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Search for pair-produced dijet resonances in four-jet final states in pp collisions at \/s =7 TeV
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A search for the pair production of a heavy, narrow resonance decaying into two jets has been
performed using events collected in /s = 7 TeV pp collisions with the CMS detector at the LHC. The
data sample corresponds to an integrated luminosity of 5.0 fb™!. Events are selected with at least four jets
and two dijet combinations with similar dijet mass. No resonances are found in the dijet mass spectrum.
The upper limit at 95% confidence level on the product of the resonance pair production cross section, the
branching fractions into dijets, and the acceptance varies from 0.22 to 0.005 pb, for resonance masses
between 250 and 1200 GeV. Pair-produced colorons decaying into ¢g are excluded for coloron masses

between 250 and 740 GeV.
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The high center-of-mass energy provided by the Large
Hadron Collider (LHC) offers opportunities to search for
physics beyond the standard model (SM) and, in particular,
to search for new strongly interacting particles. Searches
for new resonances in the dijet mass spectrum for the jets
with the highest transverse momentum (pt) have been
performed at both the Tevatron [1] and the LHC [2-7].
These searches were not optimized for pair-produced par-
ticles, which are predicted by some models [8—10]. The
ATLAS experiment has performed a search for pair pro-
duction of dijet resonances in four-jet events [11,12] and
excludes a scalar gluon at 95% confidence level (C.L.) in
the mass range between 100 and 287 GeV.

In this Letter, we report the results of a search for the
pair production of a narrow resonance, which decays into
two jets, using the dijet mass spectrum in four-jet final
states, measured with the Compact Muon Solenoid (CMS)
detector in pp collisions at the LHC at \/s = 7 TeV. This
search focuses on the high mass range between 250 and
1200 GeV. We define the common dijet mass as the average
of the invariant masses of the two dijets with the smallest
difference in invariant mass, rejecting events where the
difference exceeds 15% of the average value. Models [8]
predicting pair production through gg interactions of
color-octet vectors, also called colorons (C), and color-
octet scalars (Sg) would give rise to such a signature. In
addition to gg decays, the coloron can also decay into a
pair of color-octet scalars if the mass of the coloron is
greater than twice the mass of the two scalars. Pair-
produced colorons decaying to quark-antiquark pairs
(gg — CC — ggqq) [8] are used as the benchmark signal
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in this analysis, although we separately consider the pos-
sibility of decays to SgSg. As a third possibility, we con-
sider an R-parity violating SUSY model [13,14] in which
pair-produced top squarks (stops) each decay to g4, as this
leads to a similar final state.

The CMS detector is a multipurpose apparatus and is
described in detail in Ref. [15]. The CMS coordinate
system has its origin at the center of the detector, the z
axis along the direction of the counterclockwise circulating
proton beam, the y axis normal to the LHC plane pointing
vertically upward, and the x axis radially inward toward the
center of the LHC ring. We define ¢ to be the azimuthal
angle, 6 the polar angle, and 7 = — In[tan(#/2)] the pseu-
dorapidity. The central feature of the CMS apparatus is a
superconducting solenoid with a 6 m internal diameter,
operating at a central field strength of 3.8 T. Within the
field volume are, in order of increasing radius, a silicon
pixel and strip tracker, a high-granularity PbWQO, crystal
electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL). All three systems have
both barrel and end cap components, with |n| = 2.5 (3.0)
the outermost extent of the tracker (calorimeters). The
ECAL and HCAL cells are grouped into towers, projecting
radially outward from the origin. Outside of the field
volume an iron and quartz-fiber hadron calorimeter covers
the forward region (3 < || < 5). A muon system encloses
the central and end cap calorimeters out to |y| = 2.4.

The data sample used for this analysis was collected in
2011 and corresponds to an integrated luminosity of
5.0 fb~!'. The triggers used for the analysis require the
presence of at least four jets, based on information from
the calorimeters. Each jet must have |7| less than 3.0 and
pr greater than 70 or 80 GeV, depending on the running
period. This trigger is 99.5% efficient for events with four
leading (highest pr) jets, each with a transverse momen-
tum exceeding 110 GeV.

For offline reconstruction, we employ the CMS particle-
flow algorithm [16] in the region |1| = 2.5 to reconstruct
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objects used in jet determinations. This algorithm uses
calorimeter information and reconstructed tracks to iden-
tify electrons, muons, photons, and both neutral and
charged hadrons. Jets are reconstructed from particle-
flow objects using the anti-kt algorithm with a distance
parameter 0.5 [17,18]. Jet energy is corrected to account
for the nonlinearities and nonuniformities in the response
of the calorimeters, as determined from Monte Carlo (MC)
simulation, test beam, and collision data [19]. Additional
corrections accounting for the effect of multiple pp colli-
sions per bunch crossing are also applied [20,21].

We require events to have at least one good primary
vertex with a z position within 24 cm of the center of the
detector and with a transverse distance from the beam spot
of less than 2 cm. A set of jet quality criteria are applied to
remove possible instrumental and noncollision back-
grounds [22]. All data as well as all simulated signal events
passing these selection criteria also satisfy standard jet
identification requirements [23]. We require that events
have at least four jets, each with pp > 110 GeV and || <
2.5. We require the two jets in each possible pair to have a

separation AR;; = v/(An)? + (A¢)? = 0.7. This ensures a
negligible overlap between the jets. We calculate the dijet
mass combinations from the four leading jets and choose
the one with the smallest Am/m,,, where Am is the mass
difference between the two dijets and m,, is their average
mass. We require Am < 0.15m,,,, which is approximately
3 times the dijet mass resolution of 4.5%.

The benchmark signal events are simulated using the
MADGRAPH V5 [24] event generator with the CTEQ6L1
parton distribution functions (PDF) [25], and PYTHIA
v6.4.26 [26] parton showering and hadronization. The
generated events are further processed through a GEANT4
[27] simulation of the CMS detector. The assumed width of
the simulated coloron resonance is negligible compared
with the experimental resolution. The dominant back-
ground arises from QCD processes resulting in four or
more jets. Studies of this background are performed using
a sample of simulated QCD events also generated using
MADGRAPH.

For each dijet we define a quantity A as the difference
between the scalar sum of the transverse momenta of the
two jets in the dijet and the average pair mass in the event:
A =3, 15(pr); — my,. Figure 1 shows the distribution
of A versus m,,, for simulated QCD background events as
well as for coloron signal events. Because of the selection
requirements, we observe a broad structure at around

Myye = 300 GeV from QCD events [28]. To remove this
structure, thus leaving a smoothly falling dijet mass spec-
trum, we require A > 25 GeV for each of the two dijets in
the event. This requirement reduces the QCD background
by more than an order of magnitude while retaining ap-
proximately 25% of the signal.

Figure 2 shows the paired dijet mass spectrum in data
with all the selection criteria applied. The observed mass
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FIG. 1 (color online). The distribution of A =Y, ,(p1); —
Mayg VEISUs m,,, for QCD multijet background alone (main plot)
and background plus coloron signal (insets), for simulated
events. We remove events with an entry below the horizontal
line at 25 GeV. There are two entries per event (one for each of
the two dijet pairs).

spectrum extends up to 1200 GeV. We obtain a prediction
for the QCD background by fitting the data to a smooth
parametrization:

_do Py Mayg/A/5)"
(Mayg//5)P2H P ang/ V5
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where Py, P, P,, and P; are free parameters. This func-
tional form has been used in previous searches for dijet
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FIG. 2 (color online). The average paired dijet mass distribu-
tion (black points) in data compared with a smooth background
fit using Eq. (1) (blue solid curve) and the result of the fit of the
same function (dash-dotted red curve) to QCD simulated data
(not shown). Also shown are examples of simulation of hypo-
thetical coloron resonances decaying 100% to ¢4 (dashed green
curves) with masses m. = 400 and 800 GeV. The bin-by-bin fit
pulls are shown below.
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resonances [4]. The fit to the data and the normalized QCD
simulation are given in Fig. 2 by solid and dashed-dotted
curves, respectively. The fit has a y?/d.o.f of 0.94 over the
full m,,, mass range. Although there is an apparent bias
toward positive pull values in the low mass region, such a
bias would result in the quoted limits being conservative in
this region.

The signal shapes from colorons and stops have negli-
gible difference and we use a single parametrization for
both. It is modeled by the sum of two separate Gaussian
functions: one Gaussian describes the core and the other
the tails, with widths and normalizations determined from
a fit to simulated signal events at each assumed mass value.
The dijet mass resolution described by the rms of the core
Gaussian is approximately 4.5%, the dijet mass tail
described by the rms of the other Gaussian is between
150 and 250 GeV, and the fraction of the core Gaussian
varies from 85% at 300 GeV to 45% at 1000 GeV. The
signal acceptance, listed in Table I, varies from 0.4% for a
coloron with mass 200 GeV to 12.1% for a coloron with
mass 1000 GeV. The acceptance for the stop signal is larger
than that for the coloron signal because the stop production
model includes gg interactions and has a different final
state angular distribution.

We search for pair production of dijet resonances by
fitting the background parametrization in Eq. (1) plus a
signal hypothesis at an assumed mass to the data. The
signal magnitude is a free parameter in the fit for each
fixed value of signal mass. We restrict the fit to dijet masses
above 220 GeV in order to avoid the threshold due to the jet
pr requirement. With this requirement the dijet mass spec-
trum is described by both the simulation and the back-
ground parametrization. The maximum value of the
likelihood obtained from a background-only fit is denoted
by L, and the likelihood from a background plus signal fit

by L. The local significance is defined as /—21In(L,/Ly).
The results of this analysis are shown in Fig. 2. We find that

the largest fluctuation in the pair-produced dijet mass
spectrum occurs for a hypothetical resonance mass of
1130 GeV and has a local statistical significance of 2.60.
The global significance is reduced to 1.2¢ after taking into
account the trials factor [29] within the full mass range of
this search. We conclude that there is no evidence for pair-
produced narrow dijet resonances in the data.

Upper limits are placed on the product of the production
cross section of the pair-produced resonances, the square
of the branching fraction to dijets, and the detector accep-
tance. The dijet mass for the limit is required to be above

250 GeV to ensure a full coverage of the low mass tail of
the resonance between 220 and 250 GeV. To set upper
limits we use a modified-frequentist method (CLy) [30,31].
We fit the signal + background hypothesis to the data,
allowing both the signal strength and the background
parameters free to vary. The sources of systematic uncer-
tainties consist of a luminosity uncertainty of 2.2% [32]
and a signal acceptance uncertainty of 10%. The latter is
determined by the jet energy scale uncertainty (2.2%) and
the jet energy resolution uncertainty (10%) [19]. The
variation in expected signal yields due to PDF uncertainties
is negligible. The uncertainties in the luminosity, the signal
acceptance due to jet energy scale and resolution, and the
parameters of the background function are all treated as
nuisance parameters and expressed as log-normal distribu-
tions with their central values and uncertainties. The
observed and expected limits are calculated using the
CL, method with a one-sided profile likelihood test
statistic.

Figure 3 shows the observed and expected 95% C.L.
limits, the 1o and 20 uncertainty bands around the
expected limits, and predictions from the coloron and
SUSY models. The observed limit on the product of the
resonance pair production cross section, the branching
fractions into dijets, and the acceptance varies from 0.22
to 0.005 pb for resonance masses between 250 and
1200 GeV. The limits are generally applicable for pair-
produced resonances, each decaying to dijets, and they are
compared with calculations for the coloron model [8]
described above. At 95% C.L. we exclude pair production
of colorons with mass m. in the range 250 <m, <
740 GeV, assuming that colorons have flavor-universal
couplings and decay only into gg [10]. Assuming the
branching fraction of colorons into gg is reduced due to
competition with a C — SgSg channel where mg =
150 GeV and tanf = 0.3 (the suppression factor of gluon
coupling to gg compared with the analogous QCD cou-
pling) [10], we exclude pair production in the range 250 <
m¢e < 580 GeV. This analysis is not sensitive to the pair-
produced Sg, where the color-octet scalars decay exclu-
sively to gg. We also compare the results with those of a
SUSY model for pair-produced stops, where the stops
decay exclusively to gg and R parity is violated [13,14].
The calculation is done at next-to-leading order with next-
to-next-to-leading order corrections [33-37].

In summary, a search for pair production of a narrow
dijet resonance has been performed with the CMS detector
using 5.0 fb~! of \/s =7 TeV pp collisions produced at

TABLE I. The acceptances for the coloron and stop models after applying all selection criteria. Most of the variation in the
acceptance as a function of resonance mass is due to the jet pr requirement.

Mass [GeV] 200 300 400 500 600 700 800 900 1000
Coloron acceptance 0.4% 2.2% 5.2% 8.0% 9.6% 10.6% 11.6% 11.8% 12.1%
Stop acceptance 0.9% 3.6% 7.9% 10.7% 12.9% s e e
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FIG. 3 (color online). The observed and expected 95% C.L.
limits on the product of the resonance pair production cross
section, the square of the branching fraction to dijets, and the
detector acceptance, given by the solid and dot-dashed black
curves, respectively. The shaded regions indicate the 1o and 20
bands around the expected limits. Predictions of a coloron model
and a SUSY model are also shown.

the LHC. The paired dijet mass spectrum is found to be a
smooth distribution and is in agreement with the predic-
tions of the standard model. Upper limits are reported on
the product of the production cross section, the branching
fractions into dijets, and the acceptance of a pair-produced
dijet resonance having a width negligible compared
with the experimental resolution. At 95% C.L., the pair
production of colorons is excluded for coloron masses
between 250 and 740 GeV assuming that a coloron
decays 100% into gg, or between 250 and 580 GeV
assuming that coloron decays into gg compete with
decays into SgSg. The search significantly extends previous
results [12].
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M. 1. Josa,”? G. Merino,”? J. Puerta Pelayo,92 A. Quintario Olmeda,”* I. Redondo,”® L. Romero,”” J. Santaolalla,”?

M. S. Soares,92 C. Willmott,92 C. Albajar,93 G. Codispoti,93 J.F. de Trocéniz,93 H. Brun,94 J. Cuevas,94
J. Fernandez Menendez,” S. Folgueras,94 I. Gonzalez Caballero,” L. Lloret Iglesias,94 J. Piedra Gomez,”*

J. A. Brochero Cifuentes,” I.J. Cabrillo,” A. Calderon,” S. H. Chuang,95 J. Duarte Campderros,95 M. Felcini,”>"™"
M. Fernandez,”> G. Gomez,” J. Gonzalez Sanchez,” A. Graziano,” C. Jorda,” A. Lopez Virto,” J. Marco,”
R. Marco,” C. Martinez Rivero,” F. Matorras,” F.J. Munoz Sanchez,” T. Rodrigo,95 AY. Rodrfguez—Marrero,95
A. Ruiz-Jimeno,” L. Scodellaro,” 1. Vila,”> R. Vilar Cortabitarte,”> D. Abbaneo,’® E. Auffray,96 G. Auzinger,96
M. Bachtis,% P. Baillon,% A.H. Ball,96 D. Barney,96 J.E Benitez,96 C. Bernet,%’f G. Bianchi,96 P. Bloch,%

A. Bocci,96 A. Bonatto,96 C. Botta,96 H. Breuker,96 T. Camporesi,96 G. Cerminara,96 T. Christiansen,96
J. A. Coarasa Perez,”® D. D’Enterria,”® A. Dabrowski,”® A. De Roeck,’® S. Di Guida,”® M. Dobson,”®
N. Dupont—Sagorin,96 A. Elliott-Peisert,”® B. Frisch,”® W. Funk,”® G. Georgiou,96 M. Giffels,”® D. Gigi,96 K. Gill,*®
D. Giordano,96 M. Girone,()6 M. Giunta,96 F. Glege,96 R. Gomez-Reino Garrido,96 P. Govoni,96 S. Gowdy,96
R. Guida,”® S. Gundacker,”® J. Hammer,”® M. Hansen,’® P. Harris,’® C. Hart],%® J. Harvey,96 B. Hegner,96
A. Hinzmann,”® V. Innocente,’® P. Janot,”® K. Kaadze,”® E. Karavakis,”® K. Kousouris,”® P. Lecoq,96 Y.-J. Lee,”®
P. Lenzi,96 C. Lourengo,96 N. Magini,96 T. M'eiki,96 M. Malberti,96 L. Malgeri,96 M. Mannelli,% L. Masetti,96
F. Meijers,”® S. Mersi,’® E. Meschi,”® R. Moser,”® M. Mulders,”® P. Musella,”® E. Nesvold,”® L. Orsini,”®
E. Palencia Cortezon,”® E. Perez,”® L. Perrozzi,”® A. Petrilli,”® A. Pfeiffer,”® M. Pierini,”® M. Pimii,”® D. Piparo,96
G. Polese,96 L. Quertenmont,96 A. Racz,96 W. Reece,% J. Rodrigues Antunes,96 G. Rolandi,%’ii C. Rovelli,%‘jj
M. Rovere,96 H. Sakulin,g6 F. Santanastasio,96 C. Sch’cifelr,g6 C. Schwick,96 1. Segoni,96 S. Sekmen,()6 A. Sharma,96
P. Siegrist,96 P. Silva,’® M. Simon,”® P. Sphicas,%’kk D. Spiga,96 A. Tsirou,”® G.1. Veres,”*" J.R. Vlimant,”®
H. K. W6hri,”?® S. D. Worm,”®"" W. D. Zeuner,”® W. Bertl,”’ K. Deiters,”” W. Erdmann,”’” K. Gabathuler,”’

R. Horisberger,97 Q. Ingram,97 H.C. Kaestli,97 S. Kdnig,97 D. Kotlinski,97 U. Langenegger,97 F. Meier,97
D. Renker,”” T. Rohe,”” F. Bachmair,”® L. Biini,”® P. Bortignon,98 M. A. Buchmann,”® B. Casal,”® N. Chanon,”®
A. Deisher,”® G. Dissertori,”® M. Dittmar,”® M. Donegial,98 M. Diinser,”® P. Eller,”® J. Eugster,98 K. Freudenreich,”®
C. Grab,98 D. Hits,g8 P. Lecomte,98 W. Lustermann,98 A.C. Marini,g8 P. Martinez Ruiz del Arbol,98 N. Mohr,98
F. Moortgat,98 C. Négeli,g&mm P. Nef,”® F. Nessi-Tedaldi,”® F. Pandolfi,”® L. Pape,98 F. Pauss,”® M. Peruzzi,”®
F.J. Ronga,98 M. Rossini,”® L. Sala,”® A. K. Sanchez,”® A. Starodumov,”®™ B. Stieger,98 M. Takahashi,”®
L. Tauschelr,%’al A. Thea,98 K. Theoﬁlatos,98 D. Treille,98 C. Urscheler,98 R. Wallny,98 H.A. Weber,98 L. Wehrli,98
C. Amsler,”®°° V. Chiochia,”® S. De Visscher,” C. Favaro,” M. Ivova Rikova,”® B. Kilminster,” B. Millan Mejias,”®
P. Otiougova,99 P. Robmann,” H. Snoek,” S. Tupputi,99 M. Verzetti,” Y. H. Chang,100 K.H. Chen,'® C. Ferro,'®
C.M. Kuo,' S, W. Li,') W. Lin,'° Y.J. Ly,'C A. P. Singh,100 R. Volpe,100 S.S. Yu,'” P. Bartalini,'*!' P, Chang,lOl
Y. H. Chang,'®" Y. W. Chang,'®" Y. Chao,'”" K.F. Chen,'”" C. Dietz,'°' U. Grundler,'®' W.-S. Hou,'*" Y. Hsiung,'"!
K. Y. Kao," Y.J. Lei,'”! R.-S. Lu,'”! D. Majumder,'®" E. Petrakou,'" X. Shi,'! J.G. Shiu,'®! Y. M. Tzeng,'"!
X. Wan,'! M. Wang,101 B. Asavapibhop,102 N. Srimanobhas,'** N. Suwonjandee,102 A. Adiguzel,103
M. N. Bakirci,'®*"P S, Cerci,'?>99 C. Dozen,'* I. Dumanoglu,lo3 E. Eskut,'?® S. Girgis,103 G. Gokbulut,'®?

E. Gulrpinalr,103 I. Hos,'® E.E. Kangal,lo3 T. Karaman,'® G. Karapinar,103 T A. Kayis Topaksu,103 G. Onengut,103
K. Ozdemir,'” S. Ozturk,'*** A. Polatoz,'® K. Sogut,'**" D. Sunar Cerci,'***% B. Tali,'***99 H. Topakli,'**PP
L.N. Vergili,'® M. Vergili,"® 1. V. Akin,"™ T. Aliev,'"® B. Bilin,'® S. Bilmis,'® M. Deniz,'®* H. Gamsizkan,'**
A.M. Guler,'® K. Ocalan,'* A. Ozpineci,104 M. Serin,'* R. Sever,'® U.E. Surat,'® M. Yalvac,'* E. Yildirim,'**
M. Zeyrek,'* E. Giilmez,'” B. Isildak,'%"" M. Kaya,'®>"¥ O. Kaya,'®"*" S. Ozkorucuklu,'%>*" N. Sonmez,'*>**
H. Bahtiyar,m(’ E. Barlas,'%® K. Cankocak,'” Y. O. Gijnaydin,w(”yy F.I. Vardarli,'®® M. Yiicel,' L. Levchuk,'"’
J.J. Brooke,'?® E. Clement,'®® D. Cussans,'%® H. Flacher,'*® R. Frazier,'*® J. Goldstein,'*® M. Grimes,'?®
G.P. Heath,'® H. F. Heath,'® L. Kreczko,'®® S. Metson,'®® D. M. Newbold,'*®!"" K. Nirunpong,lo8 A. Poll,'%8
S. Senkin,'® V.J. Smith,'%® T. Williams,'*® L. Basso,'*** K. W. Bell,'” A. Belyaev,'*** C. Brew,'"

R. M. Brown,lo9 D.J. A. Cockerill,mg J.A. Coughlan,109 K. Harder,109 S. Harper,lo9 J.J ackson,log B.W. Kennedy,log
E. Olaiya,109 D. Petyt,lo9 B. C. Radburn-Smith,'® C. H. Shepherd-Themistocleous,109 I.R. Tomalin,'®
W.J. Womersley,'*” R. Bainbridge,''® G. Ball,!'” R. Beuselinck,''® O. Buchmuller,''® D. Colling,''® N. Cripps,''®
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M. Cutajar,110 P. Dauncey,110 G. Davies,''° M. Della Negra,110 W. Ferguson,110 J. Fulcher,''° D. Futyan,“o
A. Gilbert,''° A. Guneratne Bryer,l 19°G. Hall,''? 7. Hatherell,''° J. Hays,] 19G. 1les,"'° M. Jarvis,''°
G. Karapostoli,“o L. Lyons,“o A.-M. Magnan,“o J. Marrouche,''° B. Mathias,''° R. Nandi,''° J. Nash,!'°
A. Nikitenko,''%™ J. Pela,''® M. Pesaresi,''° K. Petridis,''° M. Pioppi,“o"‘l"121 D.M. Raymond,110 S. Rogerson,110
A. Rose,''°C. Seez,''°P. Shau‘p,“o‘a A. Sparrow,“o M. Stoye,110 A. Tapper,110 M. Vazquez Acosta,''° T. Virdee,''°
S. Wakefield,''° N. Wardle,"'® T. Whyntie,"'© M. Chadwick,'"" J. E. Cole,'"" P.R. Hobson,'"" A. Khan,'"!

P. Kyberd,111 D. Leggat,111 D. Leslie,111 W. Martin,111 1.D. Reid,111 P. Symonds,111 L. Teodorescu,111 M. Turner,111
K. Hatakeyalma,112 H. Liv,'"’ T. Scarborough,112 O. Charaf,'"® C. Henderson,''® P. Rumerio,''* A. Avetisyan,“4
T. Bose,''* C. Fantasia,''* A. Heister,''* P. Lawson,''* D. Lazic,''* J. Rohlf,''* D. Sperka,1 143, St. John,''*

L. Sulak,'"* J. Alimena,'" S. Bhattachalrya,115 G. Chlristopher,115 D. Cutts,'"® Z. Demilragli,115 A. Ferapontov,115
A. Garabedian,'"® U. Heintz,''® S. Jabeen,''® G. Kukartsev,''> E. Laird,'"> G. Landsberg,115 M. Luk, !

M. Narain,1 5 M. Segala,115 T. Sinthuprasith,l 5T Speer,115 R. Breedon,1 16G, Breto,l 16
M. Calderon De La Barca Sanchez,1 16g, Chauhan,116 M. Chertok,1 167, Conway,1 16 R, Conway,116 P.T. Cox,1 16
J. Dolen,''® R. Erbacher,!'® M. Gardner,''® R. Houtz,''® W. Ko,!'® A. Kopecky,116 R. Lander,''® O. Mall,''¢
T. Miceli,' '® D. Pellett,!'° F. Ricci-Tam,''® B. Rutherford,!'® M. Searle,''® J. Smith,''® M. Squires,l 16 M. Tripathi,l 16
R. Vasquez Sierra,116 R. Yohay,116 V. Andreev,117 D. Cline,117 R. Cousins,117 J. Duris,117 S. Erhan,117 P. Everaerts,“7
C. Farrell,"'” J. Hauser,'"” M. Ignatenko,117 C. Jarvis,'""” G. Rakness,''” P. Schlein,'!”* P, Traczyk,117 V. Valuev,'"”
M. Weber,''” J. Babb,''® R. Clare,''® M. E. Dinardo,''® J. Ellison,''® J. W. Gary,l 8 F. Giordano,''® G. Hanson,''®
H. Liu,1 8 0O.R. Long,118 A. Luthra,118 H. Nguyen,118 S. Paramesvaran,118 J. Sturdy,118 S. Sumowidagdo,118
R. Wilken,118 S. Wimpenny,118 W. Andrews,“g J.G. Branson,119 G.B. Cerati,119 S. Cittolin,“g D. Evans,“g
A. Holzner,'" R. Kelley,119 M. Lebourgeois,l 97 Letts,!'° 1. Macneill,'** B. Mangano,1 19§, Padhi,''® C. Palmer,'"®
G. Petrucciani,''® M. Pieri,"'® M. Sani,''® V. Sharma,'"® S. Simon,'"® E. Sudano,''® M. Tadel,'" Y. Tu,'"®
A. Vartak,''” S. Wasserbaech,''”"™® F. Wiirthwein,''® A. Yagil,""? J. Yoo,'" D. Barge,'* R. Bellan,"*’

C. Campagnari,120 M. D’ Alfonso,'?° T. Danielson,'?® K. Flowers,'?° P. Geffert,'?° C. George,120 F. Golf,'?°
J. Incandela,'?® C. Justus,'?° P. Kalavase,'?° D. Kovalskyi,lzo V. Krutelyov,120 S. Lowette,'?° R. Magaiia Villalba,'?°
N. Mccoll,120 V. Pavlunin,120 J. Ribnik,lzo J. Richman,lzo R. Rossin,lzo D. Stuart,lzo W. T0,120 C. West,lzo
A. Apresyan,121 A. Bornheim,'?' J. Bunn,'?' Y. Chen,'?! E. Di Marco,'?! J. Duarte,'*! M. Gataullin,'*' D. Kcira,'*!
Y. Ma,'?' A. Mott,'*' H. B. Newman,'?' C. Rogan,121 M. Spiropulu,121 V. Timciuc,'?! J. Veverka,'?!

R. Wilkinson,'*' S. Xie,'*' Y. Yang,'*' R. Y. Zhu,'?' V. Azzolini,'** A. Calamba,'*? R. Carroll,'** T. Ferguson,'**
Y. liyama,'** D. W. Jang,'** Y. F. Liu,'** M. Paulini,"*? H. Vogel,'** I. Vorobiev,'?* J. P. Cumalat,'** B.R. Drell,'**
W.T. Ford,'** A. Gaz,'*® E. Luiggi Lopez,123 J.G. Smith,'** K. Stenson,'** K. A. Ulmer,'** S.R. Wagner,123
J. Alexander,'** A. Chatterjee,124 N. Eggert,124 L.K. Gibbons,'** B. Heltsley,124 W. Hopkins,124
A. Khukhunaishvili,'** B. Kreis,'** N. Mirman,'** G. Nicolas Kaufman,'?* J.R. Patterson,'** A. Ryd,"'**

E. Salvati,'** W. Sun,'>* W.D. Teo,'** J. Thom,'** J. Thompson,124 J. Tucker,'* J. Vaughan,124 Y. Weng,124
L. Winstrom,'?* P. Wittich,'** D. Winn,'?> S. Abdullin,'?® M. Albrow,'?® J. Anderson,'?® L. A. T. Bauerdick,'?®
A. Beretvas,'?® J. Berryhill,'?® P.C. Bhat,'*® K. Burkett,'*® J.N. Butler,'*® V. Chetluru,'?® H. W. K. Cheung,'*®
F. Chlebana,'?® S. Cihangir,126 V.D. Elvira,'? I. Fisk,'?® J. Freeman,'?® Y. Gao,'?® D. Green,'?® O. Gutsche,'?°
J. Hanlon,'?® R. M. Harris,'?® J. Hirschauer,'?® B. Hooberman,'?® S. Jindariani,'*® M. Johnson,'?® U. Joshi,?°
B. Klima,'?® S. Kunori,'*® S. Kwan,'?° C. Leonidopoulos,lmCCC J. Linacre,'?® D. Lincoln,'?° R. Lipton,126
J. Lykken,126 K. Maeshima,'?® J. M. Marraffino,'?° V. I. Martinez Outschoorn,?° S. Maruyama,126 D. Mason,'?®
P. McBride,'?® K. Mishra,'?® S. Mrenna,'?® Y. Musienko,?¢94¢ C. Newman-Holmes,'?® V. O’Dell,'?¢
0. Prokofyev,126 E. Sexton—Kennedy,126 S. Sharma,'*® W.J. Spalding,126 L. Spiegel,126 L. Taylor,126 S. Tkaczyk,126
N. V. Tran,'?® L. Uplegger,'*® E. W. Vaandering,'*® R. Vidal,'?® J. Whitmore,'** W. Wu,'?* F. Yang,'** J. C. Yun,'*®
D. Acosta,'?” P. Avery,127 D. Bourilkov,'?” M. Chen,'?’ T. Cheng,127 S. Das,'?” M. De Gruttola,'?’

G.P. Di Giovanni,127 D. Dobur,127 A. Drozdetskiy,127 R.D. Field,127 M. Fisher,127 Y. Fu,127 I.K. Furic,127
J. Gartner,'?” J. Hugon,'*” B. Kim,"?” J. Konigsberg,'*” A. Korytov,'?” A. Kropivnitskaya,'?’ T. Kypreos,'?’
J.F. Low,'?” K. Matchev,'?” P. Milenovic,'?"**® G. Mitselmakher,'?’ L. Muniz,'*” M. Park,'*’ R. Remington,'*’
A. Rinkevicius,'?” P. Sellers,'?” N. Skhirtladze,'>” M. Snowball,'?” J. Yelton,'?” M. Zakaria,'*’ V. Gaultney,'28
S. Hewamanage,128 L.M. Lebolo,128 S. Linn,128 P. Markowitz,128 G. Martinaez,128 J.L. Rodriguez,128 T. Adams,129
A. Askew,'?° J. Bochenek,'?° J. Chen,'?® B. Diamond,'®’ S. V. Gleyzer,129 J. Haas,'*° S. Hagopian,129
V. Hagopian,'?® M. Jenkins,'** K. F. Johnson,'** H. Prosper,'?’ V. Veeraraghavan,'* M. Weinberg,'*’
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M. M. Baarmand,*° B. Dorney,130 M. Hohlmann,"*° H. Kalakhety,130 1. Vodopiyanov,130 F. Yumiceva,'*°
M.R. Adams,"! I. M. Anghel,]31 L. Apanasevich,l3] Y. Bai,'*! V.E. Bazterra,’*' R.R. Betts,"®' I. Bucinskaite,'?!
J. Callner,"*' R. Cavanaugh,'*' O. Evdokimov,"*' L. Gauthier,'*' C.E. Gerber,"*' D.J. Hofman,"*! S. Khalatyan,"*'

F. Lacroix,'*! C. O’Brien,"! C. Silkworth,"*! D. Strom,"*! P. Turner,'*! N. Varelas,'*! U. Akgun,132
E. A. Albayrak,'* B. Bilki,"**™ W. Clarida,'*? F. Duru,'*? S. Griffiths,'** J.-P. Merlo,'*? H. Mermerkaya,'3>&2¢
A. Mestvirishvili,132 A. Moeller,132 J. Nachtman,132 C.R. Newsom,132 E. Norbeck,132 Y. Onel,132 F. Ozok,132’hhh
S. Sen,'* P. Tan,'* E. Tiras,"?? J. Wetzel,"** T. Yetkin,'** K. Yi,'*? B. A. Barnett,'** B. Blumenfeld,'**
S. Bolognesi,133 D. Fehling,133 G. Giurgiu,133 A.V. Gritsan,'** Z.J. Guo,'** G. Hu,'** P. Maksimovic,'*?
M. Swartz,'>® A. Whitbeck,'** P. Baringer,134 A. Bean,'** G. Benelli,’** R. P. Kenny Lii, 1> M. Murray,134
D. Noonan,134 S. Sanders,134 R. Stringer,134 G. Tinti,134 J.S. VVood,l34 A.F Barfuss,135 T. Bolton,135
L. Chakaberia,'® A. Ivanov,'*> S. Khalil,!*> M. Makouski,'*> Y. Maravin,'*> S. Shrestha,'*> 1. Svintradze,'*’

J. Gronberg,l36 D. Lange,136 F. Rebass00,136 D. Wright,136 A. Baden,]37 B. Calvert,lg’7 S.C. Eno,137 J.A. Gomez,137
N.J. Hadley,"*” R. G. Kellogg,"*” M. Kirn,"*” T. Kolberg,"*” Y. Lu,"*” M. Marionneau,'*” A. C. Mignerey,"*’
K. Pedro,'*” A. Peterman,'*” A. Skuja,137 J. Temple,137 M.B. Tonjes,137 S.C. Tonwar,?” A. Apyan,138 G. Bauer,'8
J. Bendavid,'*® W. Busza,'®® E. Butz,'*® I. A. Cali,'*® M. Chan,'*® V. Dutta,'*® G. Gomez Ceballos,'*®
M. Goncharov,"*® Y. Kim,'*® M. Klute,'*® K. Krajczar,'** A. Levin,'*® P.D. Luckey,"*® T. Ma,'** S. Nahn,'*®
C. Paus,"*® D. Ralph,'*® C. Roland,"*® G. Roland,"*® M. Rudolph,'*® G.S.F. Stephans,'*® F. Stockli,'*®
K. Sumorok,* K. Sung,138 D. Velicanu,>® E. A. Wenger,138 R. Wolf,'*® B. Wyslouch,]38 M. Yang,]38 Y. Yilmaz,'*8
A.S. Yoon,138 M. Zanetti,138 V. Zhukova,138 S.L Cooper,139 B. Dahmes,139 A. De Benedetti,'39 G. Franzoni,139
A. Gude,'* S. C. Kao,'* K. Klapoetke,'*® Y. Kubota,'** J. Mans,"** N. Pastika,'** R. Rusack,'** M. Sasseville,'**
A. Singovsky,13  N. Tambe,'* J. Turkewitz,'* L. M. Cremaldi,'*° R. Kroeger,140 L. Perera,'*° R. Rahmat,'*°
D. A. Sanders,'*° E. Avdeeva,'*! K. Bloom,'*' S. Bose,'*! D. R. Claes,'*! A. Dominguez,m M. Eads,'*! J. Keller,"*!
I. Kravchenko,'*! J. Lazo-Flores,'*' S. Malik,"*' G.R. Snow,'*" A. Godshalk,'** I. Tashvili,'"** S. Jain,'*?

A. Kharchilava,'** A. Kumar,'** S. Rappoccio,142 Z. Wan,'** G. Alverson,'** E. Barberis,'** D. Baumgartel,143
M. Chasco,]43 J. Haley,]43 D. Nash,143 T. Orimoto,143 D. Trocino,143 D. Wood,143 J. Zhang,143 A. Anastassov,144
K. A. Hahn,'** A. Kubik,"** L. Lusito,'** N. Mucia,'** N. Odell,'"** R. A. Ofierzynski,'** B. Pollack,'**

A. Pozdnyakov,144 M. Schmitt,'** S. Stoynev,144 M. Velasco,'** S. Won,'** D. Berry,145 A. Brinkerhoff, '

K. M. Chan,'*> M. Hildreth,'® C. Jessop,145 D.J. Karmgard,145 J. Kolb,'"* K. Lannon,'*> W. Luo,'** S. Lynch,145
N. Marinelli,'"*> D. M. Morse,'** T. Pearson,'*> M. Planer,'*> R. Ruchti,'*® J. Slaunwhite,'*> N. Valls,'*

M. Wayne,'*> M. Wolf,'* L. Antonelli,'*® B. Bylsma,"*® L. S. Durkin,'*® C. Hill,'*® R. Hughes,'*® K. Kotov,'*®
T.Y. Ling,]46 D. Puigh,]46 M. Rodenburg, 146 ¢ Vuosalo,'*® G. Williams,'*® B. L. Winer,'*° E. Berry,'47 P. Elmer,'’
V. Halyo,147 P. Hebda,'*" J. Hegeman,147 A. Hunt,"*" P. Jindal,"*’ S. A. Koay,"*” D. Lopes Pegna,147 P. Lujan,147
D. Marlow,'*” T. Medvedeva,"*” M. Mooney,'*” J. Olsen,'*” P. Piroué,'*” X. Quan,'*” A. Raval,'*’ H. Saka,'"’
D. Stickland,'” C. Tully,147 J.S. Werner,'*” S.C. Zenz,'*" A. Zuranski,'*” E. Brownson,'*® A. Lopez,148
H. Mendez,'*® J. E. Ramirez Vargas,]48 E. Alagoz,]49 V.E. Barnes,'* D. Benedetti,'** G. Bolla,'*’ D. Bortoletto,'*’
M. De Mattia,149 A. Everett,149 Z. Hu,149 M. Jones,149 0. Koybasi,149 M. Kress,149 A.T. Laasanen,149
N. Leonardo,'* V. Maroussov,'* P. Merkel,'*® D. H. Miller,'*’ N. Neumeister,'* 1. Shipsey,149 D. Silvers,'’
A. Svyatkovskiy,149 M. Vidal Marono,'*° H. D. Yoo,'*’ J. Zablocki,'* Y. Zheng,]49 S. Guragain,150 N. Parashar,'>°
A. Adair,151 B. Akgun,151 C. Boulahouache,151 K. M. Ecklund,151 F.J.M. Geurts,151 W. Li,151 B.P. Padley,151
R. Redjimi,151 J. Roberts,'! J. Zabel,'>! B. Betchart,'>* A. Bodek,'>? Y. S. Chung,152 R. Covarelli,">?

P. de Barbaro,'>?> R. Demina,'>” Y. Eshaq,152 T. Ferbel,'>? A. Garcia-Bellido,'> P. Goldenzweig,152 J. Han,'?
A. Harel,152 D.C. Miner,152 D. Vishnevskiy,152 M. Zielinski,152 A. Bhatti,153 R. Ciesielski,153 L. Demortier,153
K. Goulianos,'>* G. Lungu,153 S. Malik,'>* C. Mesropian,153 S. Arora,">* A. Barker,'>* J. P. Chou,">*

C. Contreras—Campana,]54 E. Contreras—Campana,]54 D. Duggan,154 D. Ferencek,"”® Y. Gershtein,'>* R. Gray,154
E. Halkiadakis,'>* D. Hidas,'”* A. Lath,'>* S. Panwalkar,"”* M. Park,">* R. Patel,">* V. Rekovic,'** J. Robles,'*
K. Rose,'>* S. Salur,'>* S. Schnetzer,'>* C. Seitz,'>* S. Somalwar,'>* R. Stone,'* S. Thomas,'>* M. Walker,>*
G. Cerizza,'> M. Hollingsworth,155 S. Spanier,155 Z.C. Yamg,155 A. York,'> R. Eusebi,>® W. Flanagan,156
J. Gilmore,'>® T. Kamon,'>® V. Khotilovich,'>® R. Montalvo,'° I. Osipenkov,]56 Y. Pakhotin,'>® A. Perloff,'>®
J. Roe,156 A. Safonov,156 T. Sakuma,156 S. Sengupta,156 I. Suarez,156 A. Tatarinov,156 D. Toback,156 N. Akchurin,157
J. Damgov,157 C. Dragoiu,157 P.R. Dudero,"”’ C. Jeong,157 K. Kovitanggoon,157 S.W. Lee,"”” T. Libeiro,"’
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