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Search for Stopped Gluinos in pp Collisions at \/s = 7 TeV
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The results of the first search for long-lived gluinos produced in 7 TeV pp collisions at the CERN Large
Hadron Collider are presented. The search looks for evidence of long-lived particles that stop in the CMS
detector and decay in the quiescent periods between beam crossings. In a dataset with a peak

instantaneous luminosity of 1 X 10%? cm™2

s~ !, an integrated luminosity of 10 pb™!, and a search interval

corresponding to 62 hours of LHC operation, no significant excess above background was observed.
Limits at the 95% confidence level on gluino pair production over 13 orders of magnitude of gluino
lifetime are set. For a mass difference m; — my > 100 GeV/c?, and assuming BR(g — g ¥)) = 100%,
mg <370 GeV/c? are excluded for lifetimes from 10 us to 1000 s.

DOI: 10.1103/PhysRevLett.106.011801

Many extensions of the standard model predict the ex-
istence of new heavy quasistable particles [1]. Such parti-
cles are present in some supersymmetric models [2—4],
“hidden valley” scenarios [5], and grand-unified theories
(GUTs), where the new particles decay through dimension
five or six operators suppressed by the GUT scale [6].
Long-lived particles are also a hallmark of split supersym-
metry [7], where the gluino (&) decay is suppressed due to
the large gluino-squark mass splitting, from which the
theory gets its name. Of these possibilities, the Compact
Muon Solenoid (CMS) experiment is most sensitive to
models like split supersymmetry where production pro-
ceeds via the strong interaction resulting in relatively large
cross sections at the Large Hadron Collider (LHC) [8—11].
For this reason, we have targeted the search described in
this Letter at long-lived gluinos. Existing experimental
constraints on the lifetime of such gluinos are weak
[12,13]; these gluinos may be stable on typical CMS
experimental time scales. Lifetimes of O(100-1000) sec-
onds are especially interesting in cosmology since such
decays would affect the primordial light element abundan-
ces, and could resolve the present discrepancy between the
measured °Li and "Li abundances and those predicted by
conventional big-bang nucleosynthesis [14-16].

If long-lived gluinos were produced at the LHC, they
would hadronize into gg, 294, §qqq states, collectively
known as “R hadrons” some of which would be charged,
while others would be neutral [17-19]. Those that were
charged would lose energy via ionization as they traverse
the CMS detector. For slow R hadrons, this energy loss
would be sufficient to bring a significant fraction of the
produced particles to rest inside the CMS detector volume
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[20]. These ‘“‘stopped” R hadrons may decay seconds,
days, or even weeks later, resulting in a jetlike energy
deposit in the CMS calorimeter. These decays will be out
of time with respect to LHC collisions and may well occur
at times when there are no collisions in CMS. The obser-
vation of such decays, in what should be a “quiet” detector
except for an occasional cosmic ray, would be an unam-
biguous discovery of new physics. The CMS apparatus
has an overall length of 22 m, a diameter of 15 m, and
weighs 14000 tons. The CMS coordinate system has the
origin at the center of the detector. The z axis points along
the direction of the counterclockwise beam, with the
transverse plane perpendicular to the beam; ¢ is the azi-
muthal angle in radians, @ is the polar angle, and the
pseudorapidity is 7 = — In(tan[6/2]). The central feature
of the CMS apparatus is a superconducting solenoid of
6 m internal diameter, providing a field of 3.8 T. Within
the field volume are the silicon pixel and strip tracker, the
crystal electromagnetic calorimeter (ECAL) and the
brass-scintillator hadronic calorimeter (HCAL). Muons
are measured in gas-ionization detectors embedded in the
steel return yoke. The HCAL, when combined with
the ECAL, measures jets with a resolution AE/E =
100%+/E[GeV] ® 5%. The calorimeter cells are grouped
in projective towers, of granularity Anp X A¢ = 0.087 X
0.087 at central rapidities. In this analysis, jets are recon-

structed using an iterative cone algorithm with R =

VA@? + An? = 0.5. The reconstructed jet energy E is
defined as the scalar sum of the calorimeter tower energies

inside the jet. The first level (L1) of the CMS trigger
system, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to
select (in less than 3 ws) the most interesting events. The
High Level Trigger (HLT) processor farm further decreases
the event rate to 300 Hz before data storage. A more
detailed description of the CMS experiment can be found
elsewhere [21].

© 2011 CERN, for the CMS Collaboration
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The 7 TeV center-of-mass pp collision data analyzed in
this Letter were recorded by CMS between April and
October 2010. We divide these data into two samples: the
first corresponds to 95 hours of trigger live-time during
LHC “fills”’, in which the instantaneous luminosity was
2-7 X 10?7 cm~2?s~!'. We use this as a control sample to
estimate the background rate. Because these data were
recorded at relatively low instantaneous luminosity, there
is negligible risk that a stopped-particle signal is present in
this sample. The second sample, in which we search for the
presence of a stopped-particle signal, corresponds to
62 hours of trigger live-time during which data, corre-
sponding to an integrated luminosity of 10 pb~!, were
recorded by CMS with a peak instantaneous luminosity
of 1 X 103> cm™2s~!. In producing these data, the LHC
was filled with up to 312 proton bunches per beam (out of a
maximum of 2808).

We employed a dedicated trigger to search for decays of
particles at times when there are no collisions. Information
from the beam position and timing (BPTX) monitors are
used to identify gaps between the proton bunches that
comprise the LHC beam. The BPTX monitors are posi-
tioned 175 m from the center of CMS on either side of the
CMS interaction region and produce a signal when an LHC
proton bunch passes the monitor. Even though the
R-hadron decay does not produce a true jet, the resultant
energy deposition is sufficiently jetlike that a jet trigger is
reasonably efficient. We therefore require a jet trigger
together with the condition that a coincidence of signals
from both BPTX did not occur, ensuring that the trigger
will not fire on jets produced from pp collisions. The L1
trigger requires a jet with at least 10 GeV transverse
energy. A 20 GeV threshold on jet energy is applied in
the HLT. At both L1 and HLT, the pseudorapidity of the jet,
|77jet|, is required to be less than 3.0. Additional selection
criteria are applied during data analysis. Despite the BPTX
veto in the trigger, several beam-related processes remain
possible sources of background. In order to reject back-
ground events due to an unpaired proton bunch passing
through CMS, events in which either BPTX is over thresh-
old are vetoed. Instrumental effects during trigger genera-
tion, and features of the LHC beam such as lower intensity
“satellite” bunches that accompany the colliding protons,
can cause triggers in some of the 25 ns intervals (BX’s)
which precede or follow the one in which the intended
proton collisions occur. We therefore reject any event
occurring up to two BX’s before, or one BX after, the
BX in which collisions are expected. To reject beam-halo
muon events, which may not be synchronous with proton
collisions, we employ a loose beam-halo veto using the
cathode strip chambers (CSC) in the endcap muon system.
The algorithm rejects events in which a beam-halo trigger
was recorded, or a track segment was reconstructed in the
CSC system with timing consistent with beam-halo, or
a muon track was reconstructed with beam-halo-like

kinematics. Finally, to ensure that no out-of-time pp col-
lision events due to satellite bunches contaminate the
search sample, events with one or more reconstructed
primary vertices are rejected. A small fraction of cosmic
rays traversing the CMS detector deposit significant energy
in the calorimeters. To reduce this background, events that
contain reconstructed muons are vetoed. Once beam-
related backgrounds and cosmic rays are removed, the
remaining source of background is instrumental noise.
Standard calorimeter cleaning and noise rejection criteria
[22-24] are applied. Since gluinos are produced (and cor-
respondingly stopped) nearly isotropically, we restrict our
search to jets in the less noisy central HCAL; we require
that the most energetic jet in the event has |7, | < 1.3. To
suppress noise fluctuations and energy deposits from cos-
mic rays, a jet with reconstructed energy above 50 GeV is
required. To remove events where a single HCAL channel
has misfired, events with more than 90% of the energy
deposited in three or fewer calorimeter towers are vetoed.
We also require that the leading jet has at least 60% of its
energy contained in fewer than 6 towers. To suppress noise
from hybrid photodiode discharge [22], events with 5 or
more of the leading towers at the same azimuthal angle, or
where more than 95% of the jet energy is contained within
towers at the same azimuthal angle, are rejected. The
HCAL electronics have a well-defined time response to
charge deposits generated by showering particles. Analog
signal pulses produced by these electronics are sampled at
40 MHz, synchronized with the LHC clock. These pulses
are readout over ten BX samples centered around the pulse
maximum. A physical pulse has some notable properties
which we use to distinguish it from noise pulses. There is a
clear peak in the signal pulse shape (BXc.), significant
energy in one bunch crossing before the peak (BXpca—1),
and an exponential decay for several BX’s following the
peak. We use the ratios Ry = BXeu+1/BXeqx and R, =
BXeak+2 / BXpeak+1 to characterize the exponential decay,
requiring Ry > 0.15 and 0.10 < R, < 0.50. Since a physi-
cal pulse spans only four time samples we are able to reject
noise events based on the presence of energy in previous or
successive BX’s. We remove events with more than 10% of
the energy of the pulse outside of the central four BX’s.
Energy deposits from physical particles tend to have a
large fraction of the pulse energy in the peak BX. Noise
does not produce this pulse shape; noise pulses tend to be
spread across many BX’s or localized in one BX. We
require the ratio of the peak energy to the total energy to
be between 0.4 and 0.7. The requirement that the pulse
shape satisfy all the preceding criteria rejects 50% of the
remaining events in the background sample while preserv-
ing 93% of simulated signal events.

We have developed a custom, factorized simulation of
gluino production, stopping, and decay to investigate the
experimental signature of this atypical signal. First, we
generate g — g & and gg — g g events at /s = 7 TeV
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using PYTHIA [25]. The lifetime of the gluino is set such
that it is stable. Gluino masses m; = 150 to 500 GeV/c?
are studied. PYTHIA hadronizes the produced gluino into R
hadrons. A modified GEANT4 [26] that implements a
“cloud model” of heavy stable colored interactions with
matter [27] is used to simulate the interaction of these R
hadrons with the CMS detector and to record the location
at which those R hadrons that do not exit the detector come
to rest. Using this simulation, the probability of a single R
hadron to stop in the CMS detector was determined to be
= ().2 for the explored gluino mass range. We also consid-
ered alternative, more pessimistic, models of R-hadronic
interactions with matter. For electromagnetic interactions
(EM) only, the CMS stopping probability is found to
be = 0.06. Finally, with a “neutral R-baryon” model in
which only R mesons stop [28,29] the stopping probability
is = 0.01.

Next, we again use PYTHIA to produce an R hadron at
rest which we translate from the nominal vertex position to
the recorded stopping location and decay the constituent
gluino instantaneously to the lightest neutralino (i) via
g—g j/(l). Finally, we use a specialized Monte Carlo simu-
lation to determine how often the stopped gluino decay
would occur during a triggerable beam gap. Further details
of this simulation are described elsewhere [30].

The efficiency with which triggered events pass all
selection criteria is estimated from the simulation to be
54% for a representative gluino decay signal (m; =
300 GeV/c? and my = 200 GeV/ c?). This point was
chosen to be above existing limits and within the reach
of CMS. The equivalent efficiency with respect to all
stopped particles is 17% since a significant number of R
hadrons stop in uninstrumented regions of the CMS detec-
tor where their subsequent decay would not be observable.
For any new physics model that predicts events with suffi-
cient visible energy, mg — mgy > 100 GeV/c2, this effi-

ciency does not change significantly. We measure the
background rate in the control sample after all but one
of the selection criteria are applied, RY_! . We also mea-
sure the background rate in the control sample after all
selection criteria are applied, RY . To obtain an estimate
of the background rate in the search sample after all
selection criteria, we again measure the rate after omitting
one selection criterion and multiply it by the ratio of
the rates obtained from the control sample, RY, . =
RN (RN /RN—L ). This procedure is performed twice,
each time omitting one of the most powerful background
rejection criteria such that RV ™! > RV; we take the mean
of both determinations as the final background rate esti-
mate. We estimate the systematic uncertainty on the back-
ground to be 23% from the observed variation of the
control sample rate RY ! - during the time period in which
the data were taken. There is also a potential systematic
uncertainty due to the accuracy with which the energy

deposition of our jetlike signal is simulated. From proton

and pion test-beam data and studies of the energy deposited
in HCAL by incident cosmic rays, we estimate this intro-
duces a 7% uncertainty on the acceptance. The systematic
uncertainty due to trigger efficiency is negligible since the
data analyzed are well above the turn-on region. Similarly,
the systematic uncertainty due to reconstruction efficiency
is negligible since we restrict our search to m; —m » >

100 GeV/c? wherein we are fully efficient. Finally, there is
an 11% uncertainty on the luminosity measurement [31].
Limits on a particular model (e.g., gluinos in split super-
symmetry) introduce more substantial systematic uncer-
tainties, since the signal yield is sensitive to the stopping
probability and the stopping probability varies greatly
depending on the model of R-hadronic interactions used
in the simulation.

After the selection criteria described in the preceding
paragraphs are applied, we perform a counting experiment
and a time-profile analysis on the remaining data. For the
counting experiment, we consider gluino lifetime hypoth-
eses from 75 ns to 10° s, where we have chosen the upper
limit of the search to be the longest lifetime for which we
can still expect to observe at least one event. For lifetime
hypotheses shorter than one LHC orbit (89 us), we search
within a time window following each filled bunch crossing.
This time window is equal to 1.256 X 7, for optimal
sensitivity to each hypothesized gluino lifetime 7;. In
addition to the lifetimes required to map the general fea-
tures of the exclusion limit, we include two lifetimes for
each observed event: the largest lifetime hypothesis for
which the event lies outside the time window, and the
smallest lifetime hypothesis for which the event is con-
tained within the time window. For lifetime hypotheses
longer than one LHC fill, we do not consider the possibility
that any observed events may have come from gluinos
produced in a previous fill.

In the search sample, we do not observe a significant
excess above expected background for any lifetime hy-
pothesis. The results of this counting experiment for se-
lected lifetime hypotheses are presented in Table I. In the
absence of any discernible signal, we proceed to set 95%
confidence level (C.L.) limits over 13 orders of magnitude
in gluino lifetime using a hybrid CLg method [32] inspired
by Ref. [33]. In Fig. 1 we show the 95% C.L. limit
on o(pp — g§) X BR(g — g¥)) for a mass difference

TABLE I. Results of counting experiments for selected values
of 75. Entries between 1 X 107 and 1 X 10° s are identical and
are suppressed from the table.

Lifetime [s] Expected Background (* stat = syst) Observed

1 x1077 0.8 £0.2+0.2 2
1 X100 1.9 0.4 0.5 3
1 X107 49+ 1.0+ 1.3 5
1 X 10° 49+10=*13 5

011801-3
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FIG. 1 (color online). Expected and observed 95% C.L. limits
on gluino pair production cross section times branching fraction
using the ‘“‘cloud model”” of R-hadron interactions as a function
of gluino lifetime from both the counting experiment and the
time-profile analysis. Observed 95% C.L. limits on the gluino
cross section for alternative R-hadron interaction models are

also presented. The NLO + NLL calculation is for m; =

300 GeV/c? from a private communication with the authors of
Ref. [11].

Mg — Mo > 100 GeV/c2. The error bands include

statistical and systematic uncertainties. With the horizontal
line in Fig. 1 we show a recent NLO + NLL calculation of
the cross section at /s =7 TeV for m; = 300 GeV/ c?
from the authors of Ref. [11]. To illustrate the effect of the
stopping probability uncertainty, we present three different
95% C.L. limits on o(pp — § &) X BR(g — gX?) in
which the three different R-hadron models are used.
Assuming the cloud model for the interaction of R hadrons
with matter, and assuming BR(g — g¢?) = 100%, we
are able to exclude lifetimes from 75 ns to 3 X 103 s for
mg = 300 GeV/ c? with the counting experiment. Finally,
we present the result as a function of the gluino mass in
Fig. 2. Under the same assumptions as for the cross section
limit, we exclude m; < 370 GeV /c? for lifetimes between
10 ws and 1000 s. If we assume the EM only model for
R-hadronic interactions with matter in order to compare
with what was done in Ref. [12], this exclusion becomes
mg <302 GeV/c?.

We also perform a time-profile analysis. Whereas, for
short lifetimes, a signal from a stopped gluino decay is
correlated in time with the collisions, backgrounds are at in
time. Since the signal and background have very different
time profiles, it is possible to extract both their contribu-
tions by analyzing the distribution of the observed events in
time. We assume all colliding bunches in an orbit have
equal individual instantaneous luminosity. We build a
probability density function (PDF) for the gluino decay
signal as a function of time for a given gluino lifetime
hypothesis and the actual times of LHC beam crossings as
recorded in our data. Figure 3 shows an example of such a

T T
95% C.L. Limits

———————— Expected: 10 us - 1000 s Counting Exp.
L7 = 1x10% cm2s! [ Expected1o: 10us - 1000 s Counting Exp. |

Expected +26: 10 us - 1000 s Counting Exp.

~.=.=-=.. Obs.:10us - 1000 s Counting Exp. (EM only)
——— Obs.: 10 us - 1000 s Counting Exp.
-------------- Obs.: 10 us Timing Profile

JlLdt=10pb"

-
(=}
S

\s=7TeV

-
o
)

10?

o(pp — §9) x BR@G — gt) [pb]

100 150 200 250 300 350 400 450 500
mg[GeV/cz]

FIG. 2 (color online). 95% C.L. limits on gluino pair produc-
tion cross section times branching fraction as a function of
gluino mass assuming the “cloud model” of R-hadron interac-
tions (solid line) and EM interactions only (dot-dashed line). The
Mg = Mo Mass difference is maintained at 100 GeV/c?; results
are only presented for mgo > 50 GeV/c?. The NLO + NLL
calculation is from a private communication with the authors
of Ref. [11]. The lifetimes chosen are those for which the
counting experiment and time-profile analysis are most sensitive.

PDF for a gluino lifetime of 1 ws; the in-orbit positions of
2 observed events in the subset of our data that were
recorded during an LHC fill with 140 colliding bunches
are overlaid. We limit the range of lifetime hypotheses
considered for this time-prole analysis to 75 ns to 100 us
such that the gluino lifetime is not much longer than the
orbit period. For each lifetime hypothesis we build a
corresponding signal time profile, fit the signal plus back-
ground contribution to the data, and extract a 95% C.L.
upper limit on the possible signal contribution. The ob-
tained results are plotted as a dotted line in Fig. 1. This
temporal analysis relies only on the flatness of the
background shape; it does not have the counting experi-
ment’s systematic uncertainty on the background normal-
ization. Consequently, its dominant systematic uncertainty
is the 11% uncertainty on the luminosity measurement.
For a mass difference Mg — Mo > 100 GeV/ 2, assuming

BR(Z — g%)) = 100%, we are able to exclude m; <
382 GeV/c? at the 95% C.L. for a lifetime of 10 s with
the time-prole analysis.

We have presented the results of the first search for long-
lived gluinos produced in 7 TeV pp collisions at the LHC.
We looked for the subsequent decay of those gluinos that
would have stopped in the CMS detector during time
intervals where there were no pp collisions. In particular,
we searched for decays during gaps in the LHC beam
structure. We recorded such decays with dedicated calo-
rimeter triggers. In a data set with a peak instantaneous
luminosity of 1 X 10°2 cm~2s™!, an integrated luminosity
of 10 pb~!, and a search interval corresponding to 62 h
of LHC operation, no significant excess above background
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FIG. 3 (color online). The top panel shows the in-orbit posi-
tions of 2 observed events in the subset of our data that was
recorded during an LHC fill with 140 colliding bunches. The
decay profile for a 1 us lifetime hypothesis is overlaid. The
bottom panels are zoomed views of the boxed regions around
the 2 events in the top panel so that the exponential decay shape
of the signal hypothesis can be seen.

was observed. Limits at the 95% C.L. on gluino
pair production over 13 orders of magnitude of gluino
lifetime are set. For a mass difference m; — mgo >

100 GeV/c?, assuming BR(g — g¥)) = 100%, we ex-
clude m; <370 GeV/c? for lifetimes from 10 us to
1000 s with a counting experiment. Under the same as-
sumptions, we are able to further exclude m; <
382 GeV/c? at the 95% C.L. for a lifetime of 10 s with
a time-prole analysis. These results extend existing limits
from the DO Collaboration [12] on both gluino lifetime and
gluino mass. These limits are the most restrictive to date.
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I. Grigelionis,”* M. Janulis,” D. Martisiute,”® P. Petrov,”® T. Sabonis,”* H. Castilla Valdez,”* E. De La Cruz Burelo,”*
R. Lopez-Fernandez,74 A. Sanchez Herndndez,”* L. M. Villasenor-Cendejas,74 S. Carrillo Moreno,”

F. Vazquez Valencia,”” H. A. Salazar Ibarguen,’® E. Casimiro Linares,”’ A. Morelos Pineda,”” M. A. Reyes-Santos,’’
P. Allfrey,78 D. Krofcheck,78 J. Tam,78 P H. Butler,79 R. Doesburg,79 H. Silverwood,79 M. Ahmad,80 1. Ahmed,80
M. 1. Asghar,*® H.R. Hoorani,*® W. A. Khan,** T. Khurshid,** S. Qazi,** M. Cwiok,*' W. Dominik,*" K. Doroba,®
A. Kalinowski,®! M. Konecki,®! J. Krolikowski,' T. Frueboes,®> R. Gokieli,*> M. Gérski,®* M. Kazana,®?
KMmmhpKRmmmmmemMﬁ%&MMMPGW%&m@RZ%mh&NAmmm%ADWM%
P. Faccioli,83 P.G. Ferreira Palrracho,83 M. Gallinaro,83 P. Martins,83 P. Musella,83 A. Nayak,83 P.Q. Ribeiro,83
J. Seixas,® P. Silva,® J. Varela,®* H. K. Wohri,®? L. Belotelov,®* P. Bunin,®* M. Finger,84 M. Finger, 2
L. Golutvin,** A. Kamenev,** V. Karjavin,84 G. Kozlov,?* A. Lanev,?* P. Moisenz,®* V. Palichik,* V. Perelygin,84
S. Shmatov,84 V. Smirnov,84 A. Volodko,84 A. Zarubin,84 N. Bondar,85 V. Golovtsov,85 Y. Ivanov,85 V. Kim,85
P. Levchenko,®® V. Murzin,®® V. Oreshkin,® I. Smirnov,®> V. Sulimov,®> L. Uvarov,®> S. Vavilov,®> A. Vorobyev,85
Yu. Andreev,*® S. Gninenko,®® N. Golubev,®® M. Kirsanov,*® N. Krasnikov,*® V. Matveev,*® A. Pashenkov,®®
A. Toropin,86 S. Troitsky,86 V. Epshteyn,87 V. Gavrilov,*” V. Kaftanov,*”* M. Kossov,*”" A. Krokhotin,®’
NM@MMMWWGSmmwﬁS&mmwﬁvSmmWEVMWFAZMMﬁ@HMm%MDwMﬁM
L. Dudko,®® A. Ershov,®® A. Gribushin,®® O. Kodolova,®® I. Lokhtin,®® S. Obraztsov,*® S. Petrushanko,®
L. Sarycheva,88 V. Savrin,88 A. Snigirev,88 V. Andreev,89 M. Azarkin,89 I. Dremin,89 M. Kirakosyan,89
S.V. Rusakov,89 A. Vinogradov,89 I. Azhgirey,90 S. Bitioukov,% V. Grishin,go’b V. Kachanov,% D. Konstantinov,90
A. Korablev,”’ V. Krychkine,90 V. Petrov,”® R. Ryutin,90 S. Slabospitsky,90 A. Sobol,” L. Tourtchanovitch,”

S. Troshin,”® N. Tyurin,90 A. Uzunian,” A. Volkov,” P. Adzic,”'* M. Djordjevic,91 D. Krpic,gl’t J. Milosevic,”!
M. Aguilar—Benitez,g2 J. Alcaraz Maestre,92 P. Arce,g2 C. Battilana,()2 E. Calvo,92 M. Cepeda,92 M. Cerrada,92
N. Colino,”? B. De La Cruz,”? C. Diez Pardos,”” C. Fernandez Bedoya,92 J.P. Ferndndez Ramos,”” A. Ferrando,”?
J. Flix,”? M. C. Fouz,”” P. Garcia-Abia,”?> O. Gonzalez Lopez,92 S. Goy Lopez,92 J.M. Hernandez,”> M. 1. Josa,”?
G. Merino,92 J. Puerta Pelayo,92 I. Redondo,92 L. Romero,92 J. Santaolalla,92 C. Willmott,92 C. Albajar,93
G. Codispoti,93 J.E. de Trocéniz,”* J. Cuevas,’® J. Fernandez Menendez,”* S. Folgueras,94 I. Gonzalez Caballero,’
L. Lloret Iglesias,94 J.M. Vizan Garcia,”* J. A. Brochero Cifuentes,” 1.J. Cabrillo,” A. Calderon,”

M. Chamizo Llatas,g5 S.H. Chuang,95 J. Duarte Campde:rros,95 M. Felcini,%’u M. Femandez,95 G. Gomez,95
J. Gonzalez Sanchez,95 R. Gonzalez Suarez,95 C. Jorda,95 P. Lobelle Pardo,95 A. Lopez Virto,95 J. Marco,95
R. Marco,” C. Martinez Rivero,” F. Matorras,” F.J. Munoz Sanchez,”” J. Piedra Gomez,”>" T. Rodrigo,95
A. Ruiz Jimeno,95 L. Scodellaro,95 M. Sobron Sanudo,95 I. Vila,95 R. Vilar Cortabitarte,95 D. Abbaneo,96
E. Auffray,”® G. Auzinger,”® P. Baillon,”® A. H. Ball,”® D. Barney,’® A.J. Bell,”*" D. Benedetti,”® C. Bernet,”*¢
W. Bialas,”® P. Bloch,”® A. Bocci,”® S. Bolognesi,96 H. Breuker,”® G. Brona,”® K. Bunkowski,”® T. Camporesi,96
E. Cano,’® G. Cerminara,”® T. Christiansen,’® J. A. Coarasa Perez,”® R. Covarelli,”® B. Curé,”® D. D’Enterria,”®
T. Dahms,”® A. De Roeck,”® F. Duarte Ramos,”® A. Elliott-Peisert,”® W. Funk,”® A. Gaddi,”® S. Gennai,”®
G. Georgiou,96 H. Gerwig,96 D. Gigi,96 K. Gill,”° D. Giordano,”® F. Glege,96 R. Gomez-Reino Garrido,”®
M. Gouzevitch,”® P. Govoni,”® S. Gowdy,96 L. Guiducci,”® M. Hansen,”® J. Harvey,% J. Hegeman,96 B. Hegner,%
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C. Henderson,”® H. F. Hoffmann,’® A. Honma,”® V. Innocente,’® P. Janot,”® E. Karavakis,”® P. Lecoq,96
C. Leonidopoulos,96 C. Lourengo,96 A. Macpherson,96 T. Miki,”® L. Malgeri,96 M. Mannelli,”® L. Masetti,”®
F. Meijers,(’6 S. Mersi,()6 E. Meschi,g6 R. Moser,96 M. U. Mozer,96 M. Mulders,g6 E. Nesvold,%’b M. Nguyetn,96
T. Orimoto,’® L. Orsini,”® E. Perez,”® A. Petrilli,”® A. Pfeiffer,”® M. Pierini,”® M. Pimid,”® G. Polese,”® A. Racz,”®
G. Rolandi,”®* T. Rommerskirchen,”® C. Rovelli,”®¥ M. Rovere,”® H. Sakulin,’® C. Schifer,”® C. Schwick,”®
I. Segoni,96 A. Sharma,96 P. Siegrist,96 M. Simon,96 P. Sphicas,%’Z D. Spiga,96 M. Spiropulu,gf”S F. Stéckli,96
M. Stoye,96 P. Tropea,96 A. Tsirou,g6 A. Tsyganov,()6 G.L Veres,%’m P. Vichoudis,96 M. Voutilainen,96
W.D. Zeuner,”® W. Bertl,”” K. Deiters,”” W. Erdmann,”’” K. Gabathuler,”” R. Horisberger,97 Q. Ingram,97
H. C. Kaestli,”’ S. Kénig,97 D. Kotlinski,”’” U. Langenegger,97 F. Meier,”” D. Renker,”” T. Rohe,”” J. Sibille,””-#
A. Starodumov,”’*° P, Bortignon,g8 L. Caminada,”®® Z. Chen,”® S. Cittolin,”® G. Dissertori,”® M. Dittmar,”®
J. Eugster,98 K. Freudenreich,”® C. Grab,”® A. Hervé,”® W. Hintz,”® P. Lecomte,”® W. Lustermann,”® C. Marchica,”®¢
P. Martinez Ruiz del Arbol,98 P. Meridiani,98 P. Milenovic,gg’ﬂld F. Moortgat,98 P. Nef,98 F. Nessi—Tedaldi,98 L. Pape,98
F. Pauss,98 T. Punz,98 A. Rizzi,98 F.J. Ronga,98 L. Sala,98 A. K. Sanchez,98 M.-C. Sawley,98 B. Stieger,98
L. Tauscher,”®* A. Thea,”® K. Theofilatos,”® D. Treille,”® C. Urscheler,”® R. Wallny,g&u M. Weber,”® L. Wehrli,”®
J. Weng,98 E. Aguil(’),99 C. Amsler,” V. Chiochia,”” S. De Visscher,” C. Favaro,”” M. Ivova Rikova,”’
B. Millan Mejias,” C. Regenfus,”® P. Robmann,”® A. Schmidt,”® H. Snoek,” L. Wilke,”® Y. H. Chang,'®
K. H. Chen,'® W.T. Chen,'® S. Dutta,'® A. Go,'® C.M. Kuo,'™ S. W. Li," W. Lin,"” M. H. Liu,'® Z. K. Liu,'®
Y.J. Lu,'% 1 H. Wu,'° S, S. Yu,'® P. Bartalini,'*' P. Chang,lO] Y.H. Chang,lOl Y. W. Chang,]01 Y. Chao,'"
K.E. Chen,'" W.-S. Hou,'” Y. Hsiung,'”" K. Y. Kao,'®" Y.J. Lei,'”" R.-S. Lu,'®" J. G. Shiu,'®" Y. M. Tzeng,'*!
M. Wang,'°" A. Adiguzel,'* M. N. Bakirci,'** S. Cerci,'"** C. Dozen,'” I. Dumanoglu,'** E. Eskut,'*?
S. Girgis,102 G. Gokbulut,'*? Y. Guler,'?* E. Gurpinar,lo2 I. Hos,'> E.E. Kangal,102 T. Karaman,'??
A. Kayis Topaksu,lo2 A. Nart,'*? G. Onengut,102 K. Ozdemir,'® S. Ozturk,'?? A. Polatoz,'** K. Sogut,loz’ff
B. Tali,'** H. Topakli,'®> D. Uzun,'®® L.N. Vergili,'*> M. Vergili,'”* C. Zorbilmez,'** 1. V. Akin,'* T. Aliev,'*?
S. Bilmis,'® M. Deniz,'® H. Gamsizkan,'® A. M. Guler,'?* K. Ocalan,'*® A. Ozpineci,lo3 M. Serin,'® R. Sever,'*
U.E. Surat,'” E. Yildirim,'” M. Zeyrek,'*> M. Deliomeroglu,'* D. Demir,'**¢¢ E. Giilmez,'** A. Halu,'**

B. Isildak,104 M. Kaya,lmm1 0. Katy.61,m4’hh M. Ozbek,m4 S. Ozl<orucuklu,m4’ii N. Sonmez,lo“’jj L. Levchuk,105
P. Bell,!° E. Bostock, ' J.J. Brooke, % T. L. Cheng,lo6 E. Clement,'% D. Cussans,'% R. Frazier,'°® J. Goldstein,'%®
M. Grimes,'%® M. Hansen,'%® D. Halrtley,106 G.P. Heath,' H.F. Heath,'*® B. Huckvale,'*® J. Jackson,'%®
L. Kreczko,'*® S. Metson,'°® D. M. Newbold,'°*** K. Nirunpong,'®® A. Poll,'°® S. Senkin,'? V.J. Smith,"%

S. Ward,'?® L. Basso,'”” K. W. Bell,'”” A. Belyaev,'"” C. Brew,'”” R. M. Brown,'”” B. Camanzi,"”’

D.J. A. Cockerill,'*” J. A. C()ughlan,107 K. Harder,'"’ S. Harper,]07 B.W. Kennedy,107 E. Olaiya,]07 D. Petyt,]07
B.C. Radburn—Smith,'O7 C.H. Shepherd-Themistocleous,107 I.R. Tomalin,m7 W.J. Womersley,lo7 S.D. Worm,m7
R. Bainbridge,'”® G. Ball,'® J. Ballin,'”® R. Beuselinck,'”® O. Buchmuller,'®® D. Colling,'"”® N. Cripps,'®
M. Cutajar,108 G. Davies,'°® M. Della Negra,108 J. Fulcher,'?® D. Futyan,lo8 A. Guneratne Bryer,lo8 G. Hall,'*®
7. Hatherell,'®® J. Hays,]08 G. Iles,'® G. Karapostoli,108 L. Lyons,]08 A.-M. Magnan,]08 J. Marrouche,'%®
R. Nandi,108 J. Nash,108 A. Nikitenko,log’bb A. Papageorgiou,lo8 M. Pesaresi,108 K. Petridis,m8 M. Pioppi,log’11
D. M. Raymond,108 N. Rompotis,108 A. Rose,108 M.]J. Ryan,lo8 C. Seez,108 P. Sharp,108 A. Sparrow,108 A. Tapper,108
S. Tourneur,'*® M. Vazquez Acosta,'® T. Virdee,'?® S. Wakefield,'®® D. Wardrope,108 T. Whyntie,108 M. Barrett,'””
M. Chadwick,lo9 J.E. Cole,lo9 P.R. Hobson,log A. Khan,lo9 P. Kyberd,109 D. Leslie,m9 W. Martin,lo9 I.D. Reid,109
L. Teodorescu,'” K. Hatakeyama,“o T. Bose,''! E. Carrera Jarrin,''!" A. Clough,111 C. Fantasia,''! A. Heister,'"!
J. St. John,'"! P. Lawson,''! D. Lazic,'!' J. Rohlf,'!' D. Sperka,111 L. Sulak,''' A. Avetisyan,112 S. Bhattacharya,112
J.P. Chou,1 2p, Cutts,1 12s, Esen,1 ZA. Ferapontov,1 2y, Heintz,1 123, Jabeen,1 26, Kukartsev,1 2G. Landsberg,1 12
M. Narain,''? D. Nguyen,112 M. Segala,112 T. Speer,112 K. V. Tsang,112 M. A. Borgia,113 R. Breedon,'"?

M. Calderon De La Barca Sanchez,''® D. Cebra,''® S. Chauhan,''®> M. Chertok,'"? J. Conway,l 3 P.T. Cox,'?
J. Dolen,'® R. Erbacher,''® E. Friis,!"* W. Ko,!'* A. Kopecky,l I3 R. Lander,'"® H. Liu,'® S. Maruyama,1 13
T. Miceli,''* M. Nikolic,'"® D. Pellett,''® J. Robles,''® T. Schwarz,''® M. Searle,''? J. Smith,'"* M. Squires.,113
M. Tripathi,113 R. Vasquez Sierra,''® C. Veelken,'"® V. Andreev,''* K. Arisaka,!'* D. Cline,''* R. Cousins,''*
A. Deisher,"'* J. Duris,''* S. Erhan,!'*® C. Farrell,!'* J. Hauser,''* M. Ignatenko,l 14 C. Jarvis,'"* C. Plager,l 14
G. Rakness,'"* P. Schlein,''** J. Tucker,"'* V. Valuev,''* J. Babb,''® R. Clare,'"” J. Ellison,'"> J. W. Gary,'"

F. Giordano,'"> G. Hanson,'"> G. Y. Jeng,115 S.C. Kao,'” F. Liu,'"® H. Liu,'" A. Luthra,'"® H. Nguyen,115
G. Pasztor,''>™™ A. Satpathy,''> B. C. Shen,''>* R. Stringer,''” J. Sturdy,''> S. Sumowidagdo,''® R. Wilken,'"”
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S. Wimpenny,115 W. Andrews,''® J. G. Branson,''® E. Dusinberre,!'® D. Evans,''® E. Golf,''® A. Holzner,''®
R. Kelley,] 16 M. Lebourgeois,l 167 Letts,'' B. Mangano,l 16 J. Muelmenstaedt,''® S. Padhi,''® C. Palmer,''®
G. Petrucciani,''® H. Pi,"'® M. Pieri,''® R. Ranieri,''® M. Sani,''° V. Sharma,''*" S. Simon,''° Y. Tu,"'® A. Vartak,"'®
F. Wiirthwein,''® A. Yagil,116 D. Barge,117 R. Bellan,!'” C. Campagnauri,117 M. D’ Alfonso,!'” T. Danielson,'!”
P. Geffert,''” J. Incandela,!'” C. Justus,'!” P. Kalavase,'!” S. A. Koay,117 D. Kovalskyi,117 V. Kmtelyov,117
S. Lowette,1 7N. Mccoll,l 7y, Pavlunin,1 7R, Rebassoo,l 177, Ribnik,l 177, Richman,1 7R, Rossin,1 7D. Stuart,1 17
W. To,"'” I.R. Vlimant,""” A. Bornheim,''® J. Bunn,''® Y. Chen,"''® M. Gataullin,""® D. Kcira,''® V. Litvine,''®
Y. Ma,''® A. Mott,''® H. B. Newman,''® C. Rogan,118 V. Timciuc,''® P. Traczyk,118 J. Veverka,''® R. Wilkinson,''®
Y. Yang,118 R.Y. Zhu,''® B. Akgun,”9 R. Carroll,''° T. Ferguson,”9 Y. Iiyama,119 D.W. Jang,119 S.Y. Jun,'"
Y. F. Liu,""? M. Paulini,""* J. Russ,'"* N. Terentyev,''* H. Vogel,'"* 1. Vorobiev,''? J. P. Cumalat,'*° M. E. Dinardo,'*°
B.R. Drell,'?° C.J. Edelmaier,'?° W. T. Ford, "%’ B. Heyburn,120 E. Luiggi Lopez,120 U. Nauenberg,120 J.G. Smith,'*°
K. Stenson,'?° K. A. Ulmer,'*° S.R. Wagner,120 S.L. Zang,120 L. Agostino,121 J. Alexander,'?! A. Chatterjee,121
S. Das,'?' N. Eggert,'?! L.J. Fields,'?' L. K. Gibbons,'?! B. Heltsley,'"*' W. Hopkins,'*' A. Khukhunaishvili,'?'
B. Kreis,'?! V. Kuznetsov,'?! G. Nicolas Kaufman,'?! J.R. Patterson,'>' D. Puigh,121 D. Riley,121 A. Ryd,121
X. Shi,"?! W. Sun,'*' W.D. Teo,'?! J. Thom,"?! J. Thompson,m 1. Vaughan,l2l Y. Weng,]21 L. Winstrom,'?!

P. Wittich,'*! A. Biselli,'** G. Cirino,'** D. Winn,'?* S. Abdullin,'** M. Albrow,'*® J. Anderson,'?* G. Apollinari,'**
M. Atac,'>® J. A. Bakken,'>* S. Banelrjee,123 L. A.T. Bauerdick,'>® A. Beretvas,'>* J. Berryhill,123 P.C. Bhat,'*?
L. Bloch,'? F. Borcherding,123 K. Burkett,'?® J. N. Butler,'** V. Chetluru,'** H. W. K. Cheung,123 F. Chlebana,'*
S. Cihangir,123 M. Demarteau,123 D.P. Eartly,123 V.D. Elvira,123 1. Fisk,123 J. Freeman,123 Y. Gao,123
E. Gottschalk,'** D. Green,'** K. Gunthoti,'** O. Gutsche,'** A. Hahn,'** J. Hanlon,'** R. M. Harris,'**

J. Hirschauer,'** B. Hooberman,'?® E. James,'?® H. Jensen,'?®> M. Johnson,'** U. Joshi,'** R. Khatiwada,'**

B. Kilminster,'?* B. Klima,'** K. Kousouris,'?* S. Kunori,'*® S. Kwan,'** P. Limon,'** R. Lipton,123 J. Lykken,123
K. Maeshima,'? J. M. Marraffino,'** D. Mason,'** P. McBride,'** T. McCauley,'?® T. Miao,'** K. Mishra,'**
S. Mrenna,'?® Y. Musienko,'?*™ C. Newman-Holmes,'** V. O’Dell,'** S. Popescu,lzlo0 R. Pordes,'*

0. Prokofyev,'** N. Saoulidou,'* E. Sexton-Kennedy,'** S. Sharma,'** A. Soha,'** W. J. Spalding,'* L. Spiegel,'*
P. Tan,123 L. Taylor,123 S. Tkaczyk,123 L. Uplegger,123 E. W. Vaandering,123 R. Vidal,123 J. Whitmore,123 W. Wu,123
F. Yang,123 F. Yumiceva,'** J. C. Yun,'?® D. Acosta,'** P. Avery,124 D. Bourilkov,'** M. Chen,'**

G. P. Di Giovanni,'** D. Dobur,'** A. Drozdetskiy,124 R.D. Field,'** M. Fisher,'** Y. Fu,'** 1. K. Furic,"**

J. Gartner,124 S. Goldberg,,124 B. Kim,124 S. Klimenko,124 J. Konigsberg,124 A. Korytov,124 A. Kropivnitskaya,124
T. Kyplreos,124 K. Matchev,'** G. Mitselmakher,'>* L. Muniz,'** Y. Pakhotin,'** C. Prescott,'** R. Remington,124
M. Schmitt,'?* B. Scurlock,'?* P. Sellers,'>* N. Skhirtladze,'** D. Wang,'24 J. Yelton,'?* M. Zakaria,'** C. Ceron,'*
V. Gaultney,125 L. Kramer,125 L. M. Lebolo,125 S. Linn,125 P. Markowitz,125 G. Martinez,125 J.L. Rodriguez,125
T. Adams,'?® A. Askew,'?® D. Bandurin,'*® J. Bochenek,'?° J. Chen,'?® B. Diamond,'* S. V. Gleyzer,'?® J. Haas,'*®
S. Hagopian,126 V. Hagopiam,126 M. Jenkins,'?® K. F. Johnson,'?° H. Prosper,126 S. Sekmen,'?® V. Veeraraghavan,126
M. M. Baarmand,'?’ B. Dorney,]27 S. Guragain,127 M. Hohlmann,'?” H. Kalakhety,127 R. Ralich,'?”’

I. Vodopiyanov,127 M. R. Adams,128 1. M. Anghel,128 L. Apanasevich,128 Y. Bai,128 V.E. Bazterra,128 R.R. Betts,128
J. Callner,'*® R. Cavanaugh,128 C. Dragoiu,128 E.J. Garcia-Solis,'?® C. E. Gerber,'*® D.J. Hofman,'*®
S. Khalatyan,128 F. Lacroix,'?® C. O’Brien,'?® C. Silvestre,'”® A. Smoron,'?® D. Strom,'*® N. Varelas,'?®
U. Akgun,'® E. A. Albayrak,'*® B. Bilki,'** K. Cankocak,'*"? W. Clarida,'* F. Duru,'*® C.K. Lae,'*

E. McCliment,'*® J.-P. Merlo,'*° H. Mermerkaya,129 A. Mestvirishvili,'* A. Moeller,'*® J. Nachtman,'*’
C.R. Newsom,'?” E. Norbeck,'** J. Olson,'?® Y. Onel,'* F. Ozok,'?* S. Sen,'*” J. Wetzel,'* T. Yetkin,'** K. Yi,'*°
B. A. Barnett,'*° B. Blumenfeld,'*° A. Bonato,'*° C. Eskew,'*° D. Fehling,”o G. Giurgiu,130 A. V. Gritsan,'*°
Z.J. Guo,"® G. Hu,"® P. Maksimovic,"*° S. Rappoccio,'*® M. Swartz,'** N. V. Tran,"** A. Whitbeck,'*°
P. Baringer,]31 A. Bean,"?!' G. Benelli,’*! O. Grachov,"®! M. Murray,m D. Noonan,?!' V. Radicci,"' S. Sanders,'?!
J.S. Wood,131 V. Zhukova,131 T. Bolton,]32 1. Chakaberia,132 A. Ivanov,132 M. Makouski,132 Y. Maravin,132
S. Shrestha,'?? I. Svintradze,'*?> Z. Wan,'*? J. Gronberg,133 D. Lange,”'3 D. Wright,133 A. Baden,'*

M. Boutemeur,'** S. C. Eno,"** D. Ferencek,** J. A. Gomez,"** N.J. Hadley,134 R.G. Kellogg,134 M. Kirn,"3*
Y. Lu,** A.C. Mignerey,134 K. Rossato,'** P. Rumerio,'** F. Santanastasio,'** A. Skuja,134 1. Temple,134
M. B. Tonjes,'** S. C. Tonwar,'** E. Twedt,"** B. Alver,"**> G. Bauer,'* J. Bendavid,'*> W. Busza,"** E. Butz,'*
L. A. Cali,'*> M. Chan,'® V. Dutta,'* P. Everaerts,'> G. Gomez Ceballos,'>> M. Goncharov,'*> K. A. Hahn,'*>
P. Harris,'?® Y. Kim,'?> M. Klute,'*® Y.-J. Lee,'*> W. Li,'*> C. Loizides,'*> P. D. Luckey,]35 T. Ma,'** S. Nahn,'®
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C. Paus,'® C. Roland,'** G. Roland,'* M. Rudolph,135 G.S.F. Stephans,135 K. Sumorok,'% K. Sung,135
E. A. Wenger,135 S. Xie,135 M. Yang,135 Y. Yilmaz,135 A.S. Yoon,135 M. Zanetti,135 P. Cole,136 S.L Cooper,136
P. Cushman,l% B. Dahmes,136 A. De Benedetti,”’6 P.R. Dudero,lg’6 G. Franzoni,136 J. Haupt,136 K. Klapoetke,136
Y. Kubota,'*® J. Mans,'*® V. Rekovic,'*® R. Rusack,'?® M. Sasseville,'® A. Singovsky,136 L.M. Cremaldi,'?’
R. Godang,137 R. Kroeger,137 L. Perera,137 R. Rahmat,137 D.A. Sandelrs,137 D. Summers,137 K. Bloom,138 S. Bose,138
J. Butt,"** D.R. Claes,"*® A. Dominguez,'*® M. Eads,'*® J. Keller,"*® T. Kelly,'*® I. Kravchenko,"*® J. Lazo-Flores,'®
C. Lundstedt,'*® H. Malbouisson,'*® S. Malik,"*® G.R. Snow,'*® U. Baur,'*® A. Godshalk,'*’ 1. Iashvili,'*°
A. Kharchilava,' A. Kumar,'*° S. P. Shipkowski,139 K. Smith,"*° G. Alverson,'*° E. Barberis, *° D. Baumgartel,140
0. Boeriu,140 M. Chasco,“o K. Kaadze,l‘m S. Reucroft,140 J. Swain,140 D. Wood,140 J. Zhang,140 A. Anastassov,141
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