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Abstract Long lived charged particles are predicted by
many models of physics beyond the standard model (SM).
The common signature of such models is a heavy long-
lived charged particle with velocity smaller than the speed
of light, 8 < 1. This unique signature makes the search for it
model independent. This paper presents methods we devel-
oped as part of the ATLAS trigger and reconstruction chain
for identifying slow particles and measuring their mass. The
efficacy of these methods is demonstrated using two models
that are different in every aspect except for the existence of
long lived charged particles; a GMSB model that includes
sleptons with a mass of 100 GeV, and R-Hadrons with a
mass of 300 GeV produced in a split SUSY model.

1 Introduction

Long lived charged particles are allowed by many mod-
els of physics beyond the standard model (SM). In gen-
eral, different models have different characteristics. How-
ever, long lived charged particles have a common charac-
teristic in many models; when produced at the LHC some
of them would travel with velocity significantly lower than
the speed of light. Although the momentum (and therefore
B) spectrum of those particles is model dependent, the com-
mon signal is a heavy long-lived charged particle with ve-
locity smaller than the speed of light, 8 < 1. This unique
signature makes the search for it model independent.
ATLAS was designed to fully exploit the LHC discovery
potential [1, 2]. Nevertheless, the scenario of slowly moving
particles was not considered. With 8 < 1, a particle may be
lost during data collection, or be marked as coming from the
wrong event [3]. In this paper we consider the repercussions

4 e-mail: shlomit.tarem @cern.ch

of low particle speed in the ATLAS trigger and data acquisi-
tion design, and offer solutions to the problems encountered.

The new particles which have g values close to unity
are indistinguishable from ordinary muons. However, as we
will demonstrate, particles with 8 significantly lower than 1
can be identified and their mass measured. Such a search is
model independent since the velocity and mass of the new
particle are measured directly, without relying on other event
features which are characteristic of a model. We demon-
strate the model independence by showing efficiency and
mass measurement results for two models that are differ-
ent in every aspect except for the existence of long lived
charged particles; Gauge Mediated SUSY Breaking point 5
(GMSBS), and R-Hadrons (hadronized gluinos) with a mass
of 300 GeV.

This paper presents methods we developed in ATLAS
for triggering on heavy long lived particles and measuring
their mass. The separation between signal and background is
based on the particle velocity and mass measurements, and
does not include additional event characteristics. We show
that a preliminary selection of heavy long lived particles can
be made by the second level trigger, using the Resistive Plate
Chambers (RPC) in the barrel of the muon spectrometer [4].
Our program to do this selection has already been incorpo-
rates in the second level trigger program. This has a negli-
gible effect on the muon trigger rate but allows early detec-
tion of candidates, and by preventing rejection at later stages
of the trigger, increases the robustness for the selection of
heavy long lived particles.

Not all the data required to measure the heavy long lived
particle are expected to be kept for the analysis stage. Specif-
ically, the position and timing information of hits may not be
available in the Analysis Object Data (AOD) which is the
output of reconstruction and used for analysis. Therefore
we developed tools for measuring 8 at the reconstruction
stage. We use one of the muon reconstruction programs to
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do this. The program adds the particle velocity to the AOD,
allowing the selection of candidates for further study. The
B reconstruction is performed by refining the RPC measure-
ment made in the second level trigger, and using the Moni-
tored Drift Tubes (MDT) which give precise measurements
of muon hits, and the Thin Gap Chambers (TGC) which are
the trigger chambers in the end-cap region.

We will show that a specific trigger we developed for
slow particles will select slow particles cleanly and effi-
ciently, and the velocity measurement in reconstruction will
identify the slow particles. With these techniques, the events
containing long lived charged particles are selected by iden-
tifying those particles, independent from other model depen-
dent event characteristics. If further analysis is required, the
tagging of the candidate will allow us to select the more de-
tailed data for a refined analysis.

2 Motivation

Generally speaking, a particle may become long lived either
if a conservation law prevents it from decaying (in this case
the particle is completely stable), or if its decay coupling
is highly suppressed. Current cosmological measurements
restrict the existence of beyond the SM stable charged parti-
cles, as summarized in [5].

The decay coupling may be suppressed due to small cou-
pling constants, small phase space or if the interaction is
communicated via extremely heavy particles. Depending on
the model and on the point within the model parameter
space, one of the above occasionally gives rise to the ex-
istence of long lived charged particles.

In the following, we will demonstrate how long lived
charged particles are obtained in specific models within
the well motivated Supersymmetry (SUSY) framework. De-
tailed description of models with long lived charged parti-
cles can be found in [5].

2.1 Gauge mediated SUSY breaking (GMSB)

The original motivation for the search for long lived charged
particles arises from GMSB models [6]. In GMSB the sym-
metry breaking information is mediated by new chiral su-
permultiplets (the messenger fields) which couple to both
the hidden and observable sectors. The coupling to the ob-
servable sector is through the ordinary SU(3)¢c x SU(2)1 X
U(1)y gauge bosons.

In GMSB the lightest SUSY particle (LSP) is the grav-
itino. If R-Parity is conserved, the next to lightest SUSY
particle (NLSP) must decay to the gravitino. The NLSP de-
cay rate is a free parameter in the model, but depends on the
nature of the secluded sector. When the coupling is small,
the NLSP may become long lived.
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The GMSB particle spectrum is determined by a set of
five parameters: A, the SUSY breaking scale, M,,, the mes-
senger mass scale, Ny, the number of messenger fields,
tan B, the ratio of the vacuum expectation values of the two
Higgs fields, sign of w, the higgsino mass term, Cg/qy, the
scale factor of the gravitino mass, which determines the
NLSP lifetime (tyrsp ~ Cgmv). If N,, > 3 the NLSP is
often a slepton. The size of Cg,4, determines its lifetime.

In GMSB the slepton is usually a product of a long decay
chain starting from squarks or gluionos produced at the pri-
mary interaction. The events are expected to include many
jets and other leptons.

2.2 Split SUSY

The term “split” in split SUSY refers to a big mass differ-
ence between the scalar masses (except the ordinary Higgs)
which are very high, and the gaugino and higgsino masses
which remain at the weak scale. Such a mass split may be
a result of SUSY breaking at a high scale, which drives the
scalar masses to high values whilst the gaugino masses are
protected by a chiral symmetry [7].

In split SUSY the gluino can only decay through the ex-
change of virtual heavy squarks, and hence may become
long lived. The gluino lifetime as a function of myg, the
SUSY breaking scale is given in [5]. Since the gluinos are
colored particles, they will hadronize into color singlets, and
the long lived particle to look for is, therefore, the R-Hadron.

In Split SUSY, the R-Hardons would be produced back-
to-back in the primary interaction, with few other energetic
particles in the event.

3 Heavy particle signature in ATLAS
A long lived charged particle interacts in the detector in a

way similar to a muon. Neither EM showers nor substantial
hadronic showers are expected. Figure 1 shows the energy
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Fig. 1 Energy loss in the ATLAS calorimeter for simulated muons
(black points on right) and sleptons (grey points on left) in GMSBS.
The squares represent the mean energy loss in each bin
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Fig. 2 The efficiency, as a function of 8, for all slepton hits in the muon trigger chambers to be included in the same beam crossing (BC) with

those from fast particles, for the endcap (left) and the barrel (right)

loss of simulated sleptons in GMSBS5, one of the points cho-
sen for ATLAS SUSY full simulation analysis, which will
be discussed in more detail later. It can be seen that most
sleptons have small energy loss in the calorimeter.

Energy loss is substantial only for very slow particles,
which could be absorbed in the calorimeter if they have
B < 0.3. For these very slow particles, a different discovery
method is required, which is not included in this work.

It has been shown [8] that the energy loss of R-Hadrons is
also limited and they will also reach and pass the muon spec-
trometer. In R-parity conserving models, the gluino NLSP
does not interact strongly with detector material, because
the required squarks are too heavy. Even if R-Parity is vi-
olated, since the spatial extent of a wave function scales as
1/M?, the cross section contribution of the heavy parton be-
comes negligible. The light quarks within the R-hadron in-
teract strongly with detector material, but they hold only a
very small fraction of the R-Hadron momentum since the
gluino is so much heavier.

Thus the easiest and least model dependent signature to
look for at ATLAS is a charged particle with low 8 which
reaches the muon chambers.

It is important to note that particles with 8 ~ 1 look like
high pt muons. Therefore, the presence of high § long lived
charged particles may result in significant excess of high pr
muons with respect to electrons and hence an apparent vio-
lation of lepton universality. This approach to the detection
of long-lived particles does not allow a mass measurement
and is outside the scope of this note.

When searching for slow particles at the LHC, it is es-
sential to pay attention to the detector dimensions. Since the
detector extends over 20 m in length from the interaction
point to each detector side and the bunch crossing period is
25 ns, this means that information from three separate bunch
crossings co-exists in the detector at the same time.

To match correctly event fragments from different sub-
detectors, bunch crossing identification (BCID) is cru-
cial [9]. This is calibrated so that particles originating to-
gether at the interaction point and traveling at the speed
of light will have the same BCID assigned to them in all
detector elements. When g is sufficiently small, the parti-
cle will take longer to reach the detectors (especially those
far from the interaction point) and hits may be assigned a
wrong BCID and thus not be read-out. Figure 2 shows the
efficiency of hits being all marked with the correct BCID
in the muon trigger chambers. It can be seen that efficiency
drops sharply below 8 = 0.8 (0.7) at the endcap (barrel).

Nevertheless particles with 8 between 0.5 and 0.7 can
provide a trigger if the trigger time window is enlarged to
values which were anticipated for calibration purposes. The
effect of the enlarged trigger timing windows on trigger rate
is expected to be similar to that of pileup and cavern back-
ground, which was shown to be small in [9]. The events
could also easily be triggered by a different feature, an ac-
companying lepton or a large multiplicity of jets. Whatever
the trigger, if the hits in the muon spectrometer are not ac-
quired because of the late BC, the particles and the opportu-
nity to discover them are lost.

In order to find all hits from particles with 8 < 0.7 in
the barrel and B < 0.8 in the endcap, ATLAS must collect
hits from the following BC. Fortunately the MDT chambers
collect data for 700 ns, and thus hits from many BCs will
be present. The RPC and TGC data are kept in a pipeline
until the trigger decision is made and arrives back to the
readout electronics. When the trigger signal arrives, the data
acquisition can collect data from £7 and +1 BCs around
the triggered BC respectively, without an additional trigger.
However, the option to collect the extra BC, which was orig-
inally intended for debugging, may be switched on during
routine ATLAS operation to improve efficiency for long-
lived charged particle. The expected background rate in the
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muon trigger chamber was simulated to amount to a few
hits per readout sector per BC [9], so the effect of collect-
ing muon trigger chamber hits from additional BCs on event
size would be negligible.

3.1 Background

The background to the mass measurement of the long lived
particle in the muon spectrometer is made almost exclu-
sively of high pt muons with mis-measured timing. In sim-
ulating the background we used 1000 pb (200 pb) equivalent
single muon events with pt > 40 GeV (pt > 100 GeV) in-
side the ATLAS acceptance of || < 2.5. This estimate fol-
lows approximately the cross section estimate of [10]. We
used 200 pb instead of the estimated 75 pb of muon above
100 GeV to take into account possible pt dependence of the
background to heavy particles.

The fake level for high pt muons is quite low according
to [9], and is covered by the increased muon cross-section
we used. A small rate of background may also come from
cosmic rays and new physics. These backgrounds are not
treated in the note, but since the level-1 trigger rate from
cosmic rays is estimated to be below 10 Hz for a 20 GeV
threshold, and the level-2 algorithm requires track pointing
to the interaction point, we do not expected a big increase.

4 Model related signature

Although all heavy long-lived particles have 8 < 1 in com-
mon, there are differences which arise from the event con-
text and are model dependent. In particular, different mod-
els have different production cross sections and beta dis-
tributions. These characteristics affect the discovery poten-
tial. In the study presented below we demonstrate the AT-
LAS discovery methods using two different models: one in
the framework of GMSB and one in the framework of split
SUSY.

These two models are particularly interesting, not only
because of their large production cross sections, but also be-
cause they differ in many aspects: the stable particle mass,

B spectra, production mechanism, SM interactions and ac-
companying features in the event. Thus, they may be con-
sidered as a test of model independence of the methods de-
scribed.

4.1 GMSB point 5 (GMSBS)

Setting the GMSB parameters as follows: A = 30 TeV,
M, =250 TeV, N,, =3, tanB =5, sign(u) = +, Cgran =
5000 (ATLAS’s GMSBS) results in a SUSY production
cross section of 21 pb. The model spectrum has a gluino
(g) mass of 705 GeV, squarks (g) with masses between 600
and 690 GeV and neutralino (x) masses between 113 and
335 GeV. The NLSP are long lived sleptons, with masses
Mz =102.2 GeV and M;,; = 100.3 GeV.

In this model, two sleptons are produced in the decay
)Z? -1+ 1, at the end of different cascade decays, hence
they are produced with different B’s. Figure 3 shows the
pt (left) and B (right) spectra of the muons and NLSPs in
GMSBS. As can be seen, the 8 spectrum of the NLSPs cov-
ers a large range, with a tendency towards the high B values
because of the large mass difference between the squarks
and gluinos that are produced in the hard collision, and the
neutralinos and charginos that result from their decays. Due
to the small mass difference between the neutralino and
slepton, the slepton and anti-lepton are nearly collinear, and
the events contain additional high pr jets.

4.2 Split SUSY—R-Hadron

In split SUSY, two colored gluinos are produced at the pri-
mary interaction, so that both R-Hadrons are expected to be
almost alone in the event, with a similar pt and B. As can
be seen in [11], the production cross section is high for low
mass gluinos but decreases logarithmically with increasing
mass. The B spectrum tends to lower values with increasing
mass.

It should be noted that R-Hadrons may change their
charge in the calorimeter [12]. If the R-Hadron turns to neu-
tral in the calorimeter, it will leave no trace in the muon

Fig. 3 pr (left) and B (right) goof T T T
spectra of simulated muons and < r
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spectrometer and is lost. If the R-Hadron turns from neutral
to charged in the calorimeter, it can be reconstructed in the
muon spectrometer, but with no corresponding track in the
inner detector. Such a situation is not treated correctly in the
usual flow of trigger and reconstruction and requires special
care.

5 Simulated samples

In order to stay as model independent as possible the tools
presented below were developed using data sets of sin-
gle particles. Using the generation program SingleParticle-
Gun [13] we generated single staus of mass m; = 100 GeV
with different velocities (8 = 0.6,0.7,0.8,0.9,0.95) to
study the potential signal behavior. The background is es-
timated using single muon files with the pt profile of inclu-
sive muons.

The spectrum of GMSBS5 was calculated using ISAJET
V7.74 [14], and the R-Hadron events were produced using
PYTHIA 6.403 [15]. For detailed description of the genera-
tion parameters see [11].

ATLAS’s response to the events above was simulated
using GEANT4 [16]. The characteristics of the long lived
charged particle affect its interaction with the detector.
Therefore, special patches (G4Extentions/RHadrons, Slep-
tons) within the ATLAS implementation of GEANT4 were
used in order to simulate the passage of long lived sleptons
and long lived R-Hadrons through the ATLAS detector. In
both packages, the new stable particle masses are defined
at the simulation step, so as to enable simulation with var-
ious masses. The slepton simulation defines the ionization
energy loss, whereas the R-Hadron simulation must incor-
porate their hadronic interaction and charge flip probabilities
as well [8].

R-Hadrons have strong interactions with the detector ma-
terial, but the energy loss of R-Hadrons in nuclear inter-
action is only due to the interactions of the light partons,
and is small because the fraction of R-Hadron energy car-
ried by the light partons is small. In the GEANT4 imple-
mentation the authors [8] use a purely geometric cross sec-
tion, and phase space arguments are used to predict the dif-
ferent 2-to-2 and 2-to-3 reactions. The heavy parton is ne-
glected because the spatial extent of a wave function scales
as 1/M?, making the cross section contribution negligible,
so the heavy parton is just a reservoir of kinetic energy.

The total energy loss of R-Hadrons with a mass of
300 GeV in 1 meter of iron is estimated to be between 5 and
11 GeV, depending on their kinetic energy. This will allow
most R-Hadron to reach the muon spectrometer with most
of their initial momentum, but the spread of energy loss is
larger than in the case of sleptons.

6 Triggering on long lived heavy charged particles

ATLAS has a trigger system [2] to reduce the data taking
rate from 40 MHz to ~100 Hz, designed to keep the events
that are potentially the most interesting. The first level trig-
ger [9] selection is done by custom hardware and identifies a
detector region and a beam crossing for which a trigger ele-
ment was found. The second level trigger [17] is performed
by dedicated software, making its decision based on data
acquired from the BC and Region of Interest (Rol) found at
level-1. Eventually, the event filter [17] uses the complete
event data, using algorithms adapted from the offline re-
construction, to refine the selection of level-2 and add more
complex signatures to the final selection. An event must pass
all trigger levels in order to be kept for analysis.

6.1 Level-1

Level-1 triggers are produced by the calorimeter or the muon
trigger chambers. Although different models may result in
somewhat different trigger scenarios, a long lived charged
particle is most likely to trigger as a muon. We provide a
brief description of the features of the muon trigger relevant
for a slow particle search.

The level-1 muon trigger is based on dedicated fast detec-
tors: the RPCs in the barrel and the TGCs in the end-caps.
The basic principle of the algorithm is to require a coinci-
dence of hits in the different trigger stations within a road
from the interaction point through the detector. The width of
the road is related to the bending of the muon in the mag-
netic field and thus to the pt threshold to be applied.

The level-1 muon trigger also identifies the beam cross-
ing in which the collision occurred, so that all sub-detectors
collect the data from it. The trigger decision itself may in-
clude hits from the adjacent BC, depending on the pro-
grammed timing gate in the electronics.

The trigger in both the barrel and the end-cap regions is
based on three trigger stations. The low-pr triggers (4 to
10 GeV) arrive from a coincidence in two stations, while
the high- p triggers (over 10 GeV) require an additional co-
incidence with the third station. In the barrel the high-pr
station is in the outer station of the muon spectrometer, ap-
proximately 10 m from the interaction point. In the end-cap
all three trigger stations are in the middle of the muon spec-
trometer, between 13 and 15 m from the interaction point.

The hits from a slow particle may fall outside the correct
BC, either for all trigger stations (e.g. if the trigger was pro-
duced by another feature in the event) or hits in the low- pr
stations in the barrel may arrive at the correct BC, but the
hits in the outer station may be late. In such a case, even if
the pt of the particle was high, it would produce a low pr
trigger.

In GMSBS5 the two sleptons are produced with different
B’s. A muon trigger in the correct BC is very likely, either
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Table 1 Level-1 triggers for GMSBS5 events. The trigger type labels
are used in the menu definitions

Trigger type  Description Trigger efficiency
n40 Muon with pt > 40 GeV 95%
xE200 Missing E7 > 200 GeV 63%
Em25i Isolated EM cluster E > 25 GeV ~ 46%

from a slepton with high 8, or from one of the accompany-
ing leptons. Nevertheless, a low 8 slepton, one with good
potential for a mass measurement, could arrive to the muon
spectrometer, or more likely the outer muon station, in the
next BC. In such a case the slow slepton will not be found
by the trigger, or be identified as a low pt muon. Table 1
summarizes the Level-1 trigger efficiencies for the GMSBS5
sample, based on the Level-1 thresholds defined in the AT-
LAS trigger menu foreseen to be applied for a luminosity of
10%.

In Split SUSY, the gluinos are produced directly, and
there are few other features in the event. Therefore the R-
Hadrons themselves must trigger the event. Since both of
the R-Hadrons may be slow, the muon trigger may be on the
wrong BC. As a result, all other event information such as
that from the inner detector may be lost in the previous BC.
This problem may be solved by also collecting data from
the previous BC in the inner detector, but the feasibility of
doing this, from the point of view of increased data volume,
has not been investigated in this work. Additional data from
the calorimeter is not required in order to find long lived
heavy charged particles.

Even if events containing new long-lived particles will
pass the level-1 trigger, the data from a slower particle may
arrive in the next BC and be lost, unless muon data from the
next BC is also collected.

6.2 A level-2 trigger for heavy sleptons

At level-2, the algorithms are called based on the trigger ele-
ments found at level-1. Each algorithm has a reconstruction
stage which processes the data from the relevant parts of the
subdetectors, and a hypothesis stage which makes the deci-
sion to keep or reject the reconstructed feature. Level-2 has
an average time allocation of 10 ms (on an 8 GHz PC) to
make the decision.

The level-2 suite for muons includes two stages. The first
stage starts from a level-1 muon Region of Interest (Rol) and
reconstructs the muon in the spectrometer, giving a new prt
estimate for the muon candidate and creating a new trigger
element [18]. The hypothesis cuts on the estimated pt so
that 90% of the muons with pt above the nominal thresh-
old would pass the selection. The resulting trigger element
then passes to the next algorithm, which matches an inner
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detector track with the trigger element from the muon spec-
trometer and refines the pr estimate [19].

In the barrel region, a high pt slow particle may trigger
at level-1 only the highest low pt threshold (using a two
station coincidence) because it did not arrive in time to the
outer muon station. In such a case the level-2 trigger will
re-estimate the pr using the MDT hits in the outer station,
but only if the event is accepted at level-1. The level-2 pr
estimate using the stand-alone muon spectrometer algorithm
may be poorer in such a case. This could be recovered by the
matching with a track in the ID, in the cases where such a
track exists.

We developed an algorithm to trigger on heavy stable
charged particles, by measuring their velocity at the level-2
trigger. In the barrel of the muon spectrometer, the excellent
time resolution (3ns) of the RPC chambers allows measure-
ments of the time of flight (TOF). When a charged particle
passes through an RPC chamber two signals are generated;
one measuring its time and position in the phi direction and
the other measuring it time and position in the eta direction.
The time measurement includes the time of flight and in ad-
dition the propagation time from the point where the particle
passed in the detector to the readout electronics.

The muon level-2 algorithm combines the separate hits
in the two directions into one point in space, with n and
¢ coordinates. Since both coordinates are known, the sig-
nal propagation time along RPC strips to the readout may
be calculated and subtracted from the measured signal time,
to give the signal production time which corresponds to the
particle time of flight. Finally, the particle velocity is calcu-
lated from the average velocity of the hits on the track.

Measuring 8 in the muon spectrometer at the second
level trigger could be particularly useful for R-Hadrons. The
second stage of the level-2 trigger requires matching be-
tween the candidate found in the muon spectrometer and
a track in the inner detector. If the R-Hadron was neutral
in the inner detector, or the hits in the inner detector were
in the previous BC, it will fail this test. The resulting effi-
ciency for R-Hadrons with a mass of 300 GeV was found
to be about 50%. However, if the R-Hadron is identified in
the muon spectrometer as a slow particle candidate, it could
be accepted without the requirement of a matching inner de-
tector track. The corresponding muon rate is expected to be
completely negligible since all muons have an inner detector
track. Cosmic ray muons are only selected at level-2 if they
project back to the interaction point, and thus will also have
associated inner detector tracks.

Our method for measuring the particle speed at the level-
2 trigger has been included as a part of the first feature ex-
traction algorithm. In the barrel, a slow particle may already
be distinguished and selected effectively, at the level-2 trig-
ger. Figure 4 shows the B reconstructed at level-2 for slep-
tons of different 8 and for muons. The B8 resolutions are



Eur. Phys. J. C (2009) 62: 281-292

287

around 3% and increase to 3.5% for S of 0.95 and 3.7% for
muons. At low g there is a downward bias of ~ 5% mainly
due to energy loss in the calorimeter.

A selection on the beta measurement by itself would
leave too many muons in the sample, as can be seen in
the left plot of Fig. 5. At the hypothesis stage, we select
using pr(candidate) > 40 GeV, B(candidate) < 0.97 and
m(candidate) > 40 GeV. The efficiency of this selection is
91% for GMSBS5 events with sleptons in the barrel, and 92%
(93%) for R-Hadrons with a mass of 300 GeV (1000 GeV)
in the barrel. This corresponds to 58% of events passing the
level-1 trigger over the full detector acceptance.

Figure 5 shows the mass distribution of GMSBS5 sig-
nal and background resulting from the selection for an in-
tegrated luminosity of 500 pb~!. It can be seen that for
GMSBS the signal to background ratio is already good at
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Fig. 4 The f measured for sleptons in the barrel at level-2 for differ-
ent values of true B. The error bar represents the fitted sigma of the
measured S distribution
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Fig. 5 Mass distribution of signal and background resulting from the
level-2 selection for an integrated luminosity of 500 pb-1. On the left
is the full mass range and on the right is the range accepted by the cuts.

level-2. Figure 6 shows on the left the mass distribution for
100 pb~!, and on the right the distribution for 500 pb~!
when the slepton cross-section is reduced by a factor of 2.
The large width of the slepton mass distribution results from
the inaccurate pr estimate at the first stage of the level-
2 trigger. The pt resolution can be improved by using a
matching inner detector track, if it exists.

If there is no inner detector track, as in the case of an
initially neutral R-Hadron, the resulting mass is coarsely
measured, but sufficiently separated from the background.
The slow particle selection at level-2 results in an efficiency
of 92% to select events with R-Hadrons in the barrel. This
compares favorably with the 50% efficiency of the muon
trigger mentioned above. The muon rate for this selection
is completely negligible since all muons have an inner de-
tector track.

Our conclusion is that a slepton with the production char-
acteristics (mass, B distribution and cross section) of the
GMSBS point could be discovered using the tag from our
level-2 trigger with an integrated luminosity as low as a few
pb~!. Although the trigger was not designed for discovery,
if physics beyond the standard model can be identified in the
trigger, then this tagging will be used to enable an efficient
selection of the samples to be further reconstructed and an-
alyzed with offline software tools.

Our measurement of 8 for high pt muon candidates has
already been incorporated in the standard ATLAS level-
2 program muFast [18], and a so-called T hypothesis was
added to make the selection described above.

Less than 2.4% of muons passing the 40 GeV threshold
in the barrel at the first stage of the level-2 trigger would
also pass the stau hypothesis. Therefore, at a luminosity of
1033 cm~2 57!, the slow particle trigger chain would pro-
duce arate lower than 1 Hz coming from prompt muons. Ad-
ditional interactions in the same BC and muons from cosmic
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The shaded area is the signal, the dashed line is the muon background,
and the full line is the sum
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Fig. 6 Mass distribution of signal and background resulting from the
level-2 selection for an integrated luminosity of 100 pb-1 (left), and
with integrated luminosity of 500 pb-1 but the GMSB cross section

rays have only been studied with small samples, but these
indicate that the total trigger rate will by less than 2 Hz.
Further refinement of the slow particle selection using sub-
sequent muon trigger stages will reduce this rate to 0.2 Hz.
This rate fully overlaps with the muon trigger rate.

The limitations of the level-2 slow particle trigger should
be noted: First, this selection is performed only in the barrel
of the muon spectrometer, where the RPCs are the trigger
chambers. The timing information from the endcap is in BC
granularity and cannot be used to measure . Second, a slow
particle which does not produce a Rol in the correct BC will
not cause the muFast algorithm to be called, and the selec-
tion will not be performed. Therefore, slow particles in the
endcap, as well as very slow particles in events triggered by
other fast particles in the event, can only be identified offline.

6.3 Slow particles in the event filter

The final trigger decision in ATLAS is made in the event
filter, which uses algorithms adapted from the offline recon-
struction. As will be shown in the next section, the standard
muon reconstruction is not efficient for slow particles; there-
fore they would be rejected at this stage. The combined trig-
ger efficiency of level-2 and the event filter for sleptons with
velocity f = 0.6 is 39%.

Below we present a specific reconstruction algorithm for
slow particles, which will avoid this efficiency loss. This al-
gorithm is currently being adapted for the event filter.

Slow particle candidates found at level-2 that do not have
a matching inner-detector track (such as charge flipped R-
Hadron candidates) should be accepted without further event
filter selection. This will increase the combined trigger effi-
ciency of the level-2 and the event filter for R-Hadrons with
a mass of 300 GeV from 25% to 92% in the barrel. The
muon rate for this selection is completely negligible since

@ Springer
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lower by a factor of 2 (right). The shaded area is the signal, the dashed
line is the muon background, and the full line is the sum

all muons have an inner-detector track, but the effect of cav-
ern background on this selection has not been studied yet.

7 Reconstruction of slow particles

Most new particle searches look for heavy particles which
decay into known stable particles. The discovery in those
cases is made by kinematic analysis on those known parti-
cles, which are all reconstructed by the ATLAS reconstruc-
tion packages. The search for a new stable charged particle
is unique in that these particles require a custom reconstruc-
tion. Without a specific reconstruction, some of the new par-
ticles would be misidentified as muons, while many will be
lost completely. Thus the identification of slow particles and
the measurement of their velocity must be done at the re-
construction stage, and the measured velocity included in
the resulting analysis object data.

7.1 Reconstruction with the standard muon reconstruction
packages

In the standard ATLAS reconstruction, long lived charged
particles are expected to be reconstructed as muons. Muons
are reconstructed by forming track segments in the three sta-
tions of the Muon Spectrometer. Segments in the ¢ direction
are found using the trigger chamber data.

The efficiency to reconstruct slow particles is compro-
mised due to the following issues: the data may not be col-
lected if the hits from a particle are in the next bunch cross-
ing instead of the nominal BC of the event; the lack of a ¢
segment hinders the reconstruction of the precision segment
in eta using the MDT data; the reconstructed radii of MDT
hits are enlarged by late arrival of the slepton and may not
fit well to a segment.
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The efficiency of reconstructing the slepton as a muon de-
pends on the reconstruction program. Figure 7 shows the re-
construction efficiency for sleptons from GMSBS5 with two
ATLAS combined muon reconstruction packages [20] [21].
It can be seen that reconstruction efficiency starts dropping
sharply for B < 0.75. This indicates that special reconstruc-
tion will be required for the slow particles, similar to the one
we describe below.

7.2 Identifying heavy long lived particles at reconstruction

Another approach is to estimate the slow particle mass in the
event reconstruction. We do this with another ATLAS muon
identification package [22], which starts from inner detector
tracks and looks for corresponding hits in the muon spec-
trometer. This enables us to select candidates when the seg-
ment reconstruction is imperfect. In order to minimize the
processing time, the velocity estimation is activated in the
program when the candidate has pt > 20 GeV and at least
a few muon hits associated with the inner detector track.

The identification of heavy charged particles is based on
three techniques.

ﬁ ATLAS 1. w;% L

Reconstruction Efficiency
T
|
T
|
i

0.6— 4
04l A4 ~ Muid
L ‘ i = Staco
0.2— e ‘
N 7%:0,
0 ; \‘ | | | |
0.4 0.5 0.6 0.7

B

Fig. 7 Efficiency as a function of 8 for two ATLAS combined muon
reconstruction packages

e Recovering trigger detector hits from the next beam cross-
ing.

e Estimating the particle velocity from the hit time in the
RPC.

e Estimating the particle velocity by selecting 8 that mini-
mizes the x2 of the MDT segments.

The lost efficiency in the trigger chambers may be recov-
ered if we also include hits from the following BC. Figure 8
compares the number of TGC segments found for sleptons
with 8 = 0.6 when hits from the next BC are excluded (left)
or included (right) in the reconstruction. For sleptons with
B = 0.6 using the hits from more TGC BCs improves the
reconstruction efficiency in the end-cap from 65% to 97%.

Offline, the particle velocity can also be measured using
the MDTs, the ATLAS precision muon chambers. 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,
using a known relation between the drift distance and the
drift time, R = R(t4rif;). The result is a ring of radius R
around the wire. A segment is reconstructed as a line tangent
to the radii in the different layers as shown on the left side
of Fig. 9.

The drift time is estimated by subtracting the expected
time of flight, 79, from the measured signal time. The ex-
pected fy 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 mea-
sured radius is larger than the true one. Larger radii may
result in either badly fitted segment or wrong direction of
the segment as shown on the right side of Fig. 9.

Following the idea suggested by [23, 24], a minimization
of the x? of the segment fit with respect to the time of ar-
rival to the muon detectors is performed for each candidate,
and for each group of MDT hits associated to an inner de-

Fig. 8 The number of TGC 8 F 8 [
segments found for sleptons £ | ATLAS 2 o0 ATLAS

with 8 = 0.6, using hits from ® 250~ @ r
the BC of the event (/eft) and r +
using also hits from the next BC L 200
. 200 L
(right) r r
1501 1501
100~ :
L 100~
50 i
C 50

L1 L1 Ll P 1 Fi L1 L Ll L

0 0 0.5 1.5 2 0 . .

number of TGC segments

number of TGC segments
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Fig. 9 A correct (left) and
incorrect (right) segment
reconstruction in an MDT
chamber. The wrong
reconstruction is due to longer
time of flight which results in
overestimation of the drift

distance
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Fig. 10 Reconstruction efficiency for sleptons in single stau events (left), sleptons from GMSBS5 (middle) and R-Hadrons (right) as a function of
B with a reconstruction program that also estimates 8
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Fig. 11 The B resolution of sleptons in single stau events (left) is cen- olution of R-Hadrons with a mass of 300 GeV (right) is centered at
tered at —0.006 with a o of 0.035, for sleptons from GMSBS5 (middle) —0.009 with a o of 0.070

the resolution is centered at —0.015 with a o of 0.030. The B res-

tector track. The algorithm yields an estimate of 8 and of  specific 8 values (left), GMSBS sleptons (middle), and of
the particle mass per candidate. R-Hadrons (right). All samples show reasonable efficiency

An estimate of 8 from the RPC muon trigger chambers,is =~ measurement at low 8. This may be compared with Fig. 7
performed in a similar way to the algorithm from the level-2 ~ which shows the reconstruction efficiency for sleptons with

trigger. The estimates from the MDT and the RPC are com-  a standard muon reconstruction.

bined to improve the 8 estimate. Figures 7 and 10 both present the efficiency, over the bar-
Refitting MDT hits with a 8 hypothesis also increases  rel and end-cap together, of combined reconstruction in the

the number of good segments found, and therefore the re-  inner and muon detector for slow particles that had a track

construction efficiency. Figure 10 shows the efficiency of re-  in the inner detector.

constructing sleptons and R-Hadrons as a function of 8. Fig- Figure 11 shows the g resolution for sleptons in single

ure 10 Shows the efficiency for single stau generated with  stau events (left) sleptons from GMSBS5 (middle) and R-
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Hadrons with a mass of 300 GeV (right). The resolutions are
nearly the same for sleptons of different types and sources.
The R-Hadrons are expected to lose more energy in the
calorimeter, and have a wider distribution of energy loss,
which could explain the worse resolution. Figure 12 shows
the efficiency to reconstruct a 8 within £0.1 from the true
value for sleptons (left) and R-Hadrons (right). Figures 11
and 12 include all slow particles with a track in the inner
detector whether or not they were reconstructed as muons.

Figure 13 shows the reconstructed mass for GMSBS slep-
tons generated with masses of 100.2 and 102.3 GeV (left)
and R-Hadrons generated with a mass of 300 GeV (right).
The sleptons mass is centered at 102 GeV with a o of 16
GeV, and the R-Hadrons mass is centered at 301 GeV with
a o of 64 GeV. In both cases the reconstructed mass is unbi-
ased but wide. The mass resolution will be improved when
the full track is re-fit with S added as a fit parameter. How-
ever, the efficiency of keeping the candidates depends on
slepton hits found in the segment finding stage.

The measured velocity of slow particle candidates is in-
cluded in the resulting analysis object data. Thus these can-
didates are tagged for discovery or further analysis. Given
the large data volume expected to be produced by ATLAS,

reconstructed mass (GeV)

without this tagging it would be almost impossible to lo-
cate events containing long lived charged particle for further
study in the analysis stage

8 Conclusions

Heavy long lived charged particles can be discovered in AT-
LAS, should they exist. However, this cannot be done with
the standard ATLAS tools alone. Furthermore, much of the
discovery must be done before the analysis stage in the data
acquisition, high level trigger and reconstruction.

We have developed a set of specific model independent
tools to measure the mass of heavy, long lived, charged par-
ticles in the ATLAS trigger and reconstruction software. The
tools have now become part of the ATLAS software release
and will run automatically during data taking to produce a
Ttrigger at level-2 and the event filter, and a 8 estimate in
the analysis object data resulting from reconstruction.

The efficiency to discover long lived charged particles
can be improved by collecting data also from the beam
crossing following the one in which the interaction occurred.
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This is most important for data from the muon trigger cham-
bers, where this possibility is included in the data acquisition
design.

The discovery potential of ATLAS for long lived particles
is model dependent, and the ATLAS discovery reach for var-
ious models is not discussed in this paper. We tested the tools
we developed on two distinct example models, GMSB point
5 and R-Hadrons with a mass of 300 GeV in the framework
of Split-SUSY. For these two models, discovery is possible
at very low luminosity, given well calibrated data. However,
the discovery methods we present do not depend on anything
in the event other than the presence of a slow particle, and
are therefore independent of the model characteristics. Dis-
covery for a given integrated luminosity depends primarily
on the production cross section of slow particles.
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