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Measurement of theWþW� Cross Section in
ffiffiffi
s

p ¼ 7 TeV pp Collisions with ATLAS

G. Aad et al.*

(ATLAS Collaboration)
(Received 27 April 2011; published 20 July 2011)

This Letter presents a measurement of the WþW� production cross section in
ffiffiffi
s

p ¼ 7 TeV pp

collisions by the ATLAS experiment, using 34 pb�1 of integrated luminosity produced by the Large

Hadron Collider at CERN. Selecting events with two isolated leptons, each either an electron or a muon,

8 candidate events are observed with an expected background of 1:7� 0:6 events. The measured cross

section is 41þ20
�16ðstatÞ � 5ðsystÞ � 1ðlumiÞ pb, which is consistent with the standard model prediction of

44� 3 pb calculated at next-to-leading order in QCD.

DOI: 10.1103/PhysRevLett.107.041802 PACS numbers: 14.70.Fm, 12.15.Ji, 13.38.Be, 13.85.Qk

The WþW� process plays an important role in electro-
weak physics. The production rate and kinematic distribu-
tions of WþW� are sensitive to the triple gauge couplings
of the W boson [1,2] and WþW� production is an impor-
tant background to standard model Higgs boson searches.
For these reasons, the measurement of theWþW� produc-
tion cross section in 7 TeV pp collisions is a milestone in
the Large Hadron Collider (LHC) physics program.
WþW� production has been previously measured in both
eþe� collisions [1] and p �p collisions [2], and was also
recently measured in pp collisions [3]. In the standard
model, the largest production mechanisms of WþW� pro-
ceed via s-channel and t-channel quark annihilation [4],
followed by the gluon fusion process [5], which is next-to-
next-to-leading order but is enhanced by the large gluon-
gluon parton luminosity at the LHC.

Candidate WþW� events are reconstructed in the lep-
tonic ‘‘�� decay channel where each ‘ is either an elec-
tron or a muon; included in this selection is WþW�
production in which either or both W bosons decay to
�� ! ‘���. This channel provides a significantly better
signal to background ratio than the semileptonic or had-
ronic channels. Events consistent with pp ! WþW� þ
X ! ‘‘��þ X are selected by requiring two recon-
structed oppositely-charged leptons and a large transverse
momentum imbalance due to the neutrinos, which escape
detection. There are four main backgrounds, all of compa-
rable size: (i) W þ jets production with a jet misidentified
as a lepton; (ii) Drell-Yan production, which includes
Z=�� ! ‘‘ where the observed momentum imbalance is
due to mismeasurements and Z=�� ! �� ! ‘‘þ 4�;
(iii) top production (t�t and Wt), which also produces two
W bosons, but is not considered signal and is suppressed by

vetoing candidates with jets; (iv) other diboson processes,
which includeWZ production decaying to ‘‘‘�where one
charged lepton is lost, ZZ with one Z decaying to charged
leptons and one Z decaying to neutrinos, and W� with the
photon misidentified as an electron.
The ATLAS detector [6] has a cylindrical geometry [7]

and consists of an inner tracking detector surrounded by a
2 T superconducting solenoid, electromagnetic and had-
ronic calorimeters, and amuon spectrometer with a toroidal
magnetic field. The inner detector provides precision track-
ing for charged particles for j�j< 2:5. It consists of silicon
pixel and strip detectors surrounded by a straw tube tracker
that also provides transition radiation measurements for
electron identification. The calorimeter system covers the
pseudorapidity range j�j< 4:9. For j�j< 2:5, the electro-
magnetic calorimeter is finely segmented and plays an
important role in electron identification. The muon spec-
trometer has separate trigger and high-precision tracking
chambers covering j�j< 2:7. The transverse energy ET is
defined to beE sin�, whereE is the energy associatedwith a
calorimeter cell or energy cluster. Similarly, pT is the
momentum component transverse to the beam line.
A three-level trigger system selects events to record for

offline analysis. During the data-taking period, the selec-
tions for at least one electron or muon were made pro-
gressively stricter, culminating in an ET > 15 GeV single
electron or pT > 13 GeV single muon requirement. The
results presented here use a data sample corresponding to
34 pb�1 collected during 2010, where the subsystems de-
scribed were operational.
The signal acceptance is determined from a detailed

Monte Carlo simulation. The q �q ! WþW� signal is simu-
lated up to next-to-leading order in QCD with MC@NLO [8]
and the gluon fusion process is simulated with GG2WW [9];
the CTEQ6.6 [10] and CTEQ6M [11] parton distribution
functions (PDFs), respectively, are used. HERWIG [12] is
used to model W leptonic decays, parton showers, and
hadronization, and JIMMY [13] is used to simulate the
underlying event. The detector response simulation [14]
is based on the GEANT4 program [15]. For the table and

*Full author list given at the end of the article.
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figures in this Letter, the standard model expectation for
theWþW� signal is normalized to 44� 3 pb, which is the
sum of the quark annihilation (97%) and gluon fusion (3%)
processes, as calculated by MC@NLO and GG2WW.

The luminosity in a single bunch-crossing was sufficient
to produce multiple collisions, observed as multiple verti-
ces, in the same recorded event. The vertex with the largest
sum p2

T of the associated tracks is selected as the primary
vertex; this selects vertices with a few high pT tracks over
those with many lower pT tracks. Additional inclusive pp
collisions are also simulated to reproduce the vertex multi-
plicity observed in data.

Electrons are reconstructed from a combination of a
track found in the inner detector and an electromagnetic
calorimeter energy cluster with j�j< 1:37 or 1:52< j�j<
2:47 to avoid the transition region between the barrel and
the end-cap electromagnetic calorimeters. Candidate elec-
trons must satisfy the ‘‘tight’’ selection [16], which re-
quires the following measured quantities to be consistent
with those from a promptly produced electron: shower
shape, ratio of energy deposited in the hadronic to
electromagnetic calorimeters, inner-detector track quality,
track-to-shower matching, ratio of calorimeter energy
measurement to track momentum, and transition radiation
in the straw tube tracker. The electron is required to be
isolated such that the sum of ET for calorimeter energy in a

cone of size �R � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��2 þ��2

p
of 0.3 around the elec-

tron is less than 6 GeV, excluding energy associated with
the electron cluster. The overall electron reconstruction
and identification efficiency is measured from data using
W ! e� and Z ! ee candidates. It varies from 78% for
the central region (j�j< 0:8) to 64% in the forward region
(2:0< j�j< 2:47) with a statistical uncertainty of less
than 0.4% and a systematic uncertainty of 5% [16] aver-
aged over rapidity. The systematic uncertainty is due to
background uncertainties in the W and Z samples and the
consistency of efficiencies derived from the two samples.

Muon candidates are formed by associating muon spec-
trometer (MS) tracks with inner detector (ID) tracks after
accounting for energy loss in the calorimeter. A common
transverse momentum is determined using a statistical
combination of the two tracks and is required to have j�j<
2:4. To reject muons from charged � or K decays and
charged particles from the beam-induced backgrounds, the
MS muon pT must exceed 10 GeV and be consistent with
the ID measurement, jpID

T � pMS
T j=pID

T < 0:5. To suppress

muons originating from hadronic jets, the sum of the pT of
other tracks with pT > 1 GeV in a cone of �R ¼ 0:2
around the muon candidate divided by the muon pT is
required to be less than 0.1. The muon reconstruction and
isolation efficiencies are measured in data using Z ! ��
candidates to obtain a combined efficiency of 92�
1ðstatÞ � 1ðsystÞ%, where the systematic uncertainty is
dominated by variations between data-taking periods due
to additional collisions in the events [16].

Jets used to discriminate top from WþW� production
are reconstructed from calorimeter clusters using the
anti-kT algorithm [17] with a resolution parameter of
R ¼ 0:4. Jets within a �R< 0:3 of an electron are not
used because the electrons are in general also reconstructed
as jets. The jet energies are calibrated using ET- and
�-dependent correction factors [18] based on simulation
and validated by test beam and collision data.
In order to suppress the Drell-Yan background, a mo-

mentum imbalance of the visible collision products in the
plane transverse to the beam axis is required. For this

purpose, missing transverse energy is defined as ~Emiss
T ¼

�P ~ET , where ~ET indicate the 2-dimensional transverse
vectors for the reconstructed clusters of energy in the
calorimeter in the range j�j< 4:5 and muon momenta.

Since the ~Emiss
T variable is sensitive to the mismeasurement

of an individual lepton or jet, the relative missing trans-
verse energy is defined as

Emiss
T;rel ¼

�
Emiss
T � sinð��Þ if ��< =2

Emiss
T if �� � =2;

where �� is the difference in the azimuthal angle �

between ~Emiss
T and the nearest lepton or jet. This definition

allows events to be removed when ~Emiss
T points along a

lepton direction, which occurs when the lepton momentum
is measured lower than the true value or, for events with the
two leptons moving in approximately opposite directions,
higher than the true value. This generally reduces the
contribution from mismeasured leptons giving a higher
signal to background ratio than a direct requirement on

j ~Emiss
T j. Two important cases are high-mass muonic Drell-

Yan events, where the momentum resolution can be com-

parable to j ~Emiss
T j inWþW� events, and Z ! ��, where the

real ~Emiss
T from leptonic � decays is parallel to the momenta

of the leptons.
Candidates are selected with two opposite-sign charged

leptons with pT > 20 GeV. The leptons are required to be
consistent with coming from a primary vertex with at least
three associated tracks, which makes the cosmic ray back-
ground negligible. For the ee and �� final states, the
resulting sample is dominantly Z ! ee and Z ! ��
events, while e� candidates are a mix of Z ! ��, t�t, and
other backgrounds. In order to suppress Z=�� ! ee and
Z=�� ! ��, ee and �� events with an invariant mass
near the Zmass, jm‘‘ �mZj< 10 GeV, orm‘‘ < 15 GeV
are removed and the remainder are required to have
Emiss
T;rel > 40 GeV. For e� events, a less stringent require-

ment Emiss
T;rel > 20 GeV is made. In order to suppress the t�t

contribution, candidates containing jets with pT > 20 GeV
and j�j< 3 are removed. Figure 1 shows the Emiss

T;rel distri-

butions separately for same-flavor (ee and ��) and e�
events with all selections applied except for the Emiss

T;rel

requirement; also shown is the number of jets with
pT > 20 GeV after final selection except for the jet-veto

PRL 107, 041802 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
22 JULY 2011

041802-2



requirement. In all three distributions, the data in the
background regions are in agreement with the standard
model expectation and the signal is clearly visible.

The acceptance, which converts the observed yield in
the kinematically restricted signal region to the inclusive
WþW� cross section, is derived from simulation and is
corrected with scale factors based on measurements in
independent data samples. The scale factors correct for
the difference in trigger, lepton reconstruction and identi-
fication, and jet-veto efficiencies between data and simu-
lation. The efficiency to pass the trigger criteria is close to
unity and has small statistical and systematic uncertainties.
For the lepton reconstruction and identification, the scale
factors differ from unity by at most a few percent, indicat-
ing the accuracy of the simulation, and have systematic
uncertainties derived from the efficiency measurements
described above. A small smearing is added to the muon
pT in simulation, so that it replicates the Z ! �� invariant
mass distribution in data. The acceptance uncertainty due
to the PDF uncertainties is 1.2%.

There are two major sources of systematic uncertainty in
the jet-veto efficiency. The first is the modeling of jet
production in association with WþW� due to initial state
radiation, radiation from the internal line in the t-channel
diagram, and additional parton collisions in the same pp
collision. The second is the jet-energy scale, which is the
correspondence between the true particle jet pT and the
reconstructed jet pT . To minimize the systematic uncer-
tainty due to these two effects, control samples of Z ! ‘‘
are used. These are sufficiently large and pure that the jet-
veto efficiency can be directly measured and compared to
simulation using the same QCD modeling as the WþW�
signal. The ratio of the observed to the simulated zero-jet
fraction in the Z ! ‘‘ sample to simulation is used to
define a jet-veto scale factor of 0:97� 0:06. The uncer-
tainty is due to differences between the jet-veto efficiency
in Z andWþW� events which is assessed including effects
from the choice of renormalization and fragmentation
scales [19].

The overall selection acceptances for signal events are
4:1� 0:1% for e�e�, 8:6� 0:1% for ����, and 11:5�
0:6% for e���. The relative acceptance in event selection
are lepton acceptance and identification (18%, 41%, 27%)
and the mll (85%, 84%, 100%), Emiss

T;rel (41%, 43%, 69%),

and jet-veto (64%, 59%, 61%) requirements, where the
three percentages indicate the ee, ��, and e� channels,
respectively, and each factor is relative to the previous
requirement. The contributions from WþW� production
where one or both W bosons decays to a � which subse-
quently decays to an e or � are less than 10% of the final
selected WþW� signal events in all three channels.
With the exception of W þ jets, the backgrounds are

derived from simulations, corrected with the same scale
factors as applied to the modeling of the signal acceptance.
The backgrounds are scaled to the data sample based on the
integrated luminosity and predicted cross sections. The top
and WZ processes are simulated with MC@NLO, the ZZ
process is simulated with HERWIG, the W� is simulated
with madgraphþ pythia [20,21], and the Drell-Yan process is
simulated with ALPGEN [22] and PYTHIA [20]. The QCD jet
contribution, which is not significant after the Emiss

T;rel cut, is

modeled with PYTHIA in Fig. 1, which includes data below
the Emiss

T;rel requirement.

Like the signal acceptance, the background estimates
have uncertainties due to the trigger, lepton reconstruction
and identification, and jet-veto efficiencies, in addition to
the uncertainties on the integrated luminosity and theoreti-
cal cross sections. The Drell-Yan and top background
estimates have additional uncertainties described below.
Most of the Drell-Yan events are removed by the dilepton
invariant mass and Emiss

T;rel requirements, but because of the

large cross section some remain as background. The un-
certainty on this background due to the simulation of Emiss

T;rel

is assessed using a control sample of Z=�� ! ee and
Z=�� ! �� events in the Z mass peak region, jm‘‘ �
mZj< 10 GeV, passing a relaxed requirement of Emiss

T;rel >

30 GeV. Despite the Emiss
T;rel requirement, this sample is still
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FIG. 1 (color online). Emiss
T;rel distributions for the selected ee and�� (left) and e� (center) events and the multiplicity distribution for

jets with pT > 20 GeV and j�j< 3:0 for all three dilepton channels combined (right). The distributions show events with all selection
criteria applied except for Emiss

T;rel in the Emiss
T;rel distribution and the jet-veto in the jet multiplicity distribution. Simulation is used for the

QCD jet and W þ jets background contributions in these plots as opposed to the data-driven method used for W þ jets in the signal
region described in the text. The QCD jet contribution is negligible in the signal region.
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dominated by Z ! ‘‘ events in which the observed mo-
mentum imbalance is due to a combination of detector
resolution, limited detector coverage, and neutrinos from
heavy flavor decays. A 64% systematic uncertainty is
assigned based on the difference between the observed
yield in data and the Monte Carlo prediction, which are
statistically consistent.

The top background arises from t�t and Wt production
where the two W bosons decay leptonically. Simulation
based on MC@NLO is used to estimate the number of events
passing the jet-veto requirement. Similar to the signal
acceptance, there are two important systematic uncertain-
ties on the jet-veto efficiency: the jet-energy scale and the
amount of initial and final state radiation (ISR/FSR). The
jet-energy calibration uncertainty [18] corresponds to a
40% change in the top background. The uncertainty due
to the ISR/FSR modeling is estimated using the ACERMC

[23] generator interfaced to PYTHIA [20], and varying the
parameters controlling ISR and FSR in a range consistent
with experimental data [24]. The resulting uncertainty of
32% is a combination of the shift in the prediction and the
statistical uncertainty on the simulation.

W bosons produced in association with a jet that is
misidentified as a lepton contribute to the selected sample.
The rate at which hadronic jets are misidentified as leptons
may not be accurately described in the simulation, because
these events are due to rare fragmentation processes or
interactions with the detector. This background is therefore
determined from data using control samples dominated by
W þ jets events and subtracting all other components us-
ing simulation. The ALPGENþ HERWIGþ JIMMY simula-
tion of the W þ jets background used in Fig. 1 gives
comparable results to this method. The W þ jets data
samples are constructed by requiring one electron or
muon passing the full selection criteria and a leptonlike
jet, which is a reconstructed electron or muon that is
selected as likely to be due to a jet. For electrons, the
leptonlike jets are electromagnetic clusters matched to
tracks in the inner detector that fail the full electron selec-
tion. For muons, leptonlike jets are muon candidates that
fail at least one of the requirements on isolation, distance
from the primary vertex, or ID and MS consistency. These

events are otherwise required to pass the full event selec-
tion, treating the leptonlike jet as if it were a fully identified
lepton.
The W þ jets background is then estimated by scaling

this control sample by a measured pT-dependent factor f.
The factor f is the ratio of the probability for a jet to satisfy
the full lepton identification criteria to the probability to
satisfy the leptonlike jet criteria. The factor f is measured
in a QCD jet data sample and corrected for the small
contribution of true leptons to the sample using simulation.
The systematic uncertainty on f is 36% for both electrons
and muons, and is determined from variations of f in
different run periods and in data samples containing jets
of different energies, which covers differences in the
quark-gluon composition between the jets in the QCD jet
and W þ jets data samples.
The resulting signal and background expectations are

shown in Table I. Eight events are observed in the data with
a total expected background of 1:7� 0:6 events. As shown
in Fig. 2, the kinematic properties of the observed events
are qualitatively consistent with the standard model expec-
tation. To estimate the statistical significance of the signal,
Poisson-distributed pseudoexperiments are generated,
varying the expected background according to its uncer-
tainty. The probability to observe 8 or more events in the
absence of a signal is 1:2� 10�3, which corresponds to a
significance of 3.0 standard deviations. The WþW� pro-
duction cross section is determined using a maximum
likelihood fitting method to combine the three dilepton
channels. A cross section of 	WþW� ¼ 41þ20

�16ðstatÞ �
5ðsystÞ � 1ðlumiÞ pb is measured. The luminosity uncer-
tainty for this measurement is 3.4% [25]. The total system-
atic uncertainty (11.5%) includes the signal acceptance and
efficiency (�A=A ¼ 7:4%) and background estimation
(�Nb=Nb ¼ 33%) uncertainties. The dominant system-
atics uncertainties are due to the jet-veto (7.5%), and the
lepton selection and identification (4.3%).
The measured WþW� production cross section is in

good agreement with the standard model prediction of
44� 3 pb calculated at next-to-leading order in QCD
and the recent measurement by CMS [3]. With the signifi-
cantly larger integrated luminosities expected to be

TABLE I. Summary of observed events and expected standard model signal and background contributions in the three dilepton
channels and their combination. The first uncertainty is statistical, the second systematic.

Final State eþe�Emiss
T;rel �þ��Emiss

T;rel e���Emiss
T;rel Combined

Observed Events 1 2 5 8

Expected WþW� 0:79� 0:02� 0:09 1:61� 0:04� 0:14 4:45� 0:06� 0:44 6:85� 0:07� 0:66

Backgrounds

Drell-Yan 0:00� 0:10� 0:07 0:01� 0:10� 0:07 0:22� 0:06� 0:15 0:23� 0:15� 0:17
WZ, ZZ, W� 0:05� 0:01� 0:01 0:10� 0:01� 0:01 0:23� 0:05� 0:02 0:38� 0:04� 0:04
W þ jets 0:08� 0:05� 0:03 0:00� 0:29� 0:10 0:46� 0:12� 0:17 0:54� 0:32� 0:21
Top 0:04� 0:02� 0:02 0:14� 0:06� 0:07 0:35� 0:10� 0:19 0:53� 0:12� 0:28
Total Background 0:17� 0:11� 0:08 0:25� 0:31� 0:15 1:26� 0:17� 0:31 1:68� 0:37� 0:42
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provided by the LHC, this signal will form the basis of a
research program that will include searches for the stan-
dard model Higgs boson, anomalous triple gauge cou-
plings, and other processes beyond the standard model.
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A.D. Hershenhorn,152 G. Herten,48 R. Hertenberger,98 L. Hervas,29 N. P. Hessey,105 A. Hidvegi,146a

E. Higón-Rodriguez,167 D. Hill,5,a J. C. Hill,27 N. Hill,5 K.H. Hiller,41 S. Hillert,20 S. J. Hillier,17 I. Hinchliffe,14

E. Hines,120 M. Hirose,116 F. Hirsch,42 D. Hirschbuehl,174 J. Hobbs,148 N. Hod,153 M.C. Hodgkinson,139

P. Hodgson,139 A. Hoecker,29 M. R. Hoeferkamp,103 J. Hoffman,39 D. Hoffmann,83 M. Hohlfeld,81 M. Holder,141

A. Holmes,118 S. O. Holmgren,146a T. Holy,127 J. L. Holzbauer,88 Y. Homma,67 T.M. Hong,120

L. Hooft van Huysduynen,108 T. Horazdovsky,127 C. Horn,143 S. Horner,48 K. Horton,118 J-Y. Hostachy,55 S. Hou,151

M.A. Houlden,73 A. Hoummada,135a J. Howarth,82 D. F. Howell,118 I. Hristova,41 J. Hrivnac,115 I. Hruska,125

T. Hryn’ova,4 P. J. Hsu,175 S.-C. Hsu,14 G. S. Huang,111 Z. Hubacek,127 F. Hubaut,83 F. Huegging,20 T. B. Huffman,118

E.W. Hughes,34 G. Hughes,71 R. E. Hughes-Jones,82 M. Huhtinen,29 P. Hurst,57 M. Hurwitz,14 U. Husemann,41

N. Huseynov,65,n J. Huston,88 J. Huth,57 G. Iacobucci,102a G. Iakovidis,9 M. Ibbotson,82 I. Ibragimov,141

R. Ichimiya,67 L. Iconomidou-Fayard,115 J. Idarraga,115 M. Idzik,37 P. Iengo,102a,102b O. Igonkina,105 Y. Ikegami,66

M. Ikeno,66 Y. Ilchenko,39 D. Iliadis,154 D. Imbault,78 M. Imhaeuser,174 M. Imori,155 T. Ince,20 J. Inigo-Golfin,29

P. Ioannou,8 M. Iodice,134a G. Ionescu,4 A. Irles Quiles,167 K. Ishii,66 A. Ishikawa,67 M. Ishino,66

R. Ishmukhametov,39 C. Issever,118 S. Istin,18a Y. Itoh,101 A. V. Ivashin,128 W. Iwanski,38 H. Iwasaki,66 J.M. Izen,40

V. Izzo,102a B. Jackson,120 J. N. Jackson,73 P. Jackson,143 M.R. Jaekel,29 V. Jain,61 K. Jakobs,48 S. Jakobsen,35

J. Jakubek,127 D. K. Jana,111 E. Jankowski,158 E. Jansen,77 A. Jantsch,99 M. Janus,20 G. Jarlskog,79 L. Jeanty,57

K. Jelen,37 I. Jen-La Plante,30 P. Jenni,29 A. Jeremie,4 P. Jež,35 S. Jézéquel,4 M.K. Jha,19a H. Ji,172 W. Ji,81 J. Jia,148
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K. Kessoku,155 C. Ketterer,48 J. Keung,158 M. Khakzad,28 F. Khalil-zada,10 H. Khandanyan,165 A. Khanov,112

D. Kharchenko,65 A. Khodinov,148 A.G. Kholodenko,128 A. Khomich,58a T. J. Khoo,27 G. Khoriauli,20

A. Khoroshilov,174 N. Khovanskiy,65 V. Khovanskiy,95 E. Khramov,65 J. Khubua,51 H. Kim,7 M. S. Kim,2

P. C. Kim,143 S. H. Kim,160 N. Kimura,170 O. Kind,15 B. T. King,73 M. King,67 R. S. B. King,118 J. Kirk,129

G. P. Kirsch,118 L. E. Kirsch,22 A. E. Kiryunin,99 D. Kisielewska,37 T. Kittelmann,123 A.M. Kiver,128 H. Kiyamura,67

E. Kladiva,144b J. Klaiber-Lodewigs,42 M. Klein,73 U. Klein,73 K. Kleinknecht,81 M. Klemetti,85 A. Klier,171

A. Klimentov,24 R. Klingenberg,42 E. B. Klinkby,35 T. Klioutchnikova,29 P. F. Klok,104 S. Klous,105 E.-E. Kluge,58a

T. Kluge,73 P. Kluit,105 S. Kluth,99 E. Kneringer,62 J. Knobloch,29 E. B. F. G. Knoops,83 A. Knue,54 B. R. Ko,44

T. Kobayashi,155 M. Kobel,43 B. Koblitz,29 M. Kocian,143 A. Kocnar,113 P. Kodys,126 K. Köneke,29 A. C. König,104
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A. Leung Fook Cheong,172 J. Levêque,4 D. Levin,87 L. J. Levinson,171 M. S. Levitski,128 M. Lewandowska,21

A. Lewis,118 G.H. Lewis,108 A.M. Leyko,20 M. Leyton,15 B. Li,83 H. Li,172 S. Li,32b,d X. Li,87 Z. Liang,39

Z. Liang,118,q B. Liberti,133a P. Lichard,29 M. Lichtnecker,98 K. Lie,165 W. Liebig,13 R. Lifshitz,152 J. N. Lilley,17

C. Limbach,20 A. Limosani,86 M. Limper,63 S. C. Lin,151,r F. Linde,105 J. T. Linnemann,88 E. Lipeles,120

L. Lipinsky,125 A. Lipniacka,13 T.M. Liss,165 D. Lissauer,24 A. Lister,49 A.M. Litke,137 C. Liu,28 D. Liu,151,s

H. Liu,87 J. B. Liu,87 M. Liu,32b S. Liu,2 Y. Liu,32b M. Livan,119a,119b S. S. A. Livermore,118 A. Lleres,55

J. Llorente Merino,80 S. L. Lloyd,75 E. Lobodzinska,41 P. Loch,6 W. S. Lockman,137 S. Lockwitz,175

T. Loddenkoetter,20 F. K. Loebinger,82 A. Loginov,175 C.W. Loh,168 T. Lohse,15 K. Lohwasser,48 M. Lokajicek,125

J. Loken,118 V. P. Lombardo,4 R. E. Long,71 L. Lopes,124a,c D. Lopez Mateos,34,t M. Losada,162 P. Loscutoff,14

F. Lo Sterzo,132a,132b M. J. Losty,159a X. Lou,40 A. Lounis,115 K. F. Loureiro,162 J. Love,21 P. A. Love,71

A. J. Lowe,143,f F. Lu,32a L. Lu,39 H. J. Lubatti,138 C. Luci,132a,132b A. Lucotte,55 A. Ludwig,43 D. Ludwig,41

I. Ludwig,48 J. Ludwig,48 F. Luehring,61 G. Luijckx,105 D. Lumb,48 L. Luminari,132a E. Lund,117 B. Lund-Jensen,147

B. Lundberg,79 J. Lundberg,146a,146b J. Lundquist,35 M. Lungwitz,81 A. Lupi,122a,122b G. Lutz,99 D. Lynn,24 J. Lys,14

E. Lytken,79 H. Ma,24 L. L. Ma,172 J. A. Macana Goia,93 G. Maccarrone,47 A. Macchiolo,99 B. Maček,74
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120Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania, USA
121Petersburg Nuclear Physics Institute, Gatchina, Russia

122aINFN Sezione di Pisa, Italy
122bDipartimento di Fisica E. Fermi, Università di Pisa, Pisa, Italy
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165Department of Physics, University of Illinois, Urbana, Illinois, USA
166Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden

167Instituto de Fı́sica Corpuscular (IFIC) and Departamento de Fı́sica Atómica, Molecular y Nuclear and Departamento de Ingenierá
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eAlso at TRIUMF, Vancouver BC, Canada.
fAlso at Department of Physics, California State University, Fresno CA, USA.
gAlso at Faculty of Physics and Applied Computer Science, AGH-University of Science and Technology, Krakow, Poland.
hAlso at Department of Physics, University of Coimbra, Coimbra, Portugal.
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