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Introduction

The Large Hadron Collider is a particle physics accelerator built at CERN. It col-
lides head-on bunches of protons or heavy ions. The analysis of these collisions
resulted in the discovery of a particle compatible with a Standard Model (SM)
Higgs boson and allows to explore new physics phenomena beyond the SM.

This thesis follows the evolution of my involvement in the analysis of 2011-
2013 ATLAS data, focusing on the search for new physics beyond the SM. ATLAS
is one of the four main experiments at the LHC. The analyses I have contributed
to were driven by the amount of collected luminosity, starting from a search for
strong production of supersymmetric particles in events with two final state lep-
tons [1]. The lack of early discoveries pushed the scientific community to consider
models where the production of third generation squarks are suggested as one of
the most favored scenarios to be observed at the LHC.

This thesis presents two searches for direct top squark pair production in events
with two leptons, in which I was heavily involved. The first search (chapter 5) tar-
getsthe f; — t + ¥} decay, using a cut and count method in 4.7 fb~of pp collision
data collected during the 2011 run. The results have been published in a paper
[2]. My personal contribution consisted in the background estimation (particu-
larly focusing on the tf production, the dominant background for this analysis),
the systematic uncertainties evaluation and the results interpretation.

The second search (chapter 6) targets the f; — b+ ¥ decay, or the three body
decay f; — b+ W + %0 via an off-shell top quark. This analysis uses the full
20.3 fb~'of pp collision data collected during the 2012 run, and has been published
showing preliminary results [3]. My contribution to this analysis has been even
more substantial: I helped on the selection cuts optimization, I took care of the
background estimation (but for the fake lepton background), the systematic un-

certainties evaluation and the results interpretation. Because of my contributions,

ix



I have been chosen as an editor of the paper (in preparation) that summarizes all
the ATLAS searches for top squarks in the two leptons channel.

In parallel with my physics studies, I have contributed to the ATLAS vertex
reconstruction performance group, focusing on the study of the number of recon-
structed vertices as a function of the number of interactions. I have built an online
database to monitor this quantity during the data-taking and studied the system-
atic effects involved in the vertex reconstruction. In particular, I contributed to
the development of an analytical parameterization on the relationship between
the number of reconstructed vertices and the number of interactions taking into
account the main reconstruction effects: reconstruction efficiency and inability of
resolving nearby interactions in distinct vertices (vertex masking). I used this pa-
rameterization to study both the current performances and the possible improve-
ments in upgrade scenarios. I chose not to put these results in my thesis because
of their weaker connection with the other topics which are dealt with in this doc-
ument.

The thesis is organized as follows: chapter 1 introduces the LHC accelerator
and the ATLAS experiment; chapter 2 briefly describes the theory and motiva-
tions behind the searches presented in this work. Chapter 3 describes the data
samples used in this thesis, while chapter 4 describes the event reconstruction in
the ATLAS experiment, focusing on the objects used the analyses which follow.

Chapter 5 and 6 present the two analyses mentioned above.



CHAPTER 1

The experimental setup

The analyses presented in this thesis use data of proton-proton collisions collected
by the ATLAS experiment at the Large Hadron Collider at CERN during 2011 and
2012. This chapter describes the experimental setup of the LHC to collide protons
at a center-of-mass energy up to /s = 8 TeV in section 1.1 and the ATLAS detector

in section 1.2.

1.1 The Large Hadron Collider (LHC)

In the early "90, the scientific community started to design a high energy physics
collider able to deliver a center of mass energy one order of magnitude greater
than the other already existing hadronic colliders (Tevatron) and two orders of
magnitude greater than the existing leptonic colliders (LEP). The main objective of
this new machine would have been the investigation of the nature of electroweak
symmetry breaking and the search for physics beyond Standard Model at the TeV
scale: this includes the search for the Higgs boson and for particles predicted by
Supersymmetric models (SUSY).

The result of this design challenge is the Large Hadron Collider [4]: a hadronic
(proton-proton and lead ions) collider built inside the tunnel that housed LEP

(Large Electron-Positron collider) near the city of Geneve in Switzerland.

1.1.1 The choice of a hadron collider

The main motivation to use a hadron collider instead of electron-positron one is
much higher achievable center of mass energy, a fundamental feature for a dis-

covery machine. Synchrotron radiation, leading to a large energy loss in ete™
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colliders, is the crucial limiting factor. Charged particles moving along a curved

trajectory loose energy following the relation:
dE _ E*
—_ X —
dt — m*R

where E and m are particle’s energy and mass, while R is the trajectory’s radius

(1.1)

of curvature. This implies that at fixed energy and collider dimensions (radius),
electrons loose (1, /m,)* ~ 10'% times more energy than a proton beam with the
same characteristics. The use of electrons would have been possible only in a
synchrotron with a much larger radius or in a linear accelerator implying a much
greater cost than the solution adopted.

An hadron collider brings some problems that are absent in leptonic colliders
due to the proton’s composite structure. Proton-proton collisions can be of two
different types: soft collisions or hard collisions.

Soft collisions are distant collisions, with protons interacting as a whole object.
These interactions have a small transferred momentum and the interaction prod-
ucts have a small transverse momentum, e.g. (pr) ~ 500 MeV (a natural system
of units is used henceforth, assuming c=1).

In hard collisions protons interact revealing their inner structure: the collision
is studied in terms of QCD processes between different partons. In this type of
interaction, the transferred momentum is large and there is a chance to generate
new particles. A generic mixture of soft and hard collisions is called minimum-bias
event.

In hadron colliders the partonic center of mass energy is unknown, making
kinematic calculation more difficult. Another problem comes from the fact that
the cross section for hard collisions, which are important for the discovery of new
physics, is much smaller than the one for soft collisions. This creates the need for
a high luminosity operating collider: the rate of the proton-proton interactions
inside the LHC machine is given by the product of the proton-proton cross section
o and the luminosity L.

The instantaneous luminosity £, defined in equation 1.2, is the product of the
numbers of particles 111, 1y in both crossing bunches and the frequency f of bunch

crossings, divided by the cross sectional area A = 4700y, of a bunch:
L=f

The instantaneous luminosity has been progressively increased during operation,

niny
4710y oy

1.2)

as shown in figure 1.1. In 2012, for each bunch crossing there were up to about
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30 collisions that summed themselves to each interaction with large transverse

momentum. This soft-collision background is usually called pile-up.
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Figure 1.1: The maximum mean number of events per beam crossing versus day during
the p-p runs of 2010, 2011 and 2012. The mean value of the number of events in
each bunch crossing has been computed within periods of about two minutes
of data-taking (luminosity block) [5]. Only data taken during stable beams has

been considered.

1.1.2 LHC experiments and accelerator chain

The LHC is located in a 27 km long underground tunnel. The tunnel lies at a depth
of about 100-120 m and crosses the border of France and Switzerland.

The LHC is designed to serve proton and ion beam collisions to four main
experiments: the two multipurpose detectors ATLAS (A Toroidal Lhc Appara-
tuS) [6] and CMS (Compact Muon Solenoid) [7], LHCb (LHC beauty experiment) [8],
focusing on b-physics and ALICE (A Lhc Ion Collider Experiment) [9] focusing on
heavy-ion physics.

Before being injected into the LHC, the particles are accelerated step by step up
to the injection energy of 450 GeV, by a series of accelerators shown in figure 1.2.
For protons, the first system is a linear accelerator (LINAC2), which accelerates the
beam at an energy of 50 MeV. The protons then go through the Proton Synchrotron
Booster (PSB) and are brought to 1.4 GeV. After that they are injected into the
Proton Synchrotron (PS), where they are accelerated to 26 GeV. Finally, the Super
Proton Synchrotron (SPS) is used to further increase their energy to 450 GeV. From

the SPS, two transfer lines inject the proton beams into the LHC.
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For lead ions the beam production is different. They are first accelerated by a
different linear accelerator (LINAC3). The ions are then further accelerated by the
PS and SPS before being injected into the LHC ring.

LHC

LHCDb

SPS

CN['_E‘\A

2006 ] Gran Sasso

ATLAS

East Area

PS

LINAC 2

Leir

N LINAC 3
lons

» ion > C » P (antiproton) —H— /antiproton conversion  » neutrinos  » electron

Figure 1.2: Scheme of the accelerator chain up to LHC. The LHC experiments are shown as

yellow circles.

1.1.3 LHC parameters and operation

The LHC design value for instantaneous luminosity in proton-proton collisions at
center of mass energy /s = 14 TeV is £ = 103 cm2s~!. With this configuration
there are an average of about 23 inelastic scatterings per bunch crossing, in which
nearly 1000 new particles are produced. The 2808 LHC nominal contain ~ 10!
protons each, and the nominal bunch separation is 25 ns.

The LHC started its operations on 10th September 2008, with the first beams
circulating into the rings, in both directions, without collisions. Nine days later
an accident was caused by a faulty electrical connection between two magnets
during tests of the dipole circuit. In the accident 53 magnets were damaged. This
caused a delay of about one year to repair the damaged magnets, check the electri-
cal connections and improve the safety systems. During Fall 2009, the operations

started again, with the first proton-proton collisions at a centre of mass energy
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of 900 GeV recorded by the four experiments on 23rd November 2009. After a
900 GeV collisions data taking, the centre of mass energy was further increased to
2.36 TeV, producing collisions at the highest energy ever reached before. The first
proton-proton collisions at /s = 7 TeV were registered on 30th March 2010, start-
ing a new running period that went on until the beginning of November, when the
LHC provided the first heavy ion collisions. Proton-proton collisions have started
again on 13th March 2011, after the winter technical stop. During the commis-
sioning phase, the number of colliding bunches has been progressively increased
towards the design value, even if this has never been reached for physics. At the
end of 2010 the maximum number of colliding bunches has been 348, a maximum
number of 1092 has been then reached in June 2011. At the end of 2011 proton-
proton run the number of colliding bunches is about 1400, as shown in figure 1.3:
the bunch separation of 50 ns has been reached. Only in 2015 the nominal value

of 25 ns will be reached.
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Figure 1.3: The number of colliding bunches in ATLAS versus time during the proton-
proton runs of 2010, 2011 and 2012 [5]

The maximum instantaneous luminosity that has been reached in 2010 is slightly
higher than 2 x 1032 cm~2s~!, while during 2011 run a peak of 3.65 x 103 cm~2s~!
has been achieved. In 2010 and 2011 HI running collisions at 2.76 TeV per nucleon
took place, reaching a peak instantaneous luminosity of 30 x 10%* cm 25~ 1.

Data-taking restarted from March 2011 to the end of the 2011. During 2012, the
LHC provided proton-proton collisions at a center of mass energy of 8 TeV, with a
bunch spacing of 50 ns. A peak instantaneous luminosity of 8 x 103 cm 25! has

been reached.
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The nominal pp run configuration is compared with the setup used at the end
of 2012 in table 1.1.

Table 1.1: Important parameters for the LHC. The design configuration is compared with

the setup used in the 2012 pp run.

Parameter Design value End of 2012
Vs 14 TeV 8 TeV
Bunch spacing 25ns 50 ns

Peak luminosity 103 ecm2s7! | 8 x10%% em 257!

Number of bunches per beam 2808 1380
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1.2 The ATLAS experiment

The ATLAS detector, A Toroidal LHC ApparatuS, is located at Point 1, one of
the four interaction points of the LHC, in a large underground cavern. Figure
1.4 shows a sketch of the 44 m x 25 m detector, weighting about 7000 tons. It
has a cylindrical layout and a forward-backward symmetry with respect to the
interaction point.

The detector is designed for the study of high energy proton-proton and ion-ion
collisions. Of particular interest for the physics at LHC are the collisions that
produce energetic particles perpendicularly to the axis of colliding beams, the so
called high transverse momentum phenomena.

The detector assembly lasted more than four years, from 2003 to July 2007,
when the innermost detector was inserted and the last end-cap toroidal magnet
was lowered in the pit. Since 2008 it has been recording cosmic-ray events and,
starting from November 2009, proton-proton collision events at rates of up to 400
Hz.

44m

25m

Tile calorimeters
LAr hadronic end-cap and
) forward calorimeters

Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Figure 1.4: Detailed view of the ATLAS detector and its sub-detectors [6].

The very high luminosity operating conditions of the LHC, together with the
need to be able to detect and record very rare processes, imposes stringent de-

mands on the capabilities of the experiment. To provide sensitivity to any possi-
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ble evidence of new physics beyond the Standard Model, ATLAS had to meet the

following requirements:
e Full azimuthal coverage and large geometrical acceptance.

o Excellent tracking capability: precise momentum determination over a wide

range of energies, from hundreds of MeV to a few TeV.

o Vertex detectors close to the beam line, to identify taus and jets originating

from b-quarks.
e Hermetical calorimetry for missing transverse energy measurements
e Fine granularity to separate signal contributions from different particles.
e Good muon identification and momentum measurement up to a few TeV.

e Fast triggering systems, to spot interesting events and reduce background

levels for efficient storage.

e Radiation hardness to tolerate the large particle fluxes provided by the LHC

without loss of performance or important aging effects.

ATLAS is composed by a set of sub-detectors, each designed and optimized for
a specific task. It can be divided into three major parts: the Inner Detector (Section
1.4) that surrounds the interaction region and operates in a solenoidal magnetic
field, the Calorimeter system (Section 1.5) surrounding the ID and the Muon Spec-
trometer (Section 1.6) with a dedicated toroidal magnetic field. The choice of two
separate magnetic systems (Section 1.3), one for the internal tracking, and one
for the outer muon tracker, has driven the design of the rest of the detector. The
spatial arrangement of these sub-detectors and an event cross section is shown in

figure 1.5.

1.2.1 ATLAS coordinate system

ATLAS uses a right-handed coordinate system (¢, 7,z) instead of the cartesian
coordinate system (x,y,z). ¢ and 5 are expressed with respect to x,y and z. To
define these, the origin of the (x, y, z) coordinate system is located in the center of
the detector and the z-axis is defined counter-clockwise, while the positive y-axis

goes upwards with the increasing height of the detector. The x-axis is pointing
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Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

CATLAS

S
J EXPERIMENT
http://atlos.ch

Figure 1.5: Schematical view of the specialized particle detectors of ATLAS. The toroidal
magnets between the hadronic calorimeter and the muon spectrometer are not

shown in this figure [6].

towards the center of the LHC. The azimuthal angle ¢ is measured around the
beam axis. The pseudorapidity # can be introduced as
0
N = —lntanz (1.3)
with 6 being the polar angle with respect to the positive y-axis. For massive objects
such as jets, the rapidity is used, given by

_1 E+p:
Y= 21n<E—pz> (1.4)

Rapidity, or pseudorapidity, are preferred with respect to the polar angle 6 because
the collisions are boosted relative to each other along the z-axis. This quantity is
additive. A Lorentz boost ' along the z-axis is equivalent to a boost with rapidity
y' = arctanh(f’), and results in y — y + y’. This implies that rapidity differ-
ences are invariant, and hence the shape of the high energy particle multiplicity
spectrum dN/dy is also invariant under a boost along the z-axis.

The transverse momentum pr of a particle in the detector is defined as the

momentum perpendicular to the z-axis:

pT = \/P:+ P} (1.5)
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1.3 The magnet system

The magnet configuration comprises a thin superconducting solenoid surround-
ing the Inner Detector cavity, and three large superconducting toroids (one barrel
and two end-caps), arranged with an eight-fold azimuthal symmetry around the
calorimeters, which provide bending power for the Muon Spectrometer. The mag-

net system is shown in figure 1.6

e Solenoid: the solenoid has its field axis matching the beam direction (z). It
is made of a single-layer aluminum coil wound by a NbTi conductor, op-
timizing thus its thickness in order to have a small impact on the energy
measurement in the calorimeters. The solenoid has an inner radius of 1.23
m and a total length of 5.8 m. A magnetic field of 2 T is produced in the
central region of the the Inner Detector.

o External Toroids: the external toroidal magnets use coils consisting of a con-
ductor made of a mixture of aluminum, niobium, titanium and copper, and
they extend the magnet system to a total of 26 m length and 20 m diameter.
This configuration provides a magnetic field for the Muon Spectrometer of
0.5 T and 1 T in the barrel and end-caps, respectively. The magnet system
operates with nominal currents of 8 kA for the solenoid, and of 25 kA for the
toroids, respectively. Every toroid has a separate cryogenic system, while in

the end-caps the coils have common cryostat.

end-cap

toroids solenoid

Figure 1.6: Schematical view of the ATLAS magnet system.
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Figure 1.7: Schematic views of the ATLAS Inner Detector [6]

1.4 Inner Detector

The Inner Detector is the innermost system of the ATLAS detector. The high po-
sition and momentum resolution required by the ATLAS physics program are
achieved by the combination of high bending power and fine granularity position
measurements for charged particles. The Inner Detector offers pattern recogni-
tion, momentum and vertex measurements, and electron identification capabili-
ties. Its schematic view is shown in Figure 1.7. It is composed by three indepen-
dent but complementary sub-detectors: two silicon detectors, the Pixel Detector
and the Semi-Conductor Tracker (SCT), and the Transition Radiation Tracker (TRT)
composed of straw-tubes. The Inner Detector is immersed in an axial magnetic
field of 2 T and its overall dimensions are 2.1 m in diameter and 6.2 m in length
and covers a pseudorapidity region of |r| < 2.5.

A summary of their main characteristics is also reported in table 1.2.

1.4.1 Pixel Detector

The ATLAS Pixel Detector (figure 1.8) is the nearest system to the collision point
and it is built directly onto the beryllium beam pipe in order to provide the best
possible primary and secondary vertex resolution. It was designed to operate in
the high particle multiplicity of LHC, maintaining high efficiency and an excellent
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1.4 Inner Detector

Table 1.2: Summary of the main characteristics of the three ATLAS Inner Detector sub-

detectors [6]

Radial extension (mm) ‘ Length (mm)
Overall ID envelope 0 <R <1150 0 < |z| < 3512
Beam pipe 29 <R < 36
Pixel Overall envelope 455 < R < 242 0 < |z| <3092
3 cylindrical layers Sensitive barrel 50.5 < R < 122.5 0 < |z| < 400.5
2 x 3 disks Sensitive end-cap 88.8 < R < 149.6 495 < |z| < 650
SCT Barrel envelope 255 < R < 549 0 < |z| < 805
End-cap envelope 251 < R < 610 810 < |z| < 2797
4 cylindrical layers Sensitive barrel 299 < R < 514 0< |z| <749
2 x 9 disks Sensitive end-cap 275 < R < 560 839 < |z| < 2735
TRT Barrel envelope 554 < R < 1082 0 < |z| <780
End-cap envelope 617 < R < 1106 827 < |z| < 2744
73 straw planes Sensitive barrel 563 < R < 1066 0< |z| <712

160 straw planes

Sensitive end-cap

644 < R < 1004

848 < |z| < 2710

Figure 1.8: The ATLAS Pixel Detector [6]

position resolution in the r — ¢ plane of < 15 ym, as well as a time resolution

of less than the 25 ns nominal proton bunch spacing of the LHC. At the time of

writing, after 3 years of operation, the detector performance is excellent with a hit

detection efficiency of ~ 96%.

The Pixel detector consists of three cylindrical barrel layers' with 1456 mod-

I The layer closest to the beam pipe is referred to as L0 or b-layer. The outer layers are called L1 and
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ules and two end-caps with three disks each having a total of 288 modules, cover-
ing the pseudorapidity range of || < 2.5. The total number of readout channels
is approximately 80 x 10°. The barrel layers have radii of 50.5 mm (b-layer), 88.5
mm (L1) and 122.5 mm (L2) and are 800 mm long.

The LHC environment imposes a high radiation tolerance (up to 500 kGy for
a fluence of 10'° 1 MeV neq /cm?) and the adoption of an evaporative C3Fg-based
cooling integrated in the module supports to keep a low leakage current and re-
move the heat generated by the electronics.

The detector is operated at -13°C since Summer 2009, with the cooling system
able to operate down to slightly lower temperatures which will be exploited only
later in the detector life when the radiation damage effects will be more important.

A pixel module consists of a 250 um thick sensor with n™ pixels implanted on
the n-doped bulk with a p* backplane on the opposite side, 16 Front-End chips
bump-bonded to this sensor and a module controller chip (MCC). Each module
has an active area of 16.4 x 60.8 mm? consisting of 47232 (328 x144) pixels. The
typical pixel size is 50 x 400 um?. To enable full coverage in the regions between
front-end chips, approximately 10% of the sensor pixels have a size of 600 x 50
um? (long pixels). The 16 chips read out in total 46080 channels, but all 47232
pixels are readout, as pixels in the inter-chip regions are ganged to be read out.
In order to fully deplete the semi-conductor a bias voltage 150 to 600 V can be
applied to separate electron-hole pairs created by a traversing charged particle.
The current is amplified and measured, counting a hit in a certain pixel sensor if
it exceeds a threshold, which is constantly calibrated to provide the best signal-
to-noise separation for each pixel sensor. At present time the threshold is set to
the value of 3500 e~ with a dispersion of ~ 40 e~ and a fraction of masked pixels
around 0.1%. There are nearly 500 reconstructed hits/event in the b-layer and
despite the very high pile-up level, the Pixel Detector occupancy? is still small.

When a charge deposited in the sensor is above the discriminator threshold,
the front-end electronics stores the Time-over-Threshold (ToT) quantity, i.e. the
time during which the pre-amplifier output is above threshold. By design the ToT
has a nearly linear dependence on the amplitude of the pre-amplifier output and
therefore on the charge released in the sensor. The measurement of the deposited

charge, obtained with the calibration of the ToT, allows several improvements for

L2.
2The Pixel Detector occupancy is defined as the fraction of detector channels with a hit in a local

area
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the detector performance, like the position resolution where the improvement is
obtained by weighting properly the pixel hit in cluster position reconstruction
with a charge sharing algorithm. Another important application of the ToT infor-
mation is the determination of the specific energy loss dE/dx with a resolution of
12%.

The Pixel Detector operates in a solenoidal field of 2 T, therefore the Lorentz
angle needs to be determined with good accuracy, by measuring the mean cluster
size as a function of the track incident angle. The measured value of 6; = (211.3+

1.6) mrad is close to the expected value of 225 mrad.

1.4.2 Semi-Conductor Tracker (SCT)

Figure 1.9: Geometrical layout of the SCT [6]

Going outwards from the beam pipe, the SCT is the second system (shown in
figure 1.9) of the Inner Detector. It is composed by four cylinders in the barrel
region, covering the pseudorapidity range || < 1.1 — 1.4, with radii between
299 mm and 514 mm and a full length of 1492 mm. Each of the two end-caps
consists of 9 disks covering pseudorapidity range 1.1 — 1.4 < || < 2.5 and radii
extending to 56 cm. It provides typically eight measurements (four space-points)
for particles originating in the beam-interaction region.

The SCT detector uses the same detection principle and material, semicon-
ducting silicon, as the pixel detector, but instead of small rectangular pixels larger
strip sensors are used. The SCT comprises 61 m? of silicon sensors with 6.3 million
readout channels. It operates in a near zero humidity nitrogen environment and
is cooled nominally to -7°C by a C3Fg evaporative cooling system, to suppress re-
verse annealing arising from radiation damage. The silicon sensors are all 285 ym
thick single-sided p-on-n devices, with 768 AC-coupled micro-strips. There are
8448 identical rectangular shaped barrel sensors with size 64.0 x 63.6 mm and 80
um strip pitch. The end cap disks use wedge shaped sensors of five slightly dif-

ferent sizes to accommodate the more complex geometry. There are 6944 wedge
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sensors in total, with strip pitch ranging from 56.9 to 90.4 yum.

There are a total of 4088 modules, determining the basic granularity of the SCT
detector: 2112 rectangular shaped modules used to construct the barrel cylinders
and 1976 wedge shaped modules of three different sizes used to construct the
end-cap disks. Modules consist of two pairs of back-to-back sensors, glued to
a thermally conductive substrate for mechanical and thermal stability. Pairs on
opposite sides are rotated by 40 mrad to form a stereo angle in order to enable a
resolution measurement in the direction parallel to the strips.

More than 99% of the SCT strips have remained fully functional and available
for tracking throughout all data taking periods. The number of disabled strips
(typically due to high noise or un-bonded channels) and non-functioning chips is
negligible and the largest contribution is due to disabled modules (total fraction:
0.73%).

The intrinsic accuracies of the SCT are 17 ym in the azimuthal direction and
580 ym along the beam direction, while the intrinsic hit efficiency is determined
by counting the number of recorded hits on high pr tracks (> 1 GeV/c) through
the SCT by the number of possible hits, after ignoring known disabled strips. The
nominal design requirement was for hit efficiency to be > 99%. The barrels have
a mean hit efficiency of 99.9% over all layers. Similarly, the hit efficiencies for the

SCT end-caps are measured to be 99.8%.

1.4.3 Transition Radiation Tracker (TRT)

The TRT is the outermost system of the Inner Detector. Its sensitive volume covers
radial distances from 563 mm to 1066 mm. It consists of drift tubes with a 4 mm
diameter that are made from Wound Kapton (straw tubes) and reinforced with
thin carbon fibers. In the centre of each tube there is a gold-plated tungsten wire
of 31 ym diameter. With the wall kept at a voltage of -1.5 kV and the wire at
ground potential, each tube acts as a small proportional counter. The tubes are
filled with a gas mixture of 70% Xe, 27% CO;, and 3% O;.

The TRT barrel region contains 52544 straw tubes of 1.5 m length, parallel to
the beam axis, arranged in three cylindrical layers and 32 ¢ sectors. They cover
a radius from 0.5 m to 1.1 m and a pseudorapidity range of |17| < 1. The central
wires are electrically split and read out at both ends of the straw. The end-caps
contain radial 0.4 m long straws that are arranged perpendicular to the beam axis.

Each side consists of 122880 straws, covering the geometrical range 0.8 m< |z| <
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27mand 1 < |y| < 2. The end-cap straws are read out at their outer end.

When a charged particle traverses the TRT, it ionizes the gas inside the straws.
The resulting free electrons drift towards the wire where they are amplified and
read out. The spaces between the straws are filled with polymer fibers (barrel)
and foils (end-caps) to create transition radiation, which may be emitted by highly
relativistic charged particles as they traverse a material boundary. This effect de-
pends on the relativistic factor ¢y = E/m and is strongest for electrons. Typical
photon energies are 5-30 keV. These soft X-rays can be absorbed by Xe atoms, de-
positing additional energy in the gas and leading to significantly higher readout
signals. Such signals are detected by comparing them against an additional high
threshold of 6 keV. The fact that the emission of transition radiation is much more
likely for an electron than for a pion of the same momentum can be used to dis-

criminate these particle types.
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Figure 1.10: Probability of a transition radiation high-threshold hit in the TRT barrel as a
function of the Lorentz Factor. Measurements from 2010 LHC collision events

are compared to predictions from Monte Carlo simulations.

This design makes the TRT complementary to the silicon-based tracking de-
vices: the single-point resolution of 120 um is larger than that of the silicon track-
ers, but this is compensated by the large number of hits per track (typically more
than 30) and the long lever arm.

The TRT readout data merely contains time information, which needs to be
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calibrated to be useful for tracking. The R(t) calibration relates the measured drift
time with a particle’s distance of closest approach to the readout wire. It depends
on the properties of the active gas (mixture, pressure, temperature), the voltage
that is applied to the tube, and the magnetic field.

Another source of information for the particle identification is the time over
threshold (ToT), i. e. the number of time bins for which a readout signal exceeds
the (low) threshold. This quantity depends on the particle’s specific energy loss
dE/dx, which in turn depends on the relativistic velocity § according to the Bethe-
Bloch law.

1.5 Calorimeters

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

Figure 1.11: Schematic view of the ATLAS Calorimetric system [6]

The calorimeters are prime devices to measure the energy of particles through
total absorption. In order to do this the entering point of a particle and the follow-
ing shower of lower energy particles are measured. The high luminosity con-
ditions and interesting physics events signatures require calorimeters with ex-
tremely good performances in terms of granularity, response time and energy
resolution.

The ATLAS experiment has chosen a non-compensating® sampling calorime-

3The calorimeter signals for hadrons are in general smaller than for electrons or photons of the same
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ter system that consists of two sections covering the range |1| < 4.9: an electro-
magnetic calorimeter (EM) and a hadronic calorimeter (Had). The electromag-
netic calorimeter uses liquid argon (LAr) as sensitive material [10]: it is divided
into two sections, barrel+end-cap calorimeter for region of || < 3.2 and a for-
ward calorimeter covering 3.2 < || < 4.9. The hadronic calorimeter is a Iron-
Scintillator sampling calorimeter composed by a central cylinder and two side
extensions: the hadronic calorimeter’s end-caps use the same LAr technology on
which is based the electromagnetic calorimeter [11]. Details about the coverage
and segmentation of the calorimeter systems are shown in table 1.3. A schematic
view of the calorimeter system is shown in figure 1.11.

One of the most important requirements for calorimeters is to provide good
containment for electromagnetic and hadronic showers: the number of jets reach-
ing the muon system (punch-through) has to be limited in order to have a good
muon identification. This can be done exploiting the density of the material used
in the calorimeter and in the supporting structure. For this reason, the total thick-
ness of the EM calorimeter is more than 22 radiation lengths (X) in the barrel
and more than 24 Xj in the end-caps. It contains electrons and photons showers
up to ~ 1 TeV and it also absorbs almost 2/3 of a typical hadronic shower. The
average 11 interaction lengths A (including 1.3 A from the support material) are
adequate to provide good resolution for high-energy jets and sufficient to reduce
punch-through well below the irreducible level of prompt or decay muons.

Some details on the different calorimeter regions are given below, and its nom-

inal performance goals are summarized in table 1.4

1.5.1 EM Calorimeter

The EM calorimeter uses lead plates as passive and liquid argon (LAr) as active
detector material. To ensure the maximum azimuthal coverage the EM Calorime-
ter was designed with an accordion geometry, as shown in figure 1.12: the readout
electrodes and the lead absorbers are laid out radially and folded so that particles
can not cross the calorimeter without being detected. It is divided into one barrel
part (|#]| < 1.475) and two end-caps (1.375 < || < 3.2), each one with its own
cryostat. In order to reduce material in front of the EM calorimeter, the central

solenoid and the LAr calorimeter itself share a common vacuum vessel. The bar-

energy (e/h > 1). The difference must be taken into account by an additional correction applied to

hadronic objects.
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Table 1.3: Pseudo-rapidity coverage, longitudinal segmentation and granularity of the AT-

LAS calorimeters.

‘ 1 coverage

Granularity (Ay x A¢)
EM calorimeter barrel end-cap
Presampler 7] <154 15< |y <18 0.025 x 0.1
Sampling 1 ln| <1475 1.375< |n| <32 0.003 x 0.1
0.025 x 0.025
0.003 — 0.025 x 0.1¢
0.1 x 0.14
Sampling 2 7| < 1475 1.375 < || <32 0.025 x 0.025
0.075 x 0.025
0.1 x 0.14
Sampling 3 7] < 1.35 1.5 < |yl <25 0.05 x 0.025
Tile calorimeter barrel extended barrel
Sampling 1-2 7] < 1.0 0.8 < |yl <17 0.1 x0.1
Sampling 3 ln| < 1.0 08 < |n| <17 02x0.1
Hadronic end-cap
Sampling 1-4 15 < |y <32 0.1 x0.1¢
0.2 x 0.24
Forward
Sampling 1-3 31< |n| <49 02x0.2

“n| < 1.4,%1.4 < |y| < 1.475,°1.375 < || < 2.5,92.5 < || < 3.2,°1.5 < || < 2.5

Table 1.4: Nominal calorimeters’” performance goals and coverage for the ATLAS detector

6]

Detector component | Required resolution (0r/E) ‘ 1] coverage
EM calorimeter 10%VE & 0.7% +3.2 (£2.5 for the trigger)
Had barrel / end-cap 50%\'E @ 3% +3.2

Had forward 100%+vE & 3.1% +49
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Figure 1.12: Schematic view of the accordion geometry [6]

rel calorimeter consists of two identical half-barrels, separated by a small gap (4
mm) at z = 0. Each end-cap calorimeter is mechanically divided into two coaxial
wheels: an inner wheel covering the region 1.375 < || < 2.5, and an outer wheel
covering the region 2.5 < || < 3.2.

Over the region devoted to precision physics (57| < 2.5), the EM calorimeter
is segmented into three longitudinal sections: strips, middle and back. While
most of the energy of electrons and photons is collected in the middle, the fine
granularity of the strips is necessary to improve the v — ¥ discrimination. The
back measures the tails of highly energetic electromagnetic showers, and helps to
distinguish electromagnetic and hadronic deposits. For the end-cap inner wheel,
the calorimeter is segmented in two longitudinal sections and has a coarser lateral
granularity than for the rest of the acceptance.

Energy losses by particles crossing the material in front of the calorimeters (the
cryostat, the solenoid and the 1-4 radiation-lengths thick Inner Detector) introduce
an uncertainty in the energy measurements. To overcome this difficulty, the EM is
complemented by an additional pre-sampler layer in front of the sampling portion
(i.e. accordion) of the calorimetry. The pre-sampler is 11 mm (5 mm) thick in

the barrel (end-cap) and includes fine segmentation in #. Unlike the rest of the
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calorimetry, the pre-sampler has no absorber layer.

The transition region between the barrel and the end-cap EM calorimeters,
1.37 < |5| < 1.52, is expected to have poorer performance because of the higher
amount of passive material in front of the calorimeter, this region is often referred

as crack region.

The LAr electronic calibration is done using pulse height samples, while the
tiles signal is monitored by different systems. The response, i.e.the ratio of the re-
constructed signal to the “true” signal, is checked using Cesium sources. Read-out
electronics can be tested and calibrated by injecting charge into a single cell and
finally the optical connections and photomultiplier tubes response can be checked
with laser light.

1.5.2 Had Calorimeter

Two different techniques are used for the Had Calorimeter depending on the re-

gion: central and end-cap.

The Tile calorimeter (Tile) is placed directly outside the EM Calorimeter enve-
lope in the central region. It uses a sampling technique with steel as absorber and
scintillating tiles as active material. It is divided into a barrel (|57| < 1.0) and two
extended barrels (0.8 < |1| < 1.7). Radially, the Tile goes from an inner radius of
2.28 m to an outer radius of 4.25 m. It is longitudinally segmented in three layers
approximately 1.5, 4.1 and 1.8 interaction lengths thick for the barrel and 1.5, 2.6,
and 3.3 interaction lengths for the extended barrel.

The Hadronic End-cap Calorimeter (HEC) consists of two independent wheels
per end-cap, located directly behind the end-cap EM calorimeter and sharing the
same LAr cryostats. It covers the region 1.5 < 17| < 3.1, overlapping both with the
Tile and Forward calorimeters. The HEC is a parallel plate copper - LAr sampling
calorimeter. Each wheel is divided into two longitudinal segments, for a total of
four layers per end-cap. The wheels closest to the interaction point are built from
25 mm parallel copper plates, while those further away use 50 mm copper plates.
The outer radius of the copper plates is 2.03 m, while the inner radius is 0.475
m (except in the overlap region with the forward calorimeter where this radius
becomes 0.372 m). Radiation hardness and cost effectiveness drove the choice for

this technology and the calorimeter geometry.
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1.5.3 Forward Calorimeter

The Forward Calorimeter (FCal) covers the 3.1 < || < 4.9 region and is another
detector based on LAr technology. It is integrated into the end-cap cryostats and
is approximately 10 interaction lengths deep.

It consists of three 45 cm thick independent modules in each end-cap and pro-
vides both electromagnetic and hadronic energy measurements: the first module’s
absorber is copper, which is optimized for electromagnetic measurements, while
for the two are made of tungsten, which is used to measure predominantly the
energy of hadronic interactions. Although the system is not used for precision
measurements, it provides valuable information for missing transverse energy de-
termination and reconstruction of very forward jets.

Radiation tolerance is extremely important in this region, where the expected
radiation dose is very high. Therefore the electrode structure is different from the
accordion geometry, consisting in a structure of concentric rods and tubes parallel

to the beam axis.
1.6 Muon Spectrometer

Thin-gap chambers (T&C)
' ; ! B Cathode strip chambers (CSC)

chambers (RPC)
End-cap toroid
Monitored drift tubes (MDT)

Figure 1.13: Schematic view of the ATLAS Muon Spectrometer [6]

The Muon Spectrometer (MS) is the largest and outermost part of the AT-
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LAS detector: it has been designed to detect charged particles exiting the bar-
rel and end-cap calorimeters and provide an independent measurement of their
momenta. The degradation of resolution due to multiple scattering is minimized
because the muons travel mainly through air. The MS is immersed in a toroidal
magnetic field and is composed by separated layers of wired chambers: in the bar-
rel region (57| < 1.0), the muon chambers are arranged in three cylindrical layers
(sectors), while in the end-cap (1.4 < || < 2.7) they form three vertical walls. The
transition region (1.0 < || < 1.4) is instrumented with four layers. The layout of
the Muon Spectrometer is also shown in figure 1.13.

The muon system has two different functions: high precision tracking of muons
and trigger. These goals have been achieved by deploying a mixture of chambers
based on four different technologies. The choice of different types of chambers has
been driven by criteria of rate capability, granularity, aging and radiation hard-
ness. The measurement of the track bending is provided in most of the 7 regions
by the Monitored Drift Tubes (MDT), while at large 7, the higher granularity Cath-
ode Strip Chambers (CSC) are used. The chambers for the first level of the trigger
system need a very fast response. They covers the region || < 2.4. The Resistive
Plate Chambers (RPC) are used in the barrel region, while the Thin Gap Chambers
(TGC) are used in the end-cap.

The reconstruction efficiency and resolution of the Muon Spectrometer were
measured using cosmic ray events in 2008 and 2009 [12]. The reconstruction ef-
ficiency, integrated over the detector acceptance, is ~ 94%. At || = 0 there is a
gap in the detector for cable routing. If the region of the detector near this crack
is excluded, the reconstruction efficiency is increased to 97%. The transverse mo-

mentum resolution was determined from this data to be

pr pr
for transverse momentum (p7) between 5 and 400 GeV.

©0.043®4.1x107* GeV ! x pr (1.6)

A brief description of the technologies used in the muon chambers follows.

Monitored Drift Tubes

The basic element of the MDTs is a pressurized drift tube: the passage of a charged
particle ionizes the gas (93% Ar / 7% CO,) within the chamber and the liberated
electrons are collected by a central anode wire (50 um diameter made of tungsten-

rhenium). In the vicinity of the wire, an avalanche process takes place, inducing
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measurable signals which are read out by the on-chamber electronics. The charge
information is used for noise discrimination. The arrival time of the signal can be
interpreted as a drift-radius, using a calibration function to correct for the non-
linear drift velocity in the gas mixture. Single hit resolutions of the order of 80 ym
are achieved, with an efficiency around 96%. The chamber resolutions are of the
order of 35 um. Each chamber is equipped with an optical system to monitor its
deformations.

MDT chambers have a projective design, covering a total area of 5500 m?. They

are formed of six or eight layers of drift tubes, with diameters of 29.970 mm.

Cathode Strip Chambers

The performance of MDTs is degraded at rates above 150 Hz/cm?, which will be
exceeded in the first layer of the forward region (|| > 2). In this range up to
|n| < 2.7, Cathode Strip Chambers provide high spatial and time resolutions with
high-rate capability. CSCs consist of multi-wire proportional chambers made of
radial anode wires and cathode planes segmented into orthogonal strips. Strips
in the plane perpendicular to the wires provide the precision coordinate (1) and
the ones parallel to the wire give the second coordinate (¢) information. Each
chamber is composed by 4 layers with 5 mm gaps filled with with Ar / CO, (80%
/ 20%). The wire plane is located at the center of each gap, with a wire pitch of
2.5 mm, equal to the anode-cathode spacing. The wires are 30 ym in diameter and
operate at 1900 V. This result in drift times of less than 40 ns, with an associated
precision around 7 ns. The expected spatial resolutions are of the order of 40 ym

inRand 5 mm in ¢.

Resistive Plate Chambers

Resistive Plate Chambers are gaseous parallel-plate detectors, with a 2 mm gap
created by insulating spacers between the electrodes. The gap is filled with a
mixture of Co;HyFy / Iso-C4Hj/SFe (94.7/5/0.3), which allows relatively low op-
erating voltage, non-flammability and low cost. The electric field between the
plates (~ 4.9 kV/mm) creates avalanches in front of the anodes when an ionizing
track crosses the chamber. Induced signals are read out via capacitive coupling
to metallic strips, mounted on the outer faces of the resistive plates. Spatial res-
olution around 10 mm is expected for both coordinates, with timing resolutions

below 2 ns. Three layers of RPC provide the trigger and second coordinate mea-
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surement in the barrel region. Each station consists of two independent layers,
each measuring 1 and ¢, such that a track going through all three stations deliv-
ers six measurements per coordinate. The redundancy decreases fake rates from

noise hits and increases the triggering efficiency.

Thin Gap Chambers

TGCs have the same function as RPCs, providing trigger and second coordinate
measurement in the end-cap. Each chamber is a multi-wire proportional chamber
filled with a highly quenching gas mixture of CO; and n-pentane. It operates in
a quasi-saturated mode, preventing the occurrence of streamers in all operating
conditions. Wire-to-cathode distance of 1.4 mm and wire-to-wire distance of 1.8
mm lead to very good time resolution. Including the variation of the propagation
time, signals arrive with 99% probability inside a time window of 25 ns. The radial
bending coordinate is measured by the TGC wire groups, while the azimuthal

coordinate is determined by the radial strips.

1.7 Forward detectors

The luminosity measurement from the ID is complemented by four additional
devices.

The Luminosity Cherenkov Integrating Detectors (LUCID) are placed at a dis-
tance of 17 m on each side of the interaction region, covering the range 5.6 <
|7] < 6.0. They detect inelastic proton-proton scattering in the forward direction
and provide the main online relative-luminosity monitor for ATLAS. They are also
used to check for possible beam losses, before collisions are delivered by the LHC.

The Beam Condition Monitor (BCM), placed at || = 4.2, consists of four
small diamond sensors arranged around the beam-axis in a cross pattern designed
mainly to monitor background levels and to request an aborting procedure in case
of beam losses.

The Absolute Luminosity For ATLAS (ALFA) is another detector used for lu-
minosity measurement. It is located at 240 m from the interaction point and con-
sists of scintillating fibre trackers located inside Roman pots which are designed
to approach as close as 1 mm from the beam.

The last detector is Zero-Degree Calorimeter (ZDC). It is located at +140 m

from the interaction point, just beyond the point where the common straight-



26 1.8 ATLAS performance summary

section vacuum-pipe divides back into two independent beam-pipes. The ZDC
modules consist of layers of alternating quartz rods and tungsten plates which

measure neutral particles at || > 8.2.

1.8 ATLAS performance summary
The general performance goals for ATLAS are summarized in table 1.5.

Table 1.5: General performance goals of the ATLAS detector. Note that, for high-pr muons,

the muon spectrometer performance is independent of the inner-detector sys-

tem.
Detector component Resolution ‘ Acceptance
Inner Detector 0py / pr = 0.05%pT ® 1% ln| <25
EM Calorimeter 0g/E =10%/vVE © 0.7% ln| <32
Hadronic Calorimeter oe/E = 50%/VE @ 3% ln| <32
Forward Calorimeter oe/E =100%/vVE®10% | 3.1 < |5| < 4.9
Muon Spectrometer 0py/ p1 = 10% (pr = 1 TeV) In| <27

1.9 Trigger, data acquisition and control systems

The Trigger and Data Acquisition (collectively TDAQ) systems, the timing and
trigger-control logic, and the Detector Control System (DCS) are partitioned into
sub-systems, typically associated with sub-detectors, which have the same logical
components and building blocks.

The design luminosity of the LHC of 103 cm~2s~! with a bunch-spacing of
25 ns corresponds to a collision rate at the interaction point inside the ATLAS
detector of roughly 40 MHz. This large amount of data, corresponding to an ex-
tremely high theoretical raw data rate of about 1.5 PBs~!, can neither be fully
reconstructed nor stored for further analysis. Therefore, the amount of data col-
lected by the detector has to be reduced down to approximately 400 Hz within
a very short time frame. Since only a small fraction of the collisions produced
are actually interesting for analysis, the ATLAS trigger [13] has been designed to
reduce the initial data rate by several orders of magnitude by selecting these possi-

bly interesting events. In order to do so, the trigger system consists of three levels
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of increasingly refined and stepwise event selection shown in fig. 1.14: Level-1
(L1), Level-2 (L2), and Event Filter (EF). The last two form together the so-called
High-Level Trigger (HLT).

Interaction rate
~1 GHz CALO MUON TRACKING

Bunch crossing
rate 40 MHz

Pipeline
LEVEL-1 e boaeies
TRIGGER
<75 (100) kHz

Derandomizers

Readout dri
Regions of Interest | | | 11 ] [ n’o Dc:]a vers
LEVEL-2 Readout buffers
TRIGGER (ROBs)
~3.5 kHz
[ Event builder ]
EVENT FILTER FUlHV!n!dbufleru
an
~200 Hz processor sub-farms
Data recording

Figure 1.14: The trigger and read-out chain of the ATLAS detector. The data recording rate
at the EF trigger has been updated to approximately 400Hz.

1.9.1 Trigger system

The L1 trigger is designed to unambiguously identify the bunch-crossing of in-
terest and perform the initial event selection based on reduced granularity in-
formation from a subset of the detectors (calorimeter and muon spectrometer).
It searches for high transverse-momentum muons, electrons, photons, jets, and
T-leptons decaying into hadrons, as well as large missing and total transverse en-
ergy. High transverse-momentum muons are identified using trigger chambers
in the barrel and end-cap regions of the spectrometer. Calorimeter selections are
based on reduced-granularity information from all the calorimeters. Results from
the L1 muon and calorimeter triggers are processed by the central trigger proces-
sor, where a set of criteria, referred to as trigger menu, can be programmed with
up to 256 distinct L1 items, each or these being a combination of requirements on
the input data. Pre-scaling of trigger menu items is also available, allowing opti-
mal use of the bandwidth as luminosity and background conditions change. Upon

the event being accepted by the L1 trigger, the information about the geometric lo-
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cation (17 and ¢) of L1 trigger objects (retained in the muon and calorimeter trigger
processors) is sent to the next level as Regions-of-Interest (Rol). The Rol data in-
clude information on the type of feature identified and the criteria passed, e.g. a
threshold. This information is subsequently used by the HLT.

The L2 selection uses Rol information on coordinates, energy, and type of sig-
natures to limit the amount of data which must be transferred from the detector
readout. The L2 trigger algorithms are software-based and the system is designed
to provide an event rejection factor of about 30, with an average throughput per
farm node of about 200 Hz. The L2 menus are designed to reduce the trigger rate
to approximately 3.5 kHz, with an event processing time of about 40 ms, averaged
over all events. The L2 trigger decisions are applied in a series of steps, each refin-
ing existing information by acquiring additional data from different sub-detectors.

The EF is the last step of the chain. It uses off-line algorithms, adapted for the
on-line time requirements, to reconstruct the objects, and to take its decision. The
EF has about four seconds to take the decision, and the output rate is of about 400
Hz. The events selected are written to mass storage for the subsequent off-line

analysis.

1.9.2 Readout architecture and data acquisition

In parallel to the trigger, two independent, complementary and interacting sys-
tems are responsible for the data taking and control the experiment infrastructure:
the data acquisition system (DAQ), and the Detector Control System (DCS).
After an event is accepted by the L1 trigger, the data from the pipe-lines are
transferred off the detector to the Readout Drivers (RODs). Digitized signals are
formatted as raw data prior to being transferred to the DAQ system. The RODs
are detector-specific functional elements of the front-end systems, which gather
information from several front-end data streams. Although each sub-detector
uses specific front-end electronics and ROD’s, these components are built from
standardized blocks and are subject to common requirements. The front-end elec-

tronics sub-system includes different functional components:
e the front-end analogue or analogue-to-digital processing

e the L1 buffer in which the (analogue or digital) information is retained for a

time long enough to accommodate the L1 trigger latency

o the derandomising buffer in which the data corresponding to a L1 trigger
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accept are stored before being sent to the following level. This element is
necessary to accommodate the maximum instantaneous L1 rate without in-

troducing significant dead time (maximum 1%)

e the dedicated links or buses which are used to transmit the front-end data

stream to the next stage

The RODs follow some general ATLAS rules, including the definition of the data
format of the event, the error detection/recovery mechanisms to be implemented,
and the physical interface for the data transmission to the DAQ system. The first
stage of the DAQ, the readout system, receives and temporarily stores the data
in local buffers. It is subsequently solicited by the L2 trigger for the event data
associated to Rols. Those events selected by the L2 trigger are then transferred to
the event-building system and subsequently to the Event Filter for final selection.
Events selected by the Event Filter are moved to permanent storage at the CERN
computer centre. In addition to the movement of data, the data acquisition also
provides for the configuration, control and monitoring of the hardware and soft-
ware components which together provide the data-taking functionality enabling
diagnostics and error recovery, with the capability of removing or re-enabling in-
dividual parts without stopping the full acquisition.

The Detector Control System permits the coherent and safe operation of the
ATLAS detector hardware, and serves as a homogeneous interface to all sub-
detectors and to the technical infrastructure of the experiment. It controls, contin-
uously monitors and archives the operational parameters, signals any abnormal
behavior to the operator, and allows automatic or manual corrective actions to be
taken. Typical examples are high and low-voltage systems for detector and elec-
tronics, gas and cooling systems, magnetic field, temperatures, and humidity. The
DCS also enables bi-directional communication with the data acquisition system
in order to synchronize the state of the detector with data-taking. It also handles
the communication between the sub-detectors and other systems which are con-
trolled independently, such as the LHC accelerator, the CERN technical services,
the ATLAS magnets, and the detector safety system.






CHAPTER 2

A Natural extension of the Standard Model

The Standard Model (SM) [14, 15] of particle physics describes the known phe-
nomena below an energy scale of the order of 100 GeV. For decades, the SM has
been subject to thorough experimental scrutiny and has been found to be in agree-
ment with experimental measurements, tested in some cases to a precision greater
than 0.1%. However, if we consider higher energies up the to Grand Unified The-
ory (GUT) (Agur ~ 10'® GeV) or Planck scale (Apjanck = Gﬁl/ 2 ~ 10Y GeV
where Gy is the gravitational constant), we encounter a number of conceptual
problems.

The first problem comes from the very large difference between the electroweak
energy scale and the GUT or the Planck scales. This is called hierarchy problem.
This affects the Higgs boson mass: without any additional symmetry stabilizing
the electroweak scale by providing a cancellation mechanism, the Higgs mass re-
ceives large corrections by the one-loop diagram contributions.

Furthermore, cosmological observations point out the need to include Dark
Matter (DM) in our description of the universe. A successful DM candidate must
be stable, electrically neutral, weakly interacting and massive (non-relativistic):
this excludes any known Standard Model particle.

Moreover, unification of gravity in the framework of quantum field theory is
not achieved in the SM.

There are several other problems not mentioned here (neutrino masses, matter-
antimatter asymmetry, fermion masses hierarchy, etc.), but all of them lead to the
idea that the SM is an “effective theory” that works fine at the electroweak scale,

but is incomplete when it is extended to higher energies.

31
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2.1 The hierarchy problem and naturalness

Typical energies in SM processes at the electroweak symmetry breaking scale go
up to the order of 100 GeV. If we take into account the energy scale where quantum
gravity is not negligible anymore, we get to the Planck scale. The huge difference
between these two energy scales is known as hierarchy problem and is deeply
related to the structure of the Higgs scalar field.

The mass of the Higgs boson receives quantum loop corrections from all the
particles which couple to the Higgs field. Any SM fermion f couples to the Higgs
H with a Lagrangian term —A ij‘ f, shown in fig. 2.1 (a). The SM Higgs boson

mass is hence given by

2
2 2 _|)‘f‘ A2 21
My N My — g3 + .. (2.1)

where mp is the physical Higgs boson mass, mpy is the bare Higgs mass and A is
the Yukawa coupling of f. A? is the ultraviolet momentum cut-off used to regulate
the loop integral. Hence, the Higgs boson mass diverges quadratically in A. The
ellipses represent terms proportional to mjzf, which grow at most logarithmically
with A. There is nothing that protects the Higgs mass from these quadratic diver-
gences. Furthermore the SM quarks, leptons and the electroweak gauge bosons
obtain masses from the Higgs vacuum expectation value (H), so the entire mass

spectrum of the MS is sensitive to the cutoff A.
f S

=--- ---- \ /
H ~ 7’

e e

(a) (b)

Figure 2.1: One-loop quantum corrections to the Higgs squared mass parameter m3, , due
to (a) a Dirac fermion f, and (b) a scalar S. [16]

Theories are expected to provide natural explanations of experimental obser-
vations. A quantitative definition of the naturalness of a particle physics theory
can be given with respect to the amount of fine-tuning needed to achieve the elec-
troweak symmetry breaking at the observed energy scale, represented by the Z
boson mass myz [17, 18]. Once a set of independent and continuously variable pa-

rameters {a;} representing the theory is chosen, it is possible to compute another
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set of parameters V;. These parameters, defined as

_ dlnm?
! dIna?

(2.2)

2 2

a; omy

|2 32
ms, 8{11.

measure the sensitivity of the electroweak scale to variations in the fundamental
parameters. An overall measure of the naturalness of a theory is given by N' =
max{N;}.

The requirements of a Higgs mass of order the electroweak scale and the SM
extension up to some unification scale (i.e. A = 10'°> GeV) imply a very large fine-
tuning of the quantum loop corrections and correspondingly a very low degree of

naturalness.

2.2 Supersymmetry as solution to the hierarchy problem

The Supersymmetry (SUSY) [19, 20, 21, 22] is a theory that associates a fermionic
(bosonic) partner to each SM boson (fermion). The generators of this new sym-
metry are the Majorana spinors Q,(a = 1,..,4) that act on the physical states
changing their spin of a quantity £1/2.

This fermionic generators satisfy the following relations:

[Qu, MM] = i(c")F Qg 2.3)
{Qu, Qp} = —2(7p)apP” (2.4)
[QIXIPM] = {Qﬂél Qﬁ} = {QIXI Qﬁ} =0 (25)
with
1
Ouv = E[Vyr%/] (2.6)
Qu = Qa?” 2.7)

where 7, are the usual 4 x 4 Dirac matrices, P¥ is the momentum operator and
M* is the Lorentz group generator.

The Standard Model hierarchy problem presented in Section 2.1 is solved when
considering the supersymmetric theory. If one assumes there exists a heavy scalar

particle S with mass mg that couples to the Higgs with a Lagrangian term —Ag|H|?|S|?,
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shown in fig. 2.1 (b), the scalar loop corrections would give a contribution to the
Higgs mass of

A
2 s a2
Amyy = 167‘[2A + .. (2.8)

where the first term diverges quadratically in A and the ellipses correspond to

terms proportional to m%, which grow at most logarithmically with A.

Comparing Eq. 2.1 and Eq. 2.8, we can see that if each of the quarks and
leptons of the SM is accompanied by two complex scalars with Ag = |A f|2, the
quadratic divergences coming from these two terms would cancel each other in-
dependently of the masses and of the magnitude of the couplings.

The reason is that every Standard Model fermion f has two scalar SUSY part-
ners S, that also couple to the Higgs, contributing with a mass correction given by
Eq. 2.8. Higher order interactions also contribute to the Higgs mass renormaliza-
tion (although not quadratically divergent), which depends on the mass splitting

between the fermion and the scalar. The terms that do not cancel are of the form:

A A A
Am3, = o2 [mj% log (mf> — m%log <ms>] (2.9)

where A stands for the various dimensionless couplings, and other smaller contri-
butions have been omitted. In order to avoid considerable fine tuning and keep
naturalness, these corrections must not be much greater than the mass of the SM
Higgs. Using A =~ Mp and A = 1 one finds that the masses of at least the lightest
few superpartners should be of about 1 TeV, in order to provide a Higgs VEV re-
sulting in mpy ~ 80 GeV and mz ~ 91 GeV without any miraculous cancelation

within the SUSY framework. Thus, one associates
2
o (\mg - m}|) <0 ((lTeV) ) (2.10)

as the scale where the SM is no longer valid and must be substituted by its su-
persymmetric extension. Therefore, as long as the mass splitting between scalars
and fermions is “small”, no unnatural cancellations will be required and the the-
ory can be considered “natural”. In this manner, a theory with nearly degenerate

fermions and scalars with equal couplings solves the hierarchy problem.

2.3 The Minimal Supersymmetric Standard Model

The minimal supersymmetric extension of the Standard Model is referred to as
the Minimal Supersymmetric Standard Model (MSSM). Since there are no can-

didates for supersymmetric partners within the already observed particles, the
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entire particle spectrum must be doubled, placing the observed particles and the

new hypothetical superpartners within supermultiplets.

Each of the known fundamental particles is included in either a chiral or gauge

supermultiplet, and must have a superpartner with the spin differing by 1/2 unit:

o Chiral (or scalar) supermultiplets: a massless spin-1/2 Weyl fermion with
two spin helicity states and two real scalar fields, assembled into a complex

scalar field.

e Gauge (or vector) supermultiplets: a massless real spin-1 vector boson and

a massless spin-1/2 Weyl fermion.

The chiral and gauge supermultiplets are summarized in tables 2.1 and 2.2.
None of the superpartners of the Standard Model particles have been discovered
so far, therefore supersymmetry has to be broken in the vacuum state chosen by

Nature.

The interactions of SUSY particles are basically obtained from the Standard
Model ones, by replacing any two lines in a vertex by their SUSY partners; for ex-
ample, the gluon-quark-quark and gluino-quark-squark couplings are the same.
See [23, 24, 25, 16] for the construction of the complete Lagrangian.

Table 2.1: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The
spin-0 fields are complex scalars, and the spin-1/2 fields are left-handed two-

component Weyl fermions.

| spin0  spin1/2 SUGB)c, SUQ)., Uy

squarks, quarks Q (i dp) (ur dr) (3,2, %)
(x3 generations) | u 73 ik G1-%
d d% dh GLY)
sleptons, leptons | L (U er) (ver) (1,2, — %)
(%3 generations) | e er e”}r{ (1,1,1)
Higgs, higgsinos | H, (H; HY) (A, HY) 1,2,+3)
Hy (HYHp) (A9 Ay) 1,2,-1)
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Table 2.2: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

spin1/2  spin1 SU@B)c, SUQ);, Uy

gluino, gluon g g (8,1,0)
winos, W bosons | WE W0 W=+ wo (1,3,0)
bino, B boson BO BY (1,1,0)

2.3.1 R-parity

In the Standard Model Lagrangian, baryon and lepton number are conserved by
the requirements of gauge invariance and renormalizability. In supersymmetric
theories it is possible to violate both, potentially leading to weak-scale proton de-
cay.

The unwanted terms can be eliminated by imposing invariance under a new
symmetry, known as R-parity. This new discrete symmetry is defined for each
particle as:

R = (—1)3(B-1)+28 211)
where B, L, and S are respectively the baryon number, the lepton number, and
the spin. Hence R = +1 for all Standard Model particles and R = -1 for all SUSY

particles.

This has three important phenomenological consequences:

o The lightest sparticle with R = -1, referred to as the lightest supersymmetric
particle (LSP) must be stable.

e Each sparticle other than the LSP must eventually decay into a state that

contains an odd number of LSPs.
e Sparticles can only be produced in even numbers.

R-parity conservation holds automatically in many GUT models under rather
general assumptions. Alternatively, weak-scale proton decay can also be avoided

by imposing either baryon or lepton number conservation.

2.3.2 Supersymmetry breaking

In a theory with exact supersymmetry fermions and their bosonic superpartners

must be degenerate in mass, however the experimental observations show that
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the observed particle spectrum does not satisfy this requirement. Thus, if SUSY is
realized in Nature, it must be broken.

Supersymmetry is broken “by hand” by adding to the Lagrangian all possi-
ble soft terms consistent with SU(3) ® SU(2) ® U(1) gauge invariance. Unlike
the supersymmetry-preserving part of the Lagrangian, many new parameters are
introduced in the MSSM by the soft supersymmetry-breaking terms (compatible
with gauge invariance and R-parity conservation) such as mass terms for all the

superpartners and trilinear A terms:

Lsopr = —miy, |Hy[? —m}y |[Hul? + pBej;(HyHy + hc.)
—IMBB — IMyWW — IM33¢
~M3(apay +djdy) — Miugug — Mididr (2.12)

—ME ([T + 7fo) — MZIRIR

—€ij(—AuAHL Qg + AgAGH,Qldy + A ApHL DT
where Q, L, H, and H; denote SU(2) weak doublets as in table 2.1 and a summa-
tion over generations is implied. There are 105 masses, phases and mixing angles
in the MSSM [26] that cannot be removed by redefining the phases and flavour
basis from the quark and lepton supermultiplets.

Many of these parameters are however severely restricted by experimental ob-

servations. As consequence, a phenomenologically viable MSSM can be defined

by making the following three assumptions:

o All the soft SUSY-breaking parameters are real and therefore there is no new
source of CP-violation generated, in addition to the one from the CKM ma-

trix.

e The matrices for the sfermion masses and for the trilinear couplings are
all diagonal, implying the absence of flavour-changing neutral current pro-

cesses at the tree-level.

e First and second sfermion generation universality at low energy from con-

straints on experimental particle masses.

These assumptions reduce the total of 105 parameters to 22: the ratio of the VEVs
of the two-Higgs doublet fields, two Higgs mass parameters squared, three gaug-
ino mass parameters, five first/second generation sfermion mass parameters, five
third generation sfermion mass parameters, three first/second generation trilin-

ear couplings, and three third generation trilinear couplings.
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2.3.3 The mass spectrum

The superpartners listed in tables 2.1 and 2.2 are not necessarily the mass eigen-
states of the MSSM. After electroweak symmetry breaking and supersymmetry
breaking effects are included, particles with the same quantum numbers will in
general mix. The resulting masses and mixings of the superpartners are presented

next.

Higgs sector

The Higgs scalar fields in the MSSM consist of two complex SU(2); -doublets, H,,
and Hy, or eight real, scalar degrees of freedom. After the electroweak symme-
try is broken, three of them are the Nambu-Goldstone bosons, which become the
longitudinal modes of the Z and W massive vector bosons. The remaining five
degrees of freedom yield the physical Higgs bosons of the model:

e H¥: a charged Higgs boson pair
¢ A% a CP-odd neutral Higgs boson
e HY, h¥: CP-even neutral Higgs bosons (with h” being lighter by convention)

If m 40 > my (decoupling limit), the particles A°, H? and H* are much heavier
than hY, nearly degenerated and decoupled from low-energy experiments.

In contrast, the mass of h’ is upper bounded. The bound is found to be m;,0 <
135 GeV, consistent with the experimental observation. This bound can be weak-
ened if all the couplings in the theory are required to remain perturbative up to
the unification scale, or if the top squarks are heavier than ~ 1 TeV, but the upper
bound rises only logarithmically with the soft masses in the loop corrections. Thus
supersymmetry at the electroweak scale predicts that at least one of the Higgs

scalar bosons must be light.

Charginos and neutralinos

The gauginos and Higgsinos mix to form two spin 1/2 charged particles called
“charginos” Xli with the matrix in the (W", H™T) basis:

< M, V2My sin )

By o0 ) (2.13)
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and four spin-1/2 neutral particles called “neutralinos” £? with the mass matrix

in the (B, W9, Hy, H,) basis:

My 0 —Mz cos Bsinfy Mz sin Bsin Oy
0 M, Mz cosBcosby Mz sinpcos by
—MzcosBsinfyy Mz cos B cos By 0 —u
Mgz sinBsinfyy  —Myz sin fcos Oy —u 0
(2.14)

where, in both formulae, 6y is the Weinberg angle and tan f is the ratio of the two
v.e.v’s of the two Higgs doublets. The lightest neutralino, x9, is usually assumed
to be the LSP (since it is the only MSSM particle that can make a good dark matter
candidate).

Generally, the mass eigen-states and their corresponding eigenvalues are com-
plicated mixtures of the gauge interaction-eigenstates and the phenomenology of
the different SUSY models strongly depends on this mixing. However, in most

models of supersymmetry breaking it is possible to write the following relation:

M _M_M (2.15)
o xy a3 '

with the mass term p that is of order of M¢. The consequence is that the two lighter

neutralinos and the lighter chargino are dominantly gaugino, while the heavier

states are dominantly Higgsino and weakly coupled to the first two generations.

Gluino

The gluino is a color octet fermion, so it cannot mix with any other particle in the
MSSM (even if R-parity is violated). The gluino mass parameter (M3) is related to
the bino and wino mass parameters (M1 and M2, respectively), by Eq. 2.15 with
an approximate 6:2:1 (M3:M2:M1) ratio [?]. Therefore, in models where relation
2.15 holds, the gluino is expected to be heavier that the lighter neutralinos and

charginos.

Squarks and sleptons

Concerning the sfermion sector, while chiral fermions f;, fr must have the same
mass by Lorentz invariance, their scalar partners f;, fg instead may have separate
masses. Their squared mass matrix gets off-diagonal contributions proportional

to the fermion mass with the result that this left-right mixing is only important
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for the third generation. These eigenstates are called f;; , 51,2 and 7, (top and

bottom squarks, stau).

2.3.4 A typical natural spectrum

The direct inputs from the LHC experiments have already presented strong limits
on the squarks of the first two generations, constraining them to be heavier than 1
TeV. Naturalness points towards the possibility that the squark soft masses are not
flavor degenerate, therefore shifting the focus on the particles that give the largest
contributions to the Higgs mass corrections: the higgsino, the top squark (and left-
handed bottom squark due to the SM weak isospin symmetry) and gluino [27]. A
possible natural SUSY spectrum is shown in Fig. 2.2.

B
W
g
____________ i, tr
............ L.
H
natural SUSY |  decoupled SUSY

Figure 2.2: Natural electroweak symmetry breaking constrains the superpartners on the
left to be light. Meanwhile, the superpartners on the right can be heavy, m >
1 TeV, without spoiling naturalness. [27]

The naturalness in the MSSM can be summarized by:

2
B2 (2.16)
2 Hy ‘

The direct consequence of this equation is that higgsinos must be light because
their mass is directly controlled by u. If we define

2
20my;

2
my,

A= (2.17)
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with m? = —2m?%, as a measure of fine-tuning, we get that

m AT\ 2
h
[l < 200GeV (125GeV) (20%) (2.18)

At loop level we find additional constraints. The Higgs potential is corrected
by both gauge (Ay:§3iizsH,) and Yukawa (—y;J3u3 Hu) interactions, with the largest
contribution being the top quark-squark loop. This is given by

3 A
Smy, |z = _8?# (m%g3 +mg, + |At|2> log (TeV) (2.19)

where A is the scale at which sfermion masses are generated. This translates in a
boundary on the heaviest of the top squarks via

. -1/2 _1\ —1/2
2 2 sin B log(A/TeV) my, A
Vs, g, < 600 GeV Ty 3 (125 GeV) 20%
(2.20)

where x; = At/ /m%l + m%z.

All the other SM particles give much smaller radiative contributions to the
Higgs potential and hence less stringent limits on the SUSY spectrum. The only
exception is the gluino, which induces a large correction to the top squark masses
at 1-loop and therefore feeds into the Higgs potential at two loops. This correction,

neglecting the mixed A; M3 contributions, is given by

2 o A
omiy g = = vt (;5) |M3]*log? (Tev> (2.21)

where M3 is the gluino mass. This corrections can also be translated in a natural-

ness bound on the gluino mass

-1 _ -1/2
M; < 900GeV sin (log(A/ Tev)) ( i ) (A 1) (2.22)

3 125GeV/ \ 20%

corresponding to an upper limit of about 1.5 TeV.

2.4 A Dark Matter candidate

One of the most compelling hints for physics beyond the Standard Model is the
cosmological observation that about 25% of our universe consists of Dark (i.e.,
non-relativistic, non-luminous and non-absorbing) Matter. Weakly interacting

massive particles (WIMPs), with masses roughly between 10 - 100 GeV and cross
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sections of approximately weak strength are attractive DM candidates. The cur-
rently best motivated WIMP DM candidate is the lightest supersymmetric particle
(LSP) in SUSY models with exact R-parity.

2.5 Unification of interactions

Grand unified theories (GUT) provide a framework for understanding the origin
of the diverse strengths of the various forces observed in nature. The GUT as-
sume to have a single force associated with a grand unified local symmetry at a
high scale, which below the scale of the symmetry breaking evolves into three dif-
ferent strengths corresponding to the observed weak, electro-magnetic and strong
interactions. The challenge is to have a theory where the three couplings evolved
down to the my scale match their experimentally observed values. Supersymmet-
ric models provide a concrete realization of the unification of gauge couplings: the
unification scale is A ~ 2 x 10'® GeV, when assuming the existence of SUSY par-
ticles with masses Agyysy ~ 1 TeV. Such unification is a strong hint for grand uni-
fication at scales near Ap. The failure of coupling constant unification in the SM
may indicate that there is no desert between m and Ay;, therefore new physics at

some intermediate scale must exist.
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Figure 2.3: Two-loop renormalization group evolution of the inverse gauge couplings
#;71(Q) in the Standard Model (dashed lines) and its minimal supersymmet-

ric extension (solid lines). [16]
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2.6 Third generation topologies

Third generation squarks are expected to be lighter than the other squarks as dis-
cussed in Section 2.3.4, and therefore their production may be dominant at the
LHC. If the top or the bottom squarks are relatively light, there are mainly two
types of production processes. One is through the decay of gluinos and the other
is via direct pair production. If the gluino is not much heavier than the top squark,
the direct production of gluinos dominates over direct top (or bottom) squark pro-
duction. However, it is possible that gluinos might be heavier than a few TeV. In
this case, only direct top squark pair production would be observed.

Signal cross sections are calculated to next-to-leading order in the strong cou-
pling constant, adding the resummation of soft gluon emission at next-to-leading-
logarithmic accuracy (NLO+NLL) [28, 29, 30]. The nominal cross section and the
uncertainty are taken from an envelope of cross section predictions using different
PDF sets and factorisation and renormalisation scales, as described in Ref. [31].

Figure 2.4 shows the production cross section of top squark pairs at a center-
of-mass energy of 8 TeV, computed with the above described technique. Top
squarks with a mass of 150 GeV and 400 GeV (the benchmarks that will be used
in Chapter 6) are expected to respectively have a cross-sections of 80 £ 13 pb and
0.35 £ 0.05 pb.
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Figure 2.4: Cross-sections for the pair production of top squarks as a function of their
masses calculated to NLO+NLL using PROSPINO for proton-proton collisions
at /s =8 TeV
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2.6.1 Top squark decay modes

The decay modes of the top and bottom squarks depend on the SUSY particle
mass spectrum. In the rest of this work, for simplicity, only the lightest top squark,
the lightest chargino and the lightest neutralino are considered as the active SUSY
particles; the other SUSY particles are assumed to be heavy enough (masses of the
order of TeV) such that they decouple. The decay modes of the bottom squarks
can be inferred by the analogy to the top squark.

The top squark decay modes are shown in figure 2.5 will be described in the

following.
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Figure 2.5: Main top squark decay modes as a function of the top squark and lightest neu-

tralino masses.

Two-body decay

Al Ifmg > m + 0, the top squark can decay via
h—t+ i (2.23)

If the lightest neutralino is the LSP, ) cannot decay anymore but the top
quark will decay further. The final state therefore consists of multi-jets includ-
ing b-jets, leptons and EXsS. Figure 2.6 (left) shows the Feynman diagram in
the case of both final state top quarks decaying leptonically.
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A2 It my > my + mxr,the top squark can decay via
h—=b+x (2.24)

Since the lightest chargino is in general heavier than the lightest neutralino,
the lightest chargino can decay further trough either a scalar fermion or a
W boson (where the intermediate particle can be either be real or virtual)
via ¥ — X3+ f + f/, where f and f’ are any SM fermions. The branching
ratios to fermion flavors depend on the corresponding scalar fermion masses.
Figure 2.6 (right) shows the Feynman diagram in the case of both final state
W bosons decaying leptonically.
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Figure 2.6: The figure on the left illustrates the Feynman diagram for the f; — t{ decay.
The figure on the right illustrates the Feynman diagram for the f; — b Xli decay.
In both cases, a leptonic decay for each of the the final state W bosons has been

assumed.

A.3 If the above two decay modes and the three-body decay modes shown below

are all suppressed, the top squark can decay via
h—cti) (2.25)

if mg > me+m 0 through the one-loop diagram such as shown in figure 2.7.

However, this topology is only possible in a limited parameter space.

Three-body decay

The branching ratios for three-body decays are much smaller than those of two-
body decays. If the two-body decay modes (Al and A2) are forbidden, however,

three-body decays can be dominant.
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Figure 2.7: One of the /; — ¢ + ¥{ decay diagram in one-loop

B.1 If the sleptons are lighter than the top squark, the latter can decay via
h—ob+v+1 (2.26)

However, a charged LSP is forbidden from the cosmological constraints. Hence,
none of the sleptons can be the LSP and therefore they will decay further. This

results in the final states with b-jets, leptons and EsS.

B.2 If the sneutrinos are lighter than the top squark, the latter can decay via
h—b+1+7v (2.27)

Regardless of whether one of the sneutrinos is the LSP or not, the sneutrino
or other LSP are not detected. This decay mode therefore also results in the

final stats with b-jets, leptons and EIss.
B.3 If my +mw < my — 0, the top squark can decay via
i—b+WH g0 (2.28)

This decay became preferable with respect to the two-body decay Al only if
My, — Mgo < My If the lightest neutralino is the LSP, ! cannot decay any-
more but the W boson will decay further. The final state therefore consists of
multi-jets including b-jets, leptons and EXsS. Figure 2.8 shows the Feynman
diagram for this process, in the case of both final state W bosons decaying

leptonically.

These decay processes are different from two-body decays but the final states are
the same as one of the decay modes described in the previous paragraph. There-
fore by searching for two-body decay modes, these three-body decay modes are

also naturally covered.
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Figure 2.8: The figure illustrates the Feynman diagram for the case of the f; — bWX? 3-
body decay, considering both W bosons decaying leptonically.

Four-body decay

If all two-body decay modes (Al and A2) and three-body decay modes (B1 and
B2) are forbidden, the branching ratio of the top squark decay via four-body decay

modes can be dominant.

C.1 In this case, the top squark can decay via
h—b+f+f+1 (2.29)

where f and f’ are any SM fermions. Figures 2.9 show some examples of
tree-level Feynman diagrams of this decay mode. Since this mode has the
same order in perturbation theory as the loop-induced A3 decay (O(a?)), its
branching ratio is competitive to that of the A3 mode. For example, it can
be enhanced if the charginos have masses not much larger than their present
experimental bounds, or if the sfermions are light [32].

Figure 2.9: The tree-level Feynman diagrams for f; — b+ f + f' + X(l)
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Although this is a different decay process from the two-body decay, the final states
have the same composition and also these modes are naturally covered by the

two-body decay searches.

2.7 Benchmark models

In the context of the MSSM, each final state signature can be produced in multiple
ways. When a signal is seen, it won’t be immediately possible to determine what
particles are producing it or what their decay modes are. For this reason, a new
approach, referred to as “Simplified Models”, has been developed by characteriz-
ing the basic properties of a decay chain in a manner that allows comparison to

any model.

These are effective field theories for collider physics aimed at developing searches
and exploring common features of new physics. Simplified models are effective
models built including the minimal particle content necessary to produce SUSY-
like final states contributing to the channels of interest and parametrized directly
in terms of cross sections for production, branching ratios for decays, and masses

of on-shell particles.

The kinematics, masses and phase space, of production and decay vertices
are treated exactly, whereas the highly model-dependent dynamics appearing in
quantum amplitudes are approximated using effective parameterizations of | M|?.
Thus, these models rely on the fact that only a few dynamical variables control the
phenomenology of new physics at hadron colliders.

Simplified Models with a simple spectra are a starting point for building more
accurate models, since deviations from the phenomenology of the Simplified Mod-
els can indicate the need for a larger set of particles interacting in the theory. The
production and decay modes are generally linked together in all possible ways
to generate a list of consistent topologies, allowing the results of the search be re-
ported in terms of limits on cross-section times branching ratios as a function of
new particle masses, separately for each event topology.

The simplified model framework is meant to be used as a complementary ap-
proach to the usual interpretation in more complete models including the full
MSSM particle spectrum. However the results presented in this thesis will be in-
terpreted in the context of Simplified Models targeting specifically the top squark
decay.
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2.8 Top quark partners in other Beyond Standard Model theories

Supersymmetry is not the only theory trying to address the limitations of the SM.

A top-quark fermionic partner T which decays into a stable, neutral, weakly
interacting particle Aj also appears in other SM extensions, such as little Higgs
models with T-parity conservation [33, 34, 35] or models of Universal Extra Di-
mensions (UED) with Kaluza-Klein parity [36]. In many of such cases, the T de-
cays into a top quark and an Aj , mimicking the decay of a top squark to a top
quark and a neutralino. The main observable difference with respect to the super-
symmetric case, is that the production cross section is larger by about a factor of
six.

Little Higgs theories are an attempt to address the hierarchy problem up to the
scale of 5 — 10 TeV by adding weak-isospin singlets, doublets or triplets of vector-
like quarks [37, 38]. In little Higgs theories, the Higgs mass is protected to the
one-loop order from the quadratic divergence. This allows the renormalization
cutoff to be raised up to about 10 TeV, beyond the scales probed by the precision
data. A new symmetry, denoted as T-parity, under which all heavy gauge bosons
and scalar triplets are odd, is needed to remove all the tree-level contributions
to the electroweak observables and make the little Higgs theories natural. The
T-odd particles need to be pair-produced and will cascade down to the lightest
T-odd particle (LTP) which is stable. A neutral LTP gives rise to missing energy
signals at the colliders which can mimic supersymmetry. It can also serve as a
good dark matter candidate.

The Universal Extra Dimensions model is a scenario where all SM fields are al-
lowed to propagate in the bulk of the extra dimensions. Therefore, every SM par-
ticle has heavy Kaluza-Klein partners. Since there are no tree level brane-localized
fields or interactions in the UED scenario, the momentum along the extra dimen-
sions is conserved. Furthermore, the higher dimensional couplings are dimen-
sional and thus UED is an effective theory, valid up to a cutoff scale. To setup a
particular UED model, one has to specify the number of extra dimensions as well
as the compactification scale. The typical scale for the compatictification of extra
dimensions in which SM fields live is around the TeV. The UED models were not
motivated by a solution to the hierarchy problem, but were originally proposed
as a a model for electroweak symmetry breaking.

One family of theories adds a fourth generation of heavy chiral fermions [39,

40] to the SM, in order to provide new sources of CP violation that could explain
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the matter-antimatter asymmetry in the universe. The new weak-isospin doublet
contains heavy up-type (T) and down-type (B) quarks that mix with the lighter
quarks via an extended CKM matrix. In order to be consistent with precision elec-
troweak data, a relatively small mass splitting between the new quarks is required
[41].



CHAPTER 3

Data and Monte Carlo Simulation

This chapter summarizes the data samples which will be analyzed in Chapters
5 and 6 and the Monte Carlo (MC) simulation samples which have been used to
model the contribution from SM and expected signal processes.

3.1 Data samples

The ATLAS detector recorded 5.25 fb~! of proton-proton collisions at /s = 7 TeV
in 2011. An additional 21.3 fb~! of proton-proton collisions at /s = 8 TeV has
been recorded in 2012. Figure 3.1 shows the cumulative luminosity versus day /month
for the two data-takings.
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Figure 3.1: Cumulative luminosity versus time delivered to (green), and recorded by AT-
LAS (yellow) during stable beams and for pp collisions at 7 TeV (left) and 8 TeV
(right) centre-of-mass energy data takings. [5]

The analysis presented in Chapter 5 uses all the proton-proton collisions data

collected in 2011, to which beam, detector and data quality requirements are ap-
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plied, yielding a total integrated luminosity of 4.7 0.2 fb~!. The analysis pre-
sented in Chapter 6 uses all the proton-proton collisions data collected in 2012, to
which the same data quality requirements are applied, yielding a total integrated
luminosity of 20.3 £ 0.6 fb~!. The 2011 dataset is not used in this analysis since
it would give a negligible sensitivity contribution because of the reduced signal

cross sections.

3.2 Monte Carlo simulation with /s = 7 TeV

Monte Carlo simulated event samples are used to aid in the description of the
background and to model the SUSY and spin-1/2 heavy top-quark partner sig-
nals. Only processes with two real isolated leptons in the final state have been
considered, since processes with at least one fake or not isolated lepton, collec-
tively referred to as “fake” leptons in the following, are estimated entirely from
data as will be described in section 5.5.4.

Pile-up effects are included. Events in MC are reweighted, so that the simu-
lated distribution of the average number u of proton-proton collisions per bunch
crossing matches that in the data.

The MC generator parameters have been tuned to ATLAS data [42, 43] and
generated events have been processed through a detector simulation [44] based
on GEANT4 [45].

3.2.1 Standard Model

Top-quark pair and Wt production are simulated with MC@NLO [46, 47], inter-
faced with HERWIG [48] for the fragmentation and the hadronization processes,
including JIMMY [49] for the underlying event. The top-quark mass is fixed at
172.5 GeV, and the NLO PDF set CTEQ10 [50] is used. Additional MC samples are
used to estimate the event generator systematic uncertainties: two POWHEG [51]
samples, one interfaced with HERWIG and the other with PYTHIA [52]; an ALP-
GEN [53] sample interfaced with HERWIG and JIMMY; two ACERMC [54] samples
produced with variations to the PYTHIA parton shower parameters chosen such
that the two samples produce additional radiation consistent with the experimen-
tal uncertainty in the data [55, 56].

Samples of Z/* produced in association with light- and heavy-flavour jets
are generated with ALPGEN using the PDF set CTEQ6.1 [57]. Samples of tf + Z
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Table 3.1: The most important SM background processes and their production cross sec-
tions, multiplied by the relevant branching ratios. The ¢ indicates all three types
of leptons (e, y1, T) summed together. The Z/v* production cross section is given

for events with a di-lepton invariant mass of at least 12 GeV.

Physics process o-BR [pb] Perturbative order
Z/y* =t 1069 & 53 NNLO
tt 1671717 NLO+NNLL
Wt 157+12 NLO+NNLL
n 0.023
t+W 0.1681 05 NLO
tt+Z 0.130 £+ 0.019 NLO
WWw 444+28 NLO
WZ 191£13 NLO
77 6.2+0.3 NLO

and tf + W production are generated with MADGRAPH [58] interfaced to PYTHIA.

Diboson samples (WW, WZ, ZZ) are generated with SHERPA [59]. Additional
samples generated with ALPGEN and HERWIG are used for the evaluation of the
event generator systematic uncertainties.

The background predictions are normalized to theoretical cross sections, in-
cluding higher-order QCD corrections when available, and are compared to data
in control regions populated by events produced by SM processes. NNLO cross
sections are used for inclusive Z boson production [60]. Approximate NLO+NNLL
cross sections are used in the normalization of the tf [61] and Wt [62] samples.
NLO cross sections are used for the diboson samples [46, 63] and for the ¢t + W
and tf + Z [64] samples. Production of f in association with bb is normalized to
leading order (LO) cross section [53]. Table 3.1 summarizes the production cross

sections used in this analysis and their uncertainties.

3.2.2 Signal

Top squark signal samples are generated with HERWIG++[65]. The mixings in the
top squark and gaugino sector are chosen to be such that the lightest top squark
is mostly the partner fr of the right-handed top quark, and the lightest neutralino
is almost a pure bino. Under such conditions, the top squark is expected to decay
to the lightest neutralino and a top quark with a branching ratio close to 100%,
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even if the decay mode to a chargino and a b quark is kinematically allowed. The
effects of helicity in the decay are correctly treated by HERWIG++.

In this framework only two parameters are relevant: the mass of the stop and
the mass of the lightest neutralino, and signal grids are generated in this plane
with stop masses up to 800 GeV and neutralino masses up to 550 GeV in steps of
25 GeV or 50 GeV.

Spin-1/2 heavy top-quark partner signal samples are generated with MAD-
GRAPH [58]. A grid with the pair production of spin 1/2 top partner T was gener-
ated in the range from 300 GeV to 600 GeV, with A masses assuming values up to
400 GeV in steps of 50 GeV.

3.3 Monte Carlo simulation with /s = 8 TeV

3.3.1 Standard Model

Similarly to what has been done for the 7 TeV MC simulation, top-quark pair
and Wt production have been simulated with MC@NLO interfaced with HERWIG
for the fragmentation and the hadronization processes and including JIMMY for
the underlying event. The tf cross section is computed for a top quark mass of
172.5 Gev. It has been calculated at NNLO+NNLL with top++2.0 [66, 67, 68, 69,
70, 71]. The PDF and ag uncertainties were calculated using the PDFALHC pre-
scription [72] with the MSTW2008 68% CL NNLO [73, 74], CT10 NNLO [50, 75]
and NNPDF2.3 5f FEN [76] PDF sets, added in quadrature to the scale uncer-
tainty. The NNLO+NNLL value, as implemented in Hathor 1.5[61], is about 3%
larger than the exact NNLO prediction. Additional MC samples are used to es-
timate the event generator systematic uncertainties: two POWHEG samples, one
interfaced with HERWIG and the other with PYTHIA; two ACERMC tuned with the
same technique used for the 7 TeV simulation.

Samples of Z/v* produced in association with light- and heavy-flavour jets
are generated with SHERPA, while ALPGEN (using the PDF set CTEQ6.1) has been
used to simulate samples for the evaluation of the event generator systematic un-
certainties and the description of low mass Drell-Yan .

Samples of it + Z and tt + W production are generated with MADGRAPH in-
terfaced to PYTHIA.

Diboson samples (WW, WZ, ZZ) are generated with POWHEG. Additional

samples generated with SHERPA are used for the evaluation of the event generator
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Table 3.2: The most important SM background processes and their production cross sec-
tions, multiplied by the relevant branching ratios. The ¢ indicates all three types
of leptons (e, y1, T) summed together. The Z/v* production cross section is given

for events with a di-lepton invariant mass of at least 12 GeV.

Physics process | ¢-BR [pb] | Perturbative order

Z/y* = e | 112253 NNLO

tt 253113 NNLO+NNLL
Wt 224415 NLO+NNLL
tH+ W 0.23 £ 0.07 NLO
tt+Z 0.21£0.06 NLO
WW 54.71+£2.8 NLO

wz 3331+13 NLO

zZ 8.73+£0.4 NLO

systematic uncertainties.

Table 3.2 summarizes the production cross sections used for the analysis de-
scribed in Chapter 6 and their uncertainties.

3.3.2 Signal

Forthef; — b+ X{i decay the signal models were generated in a simplified model
containing only the f;, the Xf and the X(l).

The signal grids are generated with MADGRAPH interfaced with PYTHIA for the
showering simulation. The f; is required to decay to the targeted final state with
100% BR. The f; mass ranges from 150 GeV to 600 GeV with a granularity which
is 25 GeV for the lowest masses and increases to 100 GeV for highest masses. Due
to practical reasons it has not been possible to generate a complete 3-dimensional
grid in the masses of the top squark, chargino and neutralino. Therefore projec-
tions of the 3D plane have been chosen, with granularities going from 25 GeV
to 50 GeV in the variable mass parameters. In all cases the )Eli mass starts from
100 GeV, and degeneracies between sparticles are removed by lowering the mass
of the decay particle by 10 GeV.

The following 2D signal scenarios have been generated and will be used for
the interpretation of results:
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For a fixed mass difference m(F;) — m(%;") = 10 GeV, £) and f; masses are

scanned.

Foram()) = 1 GeV, the #;" and f; masses are scanned.

e For m(F;) = 300 GeV, the m () — m(;") plane are scanned.

For m(%)) = 0.5 x m(%{") the m(x9) — m(1) plane are scanned.

For m (") = 150 GeV the m(xY) — m(f;) plane are scanned.

Furthermore, a set of samples covering the f; 3-body decay has been generated
with HERWIG++, with a grid of points with m(W) < m(f;) — m(%?) < m(t) and
m(%?) up to 200 GeV.



CHAPTER 4

Event reconstruction

Proton-proton interaction events are reconstructed using the information collected
by the sub-detectors described in Chapter 1. The focus of this thesis will be on the
search for direct production of top squarks in the two lepton channel and this
chapter will describe how the involved physics objects are defined and recon-

structed.

41 Tracks

Track reconstruction for charged particles with pr > 0.4 GeV and || < 25 is
performed in the ATLAS Inner Detector with the following steps [77].

o Pre-processing: the raw data from the pixel and SCT detectors are converted
into clusters and the TRT raw timing information is translated into cali-
brated drift circles. The SCT clusters are transformed into space-points, us-
ing a combination of the cluster information from back-to-back of a SCT

module.

o Track-finding: prompt tracks originating from the interaction region are found
exploiting the high granularity of the silicon detectors, following an inside-
out pattern recognition algorithm. First, track seeds are formed from a com-
bination of space-points in the three pixel layers and the first SCT layer.
These seeds are then extended through the SCT to form track candidates.
These candidates are fitted, the clusters with bad quality of the fit are re-
moved, ambiguities in the cluster-to-track association are resolved, and fake
tracks are rejected. The selected tracks are then extended into the TRT and

associated with drift-circle information to resolve the left-right ambiguities.
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The extended tracks are refitted with the full information of all three detec-
tors. The quality of the refitted tracks is compared to the silicon-only track
candidates and hits on track extensions resulting in bad fits are labeled as

outliers.

o Post-processing: A dedicated vertex finder is used to reconstruct primary ver-
tex candidates, as documented in the next section. The parameters of the

fitted tracks are re-evaluated once a vertex intersection constraint is added.

4.2 Primary vertex

The reconstruction of primary vertices can be logically divided into two parts. The
primary vertex finding algorithm deals with solving the pattern recognition prob-
lem, i.e. association of tracks to vertex candidates by forming clusters of tracks.
The vertex fitting algorithm determines the vertex position and the correspond-
ing error matrix. The input to the fitting algorithm is a set of reconstructed tracks
found within a cluster by the finding algorithm.

At the present stage, the input of the vertex reconstruction algorithms consists

of tracks selected according to the following criteria:

e pr > 400 MeV,

|do| < 4 mm,

O'(do) < 5mm,

o(zp) < 10 mm,

at least 4 hits in the SCT detector,

at least 6 hits in the pixel and SCT detectors.

Here dy and zp denote the transverse and longitudinal impact parameters of tracks
with respect to the centre of the luminous region, and ¢(dp) and ¢ (zo) denote the
corresponding uncertainties as estimated in the track fit. The selection criteria
based on the impact parameters are designed to remove a good fraction of the
tracks originating from secondary interactions.

The luminous region in ATLAS is determined during a physics run by apply-

ing an unbinned maximum likelihood fit to the distribution of primary vertices
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recorded in this period of time, where the same primary vertex reconstruction al-
gorithm is used as described in the following, but without applying the beam-spot
constraint. A detailed description of how the beam-spot is determined and on the
uncertainties connected with its determination can be found in Ref. [78].

The Iterative Vertex Finding and Fitting approaches are defined by the following

steps:

e Reconstructed tracks compatible with originating from the interaction re-

gion are pre-selected according to the criteria listed above.

e Avertex seed is found by looking for the global maximum in the distribution
of z coordinates of the tracks, computed at the point of closest approach to

the beam-spot center.

e The vertex position is determined using the adaptive vertex fitting algorithm
[79], which takes as input the seed position and the tracks around it. The
adaptive vertex fitter is a robust x? based fitting algorithm which deals with
outlying track measurements by down-weighting their contribution to the

overall vertex x2.

e Tracks incompatible with the vertex by more than approximately 7 ¢ are
used to seed a new vertex. The compatibility of the track to the vertex is
expressed in terms of a x? with 2 degrees of freedom. This procedure is
repeated until no unassociated tracks are left in the event or no additional

vertex can be found.

The parameters of the beam-spot are used both during the finding to pre-select

compatible tracks and during the fitting step to constrain the vertex fit.

4.3 Jets

Hadronic particles in ATLAS deposit their energies mainly in the calorimeter sys-
tem. In an attempt to resolve particles coming from the hard scatter, these energy
deposits may be grouped into objects called jets.

As described in section 1.5, the ATLAS calorimeters have a high granularity. A
procedure which groups cells into clusters has been developed, in order to reduce
the impact of the noise induced by the high input multiplicity. This procedure also
helps in determining the source of the signal thanks to the signals from neighbor-
ing cells. A sketch of a cluster is shown in Figure 4.1. The cells are associated
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following a geometrical closeness criteria in the 3D space, and the clusters extend
to the different radial layers of the calorimeter system: these topological cell clus-
ters (topoclusters) are an attempt to reconstruct three-dimensional energy deposits

from the showers developing for each particle entering the calorimeter.

The clustering starts with seed cells with a signal-to-noise ratioI' = E .1/ Uc"e“lll'se
above a certain threshold |T'| > 4. Then topological clusters are built by iteratively
adding neighboring cells with |I'| > 2. Finally, a ring of guard cells, with signal
significances above a basic threshold |I'| > 0, is added to the cluster. After the ini-
tial clusters are formed, they are analyzed for local signal maxima by a splitting
algorithm. If more than one maximum is found, the cluster is split. The cluster
variables which are relevant for the jet definition are the direction with respect
to the interaction point, and the sum of the energy in its cells. From these vari-
able, a 0 mass four-vector is associated to each single cluster, and the list of these

four-vectors is used as input to the jet definition which merges the clusters in jets.
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Figure 4.1: Topocluster schematic representation

The jet reconstruction algorithm adopted by the ATLAS collaboration as de-
fault is the anti-k; [80]. The anti-k; algorithm belongs to the sequential recombi-
nation class, where jets are built by pair-wise clustering of the initial constituents.
These algorithms define also some condition upon which clustering should be

terminated. For each measured object i with an associated four-momentum, the
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quantities d;; and d;p are defined and evaluated as follows:

AR?
. 2 2
dij = min (pTé’, pTF]]) RZ’] (41)
dip = pr 42)

where AR% = (yi— yj)z + (i — 47]')2, yi is the rapidity of object i and pr; is the i
object transverse momentum.

In the sense defined by the algorithm, the dij is the distance between two ob-
jects, and d;p is the distance between the object and the beam. These distance
definitions are common between different algorithms which differ from the value
of the p parameter: for the anti-k; algorithm, p = —1.

The variable R is a parameter that sets the resolution at which jets are resolved
from each other with respect to the beam: this means that in the vicinity AR < R
of a hard object, all softer objects will be merged with the harder object in order
of their closeness in AR. If two comparably hard objects are within R < AR < 2R
of each other, energy will be shared between them depending upon their relative
pr and distance. For hard objects within AR < R of each other, a single jet will be
formed containing both hard objects and the soft objects within their vicinity. In
the analyses presented in this thesis R = 0.4 was used.

The algorithm works in the following way: a list of all the distances d is com-
piled. If the smallest entry is a d;j, objects i and j are combined and the list is
remade. If the smallest entry is a d;p, this object is considered a complete jet and is
removed from the list. The distances are recalculated and the procedure repeated
until no entities are left. The jet shape is unaffected from soft radiation, and the
results are independent from the merging order.

Once the jet algorithm has performed the association of the inputs to the final
jets, the recombination scheme defines how to determine the energy and momen-
tum of the jets. Energy and momenta of the clusters are added into the four-
momentum of the final jet. The result of the jet clustering is a list of jets at the so
called electro-magnetic (EM) scale. This energy scale accounts correctly for the en-
ergy of electrons and photons, but it underestimates hadron energy, because the
ATLAS calorimeters are not compensating. As a consequence, for equal incom-
ing particle energy, electromagnetic showers generate larger signals than a corre-
sponding hadronic energy deposit. A specific correction for the hadronic signals
is hence needed.
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4.3.1 Jet energy calibration

The ATLAS calorimeters are not compensating, so the energy of hadronic par-
ticles is underestimated. In order to compensate for the difference between the
energy measurement of purely EM objects and the energy of a hadronic jet, an
additional jet calibration must be applied to convert the EM scale of the ATLAS
calorimeters to the hadronic scale. For this purpose, truth jets (or particle jets)
are defined in MC simulations. They are built from stable particles produced by
the fragmentation model in the physics generator. In ATLAS, stable particles are
defined as those with the lifetime of 10 ps or more in the laboratory frame. Typi-
cally they include electrons, muons, photons, charged pions, charged and neutral
kaons, protons, neutrons, neutrinos and their corresponding antiparticles. Neu-
trinos and muons are excluded from the truth-jet reconstruction, since they are
almost invisible in the calorimeter. The same jet finding algorithm is applied for

interacting stable particles to reconstruct truth jets.

ATLAS has developed several calibration schemes with different levels of com-

plexity.

o Simple pt and n-dependent calibration scheme (EM+JES calibration): the goal of
the Jet Energy Scale calibration, here called EM+]JES because it is applied on
top of the EM scale, is to correct the energy and momentum of jets measured
in the calorimeter, using as reference the kinematics of the corresponding
MC truth jets. The jet energy scale calibration is an average correction de-
rived as a global function depending on pt and 7. Systematics are due to
dead material and to uncertainties on calorimeters energy scale calculated
from test beams, on simulation of the hadron showers in calorimeters and
on Monte Carlo event generator description of fragmentation and underly-

ing event.

o Global cell enerqy density weighting calibration scheme (GCW calibration): the
Global Cell Weighting Calibration depends only on the energy density in
the calorimeter cells that belong to the reconstructed jet. Electromagnetic-
like cascades generate more concentrated showers than hadronic-like cas-
cades with the same energy. The energy density is therefore sensitive to the
type of energy deposit. The GCW calibration method exploit this sensitivity
to assign to each cell a correction weight based on its energy density. The
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reconstructed jet energy is then defined as:

Ereco]ets = Z wi(p) - Ei (4.3)

i=cells
The weights w; are obtained minimizing the difference between Erecolets

and the reference jet energy.

o Local Hadron Calibration (LCW calibration): the input for this calibration pro-
cedure are topological clusters. The clustering of the energy deposit in calorime-
ters allows to make a relatively good matching between clusters and stable
particles in jets. Each cluster can be classified as mainly electromagnetic,
hadronic or unknown, according to its shape (classification based on the
predicted shape obtained in simulation). The effects of non-compensation,
missing energy due to noise thresholds in the clustering, and energy de-
posits lost outside the calorimeters are dealt with in independent steps. Clus-
ters classified as hadronic receive the appropriate calibration weight, to bring
back the measured energy to the “true” energy deposit in calorimeter. Jets
are then built from the calibrated clusters (while in the global calibration,
jets were built from the uncalibrated clusters). There is still a difference be-
tween the calibrated energy and the reference jet energy due in particular to
the fact that some particles composing the reference jet might be bent out of
the acceptance of the reconstructed jet, or leave an energy which is too low
to be included in a cluster. For this reason, a final jet-level correction on top

of the local hadron calibration is used to correct for global effects.

4.3.2 b-tagging

The process of identifying jets originating from b-quark fragmentation (b-jets) is
called b-tagging. Within the ATLAS collaboration several algorithms for the iden-
tification of b-jets, abbreviated as b-tagging algorithms, are available with differ-
ent levels of complexity and performance. The first physics measurements pub-
lished by the ATLAS Collaboration [81, 82, 83] used a set of basic algorithm termed
as “early data taggers”, which were commissioned shortly after the beginning of
data taking [84]. More advanced taggers, with improved light-jet rejection capa-
bility have been implemented in physics analysis with the full 2011 data. This
section describes those relevant for the work presented in this thesis.

All algorithms make use of the fact that b-quarks have a lifetime of about 1012
s, significantly longer than the lighter quarks. Therefore, jets containing B-hadrons
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can be identified by the direct presence of a secondary vertex in the event or tracks
associated to jets that originate away from the primary vertex. The algorithms use
different quantities, like the secondary vertex position or the impact parameter of
tracks, and the performance of the algorithms can be further improved by using
multivariate analysis techniques and combining several methods. The identifica-
tion of b-jets profit from these specific properties to discriminate them from gluon-
or light-quark initiated jets, and it is implemented through three spatial b-tagging
algorithms: IP3D, SV1 and JetFitter.

The IP3D is a b-tagging algorithm based on two- and one-dimensional infor-
mation of respectively the signed transverse impact parameter significance dy /o (dp)
and of the longitudinal impact parameter significance zo/c(zp). The distributions
of these variables are combined using a likelihood ratio technique comparing the
input variables to pre-defined distributions for both the b- and light jet hypothe-
ses.

The SV1 algorithm that takes into account the inclusive vertex information
formed by the decay products of the b-hadron, including the products of the
eventual subsequent charm hadron decay to further increase the discrimination
between b-jets and light jets. Secondary vertices are fit and the discrimination
between b-jets and light jets is done considering the decay length significance
Lsp/0(Lsp) measured in 3D (i.e., L3D = ||va - thk] |) and signed with re-
spect to the jet direction. To increase the discriminating power, additional vari-

ables are combined using a likelihood ratio technique.

The JetFitter algorithm exploits the topological structure of weak b- and c-
hadron decays inside the jet. A Kalman filter is used to find a common line on
which the primary vertex and the b- and c-vertices lie, as well as their position on
this line, giving an approximated flight path for the b-hadron. With this approach,
the b- and c-hadron vertices are not necessarily merged, even when only a single
track is attached to each of them. The discrimination between b-, c- and light jets
is based on a neutral network using similar variables as in the SV1 tagging algo-
rithm above, and additional variables such as the flight length significances of the

vertices.

The JetFitterCombNN algorithm, used in the analysis described in chapter 5,
combines the outputs of these three algorithms using an artificial neural networks

trained with Monte Carlo simulated samples.

In order for b-tagging to be used in physics analyses, the efficiency with which
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a jet originating from a b-quark is tagged by a b-tagging algorithm needs to be
measured, as well as the probability to tag a jet originating from a light-flavor

quark, referred to as the mistag rate.

One way to measure the b-tagging efficiency is by using muon-jets. Though
muons originate also from other processes, a major source is the semi-leptonic
decay of the b- or c-quarks resulting from the b-quark decays. In the p’¢! [84]
measurement the momentum of a muon orthogonal to the flight axis of the jet it is
associated to is used to measure the b-jet content of a given sample. Templates of
pi¢! for b-, c- and light-flavor jets are fit to the data before and after b-tagging and
the efficiency is calculated as € = Nj 154/ Np.

A similar measurement uses uncorrelated taggers to numerically calculate the
b-tagging efficiency from a set of 8 equations (System8 [85]). System$ is designed
to minimize the dependence on simulation and it is a very promising method that

will be used in future b-tagging calibration results.

The b-tagging efficiency of JetFitterCombNN has been measured in data: the
results are in good agreement with simulated events as shown in figure 4.2. This
figure shows, as a function of the jet pr, the scale factors needed to match the
MC b-tagging efficiency to what is observed in data, together with the associated
uncertainties. All the scale factors are compatible with unity, with uncertainties
up to 20%.

The measurement of the mistag rate, i.e. the probability of mistakenly tagging
a jet originating from a light-flavour (u-, d-, s-quark or gluon) jet as a b-jet, is
performed on an inclusive jet sample with two methods. The first method uses
the invariant mass spectrum of tracks associated with reconstructed secondary
vertices to separate light- and heavy-flavour jets, while the second is based on
the rate at which secondary vertices with negative decay length significances, or

tracks with negative impact parameter significances, are present in the data.

Advanced taggers like JetFitterCombNN greatly improve light-jet rejection at
a fixed b-tagging efficiency with respect to more basic tagging algorithms, as is
clearly visible in figure 4.3. At fixed b-jet efficiency, the light jet rejection can be
increased by a factor of 2 to 5 with new taggers allowing better background re-
jection. On the other hand for same light-jet rejection, the working point can be
chosen at higher efficiency. This is very promising for searches with low produc-

tion cross section.
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4.4 Electrons

The standard electron reconstruction and identification procedure has been de-
signed to achieve both large background rejection and high and uniform efficiency
for isolated electrons over the full acceptance of the detector. It combines signals
from the silicon detectors, the transition radiation tracker and the longitudinally
layered EM calorimeter system. The strategy implemented is based on a sliding
window algorithm [87] in which a fixed cone in # x ¢ (3 x 5) is moved over the
calorimeter cells to form seed clusters with a minimum energy of 2.5 GeV. The
position which yields the maximum energy deposition within the cone is chosen
as the cluster position.

Reconstructed tracks are matched to seed clusters by extrapolating them from
their last measured point to the calorimeter’s second layer. The track impact point
is then compared to the coordinates of the corresponding seed cluster: if their dif-
ference is below a certain distance threshold then the track is considered matched
to the cluster. In the case of tracks that do not contain silicon hits, the matching
is restricted to the ¢ coordinate, due to the fact that the TRT accuracy on the
coordinate is limited. If more than one track points to the same cluster, priority is
given to tracks with silicon hits and the smallest AR(track, cluster).

The cluster energy is determined by computing and summing four different
contributions: the energy deposited in the calorimeter inside the cluster, the one
deposited in the material in front of the EM calorimeter, the one deposited out-
side the cluster (lateral leakage) and finally the energy deposited beyond the EM
calorimeter (longitudinal leakage). The corrections applied to the measured clus-
ter energy are based on precise Monte Carlo simulations validated by comprehen-
sive measurements with 900 GeV data [88].

The four terms are parametrized as a function of the cluster measured signals
in the pre-sampler (where present) and in the three accordion longitudinal layers.
The parameters are computed at each pseudorapidity value corresponding to the
centre of a middle cell and stored in a database [89]. The energy is computed as
a weighted average between the cluster energy and the track momentum. The 7
and ¢ directions are taken from the corresponding track parameters at the vertex,
unless the track contains no silicon hits, in which case they are provided by the
cluster.

The baseline ATLAS electron identification algorithm relies on variables which

deliver good separation between isolated electrons and fake signatures from hadronic
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jets. These variables include information from the calorimeter, the tracker and the
matching between tracker and calorimeter. Three reference set of cuts have been

defined for electrons:

o Loose: this set of cuts performs a simple electron identification based only on
limited information from the calorimeters. Cuts are applied on the hadronic
leakage and on shower-shape variables, derived from the middle layer of
the EM calorimeter only. This set of cuts provides excellent identification

efficiency, but poor background rejection.

o Medium: this set of cuts improves the background rejection quality, by adding
cuts on the energy deposits in strips in the first layer of the EM calorimeter
and on the tracking variables. Strip-based cuts are adequate for e - 71 sep-
aration. The tracking variables include the number of hits in the pixels, the
number of silicon hits (pixels plus SCT) and the transverse impact parame-
ter. The medium cuts increase the fake rejection by a factor of 6 with respect

to the loose cuts, while reducing the identification efficiency by ~ 4%.

e Tight: in addition to the criteria used in the medium identification, cuts are
applied on the number of hits in the first pixel layer (to reject electrons from
conversions), on the number of hits in the TRT, on the ratio of high-threshold
hits to the number of hits in the TRT (to reject the dominant background
from charged hadrons), on the difference between the cluster and the ex-
trapolated track positions in # and ¢, and finally on the ratio of the cluster
energy to the track momentum ratio. The fake rejection is ~ 10°, while the

identification efficiency is ~ 70%.

44.1 Electron performance

The electron performance has been extensively studied by combining measure-
ments of Z — ete”, W — evand J/¢p — ete (for low pr electrons) processes.
The well known masses of the Z, W and | /¢ particles can be used to improve con-
siderably the knowledge of the electron energy scale and its uncertainty. Figures
4.4 shows the J/Y and the Z invariant masses compared with the Monte Carlo
simulation prediction: the agreement is found to be good.

These measurements have been used to correct for the differences of energy
scale and resolution between data and MC simulation, energy resolution of elec-

trons in MC samples are smeared and the energy scale of electrons in data is
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Figure 4.4: Invariant mass of ] /'Y meson (left) [90], measured with an integrated luminos-
ity of 39 pb~!; Invariant Z mass for electron pairs (right) with an integrated
luminosity of 4.6 fb~1[90]

rescaled according to the measurements described in [91]. The energy-scale cor-

rection factor is defined by

Emeasured — Etrue (4.4)

N =
Etrue

where E,psured 15 the energy measured by the calorimeter after the MC-based
energy-scale correction and Ey,, is the true electron energy. Moreover, scale fac-
tors that take into account the discrepancies between data and MC simulation
in the electron reconstruction and identification efficiencies are applied to MC

events.

4.5 Muons

The key part in the identification and reconstruction of muons is the muon system
of the ATLAS detector, but a muon also leaves traces in the inner detector and the
calorimeter. Hence, information from all detector parts can be used to reconstruct
the track of a muon in the detector and to precisely determine its transverse mo-
mentum. ATLAS has developed four different muon reconstruction algorithms,

depending on how the detector information is used.

o Stand-alone: the hits from MS are combined into segments to form a track.
The direction of flight and the impact parameter of the muon at the inter-

action point are determined by extrapolating the spectrometer track back to
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the beam line taking the energy loss of the muon in the calorimeters into

account.

o Combined: track reconstruction is performed independently in the ID and
MS, and a track is formed from the successful combination of a pair of these.
A x? matching procedure is implemented through the difference between a
MS and ID track vector of five parameters expressed at the point of closest
approach to the beam-line, weighted by their covariance matrix. The mea-
sure of the quality of this match is used to decide which pairs are retained.
The muon parameters are derived from a combined track fit to the hits in

the two sub-detectors.

o Segment tagged: an ID track with sufficient momentum is used as a seed
and propagated to the first station of the MS. The reconstruction algorithms
then searchs for track segments in the precision muon chambers that can be

associated to the extrapolated Inner Detector track.

o Calorimeter tagged: an ID track is used as seed. The track is identified as a
muon if energy depositions compatible with the minimum ionizing particle

hypothesis can be associated to it.

ATLAS uses two different chains to evaluate the muon performance: STACO
[92] and Muld [93]. These chains correspond to different sets of algorithms that
build the classes of candidates listed above. Both muon combination algorithms
create combined tracks out of pairs of Muon-only and Inner-Detector-only tracks,
however the two algorithms handle the combined track in a slightly different way:.
STACO does a statistical combination of the track vectors to obtain the combined
track vector, while Muld refits the combined track, starting from the Inner De-
tector track and then adding Muon Spectrometer measures. For the analyses
presented in this thesis, the STACO algorithm has been used for reconstructing
muons.

Following a similar approach to that of electrons, the muon identification im-
plements three reference sets of cuts (loose, medium and tight) which are tuned
to efficiently suppress fake tracks, muons created from high hit multiplicities in
the muon spectrometer in punch-through events and discriminate against back-
ground muons from leptonic decay of heavy-flavor hadrons. Essentially, these

refine the pr thresholds, enhance the number of hits requirements and impose
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conditions on their layer location, tune the transverse and longitudinal impact pa-

rameter with respect to the primary vertex to reject possible overlapping cosmic
rays, among others.

4.51 Muon performance

The muon reconstruction performance was studied first of all in minimum bias
events, by comparing basic reconstruction quantities with the Monte Carlo sim-
ulation [94]. Later, reconstruction and identification efficiencies have been mea-
sured from the experimental data using a tag-and-probe method with the di-muon
decay of the Z boson (Z — u ™). These measurements allow to derive scale fac-
tor corrections as a function of the muon momentum and pseudorapidity, in order
to correct for discrepancies when comparing data and Monte Carlo simulation.
Detector efficiencies, hit multiplicities, muon isolation, and residual distribu-
tions of reconstructed muon tracks were measured and found to be well repro-
duced by the Monte Carlo simulation. The capability of the ATLAS detector to
reconstruct muons on a wide pr range is illustrated in figure 4.5, where the di-

muon spectrum is shown. Resonances down to J/Y and up to Z are evident.
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Figure 4.5: Di-muon invariant mass spectrum for data, from combined opposite sign

muons. Peaks corresponding to various resonances are evident [95]
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4.6 Missing Transverse Energy

In proton-proton collision the interacting parton momentum is unknown, and so
is impossible to use the momentum conservation along the z axis. Instead the
momentum conservation law can be used in the transverse plane where the total
momentum is zero summing over all particles involved in the event, including
non interacting particles like neutrinos.

The missing transverse energy (E™i°) is defined as:

ETmiss — \/(E;niss)z 4 (E;niss)2 (4.5)
where ETSS = — Y"F, and E{j“iss = — Y E, and Ey, are the energies measured in

the detector. A correction to take into account dead or inactive detector compo-
nents is also necessary.

The EMs$ reconstruction includes contributions from energy deposits in the
calorimeters and muons reconstructed in the muon spectrometer. ID-reconstructed
muons are used to recover losses due to the MS acceptance. The EXSS reconstruc-
tion uses calorimeter cells calibrated according to the reconstructed physics object
to which they are associated. Calorimeter cells are associated with a reconstructed
and identified high-pr parent object in a chosen order: electrons, photons, hadron-
ically decaying T-leptons, jets and muons. Cells not associated with any such ob-
jects are also taken into account in the E%‘iss calculation.

Once the cells in calorimeters are associated with objects as described above,

the ErT“iSS is calculated as follows:

miss _ Emiss,e + Emiss,'y + Emiss,’r + Emiss,jets

x(y) x(y) x(y) x(y) x(y)
miss,softjets miss,calo,y miss,CellOut miss, i
) TEq TR tEg 46

where each term is calculated from the negative sum of calibrated cell energies
inside the corresponding objects (within || < 4.9), and the Exm(lysf " is calculated
from the negative sum of the momenta of muon tracks reconstructed with || <
2.7. The EMiS computation used in the analyses presented in this thesis does not
compute the separate term for 7 leptons, which are instead calibrated as jets. This
is a conservative approach, motivated by the lack of explicit T selections in the
final state. Noise contributions due to the high granularity of the calorimeters
are suppressed by the use of three-dimensional topological clusters, previously

described in section 4.3. These clusters also ensure that the cells used in the ETmiss
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sum are the ones containing a significant signal. Electrons and photons are the
only exception, using a different clustering algorithm.

The calibration scheme used is the one yielding the best performance in 2010
data. Electrons are calibrated with the default electron calibration (see section
4.4), photons are used at the EM scale, that provides the correct scale for energy
deposited by electromagnetic showers, and the T-jets are calibrated with the lo-
cal hadronic calibration (LCW) [96]. The jets are reconstructed with the anti-k;
algorithm, with distance parameter R = 0.4. They are calibrated with the LCW
scheme if their pr is smaller than 20 GeV (soft jets) and with the LCW+EM]JES
scheme if their pr is greater than 20 GeV. The contribution from topoclusters not
associated to high-pr objects is calculated with LCW calibration combined with
tracking information.
miss)

The values of XSS and its azimuthal coordinate (¢ are then calculated as:

E¥1iss — \/(Egcniss)z + (E;niss)z
PTISS = arctan(E;“iSS, Emiss) 4.7)

The total transverse energy in the calorimeters, ) Et, which is an important

quantity to parameterize and understand the ET performance, is defined as:

N, cell

ET = Ei sin 91‘ (4.8)
i=1
1=

where E; and 6; are the energy and the polar angle, respectively, of calorimeter
cells associated to topoclusters within || < 4.9. Cell energies are calibrated ac-

cording to the scheme described above for EMss.






CHAPTER 5

Search for top squarks decaying to a neutralino and a

top quark

In the following chapter a search top squarks decaying in the t + £} final state will
be presented. This analysis uses all the pp data collected by ATLAS during the
2011 run at /s = 7 TeV, as described in Section 3.1, and has been published in [2].

5.1 Introduction

Generic searches for supersymmetric (SUSY) particles address generic production
of squarks and gluinos looking for events with large missing transverse momen-
tum Er’}”'ss and jets plus possibly one or more leptons. Typical selection criteria
require hard cut on EZ*S and on the transverse momenta of the jets to reduce
Standard Model (SM) backgrounds. However, such criteria have typically rather
low efficiencies for sparticles lighter than 400 GeV [97].

This analysis seeks evidence for pair production of a heavy partner of the top
quark, where each of the top partners decays into a b-jet, a lepton, and weakly in-
teracting particles which escape detection. Two main criteria are used to separate
the signal from the background: the request of b-tagged jets, which strongly sup-
presses the background from W/Z, and a selection which exploits the differences
between the kinematics of top decays and of the new particles.

The analysis has been developed to target a top squark pair production where
both top squarks decay as shown in Eq. 2.23 or the decay of a spin 1/2 top part-
ner T. The final state contains two b-jets, two W bosons, real or virtual, and two
invisible particles, which is the same final state as for the production and decays
of pairs of top quarks, which thus constitute an irreducible background. In the

75
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present study the signature with two leptons (e or u) in the final state, produced
in the decay of the two W bosons, is considered. This requests implies a high re-
duction in statistics, as the total BR is 4.9%, but it provides a strong suppression
of reducible backgrounds, and, by using the kinematic of the two leptons, a good
rejection against top background can be achieved. This selection is done using the

stransverse mass variable, which is introduced in the next section.

5.1.1 The stransverse mass

The main discriminant variable used in the analysis is the so called stransverse mass
(mT) calculated from the two leptons momenta and Er]!‘iss. This variable [98, 99]
was introduced in the framework of SUSY measurement studies. It addresses the
case where two identical particles (“legs”) are produced, and both decay into an
invisible particle. The vector sum of the transverse momenta of the two invisible
particles is measured, and constitutes the ETS of the event. The topology is illus-
trated in figure 5.1, from [98]. The idea is to consider all possible decompositions
of the EMS into two transverse vectors which are interpreted as the transverse
momenta of the invisible particles in the two legs of the event. For each test value
of the invisible momenta two transverse masses are built with the visible parti-
cles in the events and the maximum of the two values is taken. It is intuitive that
the minimum value over all possible decompositions of EMs of the variable thus
calculated will be lower than the endpoint for the decay on a single leg. As an
example, for WW production, mr; will be below the endpoint for the W decay,
which corresponds to the W mass.

The m7, variable is defined as a function of the test mass for the invisible par-

ticles in the event. If this test mass is put to zero, the definition for m; reduces to:

(P P = min {max (5t d0),m3(F.aD)|} 6D
T T FT

p

where m7 indicates the transverse mass, pf and p; are the momenta of the two
leptons, and 74 and §7 are vectors which satisfy 7} + 7 = §™. The minimum
is taken over all the possible choices of 7 and 7.

For fully leptonic tf, Wt, and WW events the value of mt; has an upper bound
equal to the W-boson mass. The bound m7, < my for SM events is quite sharp,
and by selecting events with mr, > myy it is thus possible to dramatically en-
hance the signal over background ratio. The distribution for both the expected
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D2

Pr

P1

Figure 5.1: Diagram of the generic process under consideration. A hadronic collision that
leads to a pair of particles being produced, which each decay into one particle
that is observed with momenta p; and p, respectively; and one particle (shown
as a wavy lines) that is not directly detected, and whose presence can only be

inferred from the missing transverse momentum, prT“iSS

backgrounds and two benchmark signal processes can be found in figure 5.2 for
events with two leptons, and in figure 5.18 after all selections except that on mry
itself.
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5.2 Trigger selection and object definition

Events are selected using single lepton triggers: they are required to pass either
a single-electron trigger reaching a plateau efficiency of about 97% for electrons
with pp > 25 GeV, or a single-muon or combined muon-+jet trigger which reaches
a plateau efficiency of about 75% (90%) in the barrel (end-caps) for events includ-
ing muons with pt > 20 GeV and jets with pr > 50 GeV. The combined muon-+jet
trigger is used for the data-taking periods with high instantaneous luminosity, be-
cause it is based on looser muon identification requirements than the single-muon
trigger available for those periods, resulting in a higher plateau efficiency.
Electron events in simulated samples are weighted to match the trigger effi-
ciency in data by means of scale factors, defined as the ratio of the measured effi-
ciency from data and from MC. A different approach is used for muons [100]: in-
stead of relying on the trigger simulation and correcting it via scale factors, events
are reweighted by using the efficiencies extracted from data, binned in relevant
variables (e.g. pr, 7 and ¢), and requiring that at least one of the muons has is-
sued the trigger in data. In this approach it is also straightforward to calculate
event weights for an arbitrary collection and combination of triggers. In fact, as-
suming that n leptons are required in the final state, the probability that a single
lepton trigger was issued by this event is given by the logical OR that one or more

leptons in the event have passed the hypothesis of the trigger in question.

e Jets are reconstructed as described in 4.3 and calibrated at the EM+]JES scale.
Jets are kept only if they have pr > 20 GeV and lie within || < 2.5. An
additional cut on the Jet Vertex Fraction! (JVF) is required to suppress pile-
up jets, asking for J[VF > 0.75.

e Electron candidates are required to have pr > 20 GeV, |y| < 2.47 and to
satisfy “medium” electromagnetic shower shape and track selection qual-
ity criteria described in section 4.4. These preselected electrons are then re-
quired to pass “tight” quality criteria which places additional requirements
on the ratio of calorimetric energy to track momentum, and on the frac-

tion of hits in the straw tube tracker that pass a higher threshold for tran-

!By combining tracks and their primary vertices with calorimeter jets the Jet Vertex Fraction (or JVF)
discriminant is defined, which is a measure of the probability that a jet originated from a particular
vertex. Jet selection based on this discriminant is shown to be insensitive to the contributions from

uncorrelated soft collisions due to pile-up.
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sition radiation. The electron candidates are then required to be isolated:
the scalar sum of the pr, ) pr, of inner detector tracks, not including the
electron track, with pt > 1 GeV within a cone in the 7 — ¢ plane of radius
AR = /Ay? + A¢? = 0.2 around the electron candidate must be less than
10% of the electron pr. In MC a multiplicative event weight is applied for
each selected electron to the overall event weight in order to correct for dif-

ferences in efficiency between data and MC.

e Muon candidates are reconstructed using either a full muon spectrometer
track matched to an inner detector track, or a muon spectrometer segment
matched to an extrapolated inner detector track. They must be reconstructed
with more than one hit in the pixels, more than five hits in both the strips
and straw tube detectors. They are required to have pr > 10 GeV, |y| < 2.4
and must have longitudinal and transverse impact parameters within 1 mm

and 0.2 mm of the primary vertex, respectively.

Muon candidates have been also required to be isolated. The ) pt of the
tracks in a cone of AR < 0.2 must be less than 1.8 GeV (excluding the muon
track).

o The missing transverse energy calculation adds together jets calibrated at the
EMH+]JES scale with pr > 20 GeV, “medium” electrons with pr > 10 GeV,
all the muons from the STACO container (see section 4.5), and topological
clusters in the calorimeters not belonging to pre-cited objects (CellOut term)
calibrated at the EM scale.

o A b-tagging algorithm (JetFitterCombNN) exploiting both impact parame-
ter and secondary vertex information, described in Section 4.3.2, is used to
identify jets containing a b-hadron decay. The chosen operating point has a
60% efficiency for tagging b-jets in a MC sample of f events, with a mis-tag
probability of less than 1% for jets from light quarks and gluons.

Following the object reconstruction described above, overlaps between jet, elec-
tron and muon candidates are resolved. Any jet within AR = 0.2 of preselected
electrons is discarded. Electrons or muons within AR = 0.4 of any remaining jet

are then discarded to reject leptons from the decay of a b- or c-hadron.
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5.3 Event selection

The primary vertex of each event, identified by the highest squared sum of the pr
of the associated tracks, is required to contain at least 5 tracks and be consistent
with the transverse beam spot position: this cut reduces the chance of selecting a
cosmic-ray event since the dy and zg of the muons considered in the analysis are
calculated with respect to this primary vertex. In case of a cosmic muon, the event
is rejected.

Events which contain exactly two opposite-sign (OS) leptons (electrons or muons)
are selected if at least one lepton satisfies the leading pt requirement of pt >
25 GeV for electrons and pr > 20 GeV for muons in order to be in the trigger
efficiency plateau. If the event contains a third preselected electron or muon, the
event is rejected. At least two jets with pt > 25 GeV, and at least one of them with
pr > 50 GeV, are required. This requirement suppresses WW and Z/v*+ets
backgrounds.

The dilepton invariant mass my; is required to be larger than 20 GeV because of
the lack of MC simulated samples for very low-mass (m < 12 GeV at truth level)
Drell-Yan.

Two signal regions are defined, one for different-flavour, and one for same-
flavour leptons. For the same-flavour SR, additional selections are imposed to
suppress the Z/y*+jets, WZ and ZZ backgrounds, which represent a significant
fraction of events with large mr,. These events have large E***, which for the WZ
process is generated by the leptonic decay of the W boson, for the ZZ process by
the decay of one of the Z bosons to neutrinos, and for Z/*+jets by the tails in
the jet energy resolution. The additional selections required in the same-flavour
channel to suppress these backgrounds are that the invariant mass of the leptons
must be outside the 71 — 111 GeV range, and at least one of the jets must be tagged
as a b-jet. After these selections the background is dominated by tf.

Finally, for both SRs, signal candidate events are required to have a value of
mr; larger than 120 GeV. This requirement suppresses the remaining tf and WW
backgrounds by several orders of magnitude and was chosen to optimize the cov-
erage of the analysis in the f; — ¥ and T — Ay planes.

The efficiency of the mr, selection for tf events, calculated after all the other
SR cuts, is 0.007%. The efficiency of the mt; selection for stop and spin-1/2 heavy
top-quark partner signal samples is given in table 5.1 for several values of the
top-quark partner mass and for a massless {0 or Ay. The kinematics of the signal
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Table 5.1: Efficiency of the my; selection, calculated after all other selection requirements
applied in the SR, for signal samples with different values of the mass of the stop
or of the spin-1/2 heavy top-quark partner. The mass of the X(l) or Ap is zero in
each case. No signal sample with mass m(T) = 200 GeV has been simulated.

Top quark partner mass [GeV] | 200 | 300 | 400 | 500 | 600

0.02% | 7.7% | 22.0% | 35.6% | 43.0%
- 5.3% | 15.8% | 27.3% | 34.3%

#1f; production

TT production

at the lowest mass splitting Am are similar to those of tt background, with the
differences increasing with Am. Hence, the efficiency drops when Am(F;, V), or
Am(T, Ap), becomes closer to the top quark mass. For equal masses, the spin-1/2
top-quark partner signals have a slightly lower efficiency than the stop signals,
due to helicity effects in the decay. More details will be given in the next section.

5.3.1 Event selection optimization

As previously explained, the analysis strategy is based on the selection of events
with two leptons and a value of my; larger than the W mass. The analysis has
been optimized maximizing the discovery significance, computed as S/+/B + 6B2
where S is the signal rate, B the background from the full simulation, and 4B the

systematic uncertainty on the background, assumed to be 100%.

(a) same-flavour I Z+jets

(b) different-flavour Z+jets
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Figure 5.2: Expected distribution of the mt, of the two leptons for the SF channel (a) and
the DF channel (b).

In Fig. 5.2 the distribution of mr; is shown requiring only two isolated leptons
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in events that passed the trigger requirement. The distributions for a signal with
a top squark mass of 300 GeV and a neutralino of 50 GeV, and a signal with a T

mass of 450 GeV and an A mass of 100 GeV, are also reported for comparison.

In the DF channel the dominant backgrounds at high mr, are tf and WW.
These backgrounds present a sharp decrease around the W mass. The WW presents
a longer tail populated by events where one the W is produced off-shell with a

mass much higher than the W nominal mass.

In the SF channel, even after vetoing invariant masses in the Z region a long tail
is observed, requiring additional cuts to separate the signal from the background.
The Z+jets and diboson (ZZ + WZ) are the dominant backgrounds at large values
of mry.

In Table 5.2 the expected rates of events with two leptons and with mr, >
120 GeV are reported. No other selection is applied at this stage. It is evident
that while part of the background is very effectively supressed by an my; cut,

additional selections are required to supress the Z+jets, ZZ and ZW backgrounds.

For the ey channel, this is obtained through the requirement on the two lead-
ing jets , which reduces the non-top backgrounds to the same level of the top, and
it has a good signal acceptance. For the same flavour channels, additional cuts on
the two lepton invatiant mass (Z peak veto) and on the presence of b-tagged jets
have been considered. The b-tagging working point and the invariant mass win-
dow around the Z have been determined maximizing the expected signal signifi-
cance. The signal selection described in the previous section has been chosen. The
possibility of an E%iss cut has also been considered. However, ZZ and ZW events
with high m7, have also large Eff”iss, comparable to low-mass scalar top signals,
so that an E*S cut does not help against these. Furthermore, these backgrounds
are effectively suppressed by the b-tag and invariant mass cuts which have been
described, which also reduce the Z+jets to low levels. It was hence decided not to
do an explicit EZ* cut.

The expected background and signal rates after all selections are reported in
Table 5.3.

The final background rates in SF and DF channels are comparable. However,
since this is achieved with more stringent cuts in the same flavour channels, the
signal acceptance of these is smaller than the ey channel. The ey channel thus
gives the stronger contribution to the expected sensitivity.

In Fig. 5.3 the number of expected signal events in the same flavour (left plots)



Search for top squarks decaying to a neutralino and a top quark 83

Table 5.2: Expected number of events with two leptons with mry > 120 GeV, for 4.71 fb~1.
The quoted errors are MC statistics only. The Drell-Yan background in the DF

channel is expected to be negligible.

Process same flavour | opposite flavour
tt 0.40£0.16 0.53 £0.15
tt+W, tt+Z 0.64 +0.06 0.20 +0.04
Wt 0.0075.47 0.101977
Drell-Yan 119+5 -
WW+WZ+272Z 32.7+£09 35+0.3
total SM 153+5 43+04
m(f;, ) = (300,50) GeV 5.06 5.12
m(T,A) = (450,100) GeV 7.10 7.68

Table 5.3: Expected number of events passing all signal region cuts, for 4.71 fb~!. The
quoted errors are MC statistics only. The Drell-Yan background in the DF channel
is expected to be negligible.

Process SF DF
tt 0194012 | 0.42+0.14
tt+W, tt+ 7 0.114+0.03 | 0.18 £0.04
Wt 0.001947 | 0.107977
Drell-Yan 0.92 +£0.29 -
WW+WZ+ 2727 0.04 +0.04 | 0.224+0.09
total SM 1.26 +0.32 | 0.924+0.20
m(f, X?) = (300,50) GeV 2.15 3.73
m(T,A) = (450,100) GeV 3.10 5.78

and opposite flavour (right plots) signal region is shown as a function of the top
squark and neutralino masses, for the f; — t{} scenario. In Fig. 5.4 the same
information is reported for the T — tA( scenario.

In Fig. 5.5 the acceptance of the signal region cuts is shown in the same mass
plane. The acceptance is relative to the total cross section, hence it includes the
4.9% branching ratio in two leptons. It can be seen that the acceptance is very low
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Figure 5.4: Expected number of signal events in the DF (left) and SF (right) signal regions,
as a function of the spin 1/2 top partner T and neutral scalar A masses, for the

scenario in which T — tAy.

for points near the m(f;) = m(t) + m(x?) line. That is because the kinematic of
signal events becomes very similar to those of f events in that case, and the signal
is thus drastically suppressed by the mt, selection. The acceptance increases as

the top squark mass increases.

The corresponding information for the spin 1/2 top partner scenario is re-
ported in Fig. 5.6. The dependence of the acceptance on the masses of the particles
is similar to that for the top squark case.

However, by comparing points of equal mass in Fig. 5.5 and Fig. 5.6, it can be
observed that the acceptance for the spin 1/2 top partner case is lower than for the
top squark partner case. Fig. 5.7 shows the angle between the W boson and the
top quark in the center of mass frame of the latter (left) and between the charged
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Figure 5.6: Acceptance of the DF (left) and SF (right) signal region selections,as a function
of the spin 1/2 top partner T and neutral scalar A masses, for the scenario in
which T — tA,.

lepton and the W boson in the center of mass frame of the latter (right). In the case
of a spin 1/2 top partner, both the W and the charged lepton are emitted at larger
angles with respect to the parent particle, with respect to the top squark samples.
Thus, their pr distributions is softer, resulting in a lower acceptance of the lepton
pr cuts, as well as in a softer mr, distribution.

A summary of the SR selection criteria is reported in table 5.4.

Table 5.5 shows the amount of events passing these cuts in data, using the full
analyzed data sample. The number of expected SM events, computed from MC
before the application of the data driven scale factors described in section ??, is
shown in Table 5.6. The expected rates for one signal benchmark (m; = 400 GeV

and Mo = 0 GeV) are also reported.
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Table 5.4: Selection of signal candidates.

Cut

Value

pr cut on trigger lepton
pr cut on second lepton

pr cut for third lepton veto

pr > 25(20) GeV for electrons (muons)
pr > 20(10) GeV for electrons (muons)
pr > 20(10) GeV for electrons (muons)

Opposite sign reject same charge leptons

Dilepton invariant mass my > 20 GeV

Jet cuts pr > 50(25) GeV for leading (sub-leading) jets
b-jets SF: at least one b-tagged jet

Z veto SE:my; < 71 GeV or my; > 111 GeV

mry > 120 GeV

Table 5.5: Number of events passing cuts at various cutflow stages for data. The b-Jets and

Z veto selections are applied only for the same flavor channels.

Cut ‘ eteT ‘ utut ‘ etut
Two Leptons 1144726 | 915701 | 28002
Jet cuts 32520 54657 | 7878
b-Jets 4573 7676 -
Z Veto 1758 3137 -
mry > 120 GeV 1 0 2
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Table 5.6: Expected number of MC events for some of the main background sources to
opposite-sign ee (top), uu (middle), ey (bottom) channels for an integrated lu-
minosity of 4.7fb~!. The sum of these contributions is reported as “SM total”
and, for comparison, the number of expected events for one signal benchmark
(mz, =400 GeV and My = 0 GeV) is also shown.

Cut | tt Wt Dibosons Z+jets SMtotal Signal
MC — (eteT)
Two Leptons 3320 353 671 1043602 1049367 6
Jet cuts 2285 108 52.10 29780 32572 5
b-Jets 1769 70 6 1222 3107 4
Z Veto 1241 50 3 87 1382 3
mtp > 120 GeV | 0.086 0 0.022 0 0.12 0.72
MC — (u*pu¥)
Two Leptons 5693 578 1265 1800795 1810639 8
Jet cuts 4607 354 185 125097 131162 7
b-Jets 3022 118 8 1987 5200 5
Z Veto 2165 83 4 182 2439 4
mry > 120 GeV | 0.11 0 0.032 0.60 0.71 0.70
MC — (e*u¥)
Two Leptons 8940 924 1283 9781 21688 14
Jet cuts 7255 582 197 1059 9130 13
mrp > 120GeV | 042 0.1 0.14 0 0.75 2.4
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Figure 5.7: Truth-level distribution of the angle between the W boson and its parent top
quark direction in the rest frame of the top quark (left) and between the charged
leptons and their parent W boson direction in the rest frame of the W boson
(right), for a top squark sample with m(f;) = 400 GeV and m(%}) = 100 GeV
(black curves) and a spin 1/2 top partner sample with m(T) = 400 GeV and
m(A) =100 GeV (red curves).

The expected discovery significance is shown in Fig. 5.8 for the f; — 9 sce-
nario, and in Fig. 5.9 for the spin 1/2 scenario, for an integrated luminosity of
4.7 fb~ 1.
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5.4 Kinematic distributions

In this section, a comparison is made between data and MC simulation for the
main observables used in the analysis. In all plots, the MC uses the nominal cross
sections (i.e., the scale factors from CR measurements are not included). The un-
certainty band includes the MC statistics, the main detector response uncertainties
(JES, JER, and E‘%‘iss cellout term), the cross section uncertainty, the generator and
ISR/FSR uncertainties for tf. A comprehensive description of the systematic un-
certainties will be given in section 5.6. The distributions are also shown separately
for the same and different flavor channels. The overall agreement between data
and Monte Carlo is good.

Figures 5.10, 5.11, 5.12, 5.13 and 5.16 show the distributions of the pr of the
leading lepton, the pr of the sub-leading lepton, the pr of the leading jet, the pr
of the sub-leading jet and of the transverse missing energy respectively, after all
selection cuts but for mry.

The jet and b-jet multiplicity distributions are shown in Figures 5.14 and 5.15,
for the same selection level. The b-jet multiplicity distribution for SF events shows
the Z/v*+jets and diboson rejection power of the chosen cut. The discrepancy be-
tween the nominal background prediction and the data at large jet multiplicities is
mainly due to the poor performance of MC@NLO in describing these kinematic re-
gions. However, the discrepancy is covered by the uncertainty computed from the
generator comparison with ALPGEN and POWHEG and doesn’t have any signifi-
cant impact on the analysis, since this region corresponds to a very small fraction
of the total events.

The effectiveness of the Z veto applied on SF events can be appreciated from
the invariant mass distribution of the two leptons, shown in Figures 5.17 for events
passing the trigger requirements and the selection of 2 isolated leptons.

The mr; distribution is shown in figure 5.18, after all selection cuts but for mr,
itself.
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Figure 5.10: pt distribution for the leading lepton in events passing all the signal candidate
selection requirements, expect that on mr,, for same-flavour events (a) and
different-flavour events (b). The contributions from all SM backgrounds are
shown, with the bands representing the total uncertainty. The distributions of
the signal expected for two different models are also shown: the dashed line
corresponds to signal with a 300 GeV top squark and a 50 GeV neutralino,
while the solid line corresponds to a signal with a 450 GeV spin-1/2 top quark
partner T and a 100 GeV A particle.
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Figure 5.11: p distribution for the sub-leading lepton in events passing all the signal can-
didate selection requirements, expect that on mr,, for same-flavour events (c)
and different-flavour events (d). The contributions from all SM backgrounds
are shown, with the bands representing the total uncertainty. The distributions
of the signal expected for two different models are also shown: the dashed
line corresponds to signal with a 300 GeV top squark and a 50 GeV neutralino,
while the solid line corresponds to a signal with a 450 GeV spin-1/2 top quark
partner T and a 100 GeV A particle.
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Figure 5.12: py distribution for the leading jet in events passing all the signal candidate
selection requirements, expect that on mr,, for same-flavour events (a) and
different-flavour events (b). The contributions from all SM backgrounds are
shown, with the bands representing the total uncertainty. The distributions of
the signal expected for two different models are also shown: the dashed line
corresponds to signal with a 300 GeV top squark and a 50 GeV neutralino,
while the solid line corresponds to a signal with a 450 GeV spin-1/2 top quark
partner T and a 100 GeV A particle.
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Figure 5.13: p distribution for the sub-leading jet in events passing all the signal candidate

selection requirements, expect that on mr,, for same-flavour events (c) and
different-flavour events (d). The contributions from all SM backgrounds are
shown, with the bands representing the total uncertainty. The distributions of
the signal expected for two different models are also shown: the dashed line
corresponds to signal with a 300 GeV top squark and a 50 GeV neutralino,
while the solid line corresponds to a signal with a 450 GeV spin-1/2 top quark
partner T and a 100 GeV A particle.
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Figure 5.14: Jet multiplicity distribution in events passing all the signal candidate selection
requirements, expect that on myy, for same-flavour events (a) and different-
flavour events (b). The contributions from all SM backgrounds are shown,
with the bands representing the total uncertainty. The distributions of the sig-
nal expected for two different models are also shown: the dashed line corre-
sponds to signal with a 300 GeV top squark and a 50 GeV neutralino, while the
solid line corresponds to a signal with a 450 GeV spin-1/2 top quark partner T
and a 100 GeV Ay particle.



96

5.4 Kinematic distributions

Events

(a) same-flavour

IL dt~4.7 " Vs=7 Tev

== o

T T
® Data 2011

#“44 SM Background

N Z+jets

3

BB ww+zz+wz

[ Fake leptons

B dw+iz+wt

---- m(t,%) = (300,50) GeV

— m(T.A) = (450,100) GeV
ATLAS work in progress

Data/MC

5 6 7 8 =9
no. of b-jets

T T
® Data 2011
%44+ SM Background

I Z+jets

i

BB ww+zz+wz

[ Fake leptons

D tiw+tiz+wit

---- m(t,x;) = (300,50) GeV
— m(T,A) = (450,100) GeV

ATLAS work in progress

(b) different-flavour

J'L dt~ 4710 Vs=7 Tev

Events

A
I
A
A
I
7, %9994

947

A

5 Lo
SIS

Vo

NN
NN

A 4
A

NN
NN

Data/MC

%
K/ /7/////77.
(L

05 %

0 1 2 3 4 5 6 7 8 =9
no. of b-jets

Figure 5.15: b-tagged jet multiplicity distribution in events passing all the signal candidate
selection requirements, expect that on mr,, for same-flavour events (a) and
different-flavour events (b). The contributions from all SM backgrounds are
shown, with the bands representing the total uncertainty. The distributions of
the signal expected for two different models are also shown: the dashed line
corresponds to signal with a 300 GeV top squark and a 50 GeV neutralino,
while the solid line corresponds to a signal with a 450 GeV spin-1/2 top quark
partner T and a 100 GeV A particle.
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Figure 5.16: Missing transverse momentum distribution in events passing all the signal

candidate selection requirements, expect that on mTy, for same-flavour events

(c) and different-flavour events (d).

The contributions from all SM back-

grounds are shown, with the bands representing the total uncertainty. The

distributions of the signal expected for two different models are also shown:

the dashed line corresponds to signal with a 300 GeV top squark and a 50 GeV

neutralino, while the solid line corresponds to a signal with a 450 GeV spin-
1/2 top quark partner T and a 100 GeV A particle.
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Figure 5.17: my, distribution in events passing all the signal candidate selection require-

ments, expect that on mr, and myy, for same-flavour events (a) and different-

flavour events (b). The contributions from all SM backgrounds are shown,

with the bands representing the total uncertainty. The distributions of the sig-

nal expected for two different models are also shown: the dashed line corre-

sponds to signal with a 300 GeV top squark and a 50 GeV neutralino, while the

solid line corresponds to a signal with a 450 GeV spin-1/2 top quark partner T

and a 100 GeV Ay particle.
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Figure 5.18: mp, distribution in events passing all the signal candidate selection require-

ments, expect that on mT,, for same-flavour events (a) and different-flavour

events (b). The contributions from all SM backgrounds are shown, with the

bands representing the total uncertainty. The distributions of the signal ex-

pected for two different models are also shown: the dashed line corresponds

to signal with a 300 GeV top squark and a 50 GeV neutralino, while the solid

line corresponds to a signal with a 450 GeV spin-1/2 top quark partner T and

a 100 GeV A particle.
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5.5 Background estimate

The dominant SM background contribution to the SR is expected to be the top
pair production. The normalization of this background is determined using the
number of observed events in a control region (CR) populated mostly by ¢ events.
The same approach is used to estimate the number of Z/y*+jets events. Cross-
contamination between the respective CRs has been found negligible and hence
both these backgrounds can be normalized independently.

Additional SM processes yielding two isolated leptons and EXss (diboson, Wt,
Z+jets, Drell-Yan, tt + Wand ¢t + Z) and providing a sub-dominant contribution
to the SR are determined from MC.

The fake lepton background consists of semi-leptonic £, s-channel and ¢-channel
single top, W+jets and light- and heavy-flavour jet production. The contribution
from this background is small (less than 10% of the total background). It is esti-

mated from data with a method described in section 5.5.4.

5.5.1 tfbackground

The dileptonic ¢ background contribution to the SR is estimated with a semi-data
driven method. The number of tf events in the signal region NtSOI; is estimated
by rescaling the number of events in data in a control region by a transfer factor

measured on MC.

MC,SR
SR __ " tt data,CR
Ng* = MC,CR Nt? (5.2)

tf

In calculating N gIC,S Rand N gIC’CR only MC #t events in which both W decay
into leptons are considered, since the semileptonic and fully hadronic ¢f contribu-
tions to the background is already included in the data driven fake background
estimation.

The CR is defined as events passing all the selection cuts but within an inter-
mediate mr; region, between 85 GeV and 100 GeV. The choice of this region has
been driven by two different motivations:

o the uncertainty on the final estimation is dominated by the available MC
statistics in the SR: so there would be no gain in expanding the CR either to

lower or higher values of mry.

e the 85 GeV - 100 GeV mr; interval cannot be moved closer to the SR, as this

would make the signal contamination much more important
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The number of events in the CR Ngm'CR

is estimated by correcting the data events
in the CR for other background sources estimated from MonteCarlo or, in the
case of the fake lepton background, with the data driven method described in

Section 5.5.4.

data,CR __ yjdata,CR _ n\7CR
Nt? =N Nnonftf (5:3)

where N;Soqu _;includes background sources different from fully leptonic top pairs.

Table 5.7 shows the rates of all expected backgrounds and observed data in the
CR: please note that tf is indeed the dominant process in this region.

Table 5.7: CR composition for 4.71 fb~1. The quoted uncertainties include both statistical
and systematic uncertainties. The Z+jets rate in the DF channel is negligible for

the reasons discussed in Section 5.5.2.

Process DF rate in CR  SF rate in CR
tt 68.1+11.4 39.0+11.2
tH+W, tH+ Z 0.33 £0.09 0.17 £0.06
single top 27+£10 1.8+0.5
Z/y*+ets - 35+14
Fakes 04+0.3 05+1.6
Diboson 0.49 £0.27 0.11 £0.10
Total non-tt 39+1.6 6.1+£3.7
Total Expected 72411 45+12
Data 79 53

The signal contamination in the CR is shown in figure 5.19 as a function of both
f1(T)and )E(l)(AO) masses. The values reported in the figures are Ngé nal /( Ndata,CR _
Ngoli _;7), which is the relative effect of the signal contamination on the top back-
ground normalization. The contamination is larger for smaller values of these
masses: however, it is generally found to be small or negligible in the CR. In the
top squark case, non-negligible signal contamination appears for a top squark
mass around 200 GeV. The resulting background overestimation of about 20% will
lower the sensitivity to a signal with those characteristics. However the analysis
results won't be affected significantly, because of the low sensitivity to such a sig-

nal due to the similarity of the mr, distributions for signal and backgrounds. In
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the spin 1/2 case, the contamination is relevant for T masses well below the pre-

viously published limit.
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Figure 5.19: The plots show the rate of signal events inside the CR for 4.71 fb~'as a function
of top squark and neutralino masses (first row) or T and A masses (second
row), normalized to the data driven top normalization. The plots in the first
column show the rates for the DF channel, while those on the right are for the
same flavor channel. The largest signal contamination appears for the lowest

values of the particle masses.

In order to match the number of events observed in the CR (Table 5.7), a tt
scale factor of 1.10 + 0.13 and 1.21 £ 0.19 is needed for the DF and SF channels
respectively, with the uncertainty dominated by the observed statistics.

By using Eq. 5.2, the predicted tf rate in the SR is found to be 0.43 & 0.48 for
the DF channel and 0.23 = 0.23 for the SF channel.

tt MC generator uncertainty

The uncertainty associated to the choice of a specific MonteCarlo generator is the
leading systematic on the SR/CR ratio in the DF channel and the sub-leading
systematic in the SF channel, after MC statistics. Table 5.8 provides more details
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on this uncertainty, reporting the rates predicted by each of the generators used in
this estimation.

The nominal MC@NLO sample predictions are compared with the predictions
of POWHEG (with two different hadronisation simulations done using PYTHIA and
HERWIG) and ALPGEN. Since the POWHEG samples were reconstructed with a sim-
plified detector simulation (fast simulation), also a dedicated MC@NLO sample has
been reconstructed with the same simulation to produce a sensible comparison.

The sum in quadrature of the three differences is taken as final tf generator
uncertainty. These differences, while large, are all within the MC statistical uncer-
tainty for the SR prediction and the SR/CR ratio.

Table 5.8: The tables show the it expected rate in CR, SR and their ratio, as predicted by

different MC generators. All uncertainties are the MC statistics.

MC@NLO MC@NLO POWHEG POWHEG  Alpgen
fast sim. (Pythia) (Herwig)

Different Flavour
CR 68.1+1.8 70.1+21 73.3+3.6 73.0+3.6 675128
SR 039+0.13 0174012 052+030 0.34+021 0.244+0.18
SR/CR x1073 | 57420 25+17 71+4.1 47+29 36+26

Same Flavour

CR 39.0+13 443+17 4654+28 443+28 305+17
SR 0.194+0.12 0264+0.14 0354+0.23 0.34+025 0.15+0.09
SR/CR x1073 | 4.9+43.0 58+3.2 76+t5.0 7.7+5.6 48428

5.5.2 Z+jets background

The background from Z/v*+jets can be divided in two components, depending
on the flavor of the final state leptons. The case where the Z decays into leptons
and muons and the case where it decays in taus must be evaluated separately for
two reasons: the decay into electrons and muons does not provide a significant
background for the DF channel, and the mT, distribution is very different for the

two cases, as can be seen in Fig. 5.20, where the decay into taus does not contribute
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to the high my; tail. In the following the estimation of the contribution of the
decay into e and y to the SF channel of the analysis is described.

—Z- ee,

Entries/6 GeV

—Z7Z-TT

1 I"‘"L.-I_l_l
R [P R NP B RN B B A
0 50 100 150 200 250 300

mt2 [GeV]

Figure 5.20: Distribution of mt, for Z decaying into e and y (red) or in 7 (black) for events

with two signal leptons.

In order to perform this estimate four regions are defined (see Fig. 5.21):

e nZ SR: mrp; > 120 GeV and my, outside of the (71,111) GeV window. This

corresponds to the SR, minus the b-tagging requirement.
e nZ _CR: 90 < mtp < 120 GeV and my, outside of the (71,111) GeV window.
e Z SR: myy > 120 GeV and my, inside the (71,111) GeV window.
e Z_CR: 90 < myy < 120 GeV and my, inside of the (71,111) GeV window.

Tables 5.9 and 5.10 show the data and MonteCarlo yields for events passing
all of the selection cuts for the SF channel, except the Z veto and the mt; cut,
for the four regions respectively without and with the b-tagging requirement. A
good agreement between data and Monte Carlo is observed both for the DF sam-
ples dominated by tt, Wt, WW production and the SF ones with a significant Z
contribution.

The baseline estimate is performed analogously to what is done for the ¢t back-
ground in a semi data-driven way as:

Z/v* + jets(b-nZ_SR) = Datag,,(b_-Z_SR) x Fyic
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Table 5.9: Data and Monte Carlo yields for events passing all of the selection cuts except

Z veto, myy and b-tagging requirement. The Z/*4jets includes all Z — ee or
up). The label others indicates the sum of tf, Wt, WW, Z — 17,ZZ and WZ.

Total uncertainties are shown (statistics + systematics).

Sample ‘ Data (SF)  Z/*+jets (SF) tt (SF) others (SF)
Z_CR 231.00 239.61 £13.20 1311 4+1.52 1478 £1.13
Z SR 74.00 7197 £4.71 -0.02+0.06 9.54 £0.83
nZ_ CR 70.00 27.90 4+ 2.48 3231 +£347 2.79 £0.49
nZ_SR 10.00 8.03 +£1.03 028 +0.13 0.04 £0.03
Sample | Data (DF) Z/y*+jets (DF) tt (DF) others (DF)
Z_CR 10.00 0.00 + 0.00 992 +128 0.53+0.27
Z_SR 0.00 0.00 £+ 0.00 0.00 £0.06  0.00 £ 0.00
nZ_ CR 37.00 0.00 £ 0.00 33.45+3.65 327 +£0.72
nZ_SR 2.00 0.00 £ 0.00 042+0.13 0.20£0.26

Table 5.10: Data and Monte Carlo yields for events passing all of the selection cuts except
Z veto and mrp. The Z/y*+jets includes all Z — ee or pu). The label others
indicates the sum of tf, Wt, WW, Z — 11,ZZ and WZ. Total uncertainties are

shown (statistics + systematics).

Sample | Data (SF) Z/v*+jets (SF) tt (SF) others (SF)
b_Z_ CR 33.00 23.66 + 1.94 10.06 +-1.20 1.91 £+ 0.37
b_Z_SR 11.00 7.03 + 1.10 0.03+£0.03 0.53+0.16
bnZ CR 39.00 2.53 4+ 0.60 2482 +2.70 1.404+0.34
b_nZ SR 1.00 0.92 +£0.29 0.19 +£0.12  0.00 4+ 0.00
Sample | Data (DF) Z/v*+jets (DF) tt (DF) others (DF)
b_Z_CR 7.00 0.00 £+ 0.00 742 +1.01 0.12+0.10
b_Z_ SR 0.00 0.00 £ 0.00 0.00 £ 0.06  0.00 4+ 0.00
bnZ_ CR 29.00 0.00 + 0.00 2585 +2.88 1.3940.36
b_nZ_SR 1.00 0.00 £ 0.00 0.34 +£0.11 0.134+0.25
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regions
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Figure 5.21: Definition of the four regions used to perform the estimate of the Z+jets Back-

ground.

where Data,;, indicates the data from which the MC estimate of all the contribu-
tions different from Z/7*+jets are subtracted. The factor Fy;c is the extrapolation
factor from the Z to the nZ region calculated with the Z/*+jets Monte Carlo as

For = Z/v* + jets(nZ_SR)
MC = "Z /v + jets(Z_SR)

=0.11+£0.01

This factor is calculated for the Z/*+jets Monte Carlo without b-tagging as the
number of Monte Carlo events for Z/y*+jets in the b-tagged signal region is zero.

The estimate thus performed yields:
Z/v" + jets(b-nZ_SR) = 1.17 £ 0.40

where the error includes the statistical error on data in the CR and the statistical
error of the Monte Carlo, and is dominated by the statistical error of the data in
the control region.

The assumption underlying this estimate is that the b-tagging requirement
does not affect the calculation of Fjsc, and that this number is correctly simulated
in the Monte Carlo. The b-tagging independence can be studied by re-evaluating
the Monte Carlo transfer factor Fpsc from the Z mass peak to the nZ region in the
control region with 90 < mt, < 120 GeV. The obtained numbers are 0.12 £ 0.01
if no b-tagging is applied, and 0.11 & 0.03 with b-tagging applied, thus showing
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that in a kinematic region very close to the signal region the b-tagging does not

influence significantly the value of Fy;c.

5.5.3 Minor backgrounds

The diboson production is estimated with Monte Carlo simulation, normalised to
the NLO cross sections of 43.8 £ 2.8 pb, 19.1 £ 1.3 pb, and 6.2 = 0.3 pb for WW,
WZ, and ZZ respectively. The most relevant of these backgrounds is WW which
has the highest o x BR for two lepton production, and for which the my, distri-
bution extends to much higher higher values than for tf, making it the dominant
backgrounds for mt; > 120 GeV.

For the single top, only the Wt process is included, and the s-channel and t-
channel contribution are included by the data driven estimate of processes with
at least one fake or non isolated lepton described in the next section.

For tt + Wand tf + Zthe Leading Order (LO) MadGraph samples are used.
The sensitivity to higher order QCD radiation is expected to be small because the

signal region selection does not require more jets than present at LO.

5.5.4 Fake lepton background

The background originating from fake leptons includes double-fake sources from
the QCD multi-jet background, with misidentified jets and non-prompt leptons,
and true-fake sources such as tf and W/Z+jets in both electron and muon chan-

nels. Photon conversions also contribute as a background source of fake leptons.

The fake lepton background is estimated with the data-driven Matrix Method:
this method relies on two lepton selection criteria (referred to as “tight” and “loose”)
to extract the number of expected events with real(R)-fake(F) and fake(F)-fake(F)
leptons directly from data by comparing the observed composition of the dilepton
sample in terms of tight and exclusively loose leptons. Tight leptons pass all stan-
dard object selection requirements as described in section 5.2. Exclusively loose
leptons differ from tight leptons by failing isolation requirements. In the follow-
ing, N refers to the number of events with one or two leptons fulfilling loose (L),
exclusively loose (I) or tight (T) requirements. The notation Nt or Nr; translates
into ordered lepton pairs.

The fake rate f and the real efficiency r are defined as the probabilities that a
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fake or real loose lepton will pass the tight criteria as in Eq. 5.4

Nf N
Nf Nft
Considering events with two leptons, one has:
NFf = Nffrir
NRP — NRFT
rr = Niinif (5.5)

FR _ nFR
Nrr = Nif fir2

Nit = Nif fif2

The number of events with double-fake and fake-real tight leptons (NEF and NRE +
NER respectively) can be obtained from the number of events with double-fake
and fake-real loose leptons (NLP LF and NFLF + N LFf) once the fake rates f; and effi-
ciencies r; are known. In turn, Nﬁ, N%? and N%E can be obtained by inverting
the matrix M:

Nrr NiE
Nri | _ oy Ni;é (5.6)
Nir Nip
Ny Nii
with:
12 r1f2 fir2 fif2
_ | n(=r) n(1-f) A1 =r2) A= f2)
| -rn (1-r)fa (1= fi)ra (1-f)fa
(1=r)A=r2) A=r)A=f) A-f)A-r) A-f)A-f)
(5.7)
It is possible to extract the contribution due to double-fake and fake-real events

in the signal region (NXL and NER 4 NRL) from the observable quantities Nrr,

Nrj, NiT and Nj;.
The Matrix Method relies on suitable control regions for determining the fake

rate and real efficiency, as described in the following.

Fake rate

The fake rate is estimated in QCD-enriched CRs, defined in Table 5.11, exploiting

cuts on the event Ef'*%, jet multiplicity njers and angular separation A¢ (¢, Emiss),
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In the case of the two-lepton CRs (defined from a ey same-sign sample) an anti-
tag&probe method is used: one of the two leptons in the event is tagged to be
exclusively loose (anti-tag) and the other is probed against tight requirements.
For each CR, the contamination of events with prompt (real) leptons originat-
ing from SM background such as W+jets, Z+jets, top pairs, single top and di-
bosons, has been evaluated by MC and subtracted to the number of observed

events in data.

Table 5.11: QCD-enriched control regions used for the fake rate measurement: definition,
number of events with (exactly) one loose lepton N, number of events with

(exactly) one tight lepton Nr.

CR ‘ Selection N Nt

1L(e) | ERss <25, njys > 2, AL, EF™) <05 2.0x10° 0.5 x 10°
1L(u) | ERss <25, njys > 2, Ap(L, EFS5) <05  9.9x10° 3.8x10°
2L(pe) | same-sign, anti-tag, E%“'SS <25, 1jes >0 1.8 % 10* 0.4 x 10*
2L(ep) | same-sign, anti-tag, EF** < 25, nj;s >0 23 x10* 1.0 x 104

The final estimation of the fake rate has been evaluated by using a weighted
average of the one and two leptons CRs.

The contribution from conversions is naturally included in this estimate. An-
other component that is expected to have an effect on the fake rate estimation is
the heavy flavour content of the CR as compared to the SR. This has been taken
into account by duplicating each CR and measuring for each of them two different
fake rates: one without the b-jet requirement (to be used in the pre-tag scenarios)
and one with the b-jet requirement (to be used for predictions in SR where b-jets
are explicitly required).

To better model the fake contribution, f is parameterized as a function of dif-
ferent lepton quantities, such as 7, pr isolation (ARZ}."”) as well as on global vari-
ables as ) E7.

Real efficiency

The real efficiency is extracted from a sample of highly purified Z boson events.
This is achieved by requiring two opposite-sign loose leptons with same flavor
whose invariant mass lies in the range 86-96 GeV. The real efficiency is then esti-
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mated with a tag&probe method: one of the two leptons is required to pass tight
criteria, the other one is then probed for tight selection cuts. The real efficiency
is also measured as a function of 77 and pr of the leptons, while other additional

dependences are found to be negligible.

Signal Region predictions

The estimated SR fake contribution by applying the Matrix Method to the ob-
served event yields is of -0.06+0.06(stat.)£0.02(syst.) events in the SF channel
and 0.49+0.54(stat.)=£0.06 (syst.) in the DF channel.

The number of events observed in the SR is very small and hence the back-
ground prediction has a large statistical uncertainty. Furthermore, the reduced
yield could also suffer from severe signal contamination. To cope with this prob-
lems, the Matrix Method SR predictions have been validated with an additional
approach based on the measurement of the fake background in suitable CRs and
projection of the contribution in the SR by means of transfer factors.

In the SF channel, the number of events in the SR (N;g{’;gz) are estimated
by means of the Matrix Method after dropping the explicit Z-veto requirement?
(N fﬁfs). The Z-veto cut efficiency is measured before the mr, requirement and

applied a posteriori as a scaling factor.

NnoZ

SRnoZ SRZ fakes
Nakes” = Niages % NZ (5.8)

fakes

The estimated number of fakes events in the SF SR becomes -0.20+£0.11(stat.)40.09(syst.)
The DF channel is treated with a similar technique: an extrapolation procedure
has been implemented on the basis of mT, and the pr of the sub-leading jet. Four

regions have been defined as follows:
. sub—lead jet
o A:mry <120 GeV, py > 25 GeV
e B:mty > 120 GeV, pf}ub—lmd et > 25 GeV (corresponding to the SR)
. sub—lead jet
o C:mry <120 GeV, py < 25 GeV

o D:mpy > 120 GeV, pi" % < 25 GeV

Zmgy < 76 or myy > 111 GeV.
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The number of fake events in the SR is predicted from the following equation:

C N
N§x"” = Np = Np x Nf? (5.9)

while the number of fake events in regions A,C and D is estimated using the Ma-
trix Method, and is listed in table 5.12. The estimated number of fakes events in
the DF SR is -0.08+0.08(stat.)£0.03(syst.).

Table 5.12: Number of estimated events with fake leptons in region A, C and D for the DF
channel. The quoted errors are only statistical.

Region Fakes

A 421.8+20.6
C 51.94£7.5
D -0.01+0.01

The results obtained by projections into the SR are found compatible with the
results given by the Matrix Method itself. However, since they are affected by
smaller uncertainties, these will be used as baseline estimations for the fake back-

ground.
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5.6 Systematic uncertainties

Various systematic uncertainties affecting the predicted background rates in the
signal regions are considered. Such uncertainties are either used directly in the
evaluation of the predicted background in the SR when this is derived by the pure
MC prediction or to compute the uncertainty on the transfer factor and propagate
it to the predicted event yields in the SR when the background is constrained from
a CR, as described in Sections 5.5.1 and 5.5.2.

The most important instrumental uncertainties are the Jet Energy Scale, the
Jet Energy Resolution and the uncertainty on EX**C'O4 The b-tagging and the
uncertainties on leptons are smaller by an order of magnitude.

In addition to these uncertainties also the statistical error coming from the lim-
ited MC statistics, which is often denoted as “stat.”, has to be considered. Each
source of systematics is handled following the ATLAS combined performance
group recommendations.

The control region statistics is the leading uncertainty for the fake and Z+jets
backgrounds. Among theoretical uncertainties, the generator and ISR/FSR are
the most important systematics for the tf and diboson estimates. Luminosity and
cross section uncertainties are relatively small.

In the following, a detailed description of how the various sources have been

considered, is given.

5.6.1 Experimental systematics
The following experimental systematic uncertainties were found to be non-negligible:

o Jet energy scale and resolution. The uncertainty on the jet energy scale
(JES), derived using single particle response and test beam data, varies as
a function of the jet pt and pseudorapidity # [101]. Additional systematic
uncertainties arise from the dependence of the jet response on the number
of interactions per bunch crossing and on the jet flavor. The components of
the jet energy scale uncertainty are varied by £1c in the MC simulation in

order to obtain the resulting uncertainty in the event yield.

Uncertainties related to the jet energy resolution (JER) are obtained with an
in-situ measurement of the jet response asymmetry in di-jet events [102].
Their impact on the event yield is estimated by applying an additional smear-

ing to the jet transverse momenta.
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The JES and JER variations applied to the jet momenta are propagated to the
Emiss

1SS
E%niss,CellOLtt and pile-up. The uncertainties related to the contribution to
EMiss from the calorimeter cells not associated to reconstructed physics ob-
jetcs and also from low momentum (7 GeV < pr < 25 GeV) jets have been

evaluated separately and added in quadrature.

The uncertainty due to the modeling of pile-up is computed by rescaling
the value of the average number y of proton-proton interactions per bunch
crossing used in the reweighting to match the y profile observed in data by
+10%, and comparing the results with the nominal sample which does not

use any rescaling. The resulting systematic uncertainty is symmetrized.

e b-tagging efficiency and mis-tagging. This uncertainty is evaluated by vary-
ing the b-tagging efficiency and mis-tagging rates within the uncertainties
measured in situ. This uncertainty only affects the SF channel and is rela-

tively small (about 1% of the total event yield).

o Lepton efficiency, energy scale and resolution As discussed in Section 5.2,
all selected leptons in a given MC event contribute with a multiplicative
weight to the overall event weight in order to account for differences in effi-
ciency with respect to data (including corrections for both identification and
reconstruction efficiency). The impact of these uncertainties is taken into
account by checking the variation of results obtained by using the nominal
scale factors and the scale factors varied by the systematic uncertainty pro-

vided by the combined performance groups.

The electron energy scale uncertainty is estimated by scaling up and down
the energy and the momentum of all selected electrons by £3%, while the
energy resolution uncertainty is quantified by comparing the nominal re-
sults and those obtained by imposing a smearing on electron energies ac-

cording to a Gaussian with pr and 7 dependent sigma.

The uncertainties on muon momentum are estimated comparing the nomi-
nal results with the ones obtained by applying smearings on the individual

MS and ID estimates of muon momentum.
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5.6.2

Theoretical systematics

The following theoretical systematic uncertainties have been taken into account:

5.6.3

tt production generator. The uncertainty associated to the choice of a spe-
cific MonteCarlo generator. This is evaluated comparing the predictions of
MC@NLO, POWHEG (with two different hadronisation simulations) and ALP-
GEN samples.

ISR/FSR. The uncertainty related to ISR and FSR in tf events is evaluated
considering two dedicated ACERMC samples with varying settings, and tak-

ing half of the difference between these samples as systematic uncertainty.

Z+jets generator. The predictions of the baseline ALPGEN generator are
compared with those from SHERPA.

Diboson generator. The baseline SHERPA sample is compared with ALPGEN
to evaluate the uncertainty associated to the request of two jets, and with

HERWIG to evaluate the uncertainty associated to the mr, spectrum.

Other systematics

Luminosity. The uncertainty on the luminosity [103] estimated for the whole

dataset used in the analysis is taken to be 3.9%.

Cross section. The uncertainty related to the cross section value is taken to
be 5% for the Z/vy*+jets boson production [104]. For tf, the recommended
value of 0;; = 1671’% pb is used for a top quark mass of 172.5 GeV as ob-
tained from approximate NNLO QCD calculations [105]. The cross section
uncertainties for WW, ZZ and WZ are 6%, 5% and 7% respectively [46, 63].
For single top, the cross section of 15.7 £ 1.2 pb is used for the Wt channel
[47]. For tt + W a cross section of 0.168‘1’8:8%; pbis used [64]. For tt + Z a cross
section of 0.130 £ 0.019 pb is used [64]. A 25% uncertainty is considered on
the W+jets in the fake rate estimate.

The uncertainties for ttand Z/y*+jets production cross section do not play
any role in the background estimate because these processes are normalized
to data in appropriate control regions, but they contribute to the uncertainty
on the MC predictions shown in the figures. The uncertainty on single top,
tt + Z and tf + W cross sections contribute to the background uncertainty in



Search for top squarks decaying to a neutralino and a top quark 115

the SR but they are negligible compared to other uncertainties, because of
the small rates of these backgrounds in the SR.

e Fake-lepton background. An uncertainty of 33% (25%) is assigned to the
fake background in the SF (DF) channel from the comparison of results of
the fake rate measurement from different CRs. An additional 30% is taken as
systematic uncertainty due to the extrapolation into the SR. The uncertain-
ties on lepton ID measurement and on trigger modeling have been found to

have a negligible impact on the analysis.

The breakdown of the main background uncertainties in individual sources is
reported in Table 5.13. The largest uncertainties come from MC statistics and the
tttheory uncertainty. The total uncertainty is found to be about 40% (60%) for the
SF (DF) channel.

Table 5.13: Breakdown of the dominant systematic uncertainties on background estimates
in the two signal regions. The absolute uncertainty is given. Note that the indi-
vidual uncertainties can be correlated, and do not necessarily add up quadrati-

cally to the total background uncertainty.

Signal Region SF DF
Total background uncertainty fg:gg +0.6
JES +0.04 +0.2
JER +0.26 +0.07
b-tagging +0.02 -
Cross sections & Luminosity £0.02 +0.03
pileup +0.03 +0.1
Efpiss/CeliOut +0.12 +0.21
tt modeling +0.20 +0.44
Z/v*+jets modeling +0.12 +0.0
MC statistics +0.42 +0.19
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5.7 Results

The number of events observed in the signal region for the two channels is re-
ported in Table 5.14, and compared to the total expected background. The break-
down of the background in its individual components, together with the total

uncertainties discussed in the previous section, is also reported.

Since the fake lepton estimate central value is negative, it has been set to zero to
compute the total background, and the fake estimate uncertainty only contributes

to the upwards error on the total background.

Good agreement is found between data and the expected SM background in
both the same flavour and the different flavour channels.

Table 5.14: Observed and expected number of events in the signal region for the two chan-
nels of the analysis. The breakdown of the background in the individual com-
ponents is also reported. The Z+jets contribution to DF is negligible. The ex-
pected yield for two signal models is also shown, with the associated uncertain-

ties (theoretical and experimental).

SF DF
Observed 1 2
Expected 158708 0.94 + 0.60
n 0.24 0.48
tt 0.237)3; 0.43%073
tH+ W 0.06 +0.04 0.1140.08
tH+Z 0.05 4 0.04 0.08 4 0.05
0.19 0.19
Wt 0.00M010 0.10M010
Z /7" +ets 1.17 +0.49 -
WW 0.011002 0.19+0.18
WZ 0.03 4 0.03 0.03 +0.03
zz 0.02 £ 0.02 0.000.93
Fake leptons 0.007548 0.0075:%
(mz,, m30) = (300, 50) GeV 2204 37+£07
(mr, m4,) = (450,100) GeV 31+05 58+09
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5.8 Interpretation and limit setting

The observed event yield in the SF and in DF channels (summarized in Table 5.14)
is compared to the SM expectations using a frequentist significance test. We define
a likelihood function £ (1) as follows:

L(ns; ub,0) = Poiss(ns|s(p,b,0)) x Nsyst(6o,0) (5.10)

where Poiss(1s) is a Poisson probability density function (pdf) describing the ex-
pected event counts 7, in each channel, given the expectation s. yu is the SUSY
signal strength to be tested, b is the number of background events and 6 describes
the systematic uncertainties as nuisance parameters modeled by a Gaussian pdf.
Nsyst models the different systematic uncertainties described in Section 5.6: each
parameter 6 can be varied around the nominal values 6.

The signal prediction uncertainties include all the experimental uncertainties
discussed there, together with cross section, luminosity, and finite MC statistics.
The signal cross section uncertainty has been estimated from an envelope of cross
section predictions, as described in Section 2.6.

The correlation between signal and background in the JES, the b-tagging and
luminosity uncertainties are taken into account, while the other uncertainties which
act independently on the signal and on the the background are summed up to de-
fine two groups of uncorrelated uncertainties.

The profile likelihood ratio is used as test statistic [106]. Distributions are ob-
tained generating toys to take into account the statistic and systematic effects for
the different signal strength hypotheses. The combined likelihood for the two in-
dependent channels in the analysis is defined as the product of the two separate
likelihoods. Further information on the statistical techniques used to treat the data
can be found in appendix A.

No excess of events in data is observed, and limits at 95% CL are derived on the
visible cross section oyis = 0 x € x A, where 0 is the total production cross section
for the non-SM signal, A is the acceptance defined by the fraction of events pass-
ing the geometric and kinematic selections at particle level, and € is the detector
reconstruction, identification and trigger efficiency. These observed and expected
limits are shown in Table 5.15. Only background uncertainties are considered for
the model independent limits.

The results obtained are interpreted deriving limits on the mass of a pair-
produced heavy top-quark partner decaying into a top quark and a weakly in-
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Table 5.15: Observed and expected upper limits at 95% confidence level on 0;; = 0 X € X

A, and 10 errors on the expected limits.

| SF DF
o9bs[fb] < 0.86 < 1.08
exp 0.28 0.41
o fb] | <0.89707 < 0.79705,

teracting particle, assuming a 100% branching ratio. The limits are shown in the
plane defined by the masses of the two particles for two scenarios: a model with
a top squark f; and a spin-1/2 neutralino ) and one with a spin-1/2 top-quark
partner T and a scalar boson Ay.

In both scenarios, the limits are derived after combining the SF and DF chan-
nels. No exclusion is either expected or observed in the SF channel alone because
of the reduced acceptance, however some sensitivity can be recovered in the sta-
tistical combination with the more sensitive DF channel.

The limits are shown in figure 5.22 for the top squark and spin-1/2 top-quark
partner models.

A top squark of mass close to 300 GeV and a nearly massless neutralino is ex-
cluded at 95% CL. The effect of signal uncertainties is significant, the excluded
range for the nominal cross section being from 279 GeV to 348 GeV, and the ex-
pected exclusion from 258 GeV to 374 GeV. This is in part due to the fact that near
the maximum of the sensitivity, the p-value varies relatively little with the mass,
so that a small variation in the cross section results in a large variation of the limit.

The region of the mass plane which is excluded for a spin-1/2 top-quark part-
ner production is instead larger, thanks to the larger expected production cross
section. A spin-1/2 top-quark partner with a mass between 300 GeV and 480 GeV
(if the Ay mass is lower than 100 GeV) is excluded at 95% CL. The established
limit improves significantly the previous limit of 420 GeV established by ATLAS
with 1 fb~1 in the single lepton channel [107].
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Figure 5.22: Expected and observed 95% CL limits (a) in the f; — t)Z? model as a function

of the top squark and neutralino masses, and (b) in the T — tAg model as a

function of the spin-1/2 top-quark partner T and Ay masses. The dashed line

and the shaded band are the expected limit and its =10 uncertainty, respec-

tively. The thick solid line is the observed limit for the central value of the

signal cross section. The dotted lines show the effect on the observed limit of

varying the signal cross section by +1¢ of the theoretical uncertainty.






CHAPTER 6

Search for top squarks decaying to a chargino and a

bottom quark

In the following chapter a search for top squarks decaying in the b + Xf final state
will be presented. This analysis uses all the data collected by ATLAS during the
2012 run at /s = 8 TeV and shares with the analysis presented in Chapter 5 the
background estimation strategy and the main discriminating variable, the strans-

verse mass.

6.1 Introduction

The analysis of 2011 data by the searches for third generation squarks at ATLAS
covered a wide range of production and decay mechanisms. Both the direct and
gluino mediated production of scalar bottom and scalar top quarks had been stud-
ied. Table 6.1 gives an overview of the scenarios investigated by the ATLAS col-
laboration.

In all the cases, no significant excess from the SM expectations has been ob-
served and exclusion limits have been set in different areas of parameter space.

In particular, five different analyses depending on the top squark decay mode
and on the number of isolated leptons in the decay chain have been carried out
and limits on m; and m 0 have been derived as summarized in figure 6.1.

The search for top squark production in final states with two leptons targeting
the decay to a top quark and a neutralino above the limits established by the 7 TeV
searches is severely limited. The expected ~ 50% increase in the top squark pair
production cross-section with respect to the 7 TeV values is not sufficient to com-
pensate the sensitivity loss due to the rapidly decreasing expected cross-sections

121
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Channel Final state ‘ Luminosity ‘ Ref.
gluino-mediation | 4-6jets + 3 b-tags + ERi® | 47 fb~1 (7 TeV) and 12.8 fb~! (8 TeV) | [108,109]
gluino-mediation | 3 leptons + > 4 jets + ETss 13.0 fb~1 (8 TeV) [110]

h—b+xE 2-lep + Eiss 47 b1 (7 TeV) [111]

h—b+x5 1/2-lep + b-jet + ERiss 4.7 b1 (7 TeV) [112]

h—t+ 1 0-lep + bjet + EMiss 4.7 fb~1 (7 TeV) [113]

h—=t+ 1 1-lep + bjet + Eiss 47 b1 (7 TeV) [114]

h—t+ 1) 2-lep + bjet + Eiss 47 b1 (7 TeV) [2]

b b+7) | Olep+2bijet+ EF | 2056 ' (7TeV)and 128 fb ! (8 TeV) | [115,116]
Natural GMSB | Z + b-jet + Emiss | 2.05 b1 (7 TeV) |7

Table 6.1: Overview over searches for third generation squarks at ATLAS performed at the

time of the analysis design.

T, production: T, —> b+¥;, ;- W47, (BR=1, m, <200 GeV); T, — t+1] (BR=1, m >200 GeV)
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Figure 6.1: Summary of the five dedicated ATLAS searches for scalar top quark pair pro-
duction based on 4.7 fb~1 of proton-proton collision data taken at /s = 7 TeV
[111, 112,113, 114, 2]

of more massive signals, combined with the reduced branching ratio of the di-
leptonic final state.
However, the dileptonic final state can still be exploited to set limits on the
decay either through a real chargino, if m(f) — m(b) > m(x%;),
hi — &b %70 — X3ty g6 v (6.1)

or directly with a 3-body decay, if m(F;) — m(b) < m(%{) (off-shell chargino) or if
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m(F) —m(F)) < m(t) (off-shell top)
hE— bW bW ) — bl v Blvid. 6.2)

where f; is the supersymmetric top squark, Xli are the lightest charginos and ¢!
is the lightest neutralino, which is supposed to be the LSP. The second process
requires also that m(f;) > m(b) + my + m(3?).

The signature considered is the same as in the analysis presented in Chapter 5:
it contains two b-jets, two W bosons, real or virtual, and two invisible particles.

The main difference with respect to the analysis presented in the previous
chapter is that the kinematics of the final state particles can change significantly,
depending on the mass spectrum of the supersymmetric particles involved in the
decay. In particular, in the case of small mass splittings between the f; and the Xf,
the b-jets are expected to be very soft. This leads to very small hadronic activity
in the detector. In order to retain sensitivity to this kind of scenario, a selection
without explicit cuts on the presence of jets has been studied.

The main irreducible backgrounds come from ¢t and diboson production. Two
main criteria are used to separate the signal from the background: a set of an-
gular cuts with respect to the E#** direction and a selection on m, computed

from the two leptons momenta and EF’}“'SS (see Section 5.1.1). For signal models

including the decay shown in Eq.6.1, it is bounded by \/ m2(%5) — m2()). By
selecting events with large values of m,, the analysis is thus sensitive to models

with m?(55°) — m?(%)) > m?,.
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6.2 Trigger selection and object definition

Events are selected using a combination of single and di-lepton triggers: a set of
different pr thresholds has been used to achieve a flat efficiency for electrons and
muons with pr > 25 GeV. This choice is motivated by the decision to maximize
the analysis acceptance: the use of the double lepton triggers recovers additional
efficiency for the signal candidates.

The MC trigger efficiency has been tested on both a signal and the main back-
ground samples and found to be 99.5% in the electron channel and ~ 95% in the
muon channel. To check if the latter value well reproduces the efficiency in data,
a trigger scale factor has been computed using the same techniques described in
section 3.2. The scale factor is measured in the muon channel for the logical OR
of the single muon triggers; the additional requirement of the dileptonic triggers
is not taken into consideration in the scale factor measurement since 95% of the
muon events are delivered by these single lepton triggers. A constant negative
3% effect has been observed on the number of events if the scale factor is applied.
Since the effect is small, an overall systematic of 3% is considered for the muon

trigger efficiency, but no scale factor is applied throughout the analysis.

e Proton-proton interaction vertex is selected as in Section 5.2.

e Jets are reconstructed using the anti-k; jet algorithm with the distance pa-
rameter R set to 0.4 and topological clusters as input. The jets are calibrated
with the LCW+]JES scheme (see section 4.3). They are kept only if they have
pr > 20 GeV and lie within || < 2.5. An additional cut on the JVF is re-
quired to suppress pile-up jets, asking for JVF > 0.5 for jets with prj 50 GeV
and |7] < 2.4. The choice of the value of the cut is motivated by the different
shapes of the distributions for pile-up and hard-scatter jets, shown in figure
6.2 (left), with the ATLAS recommended cut at 0.5 being found optimal for
the analysis. The JVF requirement is applied only to jets within |r| < 2.4
in order to avoid rejecting hard-scatter jets with their core located outside
the ID acceptance. This is shown by the blue line in figure 6.2 (right), repre-
senting the number of calorimeter jets which do not have associated tracks.
Finally the upper cut on the jet pris motivated by the fact that the jet multi-
plicity distribution for jets with py > 50 GeV has been found independent
of pile-up even before the JVF cut, as shown in figure 6.3.
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Figure 6.2: Left: JVF distribution for hard-scatter (blue) and pile-up (red) jets with 20 <
pr < 50 GeV in simulated Z+jets events. Using JVF directly as a discriminating
variable provides a way to separate both classes of jets.

Right: jet 5 distribution for pure pile-up jets (black), jets with tracks coming
from the hard scatter (red) and calorimeter jets which do not have associated
tracks (blue) in Z+jet events. [118]
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Figure 6.3: Distribution of the average number of jets per event as a function of the average
number of reconstructed vertices, without applying any JVF cut. The distribu-

tions for jets with pr > 50 GeV are independent on pile-up.

e Electron candidates are required to have pr > 10 GeV, || < 2.47 and to
satisfy “medium” electromagnetic shower shape and track selection qual-
ity criteria described in section 4.4. These preselected electrons are then re-
quired to pass “tight” quality criteria which places additional requirements
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on the ratio of calorimetric energy to track momentum, and on the frac-
tion of hits in the straw tube tracker that pass a higher threshold for tran-
sition radiation. The electron candidates are then required to be isolated:
the scalar sum of the pr, }_ pr, of inner detector tracks, not including the
electron track, with pt > 1 GeV within a cone in the # — ¢ plane of radius
AR = /A2 + A¢? = 0.2 around the electron candidate must be less than
10% of the electron pr. In MC a multiplicative event weight is applied for
each selected electron to the overall event weight in order to correct for dif-

ferences in efficiency between data and MC.

e Muon candidates are reconstructed using either a full muon spectrometer

track matched to an inner detector track, or a muon spectrometer segment
matched to an extrapolated inner detector track. They must be reconstructed
with more than one hit in the pixels, more than five hits in both the strips
and straw tube detectors. They are required to have pr > 10 GeV, || < 2.4
and must have longitudinal and transverse impact parameters within 1 mm

and 0.2 mm of the primary vertex, respectively.

Muon candidates have been also required to be isolated. The ) p1 of the
tracks in a cone of AR < 0.2 must be less than 1.8 GeV (excluding the muon
track).

The missing transverse energy calculation uses calorimeter cells with || < 4.9
and the muons from the STACO container. The cells are calibrated according
to the object they belong to. The objects considered are the jets calibrated
with the LCW+]ES scheme for pr > 20 GeV and with the LCW scheme for
10 GeV < pt < 20 GeV, and “medium” electrons with pr > 10 GeV. Cells

not belonging to any of the object above are again calibrated at the EM scale.

Following the object reconstruction described above, overlaps between jet,

electron and muon candidates are resolved. Any jet within AR = 0.2 of prese-

lected electrons is discarded. Electrons or muons within AR = 0.4 of any remain-

ing jet are then discarded to reject leptons from the decay of a b- or c-hadron.
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6.3 Event selection

Only the differences with respect to the event selection described in Section 5.3
will be highlighted here.

Events which contain exactly two opposite-sign leptons (electrons or muons)
are selected if at least one lepton satisfies the leading pr requirement of pr >
25 GeV in order to be in the trigger efficiency plateau.

In order to reduce high m, backgrounds where the value of ETi%, and hence
of mry is increased by a mismeasurement of the hadronic part of the event, two
angular cuts are applied: A¢, < 1.5 and Apmin > 1.

The variable A¢ is the azimuthal angle between the EFS vector and the ﬁTl{) =
E]E“iss + pr(h) + pr(l2) vector, where the ﬁTI{) variable, introduced in [119], is the
opposite of the vector sum of all the hadronic activity in the event. For WW and
tf backgrounds it measures the transverse boost of the WW system, and for the
signal the transverse boost of the chargino-chargino system.

The A¢min variable is the azimuthal angle difference between the EITniss vector
and the closest jet, where the jets used are those passing the selection described in
section 6.2.

These cuts suppresses the Z+jets background to negligible levels in the SF
channel, and they also select the signal with larger efficiency than the dominant
WW and top pair backgrounds.

Finally, signal candidates are required to have mr; values in excess of 90 GeV.
Alternative signal regions with tighter selections shown in table 6.2 are also used
to increase the sensitivity to specific families of signal models with different mass
hierarchies for the particles involved in the decay: in particular this involves ap-
plying selections on the hadronic activity of the event if a large Am(F;, £7) is ex-

pected.

6.3.1 Event selection optimization

As previously explained, the analysis strategy is based on the selection of events
with two leptons and a value of mr; larger than the W mass.

As discussed in section 5.3.1, the distribution of m, after requiring only the
trigger and the presence of two isolated leptons has still a significant tail of SM
processes. For the DF channel the dominant background at high my; is tf, fol-
lowed by WW. The WW presents a longer tail populated by events where one the
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Table 6.2: Signal regions used in the analysis. The last two rows of the table show the
SUSY mass hierarchies that are targeted by each SR.

SR | Lo L100  L110  L120
pr leading lepton [GeV] > 25

Admin [rad] > 1.0

A¢y, [rad] <15

mro [GeV] >90  >100 >110 > 120
pr leading jet [GeV] - > 100 > 20 -
pt second jet [GeV] - > 50 > 20 -
Am(F, X%) small large small small
Am(%E, %9) moderate large moderate large

W is produced off-shell with a mass much higher than the W nominal mass. For
the SF background, even after vetoing invariant masses in the Z region a long tail
is observed, requiring additional cuts to separate the signal from the background.

A simple requirement on my, would already ensure sensitivity over a signifi-
cant fraction of the parameter space in the DF channel. The main possibilities for

extending the region of sensitivity of the analysis are:

e to extend the reach to as high as possible masses by reducing the high tail of

the mr, distribution

e to extend the reach to as low as possible chargino-neutralino mass differ-
ences. In order to achieve this, the kinematic boundary of the mr, distribu-
tion for backgrounds must be sharpened. This approach will be relevant for
the lower masses considered, 180 and 240 GeV, which is a crucial region not

well covered by previous analyses.

The mry tail from top events is dominated by events where the EITniSS is in-
creased by experimental effects. Similarly, for Z events, the high mr, tails are
from high ETSS events produced by experimental effects. The additional EMiss
will point towards the hadronic jets which get mismeasured and away from the
vector sum of the leptonic activity in the event. Two variables, A¢, and Ay,
were already introduced in section 6.3 for this purpose.

The scatter plots of these two variables are shown for tf and Z events with
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mry > 90 GeV in figure 6.4. The EXs alignment is very clear for Z, where all of
the EITniss is from instrumental effects, less clear for #f into two leptons which has
a significant EMSS coming from the neutrinos. For the signal, as shown in figure

6.5, the upper left corner is populated.
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Figure 6.4: Distribution of the Admin vs A¢y, for events with mp; > 90 GeV in ¢ (left) and
Z/* (right) samples.

The selections on A¢y, and A¢pin, were optimized over the full signal grid find-
ing Ag, < 1.5 and A¢pmin > 1 to be the optimal cuts. The distributions of mr; after
the cuts on the A¢ variables can be found in figure 5.18. The tail is dominated by
tf up to 100 GeV, and for higher values by WIW.

Signal candidates thus selected are required to have mr, values in excess of at
least 90 GeV (100 GeV, 110 GeV, 120 GeV).

A scan on the pr selection on the two leading jets has been performed for
each m, cut and four signal regions have been chosen with optimal sensitivity to
different regions of parameter space. The optimization has been done using the
expected CLs as figure of merit. In particular, moderate cuts on the jets pp(L110)
are chosen for points with moderate values of Am(f;, )Ef) Tighter cuts (L100) are
used for regions with large Am(f;, X%) The tightest cut on my, (L120) was found
to be useful for points with very large Am ( X{E, ).

The 3-body decay scenario has been studied looking at the kinematic distribu-
tion of many different kinematic variables including m1,¢¢ (defined as the scalar
sum of the lepton transverse momenta, ET"** and the first two jet transverse mo-

menta), mj; and Ag(¢1,£2). The effect of changing the value of the angular se-
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Figure 6.5: Distribution of the A¢nin vs A¢;, variable for events with mp; > 90 GeV in
the case of a signal model with m(F) = 180 GeV, m(¥*) = 160 GeV, m(x°) =
60 GeV.

lections, applying a jet veto and varying mT, cuts has also been investigated. The
most sensitive variable appeared to be m,¢; (shown in figure 6.6 in the case of a
selection corresponding to SR L90): two signal regions were built using this vari-
able (asking m,y < 250 GeV and m, s > 250 GeV on top of the SR L90 selection)
and statistically combined. However, no significant gain in sensitivity has been
observed with respect to the statistical combination of the remaining SRs (L90 to
L120) optimized for the two body decay and the choice of using the m,¢; variable
was then abandoned.

The expected background and signal rates after all selections are reported in
Table 6.3.

A summary of the SR selection criteria is reported in table 6.2.
Table 6.4 shows the amount of events passing these cuts in data, using the full

analyzed data sample.
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Table 6.3: Expected rates for the main background processes, for the four signal regions

used in the analysis. All the predictions are taken from MC simulation, except

for the fake leptons background which is from the data-driven estimate) For two

signal points, the expected rate and expected CLs are also reported.

channel L90 L100 L110 L120
Total background events 304.19+£50.11 543+£248 9.10+£371 17.45+7.59
Expected tf events 189.78 £40.49 3.90+£239 373+3.23 1167730
Expected WW events 61504853 0754038 2.56+098  9.10+4.98
Expected WZ events 553+091 010701 0424031 1.38+1.18
Expected ZZ events 807+£159 016+0.12 0.66+034 346+1.26
Expected Z/7* — ({ events 279+£144 0147017 009758 0.0770:0
Expected tF+V events 1.83£059 035+0.14 062+021  0.51+0.18
Expected Wt events 21.05+£6.77  0.0070%  0.00 £ 0.00 0351032
Expected tZ events 0.044+0.02 0.00+0.00 001£0.01  0.010.01
Expected Higgs events 065+022 002700 0.03+£0.03 031+0.12
Events with fakes leptons 1295+345 0.00£0.00 0984064 1.10+0.83
m(Fy, ¥, X)) = (400,250,1) GeV 11.75 412 6.25 4.85
Expected CLs 0.68 0.02 0.03 0.33
m(Fy, X7, 7)) = (150,120,1) GeV 337.82 0.00 6.81 7.95
Expected CLs 0.00 0.81 0.44 0.98
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Figure 6.6: Distribution of the m,ss for events with two isolated leptons passing SR L90

cuts. The plots report the distribution for same flavour (top) and different

flavour (bottom) lepton pairs respectively.
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Table 6.4: Number of events passing cuts at various cutflow stages for data. The Z veto

selection is applied only for the same flavor channels.

Cut ‘ eteT ‘ utut ‘ etut
Two Leptons | 6416941 | 9393857 | 187482
Z Veto 581129 | 865870 -
Appin > 1 483934 | 711893 | 142230
Agpy, < 1.5 419804 | 610342 | 124315
L90 43 80 151
L100 1 1
L110 2 1
L120 4 9
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6.4 Kinematic distributions

In this section, a comparison is made between data and MC simulation for the
main observables used in the analysis. In all plots, the minor MC backgrounds use
the nominal cross sections, while the major backgrounds (tf, WW and WZ + ZZ)
are normalized using the scale factors from CR measurements described in Sec-
tion 6.5. The uncertainty band includes the MC statistics, the main detector re-
sponse uncertainties (JES, JER, and E%‘iss cellout term), the cross section uncer-
tainty, the generator and ISR/FSR uncertainties for tf. The distributions are also
shown separately the same and different flavor channels. The overall agreement
between data and Monte Carlo is good.

Figures 6.7, 6.8, 6.9, 6.10 and 6.15 show the distributions of the pt of the leading
lepton, the p of the sub-leading lepton, the pt of the leading jet, the pt of the sub-
leading jet and of the transverse missing energy respectively, after all selection
cuts but for mp,.

The jet multiplicity and pTl]lg variable distributions are shown respectively in
figures 6.12 and 6.11 for the same selection level. The discrepancy between the
nominal background prediction and the data at large jet multiplicities is mainly
due to the poor performance of MC@NLO in describing these kinematic regions.
However, the discrepancy is covered by the uncertainty computed from the gen-
erator comparison with POWHEG and doesn’t have any significant impact on the
analysis, since this region corresponds to a negligible fraction of the total events.

The two angular variables A¢min and A¢y,, are shown after applying all SR
L90 selection cuts, except for the one the shown variable itself in figures 6.13, 6.14,
respectively. These figures show clearly how the angular selections have an higher
efficiency for signal than for the main SM backgrounds.

The effectiveness of the Z veto applied on SF events can be appreciated from
the invariant mass distribution of the two leptons, shown in Figures 6.16 for events
passing the trigger requirements and the selection of 2 isolated leptons.

The mT, distribution for the different SRs are shown in figures 6.17, 6.18 and

6.19 after all selection cuts but for mry, itself.
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Figure 6.7: py distribution for the leading lepton in events passing all the signal candidate

selection requirements, except that on mry, for same-flavour events (top) and

different-flavour events (bottom). The contributions from all SM backgrounds

are shown, with the bands representing the total uncertainty. The distributions

for two different expected signal models are also shown.
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grounds are shown, with the bands representing the total uncertainty. The dis-

tributions for two different expected signal models are also shown.
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Figure 6.9: py distribution for the leading jet in events passing all the signal candidate
selection requirements, except that on mry, for same-flavour events (top) and
different-flavour events (bottom). The contributions from all SM backgrounds
are shown, with the bands representing the total uncertainty. The distributions
for two different expected signal models are also shown.
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Figure 6.15: Missing transverse momentum distribution in events passing all the signal
candidate selection requirements, except that on mry, for same-flavour events
(top) and different-flavour events (bottom). The contributions from all SM
backgrounds are shown, with the bands representing the total uncertainty. The
distributions for two different expected signal models are also shown.
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Figure 6.16: m, distribution in events passing all the signal candidate selection require-

ments, except that on mrp and 1y, for same-flavour events (top) and different-

flavour events (bottom).

The contributions from all SM backgrounds are

shown, with the bands representing the total uncertainty. The distributions

for two different expected signal models are also shown.
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Figure 6.17: my, distribution in events passing all the signal candidate selection require-
ments for SR 190 (L120), except that on mT,, for same-flavour events (top) and
different-flavour events (bottom). The contributions from all SM backgrounds
are shown, with the bands representing the total uncertainty. The distributions

for two different expected signal models are also shown.
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Figure 6.18: mt, distribution in events passing

all the signal candidate selection require-

ments for SR L100, except that on myy, for same-flavour events (top) and
different-flavour events (bottom). The contributions from all SM backgrounds

are shown, with the bands representing the total uncertainty. The distributions

for two different expected signal models are also shown.
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Figure 6.19: mp, distribution in events passing all the signal candidate selection require-
ments for SR L110, except that on mT,, for same-flavour events (top) and
different-flavour events (bottom). The contributions from all SM backgrounds
are shown, with the bands representing the total uncertainty. The distributions
for two different expected signal models are also shown.
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6.5 Background estimate

The dominant SM background contribution to the SR are expected to be the top
and the W pair production. The other diboson processes (WZ and ZZ, or ZV) are
also expected to be a significant background. The normalization of these back-
grounds are determined using the number of observed events in three control re-
gions (CR), each of which is populated mostly by one of the targeted background
sources.

Additional SM processes yielding two isolated leptons and ETSS (Wt, Z /y*+ets,
Higgs, tt + W and tf + Z) and providing a sub-dominant contribution to the SR
are determined from MC.

The fake lepton background consists of semi-leptonic £, s-channel and ¢-channel
single top, W+jets and light- and heavy-flavour jet production. The contribution
from this background is small (less than 10% of the total background). It is esti-
mated from data with a method described in section 6.5.3.

The number of events Ng%s observed in each control region is related to the

backgrounds yields by the equation

b MC MC MC
NER = uaNicr + #ww NN cr + #zvNWZ122,0r + Notsers cr + Nikes,cr (63)

where Ntl\t’[gR, N%/\VA%, CR’ NS 17z cr are the yields predicted by MC in the CR for
tt, WW, and the sum of WZ and ZZ events, respectlvely. The y terms are scale
oth ers CR 18 the MC yield for the

sum of Wt, tZ, Z/v*+jets, Higgs, tt+Wand tt+ Z processes, while the number

factors which are applied to these backgrounds. N,

NPP.. g of events with fake leptons is determined from data. The scale factors
Wi, Hww, and pzy are determined by solving the system defined by equation 6.3
for the three CRs. The expected background in the SR is then given by the same

equation
b MC MC MC
NSR® = paNYsr + #wwNsr + HzvNNZ 1 77,58 + Norerssr + Niskessg (64)

With this approach, the ratio of events from each background source in the
different CR and in the SR is used to derive the normalization of the main back-
grounds from the data. The systematic uncertainties described in section 6.6 affect
the ratio of MC expected yields in the various regions and are taken into account

to determine the uncertainty on the background prediction.
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6.5.1 Background Fit

The background in the signal region is estimated with a fit based on the profile
likelihood method [106]. The inputs to the fit are as follows, for each of the signal

regions:

1. The number of events observed in each of the CRs, and the corresponding

number of events expected from simulation.

2. The transfer factors (obtained from the simulation) which relate the num-
ber of predicted background events in their associated control region to that

predicted in the signal region.

3. The number of misidentified lepton events in each region obtained with the

data-driven method.

4. The number of events predicted by the simulation in each region for the

minor backgrounds.

The number of events in each of these regions is described using a Poisson prob-
ability density function. There are three free parameters considered per channel
corresponding to an overall normalization scale (#packground) for each of the tt, WW
and ZV backgrounds. The other background sources are allowed to vary in the fit
within their respective uncertainties.

The statistical and systematic uncertainties (see Section 6.6) on the expected
values are included in the fit as nuisance parameters which are typically con-
strained by a Gaussian function with a width corresponding to the size of the
uncertainty considered but are not constrained by the fit itself. Systematic uncer-
tainties which are one-sided (like the JER) are symmetrised and correlations be-
tween these parameters are taken into account. The product of the various proba-
bility density functions forms the likelihood which the fit maximizes by adjusting

the free and nuisance parameters.
6.5.2 Control Regions definition

In order to target the main SM backgrounds, three control regions are defined:

e CRT, defined by DF events with 40 GeV < mr; < 80 GeV, pTI{) > 30 GeV,
and passing all the SR selections on other variables. This region is expected
to be populated mostly by tf events, with a purity of 75%.
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e CRW, defined by DF events with 40 GeV < m1y < 80 GeV and pl% <15
GeV, and passing all the SR selections on other variables. This is expected to
be populated mostly by WW events, with a purity of 61%.

e CRZ, defined by same flavor events which pass all the selections of the SR
with mry > 90 GeV, except that the two-lepton invariant mass is required
to be between 71 GeV and 111 GeV. This region is expected to be populated
mostly by WZ and ZZ events, with a purity of 68%.

The DF requirement for the top pair and WW CR ensures better purity, since the
contamination of Z+jets in the SF channels is significant.

Figure 6.20 shows the distribution of the main variables used to define the
three CRs: pTl{) and myy. The pTl{) distribution is shown for events passing all the
cuts of CRT and CRW except pTl{j itself, the two CR thus correspond to the events
with pTl{) > 30 GeV and ]UTZ}Z3 < 15 GeV, respectively. The distribution of mt; is
shown for same flavor events passing all the cuts of CRZ except that on mry itself.
The CR corresponds to the events with mt, > 90 GeV in the figure.

The signal contamination in CRT and CRW is in general negligible, with the
exception of signal models with top squark masses close to the top quark mass.
In this case, the signal contamination can be as high as about 20% in CRT and
up to 100% in CRW. Signal contamination in CRZ is generally below 10%, but for
signal models with top squark masses below 250 GeV where it becomes closer to
30% and as high as 100% for signal models with small Am(fy, )Ef) Sensitivity to
models with high CR signal contamination is retained because of the very high
expected signal yields.

These figures are done with the nominal MC scale factors, and they show that
the number of events observed in the CR is in good agreement with the expec-
tations. The expected background composition of the control regions is also re-
ported in table 6.5.

tt background CR kinematic distributions

The events passing all the CRT selection requirements have been investigated to
check the modeling of the tf background in simulation.

The leading and sub-leading lepton pr distributions are shown respectively in
figures 6.21, 6.22.

The same distributions are shown for the leading and sub-leading jet in figures
6.23, 6.24.
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Figure 6.20: Left: distribution of p ! for DF events with 40 GeV < m1, < 80 GeV, A¢ > 1.0
rad and A¢y, < 1.5 rad.
Right: Distribution of mT, for SF events with a di-lepton invariant mass in the
71-111 GeV range, A¢ > 1.0 rad and A¢;, < 1.5 rad.
The contributions from all SM backgrounds are shown; the bands represent the
total uncertainty. The components labelled “fake lepton” are estimated from
data as described in the text; the other backgrounds are estimated from MC

simulation. The expected distribution for two signal models is also shown.
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Table 6.5: Background fit results for the CRT, CRW and CRZ regions, for an integrated
luminosity of 20.3 fb~!. Nominal MC expectations (normalised to MC cross-
sections) are given for comparison. The errors shown are the statistical plus
systematic uncertainties. Dashes indicate contributions negligible with respect

to the other backgrounds.

channel CRT CRW CRZ
Observed events 12158 913 174
Total background events 12158 £ 110 913+ 30 174 £13
Fitted {f events 8611 + 398 136 + 24 27+6
Fitted WW events 1590 + 364 626 £47 14+4
Fitted WZ events 63+£12 1445 36+7
Fitted ZZ events 1.8+0.5 05+0.3 76 £13
Expected Z/y* — £l events 931 1.3f%§ 19+8
Expected tf + V events 10.8+3.3 0.08 £0.04 0.64 +0.21
Expected Wt events 1070 =90 35+7 14+£12
Expected tZ events 0.59 £0.08 - 0.36 £0.07
Expected Higgs events 67 +=21 206 0.08 £0.04
Events with fake leptons 740 £90 81+16 -
Total expected SM events 12735 + 698 798 £ 94 194+18
Expected tf events 9512 4= 640 150 £ 25 307
Expected WW events 1256 + 108 494+ 75 10.7+£25
Expected WZ events 73+£10 16 +£5 419+54
Expected ZZ events 21£06 0.6+03 89.6 £6.4
Expected Z/+y* — £l events 951 1.5f%§ 19+8
Expected tf + V events 10.8 £3.4 0.08 +0.04 0.64 +0.21
Expected Wt events 1070 =90 35+7 1.6+1.1
Expected tZ events 0.59 - 0.08 - 0.36 +0.07
Expected Higgs events 67 +=21 206 0.08 £0.04

Events with fake leptons 740 +90 81+16 -
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Figure 6.25 shows the jet multiplicity distribution, while figure 6.26 shows the
distributions of the missing transverse momentum.

By comparing figures 6.23-6.25 with the corresponding distributions shown in
section 6.4, it is possible to see how selecting larger values of pTl]lj corresponds to
the requirement of larger hadronic activity in the event.

A good agreement between data and MC simulation has been found, with no

discrepancies observed outside of the estimated uncertainties.
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Figure 6.21: pt distribution for the leading lepton in events passing all the CRT selection
requirements. The contributions from all SM backgrounds are shown, with the
bands representing the total uncertainty. The distributions for two different

expected signal models are also shown.
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Figure 6.24: pt distribution for the sub-leading jet in events passing all the CRT selection

requirements. The contributions from all SM backgrounds are shown, with the

bands representing the total uncertainty. The distributions for two different

expected signal models are also shown.
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Figure 6.25: Jet multiplicity distribution in events passing all the CRT selection require-

ments. The contributions from all SM backgrounds are shown, with the bands

representing the total uncertainty. The distributions for two different expected

signal models are also shown.
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Figure 6.26: Missing transverse momentum distribution in events passing all the CRT se-
lection requirements. The contributions from all SM backgrounds are shown,
with the bands representing the total uncertainty. The distributions for two

different expected signal models are also shown.

WW background CR kinematic distributions

The events passing all the CRW selection requirements have been investigated to
check the modeling of the WW background in simulation.

The leading and sub-leading lepton pr distributions are shown respectively in
figures 6.27, 6.28.

The jet multiplicity distribution is illustrated in figure 6.29, effectively showing
the effect of an upper cut on pTl{), that limits the hadronic activity in the event.

Figure 6.30 shows the distributions of the missing transverse momentum.

A good agreement between data and MC simulation has been found, with no

discrepancies observed outside of the estimated uncertainties.
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Figure 6.27: pt distribution for the leading lepton in events passing all the CRW selection

requirements. The contributions from all SM backgrounds are shown, with the

bands representing the total uncertainty. The distributions for two different

expected signal models are also shown.
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Figure 6.28: pt distribution for the sub-leading lepton in events passing all the CRW se-

lection requirements. The contributions from all SM backgrounds are shown,

with the bands representing the total uncertainty. The distributions for two

different expected signal models are also shown.
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Figure 6.29: Jet multiplicity distribution in events passing all the CRW selection require-

ments. The contributions from all SM backgrounds are shown, with the bands

representing the total uncertainty. The distributions for two different expected

signal models are also shown.
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lection requirements. The contributions from all SM backgrounds are shown,

with the bands representing the total uncertainty. The distributions for two
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WZ + ZZ background CR kinematic distributions

The events passing all the CRZ selection requirements have been investigated to
check the modeling of the WZ + ZZ background in simulation.

The pr distribution for the leptonically decaying Z boson is shown in figure
6.31.

Figure 6.32 shows the distributions of the missing transverse momentum.

A good agreement between data and MC simulation has been found, with no

discrepancies observed outside of the estimated uncertainties.
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Figure 6.31: py distribution of the leptonically decaying Z boson in events passing all the
CRZ selection requirements. The contributions from all SM backgrounds are
shown, with the bands representing the total uncertainty. The distributions for

two different expected signal models are also shown.
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Figure 6.32: Missing transverse momentum distribution in events passing all the CRZ se-
lection requirements. The contributions from all SM backgrounds are shown,
with the bands representing the total uncertainty. The distributions for two

different expected signal models are also shown.

Minor backgrounds

For the single top production, only the Wt process is included, and the s-channel
and t-channel contribution are included by the data driven estimate of processes
with at least one fake or non isolated lepton described in the next section. The
production of single top in association with a Z boson is also take into account.

For tt + Wand tf + Zthe Leading Order (LO) MadGraph samples are used.
The sensitivity to higher order QCD radiation is expected to be small because the
signal region selection does not require more jets than present at LO.

With the strategy described above, the Z/v*+jets background is estimated
from Monte Carlo. In order to assess the reliability of the MC simulation of this
background at high values of mt;, an additional region dominated by this back-
ground is defined.

In figures 6.33 and 6.34 the distribution of the A¢min and A¢y, variables is
shown for events with same flavor lepton pairs and 71 GeV < myy < 111 GeV. As
it can be seen from the figure, the sample is expected to be dominated by Z+jets
events for small (large) values of A¢min (A¢y) variable, while at large (small) val-
ues WZ and ZZ production is dominant. The CRZ for WZ + ZZ is indeed derived
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from this sample by applying the additional selections A¢in > 1.0and A¢, < 1.5.

The data are in good agreement with the prediction. This proves that the MC
simulation describes correctly the rate of Z/y*+jets events for large values of mT,,
and the fact that the A¢min and A¢;, shapes are well described gives confidence
that the Z /" +jets yield after the cuts on these variables can also be derived from
MC.
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Figure 6.33: Distribution of A¢min for events with same flavor lepton pairs, 71 GeV <
myy < 111 GeV, and m1p > 90 GeV. The contributions from all SM back-
grounds are shown, with the bands representing the total uncertainty. The

distributions for two different expected signal models are also shown.
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Figure 6.34: Distribution of A¢y, for events with same flavor lepton pairs, 71 GeV < my, <
111 GeV, and mty > 90 GeV. The contributions from all SM backgrounds are
shown, with the bands representing the total uncertainty. The distributions for

two different expected signal models are also shown.
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6.5.3 Fake lepton background

The estimation of this background is performed with a data-driven Matrix Method:
the technique is similar to that used in the previous search and is exhaustively ex-
plained in section 5.5.4.

However, the measurement of the leptons fake rate f, i.e. the probability of a
loose (baseline) fake lepton to pass the tight (signal) criteria, has been reviewed
following a new strategy which will be described in the following section. The

measurement of the real efficiency r is instead left unchanged.

Fake rate

The leptons fake rate is computed in two separate fake-enriched regions depend-
ing on the p of the lepton:

e Case A: pr < 25 GeV. The event is assumed to be yielded by low-p dilep-
tonic triggers. f is obtained from a sample of different-flavor same-sign

events.

e Case B: pr > 25 GeV. The event is assumed to be yielded by one-lepton trig-
gers. f is measured from a one-lepton sample, collected with non-isolated
prescaled triggers, and requiring nj; > 1, A(PZ,E?iss < 0.5 and EMSS <
25 GeV.

The parametrisations of the fake rate are treated separately for the two cases.

In case A, f is parameterized in a set of two-dimensional planes defined by
one variable out of the lepton 7, pt, the event mr; or jets multiplicity against m, ¢
(defined as the scalar sum of the lepton pr E"** and the first four jet pr).

In case B, the fake rate is measured as a function of the lepton pr and #. In the
muon channel, the parametrization is stopped at 40 GeV, since the high-pr regions
have a predominant contribution from prompt muons.

For each CR, the contamination of events with prompt (real) leptons originat-
ing from SM background such as W+jets, Z+jets, top pairs, single top and di-
bosons, has been evaluated by MC and subtracted to the number of observed

events in data.

6.5.4 Validation Regions definition

In order to verify the goodness of the results of the background fit coming from
the CRs, four validation regions (VR) are defined.
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Two validation regions (VRSF and VRDF) have been designed to check the
background estimate in a kinematic region as close as possible to the signal re-
gions.

The remaining VRs (VRT20 and VRT100) have been used to validate the ¢ estima-

tion for different selections of the jet momenta.

e VRSF, defined by SF events with 80 GeV < m1; < 90 GeV and passing the
SR selections on other variables. This region is expected to be populated by

a background composition similar to the one in SR L90.

e VRDF, defined by DF events with 80 GeV< mT; < 90 GeV and passing the
SR selections on other variables. This region is expected to be populated by

a background composition similar to the one in SR L90.

e VRT20, defined by events with 40 GeV < mr; < 80 GeV, pTI{) > 30 GeV,
requiring at least 2 jets and passing the SR selections on other variables. This
region is expected to be populated mostly (with 88% purity) by tf events.

e VRT100, defined by events with 40 GeV < mt, < 80 GeV, pTl{) > 30 GeV, re-
quiring at least 1 jets with pp > 100 GeV, an additional jet with pt > 50 GeV
and passing the SR selections on other variables. This region is expected to
be populated mostly (with 90% purity) by ¢t events.

The expected background composition of the VR is reported in table 6.6.

The agreement of the background estimation with the observed data yields
has been found excellent: the largest discrepancy is observed for VRT20, with the
deviation below 1 standard deviation of the expected yield.

The signal contamination in the VRs can be up to ~ 100% for signal models
with top quark-like kinematics and becomes negligible when considering models

with increasing top squark masses.
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Table 6.6: Background fit results for the VRSF, VRDF, VRT20 and VRT100 regions, for an

integrated luminosity of 20.3 fb~!. The errors shown are the statistical plus sys-

tematic uncertainties. Dashes represent contributions negligible with respect to

the other backgrounds.

channel VRSF VRDF VRT20 VRT100
Observed events 494 622 8162 1370
Total background events 500 4 40 620+ 50 7800 =+ 400 1390 £ 110
Fitted tf events 338 +19 430 +£30 6800 £ 400 1230 £ 110
Fitted WW events 97 £22 120 £ 30 290 £70 40£15
Fitted WZ events 36108 20+12 13+3 14+12
Fitted ZZ events 22407  015+007  027+0.17 0.027003
Expected Z/v* — ¢l events 4fi - 3f§ l.Oﬂ:(l)
Expected tf + V events 0.48+0.18 0.80 +0.27 10+£3 41+13
Expected Wt events 40438 60 +10 430 4+ 50 62+8
Expected tZ events 0.04 £0.02 0.01£0.01 0.33 £0.05 0.06 £ 0.02
Expected Higgs events 0.39£0.16 0.55+0.20 14+4 1.7+£05
Events with fake leptons 10+3 13+4 280 £ 30 45+7
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6.6 Systematic uncertainties

Various systematic uncertainties affecting the predicted background rates in the
signal regions are considered. Such uncertainties are either used directly in the
evaluation of the predicted background in the SR when this is derived by the pure
MC prediction or to compute the uncertainty on the transfer factor and propagate
it to the predicted event yields in the SR when the background is constrained
using the fitting method described in section 6.5 (for tf and dibosons).

The most important instrumental uncertainties are the Jet Energy Resolution
and the uncertainty on E}'** soft terms scale. The uncertainties on the leptons are
smaller by an order of magnitude.

In addition to these uncertainties also the statistical error coming from the lim-
ited MC statistics has to be considered. Each source of systematics is handled
following the ATLAS combined performance group recommendations.

Among theoretical uncertainties, the generator and ISR/FSR are the most im-
portant systematics for the tf and diboson estimates. Luminosity and cross section
uncertainties are relatively small.

Many uncertainties have been estimated with techniques similar to those shown
in section 5.6, a complete description will be given only for the uncertainties that

differ significantly from the previous analysis.

6.6.1 Experimental systematics

The following experimental systematic uncertainties were found to be non-negligible:

o Jet energy scale and resolution. The components of the jet energy scale
uncertainty are varied by £1c in the MC simulation in order to obtain the
resulting uncertainty in the event yield. The impact on the event yield of jet
energy resolution effects is estimated by applying an additional smearing to
the jet transverse momenta. The JES and JER variations applied to the jet

momenta are propagated to the EIisS.

. E?iss soft terms energy scale and resolution, pile-up. The uncertainties
related to the contribution to EI® from the energy scale and resolution of
the calorimeter cells not associated to electrons, muons or jets, and also from
low momentum (7 GeV < pr < 25 GeV) jets have been evaluated separately
and added in quadrature.
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The uncertainty due to the modeling of pile-up is computed by comparing
the nominal yields (obtained rescaling the value of the average number u of
proton-proton interactions per bunch crossing by 0.9 to match the y profile
observed in data) and the unrescaled yields. Please note that this procedure
is the opposite of the one used in the analysis described in chapter 5. The

resulting systematic uncertainty is symmetrized.

o Lepton efficiency, energy scale and resolution The impact of these uncer-
tainties is taken into account by checking the variation of results obtained
by using the nominal lepton scale factors and the scale factors varied by the

systematic uncertainty provided by the combined performance groups.

o Trigger efficiency Since this analysis does not apply any reweighting to
match the efficiency of the trigger scheme used on data, the difference be-
tween the nominal MC predictions for the main backgrounds and the reweighted
ones has been taken has an additional uncertainty and applied to the whole
SM background prediction. This was done since the difference between
nominal and reweighed results is small (3%) and negligible with respect to
the total background uncertainty.

6.6.2 Theoretical systematics

The following theoretical systematic uncertainties have been taken into account:

e it production generator. The uncertainty associated to the choice of a spe-
cific MonteCarlo generator. This is evaluated comparing the predictions of
MC@NLO and POWHEG (hadronised with HERWIG).

e f parton shower. This uncertainty is evaluated comparing the predictions
of HERWIG and PYTHIA when used to hadronize the same POWHEG sample.

e ISR/FSR. The uncertainty related to ISR and FSR in tf events is evaluated
considering two dedicated ACERMC samples with varying settings, and tak-
ing half of the difference between these samples as systematic uncertainty.

o Z/v*+jets generator. The predictions of the baseline SHERPA generator are
compared with those from ALPGEN. Due to the low statistics of the ALP-
GEN samples, this uncertainty has been evaluated in a sample with looser

selections: the angular cuts on A¢,,;, and A¢, were removed.



168 6.6 Systematic uncertainties
e Diboson generator. The uncertainty associated to the choice of a specific
MonteCarlo generator is evaluated comparing the predictions of POWHEG
and SHERPA.
6.6.3 Other systematics

Luminosity. The uncertainty on the luminosity [120] estimated for the whole
dataset used in the analysis is taken to be 2.8%.

Cross section. The uncertainty related to the cross section value is taken to
be 5% for the Z/~*-+jets boson production [104]. For tf, the recommended
value of 0;; = 2531“%; pb is used for a top quark mass of 172.5 GeV as ob-
tained from approximate NNLO QCD calculations [105]. The cross section
uncertainties for WW, ZZ and WZ are 6%, 5% and 7% respectively [46, 63].
For single top, the cross section of 22.4 £ 1.5 pb is used for the Wt channel
[47]. For tt + W and tf + Z a cross section of 0.23 + 0.07 pb and 0.21 =+ 0.06
pb are used respectively. A 25% uncertainty is considered on the W+jets in

the fake rate estimate.

The uncertainties for tf and diboson production cross section do not play
any role in the background estimate because these processes are normalized
to data in appropriate control regions, but they contribute to the uncertainty
on the MC predictions shown in the figures. The uncertainty on single top,
tt + Z and tf + W cross sections contribute to the background uncertainty in
the SR but they are negligible compared to other uncertainties, because of
the small rates of these backgrounds in the SR.

Fake-lepton background. An uncertainty is assigned to the fake background
from the comparison of results of the fake rate measurement from different
CRs. An additional systematic uncertainty takes into account the limited
statistics in the CRs. The uncertainties on lepton ID measurement and on
trigger modeling have been found to have a negligible impact on the analy-

sis.

The breakdown of the main background uncertainties in individual sources is

reported in Table 6.7. The total uncertainty is found to vary from about 16% in SR
L90 to about 45% in SR L120.
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Table 6.7: Breakdown of the dominant systematic uncertainties on background estimates
in the various signal regions. Note that the individual uncertainties can be cor-

related, and do not necessarily add up quadratically to the total background

uncertainty.

Uncertainty of channel L90 L100 L110 L120
Total background expectation 300 52 9.3 19
Total uncertainty +50 +2.2 +3.5 +9
Jet energy resolution +21.47 +1.04 +0.04 +0.75
tt generator £20.68 +1.15 +2.57 +0.38
Soft term scale £20.30 +0.56 +0.23 +0.31
Pile-up £19.97 +0.49 +0.66 +1.00
HWwW +£14.96 +0.18 +0.62 +2.21
Wi +14.25 +0.29 +0.28 +0.09
tt cross section +10.25 +0.21 +0.20 +0.06
tt ISRFSR +9.01 +0.60 +0.03 +0.66
Trigger efficiency +8.58 +0.16 +0.25 +0.54
Diboson generator +8.45 +0.52 +1.42 +8.01
tt parton shower +7.98 +0.44 +0.75 +0.46
Diboson cross section +5.33 +0.07 +0.25 +0.93
Soft term resolution +4.24 +0.36 +0.31 +0.04
Uzy +2.15 +0.04 +0.17 +0.77
Fakes background estimate +1.52 +0.00 +0.02 +0.08
Wt cross section +1.40 £0.00 +0.00 +0.02
Jet energy scale +1.06 +0.26 +0.12 +0.15
Z /y* +jets generator +0.76 +0.04 +0.03 +0.02
Luminosity +0.73 +0.01 +0.02 +0.03
tt+V cross section +0.55 +0.11 +0.18 +0.15
Higgs cross section +0.19 $0.01 +0.01 +0.09

MC statistics +6.86 +0.69 +1.02 +1.27
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6.6.4 Background fit results and nuisance parameters

The scale factors determined by the background fit and used to normalize the
main backgrounds are shown in table 6.8, together with theirs uncertainties.

All the measured values are consistent with unity, with the largest deviation
coming from pww. This result, while still being compatible with the nominal MC
prediction, is not surprising. In fact, the ATLAS measurement of the WW cross

section [?] is showing a similar deviation from the expected prediction.

Table 6.8: Fitted background scale factors and their total uncertainties.

Scale Factor Value

Ui 0.91 +0.07
Hww 1.27 £0.24
Hnzv 0.85+0.16

The background fit is intended to determine the background normalizations
and should not constrain the nuisance parameters associated to the various sys-
tematic uncertainties. Table 6.9 reports the output values for these parameters af-
ter the background fit: they all have a central value very close to zero (the nominal)
and uncertainties close to 1, which indicates no change compared to the original

allowed range.
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Table 6.9: Results of the fit: nuisance parameters associate to systematic uncertainties and

their global correlation.

Nuisance Parameter Final Value £ Error  Global Correlation
Higgs cross section 0.00 +£0.99 0.25
Jet energy resolution —0.01£0.99 0.46
Jet energy scale 0.00 £0.99 0.71
Wt cross section 0.01 £0.99 0.54
Z /v*+jets generator —0.01+£0.99 0.32
Soft term scale —0.01 £0.99 0.36
Soft term resolution —0.01 £0.99 0.95
Diboson generator —0.01£0.99 0.25
Diboson cross section 0.01 £0.99 0.86
Pile-up —0.01 £0.99 0.80
Fakes background estimate 0.00 £0.99 0.76
tt generator 0.01 +0.99 0.37
tt ISRFSR 0.01 £1.00 0.41
tt parton shower 0.00 +1.00 0.06
tt cross section 0.00 +1.00 0.99
Trigger efficiency 0.00 £0.99 0.96
tt+V cross section 0.00 4-0.99 0.03
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6.7 Results

The number of events observed in each of the signal regions is reported in Ta-
ble 6.10, and compared to the total expected background. The breakdown of the
background in its individual components, together with the total uncertainties
discussed in the previous section, is also reported.

Good agreement is found between data and the expected SM background in

all the signal regions.

Table 6.10: Background fit results for the 1.90, L100, L110 and L120 regions, for an inte-
grated luminosity of 20.3 fb~1. The errors shown are the statistical plus system-

atic uncertainties. Dashes represent contributions negligible with respect to the

other backgrounds.
channel L90 L100 L110 L120
Observed events 274 3 8 18
Total background events 300+ 50 52+£22 9.3£35 19+9
Fitted ff events 172 £33 35+2.1 34+29 1057708
Fitted WW events 78 +£20 1.0+05 32+14 12+6
Fitted WZ events 47+1.0 0.0970%5 0364028 124+1.0
Fitted ZZ events 69+17  014+011  0.56+0.31 3.0+1.1
Expected Z/7* — ({ events 28+14 0.147073 0.0970%8 0.07100
Expected tf + V events 18+06  035+014  0.62+£021  0.51+0.18
Expected Wt events 214+7 0.001’8:(1)8 - 0.351‘8:32
Expected tZ events 0.04 +£0.02 - 0.01 £0.01 0.01 £0.01
Expected Higgs events 0.7£0.2 0.027002  0.03+003 0314012
Events with fake leptons 13.0+£34 - 1.0+0.6 114038

6.8 Interpretation and limit setting

The observed event yield in each of the signal regions (summarized in Table 6.10)
is compared to the SM expectations using a frequentist significance test. We define
a likelihood function £(#5), following the same procedure that was described in
section 5.8.

No excess of events in data is observed, and limits at 95% CL are derived on the
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visible cross section ovis = 0 x € X A, where ¢ is the total production cross section
for the non-SM signal, A is the acceptance defined by the fraction of events pass-
ing the geometric and kinematic selections at particle level, and € is the detector
reconstruction, identification and trigger efficiency. These observed and expected
limits are shown in Table 6.11. Only background uncertainties are considered for
the model independent limits. Further information on the statistical techniques

used to treat the data can be found in appendix A.

Table 6.11: Expected and observed upper limits on the number of non-SM events and the
visible cross-section. For each SR the numbers are calculated using toy Monte
Carlo pseudo-experiments. The equivalent limits on the visible cross-section

calculated using an asymptotic method [106] are given in parenthesis.

Signal Region Sgip. Sggs_ crifsp [fb] 0'311755 [fb]
L90 85 74  42(43)  3.6(37)
L100 60 47 032(030) 0.28(0.24)
L110 96 94  046(045) 0.44(0.42)
L1120 17 17  0.82(0.85) 0.83(0.82)

All the SRs used so far have been optimised for discovery. In order to im-
prove the exclusion power of the analysis in the absence of any excesses above
SM predictions, for each signal hypothesis the limits are obtained from a statisti-
cal combination of 7 statistically independent SRs. These SRs are labelled Sn, with
n going from 1 to 7, and are constructed by selecting mutually exclusive regions
in the (Jet selections, mT;) plane defined as shown in Figure 6.35. These regions
are the same as the original 4 SR but with discrimination of the shared regions of
phase space.

The same background fit described in section 6.5 has been used to estimate
the SM background in each of these SRs. Table 6.12 shows the number of events
observed in each of the exclusion signal regions, compared to the total expected
background.

The results obtained are statistically combined and used to derive limits on the
mass of a pair-produced top squarks f; decaying with 100% branching ratio (BR)
into the lightest chargino and a bottorm quark.

The exclusion limits on these parameters are evaluated in various two-dimensional
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Table 6.12: Background fit results for the S1, S2, S3, S4, S5, S6 and S7 signal regions, for an

integrated luminosity of 20.3 fb~!. The errors shown are the statistical plus sys-

tematic uncertainties. Dashes represent contributions negligible with respect to

the other backgrounds.

channel S1 S2 S3 S4

Observed events 250 1 2 3

Total background events 273 £ 42 34+138 1.3+0.6 37+£27

Fitted ff events 165+ 29 26418 09405 19738

Fitted WW events 65+16  043+0.28 024107 1.0+04
: +0.08 0.09 +0.15

Fitted WZ events 34+10 0.05% 508 0.02 05 0.10%575
. 0.05 0.05 0.09

Fitted ZZ events 3.8+0.7 0.04" 702 0.021705 0.071307

Expected Z/v* — £{ events 26+14 0.101‘8:%% 0.011‘8:8% 0.00fgjgg

Expected tf + V events 0.97 £0.32 0.15+0.07 0.07 £0.04 0.14 +0.06

Expected Wt events 20£6 0.00+0.11 - -

Expected tZ events 0.03 +0.01 - - -

Expected Higgs events 0.31+0.12 0.0270:02 - -

Events with fake leptons 11.5+33 - - 04+04

channel S5 S6 S7

Observed events 0 3 15

Fitted bkg events 05+04 38+1.6 15+7

Fitted tf events 0.001322 05703 0.670:

Fitted WW events 0.28 £0.23 1.7+11 9.5+57

Fitted WZ events 0.017001  0.23+0.22 0.9+09

Fitted ZZ events 0.08 +0.07 0.39+0.16 25+1.0

Expected Z/7* — (levents  0.02+0.02 0.051002 -

Expected tf + V events 0.14£0.07 0.27 £0.11 0.10 == 0.06

Expected Wt events - - 0.351'8%2

Expected tZ events - 0.01f8;8% -

Expected Higgs events - 0.03 £0.02 0.28 £0.11

Events with fake leptons - 0.6+05 05108
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Figure 6.35: Definition of the SRs used for deriving the exclusion limits. The (jet selections,
mTp) plane has been divided in 7 non-overlapping SRs. The label “2j20” stands
for the requirement of at least 2 jets above the minimal pt threshold, while the
label “j100j50” stands for the requirement of at least one jet with pt > 100 GeV
and an additional one with pt > 50 GeV.

slices: in the top squark-chargino mass plane for a neutralino with a mass of
1 GeV (Figure 6.36); in the top squark-neutralino mass plane for a fixed value of
m(f) —m(x{) = 10 GeV (Figure 6.37); in the chargino-neutralino mass plane for
a fixed 300 GeV top squark (Figure 6.38); and in the top squark-neutralino mass
plane for m (%) = 2m({}) (Figure 6.39) and in the top squark-neutralino mass
plane for fixed 150 GeV chargino mass (Figure 6.40). Each of these figures shows
also the observed upper limit on the signal cross-section for each of the specific

supersymmetric mass hierarchies used in the interpretation.

Uncertainties on the detector response, SM process cross-sections, luminosity
and MC samples statistics are taken into account. These limits are obtained by
using a likelihood test comparing the numbers of events in the signal regions with
the fitted background expectation, taking into account any signal contamination
in the CRs.

For the case of a massless neutralino, a top squark f; with a mass between
150 and 435 GeV decaying to a b-quark and a chargino is excluded at 95% CL
for a chargino approximately degenerate with the top squark. For a 300 GeV top
squark decaying to a b-quark and a chargino, chargino masses between 100 and
290 GeV are excluded for a lightest neutralino with mass below 70 GeV.
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Limits are also set for the first time on the direct 3-body decay mode, f; —
Wb, excluding a top squark mass between 110 and 170 GeV, under the assump-
tion of a massless neutralino. The analysis achieves the best sensitivity for in-
termediate values of m(f;) — m(%)) and decreases approaching either the lower
m(F) —m(7?) = m(W) + m(b) or upper m(f;) — m(%}) = m(t) kinematic limits.
This drop in sensitivity is due to a decrease of the acceptance of the mr; cut. For
low values of m(;) — m(%?) this is due to the decrease of the kinematic endpoint
for this variable at truth level. For high values of m(F;) — m(%?) the endpoint in-
creases but kinematic configurations with mr, close to the endpoint are strongly
disfavored by the top quark propagator, which enhances kinematic configurations

with high Wb invariant mass and low %) momenta.
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Figure 6.36: Exclusion limits (top) and observed upper limit on the signal cross-section
(bottom) at 95% CL in the top-squark neutralino mass plane for a fixed value
of m(%)) = 1 GeV. The dashed and solid lines show the 95% C.L. expected and
observed limits, respectively, including all uncertainties except for the theo-
retical signal cross-section uncertainty (PDF and scale). The band around the
expected limit shows the +1c¢ result. The dotted +1c lines around the ob-
served limit represent the results obtained when moving the nominal signal

cross-section up or down by the theoretical uncertainty.
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Figure 6.37: Exclusion limits (top) and observed upper limit on the signal cross-section

(bottom) at 95% CL in the top-squark neutralino mass plane for a fixed value

of m(F;) — m(x;) = 10 GeV. The dashed and solid lines show the 95% C.L.
expected and observed limits, respectively, including all uncertainties except
for the theoretical signal cross-section uncertainty (PDF and scale). The band
around the expected limit shows the +1¢ result. The dotted +1c lines around
the observed limit represent the results obtained when moving the nominal

signal cross-section up or down by the theoretical uncertainty.
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Figure 6.38: Exclusion limits (top) and observed upper limit on the signal cross-section
(bottom) at 95% CL in the chargino-neutralino mass plane for a fixed value
of m(f;) = 300 GeV. The dashed and solid lines show the 95% C.L. expected
and observed limits, respectively, including all uncertainties except for the the-
oretical signal cross-section uncertainty (PDF and scale). The band around the
expected limit shows the +1c¢ result. The dotted +1c lines around the ob-
served limit represent the results obtained when moving the nominal signal

cross-section up or down by the theoretical uncertainty.
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Figure 6.39: Exclusion limits (top) and observed upper limit on the signal cross-section
(bottom) at 95% CL in the top squark-neutralino mass plane for m( )Zf) =
2m(#)). The dashed and solid lines show the 95% C.L. expected and observed
limits, respectively, including all uncertainties except for the theoretical signal
cross-section uncertainty (PDF and scale). The band around the expected limit
shows the £1¢ result. The dotted +10¢ lines around the observed limit repre-
sent the results obtained when moving the nominal signal cross-section up or

down by the theoretical uncertainty.
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Figure 6.40: Exclusion limits (top) and observed upper limit on the signal cross-section

(bottom) at 95% CL in the top squark-neutralino mass plane for a fixed value
of m( Xli) = 150 GeV. The dashed and solid lines show the 95% C.L. expected

and observed limits, respectively, including all uncertainties except for the the-

oretical signal cross-section uncertainty (PDF and scale). The band around the

expected limit shows the +1c¢ result. The dotted +1c lines around the ob-

served limit represent the results obtained when moving the nominal signal

cross-section up or down by the theoretical uncertainty.
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Figure 6.41: Exclusion limits (top) and observed upper limit on the signal cross-section
(bottom) at 95% CL in the top squark-neutralino mass plane assuming f; —
Wbx? with 100% BR. The dashed and solid lines show the 95% C.L. expected
and observed limits, respectively, including all uncertainties except for the the-
oretical signal cross-section uncertainty (PDF and scale). The band around the
expected limit shows the +1c¢ result. The dotted +1c lines around the ob-
served limit represent the results obtained when moving the nominal signal

cross-section up or down by the theoretical uncertainty.



Conclusions

This thesis focused on the search for top squarks in events with two leptons and
missing transverse momentum in pp collisions at both /s = 7 TeV and /s =
8 TeV, collected by the ATLAS detector at LHC. Two analyses have been presented
targeting different top squark decay modes.

The analysis presented in chapter 5 seeks for the evidence of the decay of a
heavy partner of the top quark to a top quark and an invisible particle, using
4.7 fb~lof pp collision data at \/s = 7 TeV. A cut and count strategy has been
used, exploiting the event’s stransverse mass as main discriminant variable.

The number of observed events has been found to be consistent with the Stan-
dard Model expectation and limits have been derived on models considering ei-
ther spin-1/2 heavy top-quark partners or top squarks. A spin-1/2 top-quark
partner mass between 300 GeV and 480 GeV is excluded at 95% CL for a heavy
neutral particle mass below 100 GeV. A supersymmetric top squark with a mass
of 300 GeV decaying to a top quark and a massless neutralino is also excluded at
95% CL.

These results have been published in [2].

The analysis presented in chapter 6 seeks for the evidence of the decay of top
squarks in a bottom quark and the lightest chargino, whose decay occurs via a
W) boson, using 20.3 fb~lof pp collision data at /s = 8 TeV. The analysis is
based on a similar strategy with respect to the previous one, but has been opti-
mized for various mass hierarchies for the particles involved in the decay chain.

The observed events has been found to be consistent with the Standard Model

expectation and limits have been derived in different families of signal models.
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For the case of a massless neutralino, a top squark f; with a mass between 150
and 435 GeV decaying to a b-quark and a chargino is excluded at 95% CL for
a chargino approximately degenerate with the top squark. For a 300 GeV top
squark decaying to a b-quark and a chargino, chargino masses between 150 and
290 GeV are excluded for a lightest neutralino with mass below 50 GeV.

Limits are also set for the first time on the direct 3-body decay mode, f; —
Wb, excluding a top squark mass between 90 and 170 GeV, under the assump-
tion of a massless neutralino.

Preliminary results regarding this search have been also been published in an
ATLAS CONF note [3], and a paper is now in preparation.

The key motivation for searching third generation squarks at the LHC is the
naturalness criterion: these particles play a fundamental role in the cancellation of
the divergencies of the loops regulating the Higgs mass. The results presented in
this thesis have contributed to the search of top squarks, where impressive limits
have been set, excluding a significant amount of the parameter space and impos-
ing harsh constraints on the natural spectrum motivated by the supersymmetric

models.



APPENDIX A

Hypothesis testing

In this chapter the basic concepts needed for the understanding of the statistical
treatment of the data are introduced, focusing on a precise definition and notation

of the key components for setting exclusion limits on new physics processes.

The level of agreement of the observed data with a given hypothesis H is quan-
tified by computing the p — value, defined as the probability, under assumption of
H, of finding data of equal or greater incompatibility with the predictions of H:

p — value = P(q > ¢°**|H) (A1)

obs

where 4°% is the value of the test statistic obtained from comparing the observed

data with a hypothesis H.

The hypothesis is regarded as excluded if its p — value is observed below a
specified threshold given by the size of the testa € [0, 1]. It is possible to define the
Z — value corresponding to a given p — value as the number of standard deviation
Z at which a Gaussian random variable of zero mean would give a one-sided tail
area equal to the p — value.

The particle physics community has tended to regard rejection of the back-
ground hypothesis with a significance of at least Z = 5 as an appropriate level to
constitute a discovery. This corresponds to p — value = 2.8 x 10~/ . For purposes
of excluding a signal hypothesis, a threshold p — value of & = 0.05, is often used,
which corresponds to Z = 1.64.
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A.1 Profile likelihood-ratio

In addition to parameters of interest such as rate of the signal process (i.e., cross
section), the predictions for both the signal and background yields, prior to the
scrutiny of the observed data entering the statistical analysis, are subject to mul-
tiple uncertainties that are handled by introducing nuisance parameters, denoted
by 0.

Therefore, the signal and background expectation become functions of these
parameters: S = S(6) and B = B(6). In order to handle the nuissance parameters
in the likelihoods for testing the compatibility of the data with the background-
only and the signal+background hypotheses, the LHC has chosen the profile
likelihood-ratio test statistic [106], defined as:

du = —2logA(u) = —2log with the requirement 0 < i <y (A.2)
Here, éy refers to the conditional maximum likelihood estimators of 6, given the
signal strength parameter y, and ¥ may refer to the actual experimental obser-
vation or pseudo-data events. The pair of parameters i and  gives the global
maximum of the likelihood. The lower constraint 0 < fI is imposed by physics,
since signal rate is defined positive. On the other hand, the upper constraint /i < u
is added by hand in order to guarantee a one-sided confidence interval.

The presence of the nuisance parameters broadens the profile likelihood as a
function of u relative to what one would have if their values were fixed. This

reflects the loss of information about u due to the systematic uncertainties.

A.2 Limit setting

Having defined the test statistic, one constructs probability density functions of

gu under the signal+background hypothesis assuming a signal with strength p.

The test-statistic 4, can be constructed to decrease monotonically for decreasing

signal-like experiments so that the confidence in the signal+background hypoth-

esis is given by the probability that the test-statistic is bigger than or equal to the
50bs

value observed in the experiment, 7}, for a given tested .
This probability is referred to as CLg:

pu=CLyrp = P(y > 3°|uS + B) = /q o Fln 0% dgu,  (AB)
i
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Similarly, the confidence in the background only hypothesis, referred to as CLy,
can be defined as:

1 py=CLy =P 2 °1B) = [ f@l0. 6 day, (A
z

Hence, values of CL, very close to one indicate poor compatibility with the back-

ground only hypothesis.
The CL; method is defined as the following ratio:

CL Pu

CL. = s+b _ H A5

= ortt = T (A5)

If, for y = 1, CLs < 0.05 the signal hypothesis is excluded with 95% CLs confi-
dence level (C.L.).

The CLs; method is introduced to reduce the exclusion of region where the
sensibility is very small. In particular the CL;,, method (equation (A.3)) excludes
regions where p, < 0.05 also when the expected number of signal events is much
less than that of background. In the modified approach, using the CL;, the p-value
is effectively penalized by dividing by 1 — pj,. If the two distributions f(7,|u =
0,69>) and f(Guln, (:);’,bs) are widely separated, then 1 — p;, is only slightly less
than unity, the penalty is slight, and thus exclusion based in CL; is similar to that
obtained from the usual p-value p,;. If, however, one has little sensitivity to the
signal model, then the two distributions are close together, 1 — p;, becomes small,
and thus the p-value of s + b is penalized (increased) more. In this way one is
prevented from excluding signal models in cases of low sensitivity.

From the definition (A.5), one can see that CL; is always greater than the p-
value ps;p. Thus the models excluded by requiring CLs < 0.05 are a subset of
those excluded by the usual criterion p,,; < 0.05, and the upper limit from CL; is
therefore higher (weaker). In this sense the CL; procedure is conservative.
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