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Abstract

A search for long-lived charged particles reaching the muon spec-
trometer is performed using a data sample of 37 pb~! from pp collisions
at /s = 7 TeV collected by the ATLAS detector at the LHC. No ex-
cess is observed above the estimated background. Stable 7 sleptons are
excluded at 95% CL up to a mass of 136 GeV, in GMSB models with
N5 = 3, Mmessenger = 250 TeV, sign(u) = 1 and tang = 5. Electroweak
production of sleptons is excluded up to a mass of 110 GeV. Gluino
R-hadrons in a generic interaction model are excluded up to masses of
530 GeVto 544 GeVdepending on the fraction of R-hadrons produced
as g-balls.
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1 Introduction

Heavy long-lived particles (LLPs), with decay length longer than tens of
meters, are predicted in a range of theories which extend the Standard
Model. Supersymmetry (SUSY) [1] models allow for meta-stable sleptons
(l~), squarks (¢) and gauginos. Heavy LLPs produced at the Large Hadron
Collider (LHC) [2] could travel with velocity significantly lower than the
speed of light. These particles can be identified and their mass, m, mea-
sured from velocity, 8, and momentum, p, measurements using the relation
m = p/yfB. Two different searches are presented in this thesis, both use
time-of-flight to measure (§, and are optimized for the somewhat different
experimental signatures of sleptons and R-hadrons.

Long-lived sleptons would interact like heavy muons, releasing energy by
ionization as they pass through the ATLAS detector. A search for long-lived
sleptons identified in both the inner detector (ID) and in the muon spec-
trometer (MS) is performed. The results are interpreted in the framework
of Gauge Mediated SUSY breaking (GMSB) [3, 4] with the light 7 as the
LLP. If the mass difference between the other light sleptons and the light 7
is very small, they may also be long-lived, otherwise the other light sleptons
decay to the 7.

Coloured LLPs (¢ and g) would hadronize forming R-hadrons, bound
states composed of the LLP and light quarks or gluons. They may emerge as
neutral states from the pp collision and become charged by interactions with
the detector material, arriving as charged particles in the MS. A dedicated
search for R-hadrons is performed in which candidates are required to have
MS signals while ID and Calorimeter signals are used if available. The
ability to find R-hadrons without requiring an ID track makes this analysis
complementary to a previous ATLAS paper searching for R-hadrons [5], that
was based on ID and calorimeter signals without any requirement on the MS.
In particular, the MS based search presented here is more sensitive to models
with larger g-ball fractions. The results of this analysis are interpreted in
the framework of Split SUSY [6, 7] with the g as the LLP.

This thesis is organized as follows; a brief theoretical motivation is given
in 2. The ATLAS detector is described in section 3, the focus is on the time
measurement, trigger system and reconstruction algorithms, which are rele-
vant to the LLP search. Section 4 describes the expected signature of LLPs
in ATLAS. The strategy of the measurement is introduced in section 5. Sec-
tion 6 describes the data and simulated samples used in this work. Section
7 describes the reconstruction of LLPs. The difference between slepton re-
construction and R-hadron reconstruction is explained. The § measurement
method is described in section 8. Signal selection and associated efficiency
are discussed in section 9. Section 10 describes the background estimation
method. The systematic uncertainties are estimated in section 11. The re-
sults are interpreted into limits in the framework of GMSB and Split-SUSY



in section 12.

2 Theoretical motivation

The Standard Model (SM) is the current model of the fundamental particles
and their interactions. Since the early 1970s thousands of experiments at
energy ranges of hundreds of GeV have been preformed with no confirmed
deviation from the SM predictions. However, different phenomena like the
gravitational interaction, the nature of the dark matter or the so-called
hierarchy problem [8] are not solved by the SM. In order to account for
these phenomena, the SM has to be extended.

A large range of theories extending the SM predict the existence of heavy
LLPs, these are summarized in [9] . The results of the analysis presented in
this thesis are interpreted in the framework of two of these models, gauge
mediated SUSY breaking (GMSB) and split SUSY described below.

2.1 Gauge Mediated SUSY Breaking

In GMSB models the SUSY breaking is mediated by gauge interactions [10].
The model assumes that supersymmetry is broken with a scale V/F in a
sector of the theory which contains heavy non-SM particles. This sector then
couples to a set of particles with SM interactions, called messengers, which
have a mass of order mmessenger- These messengers are taken to be complete
representations of SU(5) so as to preserve the coupling constant unification of
the Minimal Supersymmetric Standard Model. The mass splitting between
the super-partners in the messenger multiplets is controlled by v/F. One
loop diagrams involving these messenger fields, then give mass to super-
partners of the gauge bosons of the SM, and two loops diagrams give mass
to the super-partners of the quarks and leptons of the SM..

The lightest SUSY particle (LSP) in GMSB models is the gravitino. The
next to lightest SUSY particle (NLSP) can be either neutral (the lightest x°)
or charged. If the NLSP is charged, it is likely to be the right handed slepton
(ENR). While the sleptons ér and jip are almost mass degenerate, the 7
Yukawa coupling may lower the lighter 7 mass through both renormalization
group evolution and left-right mixing. These effects are enhanced for large
tan@. The lightest scalar is thus the lighter 7, which is predominantly 7.
Nevertheless, co-NLSP scenarios where the three light sleptons are almost
degenerate, and the decay of the ér and [ig to the 7 is suppressed are also
possible. In general, GMSB models are characterized by six parameters:

1. A= —F . the SUSY breaking mass scale.

Mmessenger

2. Myessenger :© the messenger mass.

3. Nj : the number of messenger fields.



4. tanf : the ratio of the vacuum expectation values of the two Higgs
fields.

5. signp : the sign of the u term.

6. Cgrav : the scale factor for the gravitino mass which determines the
NLSP life time (TNLSP ~ Cgrav)‘

In the analysis presented in this thesis we considered Cgray of 0(10%)
which ensures that the NLSP is long lived with decay length much larger
than the length of the detector. Since we look for charged particles, we
are interested in cases where msz < mgo. The ratio between ms and mgo is
affected by N5, Mmessenger and tanf. At the messenger scale, m; oc /N5 and
mgo o< N5 so that large N5 favors the 7 NLSP scenario. The dependance
on Mypessenger 18 due to the renormalization group evolution which increases
mz with respect to mgo. Large tanf reduces the mass of the lightest ms
through the left-right mixing.

Figure 1 [11] shows contours of mz, = myo in the (Mmessenger,V5) plane
for various tan3. The masses are evaluated at the MSSM scale, myssm =
1 TeV. In the region above the contour, the 7r is the NLSP while below it
the Y is the NLSP. As emphasized in [11], ms, and myo are only approxi-
mately the physical lightest 7 and lightest Y° since additional contributions,
in particular left-right mixing effects with large tan(, may lower the mass
of the lightest 7. As can be seen, for N5 > 2 the lightest 7 is the NLSP for
a wide range of the parameter space.

2.1.1 GMSB event at the LHC

The weak coupling of the gravitino to the other particles implies that only
the NLSP decays to the gravitino'. As a result, not only that the NLSP
gains a long life time, but it also appears in every GMSB decay chain, and
at least two NLSPs exist in each (R-parity conserving) GMSB event.

GMSB events in the LHC can be either strongly or electro-weakly pro-
duced. In a strongly produced event two ¢’s or §’s emerge from the interac-
tion point (IP), giving rise to two different decay chains. As illustrated in
figure 2 (left), each decay chain produces quarks and ends with a decay to
a7 (£) and a 7 (£), so that strongly produced GMSB event is expected to
be crowded, with at least two 7’s, two associated leptons and additional en-
ergetic jets. An example decay chain of an electro-weakly produced GMSB
event is illustrated in figure 2 (right). Similarly to the strong production
case, at least two 7’s and two associated leptons are expected in each event.
However, electro-weakly produced GMSB events are expected to be less
crowded with low hadronic activity.

In the co-NLSP scenario the three light sleptons decay to the gravitino
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Figure 1: Contours of mz, = mgo in the (Mmessenger,/V5) plane for various
tanF. The masses are evaluated at the MSSM scale, myssm = 1 TeV. In
the region above the contour, the 75 is the NLSP while below it the ¥ is
the NLSP.

Figure 2: Left: an illustration of a decay chain of a strongly produced GMSB
event. Right: an illustration of a decay chain of an electro-weakly produced
GMSB event.



2.2 Split SUSY

In split SUSY [6, 7], the masses of the super-symmetric fermions are assumed
to be at the TeV range, while the masses of all the scalars, apart from a single
Higgs boson are assumed to be very high. If R-parity is conserved, the decay
of the colored g involves a heavy ¢ and is therefore suppressed. As a result,
the g can become long lived.

Since g is a colored particles, if it is produced, it will hadronize into an
R-hadrons - a bound state of g and additional SM particles. An R-hadrons
can be R-baryon (gqqq), R-meson (gqg) or a g-ball (gg). The fraction of
R-hadrons of each type is unknown and changes with the hadronization
model [12] assumed.

2.2.1 split SUSY event at the LHC

Two g’s are strongly produced close to threshold, in each split SUSY event.
Each g hadronizes to form different R-hadron. The relatively small amount
of additional hadrons produced in the interaction point (IP) account for
charge conservation, so that the charge of the two produced R-hadrons is
independent.

Therefore, split SUSY events in the LHC are characterized by small
number of tracks, mainly of low pt hadrons. In order to be discovered by
the analysis presented in this thesis, at least one of the R-hadron has to be
charged in the MS.

3 The ATLAS detector

The ATLAS detector [13] is a multipurpose particle physics apparatus with
a forward-backward symmetric cylindrical geometry and near 4w coverage
in solid angle 2. The inner detector (ID) consists of a silicon pixel detector, a
silicon microstrip detector, and a transition radiation tracker. The ID is sur-
rounded by a thin superconducting solenoid providing a 2 T magnetic field,
and by high-granularity liquid-argon sampling electromagnetic calorimeters.
An iron scintillator tile calorimeter provides hadronic coverage in the cen-
tral rapidity range. The end-cap and forward regions are instrumented with
liquid-argon calorimetry for both electromagnetic and hadronic measure-
ments. The muon spectrometer (MS) surrounds the calorimeters and con-
sists of three large superconducting air-core toroids each with eight coils,
a system of precision tracking chambers, and detectors for triggering. We

2ZATLAS uses a right-handed coordinate system with its origin at the nominal inter-
action point in the centre of the detector and the z-axis coinciding with the axis of the
beam pipe. The z-axis points from the interaction point to the centre of the LHC ring,
and the y-axis points upward. Cylindrical coordinates (r, ¢) are used in the transverse
plane, ¢ being the azimuthal angle around the beam pipe. The pseudorapidity is defined
in terms of the polar angle 6 as n = —Intan(6/2).



describe the components of particular importance to this analysis in more
detail below.

3.1 Bunch crossing identification

The LHC is designed to operate at a 40 MHz rate. Since the distance from
the interaction point to the outer most parts of the ATLAS detector is over
20 m, up to three events may co-exist in the detector. To match correctly
event fragments from different sub detectors, bunch crossing identification is
crucial. The bunch crossing identification is based on time measurement and
is calibrated to ensure that the signals left by all the particles originating
together at the interaction point and traveling at the speed of light will be
associated with the same bunch crossing.

3.2 The ATLAS trigger

ATLAS has a trigger system to reduce the data taking rate from 40 MHz
to ~ 100Hz, designed to keep the events that are potentially the most inter-
esting. The first level trigger [14] selection is done by custom hardware and
identifies a detector region and a bunch crossing for which a trigger element
was found. The second level trigger [15] is performed by dedicated software,
making its decision based on data acquired from the bunch crossing and
Region of Interest found at level-1. The event filter [15] uses the complete
event data to refine the selection of level-2.

3.3 The Muon Spectrometer

The ATLAS Muon Spectrometer (MS) [16] forms the outer part of the AT-
LAS detector and is designed to detect charged particles exiting the barrel
and end-cap calorimeters and to measure their momentum in the pseudo-
rapidity range |n| < 2.7. It is also designed to trigger on these particles in
the region |n| < 2.4. Precision-tracking chambers in the barrel region are
located between and on the eight coils of the superconducting barrel toroid
magnet, while the end-cap chambers are in front and behind the two end-cap
toroid magnets.

The chambers in the barrel are arranged in three concentric cylindrical
shells around the beam axis at radii of approximately 5 m, 7.5 m, and 10 m.
In the two end-cap regions, muon chambers form large wheels, perpendicular
to the z-axis and located at distances of |z| = 7.4 m, 10.8 m, 14 m, and 21.5m
from the interaction point.

3.3.1 The muon detectors

The precision momentum measurement is performed by the Monitored Drift
Tube chambers (MDTSs). These chambers consist of three to eight layers of



drift tubes, operated at an absolute pressure of 3 bar, which achieve an
average resolution of 80 um per tube, or about 35 um per chamber. In the
forward region (2 < || < 2.7), Cathode-Strip Chambers (CSC) are used
in the innermost tracking layer due to their higher rate capability and time
resolution. The CSCs are multiwire proportional chambers with cathode
planes segmented into strips in orthogonal directions.

The precision-tracking chambers are complemented by a system of fast
trigger chambers capable of delivering track information within a few tens
of nanoseconds after the passage of the particle. In the barrel region (|n| <
1.05), Resistive Plate Chambers (RPC) perform this task, while in the end-
cap (1.05 < |n| < 2.4) this is done by Thin Gap Chambers (TGC). The
trigger chambers measure both coordinates of the track, one in the bending
(n) plane and one in the non-bending (¢) plane.

Time measurement in the Muon Drift Tubes: The MDT chambers
are composed of layers of grounded tubes filled with gas. In the middle of
each tube there is a wire to which a high voltage is applied. When a charged
particle passes through a tube it ionizes the gas, and the ionized electron
drifts toward the wire. The hit position is obtained from the particle drift
time, measured with a granularity of 0.8 ns, using a known relation between
the drift distance and the drift time, R = R(t4yif). The result is a ring of
radius R around the wire. A segment is reconstructed as a line tangent to the
rings in the different layers. The drift time is estimated by subtracting the
expected time-of-flight, o, from the measured signal time. The expected
to is based on particles passing the detector at the speed of light. Slow
particles have a longer time-of-flight, and therefore, when this is not taken
into account, the measured radius is larger than the true one. Larger radii
may result in either badly fitted segment or wrong direction of the segment.

Time measurement in the Resistive Plate Chambers: In the barrel
of the MS, RPC chambers have an intrinsic time resolution of ~1 ns while
the digitized signal is sampled with a 3.12 ns granularity, allowing a mea-
surement of the time-of-flight. When a charged particle passes through an
RPC chamber two signals are generated; one measuring its time and posi-
tion in the ¢ direction and the other measuring it time and position in the
n direction. The time measurement includes the time-of-flight and in addi-
tion the propagation time along the strip from the point where the particle
passed the detector to the readout electronics. Once the hit positions in
both directions are known, the propagation time can be subtracted.

3.3.2 Muon trigger

The muon trigger system is designed to select events containing muons
with pp above a certain threshold. It is important to note that any particle



arriving as charged in the MS, not necessarily a muon, may be identified as a
muon trigger object. The analysis presented in this thesis is based on events
collected by two types of muon trigger chains. The first type requires MS
tracks to be matched with ID tracks at level-2 and the EF, and estimates
the candidate pt based on both systems. The second type only uses the
MS, so as not to lose candidates which may not have reconstructed tracks
in the ID.

3.3.3 Muon reconstruction

In ATLAS, muons are reconstructed using the MDTs, precision muon cham-
bers, in combination with the RPC, TGC and CSC sub-detectors. ATLAS
employs a variety of strategies for identifying and reconstructing muons.
The direct approach is to reconstruct standalone muons by finding tracks
in the MS and then extrapolating these to the beam line. Combined muons
are found by matching standalone muons to nearby ID tracks and then com-
bining the measurements from the two systems. Muons are also found by
extrapolating ID tracks to the spectrometer detectors, searching for nearby
hits and reconstructing the muon from the ID track and muons signals.
Calorimeter tagging algorithms tag ID tracks as muons using the presence
of a minimum ionizing signal in calorimeter cells. Muon reconstruction in

ATLAS and it’s efficiency is described in [17].

3.4 The tile calorimeter

The ATLAS tile calorimeter is a sampling calorimeter that constitutes the
barrel part of the hadronic calorimetry in ATLAS. It uses iron as passive
material and plastic scintillators as active layers. The mechanically distinct
central barrel (|n| < 1) is divided in two partitions, Long Barrel A and Long
Barrel C. There are also two extended barrel partitions, EBA and EBC that
cover 0.8 < |n| < 1.7. Each partition is segmented in equal azimuthal angle
(¢) intervals into 64 modules. The modules are divided into cells, which are
grouped radially in three layers. Two bundles of wavelength-shifting fibres
associated with each cell guide the scintillation light from the exposed sides
of the module to a pair of photomultiplier tubes. For each tile calorimeter
channel, the pulse shape is given by seven digital samples spaced by 25
ns. The signal amplitude and phase can be parameterized enabling the
amplitude, pedestal value and peak position in time to be extracted. The
tile calorimeter operation in ATLAS is described in detail in [18]

3.4.1 [ measurement in the tile calorimeter

The tile calorimeter time and [ measurement is described in details in [5].
The time-of-flight and hence the velocity of a candidate can be deduced
from time measurements in the tile calorimeter cells along its trajectory.
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In this analysis we use tile calorimeter cells along the particle trajectory
with measured energy deposition above 500 MeV. The resolution of time
measurements improves with deposited energy from 2.7 ns for cells with 500
MeVof deposited energy to 1.7 ns for cells with 2 GeVof deposited energy.

4 LLP signature in ATLAS

Since the mass of the LLPs in this analysis is measured from its velocity
and momentum, the most important characteristic of LLPs is its velocity.
Unlike muons, heavy LLPs produced at the LHC could travel with velocity
significantly lower than the speed of light. We distinguish between three
velocity ranges:

1. B <~ 0.7: The MS signals left by an LLP with velocity in this range
may be associated with the next bunch crossing. In this case the LLP
itself can not trigger as a muon and, unless the event is selected by
another object, it will be lost. If the event is selected by another
object, a dedicated reconstruction software described in section 7 can
recover the LLP hits from the next bunch crossing, and the mass of
the LLP can be measured from its velocity and momentum.

2. ~ 0.7 < B <~ 0.95: An LLP with velocity in this range may arrive
late to the MS but its signals will be associated with the correct bunch
crossing. The mass of such LLP can be measured from its velocity and
momentum.

3. 8>~ 0.95: The MS signals of an LLP with velocity in this range are
similar to those of a muon. In particular, its mass can not be measured
from its velocity and momentum.

This thesis describes searches for two distinct types of new particles; § R-
hadrons which include a colored LLP and non-colored sleptons. Signature
related to the LLP type is described below.

4.1 Long lived slepton interaction with ATLAS

Heavy long lived slepton would interact in the the detector like a muon.
It would leave ionization signals throughout all the detector from the ID
to the MS including the calorimeters. Being a color singlet, it is not ex-
pected to produce hadronic showers. In addition, its high mass reduces
its Bremsstrahlung radiation, and therefore, it is not expected to produce
electro magnetic showers.

11



4.2 Long lived R-hadron interaction with ATLAS

The fraction of R-hadrons charged in the ID varies with the hadroniza-
tion model [12]. The larger the g-ball fraction, the larger the fraction of
R-hadrons neutral in the ID. In the analysis presented in this thesis, the
fraction of g-ball is treated as a free parameter.

g R-hadron may emerge as neutral states from the pp collision and be-
come charged by strong interactions of the included light quarks with the
detector material, arriving as charged particle at the MS. The fraction of R-
hadrons charged in the MS depends on the R-hadrons scattering model.
Three scattering models are currently considered: the first is described
n [19], the second in [20] and the third in [21]. The so-called generic scat-
tering model described in [19], results in the largest fraction of R-hadrons
charged in the MS.

Since most of the energy of the R-hadron is carried by the heavy ¢
which almost does not interact with the detector material, R-hadrons are
not expected to loose a lot of energy through hadronic interactions with the
detector [22, 23].

5 Measurement strategy

This thesis presents a MS based search for LLPs. Only particles arriving as
charged to the MS are considered candidates in this analysis. To account
for the different signature of R-hadrons which include a colored LLP and
non-colored sleptons two independent analyses where performed:

1. Slepton search: Motivated by non-colored LLPs, this analysis em-
ploys a combined reconstruction method which requires combined ID
and MS tracks, and uses a combined fit to MD'T, RPC and tile calorime-
ter hit times to estimate 3. The momentum used in the mass mea-
surement is obtained from the combined MS + ID track, using hits
corrected for .

2. R-hadron search: Motivated by colored LLPs, which may be neu-
tral in the ID, this analysis employs an MS-standalone reconstruction
method. The MS-standalone reconstruction does not require a track
or hits in the ID, and combines the MDT segment fit, RPC and tile
calorimeter hit times to estimate 3. When an ID track is associated
with the standalone candidate, its momentum is used in the mass
reconstruction. Otherwise the reconstructed track or trigger track
momentum measured in the MS is used. Using the combined ID +
MS track results in poor momentum reconstruction, even when both
sub-detectors have tracks, for any candidate for which the charge is
different between ID and MS.

12



In both the slepton and R-hadrons searches the mass of the LLPs is es-
timated from the 8 and momentum measurements using the relation m =
p/7B. Therefore, in both these MS based searches, the background is com-
posed of high pr muons with mis-measured (.

The strategy of the two analyses is to optimize three factors that dominate
the performance of the search:

1. Resolution and tails of 3 : improving the 3 resolution and reducing
the tails of the § distribution improve the signal mass width and reduce
the background in the signal region. The § resolution was optimized
by performing a combined fit using estimations from different sub-
detectors. Different combination methods and different requirements
on consistency between [ measurements in different subdetectors were
studied. Corrections to compensate for the current calibration condi-
tions were applied.

2. Background estimation: an accurate estimation of the background
shape and quantity is necessary in order to claim a discovery or set
new limits. The background shape and quantity were estimated using
only the data. Possible systematic uncertainties associated with the
estimation method were studied.

3. Signal significance: different sets of background rejection cuts were
considered. The sets of cuts in use are those that maximize the ratio
between the expected number of LLPs and the expected number of
background candidates, as obtained from the background estimation.
Different cuts are used in the two analyses.

6 Data and simulated samples

The work presented in this thesis is based on 37 pb~! of data collected by
the ATLAS detector during 2010. In addition, 37 pb~! of Z — pu enhanced
events are used as a control sample. Background Monte Carlo (MC) samples
in use are standard Z — uu samples. These samples are not used to study or
estimate the background, but to correct the MC for the calibration condition
observed in the data.

Signal MC samples are used to study the expected signal behavior and
to set limits. All the samples were normalized to the integrated luminosity
of the data, using cross-sections calculated to next to leading order, using
the PROSPINO program [24]. The models, including the LLP mass and the
production cross sections, are summarized in table 1.

The GMSB models were generated with N5 = 3, mmessenger = 250 TeV,
sign(u) = 1 and tanf = 5. Their A values vary from 30 to 50 TeVand
the corresponding 7 masses from 101.9 to 160.7 GeV. The mass spectra
were generated by the SPICE program [25]. The events were generated by
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Figure 3: The slepton masses as a function of the GMSB parameter A.
The other parameters are N5 = 3, Mmessenger = 250 TeV, sign(p) = 1 and
tang = 5.

Herwig [26] and events passed full detector simulation [27, 28]. Figure 3
shows the slepton masses as a function of the GMSB parameter A.

In these models, the production can be strong, creating squarks in the
hard interactions, which then decay via long chains ending finally in the
NLSP, or there may be electroweak production where gauginos are produced
first. The fraction of each type depends on the squark masses. The main
production channels for the light 7 are x° — 77. The x° can either decay
directly to a 7, or it can decay to a another slepton (i or €) that later decays
to a 7. Due to R-parity and lepton number conservation, the decay products
of the i (€) are a 7, a muon (electron) and a tau. The weak coupling to
the gravitino LSP dictates the existence of two long-lived sleptons in each
event. Their § spectrum covers large range with tendency towards high
[ values. Figure 4 shows the g (left) and pr (right) distributions in the
different GMSB samples we used. The [ spectra of the sleptons produced
in electroweak processes are shown in Figure 5.

Pair production of §§ was simulated in Pythia [29], incorporating spe-
cialized hadronization routines [30] to produce final states containing R-
hadrons. The simulation of R-hadron interactions in matter is handled by
dedicated Geant4 routines based on three different models with alternative
assumptions. In the samples presented in detail in this note, the scatter-
ing model used to describe the § R-hadron interactions with the detector
material is the generic model [19] and a 0.1 g-ball fraction is used. Figure
6 shows the [ (left) and pr (right) distributions of some of the R-hadron
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samples.

For completeness, different scattering models [20, 21] and different g-ball
fractions (0.5 and 1.0) were also studied. These models were generated for
g’s with masses 300, 500 and 700 GeV.

Model LLP LLP mass [GeV] cross section [pb]
GMSB A =30 T 101.9 2.388
GMSB A =35 T 116.3 0.936
GMSB A =40 T 131.0 0.454
GMSB A =50 T 160.7 0.109

Split SUSY g 300 62.1
Split SUSY g 400 10.4
Split SUSY g 500 2.34
Split SUSY g 600 0.634
Split SUSY g 700 0.194

Table 1: Signal MC samples: The GMSB models were generated with N5 =
3, Mmessenger = 250 TeV, sign(p) =1 and tangB = 5. They differ by their A
value. The generic model is used to determine the R-hadrons scattering.
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7 Reconstruction of Long-Lived Charged Particle
Candidates

Standard muon reconstruction efficiency starts dropping sharply for particles
with 6 < 0.75 and is zero for particles with § = 0.4. This is due to two main
issues: the data may not be associated with the event if the particle’s hits are
in the next bunch crossing; late arrival of the particle spoils segment fitting
in the MDTs. We reconstruct slow particles and estimate their velocity and
mass with a muon identification package [31] which is less sensitive to these
effects.

7.1 The combined (MS+ID) reconstruction method

in the slepton search, we use a muon identification package (MuGirl) [31]
which is efficient in identifying candidates even when the segment recon-
struction is imperfect. This algorithm extrapolates ID tracks into the MS
stations, searches for MS hits in a road around the extrapolated track and
combines them into segments. As segments are found, further extrapolation
starts from them, enabling the reduction of road sizes. Once all hits and
segments along the track are found, an artificial neural network is used to
decide if the features in the MS indicate a muon (or LLP). Finally, a track
fit is performed combining ID and MS hits. The performance of this method
for muons is similar to that of other combined muon algorithms in terms of
efficiency, fake rates and momentum resolution, with a better efficiency in
regions where the MS coverage is less complete.

The slow particle reconstruction is based on the following techniques:
recovering trigger detector hits from the next bunch crossing, estimating
the particle velocity from the RPC, tile calorimeter and MDT hits time or
selecting the (3 that minimizes the MDT segments x2. The search in the
MDT starts with the full set of hits found in the road around the extrapo-
lated track, rather then the hits associated with the segment, so that extra
hits that have been missed by the segment fit with 3 = 1 can be associated
with a segment under a different 8 hypothesis. Candidates which fail iden-
tification as muons but are reconstructed as LLPs are kept, and they are
used later in the analysis. From the estimated velocity and momentum of
each candidate we estimate it’s mass.

The reconstruction methods are described in detail in [32], some im-
provements have been introduced, including the addition of a track refit
after § has been determined. Refitting the track at this point results in a
better momentum resolution since it has the advantage of using a set of hits
which were corrected to take into account the late arrival of the LLP to the
different sub-detectors. Figure 7 shows the combined ID+MS reconstruc-
tion efficiency of LLPs as a function of G, pr, n and ¢. The efficiency is
calculated for sleptons with pp > 20 GeVand |n| < 2.5 as the ratio between
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Figure 7: The combined ID+MS reconstruction efficiency of LLPs as a func-
tion of B, pr, n and ¢.

the number of the sleptons found by the combined reconstruction algorithm
and the number of generated sleptons. No trigger selection is applied. We
would like to emphasize that this reconstruction method is expected to be
efficient for any LLP with a muon-like signature.

7.2 The MS-standalone reconstruction method

In the R-hadron search, in order to recover candidates which are neutral in
ID, we employ a method that only relies on the MS. A different branch of
MuGirl is used for LLP reconstruction, which is not used for muons. The
reconstruction is seeded by a feature found by the muon event filter [15],
without requiring a match with the ID. This branch of the reconstruction
collects hits and segments starting from the position and momentum of the
event filter candidate in the middle station of the MS and extrapolates the
track to the inner and outer stations. Finally, once all segments are recon-
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Figure 8: The MS-standalone reconstruction efficiency of LLPs as a function
of ﬁv pr, N and ¢

structed, [ is estimated. A candidate which is not found by the muon event
filter, i.e. if it arrives late to the trigger chambers and its hits are not asso-
ciated with the bunch crossing, is not reconstructed in the MS-standalone
method. Figure 8 shows the MS-standalone reconstruction efficiency of
LLPs as a function of 3, pt, n and ¢. The efficiency is calculated for slep-
tons with pr > 20 GeVand |n| < 2.5 as the ratio between the number of
the sleptons found by the MS-standalone reconstruction algorithm and the
number of generated sleptons. No trigger selection is applied, but candi-
dates are reconstructed only if found by the trigger. The large efficiency
drop below 8 = 0.6 demonstrate the loss due to requiring an event filter
feature as a seed.
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8 Estimating (3

We estimate 3 by minimizing the y? between the set of available timing mea-
surements and the timing expected from test s, using the Golden Search
minimization method [33]. The golden section search is a technique for
finding the extremum (minimum or maximum) of a unimodal function by
successively narrowing the range of values inside which the extremum is
known to exist. The core of this method is a work function which is called
with a 3 and returns the corresponding y2. According to the value of the
x?2, the minimization function determines the next 3 to process. The x? is
calculated for different technologies and techniques.

8.1 MDT segments

An MDT segment is reconstructed as a line tangent to the circles in the dif-
ferent layers, after the radii in the tubes were estimated from the drift time.
The estimated drift time is teasured — to, and the radii, R(tmeasured —to), but
to is based on particles passing the detector at the speed of light. Slow par-
ticles have a longer time-of-flight, and therefore, in order to obtain a good
segment fit, {5 must be computed from their arrival time to the detector.
For each § in the minimization process, new MDT segments are built from
a set of hits in a road around the extrapolated track, using a new ty cor-
responding to the arrival time of a particle traveling with the hypothesized
B, R(tmeasured — to()). The minimization is to the y? representing the dif-
ference between the measured position of the particle in the tubes and the
segment position in the tube. For a low-0 particle, this method recovers hits
on segment that could be lost when fitting the segment with 3 = 1. x? can
only be minimized over a # range with equal number of hits on segments.
This range is defined prior to the minimization process.

8.2 MDT hits

Once § was estimated with the method above, and a set of hits-on-track
with the corresponding times of arrival are available, a full track fit is per-
formed using the ID and MS hits. The estimated position where the track
passed in each tube is significantly more accurate after the full track fit than
in the segment finding stage. The time-of-flight of the particle to each tube
is obtained using the difference between the time-of-flight corresponding to
the refitted track position in the tube, tg and the time actually measured,
to = tmeasured — tr- The error of the time measurement is estimated from
the width of the chamber’s ¢y distribution as explained in section 8.6, and
the minimization is done with respect to the x? between the measured time-
of-flight and the time-of-flight corresponding to the arrival time of a particle
traveling with the hypothesized 5. This technique is suitable for the com-
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bined ID and MS reconstruction method.

8.3 RPC

The x? corresponds to the difference between the measured time-of-flight
and the time-of-flight corresponding to the arrival time of a particle traveling
with the hypothesized 5. The signal propagation time along the RPC strip is
subtracted to obtain the measure time-of-flight. The measured time-of-flight
is assigned an error which is estimated from the width of the distribution
representing the difference between the measured muon time-of-flight and
the expected muon time-of-flight as explained in section 8.6.

8.4 Tile

The tile calorimeter time measurement is described in [5]. The x? cor-
responds the difference between the measured time-of-flight and the time-
of-flight corresponding to the arrival time of a particle traveling with the
hypothesized (. In [5] each time measurement is assigned an error accord-
ing to the energy deposition such that cells with larger energy deposition
have smaller error and bigger weight in the 8 estimation. A similar method
was tested, using the measured time resolution as a function of energy to
be the error in the fit. However there was no significant improvement in
the combined [ resolution with respect to using a global error for all tile
calorimeter cells. This could be because candidates selected in the MS have
few tile calorimeter cells associated per candidate compared to the number
of MS measurements.

The ( distributions in the data are different for candidates in the slepton
search and in the R-hadron search. In the slepton search, the distributions
are shown for candidates with pr > 30 GeV. In the R-hadron search, the
distribution are shown for candidates with pp > 40 GeV. In both searches,
only candidates in the MS acceptance region, |n| < 2.5, from collision events
with good primary vertex quality (as discussed in section 9.3) are included.
Figure 9 shows the estimated [ distribution from the MDT hits (left) and
segments (right) for the slepton and R-hadron searches respectively. Fig-
ures 10, and 11 show the [ estimation using RPC, and tile calorimeter re-
spectively, for the set of hits found in the slepton (left) and R-hadron (right)
searches. The detector coverage dominates the estimation efficiency, hence
the large amount of entries in the MDT techniques compare to the RPC
and tile calorimeter. The mean value and width of the § distribution in
the different techniques are summarized in table 2. For the MDT and RPC
the mean and width are of a gaussian fit between 0.9 and 1.1. For the tile
calorimeter the mean and width are of a gaussian fit between 0.8 and 1.2.
Note that tails and outliers in the lower g region are likely to yield a high
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Figure 9: 8 measurement in the MDT. Left: candidates with pp > 30 GeVin
the slepton search using the MDT hits method. Right: candidates with
pr > 40 GeVin the R-hadron search using the MDT segments method.
Only candidates with |n| < 2.5 from collision events with good primary
vertex quality (section 9.3) are included. The  mean values are 5 = 0.998
and 8 = 1.008 and the resolutions are ¢ = 0.053 and o = 0.048 for the
slepton and R-hadron searches respectively.

mass measurement.

Technique Slepton search ~ R-hadron search

mean [ og mean [3 ot}
MDT segments - - 1.008  0.048
MDT hits 0.998 0.053 - -
RPC 0.989 0.068 0.991  0.066

Tile calorimeter 1.006 0.104 1.005 0.108

Table 2: [ resolution in the different techniques. For the MDT and RPC
the mean and width are of a gaussian fit between 0.9 and 1.1. For the tile
calorimeter, the mean and width are of a gaussian fit between 0.8 and 1.2.

8.5 Combined minimization

In the combined minimization, for every hypothesized 3, the x?‘s of all
technologies are summed to a single x2. In absence of a contribution of
one of the techniques (in particular, in regions outside the acceptance of
RPC and tile calorimeter), only available technologies are combined. Fig-
ure 12 shows the combined [ distribution of sleptons candidate measured
in the combined minimization using the MDT hits + RPC (blue) and using
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Figure 10: 8 measurement in the RPC. Left: candidates with pt > 30 GeV
in the slepton search. Right: candidates with pp > 40 GeV in the R-
hadron search. Only candidates with |n| < 2.5 from collision events with
good primary vertex quality (section 9.3) are included. The § mean val-
ues are § = 0.989 and B = 0.991 and the resolutions are ¢ = 0.068 and
o = 0.066 for the slepton and R-hadron searches respectively.
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Figure 11: [ measurement in the tile calorimeter. Left: candidates with
pT > 30 GeV in the slepton search. Right: candidates with pt > 40 GeV in
the R-hadron search. Only candidates with |n| < 2.5 from collision events
with good primary vertex quality (section 9.3) are included. The mean
values are 8 = 1.004 and 8 = 0.998 and the resolutions are o = 0.084 and
o = 0.098 for the slepton and R-hadron searches respectively.
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Figure 12: § measurement in the combined MDT hits+RPC (blue) MDT
hits+RPC+tile calorimeter (magenta) minimization method, both in linear
(left) and log (right) scales, of a set of hits found in the ID+MS recon-
struction method. Only candidates with pr > 30 GeV and |n| < 2.5 from
collision events with good primary vertex quality (more than 2 tracks and
|z0| < 150 mm) are included. The mean values are 5 = 0.996 and 5 = 0.997
and the resolutions are o = 0.049 and o = 0.048 respectively.

the MDT hits+RPC+tile calorimeter (magenta), both in linear (left) and
log (right) scales. The mean values are 8 = 0.996 and § = 0.997 and the
resolutions are 0 = 0.049 and o = 0.048 respectively. Although the § res-
olutions are similar, the tile calorimeter contributes a small improvements
in the reconstruction efficiency and reduces the tails and outliers (the frac-
tion with § < 0.8 is reduced from 0.73% to 0.66%). The combined MDT
hits+RPC+tile calorimeter is the § estimation used in the slepton search.

Due to the lower quality of the tracking in the MS-standalone recon-
struction, the MDT hits technique is less accurate in absence of combined
MS+ID track. Therefore, in the R-hadronsearch the combined minimization
is performed with the MDT segments. Figure 13 shows the § distribution
of R-hadrons candidates measured in the combined minimization using the
MDT segments+RPC (light green) and using the MDT segments-+RPC-+tile
calorimeter (dark green), both in linear (left) and log (right) scales. The
mean values are § = 0.999 and 8 = 1.001 and the resolutions are ¢ = 0.053
and o = 0.051 respectively. The tile calorimeter contribution to the tail and
outliers reduction is more significant here and the fraction with 8 < 0.8 is
reduced from 1.9% to 0.8% when including the tile calorimeter. The com-
bined MDT+RPC+tile calorimeter is the § estimation method used in the
R-hadron search.
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Figure 13: (3 measurement in the combined MDT segments+RPC (light
green) MDT segments+RPC+tile calorimeter (dark green) minimization
method, both in linear (left) and log (right) scales, of a set of hits found
with the MS-standalone reconstruction method. Only candidates with
pr > 40 GeV and |n| < 2.5 from collision events with good primary ver-
tex quality (more than 2 tracks and |zp| < 150 mm) are included. The mean
values are § = 0.999 and S = 1.001 and the resolutions are ¢ = 0.053 and
o = 0.051 respectively.

8.6 Calibration

The time-of-flight measurement is sensitive to the time resolution of the
detector. The spatial resolution of the MDT, the RPC trigger efficiency
and the energy resolution of the tile calorimeter are all affected by their
time measurement resolution. Hence, the time calibration is an ongoing
effort of the ATLAS collaboration and a big improvement has already been
observed since the first data was collected. Nevertheless, the current time
resolution of the different sub-detectors is not optimal yet, and is different
from the resolution used in the MC. In ATLAS, the term tq represents the
difference between the measured time-of-flight and the real time-of-flight of a
particle from the interaction point to a detector element. In a well calibrated
detector, ¢y in all the chambers should be distributed narrowly around O.
In 2010 this was not the case, and the ¢y distribution did not center at O.
Moreover, the distributions were different in different chambers. We applied
a to calibration and shifted the measured time-of-flight according to the shift
of the tg distribution.

8.6.1 MDT calibration

In a perfectly calibrated MDT, any muon coming from a collision in the
Interaction point will pass the detector at tg = 0. In 2010, a fy fit was
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performed as part of the segment making algorithm, to allow efficient muon
reconstruction with initial MDT calibration condition. The ty distribution
in the data was not centered at 0, and it was broader than in MC. The
distribution was also different in different MDT chambers. We shifted the
to by chamber in the reconstruction software, and samples that were ini-
tially reconstructed with poor calibration have been reprocessed with better
calibrations and their resolution improved.

8.6.2 RPC calibration

The RPC time measurement includes the signal propagation along the cham-
ber. When the propagation time is subtracted, a calibrated RPC will mea-
sure t = 0 on average for a muon coming from the interaction point. In data,
this is not yet the situation and different shifts from ¢ = 0 are observed in
the different RPC stations. The shifts are also different between different
periods of data taking, and this is taken into account by finding similar sets
of runs and making a number of different set of calibration shifts accordingly.

8.7 Optimization of the  measurement

To compensate for the shifts in ¢( a calibration process is performed as part of
the 8 measurement. First, §is estimated as part of the muon reconstruction,
as explained in section 8, and the corresponding hits are associated with the
candidate. Then the hit times are shifted offline according to the observed
mean of the corresponding tg distribution, in order to align the mean times
of the distributions at t = 0. The observed widths of these distributions are
used as an error on the time measurements, and the 3 fit is redone.

8.8 Muon ( distribution in different 7 regions

The § distribution is different in different detector regions due to three main
reasons:

1. Different n regions are covered by different technologies. In particular
the acceptance of the RPC is in the range 0 < 1 < 1.05, the acceptance
of the tile calorimeter is in the range 0 < n < 1.7 and the MDT covers
the range 0 < n < 2.5.

2. The accuracy of the time-of-flight method depends on the distance be-
tween the interaction point and the measurement point. The (§ mea-
surement is more accurate when the distance between the interaction
point and the detector element is larger.

3. The measurement in some regions of the detector is less accurate than
in others. This is caused by in-homogenous magnetic field in some of
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Region name n Slepton search ~ R-hadron search
mean [ o3 mean f3 o3

BARREL1 0<|n <04 0.983 0.057 0.998  0.061

BARREL2 0.4 < |n| < 0.65 0.991 0.062 0.996  0.068

BARREL3 0.65 < |n| < 1.05 0.987 0.045 1.006  0.055

ENDCAP1 1.05< |n| < 1.19 0.997 0.053 1.011  0.052

ENDCAP2 1.19< |n <14 1.004 0.049 1.002  0.063

ENDCAP3 l4<|n < 1.7 1.007 0.042 1.011  0.048

ENDCAP4 1.7 < |n| < 2.0 1.008 0.036 1.003  0.031

ENDCAP5 20<n <25 1.007 0.036 1.000  0.026

Table 3: [ resolution in the different 1 regions.

the regions. The measurement of the MDT may also be inaccurate if
the particle track is in the same side of the wire in all the tubes.

The n regions and the § resolution in each region are summarized in
table 3. The corresponding ( distributions are shown in figures 14 and 15
for the slepton and R-hadron searches respectively. In the forward regions
(ENDCAP4 and ENDCAP5) where the ID tracking is less accurate, the
method using MDT hits, which relies on the combined track, performs worse
than the method based on MDT segments.

9 Expected number of LLPs

The ability to discover or set a new limit on the mass of LLPs, depends
on the expected number of LLPs in the data. This number varies between
the different models and is sensitive to the expected signal resolution, the
detector acceptance and the efficiency of the selection.

9.1 Signal resolution expected in data

The signal mass resolution in the MC is better than expected in the data,
since in the MC the detector is assumed to be well calibrated. However,
estimating the expected signal efficiency requires understanding of how a
signal would look in the data in its current state. This is done by smearing
of the hit times in the MC to reproduce the widths of the sub-detector time
distributions observed in data. Figure 16 shows the muon 3 distribution
of muons from the decay Z — pp in data (black) and smeared MC. The
distributions are shown for muons in the slepton (left) and R-hadron (right)
searches. It can be seen that the smearing mechanism reproduces the mea-
sured muon 3 distribution in the MC. Systematic uncertainties associated
with the smearing mechanism are discussed in section 11. Once the time
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Figure 14: Distributions of § in the different n regions for the MS+ID
combined reconstruction method. Only candidates with pt > 30 GeV and
In| < 2.5 from collision events with good primary vertex quality (more than
2 tracks and |zp| < 150 mm) are included. The resolutions in the different
regions are summarized in table 3.

28



g o0k T T s 7000 T 3 §2OG T T
2 Barrel 1 2 [ Barrel 2 310007 Barrel 3 1
E 800F ,6 600; E g
© © r ©
700F C il
% % 500 % 800 1
© 600 © | ©
(&} © 400 - o
5001 E 600~ ]
4001 300 B
o 400~ -
300F 2000 B
200F 1000 E 200F ]
100F L
| £ AP D
8,2 04 06 08 1 12 14 8.2 04 06 08 1 12 14 8.2 04 06 08 17 12 14
B (R-hadron search) B (R-hadron search) B (R-hadron search)
oN T T o F T o T T
S ] S 3501 B S
2 350" Endcap 1 e 27t Endcap2 2500 Endcap 3 E
g 300 3 E 300F E §
s 1 2..F 8 400- 3
2250 1 B250- EI-
© 3 @ £ ©
© H00k 3 ©200- 4 ©300F E
150- E 1508 E 200" 3
100F E 100f
1 L 100 —
50F - 501~ !
L Y. N = E| £ I ] I I -
8.2 04 06 08 1 12 14 8.2 04 06 08 1 12 14 8.2 04 06 08 17 12 14
B (R-hadron search) B (R-hadron search) B (R-hadron search)
N e I~ T 3
= r < 90F 3
2 350F Endcap 4 E 2 Endcap 5 3
2 [ 2 80F =
£ 3005 ! = El
- E 3 70 3
k<] r 1 =] 3
§ 250E 5 60 3
200 E S0F 3
150 E 4o E
£ 301 E
100 4 E
£ 20F E
50-- E 10F 3
£ I I R E L TR . LT I
8.2 04 06 08 17 12 14 8.2 04 06 08 1 12 14
B (R-hadron search) B (R-hadron search)

Figure 15: Distributions of § in the different 7 regions for the MS-standalone
reconstruction method. Only candidates with pr > 40 GeV and |n| < 2.5
from collision events with good primary vertex quality (more than 2 tracks
and |zp| < 150 mm) are included. The resolutions in the different regions
are summarized in table 3.
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Figure 16: muon S distribution of muons from the decay Z — pp in data
(black) and smeared MC, in the combined reconstruction method (left) and
MS-standalone reconstruction method (right). Candidates in these plots
passed the primary vertex, cosmic veto, candidate quality and § quality se-
lection criteria discussed in section 9.3. The pr cuts were reduced to 30 GeV
and 40 GeV for the combined and MS-standalone analyses respectively.

resolutions in the MC reproduce correctly those of the data, the 3 estima-
tion would give the correct resolutions for signal 5. It is expected that for
a given time resolution, 3 resolution is better for low (3 since t is larger and
o(t)/t smaller, but the MC is used to model this effect.

The simulation of the detector alignment and of the magnetic field could
be slightly different than the real alignment and magnetic field. As a re-
sult, the momentum resolution in the MC is different than its resolution
in the data. In order to account for this effect, the candidate momenta
were smeared using standard ATLAS tools, assigning momentum smearing
factors as a function of pt and 7. The effect of this smearing on the ex-
pected number of LLPs was negligible and a systematic error is assigned in
section 11.

The resulting signal mass distributions are shown in Figure 17 for slep-
tons in GMSB models in the slepton search (left) and for R-hadrons in the
R-hadron search (right). The second peak at half the R-hadron mass is due
to R-hadrons with 2 units of charge which, as a result, are reconstructed
with half their true momentum. Table 4 summarizes the signal mass reso-
lution expected in the data. For the g R-hadrons the numbers describe the
main peak.
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Figure 17: Expected LLP mass distributions. Left: sleptons in GMSB mod-
els reconstruction in the slepton search. Right: g R-hadrons reconstruction
in the R-hadron search. Candidates in these plots passed the selection cri-
teria discussed in section 9.3.

Model Mgenerated Mmeasured oM
[GeV] [GeV] [GeV]

GMSB30 101.9 104.0 15.2
GMSB35 116.3 122.6 14.6
GMSB40 131.0 137.3 17.9
GMSB50 160.7 166.01 19.1
Split SUSY 300 302.2 30.2
Split SUSY 400 4049 520
Split SUSY 500 498.9 55.4
Split SUSY 600 604.4 72.0
Split SUSY 700 692.2 88.3

Table 4: Expected signal mass resolution. The numbers of the § R-hadrons
describe the main peak.
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9.2 Trigger selection

This analysis presented in this thesis is based on events collected by two
types of muon trigger chains. The trigger for the slepton search requires MS
tracks to be matched with ID tracks in the high-level trigger. The estimated
pr is obtained from the combination of both systems, and is required to
satisfy pr > 13 GeV. The trigger for the R-hadron search requires an MS-
standalone muon trigger with pr > 40 GeV. The standalone triggers have
less accurate pr estimates than the combined ones.

The events are selected online by requiring at least one muon level-1
trigger. As level-1 muon triggers are accepted and passed to the high-level
trigger only if assigned to the collision bunch crossing, late triggers due to
late arrival of the particles are lost. The level-1 trigger efficiency for particles
arriving late at the MS is difficult to assess from data, where the overwhelm-
ing majority of candidates are muons. This efficiency is obtained from sim-
ulated R-hadron and GMSB events passing the level-1 trigger simulation.
The estimated trigger efficiencies for GMSB slepton candidates are between
80% and 81%. The R-hadron search is much more adversely affected by
the loss of trigger efficiency for late candidates, since the reconstruction is
seeded by the trigger, and so even if an event is triggered by another ob-
ject, the candidate will be lost. For R-hadrons that could be reconstructed
because they are charged in the MS, the trigger efficiencies range between
55% for mgz = 300 GeV to 38% for mz = 700 GeV. The estimated trigger
efficiency with respect to all R-hadrons produced in the scattering model
of [19] varies from 25% for mgz = 300 GeV to 17% for mz = 700 GeV. The
effect of the trigger efficiencies can be seen in tables 6 and 7.

9.3 Offline selection

Different event and candidate selection cuts were studied. Table 5 lists the
cuts used to reject background in the slepton and R-hadron searches. The
resulting candidates yields at different stages are summarized in table 6
and table 7 for the signal and data in the slepton and R-hadron searches
respectively.

Collision events are selected by requiring a good primary vertex with
at least three ID tracks, and with [2™| < 150 mm (where z§*™ is the z
coordinate of the reconstructed primary vertex).

Cosmic-ray background is rejected by removing tracks that do not pass
close to the primary vertex in z. For candidates with an associated ID
track, candidates with |25 — 23| > 10 mm are removed, where z{™* is the
z coordinate at the distance of closest approach of the track to the origin.
If no ID track is associated with the candidate, then it is still rejected if
|28k — 23] > 150 mm. Pairs of candidates with approximately opposite 7
and ¢ are also removed.
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The analysis searching for sleptons requires two candidates in each event,
because two sleptons are produced, and both have a high probability to be
observed in the MS. However, only one of them is required to pass the
LLP selection. This requirement reduces background from W production
and QCD, but Z — pu decays remain. Any candidate that combines with
another muon to give an invariant mass within 10 GeV of the Z mass is
rejected. In the R-hadron search, no requirement of two candidates per
event is made, because R-hadrons may be neutral in the MS, or be lost by
triggering in the next bunch crossing. Nevertheless, pairs consistent with
the Z mass are still rejected in the R-hadron search. These requirements
are grouped in tables 6 and 7 under the label “event selection”.

The slepton search requires candidates to have pp > 40 GeV, well above
the efficiency plateau for the trigger threshold of 13 GeV. A pr requirement
of 60 GeV is applied for all candidates in the R-hadron search, so as to
be in the MS-standalone trigger-efficiency plateau. Candidates with pp >
1 TeV are rejected. This removes a few candidates with badly reconstructed
momenta in both searches. Each candidate is required to have |n| < 2.5.
These requirements are grouped in tables 6 and 7 under the label “candidate
quality”.

The estimated [ is required to be consistent for measurements in the
same sub-detector, based on the RMS of 3 calculated from each hit sep-
arately. The estimated 3 is also required to be consistent between sub-
detectors. A 3 measurement in at least two subdetectors is required for
In| < 1.7. These requirements are grouped in tables 6 and 7 under the label
“G quality”. Finally, in order to reject muons, the combined S measure-
ment is required to be in the range § < 0.95. For signal, a low 3 should
be correlated between measurements whereas for muons they are a result
of poor estimation and should be uncorrelated between measurements. If
the candidate |n| < 1.7 two  measurements are required. Figure 18 shows
pr distribution in three 7 regions where sufficient statistics are available.
Although it can be seen that the pr distribution varies between the differ-
ent 7 regions, the distributions before (red) and after (blue) applying the
cut B < 0.95 are consistent.

9.4 Cosmic background contamination

Cosmic muons arrive at the detector in random times. Hence, cosmic muons
associated with a collision bunch crossing, may fake low 3 candidates. We
do not use timing cuts to reject cosmic rays in this analysis, since such
cuts could reduce the signal efficiency. As mentioned in the previous sec-
tion, cosmic rays are rejected with the requirement on |trk,, — vtz,,| and
by using a topological cut which rejects any 2 candidates with opposite n
and ¢ (|m1 + m2| < 0.005, ||¢p1 — ¢2| — 7| < 0.005). The efficiency of these
cuts to reject cosmic ray was tested on barrel data collected with a cosmic
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Slepton search

R-hadron search

PV quality

Cosmic veto

|20] < 150 mm
> 2 tracks
2 candidates with

|20] < 150 mm
> 2 tracks
2 candidates with

§ opposite 1 and ¢ opposite 1 and ¢
a [trk., — vtz,,| < 10 mm [trk., — vtz,,| < 150 mm or
[trk., — vtz,,| < 10 mm if ID

Z — pp veto 80 GeV < my, < 100 GeV 80 GeV < my, < 100 GeV
# candidates >=2 >=1

o pr 40 GeV < pr < 1TeV 60 GeV < pr < 1 TeV

© 7 range In] < 2.5 In] < 2.5

o [ consistency 2 (s consistent within 5o 2 (s consistent within 50

= B quality RMS < 30 RMS < 50
# technologies > 1 estimation if |n| < 1.7 > 1 estimation if || < 1.7
(3 range 8 < 0.95 8 < 0.95

Table 5: Selection cuts: event (including primary vertex, PV) , candidate
quality (CQ), 8 quality (8Q) and [ range.

A [TeV] = 30 35 40 50

data | mz [GeV] = 101.9 116.3 131.0 160.7

Before selection - 146.4 61.7  28.7 7.3
Trigger selection 959921 119.1 504  23.3 6.5
Event selection 57382 107.0 456 214 6.0
Candidate quality 5134 914 388 18.3 5.2
G quality 3470 70.4 295 14.0 3.9
6 < 0.95 582 51.8 21.7 11.2 3.0

Table 6: Candidates in data and simulated GMSB signal passing the se-
lection stages in the slepton search. The Monte Carlo signal prediction is
normalized to the data luminosity using the next to leading order cross-
section.
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| data | mg [GeV] = 300 400 500 600 700

Before selection - 4542 761 1777 464 14.2
Trigger selection 168043 1146 174 376 9.1 2.4
Event selection 150771 1140 173 374 9.0 24
Candidate quality 6334 504 75 15,7 3.8 1.0
08 quality 4998 443 66 139 33 0.8
0 <0.95 830 420 64 135 32 0.8

Table 7: Candidates in data and simulated R-hadron signal passing the
selection stages in the R-hadron search. The Monte Carlo signal prediction
for the sample with the scattering model of [19] and a g-ball fraction of 0.1,
is normalized to the data luminosity.
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Figure 18: pr distribution in three n regions where sufficient statistics are
available
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A [TeV] M7 [GeV] My — M; [GeV] [ fraction [%)]

30 101.9 1.91 27.7
35 116.3 1.97 30.5
40 131.0 2.06 0.4
50 160.7 2.3 0.4

Table 8: The [ fraction in the selected slepton sample before mass cut.

muon trigger in the empty bunches and periods without collisions, drop-
ping the requirement of a good primary vertex. The cosmic veto rejected
98.0%+0.5% (699 of 713) of the cosmic rays for the standalone analyses and
76.1%+4.6% (67 of 88) for the combined analysis. We then run the analysis
on collision events with and without the cosmic rejection, and calculate how
many candidates are rejected by the cosmic rejection at each stage of the se-
lection. From the number of rejected candidates and the rejection efficiency
we estimate the remaining cosmics. The results of this calculation are that
1.3 £ 0.17 cosmic rays are left in our standalone sample after the 3 < 0.95
requirement. Of those 0.14, 0.08, 0.00 are estimated above the mass cuts
150 GeV, 250 GeV and 350 GeV respectively. The cosmic ray contamina-
tion in the combined analysis is 0.70 £ 0.17 candidates after the 8 < 0.95
requirement. Of those 0.36, 0.24, 0.20 are estimated above the mass cuts
90 GeV, 110 GeV and 130 GeV respectively.

9.5 Details of the slepton yields

If the mass difference between the light i and the light 7 is very small, the
i may also be long-lived. Table 8 shows the fraction of i in the selected
slepton sample before any mass cut.

Two stable sleptons are produced in each GMSB event. Table 9 shows
the fraction of events that have two candidates with reconstructed mass
above 90 GeV. The fraction is with respect to the number of events that
have at least one candidate with reconstructed mass above 90 GeV. Table 6
above list the number of candidates passing the selection criteria. Table 11
below list the number of events passing the final selection. The limits in
section 12 are obtained from the number of events in table 11.

10 Background estimation

The estimation of the background mass distribution is done directly from
the data and does not use MC. It relies on two premises. That the sig-
nal to background ratio before applying cuts on ( is very small, and that
the probability density function (p.d.f.) for the 3 resolution for muons is
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A [TeV] M7 [GeV] fraction [%)]

30 101.9 22.3
35 116.3 25.8
40 131.0 28.6
50 160.7 324

Table 9: The fraction of events that have two candidates with reconstructed
mass above 90 GeV.

independent of the source of the muon and its momentum.

The muon 3 p.d.f. in each 7 region (described in table 3) is the histogram
of the measured ( of all candidates in each region passing the selection cri-
teria described in table 5, not including the selection 8 < 0.95. In order to
enlarge the statistics, we omitted the requirements for more than one candi-
date and the Z veto. In addition, the pt requirement in the slepton search
was reduced to 30 GeV while in the R-hadron search the pt requirement
was kept at 40 GeV.

10.1 The background estimation method

We start from the full sample of candidates passing the selection criteria
described in table 5, not including the selection § < 0.95. In this sample
the 2th candidate is reconstructed with momentum p; and velocity 5;. We
would like to emphasize that for a signal p; and (3; are correlated via the
mass of the new particle, while for a muon ; may be different than 1 only
due to the resolution of the 8 measurement. Therefore, if the full sample
contains signal and background, than the histogram of the measured mass
m; = p;/(y0); is expected to have a peak in the signal mass.

In order to obtain an estimate of the background reconstructed mass
spectrum we use each candidate’s measured momentum and ignore its mea-
sured 3. Instead, for the ¢th candidate we draw a @ from the § p.d.f. in
the region. The ¢th candidate in our estimation has measured momentum p;
and fake 3 denote as 3;. If 8; < 0.95 the candidate is assigned a fake mass
mj = p;/(7/);. The statistical error of the background estimation is reduced
by repeating the procedure 1000 times for each muon and dividing the re-
sulting distribution by the number of repetitions. The histogram of mass
obtained this way represents the background estimation. The procedure is
done for in each 7 region separately, and only at the end, the background
estimates from the different regions are added together.

For the muons, the measured § and the fake § are taken from the same
distribution, therefore, the background is estimated correctly. For the signal,
when drawing a @ from the muon (§ p.d.f., the momentum and the 8 are no
longer correlated. Most of the signal will get a § greater than 0.95 and will
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not enter the histogram of fake mass, and the remaining candidate’s mass
will be smeared over a large mass range due to the lack of correlation between
their momentum and the fake (3. Since the ratio of new particles to the
muon background in the original candidate sample is small, the background
distribution almost does not change in presence of the signal.

10.2 Muon ( independence

The assertion that the § distribution is the same for all muons, whatever
their kinematics is an important basis to the background estimation and
requires careful checking.

10.2.1 Simulation studies

The study of the independence of the muon 3 p.d.f. in MC was performed at
an early stage of the research. The combined MS+ID reconstruction method
was used, and § was estimated from the combined MDT segments + RPC
minimization. The study was performed prior to the decision to divide the
detector into the eight regions defined in 3. Instead, the following four n
regions were defined:

e The barrel, | n |< 1.05
e End-cap region 1, 1.05 <| 7 |< 1.5 (excluding 1.2 <| 7 [< 1.35)
e End-cap region 2, 1.5 <| n |< 2

e End-cap region 3, 2 <|n|< 2.5

We constructed the muon § p.d.f. in each n region from the histogram
generated using the measured ( of the following background sources:

e Muon pairs from Z decay (Z — upu).
e Muons from W—puv decay.

e Muons from top decays.

e Muons from QCD processes.

Once the p.d.f. was available, we performed two statistical tests to ensure
that the § distribution of any subset of muons is consistent with this p.d.f..
The tests we used were the Kolmogorov-Smirnov test, and a x? test to verify
that the ratio between the subset distribution and the muon § p.d.f. fits
the zeroth order polynom y = 1. The subsets of muons we used were muons
from the different background sources and muons in different momentum
ranges.
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The [/ measurement does not take into account the effect of bending
in the magnetic field. For this reason, together with the effect of multiple
scattering we expect that the ( resolution of muons with low momentum
will be slightly wider. To minimize these effects we demonstrated the muon
B p.d.f. independence for muons with pr > 30 GeV, consistent with the
pr selection requirements placed later in the data analysis.

Figure 19 shows the reconstructed (3 distributions of muons from Z decay
(red), W decay (blue), top decays (green), and QCD (magenta) compared
to the muon [ p.d.f. (black) for the four n regions. The lower pad shows
the ratio of the p.d.f. and the distribution of the subset. The Kolmogorov-
Smirnov values distribute uniformly between 0 and 1, with no value signifi-
cantly close to 0. We concluded that the Kolmogorov-Smirnov values gives
no indication for differences between the § distributions of the muons from
the different sources. The value obtained in a zeroth order polynomial fit
of the ratio is consistent with expectations (14 times within 1 sigma from 1
and 2 times within 2 sigmas from 1). The x? per degree of freedom shows
good agreement between the ratio and the line y = 1.

Figure 20 shows the reconstructed ( distributions of muons in the dif-
ferent momentum ranges. Due to the cut on the muon pr, the momentum
spectra is different in the different 1 regions. Therefore, in order to have
enough statistics in the different ranges, we choose different momentum
ranges in each 7 region. Table 10 summarizes the momentum ranges in the
different 7 regions. The Kolmogorov-Smirnov values distribute uniformly
between 0 and 1. We conclude that the Kolmogorov-Smirnov values gives
no indication for differences between the § distributions of the muons in the
different momentum ranges. The value obtained in a zeroth order polyno-
mial fit of the ratio is consistent with expectations (11 times within 1 sigma
from 1 and 1 time within 2 sigmas from 1). The x? per degree of freedom
shows good agreement between the ratio and the line y = 1.

Momentum range low medium high

Barrel 1 30 < p < 50 GeV 50 < p < 70 GeV p > 70 GeV
Endcap 1 30<p<80GeV 80<p<100GeV p> 100 GeV
Endcap 2 30 < p <120 GeV 120 < p < 150 GeV p > 150 GeV
Endcap 3 30 <p <200 GeV 200 < p < 250 GeV  p > 250 GeV

Table 10: Momentum ranges in the different n regions.

We conclude that in the simulation the § distribution does not depend
on the source of the muon or its momentum.

10.2.2 Muon 3 independence in the data

The independence of the muon |beta distribution was tested in data after
they become available, with the limitation that the data are not conveniently
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Figure 19: § distribution for muons from W+jets (blue), Z+jets (red), top
events (green) and QCD (magenta) and the combined muon (3 p.d.f. (black)
in the four 7 regions. In the lower pad is the ratio between the source (8
distribution and the muon 3 p.d.f..
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Figure 20: § distribution for muons from in different momentum ranges: low
(blue), medium (green) and high (red), as defined in 10 and the combined
muon 5 p.d.f. (black) in the four 7 regions. In the lower pad is the ratio
between the momentum subset 8 distribution and the muon S p.d.f..
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Figure 21: muon (3 distribution in data for inclusive candidates (black) and
muons from Z — pu (color) in the combined reconstruction method (left)
and MS-standalone reconstruction method (right). Candidates included in
these plots passed the primary vertex, cosmic veto, candidate quality and
B quality selection criteria discussed in section 9.3. The pr cuts were re-
duced to 30 GeV and 40 GeV for the combined and MS-standalone analyses
respectively. No source dependance of the muon § p.d.f. is observed.

divided by sources, except for Z decays which are relatively easy to identify.

Figure 21 shows the g distribution of all candidates in the data (black)
and muons from Z — puu (color) passing the selection criteria presented
in section 9.3, not including the requirement § < 0.95. The results are
shown for the distribution obtained in the slepton search (left) and in the
R-hadron search. It can be seen that the 8 p.d.f. is independent of the
muon source.

To test the momentum dependence of the muon 3 p.d.f., in each 7 region,
two (3 p.d.f.’s were obtained from the  measurement of candidates with high
or low momentum only. The momentum thresholds separating high from low
in each region were selected to provide enough candidates in both the high
and low momentum ranges. Figure 22 shows that the difference between the

resulting 3 p.d.f.’s is negligible for both slepton (left) and R-hadron(right)
searches.

10.3 Estimated background

The reconstructed mass distribution in different regions of the detector de-
pends on both # and momentum distributions through m = p/y3. The
regions also differ in the muon momentum distribution, since for any pr
cut, p is larger as n increases. Figures 23 and 24 shows the reconstructed
mass and the estimated background mass distribution in the eight regions
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Figure 22: muon (3 p.d.f. obtained from muons with high (black) and low
(red) momenta in the slepton search (left) and R-hadron search (right).
Candidates included in these plots passed the primary vertex, cosmic veto,
candidate quality and (8 quality selection criteria discussed in section 9.3.
The pr cuts were reduced to 30 GeV and 40 GeV for the slepton and R-
hadronsearches respectively. No momentum dependance of the muon (5 p.d.f.
is observed.

summarized in table 3 for the slepton and R-hadron searches respectively.
The distributions are composed of candidates passing the selection criteria
described in section 9.3.

The sum of the estimated background in all regions is shown in figure 25
for the slepton (left) and R-hadron (right) searches. The full mass range is
shown in log scale (top) and the high mass region is shown in linear scale

(bottom). It can be seen that the background estimation describes the data
well.

11 Systematic uncertainties

Several possible sources for systematic uncertainties have been studied and
estimated.

11.1 Signal yield uncertainties

The total systematic uncertainty of the signal yields is 6% on average. The
sources and their individual contributions are described below.

e Luminosity

An uncertainty of 3.4% was assumed [34].
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Figure 23: Measured mass (black) and background mass estimation in the
different 7 regions in the slepton search. Candidates in these plots passed
the selection criteria discussed in section 9.3.
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Figure 24: Measured mass (black) and background mass estimation in the
different 1 regions in the R-hadron search. Candidates in these plots passed
the selection criteria discussed in section 9.3.
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Figure 25: Measured mass (black) and background mass estimation, com-
bined in all regions, in the slepton search (left) and R-hadron search (right).
The full mass range is shown in log scale (top) and the high mass regions
is shown in linear scale (bottom). Candidates in these plots passed the
selection criteria discussed in section 9.3.
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Figure 26: Muon 3 distribution in the data (black) and MC muons from Z
decay smeared with up (red) and down (blue) smearing factor in the sleton
(left) and R-hadron (right) searches.

e Trigger

The systematic uncertainty associated with the trigger selection is es-
timated in [35] to be 0.73% (0.35%) and 0.74% (0.42%) in the barrel
(endcap) for the two trigger chains used in the slepton search. An
uncertainty of 5% is estimated for the R-hadron search. The trigger
efficiency for particles arriving late at the MS is included in the sim-
ulation. Differences between data and Monte Carlo trigger efficiency
due to the time resolutions were tested and are negligible.

e Signal resolution expected in the data

As explained in section 8.6 the signal resolution expected in the data
is estimated by smearing the hit times according to the current time
calibration. The systematic uncertainty due to the smearing process
is estimated by scaling the hit times smearing factor up and down
by 10% for the slepton search and by 50% for the R-hadronsearch, so
that they bracket the data g distribution. Figure 26 shows the muon
distribution in the data (black) and MC muons from Z decay smeared
with up (red) and down (blue) smearing factors. The results are shown
for the slepton (left) and R-hadron (right) searches.

Examples of mass distributions smeared with central (black) up (red)
and down (blue) smearing factors are shown in figure 27 for a 7 with
a mass of 116.3 GeV (left) and g with a mass of 500 GeV (right). 6%
(2%) systematic uncertainty is associated with the smearing process
for the GMSB models in the barrel (endcap). For the g R-hadrons, the
smearing effect is within the statistical error of the generated sample
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Figure 27: The mass distribution of 7 with a mass of 116.3 GeV (left) and
g with a mass of 500 GeV smeared with central (black) up (red) and down
(blue) factors.

size.

The systematic errors due to track reconstruction efficiency and mo-
mentum resolution differences between ATLAS data and simulation
were estimated using standard ATLAS tools to be 0.5% for GMSB
events and between 0.8% and 1.3% for R-hadron in the different hadroniza-
tion and interaction models.

11.2 Background estimation uncertainties

Systematic uncertainties on the background estimation method are possi-
ble due to correlations between the § and momentum distributions of the
candidates. Another systematic error on the background estimation arises
from the limited statistics of the sample used to estimate the background.
A total of 15% (20%) uncertainty is estimated for the slepton (R-hadron)
search resulting from individual contribution discussed below.

The main source of systematic uncertainties on the background estima-
tion is the variation of the § distribution within the different detector regions
used in the background estimation. The analysis makes a cut on pr, and
therefore the momentum is correlated with n. If there are systematic differ-
ences in  distributions within each region, the background estimate could
be sensitive to the cases where 8 from one part of a region is convoluted
with momentum from another part.

To quantify the variations of the § distribution within a region and its
effect on the background estimate, each region was sub-divided into smaller
regions in which the § distribution was evaluated. The ( distributions of
the sub-regions were compared by their mean, and the variation of their
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Figure 28: Background estimate (colored line) and the systematic uncer-
tainty (yellow band) associated with it for the background estimate obtained
in the slepton search (left) and in the R-hadron search. The full mass range
is shown on top and the high mass region on the bottom.

mean was used as a variation estimate of the 8 distribution within a region.
To derive the uncertainty bands caused by this, two background estimates
were produced after shifting the § distribution of a region by the variability
estimate. Figure 28 shows the background estimate (colored line) and the
systematic uncertainty (yellow band) associated with it for the background
estimate obtained in the slepton search (left) and in the R-hadron search.
The full mass range is shown on top and the high mass region on the bottom.

Another systematic error arises if the § distribution depends on the can-
didate momentum. To test this, the candidates in each 7 region were divided
by their momentum into two bins with similar counts and background esti-
mates were produced using the § distribution of each momentum bin. The
resulting background estimates are shown in figure 29 for the slepton (left)
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Figure 29: Background estimates produced with muon 8 p.d.f.’s of muons
with high (black) and low (red) momenta. The distributions are shown for
the slepton search (left) and for the R-hadron search (right).

and R-hadron (right) searches. It can be seen that this procedure produced
a negligible systematic error, confirming that the § distribution of muons
does not depend on their momentum.

Using the 3 distribution obtained from the Z — pp sample rather than
the generic sample would test another systematic effect. It can be seen from
figure 21 that the two distributions are similar, and indeed, the resulting
systematic uncertainty was negligible.

Finally, the background estimation is based on a limited statistics sam-
ple, that of all candidates that passed the quality cuts, before the cut on (.
The tail of the background mass distribution has a significant contribution
from a few high momentum events, and a statistical error arises from this.
In order to calculate the sensitivity of the limits obtained to the statistics
of the momentum distribution, the candidate sample was divided randomly
into two samples and the background estimate derived from each 1/2 sample
separately. The difference between the two background estimates above each
mass cut is multiplied by v/2 giving the difference between the sample used
in this analysis and a different sample of the same size. The resulting error
on the slepton search ranges from 1.47 candidate for M > 90 GeV to 0.19
candidate for M > 140 GeV. The systematic errors on the R-hadron search
background estimation arising from sample statistics are negligible at 0.05
candidate for M > 250 GeV and 0.06 candidate for M > 350 GeV. These
numbers are used as the systematic uncertainty arising from the statistical
error on the background estimate.
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M;  mass cut [GeV] expected signal expected background data

101.9 90 35.9 19.2 16
116.3 110 13.6 9.8 8
131.0 120 7.3 7.2 5
160.7 130 2.0 0.4 4

Table 11: Slepton search mass cuts and expected and observed events with
a candidate above it as a function of the £ mass

11.3 Theoretical cross-sections uncertainties

The PROSPINO program was used to calculate the cross sections at next to
leading order and two sources of theoretical systematic uncertainties were
considered; The renormalization and factorization scales are set to the av-
erage of the final state particle masses and are changed upward and down-
ward by a factor of two. This results in a systematic error of 7% for GMSB
cross-sections and 15% for gluino cross-sections [5]. The parton densities of
CTEQ6.6 [36] functions were used. The systematic uncertainties on GMSB
were estimated by applying the p.d.f. error function to the next to leading
order cross section calculation, yielding a systematic uncertainty of about
5%. A variation of less than 5% was observed in [5] for R-hadrons when
substituting the MSTW 2008 next to leading order p.d.f. set for CTEQG6.6.

12 Results

The CLs approach [37] for counting experiments is used to derive the limits
for the production cross-section of GMSB and g R-hadron events. The limits
are obtained by comparing the expected number of events with a candidate
above a given mass cut with the actual number of events with a candidate
above the same mass cut observed in the data.

12.1 Mass cut determination

For each model, the mass cut was chosen to optimize the ratio between
the expected number of candidates and the expected limit. This limit is
obtained using the background estimation to derive the expected number of
background events above the mass cut. Figure 30 shows these ratios for the
different GMSB (left) and R-hadron (right) models. The selected mass cuts
for the different models are summarized in tables 11 and 12 together with
the observed data and expected signal and background in each case.
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Figure 30: The ratio between the expected number of signal candidates and
the expected lower limit as a function of the mass cut, for the slepton search
(left) and R-hadron search (right).

Mjz mass cut [GeV] expected signal expected background data
300 250 254.4 2.3 3
400 350 36.2 0.7 1
500 350 8.7 0.7 1
600 350 2.2 0.7 1
700 350 0.6 0.7 1

Table 12: R-hadron search analysis mass cuts and expected and observed
events with a candidate above it as a function of the § mass
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Figure 31: Candidate estimated mass distribution for data, expected back-
ground including systematic uncertainty, with simulated signals added, in
the slepton (left) and R-hadron (right) searches.

12.2 Limits

The expected number of signal candidates in the dataset with integrated
luminosity of 37 pb~! is added to the background estimation and compared
to the data in figure 31 for the different GMSB (left) and R-hadron (right)
models. The production cross-section and cross-section limit at 95% CL is
shown in figure 32, as a function of the 7 mass for the slepton search (left)
and as a function of the § mass for the R-hadron search (right).

Stable 7 are excluded at 95% CL up to a mass of 136 GeV, in GMSB
models with N5 = 3, Mmessenger = 250 TeV, sign(p) = 1 and tang = 5. The
sensitivity of these limits to the SUSY parameters are reduced in two ways;
Figure 33 (left) shows the limit obtained for sleptons produced in electroweak
processes only, which have small dependence on model parameters besides
the slepton mass. Electroweakly produced sleptons are excluded at 95% CL
up to a mass of 110 GeV.

Figure 33 (right) shows the cross-section limits for sleptons passing the
fiducial cuts pr > 40 and |n| < 2.5 at the generator level. The resulting
efficiencies as a function of 3, pr, n and ¢ are shown in figure 34. It should
be noted that the cut on pr creates a mass dependent effective cut at low (.
The cut at § < 0.95 creates a mass dependent effective cut at high pr and
was not included in the efficiency plots below. In addition, due to resolution,
some candidates with generated § > 0.95 are selected in the analysis. The
fraction of sleptons with reconstructed g < 0.95 is within 1% of those with
generated § < 0.95 for all studied models.

These limits are only applicable to models where the 7 or £ are the NLSP,
and their lifetime is sufficiently long to traverse the ATLAS experiment and
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Figure 32: The production cross-section and cross-section limit at 95% as
a function of the 7 mass for the slepton search (left) and as a function of
the g mass for the R-hadron search (right). Cross-section uncertainties are
shown as yellow bands. The median expected limit is marked with dashed
red line. The green band is the 1o variation of the expected limit.

reach the MS. In this case, the limits obtained for the above models should
have little dependence on tang and Ns.

g R-hadron in the generic scattering model described in [19] are excluded
at 95% CL up to a mass of 544 GeV. The 95% CL limits for § R-hadrons
with the scattering model described in [20] and [21] are 494 GeVand 439
GeV respectively. The limits in these models are lower since smaller fraction
of R-hadrons are charged in the MS. Since the R-hadron search does not
require the existence of an ID track, the selection efficiency is affected very
little by the g-ball fraction. The small difference between the models with
different fractions is due to the primary vertex and zy requirement in the
event selection criteria discussed in 9.3. Generic scattering models with g-
ball fractions of 0.5 and 1.0 are excluded at 95% CL up to masses of 537
GeVand 530 GeVrespectively.

13 Summary and conclusion

A search for long-lived charged particle reaching the MS was performed
with 37pb~! of data collected with the ATLAS detector. No excess was ob-
served above the expected background estimation. Stable 7 are excluded
at 95% CL up to a mass of 136 GeV, in GMSB models with N5 = 3,
Mmessenger = 200 TeV, sign(p) = 1 and tang = 5. Gluino R-hadron in
the generic interaction model described in [19] are excluded up to masses of
530 GeV to 544 GeV, where the range spans the full range of g-ball fractions.
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Figure 33: The production cross-section and cross-section limit at 95% as a
function of the slepton mass for sleptons produced in electroweak processes
only (left) and for sleptons passing he fiducial cuts pp > 40,|n| < 2.5 and
B < 0.95 at the generator level. Cross-section uncertainties are shown as
yellow bands. The median expected limit is marked with dashed red line.
The green band is the 1o variation of the expected limit.
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