PRL 106, 201802 (2011)

PHYSICAL REVIEW LETTERS

week ending
20 MAY 2011

Search for Pair Production of First-Generation Scalar Leptoquarks
in pp Collisions at /s = 7 TeV

V. Khachatryan et al.*

(CMS Collaboration)
(Received 17 December 2010; published 17 May 2011)

A search for pair production of first-generation scalar leptoquarks is performed in the final state
containing two electrons and two jets using proton-proton collision data at \/s = 7 TeV. The data sample
used corresponds to an integrated luminosity of 33 pb~! collected with the CMS detector at the CERN
LHC. The number of observed events is in good agreement with the predictions for the standard model
background processes, and an upper limit is set on the leptoquark pair production cross section times 8> as
a function of the leptoquark mass, where S is the branching fraction of the leptoquark decay to an electron
and a quark. A 95% confidence level lower limit is set on the mass of a first-generation scalar leptoquark at
384 GeV for B = 1, which is the most stringent direct limit to date.
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Although the standard model (SM) of fundamental par-
ticles and their interactions is in excellent agreement with
most collider data, there are compelling reasons to believe
new physics should appear at high energy scales. Some
well-motivated theories of physics beyond the SM, includ-
ing grand unified theories [1], composite models [2], tech-
nicolor [3-5], and superstring-inspired Eg models [6],
postulate the existence of a symmetry, beyond that of the
SM, relating quarks and leptons and implying the existence
of new bosons, called leptoquarks (LQ). An LQ carries
color, has fractional electric charge, can have spin 0
(scalar) or spin 1 (vector), and couples to a lepton and a
quark with coupling strength A. An LQ would decay to a
charged lepton and a quark, with an unknown branching
fraction B, or a neutrino and a quark, with branching
fraction 1 — B. A review of LQ phenomenology and
searches can be found in [7,8]. Constraints from experi-
ments sensitive to flavour-changing neutral currents,
lepton-family-number violation, and other rare processes
[9] favor LQs that couple to quarks and leptons within the
same SM generation, for LQ masses accessible at current
colliders. The first-generation scalar LQs studied in this
Letter couple only to an electron or an electron neutrino
and a light quark. Measurements at electron-proton colli-
ders constrain the coupling A to be comparable to or less
than the electromagnetic coupling Agy; = 4magy = 0.3,
for a first-generation LQ mass, M, less than 300 GeV
[10,11]. Prior to this work, the DO Collaboration set the
most stringent limit for a broad range of the coupling A on

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

0031-9007/11/106(20)/201802(15)

201802-1

PACS numbers: 14.80.Sv, 12.60.—i, 13.85.Rm

the mass of the first-generation scalar LQ, namely, M| o >
299 GeV for B =1 [12].

This Letter presents the results of a search for pair
production of first-generation scalar LQs using events
containing two electrons and two jets from a data sample
of pp collisions at /s = 7 TeV collected in 2010 with the
Compact Muon Solenoid (CMS) detector at the LHC. The
data sample corresponds to an integrated luminosity of
33.2 +3.7 pb~!. In pp collisions at this energy, LQs are
predominantly produced in pairs via gluon-gluon fusion
and quark-antiquark annihilation with a cross section that
depends on the strong coupling constant « but is nearly
independent of A. This cross section depends on the spin
and the mass of the LQ and, for scalar LQs, has been
calculated including next-to-leading-order (NLO) quan-
tum chromodynamics (QCD) corrections [13]. In this
study we did not consider possible contributions from
single LQ production, which has a cross section that is
dependent on A.

The CMS experiment [14] uses a right-handed coordi-
nate system, with the origin at the nominal interaction
point, the x axis pointing to the center of the LHC ring,
the y axis pointing up (perpendicular to the LHC plane),
and the z axis along the anticlockwise-beam direction. The
polar angle, 6, is measured from the positive z axis and
the azimuthal angle, ¢, is measured in the x-y plane. The
pseudorapidity is given by 7 = — In(tanf/2). The central
feature of the CMS apparatus is a superconducting sole-
noid, 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),
which includes a silicon sensor preshower detector in front
of the ECAL endcaps, and the brass-scintillator hadron
calorimeter (HCAL). Muons are measured in gas-
ionization detectors embedded in the steel return yoke. In
addition to the barrel and endcap detectors, CMS has
extensive forward calorimetry. The ECAL has an ultimate
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energy resolution of better than 0.5% for unconverted
photons with transverse energies above 100 GeV. The
energy resolution is 3% or better for the range of electron
energies relevant for this analysis. The HCAL, when com-
bined with the ECAL, measures jets with a resolution

AE/E = 100%/+E[GeV] ® 5%. The inner tracker mea-
sures charged particles within |5| < 2.5 and provides an
impact parameter resolution of ~15 pum and a transverse
momentum (p7) resolution of about 1.5% for 100 GeV
particles. The relative luminosity is measured using the
forward calorimeters. Collision events were selected by a
first level trigger made of a system of fast electronics and a
higher level trigger that consists of a farm of commercial
CPUs running a version of the offline reconstruction opti-
mized for fast processing.

Events used in this analysis are collected with an effi-
ciency greater than 99.9% by single and double electron
triggers with various thresholds depending on the instan-
taneous luminosity. Offline, events are required to contain
at least one primary vertex with z position within 24 cm of
the nominal center of the detector. Electron candidates are
required to have an electromagnetic cluster in ECAL that is
spatially matched to a reconstructed track in the central
tracking system in both 7 and ¢. Electron candidates are
further required to have a shower shape consistent with that
of an electromagnetic shower, have a ratio between the
hadronic and electromagnetic energy of less than 5%, and

be isolated within a cone yAn?> + A¢? < 0.3 from other
energy deposits in the calorimeter and from additional
reconstructed tracks (beyond the matched track) in the
central tracking system. More information about electron
triggering and identification at CMS can be found else-
where [15]. Jets, the experimental signature of the hadro-
nization of partons, are reconstructed in this analysis from
calorimetry information by the anti-k; algorithm [16] with
the distance parameter set to 0.5. The energy response of
the jets is adjusted by applying a correction determined
from Monte Carlo (MC) simulated events and a residual
correction derived from data by analyzing the p; balance
in di-jet events [17].

The collision data were compared to samples of MC
generated events, where the response of the detector was
simulated using GEANT4 [18]. The selection procedure as
well as the electron and jet reconstructions described for
the data are also applied to the MC simulation samples.
Signal samples for LQ masses from 200 to 500 GeV were
generated with PYTHIA [19], version 6.422, tune D6T
[20,21].

An initial sample containing at least two electrons
and at least two jets is selected. The dominant SM pro-
cesses that produce such events are Z/y* + jets and 17,
which are simulated, respectively, using ALPGEN [22] and
MADGRAPH [23,24] interfaced with PYTHIA for parton
showering and hadronization. Other backgrounds include
multijet production with two jets misidentified as electrons

and W + jets events with one jet misidentified as an elec-
tron. There is also a small contribution from di-boson and
single top production. The two leading (in p;) electrons
and two leading jets are used in the analysis and, to reduce
the backgrounds, required to have p; > 30 GeV. Selected
electrons and jets have pseudorapidities |n| <2.5 and
[n] < 3.0, respectively, and if any of the selected electrons

are closer than AR = y/An? + A¢p? = 0.7 to any of the

selected jets, the event is rejected. In addition, the prelimi-
nary requirements M., > 50 GeV and Sy > 250 GeV are
applied, where M. is the di-electron invariant mass and Sy
is defined as the sum of the magnitudes of the p7 of the two
leading electrons and two leading jets. At this stage of the
selection, referred to as preselection, there are sufficient
data to compare with the MC predictions. Good data-MC
agreement is observed in the shape of all kinematic dis-
tributions of the selected electrons and jets. Figure 1 shows
the M., and Sy distributions. The Z/y* + jets MC distri-
butions have been normalized to the data at the Z boson
mass, as described later.

To reduce the background from Z — ee production, a
minimal value of M, well above the mass of the Z boson is
required, and, to reduce all SM backgrounds, Sy is required
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FIG. 1 (color online). Top: the M., distribution for events that
have passed the preselection requirements. Bottom: the Sy
distribution for events that have passed the preselection requi-
rement, except the preselection requirement on Sy itself
(St > 250 GeV), and have M., > 125 GeV. The MC distribu-
tions for the signal (8 = 1) and the contributing backgrounds are
shown. The Z/y* + jets MC has been normalized as described
in the text. Other backgrounds include W + jets, di-boson, and
single top. All background histograms are cumulative.
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TABLE I. Number of events for MC LQ signal (for 8 = 1), MC background, and data samples after the full analysis selection and
corresponding to an integrated luminosity of 33.2 pb~!. The product of signal acceptance and efficiency is also reported for different
LQ masses. The Z/y* + jets MC has been normalized to the data at the Z boson mass as described in the text. Other backgrounds
include W + jets, di-boson, and single top. The uncertainties reported here are from MC statistics. Systematic uncertainties are
discussed later. The observed and expected 95% C.L. upper limit (u.l.) on the leptoquark pair production cross section ¢ are shown in

the last column.

Signal samples (MC) Standard model background samples (MC) Events Obs./Exp.
My Selected Acceptance X Selected events in in 95% C.L.
(S Cut) [GeV] Events Efficiency 1T + jets Z/vy* + jets Others All data u.l. on o [pb]
200 (Sy>340) 117.5*=0.8 0.297 =0.002 2.6 =0.1 2002 027005 49=*0.2 2 0.441/0.720
250 (S > 400) 43.8 £0.2 0.380 =0.002 1.3 +0.1 1.3+0.1 014+0.02 27=*0.1 1 0.309/0.454
280 (St > 450) 24.4 + 0.1 0.403 =0.002 0.69 =0.05 0.87=0.07 0.10*=0.02 1.7*0.1 1 0.305/0.373
300 (Syp >470) 17.3+£0.09 0.430 =0.002 0.52*+0.05 0.75=*=0.07 0.10£0.02 1.4=*=0.1 1 0.292/0.332
320 (S >490) 123x0.06 0.451 =0.002 0.43+0.04 0.65=*=0.07 0.08=*0.02 1.2=*0.1 1 0.283/0.305
340 (S; >510) 888 *=0.04 0.469 +=0.002 0.32=0.04 0.56=*+0.06 0.08=*0.02 0.96=*0.08 1 0.278/0.279
370 (Sy >540) 5.55+0.02 0.496 =0.002 0.26 =0.03 0.47 =0.06 0.07 £0.02 0.80 = 0.07 1 0.267/0.254
400 (S;p>560) 3.55*0.02 0.522+0.002 0.20*0.03 0.41*=0.05 0.06=0.02 0.67 =0.07 1 0.257/0.234
450 (S >620) 1.70 £0.01  0.539 =£0.002 0.12+0.02 0.28 =20.05 0.02 =£0.01 0.42 *=0.06 0 0.174/0.210
500 (Sy > 660) 0.868 = 0.003 0.565 *+0.002 0.08 =0.02 0.23 =0.05 0.02*+0.01 0.33 +0.05 0 0.166/0.194

to be large. While the LQ signal is expected to appear as a
peak in the mass distribution of the electron-jet pairs, we
find that the S; variable is more powerful with the present
statistics as it is not affected by combinatorics. The mini-
mal values required for M., and Sy were optimized by
minimizing the expected upper limit on the leptoquark
cross section in the absence of an observed signal using a
Bayesian approach [8,25] that is well suited for counting
experiments in the Poisson regime. The optimized lower
value of M, is found to be 125 GeV for all the LQ
hypotheses under test, while the lower value of Sy varies
as indicated in Table I. Table I shows the number of
surviving events for MC signal, MC background, and
data samples after applying the full optimized selection.
The reported product of signal selection efficiency and
acceptance is estimated from MC simulated events. The
product of the di-electron efficiency and acceptance, prior
to any M., and jet requirements, varies from 58.7% to
68.0% for LQ masses from 200 to 500 GeV.

TABLE II.

The Z/y* + jets background dominates the preselection
sample. After the preselection, the ratio between data and
MC events with 80 < M., < 100 GeV (where the contami-
nation from other SM processes is 3%) is 1.20 £ 0.14. This
ratio is used to normalize the Z/y* + jets MC events. The
statistical uncertainty on this normalization factor is used as
an uncertainty on the MC estimate of the Z/y* + jets
background after the full selection. In addition, a systematic
uncertainty of 20% due to the modeling of the shape of this
background is determined by comparing the number of
Z/vy* + jets events surviving final S; cut selections in
MADGRAPH samples with the renormalization or factoriza-
tion scales and matching thresholds varied by a factor of 2.
The 7 background is estimated from MC calculations nor-
malized to the CMS measurement of the #7 cross section
[26]. An uncertainty, 41%, is also taken from the same
measurement. The small contribution from other back-
ground processes containing vector bosons is estimated
by MC calculations. The multijet background is determined

Summary of the systematic uncertainties affecting the number of signal and

background events for the hypothesis of LQ with mass of 300 GeV.

Effect on Effect on
Systematic uncertainty Magnitude [%] Ngignal [%] Nangxe [%]
Data-driven uncertainty e e 22
Z/v* + jets Background Shape 20 s 11
Jet Energy Scale 5 3 11
Elec. Energy Scale Barrel/Endcap 1/3 1 5
Electron Pair Reco/ID/Iso 10 10 s
MC Statistics s 1 6
Integrated Luminosity 11 11 s
Total s 15 28
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from data. The probability that an isolated electromagnetic
cluster is reconstructed as an electron is measured in a
background sample requiring a single cluster, a jet multi-
plicity similar to the analysis final state, and small missing
transverse energy. This probability and a data sample with
two or more of these clusters and two or more jets were used
to determine the multijet contribution to the final selection
sample. The resulting systematic uncertainty is determined
to be 20%. This background accounts for <1% of the total
background for all LQ masses hypotheses with a decreasing
trend for increasing LQ mass hypothesis, and is not con-
sidered any further.

The systematic uncertainties affecting the number of
expected signal and background events are summarized
in Table II. The jet and electron energy scale uncertainties
are given in the second column of Table II. The reconstruc-
tion, identification, and isolation efficiency for electrons is
determined from MC simulated events and a systematic
uncertainty is assessed using Z — ee events from collision
data [27]. The statistical uncertainty on the number of MC
events surviving the full event selection is reported in
Table I for the signal and background. The uncertainty
on the integrated luminosity of the data sample is domi-
nated by the uncertainty on the measurement of the beam
current [28]. Uncertainties due to the choice of parton
distribution functions (PDF) of the proton lead to changes
in the total cross section and the acceptance for both signal
and background processes. The effect of the PDF uncer-
tainties (CTEQG6.6 [29]) on the signal acceptance is esti-
mated using an event reweighting technique that uses the
LHAPDF package [30] and amounts to 0.1%. The effect on
the signal acceptance of additional jets generated via initial
and final state radiation is found to be less than 1%. Since a
background normalization uncertainty is assessed based on
data, uncertainties due to the PDF choice, electron effi-
ciencies, and integrated luminosity are not applicable to
the background estimate.

The number of observed events in the collision data
sample that pass the selection criteria optimized for each
LQ mass considered is consistent with the prediction from
SM processes, as reported in Table I. An upper limit on the
LQ cross section in the absence of signal is therefore set
using a Bayesian approach [25] that uses a Poisson
likelihood, a flat prior for the signal cross section, and
log-normal priors for the parameters used to model the
systematic uncertainties. Systematic uncertainties for the
signal are dominated by the uncertainty on the integrated
luminosity and the electron selection efficiencies, while the
systematic uncertainties for the background are dominated
by the uncertainty derived from data. Figure 2 (top) shows
the 95% confidence level (C.L.) upper limit on the LQ pair
production cross section times 2 as a function of the
leptoquark mass for 33.2 pb~! of integrated luminosity.
The systematic uncertainties reported in Table II are in-
cluded in the calculation. The upper limits are compared to
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FIG. 2 (color online). Top: the expected and observed upper
limit at 95% C.L. on the LQ pair production cross section times
B? as a function of the LQ mass. The systematic uncertainties
reported in Table II are included in the calculation. The shaded
region is excluded by the current DO limit for 8 = 1. The o heory
curve and its band represent, respectively, the theoretical LQ pair
production cross section and the uncertainties due to the choice
of PDF and renormalization-factorization scales [13]. Bottom:
minimum S for a 95% C.L. exclusion of the LQ hypothesis as a
function of LQ mass. The observed (expected) exclusion curve is
obtained using the observed (expected) upper limit and the
central value of the theoretical LQ pair production cross section.
The band around the observed exclusion curve is obtained by
considering the observed upper limit while taking into account
the uncertainties on the theoretical cross section. The shaded
region is excluded by the current DO limits, which combines
results from searches in the two electron, electron-neutrino, and
two neutrino channels.

an NLO prediction of the LQ pair production cross section
[13] to seta95% C.L. exclusion on LQ masses smaller than
384 GeV(expected 391 GeV), assuming 8 = 1. A theoreti-
cal uncertainty on the signal production cross sections due
to the choice of renormalization/factorization scales
(14%—-15% for all LQ masses considered) has been
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calculated by varying the scales between half and twice the
LQ mass, while a 90% C.L. PDF uncertainty (from 8 to 22%
for LQ masses from 200 to 500 GeV) has been obtained
from the CTEQG6.6 error PDF set following the standard
prescription detailed in Ref. [29]. If the observed cross
section upper limit is compared with the lower boundary
of the cross section uncertainty band, the lower limit
on the LQ mass for 8 = 1 becomes 370 GeV(expected
375 GeV). Figure 2 (bottom) shows the minimum g for a
95% C.L. exclusion of the LQ hypothesis as a function of
LQ mass.

In conclusion, a search for pair production of first-
generation scalar leptoquarks has been presented. The
number of collision events, passing a selection optimized
for exclusion of the LQ hypothesis, is in good agreement
with the predictions for the SM background processes.
A Bayesian approach that includes the treatment of the
systematic uncertainties as nuisance parameters has been
used to set an upper limit on the LQ cross section. By
comparing this upper limit to a theoretical calculation of
the LQ pair production cross section, the existence of first-
generation scalar LQ with masses below 384 GeV for
B = 1 has been excluded at 95% C.L., with a correspond-
ing cross section limit of 0.265 pb. The lower limits on the
LQ mass set for values of 8 larger than about 0.4 are the
most restrictive direct limits to date.
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A. Toropin,87 S. Troitsky,87 V. Epshteyn,88 V. Gavrilov,®® V. Kaftanov,*** M. Kossov,*®" A. Krokhotin,®
N. Lychkovskaya,88 G. Safronov,®® S. Semenov,®® V. Stolin,®® E. Vlasov,*® A. Zhokin,®® E. Boos,*” M. Dubinin,*"
L. Dudko,® A. Ershov,*” A. Gribushin,®” O. Kodolova,* I. Lokhtin,® S. Obraztsov,* S. Petrushanko,®
L. S;’:lrycheva,89 V. Savrin,® A. Snigirev,89 V. Andreev,”® M. Azarkin,” 1. Dremin,’® M. Kirakosyan,90
S. V. Rusakov,”’ A. Vinogradov,90 1. Azhgirey,9] S. Bitioukov,”! V. Grishin,”"*® V. Kachanov,”! D. Konstantinov,”’
A. Korablev,91 V. Krychkine,91 V. Petrov,91 R. Ryutin,91 S. Slabospitsky,91 A. Sobol,91 L. Tourtchanovitch,91
S. Troshin,”' N. Tyurin,91 A. Uzunian,”' A. Volkov,”! P. Adzic,”** M. Djordjevi(:,92 D. Krpic,gz’S J. Milosevic,”?
M. Aguilar—Benitez,93 J. Alcaraz Maestre,” P. Arce,”® C. Battilana,” E. Calvo,” M. Cepeda,93 M. Cerrada,”
N. Colino,93 B. De La Cruz,93 C. Diez Pardos,93 D. Dominguez Vézquez,93 C. Fernandez Bedoya,93
J.P. Fernandez Ramos,93 A. Ferrando,93 J. Flix,93 M.C. Fouz,93 P. Garcia—Abia,93 O. Gonzalez Lopez,93
S. Goy Lopez,93 J.M. Hernandez,”® M. 1. Josa,”® G. Merino,” J. Puerta Pelayo,93 I. Redondo,” L. Romero,”?
J. Santaolalla,”® C. Willmott,”* C. Albajar,’* G. Codispoti,”* J. F. de Trocéniz,”* J. Cuevas,””
J. Fernandez Menendez,” S. Folgueras,95 I. Gonzalez Caballero,” L. Lloret Iglesias,95 J.M. Vizan Garcia,”
J. A. Brochero Cifuentes,”® 1.J. Cabrillo,”® A. Calderon,”® M. Chamizo Llatas,”® S. H. Chuang,96
J. Duarte Campderros,96 M. Felcini,”®' M. Fernandez,’® G. Gomez,”® J. Gonzalez Sanchez,”® C. Jorda,”®
P. Lobelle Pardo,g6 A. Lopez Virto,96 J. Marco,()6 R. Marco,96 C. Martinez Rivero,96 F. Matorras,96
F.J. Munoz Sanchez,”® J. Piedra Gomez,”®" T. Rodrigo,96 A. Ruiz Jimeno,”® L. Scodellaro,”® M. Sobron Sanudo,”®
L. Vila,”® R. Vilar Cortabitarte,”® D. Abbaneo,”” E. Auffray,97 G. Auzinger,97 P. Baillon,”” A. H. Ball,”” D. Barney,97
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A.J. Bell,”” D. Benedetti,”” C. Bernet,””¢ W. Bialas,”” P. Bloch,”” A. Bocci,”” S. Bolognesi,97 H. Breuker,”’
G. Brona,”” K. Bunkowski,”” T. Camporesi,97 E. Cano,”” G. Cerminara,”’ T. Christiansen,”’ J. A. Coarasa Perez,”’
B. Curé,”” D. D’Enterria,”’ A. De Roeck,” S. Di Guida,”” F. Duarte Ramos,”” A. Elliott-Peisert,”” B. Frisch,”’
W. Funk,”” A. Gaddi,”” S. Gennai,”” G. Georgiou,97 H. Gerwig,97 D. Gigi,97 K. Gill,”” D. Giordano,”’ F. Glege,97
R. Gomez-Reino Garrido,”” M. Gouzevitch,”” P. Govoni,”” S. Gowdy,97 L. Guiducci,”” M. Hansen,”” J. Harvey,97
J. Hegeman,97 B. Hegner,97 C. Henderson,97 G. Hesketh,97 H.F Hoffmann,97 A. Honma,97 V. Innocente,97 P.J anot,97
K. Kaadze,97 E. Karavakis,97 P. Lecoq,97 C. Loureng;o,97 A. Macpherson,g7 T. Méiki,97 L. Malgeri,g7 M. Mannelli,97
L. Masetti,”” F. Meijers,97 S. Mersi,”” E. Meschi,”’ R. Moser,”” M. U. Mozer,”” M. Mulders,”” E. Nesvold,””
M. Nguyen,97 T. Orimoto,”” L. Orsini,”’ E. Perez,”” A. Petrilli,”” A. Pfeiffer,”” M. Pierini,”’ M. Pimii,”” G. Polese,”’
A.Racz,”’J. Rodrigues Antunes,”’ G. Rolandi,””" T. Rommerskirchen,”’ C. Rovelli,””* M. Rovere,”” H. Sakulin,”’
C. Schifer,”” C. Schwick,”” L. Segoni,97 A. Sharma,”” P. Siegrist,97 M. Simon,”’ P. Sphicas,(‘”‘y D. Spiga,97
M. Spiropulu,””" F. Stockli,”” M. Stoye,”” P. Tropea,”” A. Tsirou,”” A. Tsyganov,”’ G.I. Veres,””™ P. Vichoudis,”’
M. Voutilainen,97 W.D. Zeuner,97 W. Bertl,98 K. Deiters,98 W. Erdmann,98 K. Gabathuler,98 R. Horisberger,98
Q. Ingram,98 H.C. Kaestli,”® S. K(jnig,98 D. Kotlinski,”® U. Langenegger,98 F. Meier,”® D. Renker,”® T. Rohe,”®
J. Sibille,”®* A. Starodumov,”®** P. Bortignon,”® L. Caminada,”®"®® Z. Chen,” S. Cittolin,”® G. Dissertori,””
M. Dittmar,99 J. Eugster,99 K. Freudenreich,g9 C. Grab,99 A. Hervé,99 W. Hintz,g9 P. Lecomte,99 W. Lusten*nann,99
C. Marchica,””® P. Martinez Ruiz del Arbol,”® P. Meridiani,”® P. Milenovic,””¢ F. Moortgat,99 P. Nef,”

F. Nessi-Tedaldi,”’ L. Pape,99 F. Pauss,” T. Punz,” A. Rizzi,”’ F.J. Ronga,99 M. Rossini,” L. Sala,””

A. K. Sanchez,99 M.-C. Sawley,99 B. Stieger,99 L. Tauscher,”’a A. Thea,99 K. Theoﬁlatos,99 D. Treille,99
C. Urscheler,”” R. Wallny,” M. Weber,” L. Wehrli,” J. Weng,”” E. Aguil6,'® C. Amsler,'® V. Chiochia,'®
S. De Visscher,'® C. Favaro,'% M. Ivova Rikova,'% B. Millan Mejias,lo0 C. Regenfus,100 P. Robmann,'®
A. Schmidt,'® H. Snoek,'* Y. H. Chang,lOl 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,'”' D. Mekterovic,'” I.H. Wu,'' S.S. Yu,'*"!

P. Bartalini,'"”® P. Chang,'%* Y. H. Chang,'® Y. W. Chang,'* Y. Chao,'** K. F. Chen,'*> W.-S. Hou,'* Y. Hsiung,'**
K.Y.Kao,'? Y.J. Lei,' R.-S. Lu,'%? J. G. Shiu,'? Y. M. Tzeng,lo2 M. Wang,102 A. Adiguzel,103 M. N. Bakirci, 94
S. Cerci,'***¢ Z. Demir,'®® C. Dozen,'® 1. Dumanoglu,lo3 E. Eskut,'?* S. Girgis,m3 G. Gokbulut,'® Y. Guler,'*?
E. Gurpinar,103 I. Hos,'” E.E. Kangal,103 T. Karaman,'® A. Kayis Topaksu,103 A. Nart,'® G. Onengut,103
K. Ozdemir,'® S. Ozturk,'® A. Polatoz,'® K. Sogut,lm’ff B. Tali,'* H. Topzalkli,l(B’Gld D. Uzun,'® L.N. Vergili,lo3
M. Vergili,'® C. Zorbilmez,'* I. V. Akin,' T. Aliev,'® S. Bilmis,'® M. Deniz,'® H. Gamsizkan,'**
A.M. Guler,' K. Ocalan,' A. Ozpineci,'"” M. Serin,'"* R. Sever,'” U.E. Surat,'" E. Yildirim,'** M. Zeyrek,'**
M. Deliomeroglu,'®® D. Demir,'*¢¢ E. Giilmez,'” A. Halu,'® B. Isildak,'® M. Kaya,'*>"™ O. Kaya,'®>""

S. Ozkorucuklu,los’ii N. Sonmez,los’jj L. Levchuk,lo6 P. Bell,'o7 F. Bostock,lo7 J.J. Brooke,107 T.L. Cheng,107
E. Clement,107 D. Cussans,m7 R. Frazier,lo7 J. Goldstein,107 M. Grimes,m7 M. Hansen,107 D. Hartley,m7
G.P. Heath,'”” H. F. Heath,'"”” B. Huckvale,'®’ J. Jackson,'?” L. Kreczko,'*” S. Metson,'?” D. M. Newbold, '*7*¢
K. Nirunpong,107 A. Poll,'%” S. Senkin,'®” V.J. Smith,'%” S. Ward,'?’” L. Basso, %" K. W. Bell,'®® A. Belyaev,log’ll
C. Brew,'”® R. M. Brown,'® B. Camanzi,'"”® D.J. A. Cockerill,'”® J. A. Coughlan,'®® K. Harder,'® S. Harper,'*®
B.W. Kennedy,lo8 E. Olaiya,108 D. Petyt,108 B. C. Radburn-Smith,'® C. H. Shepherd—Themistocleous,108
L. R. Tomalin,'® W.J. Womersley,108 S.D. Worm,'®® R. Bainbridge,109 G. Ball,'” J. Ballin,'” R. Beuselinck,'"”
0. Buchmuller,lo9 D. Colling,109 N. Cripps,lo9 M. Cutajar,lo9 G. Davies,m9 M. Della Negra,109 J. Fulcher,109
D. Futyan,lo9 A. Guneratne Bryer,]o9 G. Hall,'® 7. Hatherell,'® J. Hays,109 G. Iles,'” G. Karapostoli,109
L. Lyons,109 A.-M. Magnan,109 J. Marrouche,'” R. Nandi,'? J. Nash,'®’ A. Nikitenko,'?%% A. Palpageorgiou,109
M. Pesaresi,'” K. Petridis,'” M. Pioppi,log’mm D.M. Raymond,109 N. Rompotis,109 A. Rose,'” M. J. Ryan,lo9
C. Seez,109 P. Sharp,109 A. Sparlrow,lo9 A. Tapper,109 S. Tourneur,109 M. Vazquez Acosta,109 T. Virdee,lo9
S. Wakefield,'” D. Wardrope,109 T. Whyntie,109 M. Barrett,''° M. Chadwick,''° J. E. Cole,''° P.R. Hobson,''°
A. Khan,''°P. Kyberd,1 19D, Leslie,"'® W. Martin, '° 1. D. Reid,'!° L. Teodorescu,''° K. Hatakeyama,l "'T. Bose,!'!?
E. Carrera Jarrin,''? C. Fantasia,''? A. Heister,''* J. St. John,''? P. Lawson,' > D. Lazic,''? J. Rohlf,''? D. Spelrka,1 12
L. Sulak,''? A. Avetisyan,113 S. Bhattac:halrya,113 J.P. Chou,'® D. Cutts,'"? A. Ferapontov,113 U. Heintz, '3
S. Jabeen,'"® G. Kukartsev,'"® G. Landsberg,l 13 M. Narain,'"® D. Nguyen,] 13 M. Segala,] 13T Speer,l 13
K. V. Tsang,113 M. A. Borgia,114 R. Breedon,''* M. Calderon De La Barca Sanchez,''* D. Cebra,''* S. Chauhan,''*
M. Chertok,'" J. Conway,114 P.T. Cox,"" J. Dolen,''* R. Erbacher,''* E. Friis,'"* W. Ko,''* A. Kopecky,114
R. Lander,''* H. Liu,''* S. Mamyama,1 14T Miceli,''* M. Nikolic,"'* D. Pellett,!'* J. Robles,''* S. Salur,''*
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T. Schwarz,''* M. Searle,!'* J. Smith,''* M. Squires,114 M. T1ripathi,114 R. Vasquez Sierra,!'* C. Veelken,!'*

V. Andreev,'’® K. Arisaka,!'® D. Cline,'' R. Cousins,''> A. Deisher,''” J. Duris,''> S. Erhan,'"> C. Farrell,'!®
J. Hauser,115 M. Ignatenko,115 C. Jarvis,115 C. Plager,115 G. Rakness,115 P. Schlein,“s’a J. Tucker,115 V. Valuev,115
J. Babb,''® R. Clare,"'® J. Ellison,''® J. W. G.alry,116 F. Giordano,''® G. Hanson,''® G. Y. Jeng,116 S.C. Kao,'"®
E. Liu,"'® H. Liu,''® A. Luthra,''® H. Nguyen,''® G. Pasztor,"'®™ A. Satpathy,''® B. C. Shen,''®* R. Stringer,'"'®
J. Sturdy,116 S. Sumowidagdo,116 R. Wilken,116 S. Wimpenny,116 W. Andrews,117 J.G. Branson,1 7G.B. Cerati,117
E. Dusinberre,''” D. Evans,''” E. Golf,''” A. Holzner,''” R. Kelley,''” M. Lebourgeois,'"” J. Letts,'"’

B. Mangamo,117 J. Muelmenstaedt,''” S. Padhi,''” C. Palmer,'"” G. Petrucciani,!'” H. Pi,!'” M. Pieri,'!”

R. Ranieri,!"” M. Sani,!'” V. Sharma,''”"* S. Simon,'!” Y. Tu,''” A. Vartak,'!” E. Wiirthwein,''” A. Yagil,l 17
D. Barge,118 R. Bellan,''® C. Campagnari,118 M. D’ Alfonso,!'® T. Danielson,!'® K. Flowers,''® P. Geffert,''®
J. Incandela,''® C. Justus,!'® P. Kalavase,!'® S. A. Koay,118 D. Kovalskyi,118 V. Klrutelyov,118 S. Lowette,!'®
N. Mccoll,'® V. Pavlunin,''® F. Rebassoo,''® J. Ribnik,''® J. Richman,''® R. Rossin,!'® D. Stuart,''® W. To,!'8
J.R. Vlimant,""® A. Bornheim,"" J. Bunn,'" Y. Chen,'"® M. Gataullin,'"® D. Kcira,"'" V. Litvine,""? Y. Ma,'"
A. Mott,'"” H. B. Newman,'!” C. Rogan,119 V. Timciuc,''” P. Traczyk,119 J. Veverka,''® R. Wilkinson,'” Y. Yang,119
R.Y. Zhu,'" B. Akgun,120 R. Carroll,'*° T. Ferguson,]20 Y. Iiyama,120 D.W. Jang,120 S.Y. Jun,"* Y.F. Liu,'*
M. Paulini,"*° J. Russ,'?° N. Terentyev,'?* H. Vogel,'?° I. Vorobiev,'?° J. P. Cumalat,'?! M. E. Dinardo,"?'
B.R. Drell,'*' C.J. Edelmaier,'"*' W.T. Ford,"*' A. Gaz,'*' B. Heyburn,'*! E. Luiggi Lopez,'*' U. Nauenberg,'*'
J.G. Smith,'*! K. Stenson,'*! K. A. Ulmer,'*' S.R. Wagner,m S.L. Zang,m L. Agostino,122 J. Alexander,'??
A. Chatterjee,122 S. Das,122 N. Ef:{gert,122 L.J. Fields,122 L.K. Gibbons,122 B. Heltsley,122 W. Hopkins,122
A. Khukhunaishvili,122 B. Kreis,122 V. Kuznetsov,122 G. Nicolas Kaufman,122 J.R. Patterson,122 D. Puigh,122
D. Riley,122 A. Ryd,122 X. Shi,'** W. Sun,'** W.D. Teo,'?? J. Thom,'** J. Thompson,122 . Valughaln,122 Y. Weng,122
L. Winstrom,'?? P. Wittich,'?? A. Biselli,'** G. Cirino,'?* D. Winn,'? S. Abdullin,'** M. Albrow,'?* J. Anderson,'**
G. Apollinari,"** M. Atac,'** J. A. Bakken,'** S. Banerjee,'** L. A. T. Bauerdick,'** A. Beretvas,'** J. Berryhill,'**
P.C. Bhat,'** I. Bloch,'** F. Borcherding,124 K. Burkett,'?* J.N. Butler,'** V. Chetluru,'** H. W. K. Cheung,124
F. Chlebana,124 S. Cihangir,124 M. Demarteau,124 D.P. Eartly,]24 V.D. ElVira,124 S. Esen,]24 I. Fisk,124 J. Freeman,124
Y. Gao,124 E. Gottschalk,124 D. Green,124 K. Gunthoti,124 0. Gutsche,124 A. Hahn,124 J. Hanlon,124 R. M. Harris,124
J. Hirschauer,'** B. Hooberman,'** E. James,'?* H. Jensen,'?* M. Johnson,'?* U. Joshi,'** R. Khatiwada,'**

B. Kilminster,'** B. Klima,'** K. Kousouris,'?* S. Kunori,'** S. Kwan,'?* C. Leonidopoulos,124 P. Limon,'**
R. Lipton,124 J. Lykken,124 K. Maeshima,124 J.M. Marrafﬁno,124 D. Mason,124 P. McBride,124 T. McCauley,124
T. Miao,"?* K. Mishra,'?* S. Mrenna,'** Y. Musienko, >*°° C. Newman-Holmes,'?* V. O’Dell,'?* S. Popescu,m"pp
R. Pordes,'** O. Prokofyev,'24 N. Saoulidou,'** E. Sexton—Kennedy,]24 S. Sharma,'?* A. Soha,'** W. . Spalding,124
L. Spiegel,124 P. Tan,"** L. Taylor,'** S. Tkaczyk,124 L. Upleggelr,124 E. W. Vaandering,'** R. Vidal,'**

J. Whitmore,"** W. Wu,'** F. Yang,'** F. Yumiceva,'** J.C. Yun,'** D. Acosta,'* P. Avery,'** D. Bourilkov,'*’
M. Chen,'?® G.P. Di Giovanni,'*> D. Dobur,'® A. Drozdetskiy,125 R.D. Field,'*> M. Fisher,'*® Y. Fu,'?

I. K. Furic,'® J. Gartner,'* S. Goldberg,'*® B. Kim,'* S. Klimenko,'* J. Konigsberg,'*> A. Korytov,'*

A. Kropivnitskaya,125 T. Kypreos,125 K. Matchev,'?® G. Mitselmakher,'?® L. Muniz,'® Y. Pakhotin,'*>
C. Prescott,'> R. Remington,125 M. Schmitt,'*® B. Scurlock,'? P. Sellers,'> N. Skhirtladze,'* D. Wang,125
J. Yelton,'>> M. Zakaria,'?> C. Ceron,'*° V. Gaultney,]26 L. Kramer,'?® L. M. Lebolo,'?° S. Linn,'?® P. Markowitz, '%¢
G. Martinez,126 J.L. Rodriguez,126 T. Adams,127 A. Askew,127 D. Bandurin,127 J. Bochenek,127 J. Chen,127
B. Diamond,'?’ S. V. Gleyzer,127 J. Haas,'?” S. Hagopian,127 V. Hagopian,127 M. Jenkins,'?” K. F. Johnson,'?’
H. Prosper,127 L. Quertenmont,127 S. Sekmen,'?” V. Veeraraghavan,127 M. M. Baarmand,'?® B. Dorney,128
S. Guragain,128 M. Hohlmann,128 H. Kalakhety,128 R. Ralich,128 I. Vodopiyanov,128 M.R. Adams,129
1. M. Anghel,129 L. Apanasevich,129 Y. Bai,129 V.E. Bazterra,129 R.R. Betts,129 J. Callner,129 R. Cavanaugh,129
C. Dragoiu,]29 E.J. Garcia-Solis,'?” L. Gauthier,'?® C. E. Gerber,'*’ D. J. Hofman,'*’ S. Khalatyan,'29 F. Lacroix,'*’
M. Malek,129 C. O’Brien,129 C. Silvestre,129 A. Smoron,129 D. Strom,129 N. Varelas,129 U. Akgun,130
E. A. Albayrak,"*° B. Bilki,"*° K. Cankocak,'** W. Clarida,"*° E. Duru,'** C.K. Lae,"*° E. McCliment,"*°
J.-P. Merlo,"*° H. Mermerkaya,13 9 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,"*' G. Giurgiu,'*' A. V. Gritsan,"*! Z.J. Guo,"*' G. Hu,"'
P. Maksimovic,'?! S. Rappoccio,13 ' M. Swartz,'*! N. V. Tran,"®' A. Whitbeck,"*' P. Baringer,132 A. Bean,'*?
G. Benelli,'*? O. Grachov,'*? M. Murray,132 D. Noonan,'?? V. Radicci,'® S. Sanders,'*? J. S. Wood,'*?

201802-10



week endin,

PRL 106, 201802 (2011) PHYSICAL REVIEW LETTERS 20 MAY 2011

V. Zhukova,'*? T. Bolton,'** I. Chakaberia,'** A. Ivanov,'** M. Makouski,'*® Y. Maravin,'*® S. Shrestha,'*
L. Svintradze,'** Z. Wan,'* J. Gronberg,134 D. Lange,134 D. eright,134 A. Baden,'*> M. Boutemeur,'*> S. C. Eno,'*®
D. Ferencek,'® J. A. Gomez,'** N.J. Hadley,135 R.G. Kellogg,135 M. Kirn," Y. Lu,"* A.C. Mignerey,135
K. Rossato,'> P. Rumerio,'*> F. Santanastasio,'>> A. Skuja,135 J. Temple,135 M. B. Tonjes,135 S.C. Tonwar,'>
E. Twedt,'*> B. Alver,'*° G. Bauer,'*® J. Bendavid,'>® W. Busza,'?° E. Butz,'*° I. A. Cali,'*® M. Chan,'*® V. Dutta,'3¢
P. Everaerts,*® G. Gomez Ceballos,'*® M. Goncharov,'3® K. A. Hahn,'*® P. Harris,'*® Y. Kim,'*® M. Klute, 3¢
Y.-J. Lee,'?® W. Li,'3® C. Loizides,"*® P. D. Luckey,136 T. Ma,'?® S. Nahn,'?® C. Paus,'° D. Ralph,]36 C. Roland,'?®
G. Roland,'® M. Rudolph,136 G.S.E Stephans,'36 K. Sumorok,"?° K. Sung,]36 E.A. Wenger,]36 S. Xie, !¢
M. Yang,l36 Y. Yilmaz,'*° A.S. Yoon,"*® M. Zanetti,'*° P. Cole,"*” S.1. Cooper,137 P. Cushman,'*” B. Dahmes, "’
A. De Benedetti,"*” P.R. Dudero,'*” G. Franzoni,*” J. Haupt,137 K. Klapoetke,137 Y. Kubota,'*” J. Mans, "’

V. Rekovic,?” R. Rusack,'®” M. Sasseville,'*” A. Singovsky,137 L. M. Cremaldi,'*® R. Godang,138 R. Kroeger,138
L. Perera,138 R. Rahmat,138 D.A. Sanders,138 D. Summers,138 K. Bloom,139 S. Bose,139 J. Butt,139 D.R. Claes,139
A. Dominguez,139 M. Eads,139 J. Keller,139 T. Kelly,139 I. Kravchenko,139 J. Lazo—Flores,139 C. Lundstedt,139
H. Malbouisson,'* S. Malik,"* G.R. Snow,"** U. Baur,'** A. Godshalk,'*° I. Tashvili,"* S. Jain,'*

A. Kharchilava,'*® A. Kumar,"* S. P. Shipkowski,'*° K. Smith,'*® G. Alverson,'*! E. Barberis,'*' D. Baumgartel,'*!
0. Boeriu,141 M. Chasco,141 S. Reucroft,141 J. Swain,141 D. Wood,141 J. Zhang,141 A. Anastassov,142 A. Kubik,142
N. Odell,142 R.A. Oﬁerzynski,142 B. Pollack,142 A. Pozdnyakov,142 M. Schmitt,142 S. Stoynev,142 M. Velasco,142
S. Won,'*? L. Antonelli,'"** D. Berry,"** M. Hildreth,'"** C. Jessop,'** D.J. Karmgard,'* J. Kolb,'** T. Kolberg,'**
K. Lannon,'* W. Luo,'* S. Lynch,'** N. Marinelli,'"** D. M. Morse,'** T. Pearson,'** R. Ruchti,'* J. Slaunwhite,'*?
N. Valls,'* J. Warchol,'** M. Wayne,143 J. Ziegler,143 B. Bylsma,144 L.S. Durkin,'** J. Gu,'** C. Hill,'*

P. Killewald,'* K. Kotov,'* T. Y. Ling,144 M. Rodenburg,144 G. Williams,'** N. Adam,'* E. Belrry,145 P. Elmer,'#
D. Gerbaudo,'® V. Halyo,145 P. Hebda,'® A. Hunt,'* J. Jones,'® E. Laird,'® D. Lopes Pegna,145 D. Marlow,'®
T. Medvedeva,'*> M. Mooney,145 J. Olsen,'® P. Piroué,'® X. Quan,145 H. Saka,'® D. Stickland,'* C. Tully,145
J.S. Werner,'* A. Zuranski,'* J. G. Acosta,'*® X. T. Huang,146 A. Lopez,146 H. Mendez,'*¢ S. Oliveros,'*®
J.E. Ramirez Vargas,146 A. Zatserklyaniy,146 E. Alagoz,147 V.E. Barnes,'*” G. Bolla,'*’ L. Borrello,'*’

D. Bortoletto,'*” A. Everett,'*” A.F. Garfinkel,'*’ Z. Gecse,'*" L. Gutay,147 Z. Hu,'"*” M. Jones,'*” O. Koybasi,147
M. Kress,'*” A.T. Laasanen,'*” N. Leonardo,'*’ C. Liu,'*’ V. Maroussov,'*” P. Merkel,'*” D. H. Miller,'¥’

N. Neumeister,'*” I. Shipsey,147 D. Silvers,'*” A. Svyatkovskiy,147 H.D. Yoo, J. Zablocki,'*" Y. Zheng,147
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