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Search for supersymmetry using final states with one lepton, jets, and missing

transverse momentum with the ATLAS detector in
√
s = 7 TeV pp collisions

The ATLAS Collaboration

This Letter presents the first search for supersymmetry in final states containing one isolated
electron or muon, jets, and missing transverse momentum from

√
s = 7 TeV proton-proton collisions

at the LHC. The data were recorded by the ATLAS experiment during 2010 and correspond to a
total integrated luminosity of 35 pb−1. No excess above the standard model background expectation
is observed. Limits are set on the parameters of the minimal supergravity framework, extending
previous limits. For A0 = 0 GeV, tanβ = 3, µ > 0 and for equal squark and gluino masses, gluino
masses below 700 GeV are excluded at 95% confidence level.

PACS numbers: 12.60.Jv, 14.80.Ly

Many extensions of the standard model predict the
existence of new colored particles, such as the squarks
(q̃) and gluinos (g̃) of supersymmetric (SUSY) the-
ories [1], which could be accessible at the LHC.
The dominant SUSY production channels are squark-
(anti)squark, squark-gluino, and gluino-gluino pair pro-
duction. Squarks and gluinos are expected to decay to
quarks and gluons and the SUSY partners of the gauge
bosons (charginos, χ̃

±
, and neutralinos, χ̃

0
), leading to

events with energetic jets. In R-parity conserving SUSY
models [2], the lightest supersymmetric particle (LSP)
is stable and escapes detection, giving rise to events
with significant missing transverse momentum. In decay
chains with charginos (q̃L → qχ̃

±
, g̃ → qq̄′χ̃

±
), chargino

decay to the LSP can produce a high-momentum lepton.
Currently, the most stringent limits on squark and gluino
masses come from the LHC [3] and from the Tevatron [4–
6].

This Letter reports on a search for events with exactly
one isolated high-transverse momentum (pT) electron or
muon, at least three high-pT jets, and significant missing
transverse momentum. An exact definition of the signal
region will be given elsewhere in this Letter. From an
experimental point of view, the requirement of an iso-
lated high-pT lepton suppresses the QCD multijet back-
ground and facilitates triggering on interesting events.
In addition to the signal region, three control regions
are considered for the most important standard model
backgrounds. A combined fit to the observed number
of events in these four regions, together with an inde-
pendent estimate of jets misidentified as leptons in QCD
multijet events, is used to search for an excess of events
in the signal region.

The analysis is sensitive to any new physics leading to
such an excess, and is not optimized for any particular
model of SUSY. The results are interpreted within the
MSUGRA/CMSSM (minimal supergravity/constrained
minimal supersymmetric standard model) framework [7,
8] in terms of limits on the universal scalar and gaugino

mass parameters m0 and m1/2. These are presented for
fixed values of the universal trilinear coupling parame-
ter A0 = 0 GeV, ratio of the vacuum expectation values
of the two Higgs doublets tanβ = 3, and Higgs mixing
parameter µ > 0, in order to facilitate comparison with
previous results.

The ATLAS detector [9] is a multipurpose particle
physics apparatus with a forward-backward symmetric
cylindrical geometry and near 4π coverage in solid an-
gle [10]. The inner tracking detector (ID) consists of a
silicon pixel detector, a silicon microstrip detector (SCT),
and a transition radiation tracker (TRT). The ID is sur-
rounded by a thin superconducting solenoid providing a
2 T magnetic field, and by high-granularity liquid-argon
(LAr) sampling electromagnetic calorimeters. An iron-
scintillator tile calorimeter provides hadronic coverage in
the central rapidity range. The end-cap and forward re-
gions are instrumented with LAr calorimetry for both
electromagnetic and hadronic measurements. The muon
spectrometer (MS) surrounds the calorimeters and con-
sists of three large superconducting toroids, a system of
precision tracking chambers, and detectors for triggering.

The data used in this analysis were recorded in 2010
at the LHC at a center-of-mass energy of 7 TeV. Appli-
cation of beam, detector, and data-quality requirements
results in a total integrated luminosity of 35 pb−1, with
an estimated uncertainty of 11% [11]. The data have
been selected with single lepton (e or µ) triggers. The
detailed trigger requirements vary throughout the data-
taking period, but the thresholds are always low enough
to ensure that leptons with pT > 20 GeV lie in the effi-
ciency plateau.

Fully simulated Monte Carlo event samples are used to
develop and validate the analysis procedure, compute de-
tector acceptance and reconstruction efficiency, and aid
in the background determination. Samples of events for
background processes are generated as described in de-
tail in Ref. [12]. For the major backgrounds, top quark
pair and W+jets production, MC@NLO [13] v3.41 and
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ALPGEN [14] v2.13 are used. Further samples include
QCD multijet events, single top production, diboson pro-
duction, and Drell-Yan dilepton events.
Monte Carlo signal events are generated with Her-

wig++ [15] v2.4.2. The SUSY particle spectra and de-
cay modes are calculated with ISAJET [16] v7.75. The
SUSY samples are normalized using next-to-leading or-
der (NLO) cross sections as determined by Prospino [17]
v2.1. All signal and background samples are produced
using the ATLAS MC09 parameter tune [18] and a
GEANT4 based [19] detector simulation [20].
Criteria for electron and muon identification closely

follow those described in Ref. [21]. Electrons in the signal
region are required to pass the “tight” selection criteria,
with pT > 20 GeV and |η| < 2.47. Events are always
vetoed if a “medium” electron is found in the electromag-
netic calorimeter transition region, 1.37 < |η| < 1.52.
Muons are required to be identified either in both ID

and MS systems (combined muons) or as a match be-
tween an extrapolated ID track and one or more segments
in the MS. The ID track is required to have at least one
pixel hit, more than five SCT hits, and a number of TRT
hits that varies with η. For combined muons, a good
match between ID and MS tracks is required, and the pT
values measured by these two systems must be compat-
ible within the resolution. The summed pT of other ID
tracks within a distance ∆R =

p

(∆η)2 + (∆φ)2 < 0.2
around the muon track is required to be less than 1.8
GeV. Only muons with pT > 20 GeV and |η| < 2.4 are
considered. For the final selection, the distance between
the z coordinate of the primary vertex and that of the
extrapolated muon track at the point of closest approach
to the primary vertex must be less than 10 mm.
Jets are reconstructed using the anti-kt jet cluster-

ing algorithm [22] with a radius parameter R = 0.4.
The inputs to this algorithm are clusters of calorimeter
cells seeded by cells with energy significantly above the
measured noise. Jets are constructed by performing a
four-vector sum over these clusters, treating each cluster
as an (E, ~p) four-vector with zero mass. Jets are cor-
rected for calorimeter non-compensation, upstream ma-
terial and other effects using pT- and η-dependent cali-
bration factors obtained from Monte Carlo and validated
with extensive test-beam and collision-data studies [23].
Only jets with pT > 20 GeV and |η| < 2.5 are consid-
ered. If a jet and a “medium” electron are both identified
within a distance ∆R < 0.2 of each other, the jet is dis-
carded. Furthermore, identified “medium” electrons or
muons are only considered if they satisfy ∆R > 0.4 with
respect to the closest remaining jet. Events are discarded
if they contain any jet failing basic quality selection cri-
teria, which reject detector noise and non-collision back-
grounds [24].
The calculation of the missing transverse momentum,

Emiss
T , is based on the modulus of the vectorial sum of the

pT of the reconstructed objects (jets with pT > 20 GeV,

but over the full calorimeter coverage |η| < 4.9, and the
selected lepton), any additional non–isolated muons and
the calorimeter clusters not belonging to reconstructed
objects.

Events are required to have at least one reconstructed
primary vertex with at least five associated tracks. The
selection criteria for signal and control regions are based
on Monte Carlo studies prior to examining the data. The
signal region is defined as follows. At least one identified
electron or muon with pT > 20 GeV is required. Events
are rejected if they contain a second identified lepton with
pT > 20 GeV, because they are the subject of a future
analysis. At least three jets with pT > 30 GeV are re-
quired, the leading one of which must have pT > 60 GeV.
In order to reduce the background of events with fake
Emiss

T from mismeasured jets, the missing transverse mo-

mentum vector ~Emiss
T is required not to point in the di-

rection of any of the three leading jets: ∆φ(jeti, ~E
miss
T ) >

0.2 (i = 1, 2, 3). The transverse mass between the lepton
and the missing transverse momentum vector, mT =
q

2 · pℓT · Emiss
T · (1− cos(∆φ(ℓ, Emiss

T ))), is required to be

larger than 100 GeV. Emiss
T must exceed 125 GeV and

must satisfy Emiss
T > 0.25meff, where the effective mass

meff is the scalar sum of the pT of the three leading jets,
the pT of the lepton, and Emiss

T . Finally, a cut is applied
on the effective mass: meff > 500 GeV. The efficiency for
the SUSY signal in the MSUGRA/CMSSM model de-
fined earlier varies between 0.01% for m1/2 = 100 GeV
and 4% for m1/2 = 350 GeV, with a smaller dependence
on m0, for the electron channel and the muon channel
separately. The inefficiency is dominated by the leptonic
branching fractions in the SUSY signal.

Backgrounds from several standard model processes
could contaminate the signal region. Top quark pair
production and W+jets production backgrounds are es-
timated from a combined fit to the number of observed
events in three control regions, using Monte Carlo sim-
ulations to derive the background in the signal region
from the control regions. The background determina-
tion of QCD multijet production with a jet misidentified
as an isolated lepton is purely data driven. Remaining
backgrounds from other sources are estimated with sim-
ulations.

The three control regions have identical lepton and jet
selection criteria as the signal region. The top control
region is defined by a window in the two-dimensional
plane of 30 GeV < Emiss

T < 80 GeV and 40 GeV < mT <

80 GeV and by requiring that at least one of the three
leading jets is tagged as a b-quark jet. For the b-tagging,
the secondary vertex algorithm SV0 [25] is used, which,
for pT = 60 GeV jets, provides an efficiency of 50% for b-
quark jets and a mistag rate of 0.5% for light-quark jets.
The W control region is defined by the same window
in the Emiss

T −mT plane, but with the requirement that
none of the three hardest jets is b-tagged. The QCD mul-
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tijet control region is defined by demanding low missing
transverse momentum, Emiss

T < 40 GeV, and low trans-
verse mass, mT < 40 GeV. This QCD control region is
only used to estimate the QCD multijet background con-
tribution to other background regions but not to the sig-
nal region. Instead, the electron and muon identification
criteria are relaxed, obtaining a “loose” control sample
that is dominated by QCD jets. A loose-tight matrix
method, in close analogy to that described in Ref. [12], is
then used to estimate the number of QCD multijet events
with fake leptons in the signal region after final selection
criteria: 0.0+0.5

−0.0 in the muon channel and 0.0+0.3
−0.0 in the

electron channel.

Data are compared to expectations in Figure 1. The
standard model backgrounds in the figure are normalized
to the theoretical cross sections, except for the multi-
jet background which is normalized to data in the QCD
multijet control region. The data are in good agreement
with the standard model expectations. After final selec-
tion, one event remains in the signal region in the elec-
tron channel and one event remains in the muon chan-
nel. Figure 1 also shows the expected distributions for
the MSUGRA/CMSSM model point m0 = 360 GeV and
m1/2 = 280 GeV.

A combined fit to the number of observed events in
the signal and control regions is performed. The as-
sumption that the Monte Carlo is able to predict the
backgrounds in the signal region from the control re-
gions is validated by checking additional control regions
at low mT and at low Emiss

T . The defined control re-
gions are not completely pure, and the combined fit takes
the expected background cross-contaminations into ac-
count. The likelihood function of the fit can be written
as: L(n|s,b, θ) = PS × PW × PT × PQ × CSyst, where n
represents the number of observed events in data, s is the
SUSY signal to be tested, b is the background, and θ rep-
resents the systematic uncertainties, which are treated as
nuisance parameters with a Gaussian probability density
function. The four P functions in the right hand side
are Poisson probability distributions for event counts in
the defined signal (S) and control regions (W, T, and Q
for W , top pair and QCD multijets respectively), and
CSyst represents the constraints on systematic uncertain-
ties, including correlations.
The dominant sources of systematic uncertainties in

the background estimates arise from Monte Carlo mod-
eling of the shape of the Emiss

T and mT distributions in
signal and control regions. These uncertainties are de-
termined by variation of the Monte Carlo generator, as
well as by variations of internal generator parameters. Fi-
nite statistics in the background control regions also con-
tributes to the uncertainty. Experimental uncertainties
are varied within their determined range and are domi-
nated by the jet energy scale uncertainty [26], b-tagging
uncertainties, and the uncertainty on the luminosity.
Systematic uncertainties on the SUSY signal are esti-
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FIG. 1: Top: Emiss
T distribution after lepton and jet selection.

Center: mT distribution after lepton and jet selection. Bot-
tom: Effective mass distribution after final selection criteria
except for the cut on the effective mass itself. All plots are
made for the electron and muon channel combined. Yellow
bands indicate the uncertainty on the Monte Carlo predic-
tion from finite Monte Carlo statistics and from the jet energy
scale uncertainty.
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mated by variation of the factorization and renormaliza-
tion scales in Prospino and by including the parton den-
sity function (PDF) uncertainties using the eigenvector
sets provided by CTEQ6 [27]. Uncertainties are calcu-
lated separately for the individual production processes.
Within the relevant kinematic range, typical uncertain-
ties resulting from scale variations are 10–16%, whereas
PDF uncertainties vary from 5% for q̃q̃ production to
15–30% for g̃g̃ production.

The result of the combined fit to signal and control re-
gions, leaving the number of signal events free in the sig-
nal region while not allowing for a signal contamination
in the other regions, is shown in Table I. The observed
number of events in data is consistent with the standard
model expectation.

Limits are set on contributions of new physics to the
signal region. These limits are obtained from a second
combined fit to the four regions, this time allowing for a
signal in all four regions, and leaving all nuisance parame-
ters free. The limits are then derived from the profile like-

lihood ratio, Λ(s) = −2(lnL(n|s, ˆ̂b, ˆ̂θ) − lnL(n|ŝ, b̂, θ̂)),
where ŝ, b̂ and θ̂ maximize the likelihood function and

ˆ̂
b

and
ˆ̂
θ maximize the likelihood for a given choice of s. In

the fit, s and ŝ are constrained to be non-negative. The
test statistic is Λ(s). The exclusion p-values are obtained
from this using pseudo-experiments and the limits set are
one-sided upper limits [28].

From the fit to a model with signal events only in the
signal region, a 95% CL upper limit on the number of
events from new physics in the signal region can be de-
rived. This number is 2.2 in the electron channel and 2.5
in the muon channel. This corresponds to a 95% CL up-
per limit on the effective cross section for new processes
in the signal region, including the effects of experimen-
tal acceptance and efficiency, of 0.065 pb for the electron
channel and 0.073 pb for the muon channel.

Within the MSUGRA/CMSSM framework, the results
are interpreted as limits in the m0−m1/2 plane, as shown
in Figure 2. For the model considered and for equal
squark and gluino masses, gluino masses below 700 GeV
are excluded at 95% CL. The limits depend only moder-
ately on tanβ.

In summary, the first ATLAS results on searches for
supersymmetry with an isolated electron or muon, jets,
and missing transverse momentum have been presented.
In a data sample corresponding to 35 pb−1, no sig-
nificant deviations from the standard model expecta-
tion are observed. Limits on the cross section for new
processes within the experimental acceptance and effi-
ciency are set. For a chosen set of parameters within
MSUGRA/CMSSM, and for equal squark and gluino
masses, gluino masses below 700 GeV are excluded at
95% CL. These ATLAS results exceed previous limits set
by other experiments [3–6].
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TABLE I: Numbers of observed events in the signal and background control regions, as well as their estimated values from the
fit (see text), for the electron (top part) and muon (bottom part) channels. The central values of the fitted sum of backgrounds
in the control regions agree with the observations by construction. For comparison, nominal Monte Carlo expectations are
given in parentheses for the signal region, the top control region and the W control region.

Electron channel Signal region Top region W region QCD region

Observed events 1 80 202 1464

Fitted top events 1.34± 0.52 (1.29) 65 ± 12 (63) 32± 16 (31) 40± 11

Fitted W/Z events 0.47± 0.40 (0.46) 11.2± 4.6 (10.2) 161 ± 27 (146) 170 ± 34

Fitted QCD events 0.0+0.3

−0.0
3.7± 7.6 9± 20 1254 ± 51

Fitted sum of background events 1.81± 0.75 80± 9 202± 14 1464 ± 38

Muon channel Signal region Top region W region QCD region

Observed events 1 93 165 346

Fitted top events 1.76 ± 0.67 (1.39) 85± 11 (67) 42± 19 (33) 50± 10

Fitted W/Z events 0.49 ± 0.36 (0.71) 7.7± 3.3 (11.6) 120 ± 26 (166) 71± 16

Fitted QCD events 0.0+0.5

−0.0
0.3± 1.2 3± 12 225 ± 22

Fitted sum of background events 2.25± 0.94 93± 10 165± 13 346 ± 19

[1] Yu.A. Golfand and E.P. Likhtman, JETP Lett. 13
(1971) 323; A. Neveu and J.H. Schwartz, Nucl. Phys.
B31 (1971) 86; A. Neveu and J.H. Schwartz, Phys.
Rev. D4 (1971) 1109; P. Ramond, Phys. Rev. D3

(1971) 2415; D.V. Volkov and V.P. Akulov, Phys. Lett.
B46 (1973) 109; J. Wess and B. Zumino, Phys. Lett.
B49 (1974) 52; J. Wess and B. Zumino, Nucl. Phys.
B70 (1974) 39.

[2] P. Fayet, Phys. Lett. B69 (1977) 489; G. R. Farrar and
P. Fayet, Phys. Lett. B76 (1978) 575.

[3] CMS Collaboration, V. Khachatryan et al.,
arXiv:1101.1628 (2011), submitted to PLB.

[4] CDF Collaboration, T. Aaltonen et al., Phys. Rev. Lett.
102 (2009) 121801.

[5] D0 Collaboration, V.M. Abazov et al., Phys. Lett.
B660 (2008) 449.

[6] D0 Collaboration, V.M. Abazov et al., Phys. Lett.
B680 (2009) 34.

[7] A.H. Chamseddine, R.L. Arnowitt and P. Nath, Phys.
Rev. Lett. 49 (1982) 970; R. Barbieri, S. Ferrara and
C.A. Savoy, Phys. Lett. B119 (1982) 343; L.E. Ibanez,
Phys. Lett. B118 (1982) 73; L.J. Hall, J.D. Lykken and
S. Weinberg, Phys. Rev. D27 (1983) 2359; N. Ohta,
Prog. Theor. Phys. 70 (1983) 542.

[8] G. L. Kane et al., Phys. Rev. D49 (1994) 6173.
[9] ATLAS Collaboration, G. Aad et al., JINST 3 (2008)

S08003.
[10] 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 coinciding with the
axis of 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).

[11] ATLAS Collaboration, G. Aad et al., arXiv:1101.2185
(2011), submitted to EPJC.

[12] ATLAS Collaboration, G. Aad et al., arXiv:1012.1792
(2010), accepted by EPJC.

[13] S. Frixione and B. R. Webber, JHEP 06 (2002) 029;
S. Frixione, P. Nason and B. R. Webber, JHEP 08

(2003) 007; S. Frixione, E. Laenen and P. Motylinski,
JHEP 03 (2006) 092.

[14] M. Mangano et al., JHEP 07 (2003) 001.
[15] M. Bahr et al., Eur. Phys. J. C58 (2008) 639.
[16] F.E. Paige et al., arXiv:hep-ph/0312045 (2003).
[17] W. Beenakker et al., Nucl. Phys. B492 (1997) 51.
[18] ATLAS Collaboration, ATL-PHYS-PUB-2010-002

(2010).
[19] S. Agostinelli et al., Nucl. Instr. Meth. A506 (2003) 250.
[20] ATLAS Collaboration, G. Aad et al., Eur. Phys. J. C70

(2010) 823.
[21] ATLAS Collaboration, G. Aad et al., JHEP 12 (2010)

060.
[22] M. Cacciari, G.P. Salam and G. Soyez, JHEP 04 (2008)

063.
[23] ATLAS Collaboration, ATLAS-CONF-2010-050 (2010);

E. Abat et al., Nucl. Instr. Meth. A621 (2010) 134.
[24] ATLAS Collaboration, ATLAS-CONF-2010-038 (2010).
[25] ATLAS Collaboration, ATLAS-CONF-2010-099 (2010).
[26] ATLAS Collaboration, G. Aad et al., arXiv:1009.5908

(2010), accepted by EPJC.
[27] P. M. Nadolsky et al., Phys. Rev. D78 (2008) 013004.
[28] ATLAS Collaboration, CERN-OPEN-2008-020 (2008)

1480.
[29] LEP SUSY Working Group (ALEPH, DELPHI, L3,

OPAL), Notes LEPSUSYWG/01-03.1 and 04-01.1,
http://lepsusy.web.cern.ch/lepsusy/Welcome.html.



6

The ATLAS Collaboration

G. Aad48, B. Abbott112, J. Abdallah11,
A.A. Abdelalim49, A. Abdesselam119, O. Abdinov10,
B. Abi113, M. Abolins89, H. Abramowicz154,
H. Abreu116, E. Acerbi90a,90b, B.S. Acharya165a,165b,
D.L. Adams24, T.N. Addy56, J. Adelman176,
M. Aderholz100, S. Adomeit99, P. Adragna75,
T. Adye130, S. Aefsky22, J.A. Aguilar-Saavedra125b,a,
M. Aharrouche82, S.P. Ahlen21, F. Ahles48,
A. Ahmad149, M. Ahsan40, G. Aielli134a,134b,
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B. Budick109, V. Büscher82, L. Bugge118,
D. Buira-Clark119, E.J. Buis106, O. Bulekov97,
M. Bunse42, T. Buran118, H. Burckhart29, S. Burdin73,
T. Burgess13, S. Burke130, E. Busato33, P. Bussey53,
C.P. Buszello167, F. Butin29, B. Butler144,
J.M. Butler21, C.M. Buttar53, J.M. Butterworth77,
W. Buttinger27, T. Byatt77, S. Cabrera Urbán168,
M. Caccia90a,90b, D. Caforio19a,19b, O. Cakir3a,
P. Calafiura14, G. Calderini79, P. Calfayan99,
R. Calkins107, L.P. Caloba23a, R. Caloi133a,133b,
D. Calvet33, S. Calvet33, R. Camacho Toro33,
A. Camard79, P. Camarri134a,134b,
M. Cambiaghi120a,120b, D. Cameron118, J. Cammin20,
S. Campana29, M. Campanelli77, V. Canale103a,103b,
F. Canelli30, A. Canepa160a, J. Cantero81,
L. Capasso103a,103b, M.D.M. Capeans Garrido29,
I. Caprini25a, M. Caprini25a, D. Capriotti100,
M. Capua36a,36b, R. Caputo149, C. Caramarcu25a,
R. Cardarelli134a, T. Carli29, G. Carlino103a,
L. Carminati90a,90b, B. Caron160a, S. Caron48,
C. Carpentieri48, G.D. Carrillo Montoya173,
A.A. Carter75, J.R. Carter27, J. Carvalho125a,f ,
D. Casadei109, M.P. Casado11, M. Cascella123a,123b,
C. Caso50a,50b,∗, A.M. Castaneda Hernandez173,
E. Castaneda-Miranda173, V. Castillo Gimenez168,
N.F. Castro125b,a, G. Cataldi72a, F. Cataneo29,
A. Catinaccio29, J.R. Catmore71, A. Cattai29,
G. Cattani134a,134b, S. Caughron89, D. Cauz165a,165c,
A. Cavallari133a,133b, P. Cavalleri79, D. Cavalli90a,
M. Cavalli-Sforza11, V. Cavasinni123a,123b,
A. Cazzato72a,72b, F. Ceradini135a,135b,
A.S. Cerqueira23a, A. Cerri29, L. Cerrito75,
F. Cerutti47, S.A. Cetin18b, F. Cevenini103a,103b,
A. Chafaq136a, D. Chakraborty107, K. Chan2,
B. Chapleau86, J.D. Chapman27, J.W. Chapman88,
E. Chareyre79, D.G. Charlton17, V. Chavda83,
S. Cheatham71, S. Chekanov5, S.V. Chekulaev160a,
G.A. Chelkov65, H. Chen24, L. Chen2, S. Chen32c,
T. Chen32c, X. Chen173, S. Cheng32a, A. Cheplakov65,
V.F. Chepurnov65, R. Cherkaoui El Moursli136d,
V. Chernyatin24, E. Cheu6, S.L. Cheung159,
L. Chevalier137, F. Chevallier137, G. Chiefari103a,103b,
L. Chikovani51, J.T. Childers58a, A. Chilingarov71,
G. Chiodini72a, M.V. Chizhov65, G. Choudalakis30,
S. Chouridou138, I.A. Christidi77, A. Christov48,
D. Chromek-Burckhart29, M.L. Chu152, J. Chudoba126,
G. Ciapetti133a,133b, K. Ciba37, A.K. Ciftci3a,
R. Ciftci3a, D. Cinca33, V. Cindro74,
M.D. Ciobotaru164, C. Ciocca19a,19b, A. Ciocio14,
M. Cirilli88, M. Ciubancan25a, A. Clark49, P.J. Clark45,
W. Cleland124, J.C. Clemens84, B. Clement55,
C. Clement147a,147b, R.W. Clifft130, Y. Coadou84,
M. Cobal165a,165c, A. Coccaro50a,50b, J. Cochran64,
P. Coe119, J.G. Cogan144, J. Coggeshall166,

E. Cogneras178, C.D. Cojocaru28, J. Colas4,
A.P. Colijn106, C. Collard116, N.J. Collins17,
C. Collins-Tooth53, J. Collot55, G. Colon85,
R. Coluccia72a,72b, G. Comune89, P. Conde Muiño125a,
E. Coniavitis119, M.C. Conidi11, M. Consonni105,
V. Consorti48, S. Constantinescu25a, C. Conta120a,120b,
F. Conventi103a,g, J. Cook29, M. Cooke14,
B.D. Cooper77, A.M. Cooper-Sarkar119,
N.J. Cooper-Smith76, K. Copic34, T. Cornelissen50a,50b,
M. Corradi19a, F. Corriveau86,h, A. Cortes-Gonzalez166,
G. Cortiana100, G. Costa90a, M.J. Costa168,
D. Costanzo140, T. Costin30, D. Côté29,
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T. Göpfert43, C. Goeringer82, C. Gössling42,
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L. Živković34, V.V. Zmouchko129,∗, G. Zobernig173,
A. Zoccoli19a,19b, Y. Zolnierowski4, A. Zsenei29,
M. zur Nedden15, V. Zutshi107, L. Zwalinski29.

1 University at Albany, 1400 Washington Ave, Albany,
NY 12222, United States of America
2 Department of Physics, University of Alberta,
Edmonton AB, Canada
3 Ankara University(a), Faculty of Sciences, Department
of Physics, TR 061000 Tandogan, Ankara; Dumlupinar
University(b), Faculty of Arts and Sciences, Department
of Physics, Kutahya; Gazi University(c), Faculty of Arts
and Sciences, Department of Physics, 06500,
Teknikokullar, Ankara; TOBB University of Economics
and Technology(d), Faculty of Arts and Sciences,
Division of Physics, 06560, Sogutozu, Ankara; Turkish
Atomic Energy Authority(e), 06530, Lodumlu, Ankara,
Turkey
4 LAPP, CNRS/IN2P3 and Université de Savoie,
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München, Germany
101 Nagasaki Institute of Applied Science, 536
Aba-machi, JP Nagasaki 851-0193, Japan
102 Nagoya University, Graduate School of Science,
Furo-Cho, Chikusa-ku, Nagoya, 464-8602, Japan
103 INFN Sezione di Napoli(a); Università di Napoli,
Dipartimento di Scienze Fisiche(b), Complesso
Universitario di Monte Sant’Angelo, via Cinthia, IT -
80126 Napoli, Italy
104 University of New Mexico, Department of Physics
and Astronomy, MSC07 4220, Albuquerque, NM 87131
USA, United States of America
105 Radboud University Nijmegen/NIKHEF,
Department of Experimental High Energy Physics,
Heyendaalseweg 135, NL-6525 AJ, Nijmegen,

Netherlands
106 Nikhef National Institute for Subatomic Physics,
and University of Amsterdam, Science Park 105, 1098
XG Amsterdam, Netherlands
107 Department of Physics, Northern Illinois University,
LaTourette Hall Normal Road, DeKalb, IL 60115,
United States of America
108 Budker Institute of Nuclear Physics (BINP), RU -
Novosibirsk 630 090, Russia
109 New York University, Department of Physics, 4
Washington Place, New York NY 10003, USA, United
States of America
110 Ohio State University, 191 West Woodruff Ave,
Columbus, OH 43210-1117, United States of America
111 Okayama University, Faculty of Science,
Tsushimanaka 3-1-1, Okayama 700-8530, Japan
112 University of Oklahoma, Homer L. Dodge
Department of Physics and Astronomy, 440 West
Brooks, Room 100, Norman, OK 73019-0225, United
States of America
113 Oklahoma State University, Department of Physics,
145 Physical Sciences Building, Stillwater, OK
74078-3072, United States of America
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