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A search for flavor-changing neutral currents in top-quark decays ¢ — Zg is performed in events

produced from the decay chain {7 - Zg + Wb, where both vector bosons decay leptonically, producing a
final state with three leptons (electrons or muons). A data set collected with the CMS detector at the LHC is
used, corresponding to an integrated luminosity of 19.7 fb~! of proton-proton collisions at a center-of-mass

energy of 8 TeV. No excess is seen in the observed number of events relative to the standard model

prediction; thus, no evidence for flavor-changing neutral currents in top-quark decays is found.

A combination with a previous search at 7 TeV excludes a t — Zg branching fraction greater than

0.05% at the 95% confidence level.

DOI: 10.1103/PhysRevLett.112.171802

The heaviest known elementary particle, the top quark,
decays to a bottom quark and a W boson, t — Wb, with a
branching fraction of nearly 100% [1]. Within the standard
model (SM), the corresponding flavor-changing neutral
current (FCNC) decay to a Z boson and a light up-type
quark (u or c¢), t —> Zg, is suppressed by the GIM
mechanism [2], occurring only at the quantum loop level,
with a branching fraction B(t — Zq) at O(10~'%) [3]. The
detection of FCNC ¢t — Zg decays at a higher-than-
expected rate would thus be clear evidence for physics
beyond the SM.

Some extensions of the SM, such as R-parity-violating
supersymmetric models [4], top-color-assisted technicolor
models [5], and singlet quark models [6] predict enhance-
ments of the FCNC branching fraction that could be as
large as O(107*). These models, however, need to be
updated from their earlier parametrizations using the latest
Large Hadron Collider (LHC) results. While this is not
easily done in general without a detailed analysis, a recent
study [7] places B(t — Zq) at O(107>) in warped extra
dimension models [8,9]. The rate is very sensitive to the
Kaluza-Klein gluon scale mgy, as well as right-handed
mixing parameters. The mygg scale is probed directly
[10,11] at the LHC, while B physics measurements [12]
do not significantly constrain right-handed couplings. In
this Letter we report a search for t — Zg at the LHC, with
results that start to complement both the direct search for
KK gluons, as well as flavor physics constraints.

The experimental searches on top FCNC have been
carried out since LEP and HERA on single top quark

* 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 articles title, journal citation, and DOI.

0031-9007/14/112(17)/171802(16)

171802-1

PACS numbers: 12.15.Mm, 12.15.Hh, 12.60.—i, 14.65.Ha

production with best limit B(r - Zg) < 4% [13,14]. The
current limit by Tevatron on top FCNC decay is < 3.2%
[15]. In a previous search with the Compact Muon Solenoid
(CMS) experiment, we reported results from a search for
this decay using 5.0 fb~! of proton-proton collisions at a
center-of-mass energy +/s =7 TeV, resulting in a 95%
confidence level (C.L.) upper limit on B(t — Zg) of 0.21%
[16]. A limit of 0.73% [17] on the branching fraction has
also been reported by the ATLAS experiment from an
analysis of 2.1 fb~! of 7 TeV data. The analysis described
in this Letter uses a data sample corresponding to an
integrated luminosity of 19.7 fb~! of pp collisions
at /s = 8 TeV.

The central feature of the CMS apparatus is a super-
conducting solenoid, which provides an axial magnetic
field of 3.8 T. Within the field volume there are a silicon
pixel and strip tracker, a lead tungstate crystal electromag-
netic calorimeter, and a brass or scintillator hadron calo-
rimeter. Charged-particle trajectories are measured by the
tracker, covering 0 < ¢ < 2z in azimuth and || < 2.5 in
pseudorapidity, where 7 is defined as — In[tan(6/2)], and 0
is the polar angle of the trajectory of the particle with
respect to the counterclockwise proton beam direction.
Muons are identified and measured in gas-ionization
detectors embedded in the steel flux return yoke outside
the solenoid. A more detailed description of the CMS
detector can be found in Ref. [18].

Monte Carlo (MC) samples of Drell-Yan events, SM t7,
Ztt, Wit, tbZ, and diboson (WW, WZ, and ZZ) events are
simulated using MADGRAPH [19], while single-top-quark
events are generated using POWHEG [20-22]. The signal
sample pp = 1t = Zq+ Wb = £7¢q+ *ub(¢, ¢ =
e, ji,7) is generated with MADGRAPH. One of the top quarks
of the pair is forced to decay as ¢t — Zg, where ¢ stands for
au or ¢ quark with equal probability, while the other decays
to Wb. The ratio between the dimension-four vector and the
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axial-vector couplings of the r — Zg FCNC model is
assumed to be SM-like [23]. In all cases, hadronization
and showering are simulated with PYTHIA 6 [24], while 7
decays are simulated with TAUOLA [25]. The set of parton
distribution functions (PDFs) used is CTEQ6L [26]. The
CMS detector response for all MC samples is simulated
using a GEANT4-based [27] model, and the events are
reconstructed and analyzed using the same software used to
process collision data. The simulated events are weighted
so that the trigger efficiencies, reconstruction efficiencies,
and the distribution of reconstructed vertices observed in
data are reproduced.

The search is performed by looking for #7 events
where one top quark decays into Zg and the other decays
into Wb with both vector bosons decaying leptonically,
which provide a very clear signature. The analysis follows
closely the search performed at 7 TeV [16]. Several of
the event selection requirements have been reoptimized
before the complete data set was collected, based on
the expected signal and background yields at 8 TeV with
B(t —» Zq) = 0.1%.

Events are required to pass at least one of the ee or puu
high transverse momenta (pt) dilepton triggers. Events
with two opposite-sign, same-flavor, isolated leptons (e or
1) having an invariant mass between 78 and 102 GeV,
consistent with a Z-boson decay, and one extra charged
lepton (e or p) are selected. When there is more than one
lepton pair forming a Z candidate, the pair with invariant
mass closest to the nominal value is taken. All three leptons
must satisfy the following kinematic requirements: pt >
20 GeV and || <2.5 for electrons and |n| < 2.4 for
muons. The lepton selection efficiencies (reconstruction,
identification, and isolation) mean values and their depend-
ence with pr and || are consistent between the data and the
simulation [28,29].

Multiple simultaneous interactions per bunch crossing
(pileup) were observed in data. Events are required to have
at least one good primary vertex candidate [30]. In events
with more than one candidate, the vertex with highest Zp12
of its associated tracks is selected. The leptons and all
charged particle tracks that are associated with jets are
required to be consistent with originating from the primary
vertex.

Since the leptons are expected to originate from the
decays of W and Z bosons, they are required to be isolated
as defined in Ref. [31]. Events with a fourth isolated lepton
are rejected. Neutrinos from W-boson decays escape
detection and produce a significant momentum imbalance
in the detector in the plane transverse to the beams. The
missing transverse momentum (—Xpr) and its magnitude
(£7) are reconstructed using the CMS particle-flow
technique [32], and we require the £t to be larger than
30 GeV. The W-boson candidates are constructed from the
momentum of the extra lepton and the missing transverse
momentum (assumed to originate from an undetected
neutrino), by constraining the resulting invariant mass to
be equal to the W-boson mass [1].

The requirements described above, namely events with
dilepton-triggers, a Z boson candidate, an extra lepton, no
fourth lepton, and the requirement of £t, will be referred
to as the “basic event selection”. The observed number of
events after the basic event selection is 1424, in agree-
ment with the MC expectation of 1455+ 16 events,
including 1229 £4 events from WZ and 86.3 +0.2
events from ZZ production, where the uncertainty quoted
is statistical only.

Figure 1 shows the distributions for data and simulated
events of the Et and transverse mass (mg) of the
W-boson candidate after the basic event selection. The
transverse mass is calculated using the transverse
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FIG. 1 (color online).

Comparison between data and simulated events for an integrated luminosity of 19.7 fb~!, after the basic event

selection, for the £ distribution (left), the reconstructed ev transverse mass (middle) of the W-boson candidate, and the reconstructed uv
transverse mass (right) of the W-boson candidate. The data are represented by the points with error bars, and the open histogram shows
the expected signal assuming 5(r — Zq) is equal to 0.1%. Stacked solid histograms represent the dominant backgrounds, with statistical
uncertainties on these backgrounds at the few percent level (not shown).
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FIG. 2 (color online).

my; (GeV)

Comparison between data and simulated events of the my; (left), my,;, (middle), and two-dimensional scatter

(right) distributions after the event selection prior to the top-quark mass requirements, which are shown as the dotted vertical lines
(left, middle) and box (right). The data, corresponding to an integrated luminosity of 19.7 fb~!, are represented by the points with error
bars and the open histogram is the expected signal. The stacked solid histograms represent the dominant backgrounds. The statistical
uncertainties are not drawn. The last bin in each of the left two plots contains all the overflow events.

momentum of the extra lepton (p%), the Er, and the
azimuthal angle difference (A¢) between the two,
as mp = \/2p5E1(1 — cos(Ag)).

To reduce the background from diboson events we
require at least two jets, reconstructed also using a
particle-flow technique [32], each with pt > 30 GeV
and || <2.4. Exactly one of these jets should be
identified (tagged) as a b-quark jet. These requirements
further reduce the observed event yields from 1424 after
the basic event selection to 29. The b-jet identification is
performed using the combined secondary vertex b-tagging
algorithm described in Ref. [33]. This tagging method
has an identification efficiency of 62% for b jets with
transverse momentum between 30 and 100 GeV and a
misidentification rate of about 18% for ¢ jets and below
1.5% for other jets.

The invariant mass of the W boson and the b-tagged jet,
My, 18 required to be within 35 GeV of the top-quark mass,
which is set to 172.5 GeV in the simulation. A non-b jet is
combined with the Z candidate to form a second top-quark
candidate. By examining all possible pairings, the top-
quark candidate which has the largest separation in azimu-
thal angle to the first top quark is selected, and the
reconstructed top-quark mass, mgz;, is required to be within
25 GeV of the assumed value of 172.5 GeV . The mass
requirements are the same as in the 7 TeV analysis [16].
Figure 2 shows the comparison of the mgz and my,
distributions in data and simulation, while Table I summa-
rizes the signal efficiencies determined from simulated
events.

According to simulations, the dominant backgrounds
arise from diboson and #7 + X production. These processes
can be categorized into three groups based on the number
of b quarks present: (a) diboson and Drell-Yan events with
almost no b quarks, (b) events from top-quark FCNC decay
with only one b quark, (c) #7, tbZ, {tW, and ffZ processes

with at least two b quarks. Events passing the basic event
selection, with two jets to be paired with W and Z bosons
are divided into three samples: (a) events with no b-tagged
jets, (b) events with exactly one b-tagged jet, and (c) the
rest of the events. The numbers of events in those three
samples can be related to the yields of the three groups
based on the b-tagging efficiencies for b jets, c jets, or other
jets, which are measured using data. The numbers of events
in the three groups are then turned into an estimate of the
corresponding yields via a linear 3 x 3 system of equations
to be solved before the top-quark mass requirements. The
corresponding acceptances of the mass requirements are
obtained from MC simulations. The overall contribution
from WZ plus ZZ and Drell-Yan backgrounds is estimated
tobe 1.4 + 0.1(stat) £ 0.3(syst) events. The expected yield
from W, {1Z, tbZ, and 7 backgrounds is 1.7 4= 0.8(stat) +
0.4(syst) events. The uncertainty of the b-tagging effi-
ciency, measured in control data samples, and the uncer-
tainty on the top-quark mass requirement, estimated with
MC simulation, contribute to the systematic uncertainty.
The estimated background yields are summarized in
Table II and show a good agreement with those obtained

TABLE 1. Signal selection efficiency, in percent, for each
dilepton channels with respect to events from all channels.
The efficiency is calculated as the fraction of events with
leptonically (e, u, 7) decaying W and Z bosons passing the
selection. Only MC statistical uncertainties are shown.

Channel Efficiencies [%]
eee 0.49 +0.01
eeu 0.52 +0.01
uue 0.55 £0.01
Hup 0.55 +0.01
All 2.124+0.03
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TABLE II. Expected number of signal + — Zg events, back-
ground composition, and observed events corresponding to
an integrated luminosity of 19.7 fb~! for all dilepton channels;
background estimates included. The uncertainties in the
background estimation include the statistical and systematic
components shown separately, in that order.

Process Estimation from data ~ MC prediction
t—>Zqg (B=0.1%) 64+0.1£13
wZz 09+£0.1£03
zZZ 14£0.1£03 <0.1
Drell-Yan < 0.1
1 07504 £ 1.2
1tz 1.1£0.1£0.8
1.7£0.8+04
tw 0.1 £0.1£0.1
thZ 03+0.14+£0.2
Total background 31£08+£0.38 32£12+£15
Observed events 1

from MC simulation. The background estimations from
data are used for the final results.

To calculate the expected upper limits, the systematic
uncertainties from the dilepton trigger efficiency, lepton
selection efficiency [28], pileup modeling [34], b-jet
tagging efficiency [33], jet energy scale and missing
transverse energy resolution [35] are included, with the
b-jet tagging efficiency being the dominant one for the
background estimation. Additionally, several sources of
uncertainties in the signal yield are evaluated: the choice of
PDFs, generator parameters, and uncertainty in the 77 cross
section. The major contributions come from the PDFs
and the generator parameters of the signal MC simulation.
The prescription given in Ref. [36] is used to determine the
uncertainty from the CTEQ66 PDF error sets [37]. The
uncertainty from the generator parametrization is evaluated
using CMS fast simulation [38] samples with different top-
quark mass assumptions (2 GeV), different parton-jet
matching thresholds (30 GeV and 60 GeV), and different
event renormalization and factorization scales (varied
between 1/4 and 4x from their nominal value). In addition,
there is a 2.6% uncertainty on the luminosity measurement
[39]. All these sources, summarized in Table III, are
combined in quadrature to give a 20% relative uncertainty
in the signal selection acceptance. The systematic uncer-
tainties in the background estimation are listed with the
total background prediction given in Table II.

After applying all the criteria and adding all four
channels, 3.1 & 1.1 events are expected from SM back-
ground processes and 1 event is observed in data. A 95%
C.L. upper limit on the branching fraction of the t - Zg
decay is determined using the modified frequentist
approach (CL, method [40,41]). A summary of the
observed and predicted yields and limits is presented in
Tables II and IV. The observed and expected 95% C.L.

TABLE III. Summary of the systematic uncertainties for the
signal selection acceptance.

Source Uncertainty %

Renormalization/factorization scales 12
Parton distribution functions

17 cross section

Parton matching threshold

Lepton selection

Trigger efficiency

b-tagging

Top-quark mass

Jet energy scale

Missing transverse energy resolution
Pileup modeling

Total

3

SWWhr AU

[\

upper limits on the branching fraction B(t — Zg) are
0.06% and 0.10%, respectively.

These results are combined with the statistically inde-
pendent results of our previous search [16]. The systematic
uncertainties on the signal efficiency estimation and the
luminosity measurements are taken as fully correlated.
Since the background estimations are based on independent
samples, their systematic uncertainties are treated as
uncorrelated, except for the uncertainties on the top mass
selection requirement due to the choice of PDF, which are
also taken as fully correlated. The combination with the
7 TeV b-tag analysis [16] gives a slightly lower expected
limit and hence is chosen as the reference result. The
observed upper limit on B(t — Zg) is 0.05%, with a
median expectation of 0.09%, and with 1o and 26 ranges
which are 0.06-0.13% and 0.05-0.18%, respectively. The
derived limits and their uncertainties are shown in Table IV.

In summary, a search for FCNC events in top-quark
decays in #f events produced in proton-proton collisions at
/s = 8 TeV is presented. A sample of events with three
leptons (e or y) in the final state and compatible with
leptonic decays of a Z and Wb boson is selected from data
recorded with the CMS detector and corresponding to an
integrated luminosity of 19.7 fb~!. No excess of events
above the background is observed. Combining this result
with a previous search corresponding to an integrated
luminosity of 5.0fb~! t \/s =7 TeV, excludes a t — Zg

TABLE IV. Upper limits at a 95% C.L. for B(t — Zq), as
obtained using the 8 TeV data with an integrated luminosity of
19.7 fb~!, and from the combination with previous CMS 7 TeV
(5.0 b~ 1) data.

B(t = Zq) 8 TeV 7+ 8 TeV
Expected upper limit < 0.10% < 0.09%
Observed upper limit < 0.06% < 0.05%
lo boundary 0.06-0.13% 0.06-0.13%
206 boundary 0.05-0.20% 0.05-0.18%
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branching fraction greater than 0.05% at a confidence level
of 95%. This new limit, about four times better than our
previous one, has been achieved with a better background
estimation, increased cross section at higher energy and
increased integrated luminosity. This new result starts to
probe the enhanced FCNC branching fraction predicted by
certain SM extensions, such as warped extra dimensions.
Our limit can be translated into a constraint on the KK
gluon to be heavier than 1.1 TeV [9].
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A. Potenza,”**%*® A Romero,”®** M. Ruspa,®®* R. Sacchi,®**** A. Solano,**®** A. Staiano,”* U. Tamponi,®®
S. Belforte,** V. Candelise,®**® M. Casarsa,®® F. Cossutti,*’*¢ G. Della Ricca,”**® B. Gobbo,** C. La Licata,®*®®
M. Marone,”**® D. Montanino,®**® A. Penzo,** A. Schizzi,®**® T, Umer,****® A. Zanetti,** S. Chang,70 T. Y. Kim,”
S.K.Nam,”” D. H. Kim,”' G. N. Kim,”" J. E. Kim,”' D. J. Kong,”' S. Lee,”' Y. D. Oh,”' H. Park,”' D. C. Son,”' J. Y. Kim,"?
Z.J. Kim,72 S. Song,72 S. Choi,73 D. Gyun,73 B. Hong,73 M. Jo,73 H. Kim,73 Y. Kim,73 K. S. Lee,73 S. K. Park,73 Y. Roh,73
M. Choi,” J. H. Kim,”* C. Park,”* L. C. Park,”* S. Park,”* G. Ryu,” Y. Choi,” Y. K. Choi,” J. Goh,”” M. S. Kim,”
E. Kwon,75 B. Lee,75 1. Lee,75 S. Lee,75 H. Seo,75 I Yu,75 A. Juodagalvis,76 H. Castilla-Valdez,77 E. De La Cruz-Burelo,77
I. Heredia-de La Cruz,77’gg R. Lopez-Femandez,77 J. Mal“u’nez—Ortega,77 A. Sanchez-Hemandez,77 L. M. Villasenor-
Cendejas.,77 S. Carrillo Moreno,78 F. Vazquez Valencia,78 H. A. Salazar Ibarguen,79 E. Casimiro Linares,80 A. Morelos
Pineda,80 D. Krofcheck,81 P. H. Butler,82 R. Doesburg,82 S. Reucroft,82 H. Silverwood,82 M. Ahmad,83 M. L Asghar,83
J. Butt,” H. R. Hoorani,*’ S. Khalid,”” W. A. Khan,*’ T. Khurshid,*’ S. Qazi,¥ M. A. Shah,** M. Shoaib,*’ H. Bialkowska,**
M. Bluj,84’hh B. Boimska,84 T. Fmeboes,84 M. Gérski,84 M. Kazana,84 K. Nawrocki,84 K. Romanowska—Rybinska,84
M. Szleper,84 G. Wrochna,84 P. Zalewski,84 G. Brona,85 K. Bunkowski,85 M. Cwiok,85 W. Dominik,85 K. Doroba,85
A. Kalinowski,85 M. Konecki,85 J. Krolikowski,85 M. Misiura,85 W. Wolszczak,85 P. Bargassa,86 C. Beirdo Da Cruz E
Silva,86 P. Fa(:cioli,86 P. G. Ferreira Parracho,86 M. Gallinaro,86 E Nguyen,86 J. Rodrigues Antunes,86 J. Seixas,%’C
J. Varela,86 P. Vischia,86 S. Afanasiev,87 P. Bunin,87 I. Golutvin,87 I Gorbunov,87 A. Kamenev,87 V. Karjavin,87
V. Konoplyanikov,87 G. Kozlov,87 A. Lanev,87 A. Malakhov,87 V. MatveeV,87 P. Moisenz,87 V. Palichik,87 V. Perelygin,87
S. Shmatov,87 N. Skatchkov,87 V. Smirnov,87 A. Zarubin,87 V. Golovtsov,88 Y. Ivanov,88 V. Kim,88 P. Levchenko,88
V. Murzin,®® V. Oreshkin,*® 1. Smirnov,*® V. Sulimov,*® L. Uvarov,*® S. Vavilov,*® A. Vorobyev,88 A. Vorobyev,88
Y. Andreev,89 A. Dermenev,89 S. Gninenko,89 N. GolubeV,89 M. Kirsanov,89 N. Kmsnikov,89 A. Pashenkov,89 D. Tlisov,89
A. Toropin,89 V. Epshteyn,90 V. Gawrilov,90 N. Lychkovskaya,90 V. Popov,90 G. Safronov,go S. Semenov,go A. Spiridonov,90
V. Stolin,% E. Vlasov,% A. Zhokin,go V. Andreev,91 M. Azarkin,91 I. Dremin,91 M. Kirakosyan,91 A. Leonidov,91
G. Mesyats,g1 S. V. Rusakov,g1 A. Vinogradov,91 A. Belyaev,g2 E. Boos,92 V. BunicheV,92 M. Dubinin,92’h L. Dudko,g2
A. Gribushin,”* V. Klyukhin,”> O. Kodolova,” 1. Lokhtin,”* A. Markina,”* S. Obraztsov,”> M. Perfilov,”* V. Savrin,”
A. Snigirev,” I. Azhgirey,” 1. Bayshev,” S. Bitioukov,”> V. Kachanov,” A. Kalinin,”> D. Konstantinov,” V. Krychkine,”
V. Petrov,” R. Ryutin,” A. Sobol,” L. Tourtchanovitch,” S. Troshin,” N. Tyurin,” A. Uzunian,” A. Volkov,” P. Adzic,”*
ML Djordjevic,94 M. Ekmedzic,94 J. Milosevic,94 M. Aguilar—Benitez,g5 J. Alcaraz Malestre,95 C. Battilana,95 E. Calvo,95
M. Cerrada,95 M. Chamizo Llatas,gs’c N. Colino,95 B. De La Cruz,95 A. Delgado Peris,95 D. Dominguez Veizquez,95
C. Fernandez Bedoya,95 J. P. Fernandez Ralmos,95 A. Ferrando,95 1. Flix,95 M. C. Fouz,95 P. Garcia—Abia,95 O. Gonzalez
Lopez,95 S. Goy Lopez,g5 J. M. Hernandez,95 M. L Josa,95 G. Merino,95 E. Navarro De Martino,g5 J. Puerta Pelay0,95
A. Quintario Olmeda,” I. Redondo,” L. Romero,” M. S. Soares,”” C. Willmott,” C. Albajar,”® J. F. de Trocéniz,”
H. Brun,97 J. Cuevas,97 J. Fernandez Menendez,97 S. Folgueras,97 I. Gonzalez Caballero,97 L. Lloret Iglesias,97
J. A. Brochero Cifuentes,98 I I Cabrillo,98 A. Calderon,98 S. H. Chuang,98 J. Duarte Campderros,98 M. Femandez,98
G. Gomez,98 J. Gonzalez Sanchez,98 A. Graziano,98 A. Lopez Virto,98 J. Marco,98 R. Marco,98 C. Martinez Rivero,98

63a,63b
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F. Matomras,98 F. J. Munoz Sanchez,98 J. Piedra Gomez,98 T. Rodrigo,98 A Y. Rodrl’guez—Marrero,98 A. Ruiz-Jimeno,98
L. Scodellaro,98 I Vila,98 R. Vilar Cortabitarte,98 D. Abbaneo,99 E. Auffray,99 G. Auzinger,99 M. Bachtis,99 P. Bail]on,99
A. H. Ball,99 D. Barney,99 J. Bendavid,99 L. Benhalbib,99 J.FE Benitez,99 C. Bernet,gg’i G. Bianchi,99 P. Bloch,99 A. Bocci,99
A. Bonato,99 0. Bondu,99 C. Botta,99 H. Breuker,99 T. Camporesi,99 G. Cerrninara,99 T. Christiansen,99 J. A. Coarasa Perez,99
S. Colafranceschi,gg’jj M. D’Alfonso,g9 D. d’Enterria,99 A. Dabrowski,gg A. David,gg F. De Guio,gg A. De Roeck,99 S. De
Visscher,99 S. Di Guida,99 M. Dobson,99 N. Dupont-Sagorin,99 A. Elliott—Peisert,99 1. Eugster,99 G. Franzoni,99 W. Funk,99
M. Giffels,” D. Gigi,” K. Gill,” M. Girone,” M. Giunta,” F. Glege,”” R. Gomez-Reino Garrido,” S. Gowdy,” R. Guida,”
J. Hammer,99 M. Hansen,99 P. H.au'ris,99 A. Hinzmann,99 V. Innocente,99 P. Janot,99 E. Karavakis,99 K. Kousouris,99
K. Klrajczar,99 P. Lecoq,99 C. Lourenc;o,99 N. Magini,99 L. Malgen’,99 M. Mannelli,”” L. Masetti,” F. Meijers,99 S. Mersi,”
E. Meschi,99 F. Moortgat,99 M. Mulders.,99 P. Musella,99 L. Orsini,99 E. Palencia Cortezon,99 E. Perez,99 L. Penrozzi,99
A. Petrilli,99 G. Petrucciani,99 A. Pfeiffer,99 M. Pierini,99 M. Pimiiai,99 D. Piparo,99 M. Plagge,99 A. Racz,99 W. Reece,99
G. Rolandi,gg’kk M. Rovere,99 H. Sakulin,99 F. Santanastasio,99 C. Sch'zifer,99 C. Schwick,99 S. Sekmen,99 A. Sharma,99
P. Siegrist,99 P. Silva,99 M. Simon,g9 P. Sphi021s,99’ll 1. Steggemann,99 B. Stieger,99 M. Stoye,99 A. Tsirou,99 G. L Veres,gg’u
J. R. Vlimant,99 H. K. Wéhn',99 W. D. Zeuner,g9 W. Belrtl,100 K. Deiters,100 W. Erdmann,100 K. Gabathuler,100
R. Horisberger,100 Q. Ingram,100 H. C. Kaestli,'™ S. Kﬁnig,loo D. Kotlinski,'® U. Langenegger,lOO D. Renker,'"” T. Rohe,'”
F. Bachmair,lOl L. Béini,101 L. Bianchini,101 P. Bortignon,101 M. A. Buchmann,101 B. Casal,101 N. Ch.amon,lOl A. Deisher,lol
G. Disselrtori,101 M. Dittmar,101 M. Donegél,101 M. Diinser,101 P. Eller,101 C. Glrab,101 D. Hits,101 W. Lustermann,101
B. Mangano,lo1 A. C. Man’ni,]ol P. Martinez Ruiz del Arbol,'m D. Meister,m] N. Mohr,101 C. Néigeli,lm’mm P. Nef,m]
F. Nessi-Tedaldi,lOl F. Pandolﬁ,lm L. Pape,lo1 F. Pauss,lo1 M. Peruzzi,101 M. Quittnat,101 F. I. Ronga,]o1 M. Rossini,lm
A. Starodumov,'*"™ M. Takahashi,'”" L. Tauscher,'”"* K. Theofilatos,'’" D. Treille,'’" R. Wallny,'’" H. A. Weber,'""
C. Amsler,'”>* V. Chiochia,'” A. De Cosa,'”* C. Favaro,'” M. Ivova Rikova,'” B. Kilminster,'"* B. Millan Mejias,'"*
J. Ngadiuba,102 P. Robmann,lo2 H. Snoek,102 S. Taroni,102 M. Verzetti,102 Y. Yang,102 M. Cardaci,103 K. H. Chen,103
C. Ferro,'” C. M. Kuo,'" S. W. Li,' W. Lin,'” Y. J. Lu,'® R. Volpe,'” S. S. Yu,'” P. Bartalini,'® P. Chang,'™
Y. H. Chang,'"™ Y. W. Chang,'"™ Y. Chao,'"™ K. E. Chen,'” P. H. Chen,'” C. Dietz,'™ U. Grundler,'” W.-S. Hou,'"*
Y. Hsiung,'™ K. Y. Kao,'"™ Y. J. Lei,'™ Y. F. Liu,'"™ R.-S. Lu,'™ D. Majumder,'™ E. Petrakou,'™ X. Shi,'"™ J. G. Shiu,'”
Y. M. Tzeng,104 M. Wang,lo4 R. Wilken,'” B. Asavapibhop,105 N. Suwonjandee,lo5 A. Adiguzel,106 M. N. Bakirci, %P
S. Cerci,l%’qq C. Dozen,lo6 I Dumanoglu,lo6 E. Eskut,]o6 S. Girgis,lo6 G. Gokbulut,lo6 E. Gurpinar,]o6 I Hos,106
E. E. Kangall,106 A. Kayis Topaksu,106 G. Onengut,l%’rr K. Ozdemir,'® S. Ozturk,'°*" A. Polatoz,'® K. Sogut,l%’Ss
D. Sunar Cerci,'*% B. Tali,'*% H. Topakli,'*" M. Vergili,'® I. V. Akin,'”” T. Aliev,'”” B. Bilin,'"”” S. Bilmis,'”’
M. Deniz,107 H. Gamsizkan,107 A. M. Guler,107 G. Kaurapinar,m’u K. Ocalan,107 A. Ozpineci,107 M. Serin,lo7 R. Sever,107
U. E. Surat,'”” M. Yalvac,'"”” M. Zeyrek,'”” E. Giilmez,'® B. Isildak,'®*"" M. Kaya,'™"" O. Kaya,'™"" S. Ozkorucuklu,'*
"W N. Sonmez,'™** H. Bahtiyar,'™"” E. Barlas,'"” K. Cankocak,'” Y. O. Giinaydin,'"”” F. 1. Vardarly,'” M. Yiicel,'”
L. Levchuk,llO P. Sorokin,llO J. . Brooke,111 E. Clement,111 D. Cussans,111 H. Flacher,lll R. Frazier,111 J. Goldstein,lll
M. Grimes,'"" G. P. Heath,""" H. F. Heath,'"" J. Jacob,'"" L. Kreczko,""' C. Lucas,""" Z. Meng,""' D. M. Newbold,"""**
S. Paramesvaran,111 A. Poll,111 S. Senkin,111 V. 1. Smith,111 T. Williams,111 K. W. Bell,112 A. Belyaev,”z’bbb C. Brew,112
R. M. Brown,112 D.J. A. Cockerill,112 J. A Coughlan,112 K. Hal:rder,112 S. Harper,112 J. Ilic,112 E. Olaiya,112 D. Petyt,112
C. H. Shepherd—Themistocleous,112 A. Thea,112 1. R. Tomalin,112 W. J. Womersley,112 S. D. Worm,112 M. Baber,113
R. Bainbridge,113 O. Buchmuller,'"* D. Burton,'"* D. Colling,113 N. Cripps,113 M. Cutajar,113 P. Dauncey,113 G. Davies,'"
M. Della Negra,113 W. Ferguson,113 J. Fulcher,113 D. Futyan,113 A. Gilbert,113 A. Guneratne Bryer,113 G. Hall,113
Z. Hatherell,'” J. Hays,'"” G. Iles,'"® M. Jarvis,'” G. Karapostoli,'"” M. Kenzie,'” R. Lane,'"” R. Lucas,'*** L. Lyons,'?
A.-M. Magnan,113 J. Marrouche,113 B. Mathias,113 R. Nandi,113 J. Nash,113 A. Nikitenko,m‘"n J. Pela,113 M. Pesaresi,113
K. Petridis,'"* M. Pioppi,m’CCC D. M. Raymond,113 S. Rogerson,113 A. Rose,'® C. Seez,'® P. Sharp,m‘a A. Sp;mrow,113
A. Tapper,1 B Vazquez Acosta,l BT Virdee,] Bs. Wakeﬁeld,1 BN. Wardle,] BJE. Cole,1 “PpR. Hobson,l A Khan,l 14
P. Kyberd,114 D. Leggat,114 D. Leslie,114 W. Martin,114 1. D. Reid,114 P. Symonds,114 L. Teodorescu,114 M. Turner,114
J. Dittmann,115 K. Hatakeyama,115 A. Kasmi,115 H. Liu,115 T. Scarborough,115 0. Charaf,116 S. L Cooper,116
C. Henderson,116 P. Rumerio,116 A. Avetisyan,117 T. Bose,117 C. Fantasia,117 A. Heister,117 P. Lawson,117 D. Lazic,117
J. Rohlf,""” D. Sperka,''” J. St. John,""” L. Sulak,'"” J. Alimena,''® S. Bhattacharya,'”® G. Christopher,""® D. Cutts,'"®
Z. Demiragli,118 A. Ferapontov,118 A. Garabedian,118 U. Heintz,118 S. Jabeen,118 G. Kukartsev,118 E. Laird,118
G. Landsbelrg,118 M. Luk,118 M. Narain,118 M. Segala,118 T. Sinthuprasith,118 T. Speer,118 J. Swanson,118 R. Breedon,119
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G. Breto,119 M. Calderon De La Barca Sanchez,119 S. Chauhan,l YM. Chertok,l 97, Conway,119 R. Conway,119 PT Cox,l 19
R. Erbacher,1 PM. Gardner,] 9w, Ko,I YA, Kopecky,] PR, Lander,] T Miceli,l ¥p. Pellett,l 97, Pilot,l B8:) Ricci—Tam,l 19
B. Rutherford,1|9 M. Searle,”9 S. Shalhout,”9 J. Smith,”9 M. Squires,”9 M. Tripathi,”9 S. Wilbur,”9 R. Yohay,119
V. Andreev,120 D. Cline,120 R. Cousins,lzo S. Erhan,120 P. Everaerts,]20 C. Farrell,lzo M. Felcini,120 J. Hauser,m
M. Ignatenko,m C. Jarvis,lzo G. Rakness,lzo P. Schlein,m’a E. Takasugi,lzo V. Valuev,120 M. Weber,120 1. Babb,121
R. Clare,121 1. Ellison,121 J.W. Gary,121 G. Hanson,121 1. Heilman,121 P. Jandir,121 F. Lacroix,121 H. Liu,121 O. R. Long,121
A. Luthra,"””" M. Malberti,"”' H. Nguyen,'”" A. Shrinivas,"*' J. Sturdy,'*' S. Sumowidagdo,'*' S. Wimpenny,'*'

W. Andrews,'* J. G. Branson,'*> G. B. Cerati,'* S. Cittolin,'* R. T. D’ Agnolo,'** D. Evans,'** A. Holzner,'** R. Kelley,'**
D. Kovalskyi,122 M. Lebourgeois,122 J. Let'[s,122 I Macneill,122 S. Padhi,122 C. Palmer,122 M. Pien’,122 M. Sani,122
V. Sharma,122 S. Simon,]22 E. Sudano,122 M. Tadel,]22 Y. Tu,]22 A. Vartak,]22 S. Wass.erbaech,lzz’dddl F. Wi'ur‘[hwein,122
A. Yagil,]22 J. Y00,122 D. Balrge,123 C. Calmpagnari,123 T. Danielson,123 K. Flowers,123 P. Geffert,123 C. George,123 F. Golf,123
J. Incandela,123 C. Justus,123 R. Magaiia Villalba,123 N. Mccoll,123 V. Pavlunin,123 J. Richman,]23 R. Rossin,123 D. Stuart,123
W. To,123 C. West,123 A. Apresyan,124 A. Bornheim,124 . Bunn,124 Y. Chen,124 E. Di Marco,124 J. Duarte,124 D. Kcira,124
A. Mott,124 H. B. Newman,124 C. Pena,124 C. Rogan,124 M. Spiropulm,124 V. Timciuc,124 R. Wilkinson,124 S. Xie,124
R. Y. Zhu,124 V. Azzolini,125 A. Calamba,125 R. Carroll,125 T. Ferguson,125 Y. Iiyama,125 D. W. Jang,125 M. Paulini,125
J. Russ,'” H. Vogel,'” 1. Vorobiev,'” J. P. Cumalat,"*® B. R. Drell,"*® W. T. Ford,'*® A. Gaz,"*® E. Luiggi Lopez,'*
U. Nauenberg,126 J. G. Smith,lz(’ K. Stenson,126 K. A. Ulmer,l% S. R. Wagnelr,126 J. Alexamder,127 A. Chatterjee,127
N. Eggelrt,127 L. K. Gibbons,l27 W. Hopkins,127 A. Khukhunaishvili,]27 B. Kreis,]27 N. Mirrn.aln,]27 G. Nicolas Kaufman,l27
J.R. Patterson,]27 A. Ryd,127 E. Salvati,127 W. Sun,127 W. D. Teo,127 J. Thom,127 J. Thompson,127 J. Tucker,127 Y. Weng,127
L. Winstrom,'*” P. Wittich,'*” D. Winn,'*® S. Abdullin,'® M. Albrow,'?’ J. Anderson,'” G. Apollinari,'” L. A. T.
Bauerdick,129 A. Beretvas,129 J. Berryhill,129 P.C. Bhat,129 K. Burkett,129 J.N. Butler,129 V. Chetluru,129 H. W. K. Cheung,129
F. Chlebana,129 S. Cihangir,129 V.D. ElVira,129 I Fisk,129 . Freeman,129 Y. Gao,129 E. Gottschalk,129 L. Gray,129 D. Green,129
0. Gutsche,129 D. Hare,129 R. M. Harris,129 J. Hirschauer,129 B. Hooberman,129 S. Jindariani,129 M. Johnson,129 U. Joshi,129
K. Kaadze,129 B. Klima,129 S. Kwan,129 J. Linacre,129 D. Lincoln,129 R. Lipton,129 J. Lykken,129 K. Maeshima,129
J. M. Marraffino,129 V. 1. Martinez Outschoorn,129 S. Malruyama,129 D. Mason,129 P. McBlride,129 K. Mishra,129 S. Mrenna,129
Y. Musienko, ?>** S. Nahn,'”’ C. Newman-Holmes,'”’ V. O’Dell,'* 0. Plrokofyev,129 N. Ratnikova,'” E. Sexton-
Kennedy,129 S. Sharma,'” W. J. Spalding,]29 L. Spiegel,129 L. Taylor,]29 S. Tkaczyk,]29 N. V. Tran,'” L. Uplegger,129
E. W. Vaandering,129 R. Vidal,129 J. Whitmore,129 W. Wu,129 F. Yang,129 J. C. Yun,129 D. Acosta,m P. Avery,130
D. Bourilkov,"*’ T. Cheng,"* S. Das,"*® M. De Gruttola,"** G. P. Di Giovanni,"** D. Dobur,"** R. D. Field,"** M. Fisher,'*
Y. Fu," 1. K. Furic," J. Hugon,130 B. Kim," J. Konigsberg,130 A. Korytov,130 A. Kropivnitskaya,130 T. Kypreos,m
J. F. Low,"”” K. Matchev,"” P. Milenovic,”*™ G. Mitselmakher,"” L. Muniz,"* A. Rinkevicius,"™ L. Shchutska,'’
N. Skhirtladze,"™® M. Snowball,"™ J. Yelton,"® M. Zakaria,"® V. Gaultney,"”' S. Hewamanage,"' S. Linn,""

P. Markowitz,131 G. Mau“[inez,131 J. L. Rodriguez,131 T. Adams,132 A. Askew,132 J. Bochenek,13 2. Chen,132 B. Diamond,13 2
J. Haas,"* S. Hagopian,** V. Hagopian,'*> K. F. Johnson,"** H. Prosper,"*> V. Veeraraghavan,'** M. Weinberg,'**
M. M. Baarmand,133 B. Dorney,133 M. Hohlmann,133 H. Kalakhety,133 F. Yumiceva,133 M. R. Adams,134 L. Apanasevich,134
V. E. Bazterra,134 R. R. Betts,134 I Bucinskaite,134 R. Cavanaugh,134 0. EVdokimov,134 L. Galuthier,134 C. E. Gerber,134
D. J. Hofman,134 S. Khalatyan,134 P. Kum,134 D. H. Moon,134 C. O’Brien,134 C. Silkworth,134 P. Turner,134 N. Varelas,134
U. Akgun,"™ E. A. Albayrak,'*>*¥ B. Bilki,*>#2¢ W. Clarida,"* K. Dilsiz,'” F. Duru,'* J.-P. Merlo,"** H. Mermerkaya, >
"t A Mestvirishvili,'*> A. Moeller,'* J. Nachtman,'* H. Ogul,'” Y. Onel,"*” E. Ozok,'**" S. Sen,'* P. Tan,'* E. Tiras,'”
J. Wetzel,135 T. Yetkin,l35‘iii K. Yi,135 B. A. Bamett,l’% B. Blumenfeld,l% S. Bolognesi,136 D. Fehling,136 A. V. Gritsan,136
P. Maksimovic,13 . Martin,l‘% M. Swartz,l% A. Whitbeck,136 P. Baringer,137 A. Bean,137 G. Benelli,137 R. P. Kenny III,13 !
M. Murray,137 D. Noonan,137 S. Sanders,137 J. Sekau‘ic,137 R. Stringer,137 Q. Wang,137 J. S. Wood,137 A F Barfuss,138
I Chakaberia,138 A. Ivanov,138 S. Khalil,]38 M. Makouski,138 Y. Maravin,138 L. K. Saini,138 S. Shrestha,138 I Svintradze,138
J. Gronberg,139 D. Lange,139 F. Rebassoo,139 D. Wright,139 A. Baden,140 B. Calvert,140 S. C. Eno,140 J. A, Gomez,mo
N. J. Hadley,140 R. G. Kellogg,140 T. Kolberg,140 Y. Lu,140 M. Marionneau,140 A. C. Mignerey,140 K. Pedro,140 A. Skuja,140
J. Temple,"*® M. B. Tonjes,'* S. C. Tonwar,'"* A. Apyan,'*' R. Barbieri,'"' G. Bauer,"*' W. Busza,"*"' I. A. Cali,'"!
M. Chan,'*' L. Di Matteo,'"' V. Dutta,'*' G. Gomez Ceballos,'*' M. Goncharov,'*' D. Gulhan,'*' M. Klute,"*' Y. S. Lai,'"!
Y.-J.Lee,""' A. Levin,"*' P. D. Luckey,'' T. Ma,'*! C. Paus,'*' D. Ralph,'*! C. Roland,'*' G. Roland,"*' G. S. F. Stephans,'"!
F. Stijckli,141 K. Sumorok,141 D. Velicanu,141 J. Veverka,141 B. Wyslouch,141 M. Yang,141 A. S. Yoon,141 M. Zanetti,141
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V. Zhukova,141 B. Dahmes,142 A. De Benedetti,142 A. Gude,142 S. C. Kao,142 K. Klapoetke,142 Y. Kubota,142 J. Mans,142
N. Pastika,142 R. Rusack,142 A. Singovsky,142 N. Tambe,142 1. Turkewitz,142 J. G. Acosta,143 L. M. Cremaldi,143

R. Kroegelr,]43 S. Oliveros,]43 L. Perera,]43 R. Rahm.at,]43 D. A. Sanders,143 D. Summers,143 E. Avdeeva,144 K. Bloom,144

S. Bose,144 D. R. Claes,144 A. Dominguez,144 R. Gonzalez Suarez,144 J. Keller,144 I Kravchenko,144 J. Lazo—Flores,144
S. Malik,'"** F. Meier,'** G. R. Snow,'** J. Dolen,'* A. Godshalk,'” I. Tashvili,'” S. Jain,'* A. Kharchilava,'*

A. Kumar,145 S. Rappoccio,145 Z. Wan,145 G. Alverson,146 E. Barberis,146 D. Baumganel,146 M. Chasco,146 J. Haley,146
A. Massironi,146 D. Nash,146 T. Orimoto,146 D. Trocino,146 D. Wood,146 J. Zhang,146 A. Anastassov,147 K. A. Ha.hn,147
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