photons. An example
of a hadronic tau decay is shown in figure 2.9. The neutrino produced in
tau decays escapes detection, which means that some information about the
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four-momentum of the original tau is lost. The combined four momentum
of the hadronic decay products of the tau is referred to as the visible tau
momentum (p¥i*).

Hadronic tau reconstruction in ATLAS is seeded by jets coming from jet
reconstruction, anti-kt jets with radius R = 0.4 which satisfy the require-
ments | < 2.5|, to be within the acceptance of the ID, and |pt| > 10 GeV.
During tau reconstruction this region is further split into the core (R < 0.2)
and the isolation annulus (0.2 < R < 0.4). As the decay products of taus are
more collimated than QCD jets these two regions are used to differentiate
hadronic tau decays from jets. These regions can be seen schematically in
figure 2.9. Additionally, each of these jets is associated to a vertex where the
tau is most likely to originate from.

The tau four-momentum is determined at this stage. First, the barycen-
ter of the clusters that form the seed jet is calculated; the four-momentum of
all clusters within AR < 0.2 of this barycenter are then summed to form the
tau four-momentum. The energy of the clusters in this last step is calibrated
using the so-called Tau Energy Scale (TES) calibration schema, reflecting
the particular mixture of electromagnetic and hadronic energy found in tau
decays.

Once the tau four-momentum has been determined, tracks can be associ-
ated to the tau candidate. Tracks falling within the core cone are associated
provided they satisfy the following criteria:

e pr > 1GeV

At least two Pixel hits

At least seven Pixel and SCT hits

|do| < 1.0mm

|z sinf| < 1.2mm,

where the last two criteria are defined with the tau vertex as reference point.
Tracks inside the isolation annulus are not associated to the tau candidate
but are still used for producing discriminating variables for identification.

In order to identify taus, a number of variables are used to discriminate
between taus and other objects (e.g. jets, electrons or muons). One impor-
tant distinction comes from the number of tracks associated with the tau
and three variables use this information during identification:

e Track radius, the pp weighted angular distance of associated tracks
and tracks in the isolation annulus to the tau axis (Rrack)

e Invariant mass of associated tracks, if more than one (my;acks)
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Figure 2.9: An example of a hadronic tau decay. The region within the inner cone
is called the core and between the two cones is called the isolation annulus.

e Fraction of total transverse momentum carried by the leading associ-
ated track (firack)

In addition to the lower track multiplicities of tau decays compared to
jets, the energy deposits of taus are also more focused, compared to the
larger spread of QCD jets. This gives rise to a second set of discrimination
variables:

e Maximum AR (ARyax) between clusters

e Fraction of total energy carried by clusters in the core (feore)
e Number of tracks in isolation annulus (N)-2<R<0-4)

Finally, taus have a non-negligible lifetime of (2.906+0.010) x 10~ 135 [13],
the following variables that depend on the flight distance are used to char-
acterise tau candidates:

e Leading associated track Impact Parameter (IP) significance (Sieadtrack)
e Transverse flight path significance (SﬂTight)

These are combined using multivariate techniques to produce the final
discriminant. Three different identification discriminants are used; these
are used for rejection of fakes originating from jets (the biggest contribu-
tion), electrons and muons (including electrons and muons originating from
leptonic tau decays). Three selection types are provided, each presenting a
different compromise of efficiency versus purity for the identified taus. These
are referred to as the loose, medium and tight selections, each having pro-
gressively higher purity at the expense of lowered efficiency [14].

The analysis presented in chapter 4 uses the Boosted Desicion Tree
(BDT) based method for identification. The following selection is applied:
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e BDT based jet rejection (Tight selection)
e BDT based electron rejection (Tight selection)

e Muon veto

Missing Er

The E%iss observable is the momentum imbalance of the event in the trans-
verse plane. It is reconstructed from calorimeter clusters and reconstructed
muons.

In order to provide as accurate an energy measurement as possible the
energy of each cluster is evaluated depending on the kind of physics object
it is associated with, if any. When an association is possible the energy
scaling of the appropriate object type is used. The full ErTniSS is built from
the following components [15]:

e Jets are taken into account and the JES is used to calibrate the energy
of the associated clusters.

e Electrons are accounted for and the EMES is used for energy calibra-
tion.

e Taus are not given special treatment in the Effmss calculation, their
clusters are therefore treated as jets or electrons depending on how
they are reconstructed.

e Muons are added in using muons reconstructed in the muon spectrom-
eter alone. The reason for this is that the clusters of deposited energy
in the calorimeters are already taken into account in the E%ﬁss recon-
struction. Using standalone muons ensures that these are not double
counted due to energy corrections.

e Calorimeter energy deposits around an identified muon are also added
to account for the remaining muon momentum. In this case calorimeter
cells are directly used to build up this contribution instead of clusters.

e The soft energy term covers all calorimeter clusters not otherwise as-
sociated with an object. They get added to the EF"°, with the EMES
energy calibration.

Useful discrimination variables

A few variables are of particular importance in the work presented further,
these are:
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e The transverse mass, mr, is defined between a lepton in the event and
the B3

e = \/2(| BR[| — B )

e The effective mass, meg is the scalar sum of the E%iss and the trans-
verse momenta of all jets and taus in the event

mer =y _pr+ Y v+ B
i j

e Hr is calculated as the scalar sum of the transverse momenta of selected
jets and taus in the event

Hr=> pi+y
i J

These variables are useful for characterising events and are used partic-
ularly to discriminate between signal and background.

2.7 Trigger and DAQ

The trigger system is responsible for selecting events that are of interest for
the physics programme of ATLAS. The computing time required to process
those events and storage space to record them put stringent limits on the
amount of events that can be stored offline for analysis. Additionally, while
the event data is retrieved by the readout electronics there is dead time for
the detector, no events can be recorded. Therefore it is important to select
the most interesting events for readout. All the above issues are addressed
by the trigger system.

The trigger system consists of three stages, each successively producing
a more refined event selection with a lower output rate.

As collisions occur in the LHC the output of each detector is kept in
memory on board the detector elements. This information is buffered there
until a decision is received from the L1 trigger that the event should be read
out. The L1 trigger uses information from the muon detectors to identify high
pr muons and calorimeter information to identify jets, electrons/photons,
taus and events with large El}liss or total transverse energy. In order to keep
processing time within the small 2.5ps latency window of the L1 trigger,
reduced granularity information is used at the L1 stage. Furthermore, the
calorimetry trigger is implemented in hardware in its entirety. After L1
selection the event rate is reduced down to 75kHz. Events passing the L1
trigger are passed to the High Level Trigger (HLT).
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The HLT is composed of two stages, the Level two (L2) trigger and
the Event Filter (EF). Both use algorithms similar to those implemented in
offline reconstruction and provide a more refined event selection, that further
reduces the event rate.

The L2 trigger works on Regions Of Interest (ROI), defined by the fea-
tures identified by the L1 trigger. Now the full granularity detector data in
this region as well as ID data are used, allowing for more refined reconstruc-
tion of the objects of interest. The L2 further pushes down the event rate to
about 3.5 kHz.

Finally, in the EF the entire detector data is used at full granularity,
producing the final decision on whether the event should be kept. Events
selected at this stage are recorded for offline processing. The final event rate
is about 200 kHz which is the maximum rate that can be handled by the
offline computing resources. The overall structure of the triggering system
of ATLAS can be seen in figure 2.10.

The events that are recorded in ATLAS are then split into streams. These
streams classify events into sets with common characteristics. The streams
typically used in data analysis are:

JetTauEtmiss which contains events passing triggers involving jets, taus or
Emiss'
T

Egamma which contains events passing triggers involving electrons or pho-
tons.

Muons which contains events passing triggers involving muons.

Express which contains a mix of triggers intended for fast processing for the
purposes of calibration and monitoring.

While the majority of events are only classified into one stream, it is
possible for an event to satisfy the trigger requirements of more than one
of the above categories, these streams are not exclusive. Additional streams
are available for use in performance studies or more specialised analyses.

For the minimum bias study presented in chapter 3 the Minimum Bias
Trigger Scintillator (MBTS) trigger is used (L1_MBTS_1), which requires at
least one hit in one side of the scintillators. A looser trigger is used for
tracking studies in the analysis, which triggers randomly on a filled bunch
in the LHC.

For the SUSY analysis presented in chapter 4 the triggers used rely on
jets and E%iss. The objects are selected in such a way that the analysis is
limited to the trigger plateau. This is the region where the efficiency of the
trigger is close to 100%. The cuts placed are on the primary jet pr and the
Effniss, at 130 GeV and 150 GeV respectively.
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Figure 2.10: Overview of the ATLAS trigger system. Shown are the three trig-
ger levels as well as the typical output rate. An overview of the readout system
components at each level is also shown.

2.8 Offline processing

Events that are selected from the trigger are read out from the Data AQui-
sition (DAQ) system and are streamed to Tier-0 for storage and processing.
The Tier-0 center is located at CERN and provides the computing capac-
ity to promptly reconstruct the events coming out of ATLAS and the other
LHC experiments. Data taking in ATLAS is done in intervals known as LBs.
These represent periods of stable running conditions from both the machine
and the detector. During stable conditions a LB was switched every two
minutes in the 2012 run.

The output of the offline processing is the Event Summary Data (ESD)
format, which is the base format used for data analysis. These files contain
the objects used in physics analysis. A second format, Analysis Object
Data (AOD), is used as well, which contains the same information as the
ESD but with fewer details, making for a smaller and more manageable set
of information for physics analyses. These formats can be read in ATHENA. It
is also common to convert these formats into flat ROOT [16] ntuples that can
be used for ROOT based analyses, these are commonly referred to as D3PDs

in ATLAS.
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Chapter 3

ID Monitoring

In this chapter the ATLAS Inner Detector Global Monitoring is presented.
It is a software package used to produce information to assess the Inner
Detector performance and flag potential problems during data taking. The
package is designed to provide a global overview of the performance of the
three ID detectors combined and act as a middle ground between the ID
sub-detectors and reconstructed objects that rely on tracking.

The overall structure of the monitoring and related processes can be seen
in figure 3.1. These cover the production of the monitoring histograms as well
as preparing the output used by the shifters to evaluate Data Quality (DQ).

The package runs after reconstruction, providing prompt feedback based
on the data reconstructed. It is primarily used during data taking, includ-
ing cosmic ray, p-p and p-Pb collisions. It is also used during reprocessing
campaigns when all data taken is processed with a new release.

3.1 Software

All ATLAS monitoring packages based on ATHENA are implemented as a
collection of ATHENA tools tied together by a manager. The packages are
implemented in C++ and the monitoring tools and manager are implemented
as classes. The common ATLAS base classes for these are found in the
ManagedMonitoringBase ATHENA package, which provides a consistent inter-
face for all monitoring packages. The manager is responsible for setting up
the monitoring tools and calling them for each event. The tools in turn ini-
tialise all histograms that are produced and retrieve the event and condition
information needed to fill them. The base class for the monitoring tools de-
fines methods for initialisation during the beginning of a run or LB, filling
histograms as well as performing any necessary processing at the end of a
run or LB. An overview of the structure of the ID global monitoring package
in term of classes and their inheritance structure can be found in figure 3.2.
The package consists of the following tools:

23
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Event Conditions DB

Figure 3.1: Functional diagram for the offline monitoring. Shown in green are the
inputs, which are the event as well the detector conditions. In red is ATHENA which
provides the framework for running reconstruction as well as monitoring. Finally,
in blue, the output of the monitoring in ROOT format as well as the DQ Web Display
which produces the web pages used by the DQ shifters.

InDetGlobalHitsMonTool is responsible for retrieving the number of hits
that make up each track and the number of dead modules traversed
by the tracks. It can also check the distribution of holes on each track,
which represents the number of detector elements crossed by the track
without an associated measurement. This runs in the online environ-
ment to promptly spot issues but is disabled in offline running to reduce
CPU time. These distributions are produced also as a function of the
n-¢ parameters of the track, to localise problems in the detector.

InDetGlobalTrackMonTool which produces distributions of the track
parameters as well as the total number of tracks in each event. These
distributions are produced for a number of track selections fulfilling
different criteria in order to diagnose specific potential issues.

As there was much common code in the two tools described above, they were
merged during the 2012 run in order to reduce CPU time and memory used
by the monitoring.

InDetGlobalSynchMonTool checks the synchronisation of ID Read Out
Drivers (RODs) as well as the number of hits and tracks in the event as
a function of Bunch Crossing IDentification (BCID). The BCID is the
identification number given to each bunch in the accelerator. These
checks were particularly useful during commissioning.
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Figure 3.2: The inheritance diagram of the ATHENA tools used in the ID global
monitoring. The tools inherit from a common base class, derived from the
ManagedMonitoringBase package, which provides the basic monitoring interfaces.
The last row of tools provide basic monitoring of beamspot and primary vertexing
which were contributed to ID Global monitoring.

InDetGlobalNoiseMonTool checks the noise occupancy of the detectors
and any correlation between them. The noise occupancy determination
is very simple, using a direct subtraction of hits associated to tracks
from the total detector occupancy. While this strategy works well in
the low detector occupancies during cosmic ray data taking and low-
pileup p-p collision runs, which it was designed for, it cannot cope
with the occupancies seen in high luminosity LHC runs, deferring to
the more advanced noise occupancy monitoring of the sub-detectors.

InDetGlobalPixelMonTool monitors the performance of the tracking with
Pixels in mind. Information specific to the Pixel detector is shown for
all hits on track in the Pixels.

InDetGlobalPrimaryVertexMonTool Monitors the performance of the
primary vertexing in ATLAS. It provides basic information about the
spatial distribution of primary vertices, track composition and the qual-
ity of fit.

These tools run for each event processed by ATHENA. During data taking
these tools run in the end of event reconstruction, giving the monitoring
access to both the raw detector data as well as to all reconstructed quantities
that go into the ESD. It is also possible to produce the monitoring output
from ESD files directly.

The package is primarily used in two different settings, during data taking
at Point 1 as well as offline reconstruction at Tier-0.
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3.1.1 Online monitoring

Within the Point 1 environment the monitoring runs on dedicated machines
which sample events in real time, directly from the trigger. The purpose of
the online monitoring is to provide feedback to the detector and data quality
shifters about detector conditions and give an early alert for potential prob-
lems. The overall structure of the online monitoring and related processes
can be seen in figure 3.3.

‘ HLT ‘
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‘ Athena monitoring ‘
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‘ Histogramming servers H DQMF ‘
‘ OHP ‘ ‘ DQM display ‘
\\\ e
«\\\ -
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Figure 3.3: An overview of the components of the online monitoring in Point 1 for
the ID. The entire reconstruction and monitoring runs alongside the ATLAS trigger
and DAQ software during regular runs with the OHP (Online Histogram Presenter)
and DQMD (Data Quality Monitoring Display) tools used by the shifter to view the
output.

The monitoring runs within dedicated ATHENA jobs, which do full re-
construction of ID data. During the 2012 run this was done in jobs which
provided output for all the ID detectors. The histograms produced by the
ID monitoring are checked by the ID shifter.

Two machines were used for this purpose, each with eight cores and 24 Gb
RAM, running eight reconstruction processes in parallel. The total number
of jobs was limited by CPU and network utilisation. The reconstruction only
runs the ID reconstruction and tracking. The sampled events come from the
express, JetTauEtmiss and Egamma streams. An additional set of jobs is
used to provide monitoring of the detector’s noise occupancy; this is best
done with empty events, sampled from the so-called ID monitoring stream,
which outputs these empty events at a fixed rate. Finally, a dedicated job is
used to produce detailed output of the current status of the Pixel detector,
producing output for each individual module.

For the physics stream monitoring there is a dedicated gatherer applica-
tion that merges the histograms from each job to provide the final histograms
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displayed to the shifter, with the total gathered statistics.

The shifter gets information from the monitoring through two applica-
tions, OHP [17] and DQMD [18]. The OHP application produces customised
views of the monitoring histograms, giving an easy overview to the shifter
and gathering related histograms together. The DQMD application displays
histograms and the result of automatic tests that are run on the histograms.

The online rate for running ATHENA reconstruction and monitoring is
about 1Hz per process on the monitoring machines, giving a total of 8 Hz
sampling rate for the physics stream monitoring jobs. The total rate was
limited by the processing power of the machines and network usage. This
results in a restriction in the statistics that are available. For noise occupancy
monitoring the event processing speed is much higher, since reconstructing
empty events is much faster.

3.1.2 Offline monitoring

During offline processing the monitoring runs after reconstructing the RAW
detector information to produce ESDs or after reconstruction of ESDs to
AODs [19]. In contrast to the online mode all gathered events are avail-
able at this stage. The monitoring output of the offline monitoring is the
authoritative view on DQ as it provides a full view of the run.

Offline reconstruction monitoring is done in two passes. The first pass,
where only the express stream is processed and the bulk pass where all
streams are processed. The first pass starts immediately after data taking
and the results are used for initial data quality assessment and to check for
changes in detector conditions and calibration, which is done in the so-called
calibration loop. Following the calibration loop the bulk processing starts.

The most important part of the calibration loop for the ID global mon-
itoring is the beamspot determination 20|, which determines the extent of
the luminous region where collisions happen. After the beamspot position
has been determined, it is used in the bulk processing as a de-facto measure-
ment in track reconstruction, ensuring that all tracks have their origin in the
luminous region.

In the bulk processing the ID global monitoring is run on the express
stream as well as the JetTauEtmiss physics stream, chosen due to the large
number of events therein with high track multiplicity. The monitoring runs
on one physics stream only in order to limit the use of computer resources
at Tier-0.

At the end of processing the output of the monitoring is assessed by
DQ shifters to ensure there are no problematic data to be used by physics
analyses. Any such problematic issues are then recorded in a dedicated
database. Each issue is stored in the form of a “defect” along with the
associated time duration, in terms of LBs [21], and details to describe what
was observed.
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The defects themselves are prespecified problematic conditions. These
describe specific problems for data quality, e.g. regions with low tracking
efficiency or a bug in software affecting reconstruction. A defect can be set
as intolerable or tolerable, which determines if a LB with a given defect is
suitable to be used by physics analyses.

3.2 Monitored quantities

The ID global monitoring checks quantities related to the tracking in the ID.
This is complementary to the ID alignment monitoring, which monitors the
efficiency and tracking residuals, and the ID performance monitoring, which
checks for the reconstruction and properties of some basic resonances, using
ID and muon tracks.

The track collection monitored is the complete collection of primary
tracks, i.e. tracks reconstructed by the inside-out Pixel and SCT seeded
tracking, see section 2.6. A pp > 0.5 GeV selection is made, to only keep
tracks that traverse the whole ID detector. In addition, during 2012, Pixel
tracklets were reconstructed in the high-n region where only Pixels provide
coverage, to be combined with muon spectrometer hits to form muon tracks
in the high 7 regions.

3.2.1 Hits on Track

The number of hits associated to each reconstructed track are monitored for
all primary ID tracks. Examples of such distributions are shown in figure 3.4,
showing the number of hits in each subdetector for all ID tracks. This is also
broken down by the 1 and ¢ parameters of the track to allow potentially
problematic regions to be localised.

The number of hits are checked as a function of 7-¢ as well as an average
over the primary tracking regions in 7, covering the barrel, end-caps and the
transition region between the two. This provides a good check of the hits in
the various regions. Examples of these distributions are shown in figure 3.5,
showing the n — ¢ distribution of hits and dead modules for the Pixel and
SCT detectors. If a detector is suffering from inefficiencies or the number of
disabled modules aligning goes up this would be visible in these plots.

Additionally, hitmaps are produced in the x-y and z-r coordinate frames,
see figure 3.6. These show the accumulated number of hits associated to a
track in the detector and is a useful tool for visual inspection of the run.
These make it possible to check that combined track reconstruction worked
during cosmic runs or to see if any parts of the detector are not working
properly. While useful in the early stages of the first LHC run, producing
these plots is quite demanding on computing resources, so these plots were
disabled to conserve CPU time and memory.
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Figure 3.4: Number of hits per track in each subdetector. Disabled modules a track
passes by are counted as hits.

These distributions do not provide specific information on the nature
of problems but can be useful in spotting potentially problematic regions.
The primary purpose is to spot generally problems and possibly assist other
combined performance groups in identifying and understanding problems.
One example of this is shown in the bottom left plot of figure 3.5, where in
the upper left corner a disabled SCT endcap quadrant is visible (disabled
due to a dead cooling loop, in 2012). In figure 3.6, where hits from TRT only
tracks are shown, it can be seen that part of the detector hits are not being
associated with tracks, around ¢g = 0. As there was no drop in occupancy in
the TRT around that region the tracking was investigated and a problem was
found in associating hits to the track in that region due to ¢y not wrapping
around at ¢g = 0.

Within the online environment the number of Pixel and SCT modules
that are either in error or are disabled are also tracked in bins of 1 and ¢
to identify potential regions where problematic modules align. These maps
are updated at the start of each LB in order to minimize the time needed
to access the conditions DataBase (DB); this should not cause problems as
conditions are stable during a LB. Examples of such plots are shown in fig-
ure 3.7. These plots allow us to check whether disabled modules or modules
in error have an effect on tracking during the run. These checks are impor-
tant since as the run progresses modules can go into an error state. This is
especially true in high luminosity collisions where the rate of data and the
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Number of Pixel hits per track, eta-phi profile Number of SCT hits per track, eta-phi profile

Figure 3.5: The distribution of the number of hits per track in 7 and ¢. Shown
here is the number of Pixel hits (top left) and SCT hits (top right). Also shown is
the average number of dead Pixel (bottom left) and SCT (bottom right) modules
traversed by each track. As an example a quarter disk of dead SCT modules can
be seen in the top left corner in the bottom right plot. The average number of hits
depends on the n of the track, with variations due to modules with errors or low
efficiency. The filled entries in the disabled module plots correspond to disabled
modules in the Pixel and SCT, with different sizes due to the positioning of each
module.

effect of radiation on the electronics can cause problems in the electronics.
This leads to modules slowly being disabled, but with no geometric correla-
tion, save for the fact that the innermost layers of the ID are more affected.
It is important to note that this check does not rely on the tracking at all;
rather, it makes assumptions about the tracks, that they are straight and
originate at the center of the detector, with a set longitudinal spread around
the interaction point, Azy. With a correctly set parameter this can give a
good approximation of the effects on the tracking, at least for high-pr tracks.
While this was only available online during the 2012 run, the monitoring has
been updated since then to produce these plots also in offline monitoring in
a similar manner.

The number of holes in the track are also monitored, that is to say
active modules in the detector that did not produce a hit, but where the
extrapolated track assumes a hit should be in place. A limited number of
such holes are allowed in each track fit, else the fit can fail.
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Figure 3.6: The x and y coordinates of hits associated to a track in the ID. Shown
is an example of TRT only hits for a collisions run with a problem where TRT hits
at ¢ = £ are not associated to a track, due to a bug in track reconstruction where
¢ is not wrapped around .

3.2.2 Track distributions

The track parameter distributions are also checked, in particular the 7-¢
distribution of the tracks to spot possible defects due to detector effects;
this is done with various sets of cuts. The quality criteria are fairly loose,
focusing on each detector in turn. This allows to see if a given detector
causes problems to the tracking. Examples of these distributions are shown
in figure 3.8, top. Of note is the b-layer which is explicitly checked to ensure
there are no inefficient regions, see figure 3.9. This is of particular importance
as several algorithms for physics object reconstruction explicitly assume that
the b-layer is working at full efficiency.

These distributions are also produced as fractional displays of the total
number of tracks showing the fraction of tracks satisfying each selection
criterion, allowing to easily spot any deficiencies relative to the expected
number of tracks.

In addition, for the forward Pixel tracklets the distribution of n-¢ is
checked separately, shown as example in figure 3.10.

The number of hits in each subdetector as well as the total number of
tracks as a function of BCID is also displayed, which is useful for looking at
the response of each detector when there are beams, shown in figure 3.11.
This allows for a very low level check of the detector response to the colliding
bunches, and is useful when there is a smaller number of colliding bunches
in the machine, in the earlier parts of the run and during commissioning.

Additionally, graphs of the total number of tracks as a function of LB
which is used to check for the stability of the number of tracks in time.
The average number of tracks per event is also shown as a function of LB.
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Map of all bad and disabled modules for SCT Map of all bad and disabled modules for Pixel and SCT
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Figure 3.7: Number of modules in error or disabled along a straight track. The a-
and y-axis show the ¢ and n parameters of the tracks and the value of each bin the
number of problematic modules traversed. On the left is a plot of disabled SCT
modules and on the right the number of modules in error and disabled modules for
Pixel and SCT combined. Disabled modules are seen as rectangular regions, the
size varying due to the different angular size of modules. The borders around the
regions are due to modules covering only a fraction of the bin area. The information
comes directly from the Conditions DB.

These plots are shown for illustration in figure 3.12. This has two prominent
features, one being that the plot itself follows the decreasing luminosity en-
velope for the run as well as having kinks due to changes in the trigger menu
during the run.

3.2.3 Synchronisation

A number of plots is also produced to check the synchronisation of RODs in
the ID. This is an error condition when one of the RODs goes busy. This
can have large effects on the tracking in certain conditions as the data from
these RODs will be lost; these plots detect whether the run contains such
conditions. An example of such a plot can be seen in figure 3.13. During
online running this information is also automatically checked by the DAQ
software, but these plots provide an offline record.

3.2.4 Granularity in time

Within the ATHENA monitoring framework the default setting is to produce
all the above distributions using data from the entire run, but it is also
possible to make the distributions from limited time intervals. This is very
important since detector problems commonly affect only parts of the run,
either because they are temporary or fixed. The lowest possible interval
for such distributions is 10 LBs intervals, which corresponds to at most ten
minutes of data-taking. It is possible that this interval is smaller, since
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Figure 3.8: The distribution of tracks in 77 and ¢. Shown here is the selection of at
least one Pixel hit (left) and at least six SCT hits (right). At the top is the number
of tracks passing these criteria and at the bottom the ratio of these tracks to the
total number in each bin.

LBs switch when detector conditions change. It is also possible to produce
distributions per LB, but this is avoided, due to the heavy impact on the
size of the monitoring output as well as the limited statistics available in a
single LB.

During online running a different approach is used, where histograms
are built from data of the last ten LBs. This is a compromise between
getting the statistics needed to get enough information about the detector
condition and not losing out the current conditions due to the high number
of previously accumulated events. This is a specially developed class that
wraps the histogram classes and allows to make such histograms for arbitrary
LB ranges, at the cost of higher memory usage and an extra delay at the
beginning of each LB as the histogram is rebuilt from the buffers.

This splitting into different LB ranges is done for the tracking n-¢ distri-
butions as well as the number of hits per track. The data quality framework
only provides 10 LB granularity, smaller intervals would result in very large
storage requirements. However, the number of LBs rejected is usually re-
duced using feedback from the subdetectors where the extent of the problem
in time can be identified.
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Eta-phi of tracks with no b-layer hit, but hit is expected

Figure 3.9: Number of tracks with a missing b-layer hit, when a hit is expected.
If a module is disabled it does not show up. As a b-layer hit is a requirement for
many algorithms used to reconstruct physics objects, this in an important check.

Eta-phi for pixel tracklets in the forward region (negative eta) Eta-phi for pixel tracklets in the forward region (positive eta)
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Figure 3.10: Distribution of forward Pixel tracks in 7 and ¢, in the end cap side A
on the left and end cap side C on the right.

3.3 Data Quality

The following defects are defined for the ID global monitoring, with further
details given in the rest of the chapter:

ID NOTRACKS INTOLERABLE
Significant loss of tracking coverage throughout or in a region of the
ID.

ID OUTOFTIMETRACKS INTOLERABLE

" Fake tracks formed by out-of-time pileup hits in the SCT.

ID TRACKBUG INTOLERABLE
Problem in the tracking caused by a software bug.

ID VERTEXBUG INTOLERABLE
Problem in the vertexing caused by a software bug.

ID BLAYER EFFICIENCY INTOLERABLE
Tracking affected by low efficiency in the Pixel b-layer
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Figure 3.11: The average number of tracks per event by BCID number. This plot
includes events from the entire run. These plots are also available showing the
number of hits in each subdetector.
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Figure 3.12: The figure on the left shows the number of tracks in each event satis-
fying various criteria by LB. The figure on the right shows the average number of
tracks per event split by LB. The luminosity profile of the run can be seen in these
plots as well as jumps arising from changing trigger conditions. Gaps arise due to
times when the detector is busy and not taking data.

ID PIXEL TRACKCOVERAGE TOLERABLE

Small loss of tracking efficiency due to modules in the Pixel.

ID SCT TRACKCOVERAGE TOLERABLE
Small loss of tracking efficiency due to modules in the SCT.

ID TRT TRACKCOVERAGE TOLERABLE
Small loss of tracking efficiency due to modules in the TRT.

The defects in bold are those that are set as intolerable, meaning that
LBs where these defects are set are not used in physics analyses. The other
defects are there for book keeping and tracking abnormalities in the data
that might prove to be a problem later on.

The combined output of the DQ assessment is the so-called Good Run
List (GRL). This is a selection of LBs that are suitable for use by physics
analyses, i.e. not containing any intolerable defects. As analyses can have
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BCID difference warning between the detectors and the RODs of each detector

T

Figure 3.13: Synchronisation between the RODs in each detector. Each ROD in
detector has a counter of which BCID it is looking at. Under certain conditions it
is possible that a ROD fails to update this counter and therefore not in the same
state as the rest, this is referred to as a desynchronisation. Each entry denotes
desynchronisation in one event. Diagonal entries mean one of the the detector
RODs is not synchronised with the rest, while off-diagonal entries mean that the
RODs of two detectors are desynchronised, the figure showing desynchronisation of
Pixel and SCT RODs.

different requirements from the detectors and physics objects it is possible
to construct specific GRLs for each physics. In the 2010 and 2011 runs there
were many GRLs produced, while in the 2012 run the different GRLs were
collapsed into a common physics GRL.

The GRL is specific to each processing of the same data, as different
kinds of defects can be expected to be fixed after a reprocessing of the data.
After each reprocessing a new evaluation of the data is done in order to check
for improvements or catch possible regressions.

In addition to the GRLs used by physics analyses a “tight” GRL is also
defined, where even smaller defects are also excluded. This is done to provide
a possible way for analyses to check if they are affected by smaller issues
in DQ that were not foreseen to have an effect. Defects such as smaller
differences in track coverage are found in this GRL, e.g. LBs marked with
the ID PIXEL TRACKCOVERAGE detect are excluded from the tight
GRL.

ROD busy issues

The cabling from the detector modules to the RODs is different between the
ID subdetectors. This means that the effect of a problematic ROD on the
tracking can vary depending on which detector it corresponds to.

For the Pixel detector the modules belonging to each ROD all belong
to the same layer. A loss of one ROD will result in a number of tracks
with a missing hit, but only in one layer. At the same time this also means
that a possible loss of a b-layer ROD can cause significant disturbance by
compromising accurate vertexing for the affected tracks.
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ATLAS p-p run: April-Sept. 2012

Inner Tracker Calorimeters Muon Spectrometer Magnets

Pixel SCT  TRT LAr Tile MDT RPC CSC TGC Solenoid  Toroid

100 993 995 97.0 99.6 999 998 999 99.9 99.7 99.2

All good for physics: 93.7%

Luminosity weighted relative detector uptime and good quality data delivery during 2012 stable beams in pp collisions at
Vs=8 TeV between April 4 and September 17t (in %) ~ corresponding to 14.0 fb of recorded data. The inefficiencies in the LAr
calorimeter will partially be recovered in the future.

Figure 3.14: A summary of the performance of the ATLAS detector DQ throughout
the 2012 LHC run. Shown is the percentage of integrated luminosity excluded from
the GRL due to problems spotted by the DQ process of each subdetector.

In the SCT barrel the RODs are arranged in a radial layout, meaning
that each ROD covers the same 7-¢ region across all the layers in the barrel.
The result of this is that a ROD busy results in many modules along the
track path being disabled. While the tracking can handle disabled modules
along a track, the tracking will fail when such a high number of disabled
modules is present.

Disabled modules

Typically, modules that are disabled will have little effect on the tracking,
as the tracking algorithms take this into account. In cases where many such
modules align however this can be problematic as the tracking needs a certain
number of hits to be able to perform.

To establish this issue the 7-¢ map of tracks is used. In cases where such
alignments take place it is possible to get a situation where tracks cannot be
reconstructed at all, either due to track seeding being unable to construct
seeds or the track fit failing due to a large number of disabled modules. This
is identified as a region in 7-¢ where there is a significant deficiency of tracks
compared to other regions. This is recorded as the ID_NOTRACKS defect.

In most cases however, the disabled modules are picked up by the track-
ing as dead modules without this having an effect on the number of recon-
structed tracks. In this case the effects, if any, on the tracking are minor,
as this is a design consideration for the tracking algorithms. In cases where
this amounts to more than 10% of tracks missing this is recorded as the

ID_PIXEL_TRACKCOVERAGE, ID_SCT_TRACKCOVERAGE and ID_TRT_TRACKCOVERAGE

defects; depending on which subsystem is responsible for the performance
degradation.

One important aspect of this is the need to be able to decide during data-
taking in P1 whether detector conditions can cause a problem and therefore
the run should be stopped to fix problems in the run. This function will be
served by the disabled and error module maps.
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B-layer issues

Issues arising in the Pixel b-layer have strong implications for the recon-
struction and identification of many physics objects. Many algorithms rely
on the presence of b-layer hits, when one is expected, to reject fake objects.
This is particularly true for the b-tagging and electron identification. The
primary responsibility for assessing the impact of such effects on DQ lies
with dedicated groups and monitoring tools for each reconstruction object.

However, it is possible that inefficiencies in the b-layer to overlap with
other inefficiencies in the sub-detector causing problem to the tracking. This
is checked by comparing the 1 — ¢ distributions of tracks to the n — ¢ distri-
bution of tracks lacking b-layer hits, to see if regions of problematic b-layer
modules are potentially causing losses in the tracking.

A more severe issue is whether there are losses due to inefficient b-layer
modules that are not masked (potentially leading to efficiency loss in other
CP groups). A b-layer hit is required in order to reject possible fake objects.
This was unfortunately not spotted in the 2012 run, but steps have been
taken to cover such cases.

Software issues

Defects related to software issues are also taken out in the GRL, though these
can be corrected in reprocessings. These issues are rooted in bugs in the ver-
texing and tracking and can cause large scale problems for physics analysis.
However only a small fraction of the data collected are affected by such
issues. These issues are tracked using the ID_TRACKBUG or ID_VERTEXBUG.

Beamspot issues

Defects related to beamspot determination are also taken out from the GRL
as they have a significant effect on the reconstruction of other physics objects.
This is mostly affecting LBs where there is a smaller number of vertices due
to low luminosity or large movements in the beamspot due to Van de Meer
scans for example. Typically such data is not suitable for physics analysis
and therefore excluded.

Calibration and timing

Additionally, there are cases where the calibration of TRT is problematic,
meaning that no hits get associated to the track.

For earlier runs when the bunch spacing was first reduced to 50 ns the hits
in the detector can also come from earlier bunch crossings. The results in re-
constructed tracks that are fake, forming from hits that do not belong to the
same collision. Such occurrences are tracked using the ID_0QUTOFTIMETRACKS
defect. The issue itself is fixed by tightening the timing selection for hits
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used in track reconstruction. As this issue can be fixed by changing the
settings of track reconstruction this issue is fixed after a reprocessing.

3.3.1 Performance during the 2011 and 2010 runs

The amount of data lost during 2012 due to problems spotted by the ID mon-
itoring is summarised in table 3.14. The primary reason for lost data is the
SCT RODs going busy which result in certain LB where tracking is severely
affected in certain regions. These losses occur in the barrel where due to
the detector readout geometry a ROD corresponds to a roughly rectangular
sector in 71-¢ coordinates across all layers of the SCT.

A summary of data that was rejected from the GRL due to defects related
to the tracking can be found in table 3.1 showing the percentage of luminosity
lost in each data period for the 2011 and 2012 p-p collision runs as well as
the 2011 Pb-Pb run and 2013 p-Pb run.

3.4 Conclusions and outlook

The monitoring ran successfully throughout the first LHC run and was able
to spot problems as they arose and monitoring the development of others.
It was important both during the start of running, with focus on detector
performance and feedback, as well as during the later part of the run, moving
focus to combined performance effects.

It provides an interface between the ID detectors and the Combined
Performance (CP) groups as well as combined performance during the early
stages of the LHC run.

In online monitoring the main limiting factor for discovering problems
in the tracking was the statistics collected, as the monitoring samples only
a fraction of recorded events. Additionally, a larger number of machines is
foreseen to be used in the next run, as well as improvements in the tracking
CPU time use should improve on the monitoring rate.

Additionally, the monitoring needs to have as up-to-date information
on the detector conditions as possible. To this end a solution was found
by sourcing the information about module status and errors directly from
ATHENA which limits the statistics needed since we are not relying on recon-
structed tracks. This is in the form of the n-¢ disabled and error module
maps.

With respect to DQ the ID monitoring package was part of the DQ
assessment for the ID. This meant the weekly review of the runs as well
as assessment after data reprocessing campaigns. This means both initial
assessment of collected data, re-assessment of the bulk processing and follow-
up of potential problems.

Preparations for the start of the LHC Run-II in 2015 have started, with
the ID monitoring already fully integrated and ready for data taking in
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Year Period Good data [%] | Year Period Good data [%]
A 98.4
B 98.1 B 95.4
C 92.0
D 98.6 D 99.4
E 96.4 E 100.0
2012 2011 F 98.7
8 TeV G 99.1 7 TeV G 99.1
H 99.5 H 98.4
I 97.9 I 99.9
J 97.1 J 100.0
K 99.8
L 96.9 L 95.8
M 98.4
Overall 98.1 Overall 97.5
Al 100.0 N 98.5
A2 99.0
A3 97.8
2013 A4 96.0 2011
p-Pb Bl 100.0 Pb-Pb
B2 100.0
B3 78.3
B4 98.9
Overall 98.0 Overall 98.5

Table 3.1: Summary of data lost due to defects in the data ralated to tracking and
the ID detectors in the 7TeV run and 8 TeV run. Missing entries correspond to
periods in each year that do not contain physics data and therefore not taken into
account for D(Q assessment.

the next run as well as cosmic data taking during detector commissioning.
Testing as part of the ATLAS readiness milestones has also begun. This
includes updates to the new version of the software packages for the new
ATLAS release and updates to take into account the experiences of the past
year.



Chapter 4
Minimum bias physics

Minimum bias physics deals with soft QCD events that result from the dom-
inant part of the proton-proton cross-section. These events have very high
cross-section but cannot be described by perturbative QCD. These soft inter-
actions are of four different kinds; elastic, single diffractive, double diffractive
and inelastic. The total cross-section, oy, is the sum of these contributions:

Omb = Oelastic T 0sd + 0dd + CTinelastic (41)

The elastic cross-section covers processes where the protons do not break
up in their interaction. The diffractive components cover processes where
either one (single) or both (double) protons are scattered into a low-mass
state. The defining characteristic of the diffractive component is a large sep-
aration between the resulting outgoing particles, particularly in 7. Finally,
the inelastic component contains events where both protons break up and
interactions between coloured particles take place. For the diffractive and
elastic components a large number of events are not recorded as they fall
outside the acceptance of the detector, in order to correct for this model-
dependent assumptions about the kinematics of these events are needed.

This is the total cross-section, but for the measurement in an experiment
these cross-sections must also include a correction for the acceptance of the
detector itself, since at least some particles must be present in the event to
be able to trigger the detector. As, by definition, the minimum bias events
are those that trigger the detector and are recorded the events are defined
with respect to the detector recording them.

The ATLAS minimum bias analysis [22] relies on particle level observ-
ables alone and making no attempt to remove any of these components,
resulting in a mixture of these different contributions within the sample. At
the same time a large fraction of the diffractive components is not seen in the
detector as no observable particles are produced. As the distributions are
not corrected for these effects the resulting distributions can be reproduced

41
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by theorists using the efficiencies of the trigger and tracking as inputs. New
tunes of MC software can then be compared against the distributions of the
analysis.

This results in the most useful information for tuning MC and as input
to theory, but is not as useful for making comparisons to other experiments
which produce distributions with full corrections for the missing components.

The observables from minimum bias analyses carry large importance in
the field of MC tuning. In addition, minimum bias events are very similar
to pileup events in the high luminosity LHC conditions. For this reason
understanding such events is important for all other ATLAS analyses. Due
to the soft nature of these QCD events is also not possible to describe them
by perturbation theory, requiring phenomenological approximations which
are parametrised in the Monte Carlo (MC) generators. Measurements of
the properties of such events are therefore important for producing the best
possible tuning of these free parameters at the LHC energy scale.

The distributions considered in this analysis are the track multiplicity

1 dNey
N, dnch’
the track pr spectrum

1 1 d®Ny
Ney 2mpr  dndpr’
the track eta distribution
1 dNey
New dn
and the mean pr of tracks in each event versus the track multiplicity (< pp >
VS Nep ). Ney refers to the total number of events accepted by the analysis and

nen 1s the number of charged particles in each event. Only primary charged
particles are considered, i.e. particles originating from the primary vertex.

4.1 Cross check analysis

For the minimum bias analysis a full cross check analysis was done alongside
the main analysis. Here we refer to the nominal analysis as Analysis-I and
the cross-check as Analysis-II. The cross-check analysis uses the same inputs
as the main analysis but is done with independently developed code and
procedures. The goal is to check the validity of the selection, corrections and
systematic error determination for the most inclusive phase space considered
in the paper, see section 4.1.1 for the definition.

The data considered in the analysis consists of six early 7TeV runs'. In
addition to this run selection additional selection criteria are used to ensure
the good quality of data used in the analysis:

1

1152166, 152214, 152221, 152345, 152409, 152441, 152508
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Good DQ for all ID detectors and successful beamspot determination

L1_MBTS_1 trigger fired

At least one vertex with at least two selected tracks, see section 4.1.1.

Pileup suppression, no additional primary vertices with four or more
tracks.

The L1_MBTS_1 trigger uses the MBTS, two plastic scintillator end-caps
placed on each side of the LAr barrel, see section 2.4. It requires at least one
hit on either side of the detector. This gives minimal requirements on the
activity in the detector for selected events. The other selections ensure that
an interaction took place in the event and suppress events with substantial
pileup vertex contributions. The number of events accepted after each of
these selections is shown in table 4.1.

4.1.1 Phase space

The primary phase space of the analysis, namely the ngg > 2, pt > 100 MeV
and |n| < 2.5 phase space was fully cross checked. The following track
selection criteria apply, where the selection used in the primary phase space
is highlighted:

e pr > 100 MeV

b-layer hit, if active sensor crossed

At least one hit in the Pixel detector

At least 2, 4, 6 SCT hits for the pr > 100, 200 and 300 MeV phase
spaces respectively

|do| < 1.5mm

|20 sinf| < 1.5 mm

x? fit probability > 0.01 for tracks with pp > 10 GeV

These cuts ensure that primary tracks are selected, rejecting secondary
tracks and fake tracks arising from random hit combinatorics. The pr re-
quirement splits the analysis into multiple phase spaces, the cross-check anal-
ysis is applied to the most inclusive phase-space, pt > 100 MeV. The last cut
is done in order to reject tracks with spurious transverse momentum mea-
surement, an effect of the large extrapolation distance between the Pixel and
SCT endcaps. The number of tracks selected after these criteria is denoted
ngel. For certain studies an alternative selection is used, including all the
above criteria except the requirements on dy and zy. Instead, the transverse
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distance of the track to the beamspot at the point of closest approach is used
and the selection is |[d5%| < 1.8 mm. The number of tracks passing this set
of requirements is referred to as nsBe? The uncorrected distributions for 7,
pr and ne, after this selection are shown in figure 4.1, which are in perfect
agreement between the two analyses. The number of tracks kept after these

selections can be found in table 4.1.
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Figure 4.1: The raw distributions of 7 (a), pt (b) and ne, (c). At this level the two
analyses are in perfect agreement.

4.2 Corrections to particle level

At this stage the tracks are selected and the distributions can be made. How-
ever, these are not the “true” distributions, rather they are convoluted with
detector efficiency and detector effects on observables. These uncorrected
distributions are referred to as raw or track level distributions. The distri-
butions after correcting for detector effects are referred to as particle level
distributions. Such deconvolution is very important to allow comparison
with generator outputs and results from other experiments.
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Run number

Selection 152166 152214 152221 152345 152409 152441 152508
Total events 675766 344531 1487570 1421215 5589888 4902686 1096648
Data quality 514612 250450 1442202 1088865 4733210 4484642 334055

Trigger 437273 212751 1242202 958609 4171423 3978804 295432

Vertexing 389466 188873 1122051 862073 3736987 3576501 264862

Track selection| 386669 187438 1113639 855910 3708987 3550540 262889

Total tracks 17508795 8465356 50360637 38830614 168141336 160908202 11902114
Selected tracks| 8072503 3899575 23218783 17870135 77243070 74023616 5481758

Table 4.1: The number of events selected after each selection step as well as the
number of selected tracks. The numbers are broken down by run number. The
same number of events and tracks are accepted by both Analysis-I and Analysis-II.

The corrections applied per-event can be calculated as:

1
sely __
Wev (nBS) - evertexing (n%(:é) . ¢trigger (nSBOé) (4.2)

The terms in the denominator account for inefficiencies in the trigger (e'r&8r)
and vertexing (¢'*'***1"8) These are taken from studies done for the analysis
and are used in both Analysis-I and Analysis-II.

The trigger efficiency is determined using a control trigger, which is a
random filled bunch trigger at L1, see section 2.7, and a requirement of four
hits in the Pixel and SCT detectors. This provides a looser sample with
which to gauge the trigger efficiency.

The vertexing efficiency is measured by looking at the ratio of triggered
events with a vertex to the total number of triggered events. For this to work
it is important to remove the contribution of beam background events, which
would skew the efficiency calculation. Additionally, in the case of nfe? =2an
additional correction is applied based on Az(l)gs, the longitudinal separation
of the track perigees. The distribution used for the correction is shown in
figure 4.2.

Trigger and vertexing corrections are applied as an event wide weight,
and the efficiencies are plotted in figure 4.3 as a function of the number of
selected tracks.

The tracking efficiency correction is applied per track as a function of
pr and 7, as shown in figure 4.4. The weight applied for each track can be
expressed as:

__ fnonpri _ rokr
watprn) = (43)

The factors in the numerator correct for contamination from non-primary
tracks (f"°"P™) and tracks that are outside the kinematic range of the anal-
ysis (f°K7), while in the denominator is the tracking efficiency (etracking),
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Figure 4.2: The vertex reconstruction efficiency as a function of AzFS for events

with n2$ = 2. Two cases are considered based on the lowest track pr in the event;

events with pii® < 200 MeV (left) and p™ > 200 MeV (right).

The tracking efficiency is estimated from MC, by checking the recon-
struction efficiency of charged particles in bins of pp and 1. As the tracking
efficiency is determined using MC, excellent agreement between the data and
MC simulation is needed to obtain valid results. Some examples of the level
of agreement can be found in figures 4.5 and 4.6, showing the high degree of
accuracy of the MC simulation across the full pseudorapidity and transverse
momentum range considered in the analysis. The procedure for matching
reconstructed tracks to truth tracks is to give a match if the true and re-
constructed tracks are found within AR < 0.15 and the two share at least
one Pixel hit. For the tracking efficiency the dependence on two different
estimates of the material distribution uncertainty is also shown in figure 4.4.
The tracking efficiency correction accounts also for non-primary tracks as
well as tracks falling outside the kinematic range of the analysis.
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Figure 4.3: A plot of the trigger (left) and vertexing (right) efficiency as a function

of the number of selected tracks (n27). This efficiency is used in both analysis-I

and analysis-II as an input for the trigger and vertexing corrections.



4.3 Bayesian unfolding 47

3 0 8;‘ — L e B e B B RS e .
3 F .Q’* . 12 _f
g 0.7k 4" 4 80.75¢
2 T 2
& 08fF .' 3 ¢ 07 S
i3 [ ) = r o
= - J © [ [ J
£ 05 : 1 20.65F e ~
c N 1 wv +
Q 0.4F =4 € r ~
3 . 18 0.6_—3"‘ o
< o3 g 12 |° y
> 2 3 s
o 18 [
E 02: —@— MC ndift ] EO'SSi o— MG naif

2 o oi , 1= A

i —8— MG ndift+20% pixel services 05L  —®— MG ndii+20% pixel services
01 @ —&— MCnaift+10% material . »

—@— MC ndiff+10% material

()6‘ P P S I I R X T T OO TV OO T FOONE A PO
02 04 06 08 1 25-2-15-1-050 05 1 15 2 25

p; [GeV]

N

Figure 4.4: A plot of the tracking efficiency as a function of pr (left) and 7 (right).
Additionally, the effect of two material uncertainties are shown for comparison to
the nominal distribution, a 10% increase in the material budget and a 20% increase
in the Pixel service budget.

4.3 Bayesian unfolding

All the correction procedures used so far rely on weights. In this sense only
the relative weights of each bin in the histogram are altered and migration
from one bin to another is not handled. In the final step of the correction an
unfolding procedure is used, where such bin migrations are properly taken
into account. The procedure used in the paper is the so-called Iterative
Bayesian Unfolding [23].

The starting point of the procedure is the migration matrix, which de-
scribes the probability of a given observed state to be produced from each
true state. Using this matrix as a starting point together with Bayes’ the-
orem, it is possible to produce an unfolding matrix, which can revert the
observed distribution back to particle level. As this is a Bayesian method,
there is a prior involved, in the form of a best guess of the true distribution
of the data.

In order to get past this unwanted dependence on a prior, the procedure
is modified to be iterative. With each iteration the effects of the choice of
prior become less important. The iterations repeat until some termination
condition is met, typically a test on the amount of change due to the unfold-
ing. In the case of this analysis the chosen test was that the x? difference
between the distributions produced by successive unfolding iterations should
be smaller than the number of bins in the unfolding.
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4.3.1 mng, unfolding

The unfolding procedure is applied to the ng, spectrum to account for mi-
gration between different ng, bins due to the tracking efficiency. This allows
to correctly take into account tracks that were missed in reconstruction. The
migration matrix is populated by minimum bias MC samples. An efficiency
correction is applied to the ng, distribution at the end of the unfolding proce-
dure to account for the fact that events with ng, < 2 fall outside the analysis
phase space and therefore cannot be accounted for by the unfolding proce-
dure. This correction,wq iy, is the probability of losing all or all-but-one
tracks in the event due to tracking inefliciency.

1

1-— (1 - €trk)nSel - nseletrk(l - 6trk)HSQI_1

Wo/1bin = (4.4)

4.3.2 Transverse momentum unfolding

For the transverse momentum of the tracks a Bayesian unfolding procedure
was used, correcting the momentum of the tracks back to particle-level. The
procedure uses the migration matrix to migrate entries from their respective
bins to the particle-level spectrum. The matrix is populated by minimum
bias MC samples as well as single particle MC samples with high pt particles,
in order to populate the high-pr bins. The migration matrix used in the
procedure is the same that is used by Analysis-I for the final result, though
the determination of the matrix is also cross-checked. See figure 4.7 for a
visualisation of the matrix contents.

An initial “guess” of the spectrum is needded and for this the spectrum
from a minimum bias Pythia MC sample is used. In order to preserve the
total number of tracks after unfolding the distribution each column of the
unfolding matrix is normalised before the unfolding step.

In order to assess the effect of the prior distribution and correct for any
bias this may introduce, the unfolding procedure is repeated with a flat prior
distribution. This check results in a 2% uncertainty.

4.4 Cross check results

A comparison of the ng,, pr, n and < pp > distributions coming from
Analysis-IT and Analysis-I is shown in figures 4.8. Good agreement is found
between the two analyses, with agreement within 0.001% level for the ngy,
distribution and better than 0.5% across most bins in the other distributions.
In all distributions the unfolding procedure was also explicitly checked and
found to be in agreement between the two analyses. This level of agreement
was found to be satisfactory to rule out any possible issues in the analysis
and the complex correction procedures used.
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4.5 Systematic uncertainties

The effect of the dominant systematic uncertainties is also checked in Analysis-
II. The estimated systematic uncertainties for Analysis-I and Analysis-II are
plotted in figure 4.9 and the good agreement between the two is shown.

4.5.1 Systematic Uncertainties on the ng, distribution

The systematic uncertainties checked on the ny, distribution are the tracking
efficiency and detector material uncertainty. Both systematic uncertainties
are taken as inputs from dedicated tracking studies and used directly. The
exact same distributions are also used by the primary analysis. The system-
atic uncertainties evaluation is done using a toy MC to remove tracks from
the distribution to simulate the tracking efficiency when systematic effects
are taken into account. The resulting distribution from this procedure is
then put through the unfolding to produce a new distribution, the difference
to the nominal distribution is taken as a systematic uncertainty. For the
total number of events Ne, the same systematic uncertainties are checked,
but the only contribution comes from events that might leave the analysis
phase space due to systematic variations. The total effect on Ny is at 0.3%.

4.5.2 pr systematic uncertainties

For the pp distribution, the effect of the mis-measurement of track pr is
checked. This applies to tracks with pr > 10 GeV. The estimation is per-
formed by scaling the number of mis-measured tracks in MC to match the
number found in data, which is known to be higher. The resulting distribu-
tion is then put through the unfolding procedure and the difference found
to the nominal distribution is evaluated as a systematic uncertainty. The
results are found to be compatible between the two analyses.

Additionally, the effect of the p resolution systematic is evaluated by
introducing a Gaussian smearing to the track pr in MC and taking this
modified distribution through the unfolding procedure. Any differences to
the final distribution are taken as a systematic uncertainty.

For the two unfolding procedures there is an additional systematic uncer-
tainty related to the amount of non-closure observed, i.e. the disagreement
between the true MC spectrum and the unfolded result of the observed pr
spectrum. The difference is used as a systematic uncertainty. One possible
cause of the observed non-closure is that the unfolding of ng, and pr distri-
butions is done separately, not taking into account correlations between the
two.
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Figure 4.9: Comparison of the systematic uncertainties as estimated by Analysis-I
and Analysis-II. Shown are the track multiplicity systematic uncertainties (left) and
track pr systematic uncertainties (right). The errors in the two analyses agree to
better than 5%.

4.6 Results

Based on the results of the analysis a new tune was produced for Pythia
6, named the AMBTSI1 tune [24]. This is a best fit of the Pythia 6 soft
QCD parameters to the ATLAS data. The final results of the analysis can
be found in figure 4.10, showing the distributions as well as a comparison to
various generators and tunes, to check how they perform. In particular the
AMBTS1 tune is also shown.

4.7 Minimum bias energy evolution

At the time of the minimum bias analysis the LHC had runs at CoM energies
of 900 GeV, 2.36 TeV and 7 TeV. By analysing data at each of these energies it
is possible to determine the evolution of Minimum Bias physics as a function
of CoM energy. The evolution of the track multiplicity per unit n is shown
in figure 4.11 for the central region, n = 0. The ATLAS AMBT1 tune is
successful in describing the looser pt > 500 MeV phase spaces, but cannot
adequately describe the evolution for the most inclusive pt > 100 MeV phase
space. The looser phase spaces are adequately described by most considered
tunes, though Phojet [25] and the Pythia 6 DW tune perform considerably
worse, as shown in figure 4.11.

4.8 Conclusions

For the primary phase-space of the 7 TeV minimum bias analysis a full cross-
check of the analysis procedure was carried out, showing very good agreement
with the results produced by the primary analysis. This covered both the in-
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Figure 4.10: The final distributions produced by the analysis at particle level.
Shown are the distributions along with the total error on the distribution. For
comparison, also shown are the distributions that are predicted by various genera-
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put and basic selection as well as corrections and determination of systematic
uncertainties.
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Chapter 5

Supersymmetry

5.1 Motivation

SUSY is an additional symmetry imposed on top of the SM, which helps
avoid various problems present in the model [26]. It provides a solution to
the hierarchy problem [27], the problem of Dark Matter (DM) in certain
models |28, 29| as well as a way for the gauge couplings to unite [30]. The
theory also features rich phenomenology at the center of mass energy of the
LHC.

Due to these attractive features of the theory there is a large effort to
find evidence in support of SUSY or to exclude parts of its parameter space
using LHC data. One such ATLAS analysis is presented here. In many
SUSY models taus are of particular interest as a signature. At the energy
scale of the LHC, the production of taus can be significantly boosted with
respect to the lighter lepton generations. Analyses targeting final states
with taus provide an opportunity to look into such parts of the parameter
space specifically. The tau based analysis presented here is interpreted in
the context of the Gauge Mediated Symmetry Breaking (GMSB) model in
particular, where such regions of parameter space are present.

5.2 SUSY models

The minimal model of SUSY with the most general parametrisation of sym-
metry breaking is the Minimal Supersymmetric Standard Model (MSSM).
The model is minimal in the sense that there is only one set of superpartners
for the SM particles. While SUSY in itself does only add few parameters
to the SM, the symmetry breaking mechanism is not constrained. Including
all possible breaking mechanisms in the model leads to 120 free parameters,
making it unwieldy for experimental studies and phenomenology. To create
more manageable models the symmetry breaking is constrained to one mech-
anism and some assumptions are made about the physics at the symmetry

o7
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Table 5.1: The parameters ranges of the GMSB grid studied in the analysis.

Parameter ‘ A tan 8 Myess N5 cgrav  SEOU
Value | 10-80GeV 2-50 250GeV 3 1 +

breaking scale, e.g. assumptions about the masses of sparticles.

One such model, investigated in the context of this analysis, is the GMSB
model [31, 32, 33, 34, 35, 36]. The choice of symmetry breaking mechanism,
as implied by the name, is gauge mediation and the Lightest Supersymmetric
Particle (LSP) in this model is the gravitino (G). In gauge mediation it is
assumed that symmetry breaking occurs in a hidden sector, i.e. through
particles not interacting with the SM particles, and the symmetry breaking
is communicated to the MSSM sparticles via gauge interactions at loop level.
The parameter space consists of six free parameters:

Miness: the mass of the messenger field that mediates symmetry breaking,
A: the effective scale at which symmetry breaking occurs,

N5: the number of SU(5) multiplets involved in symmetry breaking,
Cgrav: the coupling to gravity, which influences the mass of the gravitino,

tan 5: the ratio between the Vacuum Expectation Values (VEVs) of the
two Higgs doublets and

sgn p: the sign of the Higgsino mass parameter, pu.

The first four of these parameters deal with the symmetry breaking mech-
anism and the last two are for the Higgs sector. The parameter A gives the
overall mass scale of sparticles. The N5 parameter affects the masses of the
sparticles, with gauginos scaling linearly and scalars scaling as v/N5. Of par-
ticular importance is the tan 8 parameter, influencing which sparticle is the
Next-to-Lightest Supersymmetric Particle (NLSP). Three NLSPs are possi-
ble in the parameter space looked at by the analysis; the lighter stau, the
right-handed sleptons or all three being degenerate in mass. In the last case
they all effectively act as NLSP; this is referred to as the coNLSP region. As
it looks at final states with taus, this analysis is most sensitive in the stau
region. A further region is present, for low A, where the lightest neutralino
is the NLSP; however this region is already excluded by OPAL [37].

The parameter ranges for the GMSB grid used in this study are motivated
by a study of the ATLAS discovery potential for the GMSB model [38] and
can be found in table 5.1.

The splitting of masses between the up and down type quarks is driven
by the tan 8 parameter, regardless of the specific model discussed. This
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splitting is driven by electroweak symmetry breaking and is often called
the “hyperfine” splitting. At large values of tan § the lightest stau mass
is significantly pushed down. In the case of third generation squarks and
sleptons the left- and right-handed helicity states are mixed, with larger
values of tan g leading to stronger mixing between them. A typical mass
spectrum of supersymmetric particles is shown in figure 5.2.

A very common symmetry added in addition to SUSY is R-parity. This
is an additional discrete symmetry, conceptually similar to parity, that is
even for SM particles and odd for SUSY particles. This results in sparticles
always being produced in pairs, as well as requiring that a sparticle always
decays to other sparticles and possibly SM particles. This symmetry, while
ad-hoc, has the very important consequence of preventing proton decay from
SUSY processes, as well as making the LSP a dark matter candidate, as it
is stable.

5.3 Production And Decay Modes

In models where R-parity is conserved sparticles must be produced in pairs.
At the LHC the dominant mode is expected to be the so-called strong pro-
duction, where pairs of gluinos or squarks are produced, due to the strong
couplings of the colliding partons. An example of such a process is shown
in figure 5.1. Weak production modes, direct production of neutralinos or
sleptons, are also present though with lower cross-sections.

Figure 5.1: An example cascade decay chain in the GMSB model, with strongly
produced sparticles and taus in the final state. The chain ends with a decay to
gravitino.

The gluinos can only decay into squarks and do so via strong couplings.
If kinematically allowed, the preferred decay mode for squarks is via gluino,
otherwise they decay via weak couplings into neutralinos or charginos. All
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of these decay modes result in the production of jets. The large mass differ-
ence between the strongly interacting sparticles and the weakly interacting
gauginos and neutralinos means these jets have high energy, see figure 5.2.
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Figure 5.2: The sparticle spectrum of an example GMSB model used, A = 50 GeV,
tan 8 = 20 and other parameters at My,ess = 250 GeV, N5 = 3, cgrav = 1, sgn pt = +.
In columns from left to right; Higgses, sleptons, gauginos and squarks/gluinos. Plots
produced using the PySLHA [39] python package. The gravitino mass is of the order
of eV and is not shown on the plot.

Charginos and neutralinos decay weakly into sleptons or lighter neutrali-
nos until the LSP is reached. The decays of the sleptons typically take place
via decay into neutralinos where such decays are kinematically allowed. In
this part of the decay chain the production of leptons and gauge bosons is
possible, depending on the sparticle mass hierarchy of the model.

Finally, since the LSP of GMSB models is the gravitino, all decays to the
LSP happen through gravitational coupling. As this is far smaller than the
SM couplings all branching ratios for decay to LSP are small, except for the
NLSP where no other decay channels are open.

5.4 Monte Carlo Samples

The MC samples used in the analysis were produced centrally by the ATLAS
collaboration. They form a set of all backgrounds that are expected to
contribute in the Signal Region (SR).

Top

For top production both ¢t and single top production processes are consid-
ered. All primary samples are generated by the MC@NLO [40]| generator with
HERWIG [41] showers, except for the t-channel single top production where
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the AcerMC [42]| generator is used with Pythia [43] showers. The alternative
generator for the t-channel is due to problems with unphysical jets from the
HERWIG showers. A summary of the samples used can be found in table A.1.

An alternative set of samples generated with AcerMC is used to evaluate
generator effects on the background estimate.

W + jets and Z + jets

For W + jets and Z + jets the samples used cover decays into leptons with a
separate sample for decay into each lepton flavour. Additionally, the sam-
ples are split based on the number of additional associated partons produced,
covering all cases from no partons to up to six partons. The samples are pro-
duced using Alpgen [44] to generate the process and Jimmy [45] for showering.

A summary of all the samples used can be found in table A.2 for W + jets
and table A.3 for Z + jets.

Finally, contributions from Drell-Yan processes are also evaluated using
the samples shown in table A.6, also procuced using Alpgen and Jimmy, and
as their contribution is relatively small it is estimated directly from MC.

QCD

QCD samples are produced through the Pythia generator. The details of
these samples can be found in table A.5. The samples are broken down
by the energy range of the produced jets. E%‘iss in such events is due to
instrumental effects in jet reconstruction.

Dibosons

One final contribution that is checked is the contribution from diboson pro-
duction. This contribution is taken as is from simulated data and is produced
using the MCONLO generator. The details of the samples used can be found
in table A.4.

Signal samples

The signal samples used can be found in table A.7 and cover a grid in the
GMSB parameter space spanned by the parameters tan 8 and A. A model
grid refers to a set of model points where each point corresponds to a certain
set of parameter values. A separate sample is produced for each model point.
The values of the parameters used in the grid can be found in table 5.1.
The sparticle mass spectra are produced using ISAJET [46] while the events
themselves are produced using the HERWIG generator. The sample for each
point in the grid contains 10k events.
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5.5 Analysis channels

The analysis presented here is one of four channels in a common analysis.
This analysis looks at final states with exactly one tau, high pr jets and high
Emiss (referred to as the “one-tau” analysis. One further analysis channel
looks at final states with two taus, high pr jets and high EXS (“two-tau”).
Finally, two analysis channels look at states with a tau and a muon (“tau
+ muon”) or a tau and an electron (“tau + electron”). The result of these
four channels are combined in the end to produce one common result for the
entire analysis. What follows is the description of the procedures and results
from the one-tau channel as well as the final statistical combination with the
other three channels.

5.6 Event selection

The analysis uses the full 4.7 fb=! 7 TeV CoM dataset from 2011. Events with
sparticle production are characterized by a high E%‘iss7 originating from the
undetected heavy LSP, and associated high-pt jets. The analysis therefore
uses data from the JetTauEtMiss stream, which contains events triggered
by Effmss, jet and tau signatures.

Trigger selection on 2011 collision data

The trigger chain EF_j75_a4tc_EFFS_xe45_loose_noMu is required to have
fired for data taking periods B2-I (i.e. run numbers < 186493), recording
events with at least one jet above 75GeV and E%liss above 45 GeV. For
periods J-M the E%ﬁss threshold has been raised to 55 GeV, represented
by the trigger chain EF_j75_a4tc_EFFS_xe55_noMu. In both cases these
were unprescaled triggers with the lowest available pt and EEFiSS thresholds.
An explanation of these triggers can be found in section 2.7. The trigger
requirement is only applied to data.

One of the background estimation techniques, the correction of the rate
of the Z + jets background events, studies identified Z decays to muons, and
for that purpose uses the muon stream with the trigger EF_mu15_mul0_EFFS
for periods B2-I, and EF_mul5_mulO_EFFS_medium thereafter.

Baseline event selection

The analysis baseline event selection is to select only events which are suit-
able for the analysis. This means passing trigger requirements, data quality
requirements and a selection of the physics objects required by the analysis.
The physics objects referred to here are defined in section 2.6. The baseline
event selection involves the following steps in the order given:
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A preselection of data from the GRL rejects p—p collision data with
problematic detector conditions, in the way described in section 3.3. It
ensures that only well reconstructed physics objects enter the analysis.

For certain events the LAr calorimeter reports an error condition. Such
error conditions act on single events only and do not compromise the
whole LB or run. The luminosity calculation accounts for these and
about 0.28% of the total integrated luminosity is lost after this selec-
tion.

Select events with a primary vertex with at least four associated tracks.
This ensures that a hard process took place in the event.

While the trigger requirements apply only to data, kinematic selections
are imposed to jet pr and EITniss in both data and MC events. At least
two jets must be selected, one with pt > 130 GeV and a second with
pr > 30GeV, as well as EXS > 130 GeV. This selection means only
events in the trigger plateau region are selected, where the trigger
efficiency is close to 100%, see figure 5.3. For data taking periods L-M
the last selection is raised to EXS > 150 GeV.

A veto for events containing muons or electrons is applied.

Finally, events pass the selection if a tau-lepton is reconstructed with
pr > 20GeV and being identified as a tau, using the “tight” jet re-
jection requirements and “tight” electron rejection requirements [14].
The presence of additional “loose” tau candidates disqualifies the event
from selection.

A veto of events where “bad” jets are found after overlap removal.
These are jets which originate from beam background or detector ef-
fects and jets which have mismeasured energy. Additionally, events
where jets or taus received large corrections due to the LAr hole treat-
ment are rejected. The procedure is described in detail in [47].

The rejection of events with an additional tau candidate or events that
contain muon or electron candidates ensures that the one-tau analysis chan-
nel is orthogonal to the two tau and tau plus muon/electron channels, mak-
ing it possible to statistically combine the results of all four channels in a
straightforward manner.

Background rejection and signal selection

After the events pass the trigger and baseline event selection, the following
additional selections are applied to reject as much of the background as
possible, while preserving the signal:
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Figure 5.3: The efficiency of the trigger for the 2011 run as a function of Eiss
versus jet pr. Of note is the plateau region, where the trigger efficiency becomes
uniform; this trigger achieves almost 100% efficiency there.

o Admin > 0.3,
o EIISS /mog > 0.3,
e mp > 110 GeV,

o Hp > 775GeV.

These variables are introduced in section 2.6 and define the used SR in
which the SUSY signal looked at is enhanced compared to background. This
region is kept blind (i.e. the data in this region are not looked at) until
the background estimation is finalised. This is done to avoid biasing the
selection by looking at the data, which are subject to statistical fluctuations.
This makes the background estimation even more crucial, as there is no
comparison between data and MC in the SR until the final results are ready
to be produced.

The first two selections are designed to reject QCD background. The mr
selection is designed to remove backgrounds containing a W boson decay-
ing to a tau and a neutrino, which is the dominant non-QCD background
in this analysis. The Hr selection is designed to suppress the remaining
backgrounds, primarily W -+ jets, top, Z — vv and dibosons.

The Hrt selection value is chosen by optimising the expected exclusion
limit in the GMSB grid. This is done by varying the value of the Ht cut
and calculating the expected limit on the model cross section for the GMSB
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points with cross section 0.05pb < ¢ < 0.5pb. Model points with cross
sections in this range are close to the expected exclusion reach. The GMSB
points used for the optimisation are listed in table 5.2. Figure 5.4 shows the
optimisation results, yielding an optimal selection of Hp > 775 GeV.
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Figure 5.4: Optimisation of the Hr selection to define the signal region of the one-
tau analysis. The y-axis shows the cross section which can be excluded at 95% CLg
relative to the cross section of the tested GMSB models, averaged over all models
listed in table 5.2.

5.7 Control regions

In order to minimise the effect of uncertainties on the background estimation
the number of events in each of the dominant background contributions is
normalised to data. To do this Control Regions (CRs) are defined where
each background component is enhanced. The techniques used to normalise
each background source are outlined in section 5.8.

5.7.1 W + jets and top

The CRs for the W + jets and top backgrounds are defined by the baseline
selection requirements, see section 5.6, and an additional selection on mt <
80 GeV, to keep only taus coming from W decays. Separation between top
and W + jets is achieved via b-tagging. Events with b-tagged jets form the
top CR and all others the W + jets CR.. This criterion is effective in classifying
these two contributions as shown in figure 5.6.

As the kinematics and simulation of fake taus is different from true
taus (fake taus are typically misidentified jets) a second set of CRs is used
to get Scale Factors (SFs) for processes involving fake taus. The region with
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Sample A [TeV| tanf o [pb] Sample A [TeV] tanf o |pb]

137934 40 2 0.39 142573 45 25 0.22
137935 40 5 0.42 142574 45 30 0.22
137936 40 10 0.43 142575 45 35 0.23
137937 40 15 0.43 142576 45 40 0.26
137938 40 20 0.44 137944 50 2 0.09
137939 40 25 0.44 137945 50 5 0.11
137940 40 30 0.45 137946 50 10 0.11
137941 40 36 0.48 137947 50 15 0.11
142568 45 2 0.18 137948 50 20 0.11
142569 45 5 0.21 137949 50 30 0.12
142570 45 10 0.21 137950 50 40 0.13
142571 45 15 0.21 137951 50 50 0.25
142572 45 20 0.22 137959 60 50 0.06

Table 5.2: GMSB points that are included in the optimisation of the Hr selection
for the one-tau analysis.

80 GeV < mT < 110 GeV is used. An additional selection on Ht < 775 GeV
is made to ensure separation with the SR.

These CRs are summarised in figure 5.5, showing the separation between
them and the SR.

5.7.2 7+ jets

In the case of the Z + jets estimation the SF is derived using Z — pup pro-
cesses as well as data using di-muon triggers to normalise the MC to data.
In defining this region a requirement is placed for two muons which have
invariant mass within the Z mass window 66 GeV < M (ut, ™) < 116 GeV.
These muons are required to pass the baseline SUSY muon identification
criteria.

5.8 Background estimation

The two primary backgrounds for this study are the W + jets and top pro-
duction. These form a big contribution both because of their high cross-
section but also due to the decay of Ws into neutrinos, giving a real Efrniss
contribution.

The Z + jets background is also important in the study, particularly the
decays Z — vv + jets, where one of the jets is misidentified as a tau and
the neutrinos provide the Er’f}iss signature. This background contribution is
estimated in the Z+ jet CR

Multijet processes do not contribute much in the SR but need to be
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Figure 5.5: Plot of the defined CRs and SR for the analysis in the m1 and Hr
space. A mr selection splits the regions into true and fake tau dominated, while
a Hr selection separates them from the SR. The CRs can be further split into W
and top dominated, based on the b-tagged jet multiplicity in the event.

estimated as the uncertainty on the contamination is very large if MC is
used alone. Diboson production and Drell-Yan processes are also considered,
though of lesser importance in the final signal region.

5.8.1 Top background with a true tau estimate

In the case of the top background with true taus, the background estimation
is done through a template fit. The variable used to split between the top
and the W backgrounds is the number of b-tagged jets in the event, which is
larger in the case of top, due to the t — W= b¥. Templates of the number
of b-tagged jets are produced from MC for top processes (¢t and single top
production) and a combined template for the other backgrounds using events
from the true tau CR. Figure 5.6 shows plots of the templates used. These
templates are then fitted to the b-tagged jet multiplicity from data events in
the true tau CR. The fit results in a fraction of data events accounted for by
each template, the resulting fit is shown in figure 5.7. The total number of
events in the CR is then constrained by the data and the data/MC fraction
gives the total number of events from top, from which a SF can be computed
to correct the MC estimate for top. the fraction to all other events is not
used further.
From the fit a SF of
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Figure 5.7: The multiplicity of b-tagged jets in data along with the final fit of the
contributions from top and other sources.
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Region Scale Factor (w{tn®)
[ <038 1.46 = 0.08
0.8 < |y <16 1.35 +0.13
1.6 < |n] 1.60 £ 0.25

Table 5.3: The true tau top SF obtained for the different regions in 7.

wion® = 1.39 4 0,083 F{0% s
is found.

To cross-check the stability of the method the process is repeated also
using different slices of 1 and computing the SF in each slice. The results
of this check are shown in table 5.3 and good agreement is found, within
statistical uncertainties.

5.8.2 W + jets background with a true tau estimate

The W + jets background estimation uses the asymmetry in the charge of
Ws produced in LHC. This asymmerty arises due to the p-p collisions in the
LHC. As the colliding protons consist of two up and one anti-down valence
quarks the production of W through an up and anti-down quark interaction
is more likely than W~ through down and anti-up; as in the former case one
of the quarks can be a valence quark. This particular effect is only visible for
W production. The production of top quarks is mainly in pairs, thus no such
effect is present. This means that it is possible to estimate the W content
in data by measuring this charge asymmetry. The final SF is determined by
finding the value which results in identical asymmetry in data and MC.

First the ratio of positive to negative taus, ryc, needs to be etracted
in the W true tau CR from W + jets and WZ MC. These MC samples are
used as these are the ones that contribute to this measurement. Additional
contributions can come from single top production but this is a much smaller
effect. With this ratio and the number of positively and negatively charged
W candidate events from data, DT and D~ respectively, the number of true
Ws can be estimated as:

_ _rvac+1 _
Nw =Ny, + Nyy = ——— (DT =D . 5.1
w w MO — 1 ( ) ( )
Contributions due to fake taus are naturally suppressed, since fake taus
do not have a particular preference towards a certain charge, meaning that
they cancel out once the subtraction is carried out.
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The value of ryc seen in W + jets and WZ MC events in the W /top CR
is:

rvc = 2.15+£0.05
In the same CR from data:
DT — D™ =502.

These result in a SF for the true W contribution of:

Wit = 0.75 £ 0.045%* £ 0.03%*

5.8.3 Combined top and W estimation

For these two backgrounds a combined method is also considered, relying
on the information about true and fake taus of the background categories
in the two CRs. The SFs for true and fake taus are kept separate since
these come from different sources (fake taus are typically misidentified jets),
meaning that any possible mismodelling of the two in MC can be different.
This results in four input variables and four variables to estimate the scale
factors required to make the MC estimates match the data in the two CRs.
This method of estimation is commonly referred to as the “matrix method”.

WT1 NWTl NWTl NWTl true NWTl _ A WT1

W true W fake top,true top,fake Wiy dat Oth.MC

W2 — gWI2  yWI2  nyWi2 iake NWT2 _ w2

WIS VWIS yWis o Wi e | =] AW _ W
true -

W true NVV fake Ntop,true Nto Jfake Wto Ndata - NOth.MC

WT4  NyWT4  yWT4  \yWT4 iake NWT4 _ A WT4

W . true W, fake top,true top,fake top data Oth.MC

In order to correct for other contributions all MC samples that are not con-
tributing to the estimated quantities are subtracted from MC. Where appli-
cable SF's are applied to the MC estimates.

This allows us to estimate the vector &, which contains the SFs for each
CR with true and fake taus, by inverting the matrix.

wirne 0.91 + 0.035%2¢ 4 .05
wigke | | 0.32£0.28%a 4 0175 5 9
witte | | 1.3240.105%2F 4 0,139 ‘ (5:2)
wiae 1.92 + 0.415%% 4 022595t

This method provides a cross-check of the true tau W and top SF. In
the case of the top the two results are in agreement within statistical uncer-
tainties. As this is not the case for the true tau W the difference between
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Figure 5.8: The scale factors obtained via the matrix method for the W + jets and
top true and fake tau contributions. The distributions are obtained using toy MCs.

the two SFs is taken as an additional systematic uncertainty. For the fake
tau SFs this is the only determination done. The error in the number of
events in each region is also taken into account using toy MC. The output
distributions where these uncertainties are taken into acount are shown in
figure 5.8.

5.8.4 Z+ jets

The presence of Z + jets as one of the backgrounds in the SR is also estimated
from a data-driven technique. First it is studied that the main contribution of
Z + jets to the signal region actually comes from events where the Z decays to
a pair of neutrinos and contributes fully to the observed Effmss. However, Z —
v decays can not be studied directly with high purity. Also, while Z + jets
production with the Z boson decaying to ee or pup has been measured by
ATLAS, this analysis operates in a more extreme kinematic regime compared
to the ATLAS results, so these can not be directly applied either. The
7 + jets contribution is therefore estimated from the data by measuring the
data/MC ratio from Z — pp decays in a dedicated CR and scaling the
number of all Z + jets events from MC in the SR with that factor.

Data,CR
Data,SR __ ~»MC,SR“ptu~
Z =27,, —ceR (5.3)
40
ptp
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Sensitivity to Z — vv decays is emulated by using a modified E%liss* in
the analysis where the transverse momenta of muons from the Z decay are
made part of the missing energy vector:

B = [ (B + By + B | (5.4)

For simplicity, in this analysis only the u™ = channel is considered. The
baseline event selection of section 5.6 is substantially altered to obtain a high
statistics Z + jets control sample.

The selection starts from the Muon stream instead of JetTauEtMiss and
requires the trigger: EF_mul5_mulO_EFFS for data taking periods B2-1 and
EF_mul5_mulO0_EFFS_medium for periods J-M. After GRL and vertex re-
quirements it selects only events with two opposite signed isolated muons
with |n] < 2.4, pr > 20GeV and with invariant mass within the range
66 GeV < M(ut,pn~) < 116 GeV. To make the CR signal-like at least 2
jets are required with pr(jet;) > 130GeV and pr(jety) > 30GeV and a
high “missing” transverse energy E%‘iss* > 130 GeV (150 GeV for data tak-
ing periods L-M, to account for the different trigger plateau requirements).
Figure 5.9 shows the data and MC contributions to the CR as function of
the dimuon invariant mass for two different muon pp selections. The MC
predicts a very high Z purity but overestimates the number of events in the
7+ jets control sample. A SF of 0.81 + 0.01 is derived from these studies.
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Figure 5.9: Di-muon invariant mass distribution for events from the Z + jets CR.
The difference in numbers of event between data and MC gives rise to a scale factor.
The right distribution tests the agreement for a more stringent requirement on the
7 decay muons of pp > 40 GeV.

5.8.5 QCD estimation

The method used for QCD estimation is the so-called ABCD method, which
allows a data-driven estimate of a background rate. Events are selected by
a pair of cuts in a plane of two uncorrelated variables, such that both of the
selections enhance the signal-to-background ratio.
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Scaling | One-tau Two-Tau  Tau + Muon Tau + Electron
woe | 0.75£0.04  0.74 4+ 0.02 - -
wh o | 1.394£0.08 1.1740.03 - -
wh ] 0814£0.01 0.9640.38 - -
wf\;\i(e 0.32+£0.28 0.654+0.32 0.5840.02 0.61 £0.01

Whge | 1924041 0894023 0.84+0.16  0.84+0.14

Table 5.4: Comparison of the scale factors for W + jets, Z -+ jets and top background
contributions derived by the different analyses.

Extra Loose 7 Nominal 7
A¢min < 0.3 | Control region A Control region B
A¢min > 0.3 | Control region C  Signal region D

Table 5.5: Definitions of QCD regions used in the ABCD method for the one-tau
analysis.

The two variables used here are the tau identification tightness and A@min
so that an event sample with high QCD contamination is separated into four
regions, these are shown in table 5.5. Figure 5.10 shows a scatterplot of
the tau BDT score against Agmin for QCD MC after the mf selection,
but skipping the QCD suppressing selection and final Ht selection. In
this definition the regions A, B and C are QCD enriched with small signal
contamination. Using the number of events in these regions it is possible
to estimate the number of QCD events in region D. The tau identification
becomes a background discriminator variable by adding an “extra loose tau”
working point to the already defined nominal tau definition from section 2.6.
An extra loose tau candidate has the nominal tau ID selection with the
exception of the BDT identification; if the event features several such taus,

min (& @ (et, MET) )

Figure 5.10: Plot of the variables used to define the ABCD regions and before the
final Hr selection in the one-tau analysis for QCD MC. The two variables should
be independent of each other in order for the ABCD method to work.
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one of them is picked at random. An extra loose tau candidate is only picked
as long as it does not overlap with the two leading jets in the event. These
extra loose tau candidates are then used in place of the nominal taus in
the event selection. The sample is split into events where an extra loose
tau is identified but would not pass the nominal tau definition and events
passing only the tighter nominal tau identification. The variable A¢piy, 1S
sensitive to events where Efrniss originates largely from a single mis-measured
jet instead of a real undetected particle.

Event selection for the ABCD method
The baseline event selection from section 5.6 is applied. To improve the sta-
tistical power of the method the E%ﬁss /meg selection and the final selection
on Hv is not applied. An additional selection on EIT]rliss /meg < 0.3 is made
for region C, in order to reduce the non-QCD contamination, making the
method less affected by uncertainties in non-QCD SF's.

A significant contamination from non-QCD events is observed in all CRs
except for region A, as shown in figure 5.11.

2 T :
& 10 1TABCD ® data
@ [l QCD
10° I Ldt=471" B Top
N Z +jets
10° W + jets
4 di-bosons
0 uncertainty

Data / Prediction

ONBODNRDON

0000 kRri
© —e—

ABCD

Figure 5.11: Summary of background composition in the four samples defined by
extra loose/nominal tau ID and the A¢p,, selection for the ABCD method.

Figures 5.12 and 5.13 show the Ht and E%liss /meg distributions in re-
gions A-C.

Separating backgrounds inside the ABCD method

Other non-QCD backgrounds contribute to the observed number of events
in the CRs A—C region, this effect needs to be corrected. Two methods are
studied for this correction, labelled subtraction method and likelihood method.
Details of these methods are presented in what follows.



5.8 Background estimation

75

32200:””le‘”"‘AH.“d‘tHH:% S A
O 2000F Tregion ata 4 & 800F Tregion ata 3
©1800F 1 - ch 39 . I QCD 3
> 1800F ILdt:4.7fb I Top 1 Y 700F ILdt:4.7fb B Top -
16001 Emz+jets 4 G o oF Emz+jets A
P E 4 W+jets 1 € E Z W +jets
£ 1400 2 5 di-hosons 3 2 s00f- % di-bosons
& 1200 7 .47 72 uncertainty E % Y uncertainty
1000 "k ER S 3
800F R E
600 = F B
E E 200 E
400 E E E
200F- 3 100> . 3
0: | 3 C: A ren L e L e o]
k] 6 N k] 8
g 12 bt e e 423} 3 }»“E
g e FHUE T8 SR A € THC ) P J0 000 £ 9 1 ki g 13
T P30 PURSIVARNE A5 7 740 b 40 WA SR K1 SR KR T [T |
S 0 AT S . ¥ s 5 i
g 0 o #t t--44t] g 06E ! e
B g USHIIERI S r
% 500 1000 1500 2000 250 % 500 1000 1500 2000 250
HT [GeV] HT [GeV]
(a) A (b) B
> — 7
3 E ltregionC @ data E
S 600 B QCD =
o E I Ldt=4.7f0" [l Top 3
© 500 EmZ+jets
E C z Z W + jets 7
S 400~ ZZ di-bosons
Li C é 7/ uncertainty o
300~ 77 3
200F =
100f =
C:w | o—L A:
2 T T T T
s 1 T4
8 1 L 1]
© 14
g 14 (. S [l £ 3
£ B A SR & S S |4
< T+ O = 3
s o (LA A . . T
i t 1 ~
8 o2
% 500 1000 1500 2000 250
HT [GeV]
(c) C

Figure 5.12: meg distributions in regions A, B and C for the one-tau analysis,
showing good agreement between data and MC, in the areas where it is possible to
compare. Certain bins have large statistical unertainties due to the high weight of
the events contributing to them.
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Figure 5.13: EX /meg distributions in regions A, B and C for the one-tau analysis,
showing good agreement between data and MC, in the areas where it is possible to
compare. Certain bins have large statistical unertainties due to the high weight of
the events contributing to them.
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e The subtraction method is a simple subtraction of the non-QCD MC
from the data in the regions A-C, using the scale factors obtained for
the top and vector boson backgrounds from the data-driven methods
in the following sections. Scale factors for true and fake non-QCD
contributions are dependent on the tau ID. The influence of the un-
certainty of the SFs on the method is estimated by scaling the extra
loose tau region and not applying the SFs to this region, and adding
the difference of the results as an additional systematic uncertainty of
the method.

e The other way incorporates the non-QCD background by additional
terms in a likelihood function method. This way is more robust if the
amount of background to be subtracted is comparable to the number
of events observed in one or more of the regions.

Subtraction method as part of background treatment in the ABCD
method
The subtraction

QCD* __ ardata non—QCD
NA,B,C — NA7B’C - NA,B,C (5-5)

allows the number of QCD events in the signal region D, for EEFiSS Mg <
0.3, to be estimated by

QCD* N§CD* QCD*
NS = e NG (5.6)
A

To get the number of estimated QCD events in the signal region used in
the real event selection this number has to be scaled by the ratio of events
with ER /meg < 0.3 and the final selection on Hy and ERS /meg > 0.3.
This ratio may be taken from the QCD-dominated region A, provided that
these variables are independent of tau ID and A¢uni,. This yields NSCD* =

stat : : ; QCD* _
99+1.0 and in the final signal region ND7 BRI fmor >0.3 & Hp>775GeV —

NéQRC D = 0.13 £ 0.035%8 when the W, Z and top background scale factors
are not yet applied to the regions A and C (extra loose tau). This result is
consistent with the ratios from the other QCD-enriched regions, the statisti-
cally limited regions B (only one event passes ER /meqg > 0.3) and C. It is
also consistent with result obtained when varying the tau definition, by us-
ing BDT “loose” taus as well as an even looser tau definition (tau candidates
with basic kinematic selection, and charge < |3] and nTracks < |6] with and
without lepton vetoes, here labelled “extra loose”).

The final QCD estimate is calculated from the extra loose regions, where
non-QCD contributions have been scaled using the SFs obtained in sec-
tions 5.8.1-5.8.4. These include the W, Z and top SFs found in table 5.4,
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as found by the other background estimation methods in the analysis. This
yields NéQRC D" = 0.174£0.045%¢, The difference between the two numbers are
taken as an additional systematic uncertainty on the method. Figure 5.14
shows the numbers of estimated QCD events in the SR from this method for
different values of QCD reducing selections on A¢mi, and E%liss /Mt -
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Figure 5.14: Shows number of QCD events estimated from the ABCD subtraction
method in the final SR for different selection values on A¢,i, and E%“SS /Mt -

Likelihood method as part of background treatment in the ABCD
method

The background correction via likelihood function works as follows: the pre-
dicted rates for the non-QCD background components are denoted here by
,u%%f g ¢ and are taken from MC with appropriate SFs applied, given in table
5.4 (no scaling of extra loose taus). A possible signal contribution in region
D is denoted by u. The signal leakage into the other regions is expressed in
terms of ua B,c and a signal acceptance factor into this region taken from
MC in a sample GMSB signal. Then there is the “unknown” QCD back-
ground which is completely data driven. Denoting the component in the
search region D as uQCP | we describe the ABCD-relation between the other
three components with two additional nuisance parameters 75 and 7¢. The
estimated rates in the 4 regions are thus described by:

pa = pa+ ¥+ p P rpre

pe = e+ + Py

pe = po+pg? +u %o
nQCD QCD

pup = p+pp A+ p
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The likelihood function is the product of the four likelihoods for the counting
experiments in the four regions:
— i g
L(na,np,nc, ”D‘/% Ou) = Hi:A,B,c,D eTfL
The maximum likelihood fit to data yields pQCP = 9.941.0. This yields
an estimate of 0.13 £ 0.03 events in the region with E%‘iss /meg > 0.3 and
Hrt > 775 GeV using the ratio of events in region A as for the subtraction
method and no scaling of the extra loose tau region. This is the same result
as the one obtained from the subtraction approach, which shows that the
simple treatment (by subtraction) has already been robust.

5.9 Events in SR after selection

The number of events after each selection, as outlined in section 5.6, for the
SM backgrounds is shown in table 5.7, where the SFs obtained in section 5.8
have been applied. For comparison between MC and data the total sum of
the MC output is compared to data at each step in the cutflow, shown in
table 5.6.

After cut SM Data
7 (no overlap 2 7) | 3656 +256 3751
A¢min > 0.3 3028 £120 3370
Efrniss/meff > 0.3 2441+£99 2673
mp > 110 GeV 178 + 22 184
Hr > 775 GeV 1.31 £0.37 4

Table 5.6: Cut-flow for the kinematic selections defining the SR of the one-tau
analysis after the baseline selection. Shown errors are statistical only. The sum of
all Standard Model background processes is compared to the data. The value of
1.31 + 0.37 expected events is composed of the predicted events from the corrected
top quark, W + jets and Z + jets MC and the events for QCD background estimated
from the data.

After cut Top W + jets 7 + jets Di-boson QCD Drell-Yan
1 7 (no overlap 2 7) 890 + 55 2045 £ 114 243 £15 9.0+ 1.0 456+222 4.1+1.2
Apmin > 0.3 834 + 50 1951 £107 205+ 14 7.8+0.9 28 £10 22409
E%iss/mcﬁ > 0.3 680 + 41 1593 £ 89 157+ 13 5.8+ 0.6 3.7+£3.6 1.5£0.8
mip > 110 GeV 90 + 14 34+15 52£8 1.5+0.3 <3.5 < 0.36
Hp > 775 GeV 0.61+0.25 0.30£0.16 0.22+0.22 <0.05 0.17+£0.04 < 0.36

Table 5.7: Number of events after each step in the kinematic selection defining
the SR of the one-tau analysis after the baseline event selection. All numbers are
from MC with scale factors applied to top, W+ jets and Z + jets except for the
final estimate of QCD events, which is from section 5.8.5. The uncertainties are
statistical only.
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5.10 Systematic uncertainties

Systematic uncertainties play an important effect on the results of the anal-
ysis as they influence the estimated number of events in the SR. In this
section a description of the sources of uncertainties and their treatment is
presented and the effect they have on the result of the analysis can be found
in table 5.8.

Each of the following uncertainty sources affects the properties of physics
objects used in the analysis or the weight given to individual events. For each
of these uncertainty sources the relevant MC objects are modified, e.g. the
energy of jets lowered to account for uncertainty in the energy scale, and
then the analysis repeats with these new objects. This also includes the SF
determination as well as the full selection. The difference of this estimate to
the nominal one is taken as the effect of the systematic.

5.10.1 Tau systematic uncertainties

The systematic uncertainties considered for taus in the analysis are the tau
energy scale [48] and the tau identification efficiency. These systematic un-
certainties are dependent on the pr of the tau as well as the n range in which
it is located. They also depend on the identification used. The evaluation of
these systematic uncertainties was done by the ATLAS tau working group
centrally for all analyses.

5.10.2 b-tagging systematic uncertainties

Systematic uncertainties due to b-jet identification are also considered, as
these affect the uncertainty on the top and W + jets SFs. For this uncertainty
three components are considered, the uncertainty on the scale factor for b-
jets and light jets as well light jet misidentification. A fourth source of
uncertainty, the scale factor due to c-quarks was not considered, as it was
found to be negligible in comparison.

5.10.3 Jet systematic uncertainties

For jets the systematic uncertainties considered are the uncertainty on the
JES, as well as the Jet Energy Resolution (JER) [49]. The JER uncertainty
is applied as an additional Gaussian smearing on the jet energy, making the
energy resolution in MC match what is observed in data.

5.10.4 Es systematic uncertainties

As the E%liss is a composite quantity, the uncertaintes on all input terms
have to be considered, see section 2.6. In the case of this analysis these
are terms affecting the soft EF'° terms as well as the jets. As with the
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jet systematic uncertainties the soft energy systematic uncertainties include
the uncertainty on the energy scale as well as the enery resolution. The
tau systematic uncertainties need not be considered as they are not used in
the E%iss determination. When the variation is done the E%iss needs to be
recalculated taking the updated objects into account.

5.10.5 Other systematic uncertainties

Other uncertainties considered are due to the pileup reweighting procedure,
additional uncertainties from generators for top and dibosons as well as from
the methods used to estimate the background contributions in the SR. The
pileup reweighting uncertainty is evaluated by making a 10% downwards
scaling of the spectrum of number of interactions per event (u). This is a
common procedure used in the SUSY WG for the evaluation of this uncer-
tainty and is found to be sufficient to cover the possible error due to the p
uncertainty.

The generator uncertainties studied cover the effect of the MC shape on
the extrapolation from the CRs to SR. To study this settings of the gener-
ators used are varied; such as the renormalisation and factorisation scales.
Due to the many different setting combinations that need to be checked to
evaluate generator uncertainties these studies are done on generator level
only. The assumption is that the differences seen at generator level will
translate correctly to reconstruction level. As such, samples with different
generator settings are produced and the effect of each on the final count is
evaluated.

The final extra systematic uncertainty is due to the difference in the
results on the true tau W SFs determined by the charge subtraction and
matrix methods, outlined in 5.8.2 and 5.8.3 respectively. The difference is
considered as an additional error on the true tau W SF itself.

5.10.6 Effects of uncertainties on the analysis

A complete summary of the uncertainties from statistics as well as systematic
uncertainties can be found in table 5.8. This includes all evaluated uncer-
tainties and their combination, taking into account the correlation between
uncertainties where applicable.

5.11 Results

In table 5.9 the number of events passing the SR selection for each of the
relevant MC samples as well as all uncertainties can be seen. These num-
bers are normalised to the luminosity found in the data. The total expected
number of events is found to be 1.31 4 0.375%3 £ 0.65%Yt, while 4 events are
observed in the data. No statistically significant excess above the standard
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Systematic QCD W +jets W +jets Top Top Z-+jets di-boson
(true) (fake)  (true)  (fake)
JER 0.33  <0.002 1.1 -0.06 0.14 0.23  <0.002
JES 9 0.16 0.03 1.4 0.02 0.15 0.23 -0.33
JES |} -0.09 -0.22 -0.90 -0.04 -0.10 <0.002  <0.002
TES 1 0.03  <0.002 0.07  -0.007 0.13 0.23  <0.002
TES |} 0.06  <0.002 0.20 -0.13 -0.10  <0.002  <0.002
Tau ID 0.07 0.06 -0.01 0.06 0.07 0.06 0.07
Pile-up 0.01  <0.002 0.20 -0.02 -0.05 <0.002  <0.002
STES 1 0.01  <0.002 <0.002 <0.002 <0.002 <0.002  <0.002
STES |} -0.06  <0.002 <0.002 <0.002 <0.002 <0.002  <0.002
STR 1 0.04 <0.002 <0.002 <0.002 <0.002 <0.002  <0.002
STR | -0.01  <0.002 <0.002 <0.002 <0.002 <0.002  <0.002
Bjet 1 -0.02 0.05 0.33 -0.10 -0.08 0.02  <0.002
Bjet |} 0.04 -0.05 -0.07 0.09 0.08 -0.02  <0.002
Bjet (L) 1t 0.01 -0.01 0.01 -0.02 -0.04  -0.004 -0.003
Bjet (L) | 0.01 0.01 -0.06  -0.003 0.04 0.004 0.003
Method 0.50 0.21 — — — — —
Gen. DiBosons — <0.002  <0.002 <0.002 <0.002 0.05 0.04
Gen. tt — — — 0.15 0.15 — —
Theory /Extr. — 0.30 0.27 0.26 0.26 — —
Total syst. 0.63 0.39 1.65 0.33 0.40 0.57 0.34
Stat. 0.21 0.70 1.13 0.38 0.81 1.0 —

Table 5.8: Overview of all systematic and statistical uncertainties for the one-tau
channel. The uncertainties are presented in relative variations of the predicted num-
ber of background events. A statistical uncertainty is only listed for the channels
which are found to contribute to the signal region.

model expectation is found. For comparison purposes the number of events
accepted by the analysis in some selected signal points can be seen in ta-
ble 5.10. These points are selected as they lie close to the border of expected
exclusion limit.

The limits on the parameters of GMSB model are produced using the
profile likelihood method [50] and the CLg criterion [51]. The exclusion reach
of this study at the 95% CL over the tan 5-A plane of the GMSB model (see
section 5.2) is shown in figure 5.15. Models with A < 45 TeV (corresponding
to gluino masses up to about 1000 GeV) for 40 > tan 8 > 20 are excluded.
For lower values of tan 8 models with A < 35 TeV (gluino masses up to about
800 GeV) are excluded. As expected the exclusion is strongest for larger
values of tan # where the stau is the NLSP. The results after the statistical
combination with the two-tau, tau+muon and tau-+electron channels, as well
as the individual limits of each analysis are shown in figure 5.16. This leads to
stronger exclusion of gluino masses up to about 1300 GeV for 40 > tan 5 > 20
and progressively worse for lower values, down to 1000 GeV. These results
presented the strongest ATLAS limits for the GMSB model at the time of
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top 0.61 £ 0.355tat 4= (.22syst
W +jets | 0.128 £ 0.2345t3t £ (0.203ys
Z + jets 0.22 + 0.228tat 4- (.13syst
QCD 0.17 + 0.045tat 4- 0. 115yst
Drell-Yan < 0.36
Diboson < 0.05
Total 1.31 4 0.375% 4 0.6555¢

Table 5.9: Number of expected event in the one-tau analysis SR from all contribut-
ing SM processes along with the statistical and systematic uncertainties. This leads
to a final estimate of 1.31 4 0.375%% 4 0.655Y5¢.

A tanp | Expected events | Stat. uncertainty Cross section uncertainty Syst. uncertainty
45 20 5.35 0.11 0.19 0.11
45 40 7.46 0.10 0.19 0.17
50 20 2.36 0.13 0.23 0.11
50 40 3.67 0.11 0.22 0.08
60 20 0.37 0.20 0.25 0.10
60 40 0.81 0.13 0.23 0.13

Table 5.10: Signal prediction and uncertainties in the one-tau analysis for six se-
lected reference points from the GMSB grid around the expected exclusion contour.
Uncertainties are relative.

publication.
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Figure 5.15: Exclusion contour of the one-tau analysis over the tan 8 — A parameter
plane of the GMSB model. At the top of the plot the fixed parameters are displayed.
The dashed vertical lines show the mass of gluinos in the model. The dark area
corresponds to the region of parameter space excluded by theory, while the coloured
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regions correspond to the parameter space excluded by OPAL results.
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Figure 5.16: Exclusion contour of all channels in the analysis as well as the combined
limit. The dashed vertical lines show the mass of gluinos in the model. The dark
area corresponds to the region of parameter space excluded by theory, while the
coloured regions correspond to the parameter space excluded by OPAL results.
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Chapter 6

Conclusions

The work presented in the thesis covers many different levels of results from
the ATLAS experiment at the LHC, each of them important to the working
of the experiment and its physics goals.

The Inner Detector Global monitoring package was used throughout
Run I to spot issues in the detector as they arose. The input from this
package was important for checking the performance of the Inner Detector
and excluding problematic data from physics analyses. All data in Run I
passed through this monitoring and it forms part of the basis for monitoring
the ID in Run II, the preparations for which have already started.

The measurements of minimum bias event spectra were crucial in en-
abling the tuning of MC generators as well as getting a better understanding
of the type of event that form the pileup in the detector. These two factors
are vital for making searches for new physics possible even under the effects
of very high pileup during the increased luminosity at the end of Run I.

Chapter 4 presented a search for Supersymmetry using events with tau
leptons performed on the full 2011 dataset, comprising 4.7 fb recorded at
7TeV CoM energy. No signal above the Standard Model expectation was
observed. The result was used to set limits on the GMSB model parameters
which translates to lower limits on the sparticle masses. A followup paper
was produced presenting the analysis of the full 2012 8 TeV dataset of 20.1 fb.
This search included additional interpretations; the mSUGRA, nGM and
bRPV models. SUSY is still a hypothetical model after Run I, no experiment
has as of yet evidence of Supersymmetry.

As run I has come to its end the focus has shifter towards Run II of the
LHC. This will not only bring an increase in CoM energy to 13 TeV, but
also an increase in luminosity, with 100 fb~! of data expected. This means a
far greater physics reach but also challenges in understanding the detector.
Run II is expected to start in Spring 2015.
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Appendix A

List of samples considered in
the SUSY study

A list of all the samples considered in the study presented, along with their
identification number for ATLAS and their cross-section and number of
events present in the samples.
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90 List of samples considered in the SUSY study

Sample ID Name Generator NNLO No. of

[pb] events
105200 tt semileptonic (T1) MCAtNLOJimmy  90.57 14983835
105204 tt full hadronic MCAtNLOJimmy 76.23 1199034
117360 t-channel ¢t — ev AcerMCPythia 6.97 999295
117361 t-channel t — uv AcerMCPythia 6.97 999948
117362 t-channel ¢t — v AcerMCPythia 6.97 998995
108343 s-channel ¢t — ev MCAtNLOJimmy 0.50 299948
108344 s-channel ¢t — uv MCAtNLOJimmy 0.50 299998
108345 s-channel t — 7v MCAtNLOJimmy 0.50 299899
108346 single top Wt MCAtNLOJimmy  15.74 899694

Table A.1: Used ¢t and single ¢ MC samples with their corresponding sample ID,
event generator, NLO cross section and number of generated events.
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Sample ID  Name Generator NNLO [pb] # events
107680 WenulNp0 AlpgenJimmy 8288.88 3458883
107681 WenuNpl AlpgenJimmy 1561.14 2499645
107682 WenulNp2 AlpgenJimmy 452.24 3768632
107683 WenulNp3 AlpgenJimmy 121.82 1008947
107684 WenuNp4 AlpgenJimmy 30.71 250000
107685 WenuNpbH AlpgenJimmy 8.36 69999
144022 WenuNp6 _ pt20 AlpgenJimmy 1.85 145000
144196 WenuNpl susyfilt AlpgenJimmy 8.83 180899
144197 WenuNp2 susyfilt AlpgenJimmy 7.47 134998
144198 WenuNp3 susyfilt AlpgenJimmy 4.15 139999
144199 WenuNp4 susyfilt AlpgenJimmy 1.73 75000
107690 WmunuNp0 AlpgenJimmy 8284.22 3462942
107691 WmunuNpl AlpgenJimmy 1560.55 2498593
107692 WmunuNp2 AlpgenJimmy 451.79 3768737
107693 WmunuNp3 AlpgenJimmy 121.71 1008446
107694 WmunulNp4 AlpgenJimmy 30.74 254950
107695 WmunulNpbH AlpgenJimmy 8.37 70000
144023 WmunuNp6 _ pt20 AlpgenJimmy 1.85 145000
144200 WmunuNpl susyfilt  AlpgenJimmy 8.46 171000
144201 WmunuNp2_ susyfilt  AlpgenJimmy 7.34 139900
144202 WmunuNp3_susyfilt  AlpgenJimmy 4.09 139899
144203 WmunuNp4 _susyfilt  AlpgenJimmy 1.73 70000
107700 WtaunuNp0O AlpgenJimmy 8283.50 3418296
107701 WtaunuNpl AlpgenJimmy 1559.36 2499194
107702 WtaunulNp2 AlpgenJimmy 451.63 3750986
107703 WtaunuNp3 AlpgenJimmy 121.84 1009946
107704 WtaunuNp4 AlpgenJimmy 30.72 249998
107705 WtaunuNp5b AlpgenJimmy 8.37 65000
144024 WtaunuNp6 _pt20 AlpgenJimmy 1.85 150000
144204 WtaunuNpl susyfilt AlpgenJimmy 13.08 265000
144205 WtaunuNp2 susyfilt AlpgenJimmy 11.06 204999
144206 WtaunuNp3 _susyfilt AlpgenJimmy 6.09 209900
144207 WtaunuNp4 susyfilt  AlpgenJimmy 2.52 104999

Table A.2: Used W + jets MC samples with their corresponding sample 1D, event
generator, LO cross section, and section, k-factor, NNLO cross section and number
of generated events. Samples marked “susyfilt” have been produced with a truth
level filter requiring one jet of at least 100 GeV pr and at least 100 GeV of missing
transverse energy.
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List of samples considered in the SUSY study

Sample ID  Name Generator NNLO [pb] # events
107650 ZeeNOp AlpgenJimmy 832.61 6618284
107651 ZeeNlp AlpgenJimmy 167.31 1334897
107652 ZeeN2p AlpgenJimmy 50.55 2004195
107653 ZeeN3p AlpgenJimmy 14.00 549949
107654 ZeeN4p AlpgenJimmy 3.53 149948
107655 ZeeNb5p AlpgenJimmy 0.95 50000
107660 ZmumuNQOp  AlpgenJimmy 832.61 6615230
107661 ZmumuNlp AlpgenJimmy 167.31 1334296
107662 ZmumuN2p  AlpgenJimmy 50.55 1999941
107663 ZmumuN3p  AlpgenJimmy 14.00 549896
107664 ZmumuN4p  AlpgenJimmy 3.53 150000
107665 ZmumuNb5p  AlpgenJimmy 0.95 50000
107670 ZtautauNOp  AlpgenJimmy 832.61 10613179
107671 ZtautauN1lp AlpgenJimmy 167.31 3334137
107672 ZtautauN2p  AlpgenJimmy 50.55 1004847
107673 ZtautauN3p  AlpgenJimmy 14.00 509847
107674 ZtautauN4p  AlpgenJimmy 3.53 144999
107675 ZtautauN5p  AlpgenJimmy 0.95 45000
107710 ZnunuNp0 AlpgenJimmy 49.93 54949
107711 ZnunuNpl AlpgenJimmy 569.09 909848
107712 ZnunulNp2 AlpgenJimmy 247.68 169899
107713 ZnunulNp3 AlpgenJimmy 75.45 144999
107714 ZnunulNp4 AlpgenJimmy 19.55 309899
107715 ZnunulNpb AlpgenJimmy 5.42 189998

Table A.3: Used Z + jets MC samples with their corresponding sample ID, event
generator, LO cross section, k-factor, NNLO cross section, and number of generated
events.
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Sample ID  Generator Final state NLO [pb] No. of events
105921 McAtNlo JIMMY W¥ — evev 0.51 199949
105922 McAtNlo JIMMY W* — evuv 0.51 200000
105923 McAtNlo JIMMY W* — evrv 0.51 200000
105924 McAtNlo JIMMY W* — pvuv 0.51 199000
105925 McAtNlo JIMMY W=* — uvev 0.51 199949
105926 McAtNlo JIMMY W — pvrv 0.51 200000
105927 McAtNlo JIMMY W* — rvrv 0.51 499676
105928 McAtNlo JIMMY W% — rver 0.51 199950
105929 McAtNlo JIMMY W= — rvuv 0.51 200000
105930 McAtNlo JIMMY ZZ — {lqq 0.270 25000
105931 McAtNlo JIMMY ZZ — (et 0.026 99999
105932 McAtNlo JIMMY ZZ — vy 0.077 99999
106036 McAtNlo JIMMY ZZ — 2027 1.695 25000
106037 McAtNlo JIMMY ZZ — 47 0.164 25000
113192 McAtNlo JIMMY ZZ — trvv 0.514 24950
113193 McAtNlo JIMMY ZZ — 7t71qq 0.928 25000
105940 McAtNlo JIMMY WZ — lvqq 0.090 100000
105941 McAtNlo JIMMY W+Z — vt 0.28 100000
105942 McAtNlo JIMMY WZ — qg't4 0.086 25000
106024 McAtNlo JIMMY WZ — tvil 0.082 25000
106025 McAtNlo JIMMY WZ — lvrt 0.043 199950
106026 McAtNlo JIMMY WZ — rvrr 0.047 25000
113190 McAtNlo JIMMY W+Z — q¢'r7 0.045 25000
105970 McAtNlo JIMMY W~Z — lvqq 0.0234 200000
105971 McAtNlo JIMMY W~Z — (vl 0.0129 25000
105972 McAtNlo JIMMY W~Z — qq't¢ 0.0065 25000
106027 McAtNlo JIMMY W~Z — tvil 0.2568 199949
106028 McAtNlo JIMMY W~Z — lvrr 0.1397 200000
106029 McAtNlo JIMMY W~Z — tvrT 0.0386 200000
113191 McAtNlo JIMMY W~Z — qf'77 0.1348 199950

Table A.4: Used diboson MC samples with their corresponding sample ID, event
generator, final state, NLO cross section, and number of generated events.
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List of samples considered in the SUSY study

Sample ID Name Generator LO [pb] No. of events
105009 JO Pythia 12030000000 999997
105010 J1 Pythia 807266000 999993
105011 J2 Pythia 48048000 999999
105012 J3 Pythia 2192900 999992
105013 J4 Pythia 87701 989992
105014 Jb Pythia 2350.1 999987
105015 J6 Pythia 33.61 999974
105016 J7 Pythia 0.13744 998955
105017 J8 Pythia 0.000006 998948

Table A.5: Used dijet MC samples with their corresponding sample ID, event gen-
erator, cross section and number of generated events.

Sample ID Name Generator NNLO [pb] # events
116250 ZeeNpOMI1110t040 AlpgenJimmy 3798.37 994949
116251 ZeeNp1MII10to40 AlpgenJimmy 105.58 299998
116252 ZeeNp2MI110to40 AlpgenJimmy 51.22 999946
116253 ZeeNp3MI110t040 AlpgenJimmy 10.38 149998
116254 ZeeNp4MI1110to040 AlpgenJimmy 2.30 40000
116255 ZeeNp5M1110t040 AlpgenJimmy 0.57 10000
116260 ZmumuNpOMIl10to40  AlpgenJimmy 3798.62 999849
116261 ZmumuNplMIl10to40  AlpgenJimmy 105.42 300000
116262 ZmumuNp2MIl10to40  AlpgenJimmy 51.14 999995
116263 ZmumuNp3MIl10to40  AlpgenJimmy 10.37 150000
116264 ZmumuNp4MIl10to40  AlpgenJimmy 2.33 39999
116265 ZmumuNp5MIl10to40  AlpgenJimmy 0.57 10000
116270 ZtautauNpOMI110to40  AlpgenJimmy 3798.49 999649
116271 ZtautauNpl1MIl10to40 AlpgenJimmy 105.54 299999
116272 ZtautauNp2MI110to40  AlpgenJimmy 51.33 498899
116273 ZtautauNp3MIl10to40  AlpgenJimmy 10.38 150000
116274 ZtautauNp4MIl10to40  AlpgenJimmy 2.28 39999
116275 ZtautauNpbMI110to40 AlpgenJimmy 0.57 10000

Table A.6: Used Drell-Yan MC samples with their corresponding sample ID, event
generator, LO cross section, k-factor, NNLO cross section and number of generated
events.
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Sample A [TeV]| tanf o [pb]

Sample A [TeV| tanf8 o [pb]

137942 40 40 0.546
}gzgig }8 ? gg;ggg 137943 40 46 1814
137917 10 10 552.960 ﬁ;ggg jg g 8;3‘81
137918 10 15 552166 | oo e 0 0913
137919 10 20 661116 o0 e I
137920 10 21 659.621 '
143061 12 21 312079 142572 45 20 0215
143055 15 2 106275 142573 45 25 0218
143056 15 5 109.792 142574 45 30 0.223
143057 15 10 10278 142575 45 35 0233
143058 15 15 100.390 142576 45 40 0.256
143059 15 20 99.823 142577 45 50 1.327
143060 15 23 100.555 137944 50 2 0.093
137921 20 2 21.666 137945 50 5 0.109
137922 20 5 29427 137946 50 10 0.112
137923 20 10 21.964 137947 50 15 0.113
137924 20 15 21.795 137948 50 20 0.114
137925 20 20 21.846 137949 50 30 0.118
137926 20 27 22.994 137950 50 40 0.133
137927 30 2 2212 137951 50 50 0.248
137928 30 5 2344 137952 60 2 0.028
137929 30 10 2339 137953 60 5 0.035
137930 30 15 2337 137954 60 10 0.037
137931 30 20 2346 137955 60 15 0.038
137932 30 30 2458 137956 60 20  0.038
137933 30 36 3.207 137957 60 30 0.040
142558 35 2 0.882 137958 60 40  0.044
142559 35 5 0.951 137959 60 50  0.060
142560 35 10 0.956 137960 70 9 0.011
142561 35 15 0.958 137961 70 5 0.014
142562 35 20 0.963 137962 70 10 0.015
142563 35 25 0974 137963 0 15 0.0L5
142564 35 30 1.000 37964 0 50 0.016
142565 35 35 LOT3 37965 "0 30 0.016
142566 35 40 1546 37066 70 10 0018
142567 35 42 2962 |Gogen 70 0 0.022
137934 40 2 0389 0068 80 2 0.0046
137935 40 5 0.427
137036 10 0 0433 137969 80 5 0.0063
137037 10 5 oa3q 137970 80 10 0.0070
137938 10 50 o4zg 137971 80 15 0.0072
137939 10 s o4 137972 80 20 0.0073
137940 40 50 045y 137973 80 30 0.0076
137941 40 36 O4sa 137974 80 40 0.0084

137975 80 50 0.0101

Table A.7: List of MC samples for SUSY signal. All samples are generated using
Herwig++. Four out of six parameters defining the GMSB points are the same for
all samples: Myess = 250 TeV, N5 = 3, sign(p) = +, and Cigray. The parameters A
and tan 8 are varied as shown in the table.
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QATLAS

A EXPERIMENT

Run Number: 189781, Event Number: 4033225

Date: 2011-09-25 02:57:01 CEST

Figure B.1: Event selected in the SR of the supersymmetry with taus analysis. The
DPmathrmT Of the leading and sub-leading jets are 592 GeV (red) and 86 GeV (green)
respectively. The selected tau pr is 32 GeV (orange spike in prolongation of jet
axis). EM is 478 GeV (red arrow).
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ATLAS

A EXPERIMENT

Run Number: 190872, Event Number: 54801029

Date: 2011-10-12 08:20:54 CEST

Figure B.2: Event selected in the SR of the supersymmetry with taus analysis. The
DmathrmT Of the leading and sub-leading jets are 372 GeV (red) and 124 GeV (green)
respectively. The selected tau pr is 66 GeV (orange spike in prolongation of jet axis).
Emiss i5 324 GeV (red arrow).
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QATLAS

A EXPERIMENT

Run Number: 183216, Event Number: 66741321

Date: 2011-06-08 03:12:56 CEST

Figure B.3: Event selected in the SR of the supersymmetry with taus analysis. The
DPmathrmT Of the leading and sub-leading jets are 341 GeV (red) and 212 GeV (green)
respectively. The selected tau pr is 109 GeV (orange spike in prolongation of jet
axis). EX is 507 GeV (red arrow).
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ATLAS

A EXPERIMENT

Run Number: 189781, Event Number: 4033225

Date: 2011-09-25 02:57:01 CEST

Figure B.4: Event selected in the SR of the supersymmetry with taus analysis. The
DmathrmT Of the leading and sub-leading jets are 386 GeV (red) and 188 GeV (green)
respectively. The selected tau pr is 266 GeV (orange spike in prolongation of jet
axis). EX is 300 GeV (red arrow).
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Abstract

Measurements are presented from proton-proton collisibreentre-of-mass energies
of v/s= 0.9, 2.36 and 7 TeV recorded with the ATLAS detector at the LH@eris were
collected using a single-arm minimum-bias trigger. Thergbd-particle multiplicity, its
dependence on transverse momentum and pseudorapidithemnelationship between the
mean transverse momentum and charged-particle multipice measured. Measurements
in different regions of phase-space are shown, providifigadtion-reduced measurements
as well as more inclusive ones. The observed distributisascarrected to well-defined
phase-space regions, using model-independent correctidhe results are compared to
each other and to various Monte Carlo models, including aAMBT1 pytHIAG tune. In
all the kinematic regions considered, the particle muttifies are higher than predicted by
the Monte Carlo models. The central charged-particle plidity per event and unit of
pseudorapidity, for tracks withy > 100 MeV, is measured to be 3.4830.009 (statk
0.106 (syst) aty's= 0.9 TeV and 5.63@& 0.003 (stat} 0.169 (syst) atys = 7 TeV.
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1 Introduction

Inclusive charged-particle distributions have been nesly measured ippandpp collisions at a range
of different centre-of-mass energies [1-17]. These measureprentde insight into the strong interac-
tions at low energy-scales. Several QCD-inspired modelse baen developed to interpret them. These
models are frequently cast into Monte Carlo simulation$iriée parameters that can be constrained by
measurements such as minimum bias distributions. Thessumegaents contribute to the understand-
ing of soft QCD; moreover, they are important to determoratf biases on higlpr phenomena due
to underlying events and event pileufiezts and are therefore of growing importance for future LHC
physics. The measurements presented in this paper implensémilar strategy to that in [1]. A single-
arm trigger overlapping with the acceptance of the trackiolyme is used. Results are presented as
inclusive-inelastic distributions, with minimal modedgendence; a minimum number of charged parti-
cles within well-definedor andr selection are required.

This paper reports on measurements of primary chargedlpamtultiplicity distributions using the
first ~190 ub™! of data recorded by the ATLAS experiment at 7 TeV artlub™ at 0.9 TeV. At+/s =
0.9 TeV the sample is similar to that used for the first ATLAS minim-bias publication [1]. Results
are also presented 3fs = 2.36 TeV where the track reconstruction setufieds significantly from that
at the other energies, due to the Silicon Tracker (SCT) nistgbat nominal voltage. The integrated
luminosity at this energy is estimated tob@.1ub™.

The following distributions are measured in this paper:

1 chh 1 1 d2 Nch 1 dNev
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where pr is the charged particle momentum component transverseetbeam directiort, 7 is the
pseudorapidity of the particle), is the number of charged particles in an evewy, is the number

of events with a minimum number of charged particles withia $elected kinematic ranggh is the
total number of charged particles in the data sample @rd is the averagepr for a given number

of charged particled. Primary charged particles are defined as charged partittsa mean lifetime
7> 0.3- 1010 s either directly produced ipp interactions or from subsequent decays of particles with
a shorter lifetime.

The charged-particle multiplicity results are comparegbadicle level Monte Carlo (MC) predic-
tions. Three dierent phase-space regions are considered in this papbryaviting selection both on
the pr and the number of charged particles per event; all phasmespions require tracks within
In| < 2.5. Diffractive physics is expected to contribute mostly at low nerslof charged particles and
at low track momentum. Therefore varying the selectiomgyand pr in effect varies the relative con-
tribution from difractive events. Appendix B shows the results for two add#igphase-space regions
useful for Monte Carlo tuning. This measurement, with refigerrections and systematic uncertainty
determination supersedes the results presented in [1].

2 The ATLAS Detector

The ATLAS detector [18] at the Large Hadron Collider (LHC®[Xovers almost the whole solid angle
around the collision point with layers of tracking detestaralorimeters and muon chambers. It has been

1The ATLAS reference system is a Cartesian right-handeddimate system, with the nominal collision point at the ovig
The anti-clockwise beam direction defines the positheis, while the positive-axis is defined as pointing from the collision
point to the centre of the LHC ring and the positixaxis points upwards. The azimuthal anglis measured around the beam
axis and the polar angleis measured with respect to thaxis. The pseudorapidity is definedas —Intan@/2).

2The factor Zpy in the pr spectrum comes from the Lorentz invariant definition of thess section in terms af®p. Our
results could thus be interpreted as the massless appriosimiad? p.
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designed to study a wide range of physics topics at LHC eegrdror the measurements presented in
this paper, the tracking devices and the trigger systemfgrarticular importance.

The ATLAS Inner Detector (ID) has full coveragedrand covers the pseudorapidity range< 2.5.

It consists of a silicon pixel detector (Pixel), a siliconanustrip detector (SCT) and a transition radia-
tion tracker (TRT). These detectors cover a sensitive raistance from the interaction point of 50.5—
150 mm, 299-560 mm and 563—-1066 mm, respectively, and areiligathin a 2 T axial magnetic field.
The inner-detector barrel (end-cap) parts consist ok Pixel layers, 4 (9) double-layers of single-
sided silicon microstrips with a 40 mrad stereo angle, an@2x360) layers of TRT straws. Typical
position resolutions are 10, 17 and 13® for the R-¢ co-ordinate and, in case of the Pixel and SCT,
115 and 58Qum for the second measured co-ordinate. A track from a chgpgetitle traversing the
barrel detector would typically have 11 silicon h#@ pixel clusters and 8 strip clusters) and more than
30 straw hits.

For the runs aty/s = 2.36 TeV, stable beams were not declared by the LHC; the higag®elon the
SCT detector was thus not turned up to its nominal operatitigge but was left in standby mode. The
Pixel detector was at nominal conditions for these runs.hithefficiency in the SCT is thus significantly
lower and special track reconstruction algorithms are @eggtthe single hit#iciency at nominal voltage
in the SCT barrel is above 99.7% [20], while in standby it drop~ 60% for tracks perpendicular to the
silicon surface.

The ATLAS detector has a three-level trigger system: Levél1), Level 2 (L2) and Event Fil-
ter (EF). For this measurement, the trigger relies on theigiads from the Beam Pickup Timing de-
vices (BPTX) and the Minimum Bias Trigger Scintillators (MB). The BPTX stations are composed
of electrostatic button pick-up detectors attached to #@nbpipe at-175 m from the centre of the
ATLAS detector. The coincidence of the BPTX signal betwdantivo sides of the detector is used to
determine when bunches are colliding in the centre of theAS ldetector. The MBTS are mounted at
each end of the detector in front of the liquid-argon end-aaprimeter cryostats at= +3.56 m. They
are segmented into eight sectors in azimuth and two ringseéugorapidity (D9 < || < 2.82 and
2.82 < |n| < 3.84). Data were collected for this analysis using a triggquitng a BPTX coincidence
and MBTS trigger signals. The MBTS trigger used for this papeonfigured to require one hit above
threshold from either side of the detector, referred to daglesarm trigger. Theféiciency of this trig-
ger is studied with a separate prescaled L1 BPTX triggeeréitt to obtain inelastic interactions by Inner
Detector requirements at L2 and EF, the latter only for tHe @@V data.

3 Monte Carlo Simulation

Inclusive minimum bias data are modelled using three comptanin thepytaia6 [21] Monte Carlo
(MC) event generator: nondtliactive (ND), single- (SD) and doubleffiiactive (DD). Non-difractive
processes are modelled from two-to-two processes as bleddni this section. Diiractive process mod-
elling is described in Sec. 3.1.

Low-pr scattering processes may be described by lowest-ordarrpative Quantum Chromody-
namics (QCD) two-to-two parton scatters, where the divergef the cross section pt = 0 is regulated
by phenomenological models. Thernia6 MC event generator implements several of these models. The
parameters of these models have been tuned to describeedHzadron production and the underlying
event inpp and pp data at centre-of-mass energies between 200 GeV and 1.96 TeV

Samples of MC events were produced for singl@rdctive, double-diractive and non-diractive
processes using thertniab generator*. The ATLAS MCO9pyTHiA tune [22] uses a specific set of

3A hit is a measurement point assigned to a track.
“pyTHIA VeErsion 6.4.21



optimised parameters; it employs the MRST LO* parton dgniitctions (PDFs) [23] and ther-
ordered parton shower [24]. A tune is a particular configanabr set of values of the parameters of
the particular Monte Carlo model. These parameters wergedeby tuning to the underlying event
(UE) and minimum-bias data from the Tevatron at 630 GeV t® T€V. The MC samples generated
with this tune are used to determine detector acceptanaksfiaciencies and to correct the data. MC
samples were produced at all three centre-of-mass enemisglered in this paper. The norffdhctive,
single-ditractive and double-éiractive contributions in the generated samples are mixedrdimg to
the generator cross sections.

All the events are processed through the ATLAS detector Isitiom program [25], which is based
on Geant4 [26]. They are then reconstructed and analysed by the saogeam chain used for the
data. Particular attention was devoted to the descriptiothé simulation of the size and position of
the collision beam spot and of the detailed detector candiitduring data taking. The MCG9T1HIAG
samples are used to derive the detector corrections fae theasurements. The MC samples at 2.36 TeV
were generated assuming nominal detector conditions.

For the purpose of comparing the present measurement&eoedit phenomenological models de-
scribing minimum-bias events, the following additionattpee level MC samples were generated:

e the new ATLAS Minimum Bias Tune 1 (AMBT19vytHiA6 tune described in Sec. 3.2;

e the DW [27]pyTHIAG tune, which uses virtuality-ordered showers and was éerig describe the
CDF Run Il underlying event and Drell-Yan data;

o the pyTHIA8 generator [28], in which the difraction model produces much harder and nep,
spectra for the single- and doublefdactive contributions tharvtia6. The default parton shower
model is similar to the one used#rnTHia6 MCOQ9;

o the proserT generator® [29], which is used as an alternative modelrtaria-based generators.
pHOJET relies onpyTria6 ‘for the fragmentation of partons.

3.1 Diffractive Models

pYTHIAG, PYTHIA8 andproseT model the difractive components veryfiierently. Here we mostly describe
the model implemented isvTHIAG. Thepythiab diffraction is based on a Regge-based pomeron model
to generate the cross-section and generate ffradive mass and momentum transfer [30, 31]. To allow
the Regge model to cover the full phase-space, empiricabctions are introduced [21]. These have
the dfect of enhancing the production of small masses and suppgessoduction near the kinematic
limit. Particle production from low mass statddy{ < 1 GeV) is treated as an isotropic two body decay.
Particle production from high mass states is based on thmgstrodel. Two string configurations are
possible depending on whether the pomeron couples to a quatkon [21].

The pytHiaA8 model uses the same modelrasuiab to generate the cross-section and generate the
diffractive mass and momentum transfer. The particle produdto low mass states uses the string
model but for higher masseMf > 10 GeV) a perturbative element based on pomeron-protoresoat
is introduced. The non-perturbative string model intraztua mass dependence on the relative probabil-
ity of the pomeron scatteringioa quark to scatteringfba gluon, which enhances the gluon probability
at high masses. The perturbative pomeron-proton scajtesas HERA diractive PDFs [32] and the
standard multiple interactions framework is used to gandfee parton-parton scattering. The introduc-
tion of the perturbative pomeron-proton scattering resuta hardempr and multiplicity spectrum for

SpyTHIA VErsion 8.130
paosET VErsion 1.12.1.35
"pyTHIA VErsion 6.1.15



diffractive events generated witlitHia8 compared to those generated witlhruia6 [33]. However, it
should be noted that relatively little tuning has been madehe diffractive processes isvtHia6 and
PYTHIAS.

PHOJET IS based on the dual parton model. It generates a hargdemd multiplicity spectrum in
diffractive events tharvtHia6. The new diraction model obytHia8 generates distributions quite similar
to those fronmpuoset [33].

3.2 PYTHIA 6 ATLAS Minimum Bias Tune 1

Before the start of the LHC, an ATLAS tune toTtnia6 with MRST LO* PDFs using Tevatron un-
derlying event and minimum bias data was produced, the keddsiC09 tune [22]. The first ATLAS
measurements of charged particle production at the LHC Hadsured the charged particle production
at 4/s= 0.9 TeV in the central region to be 5-15% higher than the MontgoGaodels predict. In addi-
tion, neither the higimg, nor the highpr distributions were well described by this tune and ¢pg) was
overestimated in events witly, > 20. A new tune, AMBT1, was developed in order to adapt the free
parameters of the nonfitiactive models to the new experimental data/at= 0.9 TeV and+/s= 7 TeV,
using the same PDFs andruia6 model choices as MCO09.

The AMBTL tune is obtained by tuning to ATLAS minimum bias alait both+/s = 0.9 TeV and
v/s =7 TeV in a difraction-reduced phase-space that is presented in this:pape: 6, pr > 500 MeV,

In] < 2.5. The tune was derived using preliminary versions of thésteiltutions [34]. The starting point
for this tune is the ATLAS MCO09c [22}yTHiA6 tune. MCO09c is an extension of the ATLAS MCO09 tune
where the strength of the colour reconnection (CR) was ttoetscribe thépr) vs. ney distributions
measured by CDF ipp collisions at the Tevatron [7].

Charged particle distributions are sensitive to multitgarinteractions (MPI) and colour reconnec-
tion of the hadronic final state [35]; the MPI are regulatedabdpw pr cut-of and the matter overlap
distribution of the two protons in which the additional manic scattering takes place. These are the
main parameters varied for this new tune. Parameters defatinal state radiation, hadronisation and
fragmentation are not tuned, as these are constrained by Inkdhresults. No changes to thefdaction
model are made. The model parameters are adapted in ordesttddscribe these new distributions over
the full range while maintaining consistency with the Tewatresults. For the data MC comparisons
the Rver 8 [36] package is used; the tuning is done using he@Essor package® [37,38]. Table 1
summarizes the parameters varied in this tune; the meanihg parameters are given below.

MPI Parameters The size of the MPI component in theraia6 model is regulated by a simple cufto
parameter for thegr of two-to-two scattering processes. This ctitywarameter is fixed at a reference
energy, which is generally taken as 1.8 TeV. The diitab this reference scale is called PARP(82). It
is then rescaled for other centre-of-mass energies usirsganeter PARP(90). The rescaling is done
according to the following formula:

1)

piin — PARP(&(L)PARP(QO)
18 TeV

The amount of scattering is described by the matter overistpilulition between the two protons,
which regulates how many central, hard scatterings and hamyress central, softer scatterings occur.
This distribution is modelled as a double Gaussian proitgabiénsity function. The parameter PARP(83)
describes the fraction of matter in the narrower of the twa<s&n functions. The size of this narrower
Gaussian is given as a fraction PARP(84) of the wider, maliuga The optimal value for this parameter

8yersion 1.2.2a0
9version 1.0.0a0



was found in a first tuning run. Further variations of the erafitaction in the narrower cone were found
to not have a significant influence on the main distributiosesdufor tuning.

Colour Reconnection Parameters The colour reconnection scenario mfraia used in MC09¢ min-
imises the total string length between partons. The prdibathat a given string piece does not partici-
pate in the CR is given by @PARP(78) , whereny, is the number of multi-parton interactions [21];
the larger the parameter, the smaller the probability osthieg piece not participating. In addition to this
parameter, an additional parameter PARP(77) is presentiim; it is used to describe a suppression fac-
tor for the CR of fast moving string pieces. The suppressimtof is given by 1(1 + PARP(77% - pgvg),
where pgvg is a measure of the average squared momentum that hadrahscedoby the string piece
would have.

Additional Parameters Investigated In an initial study, the cut4d parameter for initial state radiation
(PARP(62)) and the cutfbfor momentum smearing in primordikl (PARP(93)) were considered. The
optimal values for these parameters were found in a firshtunin, further variation of those parameters
was not found to have a significant influence on the main digions used for tuning.

Distributions Used The tune described in this paper focuses on the ATLAS minirbiam data. It
primarily attempts to improve the description of the highand highng, distributions observed. For
the pr spectrum, only particles above 5 GeV are considered. Fonghspectrum, only events with
20 or more tracks are used in the tune. For{pe vs. ne, distribution, only events with ten or more
tracks are considered. The fyltistribution is used. For completeness, the preliminageulying event
results [39, 40] are included in the plateau region; howeee to the limited statistics, these data have
only very small impact on the tune.

Tevatron data in the energy range of 630 GeV to 1.96 TeV ateded in the tune, but with a weight
which is ten times lower than that of the ATLAS data. This viigg allows a check of the consistency
of the resulting tune with the Tevatron data while forcing &TLAS data to drive the tuning process.
Similar datasets were used for the MC09c tune. The chargédIpanultiplicity shown in [41] was not
included in the tune as no variation of the tuning parametensidered was able to fit both the ATLAS
and the CDF distributions simultaneously. App. A shows &lfsil of the distributions and the ranges
considered by the tune.

Results The final parameter values resulting from the tune are showalle 1.

Parameter Related model MCO09c value scanning range AMBILEva
PARP(90) MPI (energy extrapolation) 0.2487 18- 0.28 0.250
PARP(82) MPI @) 2.31 21-25 2.292
PARP(84) MPI matter overlap (core size) 0.7 .08610 0.651
PARP(83) MPI matter overlap (fraction in core) 0.8 fixed ®35
PARP(78) CR strength 0.224 A~ 0.6 0.538
PARP(77) CR suppression 0.0 .26-1.15 1.016
PARP(93) Primordiak, 5.0 fixed 10.0
PARP(62) ISR cut-fi 1.0 fixed 1.025

Table 1: Comparison of MC09c and AMBT1 parameters. The ranfthe parameter variations scanned
are also given. The parameters declared as ‘fixed’ were fixéuetvalues obtained after an initial pass
of the tuning.



4 Data Selection

Events in which the Inner Detector was fully operational #mel solenoid magnet was on are used for
this analysis for bothy/s = 0.9 TeV and+/s = 7 TeV. During this data-taking period, more than 97%
of the Pixel detector, 99% of the SCT and 98% of the TRT wereaijmmal. At +/s = 2.36 TeV the
requirements are the same, except for the SCT being in standb

Events were selected from colliding proton bunches in whieh MBTS trigger recorded one or
more counters above threshold on either side. The maximstantaneous luminosity is approximately
1.9 x 10°" cm2 st at 7 TeV. The probability of additional interactions in tharge bunch crossing is
estimated to be of the order of 0.1%. In order to perform atlugige-inelastic measurement, no further
requirements beyond the MBTS trigger are applied.

In order to better understand the track reconstructionop@idince aty/'s = 2.36 TeV, during which
time the SCT was in standby, additional datay&t = 0.9 TeV were taken with the SCT in standby for
part of a run. This enables the derivation of data-drivememions to the track reconstructioffieiency,
as described in Sec. 6.4.

4.1 Different Phase-Space Regions Considered

Three separate phase-space regions are considered inithparteof this paper with varying contribu-
tions from difractive events:

¢ at least one charged particle in the kinematic range 2.5 andpr > 500 MeV,
¢ at least two charged patrticles in the kinematic rapbe 2.5 andpr > 100 MeV,
e at least six charged particles in the kinematic rapgje 2.5 andpt > 500 MeV.

The first of these phase-space regions is studied at all teete-of-mass energies. This is the
region that allows us to best investigate the evolution afrgld-multiplicity distributions as a function
of centre-of-mass energy and thus constrain the MC parasnittat dictate the energy extrapolation of
the models. The second measures the most inclusive chpegide spectra and is also used as the
basis for the model-dependent extrapolatiorpto= 0; in this phase-space region results\a& = 0.9
and 7 TeV are shown. The third phase-space region consigesedilar to the first but with a higher cut
on the number of charged particles, thus reducing the eegecntribution from dtractive events in the
sample. These distributions are measured for both 0.9 am¥/7This is the phase-space region which
was used to produce the new AMBTL1 tune. At 2.36 TeV only the finmse-space region is measured.
Two additional phase-space regions are presented in App. B.

The relative contribution from €ractive events varies widely between Monte Carlo models and
depends strongly on the phase-space region selectioredpple difractive contribution is constrained
very little by previous data. Table 2 shows the predictedtioas of simulated events originating from
diffractive processes, as predicteddsynia6, pytHiaA8 andphoset; the values for the dierent tunes of
pyTHIAG are found to be similar because the acceptances of ffezatit non-diractive models do not
change significantly and theftfiactive models are identical. The largéfdience in predictions between
the models is one of the motivations for not making any maldglendent corrections to the experimental
data, as such corrections would vary significantly dependmwhich MC model is used to derive them.

4.2 Event Selection

To reduce the contribution from background events and mongpy tracks, as well as to minimise the
systematic uncertainties, the events are required tdyséitis following criteria:



Phase-Space Region yv/s=0.9 TeV \Vs=7TeV

min Ny | Min pr (MeV) | pYTHIAG | PYTHIA8 | PHOJET | PYTHIAG | PYTHIA8 | PHOJET
2 100 22% 22% 20% 21% 21% 14%
1 500 16% 21% 19% 17% 21% 14%
6 500 0.4% 5% 8% 0.4% 10% 8%

Table 2: Fraction of simulated events originating frorfirdictive processes, as predicteddyyHia6,
pyTHIA8 andpuoseT in the three phase-space regions measured in this papethat/fso= 0.9 TeV and
y/s=7 TeV. All results are foty| < 2.5.

¢ to have triggered the single-arm, single-counter level dirmiim bias trigger scintillators

e the presence of a primary vertex [42] reconstructed usiegotam spot information [43] and at
least two tracks, each with:

— pr > 100 MeV,
— atransverse distance of closest approach with respec tetim-spot positiolldgsl <4 mm;

¢ the rejection of events with a second vertex containing émunore tracks, to remove events with
more than one interaction per bunch crossing;

e a minimum number of tracks, depending on the particular @isgsice region, as described in
Sec. 4.3.

4.3 Track Reconstruction Algorithms

Tracks are reconstructedtine within the full acceptance rangg < 2.5 of the Inner Detector [44, 45].
Track candidates are reconstructed by requiring a minimumbrer of silicon hits and then extrapolated
to include measurements in the TRT. Due to the SCT being imdbtamode at 2.36 TeV, fierent track
reconstruction algorithms are needed; at 0.9 and 7 TeV,dbenstruction algorithms are collectively
referred to as full tracks. The analysis 6 = 2.36 TeV has been performed using two complementary
methods for reconstructing tracks. The first reconstruetsks using pixel detector information only,
denoted Pixel tracks. The second uses tracks reconstrfrotedthe full Inner Detector information,
denoted ID tracks.

4.3.1 Algorithms for 0.9 and 7 TeV

For the measurements at 0.9 and 7 TeV, twidedént track reconstruction algorithms are used. The
algorithm used for the previous minimume-bias publicati@hif used with a lowelpr threshold cut at
100 MeV. An additional algorithm configuration is run usinglythe hits that have not been used by
the first algorithm. This additional algorithm uses wideti@ roads and has a looser requirement on
the number of silicon hits. This second algorithm contéisuaround 60% of the tracks from 100 to
150 MeV, mostly due to the tracks having too low a momentumotéag enough in the SCT detector to
satisfy the silicon hit requirement of the original algbnit; this fraction decreases rapidly, reaching less
than 2% at 200 MeV.

Tracks are required to pass the selection criteria showmlheT3; the column labelled Full Tracks
refers to the algorithms used at 0.9 and 7 TeV. The transwdysand longitudinalzy, impact parameters

1In the context of the other analyses, ID tracks are refewebtrack for brevity.



Criteria vs=0.9and 7 TeV, \/s=2.36 TeV
Full Tracks ID Tracks | Pixel Tracks
pr > 100 or 500 MeV YES YES YES
Inl <25 YES YES YES
layer-0 hit if expected YES YES YES(*)
> 1 Pixel hit YES YES YES
> 2,4 or 6 SCT hits for tracks (**) YES NO NO
|dol < 1.5 mm andzg| - sind < 1.5 mm YES YES YES(***)
x? probability > 0.01 for pr > 10 GeV YES N/A N/A

Table 3: Selection criteria applied to tracks for the fullaastruction, ID tracks and Pixel tracks. The
transverse momentum cut applied depends on the phaserggéme in question. (*) For the Pixel track
method the layer-0 is required even if not expected. (**) B@T hit selection are fopr < 200,
200 < pt < 300 orpr > 300 MeV, respectively. (***) For the Pixel track method, tbg and z,
selection are after the track refitting is performed (see $8c2).

are calculated with respect to the event primary vertex. [&er-0 selection requires a hit in the inner-
most layer of the Pixel detector if a hit is expectedThe track-fity? probability 3 cut is applied to
remove tracks with mis-measurgd due to mis-alignment or nuclear interactions.

These tracks are used to produce the corrected distrilsugind will be referred to as selected tracks.
The multiplicity of selected tracks within an event is destbby nge;. The tracks used by the vertex
reconstruction algorithm are very similar to those usedHeranalysis; th@y threshold is also 100 MeV.
Due to the requirement that the vertex be made from a mininfumasuch tracks and the fact that we do
not wish to correct our measurement outside of the obserliadegsspace region, the minimum number
of particles per event for the phase-space region w4ty 100 MeV also needs to be set at two. Table 4
shows the total number of selected events and tracks fohaiggspace regions considered.

Trigger and vertex reconstructiofffieiencies are parameterised as a functionggt nSBESI‘ is defined
as the number of tracks passing all of the track selectionirements except for the constraints with
respect to the primary vertex; instead, the unsigned teasevimpact parameter with respect to the beam
spot,|d59), is required to be less than 1.8 mm.

Phase-Space Regidn  +/s= 0.9 TeV \Vs=7TeV \Vs= 236 TeV

Nch min pr Full Tracks Full Tracks ID Tracks (Pixel Tracks)
(MeV) Events | Tracks Events Tracks Events Tracks

2 100 357,523 4,532,663| 10,066,072 209,809,430, - -

1 500 334,411 1,854,930| 9,619,049 | 97,224,268 | 5,929 (5,983)| 38,983 (44,788

6 500 124,782| 1,287,898| 5,395,381 | 85,587,104 - -

Table 4: Number of events and tracks in the three phase-gpg@ms at each centre-of-mass energy
considered in this paper.

2A hit is expected if the extrapolated track crosses an actigimn of a Pixel module that has not been disabled.

3This probability function is computed as-1P(ngor/2, x2/2), WhereP(ngor/2, x2/2) is the incomplete gamma function and
Ngof IS the number of degrees of freedom of the fit. It represemtptbbability that an observed exceeds the observed value
for a correct model.
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4.3.2 Track Reconstruction Algorithms at 2.36 TeV

Operation of the SCT at standby voltage during 2.36 TeV ddtag led to reduced SCT hitfciency.
Consequently, ID tracks are reconstructed at this cerfitreass energy using looser requirements on
the numbers of hits and holég44, 45]. There are no simulation samples that fully desctte SCT
operating at reduced voltage. A technigue to emulate theatngf operating the SCT in standby was
developed in simulation; this corrects the Monte Carlo witthre-simulation by modifying the silicon
clusterisation algorithm used to study the tracking penfamce. However, the final ID trackfeiency

at 4/s = 2.36 TeV was determined using a correction to the track reoactitn dficiency derived from
data aty/s= 0.9 TeV.

Pixel tracks were reconstructed using the standard trazmnetruction algorithms limited to Pixel
hits and with dfferent track requirements. There is little redundant inftttom, because at least three
measurement points are needed to obtain a momentum measurand the average number of Pixel
hits per track is three in the barrel. Therefore the Pixalknaconstruction féiciency is very sensitive
to the location of inactive Pixel modules. The total disehetween the first and the last measurement
point in the pixel detector, as well as the limited number &asurement points per track, limit the
momentum resolution of the tracks; therefore the Pixeksarere refit using the reconstructed primary
vertex as an additional measurement point. The refittingawgs the momentum resolution by almost
a factor of two. However, the Pixel track momentum resotutiemains a factor of three worse than the
resolution of ID tracks.

The selection criteria used to define good Pixel and ID trackshown in Table 3. The total number
of accepted events and tracks at this energy are shown ia Fabbhese two track reconstruction methods
have diferent limitations; the method with the best possible measent for a given variable is chosen
when producing the final plots. The Pixel track method is uUsethe n., andn distributions, while the
ID track method is used for ther spectrum measurement; ther) distribution is not produced for this
energy as neither method is able to describe both the nunfiparticles and theipt accurately.

5 Background Contribution

5.1 Event Backgrounds

There are three possible sources of background eventsathabntaminate the selected sample: cosmic
rays, beam-induced background and the presence of analtision inside the same bunch crossing.
The fraction of cosmic ray background events was estimatdd]j where it was found to be smaller
than 108, Beam-induced backgrounds are estimated from non-augidmpty bunches using the same
method as described in [1]; after final event selection, fetaen 0.1% of events are predicted to originate
from beam-induced backgrounds. The reconstructed prifetgx requirement is particularly useful in
suppressing the beam-induced background. The instantsh@minosity aty/'s = 7 TeV is high enough
that the &ect of multiple collisions inside the same bunch crossimgoabe ignored. Events are rejected
if they have a second vertex with four or more traék\fter this cut, the fraction of events with more
than one interaction in the same bunch crossing is measuiteeldbout 0.1%; the residudfect is thus
neglected. At the lower centre-of-mass energies, the fatautiiple interactions is lower and thus also
neglected.

“A hole is defined as an absence of a hit when it is expected ¢jieetrack trajectory.
SEvents with two vertices with fewer than four tracks are duaed by events where a secondary interaction is recotstruc
as another primary vertex and are thus not removed from darsdenples.
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5.2 Backgrounds to Primary Tracks

Primary charged-particle multiplicities are measurednfreelected-track distributions after correcting
for the fraction of non-primary particles in the sample. Naimary tracks are mostly due to hadronic
interactions, photon conversions and decays of long-lpadicles, as well as a small fraction of fake
tracks. Their contribution is estimated using MC prediasidor the shape of thdy distribution for
primaries, non-primaries from electrons and other nomaries. The separation between non-primaries
from electrons and non-electrons is needed as the elearensostly from conversions in the detector
material and would thus be sensitive to a mis-modeling ofltector material, whereas the non-electron
non-primary tracks are mostly from long-lived particlesiahis fraction is thus also sensitive to the
underlying physics. The Gaussian peak ofdpelistribution, shown in Fig. 1 for 10&@ pr < 150 GeV,
is dominated by the primary tracks and their resolution. fitve-primary tracks populate the tails. The
dominant contribution to non-primary tracks inside theegtance cut oidg| comes from non-electrons.
The primary, electron non-primary and non-electron namqry dy distributions are obtained from
MC and used as templates to extract the relative fractiodata. A fit is performed in the side-bands of
the distribution, i.e. outside the rangedfused for selecting tracks. The fractions of primary, etactr
non-primary and non-electron non-primary tracks are &inad to float with the total number of events
constrained to that of the data. The contribution of nompries from electrons within the analysis
acceptance of 1.5 mm is small, while it dominates at higheslf|dg|. The requirement on having a
hit on layer-0 suppresses this contribution enough to atlmvfit to be performed down to the lowest
pr region. The fit is performed in bins of 50 MeV ipr from 100 to 500 MeV. A single fit is used
for all tracks withpt > 500 MeV; in this bin the distinction is not made between the seurces of
non-primary tracks. The fraction of non-primary tracksiesifrom 3.4% for 100< pr < 150 MeV to
1.6% above 500 MeV at/s = 7 TeV. Figure 1 shows the observegldistribution for the bin 106 pt <
150 MeV compared to the MC predictions after the fit.

E :VVV‘VVV[VVVIVVV‘VVV[VVVIVVV[VVV[VVV‘VVV:
E F ATLASNs=7TeV  n,=22,|n|<25 ]
A [ e Data2010 100MeV<p_ <150MeV ]
B
2 1es-MCND .
o F— all e
= F..... primaries ]
| —- non-ele i
10°E- -

LR
cnl

|

=7 1 ol

108 6 4 20 248 E
d, [mm]

Figure 1: Transverse impact parametky, distribution at+/s = 7 TeV for primary (blue short dashed)

and non-primary particles after scaling them to the bestditer for 100< pr < 150 MeV. The non-

primary particles are split into electrons (pink long-dedhand non-electrons (green dot-dashed). The

full red curve shows the nontliactive (ND) MC prediction for the sum over the three compuse

which agrees well with the data (black points).

Systematic Uncertainties The full difference between the non-primary fraction in MC and that ia dat
obtained using the fit is taken as a systematic uncertaittg.largest dierence is found to be an increase
of non-primaries in data by 25% relative to the MC for > 500 MeV. This conservative estimate is
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taken to be constant as a function @f and results in only a smallfiect, up to 0.9%, on the final
corrected distributions. In order to estimate tlfieet of the choice of the variable used to obtain the fit,
the fraction of primary and non-primary track contribusoare obtained by fitting thg) distributions.
The diference is measured to be 12% in the first bin, 8% in the lastrmnless than 4% in all other
bins; this diterence is taken as a source of systematic uncertainty. Tihea¢sd number of non-primary
tracks in|do| < 1.5 mm is found to be stable with respect to a change in the fiterafid mm in allpt
bins except the first one (100 pr < 150 MeV), where a 10% terence is observed; thisfiérence is
taken as a systematic uncertainty. The fraction of non-gmjntracks is found to be independentngf,

but shows a small dependencergriaken as a small systematic uncertainty of 0.1%.

The total uncertainty on the fraction of non-primary traékgaken as the sum in quadrature of
all these fects. The total relative uncertainty on the measured bigtdns at+/s = 0.9 TeV and
\s = 7 TeV is 1.0% for the firspr bin, decreasing to 0.5% above 500 MeV. Ak = 2.36 TeV this
uncertainty for the Pixel track method is 0.6%.

6 Selection Hficiency

The data are corrected to obtain inclusive spectra for etapgimary particles satisfying theftérent
phase-space region requirements. These correctionsletigticiencies due to trigger selection, vertex
and track reconstruction. They also account fideets due to the momentum scale and resolution and
for the residual background from non-primary tracks.

In the following sections the methods used to obtain théBeiencies, as well as the systematic
uncertainties associated with them are described. Pletskawn for the phase-space regign > 2,
pr > 100 MeV,|n| < 2.5 at+/s= 7 TeV, but similar conclusions can be drawn at the other ée®and
phase-space regions.

6.1 Trigger Efficiency

The trigger diciency, eyig, is measured from a data sample selected using a contrgétrifhe control
trigger used for this analysis selects events from randdedfibunch crossings which are then filtered
at L2. At +/s = 0.9 TeV the L2 filter requires a minimum of seven pixel clustend aeven SCT hits
and the EF requires at least one track wigh > 200 MeV. At v/s = 7 TeV the L2 requirement is
loosened to four pixel clusters and four SCT hits. No EF negnents are made at this energy. The
vertex requirement for selected tracks is removed for thegger studies, to account for correlations
between the trigger and vertex reconstructidicencies. The triggerficiency is determined by taking
the ratio of events from the control trigger in which the L1 MBalso accepted the event, over the total
number of events in the control sample. Fgs = 2.36 TeV there is not siicient data to measure the
trigger dficiency and thus tha/s = 0.9 TeV parametrisation is used to correct the 2.36 TeV data.

The trigger diciency is parametrised as a functionngf; it is 97% (99%) in the firsh25 bin and
rapidly increases to nearly 100% fof3 > 2, pr > 100 MeV (5 > 1, pr > 500 MeV). The trigger
requirement is found to introduce no observable bias inghend r distributions of selected tracks
within the statistical uncertainties of the the data reedrdith the control trigger. The resulting trigger
efficiency is shown in Fig. 2a for the phase-space region mﬁfrz 2, pr > 100 MeV at+y/s=7 TeV.

Systematic Uncertainties Since there is no vertex requirement in the data sample oseeasure the
trigger dficiency, it is not possible to make the same impact-paranselection as is made on the final
selected tracks. In order to study potentiffeets due to this, the triggeifficiency is measured after
applying the impact-parameter constraints with respetttéqrimary vertex if available or with respect
to the beam spot if not. Theftierence in the ficiency obtained this way and in the nominal way is
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Figure 2: Trigger #iciency (a) and vertex reconstructiofiieiency (b) with respect to the event selection,
as a function of the number of reconstructed tracks befoeevirtex requirementnfesl). The track
reconstruction ficiency as a function aof (c) andpy (d) is derived from non-diractive (ND) MC. The
statistical errors are shown as black lines, the total srasrgreen shaded areas. All distributions are
shown aty/s= 7 TeV forne, > 2, pr > 100 MeV, || < 2.5. For the vertex and triggefiiciencies, the
selection requiresZ5 > 2.
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considered as a systematic uncertainty. This variatiomiges a conservative estimate of thiéeet of
beam-induced background and non-primary tracks on thgerigficiency at low values thBj. The
systematic uncertainty arising from possible correlatbthe MBTS trigger with the control trigger is
studied using simulation, and th&ext of correlations on the triggeffieiency is found to be less than
0.1%. The total systematic uncertainty on the trigg@ciency determination, which also includes the
statistical uncertainty on the control sample, is of thecomf 1% in firstn?j bin, decreasing rapidly as

BS ;
Ngg INCreases.

6.2 \ertex Reconstruction Hficiency

The vertex reconstructiorfficiency, ey, is determined from data by taking the ratio of triggerednéve
with a reconstructed vertex to the total number of triggereeints, after removing the expected contri-
bution from beam background events. Theogency is measured to be 90-92% in the fn?eﬁ bin for
the diferent energies and phase-space regions; it rapidly ris€¥08s at higher track multiplicities. The
vertex reconstructionficiency at+/s = 7 TeV for nSBeSI > 2, pr > 100 MeV is shown in Fig. 2b as a
function ofn2S.

The dependence of the vertex reconstructifficiency on thep and pr of the selected tracks is
studied as well as the dependence on the projection alonigetim-axis of the separation between the
perigeesof the tracks 42), for events with more than one track. For all phase-spagiems, only the
dominant &ect is corrected for as the othdtext is always found to be significantly smaller and would
thus not &ect the final result.

For the lowerpr threshold selection, a strong dependence is observed astiofuof Az for events
with two tracks; this bias is corrected for in the analysimggwo different parametrisations depending
on thepr of the lowestpr track: one for tracks below 200 MeV and one for those abovetkinashold.
The dependence on the vertex reconstructidiciency due to the of the tracks is found to be smaller
than theAz correction and is neglected for this phase-space regiom.theo500 MeV pr threshold
selection, the; dependence is corrected for events wifﬁ = 1. For events with higher multiplicities
the Az dependence is found to be very small and is neglected.

Systematic Uncertainties The diference between the vertex reconstructificiency measured with
beam background removal and the vertex reconstructiociesicy measured without beam background
removal is assigned as the systematic uncertainty on thexvezconstruction féciency. For determi-
nation of this diference, the contribution of beam-related backgroundstimated using non-colliding
bunches, as in [1]. The highest rate of beam-related baugkdris found in the phase-space region with
pr > 100 MeV at 900 GeV, where it is 0.8% without vertex selectionl 8.2% with vertex selec-
tion, although it is found to decrease rapidly at higher iplitities. (This beam-related background
contribution is larger than that given if Sec. 5 where a retacted primary vertex was required.) The
total uncertainty due to the vertex reconstructidiiceency is significantly below 1% for all phase-space
regions at all energies. Fig 2b shows the total error for theesp-space region withy > 100 MeV at
\Vs=7TeV.

6.3 Track Reconstruction Hficiency for the 0.9 and 7 TeV Data Samples

The track reconstructionfiéciency, ey, determined from MC, is parametrised in bins @f and .
The excellent agreement between data and MC of basic traahtitigs for tracks above 500 MeV was
previously demonstrated [1]. Figure 3 highlights the agreset for tracks in the additional range covered
in this paper, 106 pr < 500 MeV.

5The perigee of a track is here the point of closest approatteafack and the coordinate origin (0,0,0).
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Figure 3: Comparison between data and simulatiog's= 7 TeV for tracks with transverse momentum
between 100 and 500 MeV: the average number of silicon hiteoonstructed track as a function of
n in the SCT (a) and Pixel (b) detectors, the transverse impaetmeter (c) and longitudinal impact
parameter multiplied by s (d). The inserts for the impact parameter plots show thestaie plots.
The pr distribution of the tracks in non-firactive (ND) MC is re-weighted to match the data and the
number of events is scaled to the data.

The track reconstructionfiiciency is defined as:

Nieg“"*{pr. )

Stl‘k(pT’ 77) = N n(p‘[' T]) s
ge s

wherepr andn are generated particle properti®ha*¢pr, ) is the number of reconstructed tracks
matched to a generated charged particle Blpg(pr,7) is the number of generated charged particles
in that bin. The matching between a generated particle aedanstructed track uses a cone-matching
algorithm in the—¢ plane, associating the particle to the track with the sreBAR = +/(A¢)? + (An)?
within a cone of radius 0.15. In addition, the particle tcagey must be compatible with the position of
one of the pixel hits of the track. The larger cone size thgijims needed to account for the degraded
resolution at lower traclor.

The resulting reconstructiorfficiency as a function of integrated ovepr is shown in Fig. 2c at
\/s = 7 TeV for the phase-space region with the lowgsthreshold. The track reconstructiofiieiency
is lower in the regiorjy| > 1 due to particles passing through more material in thabregFigure 2d
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shows the fficiency as a function gby integrated oves. The initial rise withpr is due to the requirement
on the minimum number of silicon hits required in the anaysihich indirectly constrains the tracks to
pass through a minimum number of detector layers and thus &avinimumpr.

Systematic Uncertainties As the track reconstructionffeciency is determined from MC, the main
systematic uncertainties result from the level of agredrbetween data and MC. The overwhelming
majority of particles in the selected events are hadronssélare known to $iier from hadronic interac-
tions with the material in the detector. Thus a good desorigif the material in the detector is needed to
get a good description of the track reconstructiiiceency. To quantify the influence of an imperfect de-
scription of the detector description, in particular thetenial in the simulation, two dierent data-driven
methods are used. The first reconstructs the invariant nia€smesons decaying to two charged pions;
the second compares the track lengths in data and simulafiba K¢ mass method studies the mass
as a function of the decay radius of the meson; it has greseesitivity to small radii, while the track
length study probes the material description in the sinaain terms of nuclear interaction length)(

in the SCT detector. The combination of both methods previgted sensitivity throughout the silicon
detectors. They allow us to constrain the material to béktan 10% in the central barrel region and
better than 30% at the highést measured. The material uncertainty is the largest unogytai almost

all regions of all distributions plotted in this paper. Iretharrel region, the total uncertainty due to the
material is 8% at lowpr, going down to 2% above 500 MeV. The uncertainty increasds wcreasing
Inl; the largest uncertainties are in the regioB 2 || < 2.5: 15% in the firstpr bin decreasing to 7%
above 500 MeV.

The track-fity? probability cut has been found tdfer powerful discrimination against tracks with
mis-measured momenta. These are mostly very low momentuticlea that are reconstructed with
much higher momentum due to mis-alignment or nuclear iot&nas . Mis-measured tracks are seen
predominantly at the edges of thheacceptance where the distance between consecutive nreasiire
points of the outer layer of the Pixel and the first layer of #@&T can reach up te 1 m. The fraction of
mis-measured tracks is observed to be significantly moratmithan in Monte Carlo even after this cut is
applied. Two diferent methods are used to estimate the fraction of mis-medhsnacks in data. The first
compares the momentum obtained from the tracks reconsttusing only the SCT hit information with
that obtained for fully reconstructed tracks. After norisialy the number of well-measured tracks in MC
to data, the scaling of the MC high tails needed to model the data is obtained. The second method
uses the dference between data and MC seen in the tails ofighdistributions at higtpt because mis-
measured tracks tend to have poorly reconstrudgedgain a scaling factor is obtained to scale the MC
tails in order to describe the data. These two methods gisesimilar results. Both methods are used
to obtain the systematic uncertainty for all but the outesstiregions im where the ffect is the most
significant. In this region an additional method is used timahpares the distributions, normalised
in the central region, in bins gr. The variation withpr of the n distribution due to physics is small
compared to the dierences observed due to mis-measured tracks. The adtitiacks at highr|, high
pr are considered to be due to mis-measured tracks and thiofradtmis-measured tracks in data is
obtained. This third method gives the systematic unceytdor the outer-most bins. Averaged over
the wholen region, the fraction of mis-measured tracks in data is faorgk negligible fopr < 10 GeV,
3% for 10 < pt < 15 GeV and increases to 30% for 30pt < 50 GeV. An additional systematic on
the track reconstructionfléciency of 10% is taken for all tracks withy > 10 GeV due to dferent
efficiencies of the/? probability cut in data and MC. All systematic uncertaistian the mis-measured
high-pr tracks are taken as single-sided errors.

Studies using — uu events show that the resolution in data is about 10% worsettteanominal
MC resolution above 10 GeV. The impact of a 10% Gaussian sngeaf the reconstructed tragl in

" Note that the momentum spectrum falls by many orders of naggiin the measured range.
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Systematic Uncertainty Size Region
Material +2-15% decreases witlpr, increases witlfy|
x° prob. cut +10% flat, only forpr > 10 GeV
+5% 100< pr < 150 MeV
Resolution negligible 0.15< pr < 10 GeV
-7% pr > 10 GeV
Track Selection +1% flat in pr andn
Truth Matching +1% only for /s = 2.36 TeV Pixel Tracks
Efficiency correction factor +4% only for 4/s=2.36 TeV ID Track
Alignment and other higlpr | -3% to -30% only fgr pr > 10 Qe\/ .
averaged oven , increases with increasingr

Table 5: The systematic uncertainties on the track reaactsdn eficiency for /s = 0.9 TeV, /s =

7 TeV and+/s = 2.36 TeV Pixel Track and ID Track methods. Unless otherwistedtahe systematic
is similar for all energies and phase-space regions. Alettamties are quoted relative to the track
reconstruction &iciency.

MC is performed and found to have a 7%beet for the binning used in this paper. Thifeet is taken as
a systematic uncertainty on tracks above 10 GeV. This sygiemncertainty is single-sided and added
linearly with the systematic uncertainty due to the mis-sueed highpr tracks. The ffect on tracks
below 10 GeV is found to be negligible.

The pr cut applied at various stages of the pattern recognitioidlénthe track reconstruction algo-
rithm introduces an irféiciency due to the momentum resolution. Atdrent momentum resolution or a
bias in the momentum estimation in data compared to MC caiitiesa change in the migration out of
the first bin inpr (100 < pt < 150 MeV) and thus a gain or loss of observed tracks. The defagta-
tion correction is derived using the resolution in MontelGaf he trackpr resolution at the seed finding
stage in Monte Carlo is increased by a very conservative 1@ kaking thepr resolution &ectively
15 MeV instead of 10 MeV. Thefiect of this shift on the track reconstructioffieiency in the firstpr
bin is found to be about 5%; thisftierence is assigned as a systematic uncertainty.

A detailed comparison of track properties in data and sitrarlds performed by varying the track
selection criteria. The largest deviations between datM@ are observed at highand are found to
be~ 1%. For simplicity, a constant 1% uncertainty is assignest tive whole range.

A summary of the track reconstruction systematic unceresrs shown in Table 5. The total un-
certainty due to the track reconstructioffi@ency determination is obtained by adding dlleets in
guadrature except for tracks above 10 GeV where the regolaind mis-measured trackfects are
added linearly; asymmetric errors are considered for tbffsets.

6.4 Track-Reconstruction Hficiency for the 2.36 TeV Data Sample

Both the Pixel track and the ID track methods apply a dateedrcorrection to the primary track recon-
struction dficiency,emc

e(X) = emc(X) - corr(m), 2

wheregyc is derived from nominal simulation ay's = 2.36 TeV. Herex is either bothpt andn for the
ID track or onlyn for the Pixel track method, as those are the parameterdhinabtrection factors were
found to depend on.

The correctiongcor, is derived from the reference dataset taken/at= 0.9 TeV where the high
voltage on the SCT was lowered for part of the run.
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For the Pixel track method,; is the ratio of the relative Pixel track reconstructidfigency, &re|,
in data to simulation. The relative Pixel trackieiency is the #iciency to reconstruct a Pixel track if a
track has been reconstructed using hits in the SCT and TREwes only.
Dat
Eray A1)
gcorr(1) = rlalc

3
rel (77) ( )

Figure 4a shows the relative Pixel trac&i@ency in data and simulation. The ratio of the two
distributions, shown in the insert, is used to correct thekreconstructionficiency for the Pixel track
method aty/s = 2.36 TeV.

For the ID track method thefiéciency derived from simulation with nominal conditions @ected
by ecorr to account for the lower SCTigciency in standby mode. Figure 4b shows the distribution of
the number of reconstructed tracks in data in both SCT cordiiguns at+/s = 0.9 TeV normalised to
the same number of events satisfying the trigger requirénidre ratio of the number of reconstructed
tracks with the SCT in standbys®, to the number of reconstructed tracks with the SCT at noinina
N7°™, shown in the inset, is used to correct the track reconspruetficiency for the ID track method at
\Vs=236TeV:

NSP(7)
tr
gcorr(1) = . 4)
Ng°™(7)
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Figure 4. Relative @iciency of Pixel tracks in data and norffidactive (ND) MC simulation aty/s =

0.9 TeV (a). Both Pixel track distributions are re-weightechawe the same beam spot distribution as
the v/s = 2.36 TeV data. The number of reconstructed ID tracks in datgsat 0.9 TeV as a function

of n with the SCT in nominal and standby (b). The ID track disttidms are normalised to the number
of events passing the trigger requirement.

Systematic Uncertainties Most systematic uncertainties on the ID track reconswuacéficiency are
similar to the full tracking at other energies. The majoriiddal systematic uncertainty is due to the
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efficiency correction factor for the SCT configuration. The utaiaty due to the statistical limitations
of the reference dataset is 2%. An additional 3% uncertantgpunts for the extrapolation frorjl's =
0.9 TeV to /s = 2.36 TeV, which was estimated by comparing the distributiohthe number of ID
tracks betweeny/s = 0.9 TeV and /s = 2.36 TeV. The total uncertainty on thdfieiency correction
factor adds those twdiects in quadrature to obtain a total uncertainty of 4%.

The material uncertainty is estimated using a similar meth® for the other energies; the absolute
uncertainty is found to be 2% (3%) for the Pixel (ID) trackaestruction éiciency. The uncertainty
is larger for ID tracks, because such tracks are sensititheanaterial throughout the whole silicon
detector. The uncertainty due to the momentum resolutioegtigible because the phase-space cuts are
suficiently far from the track algorithm cuts.

There is an additional 1% uncertainty on the Pixel track metiue to the matching procedure. The
relative Pixel track reconstructiorfficiency difers from the primaryféciency due to materialfeects and
contributions from non-primary tracks. There is an addgiodiscrepancy of 4% in for.2 < || < 2.5
that is assigned as a systematic uncertainty for those Airsentraln the total uncertainty on the Pixel
(ID) track reconstructionféiciency is estimated to be 3.4% (6%). Table 5 shows the tramsgruction
systematics at/s = 2.36 TeV and the dferences with respect to the uncertainties at other cefvineass
energies are indicated.

7 Correction Procedure

The dfect of events lost due to the trigger and vertex requiremisndsrrected using an event-by-event
weight:

1 1
BS
wey(NZY) = .
ST cig(MBS)  eux(nBS, X)
wherex is either theAz between tracks or theof the tracks, as described in Sec. 6.2.
The pr andn distributions of selected tracks are corrected for usimgektby-track weight:

oy (4 frondPr)) - (L foe(Pr )

where fhonp is the fraction of non-primary tracks determined as desdrib Sec. 5.

The fraction of selected tracks passing the kinematic seteéor which the corresponding primary
particle is outside the kinematic rangRy.(pr, r7), originates from resolutionfiects and has been esti-
mated from MC. The uncertainty digx; is mostly due to the resolutionfiierence between data and MC.
This uncertainty is negligible for all cases excepty& = 2.36 TeV for the Pixel track method where
the uncertainty is estimated to be 1%, due to the poor monrenéisolution of the Pixel tracks. No
additional corrections are needed for thdistribution; the additional corrections needed for thieeot
distributions are described in the following sections.

For all distributions in all phase-space regions consitlecéosure tests are carried out. These are
tests carried out on MC where the reconstructed samplesamrected according to the same procedure
as used on the data; the resultingfelience between the corrected distribution and the knowticlear
level distribution is defined as the amount of non-closufréhé correction procedure were perfect, the
non-closure would be zero. For this analysis, closure tasscarried out on all distributions in all
phases-space regions and unless explicitly mentioneakitet the level of non-closure is less than 1%.

’

wtl’k(pT’ ]7) =

dNey
dnch

7.1 Correction to

First, the observedhse distribution is corrected for the trigger and vertex red¢orion dficiencies.
Then, an event-level correction is applied using Bayesi#nlding [46] to correct the observed track
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multiplicity to the distribution of the number of primary a&fged particles, as follows. An unfolding
matrix, Mcnsel, i defined that expresses the probability that a given weldcack multiplicity, after all
other event-level corrections are appliegs, is due tong, primary particles. This matrix is normalised
such that the number of events does not change except foatbeases whenes > ney andney is
below our acceptance selection. This matrix is populatech iMC09 MC and applied to data to obtain
the observedhe, distribution. The resulting distribution is then used tepapulate the matrix and the
correction is re-applied. This procedure is repeated witlzoregularisation term and converges after
four iterations in data; convergence is defined as the fasition in which theg ? difference between the
result of the unfolding and the input distribution for thigration is less than the number of bins used in
the unfolding.

After the ngg distribution has been unfolded, the resulting chargedgbantnultiplicity distribution
is corrected for events migrating out of the selected kirtammange 0c.n > X), which the matrix does
not account for. This is achieved by adding an additionahterthe correction. The correction terms for
the phase-space regions withy, > 2 is

1/(1 = (1 - &)™ = Neh - i (1 — &)™) ®)

wheregyy is the mean @ective track reconstructiorfficiency for a givemey, bin. Corresponding terms
are used for the other phase-space regions. This trackstegotion dficiency can in principle be fier-
ent for eachng, bin, but the diference is found to be small and thus the meBattve track reconstruction
efficiency for lowesig, bin is used.

Systematic Uncertainties The systematic uncertainties on the unfolding procedueeocatained by
modifying the input distributions as described below, gpg the unfolding procedure and comparing
the output to that obtained when using the nominal input;ntladrix and the correction factors are not
modified.

There are two sources of systematic uncertainties comsldeDne of them is due to the track re-
construction #&iciency uncertainties while the second one accounts foritherentpr spectrum recon-
structed in data and MC. The first source of uncertainty isneged by starting from the observeg,
spectrum in data; tracks are randomly removed from theilolision according to the meamr andn of
the tracks for each value ofg and the uncertainty on the track reconstructificeency for thosepr and
n values. A new input distribution is obtained, put through tinfolding procedure and thefidirence
with respect to the nominai,, distribution is taken as a systematic uncertainty. The mairgy is then
symmetrised. The uncertainty og, due to the uncertainty on the track reconstructifficiency is found
to be~ 3% to~ 25% at+/s = 7 TeV in the most inclusive phase-space regigp,> 2, pr > 100 MeV,

In| < 2.5.

The other source of uncertainty originates from the unfajdinethod that is carried out in a single
dimension at a time, in this casg,. There is some dependency on frespectrum of the MC sample
used to populate the matrix, due to the strong dependenbe tfick reconstructionfféciency onpr. To
investigate this #ect, the average track reconstructidficiency derived using ther spectrum in data
and that obtained from MC are compared. Thedénce in these two meaffieiencies is then treated in
the same way as the uncertainty on track reconstructfigtiemcy, described in the previous paragraph.
This uncertainty is taken as being asymmetric; only therdmution from a shift of the spectrum in the
direction of the data is taken. The mean value is kept as thabdpy the nominalpy spectrum in MC.
The uncertainty varies with increasimg, from —2% to +40% at /s = 7 TeV in the most inclusive
phase-space region.

The only additional systematic uncertainty due to the tgrohthe track reconstructionfieciency
is due to the dference between the bias introduced by the vertex correatioddC and data. The
estimation of this error is done by comparing the distribution in ngf;:z between data and MC. The
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Azq distribution is a very good probe of the correlation betwagying, and ngj as events with highgg
tend to have smalhz, values while events witlngg<2 tend to have largaz,. Very good agreement

is found between data and MC. Re-weighting tkiy distribution in MC to match data or applying
the vertex correction extracted from data to the MC closest keads to a systematic uncertainty of
the order of 0.1% fong,=2 where this &ect is most pronounced. As this error is much smaller than
other systematic uncertainties considered, it is neglecibe systematic uncertainty due to track-track
correlation in a single event is small and is neglected avieeye in this analysis.

7.2 Corrections toNgy,

The total number of eventdle,, used to normalise the final distributions, is defined asritegial of the
Neh distributions, after all corrections are applied.

Systematic Uncertainties The systematic uncertainties dly, are obtained in the same way as for the
neh distributions. Only those systematic8escting the events entering or leaving the phase-spacenregio
have an impact olle,. The total uncertainty ohe, at /s = 7 TeV for the most inclusive phase-space
region is 0.3%, due mostly to the track reconstructifiitiency. At /s = 2.36 TeV the total uncertainty
on Ngy is 1.4% for the Pixel track and 2.6% for the ID track methods.

_dNen
dpr

The tracks are first corrected for the event leveftioencies of the trigger and the vertex reconstruction.

Then the tracks are corrected for the track reconstructieficiencies, non-primary track contamination

and out of kinematic range factors. Finally, a similar udiio§ method to that used on thg, distribution

is used to correct the measured tragkto the primary particle momentum. More bins are used for the

unfolding than are shown in the final distributions; this ecessary in order to avoid amplification of

small data MC dterences with successive iterations, causing large fluohgatFor this distribution four

iterations are required before convergence is reachedggaogence is defined as for thg, distribution.

7.3 Corrections toﬁ

Systematic Uncertainties In order to estimate theffiect on the finalpr distributions of the uncertain-
ties dfecting the correction steps prior to the unfolding, the Wdifg procedure is re-run on the corrected
pr distribution shifting the distribution used as input to tirdolding procedure by the systematic uncer-
tainties. This newpr distribution is put through the unfolding procedure anddtEerence with respect
to the nominal correctegr spectrum is taken as a systematic uncertainty.

The highpr systematic uncertainties are obtained using the MC samplessystematic uncertainty
associated to the mis-measured hjghtracks is obtained by scaling the number of mis-measuretidra
in MC to match those found in data. This new input distriboitie put through the unfolding procedure
and the final dierence with respect to the nominal MC is taken as a systemnatiertainty. The system-
atic uncertainty associated to the resolution is obtaineshtearing the well-measured tracks, in MC, by
the resolution uncertainty obtained in Sec. 6.3. Tiieat on the final unfolded distribution is taken as a
systematic uncertainty. Those two high-systematics are added linearly. Both cause only singledsid
variations. This combined uncertainty is measured to be #50% for pr = 10 GeV to -30% for the
lastpr bin (30 < pr < 50 GeV) aty/s= 7 TeV for thens, > 2, pr > 100 MeV phase-space region.
The variations for other phase-space regions at this ersegggimilar. Aty/s = 0.9 TeV this uncertainty
is found to be -20% for all three bins abope of 10 GeV.

In order to assess the stability of the results under vargiaging hypotheses for the MC spectrum
used to fill the matrix, a flat initial prior is used as an inphile convergence is only typically reached
after seven iterations, instead of three for the nominairptine final diference in the unfolded spectra is
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small. The diference between the resulting distribution obtained witltepflior and that obtained with
the MC pr spectrum as a prior is taken as a systematic uncertaintyw/sAt 7 TeV this uncertainty is
less than 2% for nearly all pT bins, with the exception of aptewf bins around changes in bin width,
where the &ect is 3-5%. Aty/s = 0.9 TeV, due to more limited statistics in the MC, the largestraie
seen is 7% with a few others around 3-4%.

7.4 Meanpy versusng,

The correction procedure for tH@r) vs. ney distribution is designed to correct separately two compo-
nents:Y;; pr(i) vs. nch and ;i 1 vs. nep and take the ratio only after all corrections are appliede $iim

is over all tracks and all events; the first sum is the tptabf all tracks in that bin im¢,; the second
sum represents the total number of tracks in that bin. Thesswithbe referred to as the numerator and
denominator, respectively. Each of these distributighgpr(i) and}’; 1, is corrected in two steps.

First the two distributions as a function i, are corrected on a track-by-track basis by applying the
appropriate track weights; this track-by-track corrattis applied to the data distribution and thus no
longer relies on thept spectrum of the MC. Second, the matrix obtained after thé ifie@tion of the
Ny unfolding described in Sec. 7.1 is applied to each of theildigions to unfoldnse to ney. Finally, the
ratio of the two distributions is taken to obtain the coreelkpr) vs. ng, distribution. For this distribution
we exclude tracks witlpr > +/s/2 as they are clearly un-physical; this removes 1 trac{st 0.9 TeV
and 1 track aty's= 7 TeV.

This unfolding procedure assumes that the trackiffgiency depends only opr andn and is
independent of the track particle multiplicity, and that ti spectrum of the tracks in events that migrate
back from a givemgg bin to a givenng, bin is the same as thgy spectrum of tracks in events in the
correspondingise bin. The fact that these assumptions are not completelygl ismtaken as a systematic
uncertainty. This uncertainty is obtained by looking at mle@-closure of the corrected distribution in
the MC. This residual non-closure is, we believe, a consecpief the two main assumptions. A full
parametrisation of the track reconstructighaency in terms opr, n andng, would remove the need for
the first assumption, while a full two-dimensional unfolglias a single step where the two dimensions
werepr andng, would remove the need for the second. Both of these are baherstope of the current
paper. In order to understand if the amount of non-closugerisalistic estimate of the uncertainty on
the method when applied to data, in particular to investiget dependence on thg spectrum, the
whole unfolding procedure is carried out usingruia6 DW tune samples and theTtHia8 samples; we
varied both the input distribution and the matrix used to lu® wnfolding. The level of non-closure is
found to be similar to that obtained with the MCP8ruia6 samples. We thus conclude that the level of
non-closure is not strongly dependent on gaespectrum. This allows us to use the residual non-closure
as a systematic uncertainty on the unfolding method asitbeskin the next section.

Systematic and Statistical Uncertainties For the calculation of the statistical uncertainty, thd ful
correlation between the tracks inside the same event wangiuted. The statistical uncertainty in the
numerator and denominator are computed separately thexd aduadrature after taking the ratio. This
is found to be a conservative estimate of the uncertainty.

Systematic uncertainties considered for {pe) vs. nc, distribution are either due to assumptions
made during the correction procedure or to uncertaintieguamtities taken from the MC and used during
the correction procedure.

The first category refers to the assumptions on the methedtibcts of which are visible in the
closure test. To account for these imperfections, we applystematic uncertainty of 2%, which covers
the non-closure in MC, except for the highesgf, bin and the first fewng, bins in some of the phase-
space regions. For these cases a larger systematic unteisaapplied to cover the non-closure. For the
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analyses witlpr > 500 MeV, where the size of a non-closure is larger, a 3% syatierarror is applied
in the nch=1 bin. This systematic uncertainty also covers thedénce in the non-closure between
samples created using MCO09 (default) and those with DW tlimetaia6 andeythia8. In the correction
procedure we use the approximation that= nEj. The dfect of such an approximation is studied on
simulation and found to be negligible with respect to theeoources of uncertainty.

The second category comprises uncertainties on the tracotion WeightSUev(nfj) andwyk(pr, 1)
and on the migration probabilities obtained from the unfajdmatrix. The dominant systematic uncer-
tainties that ffects both the track corrections weights and the migratiataduilities are the same as
those &ecting theng, distribution unfolding: the uncertainty on the track reswuction dficiency and
the dfect of the diference in thepr spectra between data and MC. These uncertainties are jtepag
by varying the input distribution for both thg; pr(i) vs. nsesand};; 1 vs. nge.

Smaller dfects are also studied, for example the uncertainty on tleeofahon-primary tracks and
the dfect of the systematic uncertaintieSezting the highpr tracks mentioned in Sec. 6.3. Excluding
the systematic uncertainties due to the assumptions matgdioe correction procedure, the systematic

uncertainties are between 0.5% and 2% for all bingjipall energies and all phase-space regions.

7.5 Correction for Different Minimum ng, Requirements

The only diference in the correction procedure from track to partickelléor n;, > 6 with respect to
Nch > 1is the need for an additional correction that takes int@actthe éect on the tracks due to the
tighter cut on both the number of tracks and number of padicl

Thengy, distribution and the number of everitig, are obtained by correcting and unfolding the mul-
tiplicity distribution of the whole spectrum and then apptythe highemg, cut on the final distribution.
For the pr andn track distributions an extra correction is needed. For &sverith nsg > 6, the tracks
are added to the distribution as for all other phase-spagieng a weight corresponding to the product
of the track (k) and event weightsu,) is applied. For events withse) < 6 the tracks are added to the
distribution with an additional weighting factar, s that represents the probability that a track from
an event withngg tracks is from an event withey, > 6. This additional weight is taken from the final
neh unfolding matrix, after the final iteration; each column lire tmatrix represents the probability that
an event withngg tracks hasi, particles. The total probabilityp(nch = 6 | Nse))) for a givennge < 6
is therfor the sum over the matrix elementsigs > 6

Wngn<6 = P(Nch = 6] Nsel) = Z Mngpneers
Nech > 6
whereMy,, n., IS the entry in the unfolding matrix far, andnse. This weight is about 65% false) = 5
and rapidly drops to 1% fafge = 2.

Systematic Uncertainties All uncertainties related to the distributions with the g, cut are taken
into account. In addition, an extra systematic uncertailuty to the uncertainty on the track reconstruc-
tion efficiency is needed for the correction to highngg selection. By varying the track reconstruction
efficiency down by its uncertainty, fierentwn, <¢ Weights are obtained. The shift in the resultimg
distribution is symmetrised and taken as an additionaksyatic uncertainty.

7.6 Extrapolationto pr =0

Comparing the results in our well-defined phase-space medio other inclusive measurements from
other experiments requires additional model-dependemeciions. One such correction is described
here, but applied only for comparative purposes. This @agi correction is derived to extrapolate
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the average multiplicity in the phase-space region withltleest measuregbr to the multiplicity for
all pr > 0. No attempt is made to correct for ting, > 2 requirement. Results are quoted for the
average multiplicity in the rapidity intervéj| < 2.5 and are not considered to be the main results of this
paper. This correction is obtained using three indepenaietihods: fitting thepr spectrum to a given
functional form, assuming a flat distribution at Ig in the observed fully correcteﬁ . ‘élp‘;h distribution
and obtaining the correction factor from the AMB#iruia6 MC.

In the first method, the correcte® spectrum is fit with a two-component Tsallis [47,48] distitibn

1 AN
() = 5o D o

i=m,p

(ni-1)(ni—2)
y=0i (T +mo; (ni—1))(n Ti +mo;)

. [niTi+mT(pT)i ]‘”i tanh‘l( pr sinhy ) ‘ i
n’'=25

niTi+Mo, M +p2 costt i/

wheremy (pr) is the transverse massr = ,/p% + mS andmg is the particle rest massg = {m,, mp}
anddNch/dyl,—oi, Ti andn; are the six parameters of the fif. represents the pseudorapidity at the edge
of our acceptancey = 2.5. dNch/dyl,-0 represents the integrated yield of the particle productibn
mid-rapidity, but is left here as a free parameter of the fiesbhs (pions and kaons) are merged into
a single Tsallis function since there is ifiscient information in the measured distribution to fit three
independent shapes. The tahffiactor accounts for the variation B/ p of each track over the entire
measured pseudorapidity range. It is derived by integ;%%nﬂn over|n| < 2.5.

From this functional form and using the parameters obtain@u the fit, the fraction of particles
with pr < 100 MeV is extracted. This procedure gives the correctiatofato be applied to the mean
charged-particle multiplicity per unit, averaged oven| < 2.5, in order to get the inclusive multiplicity.
The correction factor fronpr > 100 MeV topr > 0 MeV is found to be 1.065 at/s = 0.9 TeV and
1.063 aty/s= 7 TeV.

The second method assumes that@e‘éNTCT“ distribution is flat at lowpr. One can thus use the value
of this distribution in the lowespr bin (100 < pr < 150 MeV) to extract the value for tracks below
100 MeV. From this assumption, the fraction of particlesolell00 MeV and the scale factor used to
correct our observed distributions are derived. The seal®fs are found to be 1.068 g = 0.9 TeV
and 1.065 aty/'s = 7 TeV. The third and final method simply obtains the correctactor using one of the
MC models. AMBT1rytHIA6 is chosen; the correction factors are found to be 1.05¢sa& 0.9 TeV
and 1.051 aty/s = 7 TeV. We chose to use the scale factor obtained from the iimadtform fit as
the central value and consider thefeience between this and the other two methods as a systematic
uncertainty.

Systematic Uncertainties Several sources of systematic uncertainty on the calcuktale factor are
considered. The dominant uncertainty comes from tliemdince in the scale factors obtained from the
three diferent extrapolation methods. The largedtaitence between the value obtained from the fit
and the values from the MC and from the flat extrapolation iss@tered as the uncertainty and then
symmetrised. This uncertainty is found to h8@7 at+/s = 0.9 TeV and 0012 at+/s= 7 TeV.

The other sources of uncertainty are related to the fittinggaure such as the variation within the
uncertainty on the fit parameters and the variation due toaagd of the the fit range. All sources of
uncertainty are assumed to be uncorrelated and thus addp@drature. The final scale factors, with
total uncertainty, are then@63+ 0.014; at v/s= 7 TeV and 1065+ 0.01% at 4/s= 0.9 TeV.
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8 Total Systematic Uncertainties

The individual sources of systematic uncertainties haveadly been discussed in previous sections.
The dfect on the final distribution from each source is treated peddently and propagated to the
final distributions; the total error is the sum in quadratirem the diferent sources, unless explicitly
mentioned in the text. In most bins of all distributions tlegkest uncertainty comes from the track
reconstruction &iciency. The uncertainties afs = 2.36 TeV are larger than at the other two energies
due to the uncertainties related to the operation of the S@ddaiced bias voltage during 2.36 TeV data
taking. The total uncertainties are shown as shaded baritie final distributions presented in the next
section.

9 Results and Discussion

The corrected distributions for primary charged partiétesevents in three separate phase-space regions
are shown in Fig. 5 to 13. The results are compared to preditdf models tuned to a wide range
of measurements. The measured distributions are presastedlusive-inelastic distributions within a
given phase-space region with minimal model-dependemectons to facilitate the comparison with
models.

9.1 Charged-Particle Multiplicities as a Function of the Pgudorapidity

Figures 5 and 6 show the charged-particle multiplicity asracfion of pseudorapidity. Figure 5 shows
the distribution at all three centre-of-mass energieserptimse-space regiomy, > 1, pr > 500 MeV,

Inl < 2.5. The mean patrticle density is roughly constant|for < 1.0 and decreases at higher values
of [n|. There is little shape variation between the models exaapthe DWryTHIA6 tune which has a
flatter spectrum and a more pronounced dip at centragspecially at low+/s. At all three energies
the AMBT1pyTHIAG tune gives the best shape and normalisation descriptitreafata, although it was
tuned forne, > 6.

Figure 6a and b show the distributions for the most inclusive phase-space regiep, > 2,
pr > 100 MeV,|n| < 25. There is lesg variation than in the previous figure. At 900 GeV there
is very little difference between the models both in shape and normalisatibriheiexception ofroser
which shows an excellent agreement with the data; the otlelela show on average too few particles.
The shape of the distribution is reasonably well describedllimodels. At 7 TeV again the shapes seem
to all model reasonably well the observed spectrum, butiatethergy the dference in normalisation
among the models varies more widely and no model reprodhecdata.

Figure 6¢c and d show thegdistributions for the phase-space region with the leastuarnof diffrac-
tion,nch = 6, pr > 500 MeV,|n| < 2.5. The distributions in this phase-space region have tlyesar
drop at highip|. All but pyTHIA6 DW andproser at /s = 7 TeV show reasonable agreement in both shape
and normalisation at both energies.

9.2 Charged-Particle Multiplicities as a Function of the Transverse Momentum

Figures 7 and 8 show the charged-particle multiplicitiesadsinction of the transverse momentum.
The first of these figures shows all three centre-of-masgy@seconsidered in the phase-space region
Nch > 1, pr > 500 MeV and| < 25. The observegt spectrum is not described by any of the
models over the whole range. The region that the models havaost dificulty describing is the region
above 1 GeV.

Figures 8a and b show the charged-particle multiplicititethe most-inclusive phase-space region.
At 900 GeVruoser describes the data best over the whole range even thouglyrbenzent is still not
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excellent. The other models tend to under-predict the numblew pr particles while at highepr the
models vary widely. At 7 TeV thefBect at lowpr is more pronounced, while at high the agreement
of pyTHIA8 andpuoleT With the data is quite good. The AMBT1 and MCO09 tunesfiiab predict too
many particles at highgur.

Figures 8c and d show the charged-particle multiplicitiéth whe smallest contribution from fiirac-
tive events. This distribution carried the most weight ia &MBT1 tune. Considerable improvement in
the agreement with data is seen between the older MC09 amnéwig tuned AMBT1 but the parameters
varied in this tune were not fiicient to describe the full spectrum.

9.3 Charged-Particle Multiplicity Distribution

Figure 9 shows the charged-particle multiplicity disttibas forncy, > 1, pr > 500 MeV andn| < 2.5

at all three centre-of-mass energies. At low number of athyarticles, all models predict more events
than observed in data, which is compensated by an undeiepoedin the tails of the distributions.

It should be noted that due to the normalisatiofiNel, a deviation observed in one region needs to
be compensated for by one in the other direction somewhsee Although the predictions efioser at

0.9 TeV model the data reasonably well, at 2.36 TeV and 7 Tey do not model the observed spectrum.
The new AMBT 1pyTHIAG tune seems to provide the best agreement with data.

Figures 10a and b show the distribution for the most inckipivase-space region. Here the variations
between models at both low and high valuesngf are increased and no model predicts the observed
spectra.

Figures 10c and d show the distribution for thé&diction-reduced phase-space region. The distribu-
tions are very similar to those in Fig. 9 with a cutgt > 6; only the normalisation is fferent between
the plots. The errors are also recomputed as there is a leageellation between the numerator and
denominator for this phase-space region.

9.4 Average Transverse Momentum as a Function of the Numberf@€harged Particles

The final set of distributions discussed in the main part isfplaper is the average transverse momentum
as a function of particle multiplicity. The measurementpf) as a function of charged multiplicity at
v/s = 2.36 TeV is not shown becauseldirent track reconstruction methods are used for determihie

pr and multiplicity distributions, as discussed in Sec. 4.F@ure 11 shows the results for events with
Ny = 1, pr > 500 MeV andn| < 2.5. At 900 GeV the slope vai, for high values ohg, seems to

be well described by most models but the absolute value tatedelled byrytHia6 DW. At the highest
centre-of-mass energy above 20 particles the models vatglyvboth in slope and in absolute value;
at low values oy, none of the models describe the data very well. In the moresive phase-space
region, Fig. 12a and b, the models vary widely, especiallyigt +/s.

9.5 dnp/dpatnp=0

The mean number of charged particles in the central regicongputed by averaging ovel] < 0.2.

The values for all three phase-space regions and all esexgédlable are shown in Fig. 13 and in Table 6.
The result quoted at/s = 2.36 TeV is the value obtained using the Pixel track method. pitaese-space
region with largest minimunpr and highest minimum multiplicitygr > 500 MeV; ney > 6), which

is the region with the least amount offfdaction, is the one where the models vary the least and the
energy extrapolations of most models agree the best witkldkee However, in this region the energy
extrapolation ofyrHia6 andpxoser do not agree with the data. For the most inclusive measuresmen
none of the models agree with the data and the spread at 7 Tb¥ @xpected values is almost one third
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of the mean predicted value. The observed value is signtficaigher at this energy than any of the
models.

Phase-Space Region | Energy dnep/dnpatnp =0
(TeV) Measured PYTHIAG AMBT1 MC

0.9 | 3.483+ 0.009 (staty: 0.106 (Syst) 3.01

feh 2 2,pr > 100MeV 2" | 5 6301 0.003 (stat) 0.169 (syst) 4.93
0.9 | 1.343+ 0.004 (stat} 0.027 (syst) 1.28

Neh = 1,pr > 500MeV | 2.36 | 1.74=0.019 (staty 0.058 (syst) 1.70
7 2.423+ 0.001 (stat}+ 0.050 (syst) 2.36

0.9 | 2.380+ 0.009 (staty: 0.027 (syst) 2.33

fen = 6, pr > S00MeV/ 2" | 3 5474 0.002 (stat): 0.052 (syst) 3.63

Table 6: dn.h/dn atn = O for the three dferent phase-space regions considered in this paper for the
energies where results are available. For M@jsent statistics were generated such that the statistical
uncertainty is smaller than the last digit quoted.

9.6 Extrapolationto pr =0

The mean multiplicities of charged-particles wiph > 100 MeV within the full|p| < 2.5 region are
computed as the mean of the distributions shown in Fig. 6abaritey are found to be 3.6140.006
(stat)+ 0.170 (syst) aty/s = 0.9 TeV and 5.88% 0.002 (stat} 0.276 (syst) aty/s = 7 TeV. Multiplying
these numbers by the model-dependent scale factors abiaifec. 7.6, the averaged inclusive charged-
particle multiplicity for events with two or more particlesfound to be 3.84% 0.006 (stat}: 0.185 (syst)

at v/s = 0.9 TeV and 6.252+ 0.002 (staty 0.304 (syst) aty/s = 7 TeV. This result is interpreted as
the average total inelastic multiplicity for events withawr more particles withiny| < 2.5. Figure 14
compares these results to recently published ALICE reful$for inclusive inelastic as well as inelastic
with more than one particle. The ALICE results are quotedvasages ovely| < 1.0 andjs < 0.5,
respectively.

10 Conclusions

Charged-particle multiplicity measurements with the AT Aetector using the first collisions delivered
by the LHC during 2009 and 2010 are presented. Based on awsr tlundred thousand proton-proton
inelastic interactions at 900 GeV, just under six thousarii36 TeV and over ten million at 7 TeV, the
properties of events in three well-defined phase-spacensgiere studied. The data were corrected
with minimal model dependence to obtain inclusive distidms. The selected kinematic range and
the precision of this analysis highlight cleaffdrences between Monte Carlo models and the measured
distributions. In all the kinematic regions considered, plarticle multiplicities are higher than predicted
by the Monte Carlo models.

The three dferent phase-space regions studied, from the most incltsite one with the smallest
diffractive contribution, highlight various aspects of therglead-particle spectra. In general, the agree-
ment between the models and the data is better in the phase-sgegions with higher minimumy
cutaf, where difractive contributions are less significant.

For the v/s = 0.9 TeV measurements with thg threshold of 500 MeV, these results supersede the
results presented in [1].
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Figure 5: Charged-particle multiplicities as a functiontloé pseudorapidity for events witly, > 1,

pr > 500 MeV andy| < 25at+/s= 0.9 TeV (a), Vs= 236 TeV (b) andys = 7 TeV (c). The dots
represent the data and the curves the predictions fréfiereint MC models. The vertical bars represent
the statistical uncertainties, while the shaded areas shatgtical and systematic uncertainties added in
guadrature. The bottom inserts show the ratio of the MC dwedata. The values of the ratio histograms
refer to the bin centroids.
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Figure 6. Charged-particle multiplicities as a functiontloé pseudorapidity for events withy, > 2,

pr > 100 MeV (a,b) anchen, > 6, pr > 500 MeV (c,d) andy] < 25 at v/s = 0.9 TeV (a,c)
and v/s = 7 TeV (b,d). The dots represent the data and the curves tlictioas from diterent MC
models. The vertical bars represent the statistical unicdigs, while the shaded areas show statistical
and systematic uncertainties added in quadrature. Therbattserts show the ratio of the MC over the

data. The values of the ratio histograms refer to the birroitst
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Figure 11: Average transverse momentum as a function ofuhber of charged particles in the event
for events withng, > 1, pr > 500 MeV andlp| < 25 at +/s = 0.9 TeV(a), andy/s = 7 TeV(b).
The dots represent the data and the curves the predictiomsdiferent MC models. The vertical bars
represent the statistical uncertainties, while the shadeais show statistical and systematic uncertainties
added in quadrature. The bottom inserts show the ratio dfi@Gever the data. The values of the ratio

histograms refer to the bin centroids.
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Figure 12: Average transverse momentum as a function ofuhber of charged particles in the event
for events withng, > 2, pr > 100 MeV andjy| < 25 at /s = 0.9 TeV (a) and+/s = 7 TeV (b).

The dots represent the data and the curves the predictiomsdiferent MC models. The vertical bars
represent the statistical uncertainties, while the shadeais show statistical and systematic uncertainties
added in quadrature. The bottom inserts show the ratio dfi@Gever the data. The values of the ratio

histograms refer to the bin centroids.
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Figure 13: The average charged-particle multiplicity peit of rapidity for = 0 as a function of the
centre-of-mass energy. The results witp > 2 within the kinematic rang@y > 100 MeV and
Inl < 2.5 are shown alongside the results with > 1 within the kinematic ranger > 500 MeV and
nl < 25at0.9, 2.36 and 7 TeV. The data are compared to variouxleaivel MC predictions. The
vertical error bars on the data represent the total unogytai
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Figure 14: The average charged-particle multiplicity peit of rapidity as a function of the centre-of-

mass energy. The ATLAS results are fg, > 2 in the regionn| < 2.5. For comparison ALICE results

forng, > lintheregionn < 1.0 andng, > 0in the regionn| < 0.5 are shown. It should be noted
that the ALICE points have been slightly shifted horizolytébr clarity. The data points are compared
to pytHiIA6 AMBT1 predictions for the same phase-space regions.
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A Distributions Used in AMBT1 Tuning

Table 7 and 8 show the list of all distributions from ATLAS aifé Tevatron, respectively, used in the
ATLAS Minimum Bias Tune 1 (AMBT1). The Analysis column refeto the event selection used in

the particular analysis. The Tuning range column referfigégportion of the phase-space region that is
considered for the tune.

Analysis Observable Tuning range
ATLAS 0.9 TeV, minimum biasnch > 6 o -25<n<25
ATLAS 0.9 TeV, minimum biasnc, > 6 RS T 3;’}5: pr > 5.0 GeV
ATLAS 0.9 T eV, minimum biasch > 6 e Nen > 20
ATLAS 0.9 TeV, minimum biasng, > 6 (PT) VS. Nch Neh = 10
ATLAS 0.9 TeV, UE in minimum bias (1) vs. pe®d (towards) ~ pfad> 55Gev
ATLAS 0.9 TeV, UE in minimum bias <%> vs. piead (transverse) pi¢ad> 55GeV
ATLAS 0.9 TeV, UE in minimum bias g%) vs. piead (away) plead > 55GeV
ATLAS 0.9 TeV, UE in minimum bias (&) vs. pad (towards)  pléad> 55 GeV

ATLAS 0.9 TeV, UE in minimum bias (%) vs. piead (transverse) pled> 55GeV
ATLAS 0.9 TeV, UE in minimum bias ~ ($£2PT)vs. pd(away)  plad> 55Gev

dndg
ATLAS 7 TeV, minimum biasng, > 6 = “dN,;h —25<n<25
ATLAS 7 TeV, minimum biaspch > 6 gk pr > 5.0 GeV
ATLAS 7 TeV, minimum biasnc, > 6 o Nen > 40
ATLAS 7 TeV, minimum biasnc, > 6 (PT) VS. Nch Neh > 10
ATLAS 7 TeV, UE in minimum bias (%2,7'2‘,;;1) vs. piad(towards)  pl*ad> 10GeV
ATLAS 7 TeV, UE in minimum bias (%2'&'?) vs. piead (transverse) plad > 10GeV
ATLAS 7 TeV, UEin minimum bias ~ (38) vs. ped(away)  pled> 10GeV

ATLAS 7 TeV, UE in minimum bias (dzdnLdgT) vs. piad (towards)  pl¢ad> 10GeV

ATLAS 7 TeV, UE in minimum bias <dZTIZd§T> vs. pled (ransverse) pl¢ad> 10GeV

ATLAS 7 TeV, UE in minimum bias <dz,%;"> vs. pad(away)  pl*ad> 10GeV

Table 7: ATLAS observables and ranges of distributions usdéide AMBT1 tuning.
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Observables

CDF Run | underlying event in dijet everi#t9] (leading jet analysis)
Nch density vs. leading jepr (transverse), JET20
Nch density vs. leading jepr (toward), JET20

Nch density vs. leading jepr (away), JET20

> pr density vs. leading jgpr (transverse), JET20
> pr density vs. leading jepr (toward), JET20

> pr density vs. leading jepr (away), JET20

Nch density vs. leading jepr (transverse), min bias
Nch density vs. leading jepr (toward), min bias

Nch density vs. leading jgpr (away), min bias

> pr density vs. leading jepy (transverse), min bias
>, pr density vs. leading jepr (toward), min bias

> pr density vs. leading jepr (away), min bias

pr distribution (transverse), leadirg > 5 GeV

pr distribution (transverse), leadingr > 30 GeV
CDF Run | underlying event in MJNIAX-coneg50] (“MIN-MAX” analysis)
(P vs. E29, /s = 1800 GeV

(P vs. Elead /5= 1800 GeV

(pdTy vs. E'*ad, /s = 1800 GeV

(Nmaw) Vs. E®29, /s = 1800 GeV

(Nmin) Vs. EX29, /s = 1800 GeV

Swiss CheespS!™vs. E'*24(2 jets), y/s = 1800 GeV
(PP vs. E'*39, /s = 630 GeV

(P vs. EX24, /s = 630 GeV

(pdiy vs. E'ad /s = 630 GeV

Swiss Cheesgs"™vs. E®?(2 jets), /s = 630 GeV
DO Run Il dijet angular correlationg51]

Dijet azimuthal anglepT® € [75, 100] GeV

Dijet azimuthal anglepT® € [100, 130] GeV

Dijet azimuthal anglepT® e [130, 180] GeV

Dijet azimuthal anglepT® >180 GeV

CDF Run Il minimum bia§52]

(pr) of charged particles v&g,, v/s= 1960 GeV
CDFRun1Z g [53]

fTi'% , /s = 1800 GeV

Table 8: Tevatron datasets used in the AMBT1 tuning. No $igeatits on the tuning ranges were made.
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B Additional Phase-Space Regions

Two additional phase-space regions are considered inppisnalix:
¢ at least twenty charged particles in the kinematic rdnjge 2.5 andpr > 100 MeV,
¢ at least one charged particle in the kinematic range 2.5 andpy > 2.5 GeV.

The correction procedures as well as methods used to exteslystematic uncertainties are identical
to the three phase-space regions presented in the mainfghg paper. The first phase-space region
is chosen to be compared with the othefrdiction-reduced phase-space region with six particleseabo
500 MeV and allows the study of the interplay between the remobparticles and ther, in particular
for the study of difraction models. The second additional phase-space regiohdsen so as to be
less influenced by non-perturbative parts of the ndfratitive modeling and to be useful for predicting
high-pt particle rates, for example for trigger studies.

Table 9 shows the number of selected events and tracks & tiv® additional phase-space regions
at both+/s = 0.9 TeV and+/s = 7 TeV. Figures 15 to 18 show the four kinematic distributiofable 10
shows the results for the mean track multiplicity at cengtal (obtained as the average betwe@r? <
n < 0.2). Figure 19 shows the mean track multiplicity at centraiddy for all centre-of-mass energies
and phase-space regions presented in this paper, alongmedlittions fronpytaia6 AMBTL.

Phase-Space Regign +/s= 0.9 TeV \Vs=7TeV

Nch min pr Events| Tracks Events Tracks
20 100 MeV 69,833 | 1,966,059| 4,029,563| 153,553,344
1 2.5 GeV 19,016| 22,233 | 1,715,637, 2,690,534

Table 9: Number of events and tracks in the two additionakpkspace regions and energies considered
in this appendix.

Phase-Space Region | Energy dnen/dnp atp =0
(TeV) Measured
0.9 6.596+ 0.025 (stat} 0.080 (syst)
7 9.077+ 0.005 (statk 0.157 (syst)
0.9 | 0.281+ 0.006 (staty 0.0005 (syst)
7 0.362+ 0.001 (stat} 0.002 (syst)

Neh = 20, pt > 100 MeV

Neh > 1, pr > 2.5 GeV

Table 10: dng/dn atn = O for the additional two dferent phase-space regions considered in this paper
for v/s=0.9 TeV and+/s= 7 TeV.
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Figure 15: Charged-particle multiplicities as a functidrttee pseudorapidity for events witly, > 20,

pr > 100 MeV (a,b) andy > 1, pr > 2.5 GeV (c,d) andy| < 2.5 at v/s = 0.9 TeV (a,c) andy/s =

7 TeV (b,d). The dots represent the data and the curves tdepoas from diferent MC models. The
vertical bars represent the statistical uncertaintieslewwhe shaded areas show statistical and systematic
uncertainties added in quadrature. The bottom inserts g®wvatio of the MC over the data. The values
of the ratio histograms refer to the bin centroids.
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Figure 16: Charged-particle multiplicities as a functidntlze transverse momentum for events with
Neh > 20, pt > 100 MeV (a,b) andey > 1, pr > 2.5 GeV (c,d) andy| < 2.5 at 4/s = 0.9 TeV (a,c)
and v/s = 7 TeV (b,d). The dots represent the data and the curves tlictioas from diterent MC
models. The vertical bars represent the statistical unicdigs, while the shaded areas show statistical
and systematic uncertainties added in quadrature. Therbattserts show the ratio of the MC over the
data. The values of the ratio histograms refer to the birroitst
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Figure 17: Charged-particle multiplicity distributionsrfevents withne, > 20, pt > 100 MeV (a,b) and
Neh = 1, pr > 25 GeV (c,d) andy| < 25 at 4/s = 0.9 TeV (a,c) andy/s = 7 TeV (b,d). The dots
represent the data and the curves the predictions fréfiereint MC models. The vertical bars represent
the statistical uncertainties, while the shaded areas shatgtical and systematic uncertainties added in
qguadrature. The bottom inserts show the ratio of the MC dwedata. The values of the ratio histograms
refer to the bin centroids.
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Figure 18: Average transverse momentum as a function ofuh®er of charged particles in the event
for events withne, > 1, pr > 2.5 GeV andpp| < 25 at /s =
represent the data and the curves the predictions fréfiereint MC models. The vertical bars represent
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guadrature. The bottom inserts show the ratio of the MC dwedata. The values of the ratio histograms
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Abstract A search for supersymmetry (SUSY) in events
with large missing transverse momentum, jets, and at least
one hadronically decaying t lepton, with zero or one addi-
tional light lepton (e/s1), has been performed using 4.7 fb~!
of proton-proton collision data at /s = 7 TeV recorded with
the ATLAS detector at the Large Hadron Collider. No ex-
cess above the Standard Model background expectation is
observed and a 95 % confidence level visible cross-section
upper limit for new phenomena is set. In the framework
of gauge-mediated SUSY-breaking models, lower limits on
the mass scale A are set at 54 TeV in the regions where
the 7| is the next-to-lightest SUSY particle (tan8 > 20).
These limits provide the most stringent tests to date of
GMSB models in a large part of the parameter space con-
sidered.

1 Introduction

This paper reports on the search for supersymmetry (SUSY)
[1-9] in events with large missing transverse momentum,
jets and at least one hadronically decaying t lepton. Four
different topologies with a 7 in the final state have been
studied: one t lepton, at least two t leptons, one T lep-
ton and precisely one additional muon and one 7 lepton
and precisely one additional electron. The minimal gauge-
mediated supersymmetry-breaking (GMSB) model [10-15]
is considered as benchmark to evaluate the reach of this anal-
ysis.

SUSY introduces a symmetry between fermions and
bosons, resulting in a SUSY partner (sparticle) for each
Standard Model (SM) particle with identical mass and quan-
tum numbers except a difference by half a unit of spin. As-

*e-mail: atlas.publications @cern.ch

Published online: 20 November 2012

suming R-parity conservation [16-20], sparticles are pro-
duced in pairs. These would then decay through cascades
involving other sparticles until the lightest SUSY particle
(LSP), which is stable, is produced. Since equal mass SUSY
partners are excluded, SUSY must be a broken symmetry.
Minimal GMSB models can be described by six parame-
ters: the SUSY-breaking mass scale in the low-energy sec-
tor (A), the messenger mass (Mpess), the number of SU(5)
messenger fields (Ns), the ratio of the vacuum expectation
values of the two Higgs doublets (tan 8), the Higgs-sector
mixing parameter (w) and the scale factor for the gravitino
mass (Cgray). For the analysis presented in this paper, A and
tan B are treated as free parameters, and the other parame-
ters are fixed to the values already used in Refs. [21, 22]:
Mess =250 TeV, Ns =3, u > 0 and Cgray = 1. The Cgay
parameter determines the lifetime of next-to-lightest SUSY
particle (NLSP); for Cgray = 1 the NLSP decays promptly
(ctnLsp < 0.1 mm). With this choice of parameters, at mod-
erate A the production of gluino and/or squark pairs is ex-
pected to dominate at the LHC; these sparticles will decay
into the next-to-lightest SUSY particle (NLSP), which sub-
sequently decays to the LSP. In GMSB models, the LSP
is the very light gravitino (G). The NLSP is the dominant
sparticle decaying to the LSP and this leads to experimen-
tal signatures which are largely determined by the nature of
the NLSP. This can be either the lightest stau (7}), a right-
handed slepton (f r), the lightest neutralino ( )Z?), or a sneu-
trino (V), dominantly leading to final states containing t lep-
tons, light leptons (£ = e, i), photons, b-jets, or neutrinos.
At large values of tan 8, the 7; is the NLSP for most of the
parameter space, which leads to final states containing at
least two t leptons. In the so-called CoNLSP region, where
the mass difference between the 7; and the £ is smaller
than the sum of the 7 and light-lepton masses, both the 7|
and the £ decay directly into the LSP and are therefore
NLSPs.
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Previous searches for 7j pair production, with the sub-
sequent decay 7; — tG in the minimal GMSB model,
have been reported by the LEP Collaborations ALEPH [23],
DELPHI [24] and OPAL [25]. The analysis reported in this
paper extends the searches in 2 fb~! of data presented in
Refs. [21, 22]. It comprises the full 2011 dataset, corre-
sponding to an integrated luminosity of (4.7 & 0.1) fb~!
[26, 27] after applying beam, detector and data-quality re-
quirements. A complementary search interpreted in GMSB,
requiring two light leptons, has also been performed us-
ing the same dataset by the ATLAS Collaboration [28].
The CMS Collaboration has searched for new phenomena
in same-sign t-pair events [29] and multi-lepton events in-
cluding two 7 leptons in the final state [30] using 35 pb~!
of data, where the minimal GMSB model was not consid-
ered.

2 ATLAS detector

The ATLAS experiment [31] is a multi-purpose detector
with a forward-backward symmetric cylindrical geometry
and nearly 4 solid angle coverage. The inner tracking de-
tector (ID) consists of a silicon pixel detector, a silicon mi-
crostrip detector and a transition radiation tracker. The ID
is surrounded by a thin superconducting solenoid provid-
ing a 2 T magnetic field and by fine-granularity lead/liquid-
argon (LAr) electromagnetic calorimeters. An iron/scintilla-
tor-tile calorimeter provides hadronic coverage in the cen-
tral pseudorapidity! range. The endcap and forward re-
gions are instrumented with liquid-argon calorimeters for
both electromagnetic and hadronic measurements. An ex-
tensive muon spectrometer system that incorporates large
superconducting toroidal magnets surrounds the calorime-
ters.

3 Simulated samples

The Monte Carlo (MC) simulations used to evaluate the ex-
pected backgrounds and selection efficiencies for the SUSY
models considered are very similar to the ones used in
Refs. [21, 22]. A suite of generators is used to aid in the esti-
mate of SM background contributions. The ALPGEN gener-
ator [32] is used to simulate samples of W and Z/y* events

UATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre
of the LHC ring and the y-axis points upward. Cylindrical coordinates
(r, ¢) are used in the transverse plane, ¢ being the azimuthal angle
around the beam pipe. The pseudorapidity is defined in terms of the
polar angle 6 as n = —Intan(6/2).
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with up to five (for Z events) or six (for W events) ac-
companying jets, where CTEQ6L1 [33] is used for the par-
ton distribution functions (PDFs). Z/y™* events with mg <
40 GeV are referred to in this paper as “Drell-Yan”. Top
quark pair production, single top production and diboson
(WW and W Z) pair production are simulated with MC@NLO
[34-36] and the next-to-leading-order (NLO) PDF set CT10
[37]. Fragmentation and hadronization are performed with
Herwig [38], using JIMMY [39] for the underlying event
simulation. The decay of t leptons and radiation of photons
are simulated using TAUOLA [40, 41] and PHOTOS [42], re-
spectively. The production of multi-jet events is simulated
with PYTHTIA 6.4.25 [43] using the AUET2B tune [44] and
MRST2007 LO* [45] PDFs. The SUSY mass spectra are
calculated using TSAJET 7.80 [46]. The MC signal samples
are produced using Herwig++ 2.4.2 [47] with MRST2007
LO*™ PDFs. Signal cross-sections are calculated to next-
to-leading order in the strong coupling constant, adding
the resummation of soft gluon emission at next-to-leading-
logarithmic accuracy (NLO+NLL) [48-52]. The nominal
SUSY production cross-sections and their uncertainties are
taken from an envelope of cross-section predictions using
different PDF sets and factorisation and renormalization
scales, as described in Ref. [53]. The GMSB signal sam-
ples are generated on a grid ranging from A = 10 TeV to
A =80TeV and from tan8 = 2 to tan 8 = 67, with the
cross-section dropping from 100 pb for A = 15TeV to
5.0 fb for A =80 TeV.

All samples are processed through the GEANT4-based
simulation [54] of the ATLAS detector [55]. The full sim-
ulation also includes a realistic treatment of the variation of
the number of pp interactions per bunch crossing (pile-up)
in the data, with an average of nine interactions per crossing.

4 Object reconstruction

Jets are reconstructed using the anti-k; jet clustering algo-
rithm [56] with radius parameter R = 0.4. Jet energies are
calibrated to correct for upstream material, calorimeter non-
compensation, pile-up, and other effects [57]. Jets are re-
quired to have transverse momenta ( pt) greater than 25 GeV
and |n| < 2.8, except in the computation of the missing
transverse momentum, where || < 4.5 and prt greater than
20 GeV is required.

Muon candidates are identified as tracks in the ID
matched to track segments in the muon spectrometer [58].
They are required to have pt > 10 GeV and |n| < 2.4. Elec-
tron candidates are constructed by matching electromag-
netic clusters with tracks in the ID. They are then required
to satisfy pt > 20 GeV, |n| < 2.47 and to pass the “tight”
identification criteria described in Ref. [59], re-optimized
for 2011 conditions.
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Electrons or muons are required to be isolated, i.e. the
scalar sum of the transverse momenta of tracks within a
cone of AR = /(A¢)2+ (An)? < 0.2 around the lepton
candidate, excluding the lepton candidate track itself, must
be less than 10 % of the lepton’s transverse energy for elec-
trons and less than 1.8 GeV for muons. Tracks selected for
the electron and muon isolation requirement defined above
have pt > 1 GeV and are associated to the primary vertex
of the event.

The missing transverse momentum vector pis* (and its
magnitude EX%) is measured from the transverse momenta
of identified jets, electrons, muons and all calorimeter clus-
ters with |n| < 4.5 not associated to such objects [60]. For
the purpose of the measurement of E'Tniss, 7 leptons are not
distinguished from jets.

Jets originating from decays of b-quarks are identified
and used to separate the W and ¢f background contribu-
tions. They are identified by a neural-network-based algo-
rithm, which combines information from the track impact
parameters with a search for decay vertices along the jet
axis [61]. A working point corresponding to 60 % tagging
efficiency for b-jets and <1 % mis-identification of light-
flavour or gluon jets is chosen [62].

The t leptons considered in this search are reconstruct-
ed through their hadronic decays. The T reconstruction is
seeded from anti-k; jets (R = 0.4) with pt > 10 GeV. An
n- and pr-dependent energy calibration to the hadronic
energy scale is applied. Discriminating variables based on
track information and observables sensitive to the trans-
verse and longitudinal shape of the energy deposits of
candidates in the calorimeter are used. These quantities are
combined in a boosted decision tree (BDT) discriminator
[63] to optimize their impact. Calorimeter information and
measurements of transition radiation are used to veto elec-
trons mis-identified as t leptons. Suitable t lepton candi-
dates must satisfy pt > 20 GeV, |n| < 2.5, and have one or
three associated tracks of pr > 1 GeV with a charge sum
of 1. A sample of Z — tt events is used to measure
the efficiency of the BDT t identification. The “loose” and
“medium” working points in Ref. [63] are used herein and
correspond to efficiencies of about 60 % and 40 % respec-
tively, independent of pr, with a rejection factor of 20-50
against T candidates built from hadronic jets (“fake” t lep-
tons).

5 Event selection

Four mutually exclusive final states are considered for this
search: events with only one “medium” 7, no additional
“loose” T candidates and no muons or electrons, referred
to as ‘17’°; events with two or more “loose” t candidates
and no muons or electrons, referred to as ‘2t’; events with

at least one “medium” t and exactly one muon (‘7 + w’) or
electron (‘t +¢€’).

In the 17 and 27 final states, candidate events are trig-
gered by requiring a jet with high transverse momentum and
high E‘TniSS (‘jetMET”) [65], both measured at the electro-
magnetic scale®. In the T + y final state, events are selected
by a muon trigger and a muon-plus-jet trigger (‘muon+jet’),
while in the 7 4 e final state, a single-electron trigger re-
quirement is imposed [65]. The trigger requirements have
been optimized to ensure a uniform trigger efficiency for all
data-taking periods, which exceeds 98 % with respect to the
offline selection for all final states considered.

Pre-selected events are required to have a reconstructed
primary vertex with at least five tracks (with pt > 0.4 GeV).
To suppress soft multi-jet events in the 1t and 2t final
states, a second jet with pt > 30 GeV is required. Remain-
ing multi-jet events, where highly energetic jets are mis-
measured, are suppressed by requiring the azimuthal an-
gle between the missing transverse momentum vector and
either of the two leading jets to be greater than 0.3 rad.
Three quantities characterising the kinematic properties of
the event are used to further suppress the main background
processes (W + jets, Z + jets and 77 events) in all four final
states:

— the transverse mass m%‘e formed by E%“iss and either the
pt of the T lepton in the 17 and 2t channels, or of the
Tl __

light lepton (e/u) in the T + w and 7 + e ones: my™ =

\/ 2p% ERISS(1 — cos(A (T/€, EFI)));

— the scalar sum Hrt of the transverse momenta of t lep-
ton candidates and the two highest momentum jets in the
events: Hr =) pf+ ) _1 JAsE

— the effective mass megf = Ht + E‘Tmss.

For each of the four final states, specific criteria are applied
to the above quantities in order to define a signal region
(SR), as summarized in Table 1.

Figure 1 shows the mt and m{ +m7? distributions for the
17 and 27 channels after all the requirements of the analysis
except the final requirement on Ht. Similarly, Fig. 2 shows
the mfr’ﬂ distributions for the T + @ and t + e channels af-
ter all the requirements of the analysis except the final mft
requirement.

Figures 3 and 4 show the Hrt distributions in the 17 and
2t channels, and mg distributions in the 7 + p and © + e
channels, respectively, after all other selection criteria have
been imposed.

2The electromagnetic scale is the basic calorimeter signal scale for the
ATLAS calorimeters. It has been established using test-beam measure-
ments for electrons and muons to give the correct response for the en-
ergy deposited in electromagnetic showers, although it does not correct
for the lower response of the calorimeter to hadrons.
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Table 1 Event selection for the four final states presented in this paper.
Numbers in parentheses are the minimum transverse momenta required

for the objects. Pairs of numbers separated by a slash denote different
selection criteria imposed in different data-taking periods

- 1t 2t T+u T+e
Trigger JetMET JetMET muon/muon-jet electron
P> 75 GeV fet S 75 Gev pr > 18 GeV P >20/22 GeV
EMiS > 45/55 GeV EMiS > 45/55 GeV P> 10 GeV
Jet req. >2 jets (130, 30 GeV) >2 jets (130, 30 GeV) >1 jet (50 GeV) -
E-IFniss req. E-‘l‘?iss > 130/150 GeV E%‘iss > 130/150 GeV - -
e % € e e
Ney 0 0 I (20 GeV) le (25 GeV)
N. =1 medium (20 GeV), >2 loose (20 GeV) >1 medium (20 GeV) >1 medium (20 GeV)
=0 loose
Kinematic A(¢jel] 2ﬂ)%nss) >0.3 A(d)jetl 27p_n[:|iss) >0.3 m%“ > 100 GeV m%” > 100 GeV
criteria ETmiSS/meff ~03 m}' + m? > 100 GeV megs > 1000 GeV mesf > 1000 GeV
mt > 110 GeV Hrt > 650 GeV
Ht > 775 GeV
> 105 T T T T e T T T T T
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Fig. 2 Distribution of m-" for the (a) T +  and (b) t + e final states
after all analysis requirements but the final requirement on meg. Data
are represented by the points, with statistical uncertainty only. The SM
prediction includes the data-driven corrections discussed in the text.
The band centred around the total SM background indicates the uncer-
tainty due to finite MC sample sizes on the background expectation.
Also shown is the expected signal from two typical GMSB samples
(A=50TeV, tan 8 =40, A =50 TeV, tan § = 20)

Fig. 1 Distribution of (a) mt and (b) mfr' + mfﬁ for the 17 and 27
final states, respectively, after all analysis requirements but the final
requirement on Ht. Data are represented by the points, with statisti-
cal uncertainty only. The SM prediction includes the data-driven cor-
rections discussed in the text. The band centred around the total SM
background indicates the uncertainty due to finite MC sample sizes on
the background expectation. Also shown is the expected signal from
two typical GMSB samples (A = 50 TeV, tan 8 = 40, A =50 TeV,
tan B = 20)
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Fig. 3 Distribution of Hr for the (a) 17 and (b) 27 final states after
all analysis requirements. Data are represented by the points, with sta-
tistical uncertainty only. The SM prediction includes the data-driven
corrections discussed in the text. The band centred around the total SM
background indicates the uncertainty due to finite MC sample sizes on
the background expectation. Also shown is the expected signal from
two typical GMSB samples (A = 50 TeV, tan 8 = 40, A =50 TeV,
tan B = 20)

6 Background estimation

The SM background expectation predicted by simulation
in the SR is corrected by means of control regions (CRs),
which are chosen such that a specific background pro-
cess is enriched while any overlap with the SR is avoided.
Data/MC comparison in the CRs show that MC overesti-
mates the number of events compared to data, mainly due
to mis-modelling of v mis-identification probabilities and
kinematics. Scaling factors are therefore obtained from the
ratio of the number of observed events to the number of
simulated background events in the control region where
a given background contribution is enriched. Studies com-
paring data with MC simulations show that the 7 mis-
identification probability is, to a good approximation, in-
dependent of the kinematic variables used to separate the
SR from the CRs, so that the measured ratio of the data

my [GeV]
(b) megr distribution for the 74e final state.

Fig. 4 Distribution of megr for the (a) T + © and (b) T + e final states
after all analysis requirements. Data are represented by the points, with
statistical uncertainty only. The SM prediction includes the data-driven
corrections discussed in the text. The band centred around the total SM
background indicates the uncertainty due to finite MC sample sizes on
the background expectation. Also shown is the expected signal from
two typical GMSB samples (A = 50 TeV, tan8 =40, A =50 TeV,
tan B = 20). In the top figure, the event in data surviving all the analysis
requirements is shown in the overflow bin

to MC event yields in the CR can be used to compute
scaling factors to correct the MC background prediction in
the SR.

The dominant background contributions in the SR arise
from top quark pair and single top events (hereafter gener-
ically indicated as ‘top’), W + jets, Z + jets and multi-jet
events. The latter background does not contribute signifi-
cantly to the 7 + p final state. The CR definitions used to
estimate these background contributions in the various chan-
nels are summarized in Table 2.

6.1 Background estimation in the 2t channel
The W and top background contributions are dominated by

events in which one t candidate is a true 7 and the oth-
ers are mis-reconstructed from hadronic activity in the fi-
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Table 2 Definition of the
background control regions
(CRs) used to estimate the
normalization of background

samples in the four final states:

1t,2t, 7+ pnand 7+ e

Background

1t

2t

T+u T+e

1

W + jets

Z + jets

A((f)jetl_z_p?iss) > 0.3 rad
mt < 70 GeV

ET" /megr > 0.3

b-tag template fit
A((Z)jetl_rp%,iss) > 0.3 rad
mt < 70 GeV

ET" /mege > 0.3

21 (20 GeV), || <2.4
>2 jets (130, 30 GeV)

A(¢jeal_2—p¥‘ss) > 0.3 rad
m? +mfr2 > 100 GeV
Ht <550 GeV

Nb-tag >1
A(Q&jell.zfpglgiss) > 0.3 rad

m? +mfr2 > 100 GeV
Ht <550 GeV
Nb-tag =0

A((bjetLrp?ix,) > 0.3 rad
m%‘ + m? < 80 GeV

30 GeV < EMS < 100 GeV

50 GeV < mp" < 150 GeV
Nh»tag >1

30 GeV < EMSS < 100 GeV

50 GeV < mp" <150 GeV
Nh»tag =0

MC-based normalization

N, b-tag = 0

Multi-jet

A((éjetl.z_p?iss) < 0.3rad
ET" /megr < 0.3

Ht <550 GeV

A(%etlvz_p?iss) <0.3rad
ET" /mefr < 0.4

Compare events with and
without lepton isolation [64]

nal state. The background from Z + jets events is domi-
nated by final states with Z — tt decays. The CRs defined
for the estimation of these background contributions have a
very small contamination from multi-jet events due to the
requirement on A(¢jeth2_p¥ﬁss) and the presence of two or
more 7 leptons. The signal contribution in these CRs is ex-
pected to be at less than 0.1 % for the models considered.
Correlations between different samples in the various CRs
are taken into account by considering the matrix equation
N2 — Ag. where N9 ig the observed number of data
events in each of the CRs defined in Table 2, after subtract-
ing the expected number of multi-jet events and any remain-
ing sub-dominant background contribution, obtained from
MC simulation. The matrix A is obtained from the MC ex-
pectation for the number of events originating from each of
the background contributions (top, W and Z). The vector
o of scaling factors is then computed by inverting the ma-
trix A. To obtain the uncertainties for the scaling factors, all
contributing parameters are varied according to their uncer-
tainties, the procedure is repeated and new scaling factors
are obtained. The width of the distribution of each resulting
scaling factor is used as its uncertainty. The typical scaling
factors obtained with this procedure are between 0.75 and 1,
with uncertainty of order 40 %. The multi-jet background
expectation is computed in a multi-jet-dominated CR de-
fined by inverting the A(¢jet]'2_p¥.iss) requirement and not
applying the my + m7 and Hr selection. In addition, an
upper limit is imposed on the ratio E‘TniSS /megr to increase
the purity of this CR sample.

6.2 Background estimation in the 17 channel
The number of events from W + jets and W Z processes in

the SR is estimated by scaling the number of corresponding
MC events with the ratio of data to MC events in the W +jets

@ Springer

CR. The corresponding scaling factors are computed sepa-
rately for the cases in which the 7 candidates from W /top
decays are true 7 leptons and for those in which they are mis-
reconstructed from hadronic activity in the final state. It has
been checked that the same scaling factors can be applied to
both W + jets and W Z processes. In the case of W + jets
background events with true T candidates, the charge asym-
metry method [66, 67] is used. To estimate the background
from top events with true 7 candidates, a scaling-factor-
based-technique is also used, where the number of b-tagged
events in data in the top CR is fitted to a template from
MC simulation (‘template fit’). For background events in
both W /top processes due to fake t candidates, the matrix
method already discussed for the 27 background estimation
is employed, where the parameters in the vector w of scal-
ing factors are w!k, e, a)tfgge and wGy. The region dom-
inated by fake t candidates is defined by mt > 110 GeV
and Ht < 600 GeV, while the one dominated by true t can-
didates is defined by requiring mt < 70 GeV. The values of
wiop obtained from this method and from the template fit are
in very good agreement. The factor (i obtained with the
charge asymmetry method agrees within 2o with the one ob-
tained with the matrix inversion method. The difference be-
tween the two w(j/® values is then assigned as a systematic
uncertainty on the W + jets background estimation proce-
dure. The background from Z 4 jets events is due to events
where the Z decays to a pair of neutrinos, and contributes
fully to the observed E%‘iss. The background contribution in
the SR is estimated from data by measuring the data/MC ra-
tio from Z — £7¢~ decays in the Z + jets CR defined in
Table 2. Typical scaling factors are between 0.75 and 1.2,
with uncertainty of order 20 %. The multi-jet background
expectation is computed in the same way as in the 2t chan-
nel.
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Table 3 Number of expected background events and data yields in
the four final states discussed. Where possible, the uncertainties are
separated into statistical and systematic parts. The SM prediction is
computed taking into account correlations between the different un-
certainties. Also shown are the number of expected signal MC events

for one GMSB point (A = 50 TeV, tan 8 = 20), the 95 % confidence
level (CL) upper limit on the number of observed (expected) signal
events and corresponding cross-section from any new physics scenario
that can be set for each of the four final states, taking into account the
observed events in the data and the background expectations

- 1t 2t T4+u T+4e

Multi-jet 0.17£0.04 £0.11 0.17£0.15+0.36 <0.01 0.22£0.30

W + jets 0.31£0.16+0.16 1.11£0.67+0.30  0.274+0.21£0.13 0.24 £0.17 £0.27
Z + jets 0.22+£0.22 +0.09 0.36 £0.26 £ 0.35 0.05£0.05+0.01 0.17£0.12£0.05
Top 0.61 £0.254+0.11 0.76 £0.31 £ 0.31 0.36 £0.18 £0.26 1.41+£0.27+0.84
Diboson <0.05 0.02+£0.01 £0.07 0.11£0.04 £0.02 0.26 £0.124+0.11
Drell-Yan <0.36 0.49 £0.49 +£0.21 <0.002 <0.002

Total background 1.31 £0.37 £ 0.65 291£0.894+0.76  0.79+0.28 £0.39 2.31+0.40£1.40
Signal MC Events (A = 50 TeV, tan 8 = 20) 236+0.30+£0.60 4944+045+0.74 2.48+0.30+0.39 4.21+£0.38+0.46
Data 4 1 1 3

Obs. (exp.) upper limit on number of signal events 7.7 (4.5) 3.24.7) 3.7(3.4) 5.2 (4.6)

Obs. (exp.) upper limit on visible cross-section (fb) 1.67 (0.95) 0.68 (0.99) 0.78 (0.72) 1.10 (0.98)

6.3 Background estimation in the 7 +  and t 4 e channels

The top background contribution consists of events where
the muon (electron) candidate is a true muon (electron),
and the t candidate can either be a true T or a hadronic
jet mis-identified as a t. On the other hand, the W + jets
background consists mainly of events where the t candi-
date is mis-reconstructed from hadronic activity in the fi-
nal state. For this reason, the top CR is divided into two
subregions: one dominated by true t candidates, defined
by 100 GeV < m7" < 150 GeV, and one dominated by
fake ones (50 GeV < m7" < 100 GeV). The same matrix
approach already described is then used to estimate the
true/fake top and W 4 jets background contributions to the
SR. The scaling factors obtained are about 0.6-0.8, with typ-
ical uncertainty of 15 %. The Z + jets background is much
smaller than the W 4 jets one, and it is estimated using MC
simulated events. The multi-jet background arises from mis-
identified prompt leptons. By comparing the rates of events
with and without the lepton isolation requirement, a data-
driven estimate is obtained following the method described
in Ref. [64].

The contribution from other sources of background con-
sidered (Drell-Yan and diboson events) is estimated in all
analyses using directly the MC normalizations, without ap-
plying any further scaling factor.

Table 3 summarizes the estimated numbers of back-
ground events in the SR for each channel.

7 Systematic uncertainties on the background

Various systematic uncertainties were studied and the ef-
fect on the number of expected background events in each

Table 4 Overview of the major systematic uncertainties and the MC
statistical uncertainty for the background estimates in the four channels
presented in this paper

Source of uncertainty It 2t T+ 1 T+e
CR to SR extrapolation 27 % 12 % 26 % 29 %
Jet energy resolution 21 % 6.5 % 54 % 13 %
Jet energy scale 20 % 4.8 % 11 % 8.5 %
T energy scale 10 % 8.5 % 0.3 % 4.3 %
Pile-up modelling 5.1 % 14 % 20 % 35%
MC statistics 21 % 32 % 39 % 46 %

channel presented was evaluated, following the approach of
Refs. [21, 22]. The dominant systematic uncertainties in the
different channels are summarized in Table 4.

The theoretical uncertainty on the MC-based corrected
extrapolation of the W + jets and top backgrounds from the
CR into the SR is estimated using alternative MC samples.
These MC samples were obtained by varying the renormal-
ization and factorisation scales, the functional form of the
factorisation scale and the matching threshold in the parton
shower process in the generators used for the simulation of
the events described in Sect. 3.

Systematic uncertainties on the jet energy scale (JES) and
jet energy resolution (JER) [57] are applied in MC events to
the selected jets and propagated throughout the analysis. The
difference in the number of expected background events ob-
tained with the nominal MC simulation after applying these
changes is taken as the systematic uncertainty.

The effect of the t energy scale (TES) uncertainty on the
expected background is estimated in a similar way. The un-
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certainties from the jet and t energy scale are treated as fully
correlated.

The uncertainties on the background estimation due to
the t identification efficiency depend on the t identification
algorithm (“loose” or “medium”), the kinematics of the t
sample and the number of associated tracks. In the different
channels, they vary between 2-5 %.

A systematic uncertainty associated with the simulation
of pile-up in the MC events is also taken into account, with
uncertainties varying between 5-20 %.

The effect of the 1.8 % uncertainty on the luminosity
measurement [26, 27] is also considered on the normaliza-
tion of the background contributions for which scale factors
derived from CR regions were not applied (Drell-Yan and
diboson in all channels, and Z + jets inthe 7 + @ and 7 + e
channels).

The total systematic uncertainties obtained in the 17, 27,
T + 1 and t + e channels are 52 %, 26 %, 49 % and 60 %,
respectively. The limited size of the MC samples used for
background estimation gives rise to a statistical error rang-
ing from 21 % in the 17 channel to 46 % in the t + e channel.

8 Signal efficiencies and systematic uncertainties

The GMSB signal samples are described in Sect. 3. The total
cross-section drops from 100 pb for A = 15 TeV to 5.0 fb
for A =80 TeV. The cross-section for strong production,
for which this analysis has the largest efficiency, decreases
faster than the cross-sections for slepton and gaugino pro-
duction, such that for large values of A the selection effi-
ciency with respect to the total SUSY production decreases.
For the different final states, in the 7| NLSP region the effi-
ciency is about 3 % for the 2t channel, 1 % for the 7 4+ u
and t + e channels, and 0.5 % for the 1t channel. In the
non-7; NLSP regions and for high A values it drops to 0.1—
0.2 % for all final states. The total systematic uncertainty
on the signal selection from the various sources discussed
in Sect. 7 ranges between 10-15 % for the 17 channel, 15—
18 % for the 2t channel, 8-16 % for the T + u channel and
11-17 % for the T + e channel over the GMSB signal grid.

Theoretical uncertainties related to the GMSB cross-
section predictions are obtained using the same procedure as
detailed in Ref. [22]. These uncertainties are calculated for
individual SUSY production processes and for each model
point in the GMSB grid, leading to overall theoretical cross-
section uncertainties between 5 % and 25 %.

9 Results
Table 3 summarizes the number of observed data events and

the number of expected background events in the four chan-
nels, with separate statistical and systematic uncertainties.

@ Springer

No significant excess is observed in any of the four signal
regions. From the numbers of observed data events and ex-
pected background events, upper limits at 95 % confidence
level (CL) of 7.7, 3.2, 3.7 and 5.2 signal events from any
scenario of physics beyond the SM are calculated in the 17,
27, T 4+ p and 7 4+ e channels, respectively. Using only the
background predictions, expected limits of 4.5, 4.7, 3.4 and
4.6 events are obtained for the four channels (17, 27, T +
and 7 + e). The limits on the number of signal events are
computed using the profile likelihood method [68] and the
C L criterion [69]. Uncertainties on the background and sig-
nal expectations are treated as Gaussian-distributed nuisance
parameters in the likelihood fit. The signal-event upper lim-
its translate into a 95 % CL observed (expected) upper limit
on the visible cross-section for new phenomena for each of
the four final states, defined by the product of cross-section,
branching fraction, acceptance and efficiency for the selec-
tions defined in Sect. 5. The results are summarized in Ta-
ble 3 for all channels. In order to produce the strongest pos-
sible 95 % CL limit on the GMSB model parameters A and
tan B, a statistical combination of the four channels is per-
formed. The likelihood function representing the outcome
of the combination includes the statistical independence of
the four final states considered. The resulting observed and
expected lower limits for the combination of the four final
states are shown in Fig. 5. These limits are calculated in-

GMSB: Myess=250 TeV, Ns=3, >0, Cyra=1
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Fig. 5 Expected and observed 95 % CL lower limits on the minimal
GMSB model parameters A and tan 8. The dark grey area indicates
the region which is theoretically excluded due to unphysical sparticle
mass values. The different NLSP regions are indicated. In the CoONLSP
region the 7; and the l g are the NLSPs. Additional model parameters
are Mess =250 TeV, N5 =3, u > 0 and Cgray = 1. The limits from
the OPAL experiment [25] are shown for comparison. The recent AT-
LAS limit [22] obtained on a subset (2 fb—!) of the 2011 data in the 27
final state is also shown
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cluding all experimental and theoretical uncertainties on the
background and signal expectations. Excluding the theoreti-
cal uncertainties on the signal cross-section from the limit
calculation has a negligible effect on the limits obtained.
Figure 5 also includes the limits from OPAL [25] for com-
parison. The best exclusion from the combination of all fi-
nal states is obtained for A = 58 TeV for values of tan g
between 45 and 55. The results extend previous limits and
values of A < 54 TeV are now excluded at 95 % CL, in the
regions where the 7; is the next-to-lightest SUSY particle
(tan 8 > 20).

10 Conclusions

A search for SUSY in final states with jets, E’Tniss, light
leptons (e/p) and hadronically decaying t leptons is per-
formed using 4.7 fb~! of /s =7 TeV pp collision data
recorded with the ATLAS detector at the LHC. In the four
final states studied, no significant excess is found above
the expected SM backgrounds. The results are used to set
model-independent 95 % CL upper limits on the number of
signal events from new phenomena and corresponding upper
limits on the visible cross-section for the four different final
states. Limits on the model parameters are set for a minimal
GMSB model. A lower limit on the SUSY breaking scale A
of 54 TeV is determined in the regions where the 7| is the
next-to-lightest SUSY particle (tan 8 > 20) by statistically
combining the result of the four analyses described in this
paper. The limit on A increases to 58 TeV for tan 8 between
45 and 55. These results provide the most stringent test to
date of GMSB SUSY breaking models in a large part of the
parameter space considered.
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