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Hitherto unobserved long-lived massive particles with electric and/or colour charge are predicted by a
range of theories which extend the Standard Model. In this Letter a search is performed at the ATLAS
experiment for slow-moving charged particles produced in proton–proton collisions at 7 TeV centre-of-
mass energy at the LHC, using a data-set corresponding to an integrated luminosity of 34 pb−1. No
deviations from Standard Model expectations are found. This result is interpreted in a framework of
supersymmetry models in which coloured sparticles can hadronise into long-lived bound hadronic states,
termed R-hadrons, and 95% CL limits are set on the production cross-sections of squarks and gluinos. The
influence of R-hadron interactions in matter was studied using a number of different models, and lower
mass limits for stable sbottoms and stops are found to be 294 and 309 GeV respectively. The lower mass
limit for a stable gluino lies in the range from 562 to 586 GeV depending on the model assumed. Each
of these constraints is the most stringent to date.

© 2011 CERN. Published by Elsevier B.V. All rights reserved.
1. Introduction

The discovery of exotic stable massive particles (SMPs)1 at the
LHC would be of fundamental significance. The motivation for
SMP searches at ATLAS arises, for example, from proposed solu-
tions to the gauge hierarchy problem, which involve previously
unseen particles with TeV-scale masses [1,2]. The ATLAS experi-
ment has recently searched for SMPs with large electric charge [3].
SMPs possessing colour charge represent another class of ex-
otic particle which can be sought. Hadronising SMPs are antici-
pated in a wide range of exotic physics models [1] that extend
the Standard Model (SM). For example, these particles appear in
both R-parity conserving supersymmetry (SUSY) and universal ex-
tra dimensions. The possibility of direct pair production through
the strong nuclear force implies large production cross-sections.
Searches for these particles are thus an important component of
the early data exploitation programs of the LHC experiments [4].
In this Letter, the first limits from the ATLAS experiment are
presented on the production of coloured, hadronising SMPs in
proton–proton collisions at 7 TeV centre-of-mass energy at the
LHC. Results are presented in the context of SUSY models pre-

✩ © CERN, for the benefit of the ATLAS Collaboration.
� E-mail address: atlas.publications@cern.ch.
1 The term stable is taken in this Letter to mean that the particle has a decay

length comparable to the size of the ATLAS detector or longer.

dicting the existence of R-hadrons [5], which are heavy objects
formed from a coloured sparticle (squark or gluino) and light SM
partons.

SMPs produced at LHC energies typically possess the follow-
ing characteristics: they are penetrating2 and propagate at a low
enough speed that they can be observed as being subluminal us-
ing measurements of time-of-flight and specific ionisation energy
loss [1]. Previous searches for R-hadrons have typically been based
on either the signature of a highly ionising particle in an inner
tracking system [7–9] or a slow-moving muon-like object [9–11].
The latter limits rely on the assumption that the R-hadron is elec-
trically charged when it leaves the calorimeter and can thus be
detected in an outer muon system. However, hadronic scattering
of R-hadrons in the dense calorimeter material, and the proper-
ties of different mass hierarchies for the R-hadrons, may render
most of the produced R-hadrons electrically neutral in the muon
system [12]. Such an effect is expected for R-hadrons formed
from sbottom-like squarks [13]; the situation for gluino-based R-
hadrons is unclear, with different models giving rise to different
phenomenologies. The previous mass limit for gluino R-hadrons
with minimal sensitivity to scattering uncertainties is 311 GeV at
95% confidence level [9] from the CMS Collaboration.

2 A small fraction of SMPs can be brought to rest by interactions in the detector.
Should they have finite lifetimes an alternative approach to the direct detection of
SMPs would be to observe their decays [6].

0370-2693/ © 2011 CERN. Published by Elsevier B.V. All rights reserved.
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The ATLAS detector contains a number of subsystems which
provide information which can be used to distinguish SMPs from
particles moving at velocities close to the speed of light. Two
complementary subsystems used in this work are the pixel de-
tector, which measures ionisation energy loss (dE/dx), and the
tile calorimeter, which measures the time-of-flight from the in-
teraction point for particles which traverse it. Furthermore, since
there is no requirement that a candidate be reconstructed in the
outer muon spectrometer, the search is robust to theoretical un-
certainties on the fraction of R-hadrons that are charged when
leaving the calorimeter system. The analysis extends the mass
limits beyond already published limits and represents the first
dedicated direct search for sbottom R-hadrons at a hadron col-
lider.

2. Simulation of R-hadrons and background processes

Monte Carlo simulations are used primarily to determine the
efficiency of the R-hadron selection together with the associated
systematic uncertainties. Predicted backgrounds are estimated us-
ing data, as described in Section 4. However, simulated samples of
background processes (QCD and tt̄ , W and Z production) are used
to optimise the R-hadron selections, without biasing the selection
in data.

Pair production of g̃ g̃ , t̃ ¯̃t and b̃ ¯̃b is simulated in Pythia [14]
using the DW tune [15,16]. The string hadronisation model [17],
incorporating specialised hadronisation routines [1] is used to pro-
duce final states containing R-hadrons. For gluino scenarios the
probability for a gluino to form a gluon–gluino bound state, based
on a colour octet model, is assumed to be 10% [1]. The simula-
tion of R-hadron interactions in matter is handled by dedicated
Geant4 routines [18,19] based on three different models with al-
ternative assumptions. R-hadrons containing squarks are simulated
using the model described in Ref. [13]. This model is motivated
by extrapolations from SM heavy quark hadron spectra. It fur-
thermore employs a triple-Regge formalism to describe hadronic
scattering. For gluino R-hadrons there are less strict theoretical
constraints since no SM analogue exists for a heavy colour octet.
Consequently a physics model is chosen, as described in Refs. [20,
21]. This model has been used in other publications [6,9,22] and it
imposes few constraints on allowed stable states. Doubly charged
R-hadrons and a wide variety of charge reversal signatures in the
detector are possible. Hadronic scattering is described through a
purely phase space driven approach. More recent models for the
hadronic scattering of gluino R-hadrons predict that the majority
of all produced R-hadrons will be electrically neutral after just a
few hadronic interactions. One of these models is an extension of
the triple-Regge model used to describe squark R-hadrons [12].
Another is the bag-model based calculation presented in Ref. [23].
Independent results for gluino R-hadrons are presented here for
these models.

The simulated samples have gluino (squark) masses in the
range 100–700 GeV (100–500 GeV), roughly matching the sensitiv-
ity that can be achieved given the statistical precision of the data
sample on which the present analysis is based. The cross-sections
of the individual samples are normalised to the predictions of the
Prospino NLO program [24] using CTEQ 6.6 parton density func-
tions (PDFs) [25]. All other sparticles are set to high mass and are
decoupled from the calculations used in this work.

3. The ATLAS detector

The ATLAS detector is described in detail in Ref. [26]. Below,
some features of the subsystems most important for the present
analysis are outlined.

3.1. Specific energy loss from the pixel detector

As the innermost sub-detector in ATLAS, the silicon-based pixel
detector contributes to precision tracking in the region3 |η| < 2.5.
The sensitive detectors of the pixel detector barrel are placed on
three concentric cylinders around the beam-line, whereas each
end-cap consists of three disks arranged perpendicular to the beam
axis. The pixel detector therefore typically provides at least three
measurements for each track. In the barrel (end-cap) the intrin-
sic accuracy is 10 μm in the r–φ plane and 115 μm in the
z (r)-direction. The integrated time during which a signal exceeds
threshold has a sub-linear dependence on the charge deposited in
each pixel. This has been measured in dedicated calibration scans,
enabling an energy loss measurement for charged particles using
the pixel detector.

The charge released by a track crossing the pixel detector is
rarely contained within just one pixel. Neighbouring pixels are
joined together to form clusters, and the charge of a cluster is
calculated by summing up the charges of all pixels after applying
a calibration correction. The specific energy loss, dE/dx, is esti-
mated as an average of the individual cluster dE/dx measurements
(charge collected in the cluster, corrected for the track length in
the sensor), for the clusters associated with the track. To reduce
the effects of the Landau tail, the dE/dx of the track is calculated
as the truncated mean of the individual cluster measurements. In
the study presented here at least two clusters are required for the
pixel detector dE/dx measurement (dE/dxPixel). Further details and
performance of the method are described in [27].

3.2. Time-of-flight from the tile calorimeter

The ATLAS tile calorimeter is a sampling calorimeter that con-
stitutes the barrel part of the hadronic calorimetry in ATLAS. It
is situated in the region 2.3 < r < 4.3 m, covering |η| � 1.7, and
uses iron as the passive material and plastic scintillators as ac-
tive layers. Along the beam axis, the tile calorimeter is logically
subdivided into four partitions, each segmented in equal intervals
of azimuthal angle (φ) into 64 modules. The modules are further
divided into cells, which are grouped radially in three layers, cov-
ering 0.1 units in η in the first two layers and 0.2 in the third.
Two bundles of wavelength-shifting fibres, associated with each
cell, guide the scintillation light from the exposed sides of the
module to photomultiplier tubes. The signal from each photomul-
tiplier tube is digitised using dual ADCs covering different dynamic
ranges. Analysing seven consecutive samplings with an interval of
25 ns allows the amplitude, pedestal value and peak position in
time to be extracted. The tile calorimeter provides a timing reso-
lution of 1–2 ns per cell for energy deposits typical of minimum-
ionising particles (MIPs). The measured times have been corrected
for drifts in the LHC clock using high-precision timing measure-
ments from a beam pick-up system [28] and calibrated such that
energy depositions associated with muons from Z -boson decays
are aligned at t = 0 in both data and simulations.

Although the readout electronics have been optimised to pro-
vide the best possible timing resolution for β = 1 particles, the
performance for slower particles (0.3 < β < 1) is not seriously
compromised. In addition, SMPs tend to traverse the entire tile
calorimeter, leaving statistically independent signals in up to six
cells.

3 ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point (IP) in the centre of the detector and the z-axis along the beam
pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ

being the azimuthal angle around the beam pipe. The pseudorapidity is defined in
terms of the polar angle θ as η = − ln tan(θ/2).
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Table 1
Observed and expected event yields at different steps of the data selection procedure. The individual rows of the table correspond to the stages in the cut flow as defined in
the text. The rows denoted Mass preselection and Final selection indicate the number of events having at least one candidate with a mass estimate from both subsystems and
passing the final mass cuts, respectively. These selections are defined in Section 5. In addition to data and background, predictions from the signal simulations are shown.
Predicted yields are scaled to the integrated luminosity of the data sample.

Cut level Data Background 300 GeV g̃ 500 GeV g̃ 600 GeV g̃ 200 GeV t̃ 200 GeV b̃

No cuts – – 2.13 × 103 80.4 21.8 405 405
Trigger – – 616 25.6 6.96 109 108
Candidate particle 75 466 68.0 × 103 416 17.6 4.80 87.4 67.9
Vertex 75 461 68.0 × 103 416 17.6 4.80 87.4 67.9
|η| <1.7 64 618 60.5 × 103 364 15.7 4.32 75.2 56.8
Track quality 59 872 58.1 × 103 355 15.3 4.20 73.3 54.9
�R > 0.5 49 205 49.4 × 103 349 15.1 4.13 72.7 54.5
pT > 50 GeV 5116 6.56 × 103 330 14.5 3.95 68.9 50.0

Mass preselection 36 56.0 184 9.70 2.75 32.6 18.9
Final selection – – 173 9.17 2.62 30.6 17.5

Fig. 1. Distributions of dE/dxPixel (left) and βTile (right) in data after the transverse momentum selection pT > 50 GeV. Spectra for simulated background processes are plotted
for comparison. The uncertainty shown on the background is the Monte Carlo statistical uncertainty.
The time-of-flight and hence the speed, β , of an R-hadron
candidate can be deduced from time measurements in the tile
calorimeter cells along the candidate trajectory. All cells along the
particle trajectory with an energy deposition larger than 500 MeV
are used to make an independent estimate of β . The time resolu-
tion has been shown to improve with the energy measured in the
cell [29], so the cells are combined using an average weighted by
cell energy to get a velocity measurement (βTile). Combining the
measurements from all cells results in a time resolution of ∼ 1 ns.

4. Event selection

The data sample used in this work corresponds to an integrated
luminosity of 34 pb−1. Final states with R-hadrons can also con-
tain jets and missing transverse energy (Emiss

T ) arising from QCD
radiation which can be used to select candidate events. Due to the
large cross-section for jet production at the LHC, triggering on jets
with low transverse energy is not feasible. A superior trigger ef-
ficiency for the signal is obtained by using a trigger on missing
transverse energy utilising only calorimeter information [30] (a full
description of the ATLAS trigger system is given in [26]). Using
an Emiss

T -based trigger is possible since R-hadrons would typically
deposit only a small fraction of their energy as they propagate
through the ATLAS calorimeters. The trigger threshold applied is
Emiss

T = 40 GeV which gives an efficiency ranging from approxi-
mately 15% for a gluino-mass of 100 GeV to 32% for a 600 GeV
mass. The missing transverse energy trigger is based on a level-1
trigger decision derived from coarsely segmented energy measure-
ments, followed by a decision at the higher-level trigger based on
the full granularity of the ATLAS calorimeter.

4.1. Selection of R-hadron candidates

Table 1 shows the cut flow of the analysis. After the trigger se-
lection, each event is required to contain a track with a transverse
momentum greater than 10 GeV. This track must be matched ei-
ther to a muon reconstructed in the muon spectrometer or to a
cluster in the tile calorimeter. The track is required to have MIP-
compatible energy depositions in the calorimeter. Such an event
is referred to in the table as a candidate event. Each event is re-
quired to contain at least one good primary vertex, to which at
least three tracks are associated. Only tracks in the central region
(|η| < 1.7) are considered. This matches the acceptance of the tile
calorimeter. To ensure well measured kinematics, track quality re-
quirements are made: the track must have at least two hits in the
pixel detector, at least six hits in the silicon-strip Semiconductor
Tracker, and at least six associated hits in the Transition Radiation
Tracker (TRT). Jet objects are reconstructed using the anti-kt jet
clustering algorithm [31,32] with a distance parameter of 0.4. In
order to suppress backgrounds from jet production, the distance in
η–φ space between the candidate and any jet with ET � 40 GeV
must be greater than �R = √

(�η)2 + (�φ)2 = 0.5. Finally, the
measured transverse momentum of the candidate must be greater
than 50 GeV.

After the selection, 5208 candidate particles in 5116 events are
observed. Fig. 1 shows the dE/dxPixel and βTile distributions for
these candidates together with background simulations. As can be
seen, the βTile measurements are centred around one. The width of
the distribution, as determined by a Gaussian fit around the bulk
of the data, is ∼ 0.1. Reasonable agreement between data and the
background simulations is observed, although the latter calcula-
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Fig. 2. Mass estimated by the pixel detector (left) and the tile calorimeter (right). To obtain a mass estimate, a cut of dE/dxPixel > 1.1 MeV g−1 cm2 is imposed for the pixel
detector distribution. This is a looser cut than used in the analysis itself. For the tile calorimeter, the requirement is that βTile < 1.
tions are not used in any quantitative way in the analysis. The
expected distributions for signal particles are overlaid and scaled
to the luminosity of the data by their production cross-section, il-
lustrating the sensitivity of these observables to R-hadrons.

5. Mass reconstruction

For each candidate, the mass is estimated by dividing its mo-
mentum by βγ , determined either from pixel detector ionisation
or from the tile calorimeter time-of-flight. In the pixel detector,
the following simplified Bethe–Bloch equation gives a good de-
scription of the relation between the most probable value (M dE

dx
)

of dE/dxPixel and βγ in the range relevant to this analysis (0.2 <

βγ < 1.5):

M dE
dx

(β) = p1

β p3
ln

(
1 + (p2βγ )p5

) − p4 (1)

To find β , and hence a mass estimate, this equation must be
solved for β , identifying the measured dE/dxPixel with M dE

dx
. This

requires the dE/dxPixel value to be above that of a MIP. The pa-
rameters p1–p5 in Eq. (1) are determined from fits to SM particles
with well-known masses and ionisation properties, p, K and π
[27], and provide a relative dE/dxPixel resolution of about 10% in
the asymptotic region (βγ > 1.5). To reduce the backgrounds fur-
ther, the final selection requires that dE/dxPixel > 1.8 MeV g−1 cm2

compared to dE/dxPixel ∼ 1.1 MeV g−1 cm2 deposited by a MIP. In
the tile calorimeter, the β-values are required to be less than 1.

The pixel detector and the tile calorimeter provide independent
measurements from which the mass of the SMP candidate can be
estimated. Making requirements on both mass estimates is a pow-
erful means to suppress the tails in the individual distributions
arising from instrumental effects. In Fig. 2 the estimated mass dis-
tributions based on dE/dxPixel and βTile are shown after the 50 GeV
transverse momentum cut of the event selection. In contrast to the
other figures in this Letter, the signal distributions are stacked on
top of the background to illustrate the total expected spectra for
the signal + background scenarios.

To establish signal regions for each mass hypothesis, the mean,
μ, and Gaussian width, σ , of the mass peak is determined for both
the pixel detector and the tile calorimeter measurement. The sig-
nal region is then defined to be the region above the fitted mean
minus twice the width (i.e. mPixel > μPixel − 2σPixel for the mass
as estimated by the pixel detector and mTile > μTile − 2σTile for
the mass as estimated by the tile calorimeter). The final signal
region is defined by applying both of the individual mass require-
ments.

6. Background estimation

Rather than relying on simulations to predict the tails of the
dE/dxPixel and βTile distributions, a data-driven method is used to
estimate the background. No significant correlations between the
measurements of momentum, dE/dxPixel, and βTile are observed.
This is exploited to estimate the amount of background arising
from instrumental effects. Estimates for the background distribu-
tions of the mass estimates are obtained by combining random
momentum values (after the kinematic cuts defined above) with
random measurements of dE/dxPixel and βTile. The sampling is
performed from candidates passing the kinematic cuts defined in
Section 4.1 for the case of βTile, while dE/dxPixel is extracted from
a sample fulfilling 10 < pT < 20 GeV.

The sampling process is repeated many times to reduce fluc-
tuations and the resulting estimates are normalised to match the
number of events in data. The resulting background estimates can
be seen in Fig. 3 for the pixel detector (requiring dE/dxPixel >

1.8 MeV g−1 cm2) and the tile calorimeter (requiring βTile < 1) sep-
arately. As can be seen from the figures, there is a good overall
agreement between the distribution of candidates in data and the
background estimate. The expected background at high mass is
generally small.

Combining the pixel detector and the tile calorimeter mass es-
timates as described in Section 5 further reduces the background
while retaining most of the expected signal. In contrast to the
individual background estimates shown in Fig. 3, the combined
background is obtained by combining one random momentum
value with random measurements of both dE/dxPixel and βTile. The
agreement between the distribution of candidates in data and the
background estimate is good. This is seen in Table 2, which con-
tains the event yields in the signal regions defined in Section 5 for
the gluino signal, for the estimated background and for real data.
The table also contains the means and the widths of the estimated
mass distributions, which are used to determine the signal regions,
as described in Section 5. Using combined data, there are no events
containing a candidate with mass greater than 100 GeV. There
are five candidates observed for the 100 GeV mass hypothesis, for
which the mass window extends to values less than 100 GeV.

7. Systematic uncertainties and checks

A number of sources of systematic uncertainties are investi-
gated. This section describes uncertainties arising due to the lim-
ited accuracy of theory calculations used in this work together
with experimental uncertainties affecting the signal efficiency and
background estimate.
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Fig. 3. Background estimates for the pixel detector (left) and the tile calorimeter (right). Signal samples are superimposed on the background estimate. The total systematic
uncertainty of the background estimate is indicated by the error band.

Table 2
Expected number of signal and background events for the pixel detector and the tile calorimeter separately and combined for gluino mass hypotheses between 100 and
700 GeV. The fitted means and widths of the estimated mass distributions are shown on the left. To the right of the vertical line, the number of signal and estimated
background events are shown in the relevant signal regions, along with the number of events observed in data. Systematic uncertainties are discussed in Section 7.

Nominal
mass (GeV)

μPixel
(GeV)

σPixel
(GeV)

μTile
(GeV)

σTile
(GeV)

No. of signal cand. (g̃) Est. no. of bkg. cand. NData

Comb.
Pixel Tile Comb. Pixel Tile Comb.

100 107 10 109 19 15 898 49 300 13 912 61 330 5.4 5

200 214 24 211 36 1417 2471 1235 19 61 0.87 0

300 324 40 315 56 202 304 173 6.5 17 0.22 0

400 425 67 415 75 43 57 37 3.4 7.2 0.082 0

500 533 94 513 106 11 13 9.2 1.82 4.4 0.044 0

600 641 125 624 145 3.1 3.5 2.6 1.08 3.2 0.028 0

700 727 149 714 168 0.99 1.07 0.84 0.74 2.1 0.018 0
Uncertainties due to the limited accuracy of perturbative QCD
calculations are studied in the following way. The production
cross-section from Prospino is calculated using the sparticle mass
as the renormalisation scale with uncertainties estimated by vary-
ing the renormalisation and factorisation scales upward and down-
ward by a factor of two in accordance with Ref. [24]. This leads
to a broadly mass-independent uncertainty of ∼ 15% in the event
yield. When substituting the MSTW 2008 NLO PDF set [33] for
CTEQ 6.6 a variation of less than 5% is observed. Variations of scale
parameters used in Pythia to model higher-order radiation are also
performed within the range allowed by data [4]. This leads to an
uncertainty of ∼ 10% in the signal efficiency.

A systematic shift in the scale of the missing transverse en-
ergy in the simulation of the signal would lead to a change in
trigger efficiency and hence signal acceptance. This uncertainty is
estimated by varying the missing transverse energy by the corre-
sponding scale uncertainty [34]. The result is an effect of 7–13% on
the relative signal efficiency. Based on the difference between the
trigger efficiency for data and the simulation for events containing
a W boson decaying muonically, a further 3–5% systematic uncer-
tainty is applied. Both of these effects depend on the mass of the
signal sample, and the larger uncertainties apply to the low-mass
scenarios.

Uncertainties arising from track reconstruction are also stud-
ied. To quantify the impact of data/simulation differences in track
reconstruction efficiency, a 2% uncertainty on the signal yield is
assumed [35]. No further degradation of this efficiency or of the
data/simulation agreement is observed for slow particles within
the β range probed by this analysis [27]. To account for differ-
ences in detector alignment between the simulation and data, a
smearing is applied to the track pT which describes the perfor-
mance observed for high-pT muons as a function of η and pT.

Doubling the smearing has a negligible effect on the predicted
yields.

Only calorimeter cells measuring an energy above a threshold
of 500 MeV are used in the calculation of βTile. To study the im-
pact of this threshold on the efficiency of the measurement, the
tile calorimeter cell energy scale is varied by ±5% [36] leading to a
small (� 1%) effect on the predicted yields of R-hadrons which fall
into the individual signal regions. The predicted cell time distri-
butions are smeared to match the data. To evaluate the sensitivity
of the signal yield to this smearing, the smearing is applied twice,
and the impact is seen to be less than 1%.

To estimate the effects of an imperfect description of the
dE/dxPixel resolution by the simulation, individual values of
dE/dxPixel are smeared according to a Gaussian function with
width 5% [27]. Furthermore, to study possible effects due to a
global dE/dxPixel scale uncertainty, the scale is shifted by ±3%.
These variations are motivated by observed differences between
data and Monte Carlo simulations and they change the predicted
number of events passing the signal selections by less than 1%.

Adding the above errors in quadrature together with an 11%
uncertainty from the luminosity measurement [37], a total sys-
tematic uncertainty of 17–20% on the signal event yield is esti-
mated, where the larger uncertainty applies to the low-mass sce-
narios. The systematic uncertainty on the background estimate is
found to be 30%. This arises from contributing uncertainties in
the dE/dxPixel and βTile distributions (25%) and the use of differ-
ent methods to determine the absolute normalisation of the back-
ground prediction (15%).

As a final cross-check of the consistency of the analysis, the
TRT was used. The TRT is a straw-based gas detector, and the
time in which any signal exceeds the threshold is read out. This
time provides an estimate of continuous energy loss and is usable
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Fig. 4. Cross-section limits at 95% CL as a function of sparticle mass. Since five
candidate events are observed for the mass windows used for the 100 GeV mass
hypotheses, the mass points between 100 and 200 GeV are connected with a dot-
ted line. This indicates that fluctuations in the excluded cross-section will occur.
The mass limits quoted in the text are inferred by comparing the cross-section lim-
its with the model predictions. Systematic uncertainties from the choice of PDF and
the choice of renormalisation and factorisation scales are represented as a band in
the cross-section curves. Previous mass limits are indicated by shaded vertical lines
for sbottom (ALEPH), stop (CDF) and gluino (CMS).

for particle identification [38]. The measurement is similar to (but
independent of) the pixel detector time-over-threshold measure-
ment, on which dE/dxPixel is based. No deviations from back-
grounds expectations are observed, and the TRT thus provides an
additional confirmation that no signal was missed.

8. Exclusion limits

Given an expected cross-section as calculated by Prospino and
our computed efficiency, the expected number of signal events as a
function of mass is determined and a lower limit on the R-hadron
mass using the CLs method [39] is calculated. The results for the
signal models defined in Section 2 are summarised in Fig. 4.

The observed 95% CL limits are 294 GeV for sbottom R-hadrons
and 309 GeV for stop R-hadrons, while the lower limit for the
mass of a hadronising gluino is 586 GeV. These limits include the
systematic uncertainties on the signal cross-section and efficiency,
as well as on the data-driven background estimate, as described
above. Evaluating the mass limits for gluino R-hadrons using the
triple-Regge based model and bag-model calculation of Ref. [23],
gives 566 and 562 GeV respectively. The lower mass limits from
ATLAS are shown in Fig. 4 and compared with earlier results from
ALEPH [8] (sbottom), CDF [11] (stop), and CMS [9] (gluino). The
ATLAS limits have a higher mass reach than those obtained from
the previous searches.

9. Summary

A search has been performed for slow-moving squark- (stop and
sbottom) and gluino-based R-hadrons, pair-produced in proton–
proton collisions at 7 TeV centre-of-mass energy at the ATLAS
detector at the LHC. Candidate R-hadrons were sought which left
a high transverse momentum track associated with energy deposi-
tions in the calorimeter. Observables sensitive to R-hadron speed
(ionisation energy loss and time-of-flight) were used to suppress
backgrounds and allow the reconstruction of the candidate mass.
The influence of the scattering of R-hadrons in matter on the
search sensitivity was studied using a range of phenomenological
scattering models. At 95% confidence level the most conservative
lower limits on the masses of stable sbottoms, stops and gluinos
are 294, 309, and 562 GeV, respectively. Each of these limits are
the most stringent to date.

Acknowledgements

We wish to thank CERN for the efficient commissioning and
operation of the LHC during this initial high-energy data-taking
period as well as the support staff from our institutions without
whom ATLAS could not be operated efficiently. We would also like
to thank Torbjörn Sjöstrand and Tilman Plehn for their assistance
in the preparation of the theory calculations used in this work.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWF, Austria; ANAS, Azerbaijan; SSTC,
Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS,
Colombia; MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF,
DNSRC and Lundbeck Foundation, Denmark; ARTEMIS, European
Union; IN2P3–CNRS, CEA-DSM/IRFU, France; GNAS, Georgia; BMBF,
DFG, HGF, MPG and AvH Foundation, Germany; GSRT, Greece; ISF,
MINERVA, GIF, DIP and Benoziyo Center, Israel; INFN, Italy; MEXT
and JSPS, Japan; CNRST, Morocco; FOM and NWO, Netherlands;
RCN, Norway; MNiSW, Poland; GRICES and FCT, Portugal; MERYS
(MECTS), Romania; MES of Russia and ROSATOM, Russian Federa-
tion; JINR; MSTD, Serbia; MSSR, Slovakia; ARRS and MVZT, Slove-
nia; DST/NRF, South Africa; MICINN, Spain; SRC and Wallenberg
Foundation, Sweden; SER, SNSF and Cantons of Bern and Geneva,
Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the Royal Soci-
ety and Leverhulme Trust, United Kingdom; DOE and NSF, United
States of America.

The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN and the ATLAS
Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway,
Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN–CNAF
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK)
and BNL (USA) and in the Tier-2 facilities worldwide.

Open access

This article is published Open Access at sciencedirect.com. It
is distributed under the terms of the Creative Commons Attribu-
tion License 3.0, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original authors and
source are credited.

References

[1] M. Fairbairn, et al., Phys. Rep. 438 (2007) 1, doi:10.1016/j.physrep.2006.10.002,
arXiv:hep-ph/0611040.

[2] A.R. Raklev, Mod. Phys. Lett. A 24 (2009) 1955, arXiv:0908.0315.
[3] ATLAS Collaboration, Phys. Lett. B 698 (2011) 353, arXiv:1102.0459.
[4] ATLAS Collaboration, Expected performance of the ATLAS experiment – detec-

tor, trigger and physics, arXiv:0901.0512.
[5] G.R. Farrar, P. Fayet, Phys. Lett. B 76 (1978) 575, doi:10.1016/0370-

2693(78)90858-4.
[6] CMS Collaboration, Phys. Rev. Lett. 106 (2011) 011801, doi:10.1103/

PhysRevLett.106.011801, arXiv:1011.5861.
[7] P. Abreu, et al., Phys. Lett. B 444 (1998) 491, doi:10.1016/S0370-

2693(98)01443-9, arXiv:hep-ex/9811007.
[8] A. Heister, et al., Eur. Phys. J. C 31 (2003) 327, doi:10.1140/epjc/s2003-01376-0,

arXiv:hep-ex/0305071.
[9] CMS Collaboration, JHEP 2011 (2011) 1, doi:10.1007/JHEP03(2011)024.

[10] D0 Collaboration, Phys. Rev. Lett. 102 (2009) 161802, doi:10.1103/
PhysRevLett.102.161802, arXiv:0809.4472.

[11] CDF Collaboration, Phys. Rev. Lett. 103 (2009) 021802, doi:10.1103/
PhysRevLett.103.021802, arXiv:0902.1266.

[12] R. Mackeprang, D. Milstead, Eur. Phys. J. C 66 (2010) 493, doi:10.1140/epjc/
s10052-010-1262-1, arXiv:0908.1868.

[13] Y.R. de Boer, A.B. Kaidalov, D.A. Milstead, O.I. Piskounova, J. Phys. G 35 (2008)
075009, doi:10.1088/0954-3899/35/7/075009, arXiv:0710.3930.

[14] T. Sjostrand, S. Mrenna, P. Skands, JHEP 0605 (2006) 026, arXiv:hep-ph/
0603175, Pythia 6.423 was used in this work.

[15] TeV4LHC QCD Working Group, arXiv:hep-ph/0610012.

http://www.sciencedirect.com
http://dx.doi.org/10.1016/j.physrep.2006.10.002
http://dx.doi.org/10.1016/0370-2693(78)90858-4
http://dx.doi.org/10.1103/PhysRevLett.106.011801
http://dx.doi.org/10.1016/S0370-2693(98)01443-9
http://dx.doi.org/10.1140/epjc/s2003-01376-0
http://dx.doi.org/10.1007/JHEP03(2011)024
http://dx.doi.org/10.1103/PhysRevLett.102.161802
http://dx.doi.org/10.1103/PhysRevLett.103.021802
http://dx.doi.org/10.1140/epjc/s10052-010-1262-1
http://dx.doi.org/10.1088/0954-3899/35/7/075009
http://dx.doi.org/10.1016/0370-2693(78)90858-4
http://dx.doi.org/10.1103/PhysRevLett.106.011801
http://dx.doi.org/10.1016/S0370-2693(98)01443-9
http://dx.doi.org/10.1103/PhysRevLett.102.161802
http://dx.doi.org/10.1103/PhysRevLett.103.021802
http://dx.doi.org/10.1140/epjc/s10052-010-1262-1


ATLAS Collaboration / Physics Letters B 701 (2011) 1–19 7

[16] T. Sjostrand, M. van Zijl, Phys. Rev. D 36 (1987) 2019, doi:10.1103/PhysRevD.
36.2019.

[17] B. Andersson, G. Gustafson, G. Ingelman, T. Sjostrand, Phys. Rep. 97 (1983) 31,
doi:10.1016/0370-1573(83)90080-7.

[18] GEANT4 Collaboration, Nucl. Instrum. Methods A 506 (2003) 250, doi:10.1016/
S0168-9002(03)01368-8.

[19] ATLAS Collaboration, Eur. Phys. J. C 70 (2010) 823, doi:10.1140/epjc/s10052-
010-1429-9, arXiv:1005.4568, Geant4.9.2.patch02.atlas05 was used in this
work.

[20] A.C. Kraan, Eur. Phys. J. C 37 (2004) 91, doi:10.1140/epjc/s2004-01997-7,
arXiv:hep-ex/0404001.

[21] R. Mackeprang, A. Rizzi, Eur. Phys. J. C 50 (2007) 353, doi:10.1140/epjc/s10052-
007-0252-4, arXiv:hep-ph/0612161.

[22] A.C. Kraan, J.B. Hansen, P. Nevski, Eur. Phys. J. C 49 (2007) 623, doi:10.1140/
epjc/s10052-006-0162-x, arXiv:hep-ex/0511014.

[23] G. Farrar, R. Mackeprang, D. Milstead, J. Roberts, JHEP 1102 (2011) 018,
doi:10.1007/JHEP02(2011)018, arXiv:1011.2964.

[24] W. Beenakker, R. Hopker, M. Spira, P.M. Zerwas, Nucl. Phys. B 492 (1997) 51,
doi:10.1016/S0550-3213(97)00084-9, arXiv:hep-ph/9610490, Prospino2.1 was
used in this work.

[25] P.M. Nadolsky, H.-L. Lai, Q.-H. Cao, J. Huston, J. Pumplin, et al., Phys. Rev. D 78
(2008) 013004, doi:10.1103/PhysRevD.78.013004, arXiv:0802.0007.

[26] ATLAS Collaboration, JINST 3 (2008) S08003, doi:10.1088/1748-0221/3/08/
S08003.

[27] ATLAS Collaboration, dE/dx measurement in the ATLAS Pixel Detector and its
use for particle identification, ATLAS-CONF-2011-016.

[28] C. Ohm, T. Pauly, Nucl. Instrum. Methods A 623 (2010) 558, doi:10.1016/
j.nima.2010.03.069, arXiv:0905.3648.

[29] R. Leitner, et al., Time resolution of the ATLAS Tile calorimeter and its per-
formance for a measurement of heavy stable particles, ATL-TILECAL-PUB-2007-
002.

[30] ATLAS Collaboration, The implementation of the ATLAS missing ET triggers for
the initial LHC operation, ATL-DAQ-PUB-2011-001.

[31] M. Cacciari, G.P. Salam, G. Soyez, JHEP 0804 (2008) 063, doi:10.1088/1126-
6708/2008/04/063, arXiv:0802.1189.

[32] M. Cacciari, G.P. Salam, Phys. Lett. B 641 (2006) 57, doi:10.1016/
j.physletb.2006.08.037, arXiv:hep-ph/0512210.

[33] A. Martin, W. Stirling, R. Thorne, G. Watt, Eur. Phys. J. C 63 (2009) 189,
doi:10.1140/epjc/s10052-009-1072-5, arXiv:0901.0002.

[34] ATLAS Collaboration, Eur. Phys. J. C 71 (2011) 1512, doi:10.1140/epjc/s10052-
010-1512-2, arXiv:1009.5908.

[35] ATLAS Collaboration, Phys. Lett. B 688 (2010) 21, doi:10.1016/j.physletb.
2010.03.064, arXiv:1003.3124.

[36] ATLAS Collaboration, Response and shower topology of 2 to 180 GeV pions
measured with the ATLAS barrel calorimeter at the CERN test-beam and com-
parison to Monte Carlo simulations, ATL-CAL-PUB-2010-001.

[37] ATLAS Collaboration, Luminosity determination in pp collisions at
√

s = 7 TeV
using the ATLAS detector at the LHC, arXiv:1101.2185.

[38] E. Abat, J. Abdallah, T. Addy, P. Adragna, M. Aharrouche, et al., JINST 5 (2010)
P11006, doi:10.1088/1748-0221/5/11/P11006.

[39] A.L. Read, Modified frequentist analysis of search results (the CLs method),
CERN-OPEN-2000-205.

ATLAS Collaboration

G. Aad 48, B. Abbott 111, J. Abdallah 11, A.A. Abdelalim 49, A. Abdesselam 118, O. Abdinov 10, B. Abi 112,
M. Abolins 88, H. Abramowicz 153, H. Abreu 115, E. Acerbi 89a,89b, B.S. Acharya 164a,164b, D.L. Adams 24,
T.N. Addy 56, J. Adelman 175, M. Aderholz 99, S. Adomeit 98, P. Adragna 75, T. Adye 129, S. Aefsky 22,
J.A. Aguilar-Saavedra 124b,a, M. Aharrouche 81, S.P. Ahlen 21, F. Ahles 48, A. Ahmad 148, M. Ahsan 40,
G. Aielli 133a,133b, T. Akdogan 18a, T.P. Åkesson 79, G. Akimoto 155, A.V. Akimov 94, M.S. Alam 1,
M.A. Alam 76, S. Albrand 55, M. Aleksa 29, I.N. Aleksandrov 65, M. Aleppo 89a,89b, F. Alessandria 89a,
C. Alexa 25a, G. Alexander 153, G. Alexandre 49, T. Alexopoulos 9, M. Alhroob 20, M. Aliev 15, G. Alimonti 89a,
J. Alison 120, M. Aliyev 10, P.P. Allport 73, S.E. Allwood-Spiers 53, J. Almond 82, A. Aloisio 102a,102b,
R. Alon 171, A. Alonso 79, M.G. Alviggi 102a,102b, K. Amako 66, P. Amaral 29, C. Amelung 22,
V.V. Ammosov 128, A. Amorim 124a,b, G. Amorós 167, N. Amram 153, C. Anastopoulos 139, T. Andeen 34,
C.F. Anders 20, K.J. Anderson 30, A. Andreazza 89a,89b, V. Andrei 58a, M.-L. Andrieux 55, X.S. Anduaga 70,
A. Angerami 34, F. Anghinolfi 29, N. Anjos 124a, A. Annovi 47, A. Antonaki 8, M. Antonelli 47,
S. Antonelli 19a,19b, J. Antos 144b, F. Anulli 132a, S. Aoun 83, L. Aperio Bella 4, R. Apolle 118, G. Arabidze 88,
I. Aracena 143, Y. Arai 66, A.T.H. Arce 44, J.P. Archambault 28, S. Arfaoui 29,c, J.-F. Arguin 14, E. Arik 18a,∗,
M. Arik 18a, A.J. Armbruster 87, O. Arnaez 81, C. Arnault 115, A. Artamonov 95, G. Artoni 132a,132b,
D. Arutinov 20, S. Asai 155, R. Asfandiyarov 172, S. Ask 27, B. Åsman 146a,146b, L. Asquith 5, K. Assamagan 24,
A. Astbury 169, A. Astvatsatourov 52, G. Atoian 175, B. Aubert 4, B. Auerbach 175, E. Auge 115, K. Augsten 127,
M. Aurousseau 145a, N. Austin 73, R. Avramidou 9, D. Axen 168, C. Ay 54, G. Azuelos 93,d, Y. Azuma 155,
M.A. Baak 29, G. Baccaglioni 89a, C. Bacci 134a,134b, A.M. Bach 14, H. Bachacou 136, K. Bachas 29, G. Bachy 29,
M. Backes 49, M. Backhaus 20, E. Badescu 25a, P. Bagnaia 132a,132b, S. Bahinipati 2, Y. Bai 32a, D.C. Bailey 158,
T. Bain 158, J.T. Baines 129, O.K. Baker 175, M.D. Baker 24, S. Baker 77, F. Baltasar Dos Santos Pedrosa 29,
E. Banas 38, P. Banerjee 93, Sw. Banerjee 169, D. Banfi 29, A. Bangert 137, V. Bansal 169, H.S. Bansil 17,
L. Barak 171, S.P. Baranov 94, A. Barashkou 65, A. Barbaro Galtieri 14, T. Barber 27, E.L. Barberio 86,
D. Barberis 50a,50b, M. Barbero 20, D.Y. Bardin 65, T. Barillari 99, M. Barisonzi 174, T. Barklow 143,
N. Barlow 27, B.M. Barnett 129, R.M. Barnett 14, A. Baroncelli 134a, A.J. Barr 118, F. Barreiro 80,
J. Barreiro Guimarães da Costa 57, P. Barrillon 115, R. Bartoldus 143, A.E. Barton 71, D. Bartsch 20,
R.L. Bates 53, L. Batkova 144a, J.R. Batley 27, A. Battaglia 16, M. Battistin 29, G. Battistoni 89a, F. Bauer 136,
H.S. Bawa 143, B. Beare 158, T. Beau 78, P.H. Beauchemin 118, R. Beccherle 50a, P. Bechtle 41, H.P. Beck 16,
M. Beckingham 48, K.H. Becks 174, A.J. Beddall 18c, A. Beddall 18c, V.A. Bednyakov 65, C. Bee 83, M. Begel 24,
S. Behar Harpaz 152, P.K. Behera 63, M. Beimforde 99, C. Belanger-Champagne 166, P.J. Bell 49, W.H. Bell 49,
G. Bella 153, L. Bellagamba 19a, F. Bellina 29, G. Bellomo 89a,89b, M. Bellomo 119a, A. Belloni 57,

http://dx.doi.org/10.1103/PhysRevD.36.2019
http://dx.doi.org/10.1016/0370-1573(83)90080-7
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://dx.doi.org/10.1140/epjc/s2004-01997-7
http://dx.doi.org/10.1140/epjc/s10052-007-0252-4
http://dx.doi.org/10.1140/epjc/s10052-006-0162-x
http://dx.doi.org/10.1007/JHEP02(2011)018
http://dx.doi.org/10.1016/S0550-3213(97)00084-9
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1016/j.nima.2010.03.069
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://dx.doi.org/10.1140/epjc/s10052-010-1512-2
http://dx.doi.org/10.1016/j.physletb.2010.03.064
http://dx.doi.org/10.1088/1748-0221/5/11/P11006
http://dx.doi.org/10.1103/PhysRevD.36.2019
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://dx.doi.org/10.1140/epjc/s10052-007-0252-4
http://dx.doi.org/10.1140/epjc/s10052-006-0162-x
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1016/j.nima.2010.03.069
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://dx.doi.org/10.1140/epjc/s10052-010-1512-2
http://dx.doi.org/10.1016/j.physletb.2010.03.064


8 ATLAS Collaboration / Physics Letters B 701 (2011) 1–19

K. Belotskiy 96, O. Beltramello 29, S. Ben Ami 152, O. Benary 153, D. Benchekroun 135a, C. Benchouk 83,
M. Bendel 81, B.H. Benedict 163, N. Benekos 165, Y. Benhammou 153, D.P. Benjamin 44, M. Benoit 115,
J.R. Bensinger 22, K. Benslama 130, S. Bentvelsen 105, D. Berge 29, E. Bergeaas Kuutmann 41, N. Berger 4,
F. Berghaus 169, E. Berglund 49, J. Beringer 14, K. Bernardet 83, P. Bernat 77, R. Bernhard 48, C. Bernius 24,
T. Berry 76, A. Bertin 19a,19b, F. Bertinelli 29, F. Bertolucci 122a,122b, M.I. Besana 89a,89b, N. Besson 136,
S. Bethke 99, W. Bhimji 45, R.M. Bianchi 29, M. Bianco 72a,72b, O. Biebel 98, S.P. Bieniek 77, J. Biesiada 14,
M. Biglietti 132a,132b, H. Bilokon 47, M. Bindi 19a,19b, S. Binet 115, A. Bingul 18c, C. Bini 132a,132b,
C. Biscarat 177, U. Bitenc 48, K.M. Black 21, R.E. Blair 5, J.-B. Blanchard 115, G. Blanchot 29, C. Blocker 22,
J. Blocki 38, A. Blondel 49, W. Blum 81, U. Blumenschein 54, G.J. Bobbink 105, V.B. Bobrovnikov 107,
A. Bocci 44, C.R. Boddy 118, M. Boehler 41, J. Boek 174, N. Boelaert 35, S. Böser 77, J.A. Bogaerts 29,
A. Bogdanchikov 107, A. Bogouch 90,∗, C. Bohm 146a, V. Boisvert 76, T. Bold 163,e, V. Boldea 25a, M. Bona 75,
V.G. Bondarenko 96, M. Boonekamp 136, G. Boorman 76, C.N. Booth 139, P. Booth 139, S. Bordoni 78,
C. Borer 16, A. Borisov 128, G. Borissov 71, I. Borjanovic 12a, S. Borroni 132a,132b, K. Bos 105, D. Boscherini 19a,
M. Bosman 11, H. Boterenbrood 105, D. Botterill 129, J. Bouchami 93, J. Boudreau 123,
E.V. Bouhova-Thacker 71, C. Boulahouache 123, C. Bourdarios 115, N. Bousson 83, A. Boveia 30, J. Boyd 29,
I.R. Boyko 65, N.I. Bozhko 128, I. Bozovic-Jelisavcic 12b, J. Bracinik 17, A. Braem 29, E. Brambilla 72a,72b,
P. Branchini 134a, G.W. Brandenburg 57, A. Brandt 7, G. Brandt 15, O. Brandt 54, U. Bratzler 156, B. Brau 84,
J.E. Brau 114, H.M. Braun 174, B. Brelier 158, J. Bremer 29, R. Brenner 166, S. Bressler 152, D. Breton 115,
N.D. Brett 118, P.G. Bright-Thomas 17, D. Britton 53, F.M. Brochu 27, I. Brock 20, R. Brock 88, T.J. Brodbeck 71,
E. Brodet 153, F. Broggi 89a, C. Bromberg 88, G. Brooijmans 34, W.K. Brooks 31b, G. Brown 82, E. Brubaker 30,
P.A. Bruckman de Renstrom 38, D. Bruncko 144b, R. Bruneliere 48, S. Brunet 61, A. Bruni 19a, G. Bruni 19a,
M. Bruschi 19a, T. Buanes 13, F. Bucci 49, J. Buchanan 118, N.J. Buchanan 2, P. Buchholz 141,
R.M. Buckingham 118, A.G. Buckley 45, S.I. Buda 25a, I.A. Budagov 65, B. Budick 108, V. Büscher 81,
L. Bugge 117, D. Buira-Clark 118, E.J. Buis 105, O. Bulekov 96, M. Bunse 42, T. Buran 117, H. Burckhart 29,
S. Burdin 73, T. Burgess 13, S. Burke 129, E. Busato 33, P. Bussey 53, C.P. Buszello 166, F. Butin 29, B. Butler 143,
J.M. Butler 21, C.M. Buttar 53, J.M. Butterworth 77, W. Buttinger 27, T. Byatt 77, S. Cabrera Urbán 167,
M. Caccia 89a,89b, D. Caforio 19a,19b, O. Cakir 3a, P. Calafiura 14, G. Calderini 78, P. Calfayan 98, R. Calkins 106,
L.P. Caloba 23a, R. Caloi 132a,132b, D. Calvet 33, S. Calvet 33, R. Camacho Toro 33, A. Camard 78,
P. Camarri 133a,133b, M. Cambiaghi 119a,119b, D. Cameron 117, J. Cammin 20, S. Campana 29,
M. Campanelli 77, V. Canale 102a,102b, F. Canelli 30, A. Canepa 159a, J. Cantero 80, L. Capasso 102a,102b,
M.D.M. Capeans Garrido 29, I. Caprini 25a, M. Caprini 25a, D. Capriotti 99, M. Capua 36a,36b, R. Caputo 148,
C. Caramarcu 25a, R. Cardarelli 133a, T. Carli 29, G. Carlino 102a, L. Carminati 89a,89b, B. Caron 159a,
S. Caron 48, C. Carpentieri 48, G.D. Carrillo Montoya 172, A.A. Carter 75, J.R. Carter 27, J. Carvalho 124a,f ,
D. Casadei 108, M.P. Casado 11, M. Cascella 122a,122b, C. Caso 50a,50b,∗, A.M. Castaneda Hernandez 172,
E. Castaneda-Miranda 172, V. Castillo Gimenez 167, N.F. Castro 124a, G. Cataldi 72a, F. Cataneo 29,
A. Catinaccio 29, J.R. Catmore 71, A. Cattai 29, G. Cattani 133a,133b, S. Caughron 88, D. Cauz 164a,164c,
A. Cavallari 132a,132b, P. Cavalleri 78, D. Cavalli 89a, M. Cavalli-Sforza 11, V. Cavasinni 122a,122b,
A. Cazzato 72a,72b, F. Ceradini 134a,134b, A.S. Cerqueira 23a, A. Cerri 29, L. Cerrito 75, F. Cerutti 47,
S.A. Cetin 18b, F. Cevenini 102a,102b, A. Chafaq 135a, D. Chakraborty 106, K. Chan 2, B. Chapleau 85,
J.D. Chapman 27, J.W. Chapman 87, E. Chareyre 78, D.G. Charlton 17, V. Chavda 82, S. Cheatham 71,
S. Chekanov 5, S.V. Chekulaev 159a, G.A. Chelkov 65, H. Chen 24, L. Chen 2, S. Chen 32c, T. Chen 32c,
X. Chen 172, S. Cheng 32a, A. Cheplakov 65, V.F. Chepurnov 65, R. Cherkaoui El Moursli 135d,
V. Chernyatin 24, E. Cheu 6, S.L. Cheung 158, L. Chevalier 136, F. Chevallier 136, G. Chiefari 102a,102b,
L. Chikovani 51, J.T. Childers 58a, A. Chilingarov 71, G. Chiodini 72a, M.V. Chizhov 65, G. Choudalakis 30,
S. Chouridou 137, I.A. Christidi 77, A. Christov 48, D. Chromek-Burckhart 29, M.L. Chu 151, J. Chudoba 125,
G. Ciapetti 132a,132b, K. Ciba 37, A.K. Ciftci 3a, R. Ciftci 3a, D. Cinca 33, V. Cindro 74, M.D. Ciobotaru 163,
C. Ciocca 19a,19b, A. Ciocio 14, M. Cirilli 87, M. Ciubancan 25a, A. Clark 49, P.J. Clark 45, W. Cleland 123,
J.C. Clemens 83, B. Clement 55, C. Clement 146a,146b, R.W. Clifft 129, Y. Coadou 83, M. Cobal 164a,164c,
A. Coccaro 50a,50b, J. Cochran 64, P. Coe 118, J.G. Cogan 143, J. Coggeshall 165, E. Cogneras 177,
C.D. Cojocaru 28, J. Colas 4, A.P. Colijn 105, C. Collard 115, N.J. Collins 17, C. Collins-Tooth 53, J. Collot 55,
G. Colon 84, R. Coluccia 72a,72b, G. Comune 88, P. Conde Muiño 124a, E. Coniavitis 118, M.C. Conidi 11,
M. Consonni 104, S. Constantinescu 25a, C. Conta 119a,119b, F. Conventi 102a,g , J. Cook 29, M. Cooke 14,



ATLAS Collaboration / Physics Letters B 701 (2011) 1–19 9

B.D. Cooper 77, A.M. Cooper-Sarkar 118, N.J. Cooper-Smith 76, K. Copic 34, T. Cornelissen 50a,50b,
M. Corradi 19a, F. Corriveau 85,h, A. Cortes-Gonzalez 165, G. Cortiana 99, G. Costa 89a, M.J. Costa 167,
D. Costanzo 139, T. Costin 30, D. Côté 29, R. Coura Torres 23a, L. Courneyea 169, G. Cowan 76, C. Cowden 27,
B.E. Cox 82, K. Cranmer 108, M. Cristinziani 20, G. Crosetti 36a,36b, R. Crupi 72a,72b, S. Crépé-Renaudin 55,
C. Cuenca Almenar 175, T. Cuhadar Donszelmann 139, S. Cuneo 50a,50b, M. Curatolo 47, C.J. Curtis 17,
P. Cwetanski 61, H. Czirr 141, Z. Czyczula 117, S. D’Auria 53, M. D’Onofrio 73, A. D’Orazio 132a,132b,
A. Da Rocha Gesualdi Mello 23a, P.V.M. Da Silva 23a, C. Da Via 82, W. Dabrowski 37, A. Dahlhoff 48, T. Dai 87,
C. Dallapiccola 84, S.J. Dallison 129,∗, M. Dam 35, M. Dameri 50a,50b, D.S. Damiani 137, H.O. Danielsson 29,
R. Dankers 105, D. Dannheim 99, V. Dao 49, G. Darbo 50a, G.L. Darlea 25b, C. Daum 105, J.P. Dauvergne 29,
W. Davey 86, T. Davidek 126, N. Davidson 86, R. Davidson 71, M. Davies 93, A.R. Davison 77, E. Dawe 142,
I. Dawson 139, J.W. Dawson 5,∗, R.K. Daya 39, K. De 7, R. de Asmundis 102a, S. De Castro 19a,19b,
P.E. De Castro Faria Salgado 24, S. De Cecco 78, J. de Graat 98, N. De Groot 104, P. de Jong 105,
C. De La Taille 115, B. De Lotto 164a,164c, L. De Mora 71, L. De Nooij 105, M. De Oliveira Branco 29,
D. De Pedis 132a, P. de Saintignon 55, A. De Salvo 132a, U. De Sanctis 164a,164c, A. De Santo 149,
J.B. De Vivie De Regie 115, S. Dean 77, D.V. Dedovich 65, J. Degenhardt 120, M. Dehchar 118, M. Deile 98,
C. Del Papa 164a,164c, J. Del Peso 80, T. Del Prete 122a,122b, A. Dell’Acqua 29, L. Dell’Asta 89a,89b,
M. Della Pietra 102a,g , D. della Volpe 102a,102b, M. Delmastro 29, P. Delpierre 83, N. Delruelle 29,
P.A. Delsart 55, C. Deluca 148, S. Demers 175, M. Demichev 65, B. Demirkoz 11, J. Deng 163, S.P. Denisov 128,
D. Derendarz 38, J.E. Derkaoui 135c, F. Derue 78, P. Dervan 73, K. Desch 20, E. Devetak 148, P.O. Deviveiros 158,
A. Dewhurst 129, B. DeWilde 148, S. Dhaliwal 158, R. Dhullipudi 24,i, A. Di Ciaccio 133a,133b, L. Di Ciaccio 4,
A. Di Girolamo 29, B. Di Girolamo 29, S. Di Luise 134a,134b, A. Di Mattia 88, B. Di Micco 29,
R. Di Nardo 133a,133b, A. Di Simone 133a,133b, R. Di Sipio 19a,19b, M.A. Diaz 31a, F. Diblen 18c, E.B. Diehl 87,
H. Dietl 99, J. Dietrich 48, T.A. Dietzsch 58a, S. Diglio 115, K. Dindar Yagci 39, J. Dingfelder 20,
C. Dionisi 132a,132b, P. Dita 25a, S. Dita 25a, F. Dittus 29, F. Djama 83, R. Djilkibaev 108, T. Djobava 51,
M.A.B. do Vale 23a, A. Do Valle Wemans 124a, T.K.O. Doan 4, M. Dobbs 85, R. Dobinson 29,∗, D. Dobos 42,
E. Dobson 29, M. Dobson 163, J. Dodd 34, O.B. Dogan 18a,∗, C. Doglioni 118, T. Doherty 53, Y. Doi 66,∗,
J. Dolejsi 126, I. Dolenc 74, Z. Dolezal 126, B.A. Dolgoshein 96,∗, T. Dohmae 155, M. Donadelli 23b,
M. Donega 120, J. Donini 55, J. Dopke 174, A. Doria 102a, A. Dos Anjos 172, M. Dosil 11, A. Dotti 122a,122b,
M.T. Dova 70, J.D. Dowell 17, A.D. Doxiadis 105, A.T. Doyle 53, Z. Drasal 126, J. Drees 174, N. Dressnandt 120,
H. Drevermann 29, C. Driouichi 35, M. Dris 9, J.G. Drohan 77, J. Dubbert 99, T. Dubbs 137, S. Dube 14,
E. Duchovni 171, G. Duckeck 98, A. Dudarev 29, F. Dudziak 64, M. Dührssen 29, I.P. Duerdoth 82, L. Duflot 115,
M.-A. Dufour 85, M. Dunford 29, H. Duran Yildiz 3b, R. Duxfield 139, M. Dwuznik 37, F. Dydak 29,
D. Dzahini 55, M. Düren 52, W.L. Ebenstein 44, J. Ebke 98, S. Eckert 48, S. Eckweiler 81, K. Edmonds 81,
C.A. Edwards 76, I. Efthymiopoulos 49, W. Ehrenfeld 41, T. Ehrich 99, T. Eifert 29, G. Eigen 13,
K. Einsweiler 14, E. Eisenhandler 75, T. Ekelof 166, M. El Kacimi 4, M. Ellert 166, S. Elles 4, F. Ellinghaus 81,
K. Ellis 75, N. Ellis 29, J. Elmsheuser 98, M. Elsing 29, R. Ely 14, D. Emeliyanov 129, R. Engelmann 148,
A. Engl 98, B. Epp 62, A. Eppig 87, J. Erdmann 54, A. Ereditato 16, D. Eriksson 146a, J. Ernst 1, M. Ernst 24,
J. Ernwein 136, D. Errede 165, S. Errede 165, E. Ertel 81, M. Escalier 115, C. Escobar 167, X. Espinal Curull 11,
B. Esposito 47, F. Etienne 83, A.I. Etienvre 136, E. Etzion 153, D. Evangelakou 54, H. Evans 61, L. Fabbri 19a,19b,
C. Fabre 29, K. Facius 35, R.M. Fakhrutdinov 128, S. Falciano 132a, A.C. Falou 115, Y. Fang 172, M. Fanti 89a,89b,
A. Farbin 7, A. Farilla 134a, J. Farley 148, T. Farooque 158, S.M. Farrington 118, P. Farthouat 29, D. Fasching 172,
P. Fassnacht 29, D. Fassouliotis 8, B. Fatholahzadeh 158, A. Favareto 89a,89b, L. Fayard 115, S. Fazio 36a,36b,
R. Febbraro 33, P. Federic 144a, O.L. Fedin 121, I. Fedorko 29, W. Fedorko 88, M. Fehling-Kaschek 48,
L. Feligioni 83, D. Fellmann 5, C.U. Felzmann 86, C. Feng 32d, E.J. Feng 30, A.B. Fenyuk 128, J. Ferencei 144b,
J. Ferland 93, B. Fernandes 124a,b, W. Fernando 109, S. Ferrag 53, J. Ferrando 118, V. Ferrara 41, A. Ferrari 166,
P. Ferrari 105, R. Ferrari 119a, A. Ferrer 167, M.L. Ferrer 47, D. Ferrere 49, C. Ferretti 87,
A. Ferretto Parodi 50a,50b, M. Fiascaris 30, F. Fiedler 81, A. Filipčič 74, A. Filippas 9, F. Filthaut 104,
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