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R-hadrons are massive long-lived particles (LLPs) which are featured in a wide range of different

Supersymmetric models. In this paper we summarize the strategies for the search for LLPs in

the ATLAS detector using Time-of-Flight techiniques. Moreover, we describe a first search for

gluino R-hadrons which have come to rest within the ATLAS detector and decay some time later.

Candidate events are selected in the time interval between two consecutive bunch crossings of the

LHC in order to remove collision backgrounds. Simple selection criteria can be defined in order

to discriminate between signal-like events and backgrounds, the largest of which is due to cosmic

muons. The event yield from data collected during collisions at
√

s = 7 TeV is found to be in good

agreement with the yields in the 2009 cosmic data sample.
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1. Introduction

The search for a new type of heavy long-lived particle (LLP) is an important component of the
early data exploitation program of the LHC [1, 2]. LLPs containing a heavy colored particle are
called R-hadrons. They are predicted by many theories beyond the Standard Model (SM) [3, 4, 5],
which postulate the existence of non-SM particles with masses of the order of the TeV to solve
the so-called gauge hierarchy problem. Since these particles can be relatively slow (β ≪ 1), a
promising way to detect them in the ATLAS detector [6] is to use time-of-flight (ToF) measure-
ments. The mass of the candidate LLP could be obtained by exploiting the timing information
of the Tile Calorimeter (TileCal) and Muon Spectrometer (MS) to calculate the particle’s veloc-
ity, and combine this with the measurement of the momentump of the LLP (m = p/βγ). The
strategy in ATLAS for this analysis and the timing performance of the TileCal obtained from sin-
gle beam events collected at the start of the 2010 run are being described. At the LHC energies,
gluino R-hadrons would be produced in pairs, approximatelyback-to-back in the transverse plane.
Some fraction of them can loose all their momenta and come to rest within the detector volume
(“stopped” gluinos), where they then decay at some later time. The first studies to discriminate
signal-like events from backgrounds, the largest of which come from cosmic ray interactions, will
be described.

2. Strategy for LLP searches using time-of-flight techniquein the ATLAS Tile
Calorimeter and Muon Spectrometer

The Tile Calorimeter constitues the barrel part of the ATLAShadronic calorimetry. A full
description of this detector, as well as of all the ATLAS detectors, can be found in [6]. The
central barrel (|η | < 0.8) is divided in two partitions (Long Barrel A and B), with two Extended
Barrel Regions (A and B) covering the region 0.8≤|η |≤ 1.7. Each partition is segmented in
φ into 64 modules, which are divided in cells that are grouped radially in three layers (A, BC
and D). The selection of LLP candidates in the ToF analysis inthe TileCal starts with a muon
candidate reconstructed in the Muon Spectrometer (MS), as well as inner detector tracks that are
tagged as muon by their characteristic energy deposit in theTile calorimeter. The speedβ of an
LLP candidate can then be measured using the time measurement of the TileCal cell in which it
deposited its energy. If several cells along the extrapolated track of the reconstructed candidate are
taken into account, the speed can be calculated asβTile = ∑n

i=0 wiβi

∑n
i=0 wi

. The parameterwi(Ei) = Ei is the
weight for the measurement ofβ in cell i, andn is the number of cells along the reconstructed path
where the energy deposted has exceeded a given threshold. Given the analysis strategy for these
searches, in order to be able to perform a ToF analysis using the TileCal detector it is important to
understand its timing and energy calibration. The timing TileCal signals recorded with single beam
data during February 2010 are shown in Figure 1 (left) [7]. The average time over all cells with
the sameφ coordinate is shown in function of the cellz-coordinate (along the beam axis), for all
three radial samplings. The observed slopes match the time the muons take to cross the calorimeter
along thez-direction. In Figure 1 (right) the time of flight correctionthat assumed a track parallel
to thez-axis is applied, obtaining a flat distribution (within 1 ns)which demonstrates a very good
time equalization.
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Figure 1: Timing of TileCal signals recorded with single beam data on February 2010. Left: observed slopes
match the time the muons take to cross the calorimeter along the z-direction. Right: distribution obtained
after applying the time of flight correction that assumed a track parallel to thez-axis.

The speed of slow particles could also be estimated using muon candidates reconstructed by
the MS only. The reconstruction is based on recovering trigger detector hits from the next bunch-
crossing, estimating the particle velocity from the Resistive Plate Chambers (RPC) hit time and
selecting the theβ that minimizes the segmentsχ2 in the precision muon chambers [8]. The
efficiency reconstructingβ is over 90% for simulated candidates withβ >0.4.

3. Stopped Gluino Searches in ATLAS

The analysis performed to search for stopped gluino candidates in ATLAS [10] relies mainly
on the information from the Liquid Argon (LAr) sampling calorimeter, TileCal and the muon sys-
tem [6]. Jet triggers obtained from the calorimeter [9], which fire during the empty bunch crossing
of the LHC running at

√
s = 7 TeV, are used to select the candidate events. The criteriato isolate

signal-like events from backgrounds is to select events with less than 4 jets and no tracks or seg-
ments reconstructed in the muon system. The leading jet should have an energy of at least 50 GeV
and be central inη (|η |< 1.2). Further requirements are applied to remove noisy calorimeter
cells. The events expected in such sample come primarily from cosmic rays, with some negligible
residual beam-halo and beam-gas background. In order to test this assumption, the collision data
collected between March and June 2010 (corresponding to 2.7± 0.3 nb−1) have been compared to
cosmic ray events collected during the commissioning of theexperiment between May and Novem-
ber 2009, where the detector configuration and reconstruction algorithms matched closely those of
the collision data taking. The cosmic ray sample corresponds to 5.42×106 events satisfying the
requirement of having a 10 GeV Jet at Level-1 trigger. Figure2 shows good agreement between
the distribution of the jet energy from the collision data sample and cosmic ray events. The number
of background events in the cosmic ray and collision data sample is summarized in Table 3. For the
purpose of the preliminary studies, we can therefore conclude that the empty bunch triggered data
collected during collisions at

√
s = 7 TeV is in good agreement with the yields in the 2009 cosmic

data sample.
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Figure 2: Jet energy for empty bunch triggers in
√

s = 7 TeV collisin data (dots) compared with 2009 cosmic
ray data (histogram). Left: leading jet energy before jet energy cut. Right: leading jet energy after all cuts.

2009 Cosmic Data 2010 Collision Data
Selection Criteria Yield of cosmics Cosmics (scaled) Yield of data

Good runs and data quality cuts 9.43×105 – 1.58×106

Leading Jet |η |<1.2 6.26×105 1.29×106 1.29×106

Jet n90>3 3.83×105 7.89×105 7.90×105

number of Jets<4 3.82×105 7.87×105 7.83×105

Muon Segment Veto 530±23.0 1092±47.4 1170
Leading Jet Energy> 50 GeV 39±6.2 80±12.8 75
Leading Jet Width> 0.05 6±2.4 12±4.9 8
Jet n50<6 3±1.7 6±3.5 4
Leading Jet EMF<0.95 2±1.4 4±2.9 4

Table 1: Selection criteria overview table for 2009 cosmic data collected between May and November 2009
compared with the 2010 collision data collected between March and June 2010.
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