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Abstract. A search for long-lived particles is performed using a data sample of 4.7 fb−1 from proton-proton
collisions at a centre-of-mass energy

√
s = 7 TeV collected by the ATLAS detector at the LHC. No excess

is observed above the estimated background and lower limits, at 95% confidence level, are set on the mass
of the long-lived particles in different scenarios, based on their possible interactions in the inner detector, the
calorimeters and the muon spectrometer. Long-lived staus in gauge-mediated SUSY-breaking models are ex-
cluded up to a mass of 300 GeV for tan β = 5 − 20. Directly produced long-lived sleptons are excluded up to
a mass of 278 GeV. R-hadrons, composites of gluino (stop, sbottom) and light quarks, are excluded up to a
mass of 985 GeV (683 GeV, 612 GeV) when using a generic interaction model. Additionally two sets of limits
on R-hadrons are obtained that are less sensitive to the interaction model for R-hadrons. One set of limits is
obtained using only the inner detector and calorimeter observables, and a second set of limits is obtained based
on the inner detector alone. The full paper can be found in [1].

1 Introduction

Heavy long-lived particles (LLP) are predicted in a range
of theories which extend the Standard Model (SM). Super-
symmetry (SUSY) [2–10] models allow long-lived slep-
tons, squarks and gluinos. The searches are optimised for
the different experimental signatures of sleptons and com-
posite colourless states of a squark or gluino together with
SM quarks and gluons, called R-hadrons. The results of a
search for long-lived sleptons, identified in both the inner
detector (ID) and in the muon spectrometer (MS), (“slep-
ton search”) are interpreted in the framework of gauge-
mediated SUSY breaking (GMSB) [11–17] with the light
stau as the LLP. Direct pair production of sleptons is also
used to interpret the data independently of the mass spec-
trum of the other SUSY particles. R-hadrons may emerge
as charged or neutral states from the pp collision and be
converted to a state with a different charge by interac-
tions with the detector material, and thus arrives as neutral,
charged or doubly charged particles in the muon spectrom-
eter. In ATLAS, LLPs can be identified via the timing in-
formation in the muon spectrometer or calorimeters, and
via the measurement of the energy loss in the silicon pixel
detector. These techniques are combined in this analysis to
achieve optimal sensitivity for the “full-detector R-hadron
search”. In addition searches based on only the calorime-
ter and pixel detector information (“MS-agnostic R-hadron
search”), and based solely on the pixel detector (“ID-only
R-hadron search”) are performed. The latter two cases are
motivated by the limited understanding of R-hadron in-
teractions in matter, in particular for possible electrically
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neutral R-hadrons traversing the MS. Furthermore, these
searches are sensitive to scenarios in which the R-hadrons
decay before reaching the MS. In all searches the signal
particles are assumed to be stable within the ATLAS de-
tector, at least to the point they hit the last relevant compo-
nent of the subdetector used for detecting it.

2 Data and simulated samples

The studies are based on 4.7 fb−1of pp collision data col-
lected at a centre-of-mass energy

√
s = 7 TeV in 2011.

The events are selected online by muon triggers for the
slepton search and by missing transverse momentum and
muon triggers for the R-hadron searches. Data and Monte
Carlo simulation Z → µµ samples are used for timing res-
olution studies. Monte Carlo signal samples are used to
study the expected signal behaviour and to set limits. The
GMSB samples are generated with stau masses between
122.2 and 465 GeV. The R-hadron samples are generated
with gluino masses ranging from 300 to 1500 GeV and
squark masses between 200 and 1000 GeV.

3 The ATLAS detector

The ATLAS detector [18] is a multipurpose particle
physics detector with a forward-backward symmetric
cylindrical geometry and near 4π coverage in solid an-
gle. The ID consists of a silicon pixel detector, a
silicon micro-strip detector, and a transition radiation
tracker. The ID is surrounded by a thin superconduct-
ing solenoid providing a 2 T magnetic field, and by
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Figure 1. Distribution of β for selected Z → µµ decays in data
and MC, for calorimeter (left) and combined (right) measure-
ments. [1]

high-granularity liquid-argon sampling electromagnetic
calorimeters (LAr). An iron/scintillator-tile calorimeter
provides coverage for hadrons in the central rapidity range.
The end-cap and forward regions are instrumented with
liquid-argon calorimeters for both electromagnetic and
hadronic measurements. The MS surrounds the calorime-
ters and consists of three large superconducting air-core
toroids each with eight coils, a system of precision track-
ing chambers, and detectors for triggering.

The ATLAS trigger system is designed to select the
events of interest with a data taking rate of about 400 Hz
from a beam bunch crossing rate as high as 40 MHz.

The relation between the time-of-flight and the charge
deposition in each pixel is measured in dedicated calibra-
tion scans and shows a good linearity. Therefore the time-
of-flight measurement is well correlated with the energy
loss dE/dx of a charged particle in the pixel detector. The
masses of slow charged particles can be measured by fit-
ting each dE/dx and momentum measurement to an em-
pirical Bethe-Bloch function.

The ATLAS tile and LAr calorimeters have sufficiently
good timing resolutions to distinguish highly relativistic
SM particles from the slower moving LLPs. The time res-
olution depends on the energy deposited in the cell and
also the layer type and thickness, but typical resolutions
are 2 ns for an energy deposit of 1 GeV and generally bet-
ter for the tile calorimeter.

The velocity β of a particle is estimated using two
subsystems, the monitored drift tube chambers as well as
the resistive plate chambers. For the former, individual
track segments are reconstructed with different β values
and an estimate is given by choosing those yielding the
best match. In a successive track re-fit the β estimation is
improved further. For the resistive plate chambers, a β esti-
mate is obtained by averaging the β’s calculated separately
from the time-of-flight associated to each hit.

Depending on the search strategy and in case the mea-
surements are consistent and β > 0.2, a weighted average
is obtained, using the calculated error of each measure-
ment times the pull of the β distribution for muons from
Z → µµ samples as weights.

4 LLP candidate and event selection

A common base selection, requiring a functional detector,
a well reconstructed primary vertex and vetoing on cosmic
muons is applied. Furthermore two dedicated LLP can-
didate and event selections are used for the two different
signal types studied: sleptons and R-hadrons.

4.1 Sleptons

Candidate events are selected with a single muon trig-
ger with about 85% efficiency. For two LLP candidate
events a loose selection requires a transverse momentum
above 50 GeV, an invariant mass outside the Z mass region
(±10 GeV) and a combined β below 0.95. For one LLP
candidate events a tight selection demands a transverse
momentum above 70 GeV, a β consistent at 2σ amongst
at least two different sub-detectors. In both cases, a model
dependent cut on the candidate mass mβ = p/γβ is ap-
plied. The typical overall signal selection efficiency is
about 20%.

4.2 R-hadrons

Candidate events are selected with a 60 − 70 GeV missing
transverse momentum trigger with between 15 and 20%
signal efficiency. In the full-detector and MS-agnostic
search candidates are required to have a momentum above
140 GeV, be isolated from jets and other tracks, be in the
central region and have a good combined or standalone
calorimeter β. In addition βγ < 1.5− 2.0 and β < 0.8− 0.9
are required. The typical signal selection efficiency is
around 10%. In the ID-only search candidates are required
to have a momentum above 100 GeV, a transverse momen-
tum above 50 GeV, even tighter isolation, an electron veto
and a offline missing transverse energy above 85 GeV. In
addition the dE/dx value has to exceed a pseudorapidity-
dependent threshold.

5 Background estimation

The background for all searches is mostly composed of
high-pT muons with mis-measured β or large ionisation.
The background estimation is derived from data in all
cases. The background mass spectrum (examples shown
in Figure 2) is estimated by calculating a mass from the
pT-spectrum of candidates and the measured β distribution
of the background obtained from control samples.

6 Systematic uncertainties

Signal cross sections are calculated to next-to-leading or-
der in the strong coupling constant, adding the resumma-
tion of soft gluon emission at next-to-leading-logarithmic
accuracy (NLO+NLL) [19–25]. This leads to 5% rela-
tive uncertainty on the expected signal normalisation in the
slepton search, and 15 to 30% uncertainty for the R-hadron
search. The uncertainty on the expected signal, taking into
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Figure 2. Observed data, background estimate and expected sig-
nal in the two-candidate signal region in the slepton search (left)
and in the full-detector R-hadron search (right). [1]
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Figure 3. Limits on the SUSY-breaking mass scale, Λ, and the
ratio of the vacuum expectation values of the two Higgs dou-
blets, tan β, in GMSB models (top), cross-section upper limits
for gluino (bottom left) and squark (bottom right) R-hadrons in
the full-detector search. [1]

account systematic discrepancies between data and simu-
lation in trigger efficiency, momentum resolution, β and
dE/dx calibrations, missing energy scale and QCD uncer-
tainties is estimated to 4−6% for sleptons and 11−13% for
R-hadrons. The uncertainty on the background estimate,
taking into account variations of distributions and statis-
tics, was found to be 11%/13% for the one/two-candidate
slepton search and 15 − 20% for the R-hadron search. An
uncertainty of 3.9% [26, 27] is assigned to the integrated
luminosity corresponding to the dataset.

7 Results

No indication of signal above the expected background is
observed. Upper cross-section limits on new particles are
set by counting the number of events passing a set of mass

cuts optimised for each given mass point and model. For
the ID-only analysis the full mass spectrum of the back-
ground and the hypothetical signal is considered. Cross-
section limits are obtained using the CLs method [28] and
a 95% confidence level. Long-lived staus in the GMSB
model considered, for tan β = 5 − 20, are excluded at
95% CL for masses up to 300 GeV, while directly pro-
duced long-lived sleptons, or sleptons decaying to long-
lived ones, are excluded at 95% CL up to a stau mass of
278 GeV for models with slepton mass splittings smaller
than 50 GeV. Exemplary limit plots are shown in Figure 3.
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