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A search for physics beyond the standard model is performed in events with at least three jets and large
missing transverse momentum produced in proton-proton collisions at a center-of-mass energy of
\Js =7 TeV. No significant excess of events above the expected backgrounds is observed in 4.98 fb~!
of data collected with the CMS detector at the Large Hadron Collider. The results are presented in the
context of the constrained minimal supersymmetric extension of the standard model and more generically
for simplified models. For the simplified models of gluino-gluino and squark-squark production, gluino
masses below 1.0 TeV and squark masses below 0.76 TeV are excluded in case the lightest supersymmetric
particle mass is below 200 GeV. These results significantly extend previous searches.

DOI: 10.1103/PhysRevLett.109.171803

Many extensions of the standard model (SM) of
particle physics have been proposed to address the
shortcomings of the SM, e.g., problems concerning the
gauge hierarchy and identity of dark matter [1-3].
Supersymmetry (SUSY) is one such new physics model,
which postulates a new symmetry that relates fermionic
and bosonic degrees of freedom and introduces a super-
partner for each SM particle. In R-parity conserving
models [4], SUSY particles are produced in pairs, and
the lightest SUSY particle (LSP) is stable. If the LSP is
weakly interacting and neutral, it serves as a candidate
for dark matter. At the Large Hadron Collider (LHC),
squarks (g) and gluinos (&), the superpartners of the
quarks and gluons, would be produced via the strong
interaction and decay to SM particles and two LSPs. A
typical signature is the all-hadronic final state, charac-
terized by multiple jets arising from quarks and gluons,
and large missing transverse momentum due to the un-
observed LSPs.

Searches in this final state have been performed
by experiments at the Fermilab Tevatron [5,6] and at the
LHC [7-15]. This Letter presents a search in events with
multiple jets and large missing transverse momentum pro-
duced in 7 TeV pp collisions using a data sample corre-
sponding to an integrated luminosity of 4.98 = 0.11 fb™!
[16] collected with the Compact Muon Solenoid (CMS)
detector. The search strategy follows Ref. [7] but uses more
than 100 times the amount of data. This search is not
specifically optimized for a particular SUSY model but is
sensitive to a variety of new physics models that lead to
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the multijet final state with large missing transverse mo-
mentum. The results of this search are interpreted in the
context of the constrained minimal supersymmetric
extension of the SM (CMSSM) [17-19] and in a more
general context for simplified models [20,21] of new
particles decaying to one or two jets and a stable weakly
interacting particle.

The central feature of the CMS detector [22] is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the field volume are the
silicon pixel and strip tracker, the lead-tungstate crystal
electromagnetic calorimeter, and the brass and scintillator
hadron calorimeter. Charged particles are measured by
the silicon tracker, covering 0 < ¢ < 27 in azimuth and
|p| < 2.5 [23]. The calorimeters surrounding the tracking
volume cover || < 3. Outside the field, the quartz and
steel forward hadron calorimeters extend the coverage to
|| < 5. Muons are identified in gas ionization detectors,
covering |n| < 2.4, embedded in the steel return yoke of
the magnet. A two-tier trigger system selects the pp col-
lision events for use in this search.

The recorded events are reconstructed using the
particle-flow algorithm [24], which reconstructs partic-
les, namely, charged hadrons, photons, neutral hadrons,
muons, and electrons, using the information from all
subdetectors. These particles are then clustered into jets
using the anti-kt clustering algorithm with distance pa-
rameter 0.5 [25]. Corrections are applied to account for
the dependence of the jet response on transverse mom-
entum pr and n [26] and for the effects of additional
(pileup) pp collisions overlapping with the collision of
interest [27,28].

The event sample for the search is selected by requiring
at least three jets with pr > 50 and |y| < 2.5. The further
selection is based on two variables: Ht, defined as Hy =
Y pr where the sum is carried out over jets with pp >
50 GeV and |g| < 2.5, and Hy, defined as H; = — S br
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where the sum is over jets with pp > 30 GeV and |n| < 5.
Events are required to have Hp > 500 GeV and Hp >
200 GeV, where Hr is the magnitude of the ﬁT. The
H requirement rejects most of the QCD multijet back-
ground. Events with ﬁT aligned in azimuth with one of the
two leading jets with A¢ < 0.5 rad or along the third jet
with A¢ < 0.3 rad are removed to further reduce the QCD
multijet background. Events containing isolated muons or
electrons with pp > 10 GeV are also vetoed in order to
reject 1f and W/Z + jets backgrounds with leptons in the
final state [7,29,30]. Events are also rejected if a jet with
pt > 30 GeV has an electromagnetic pr fraction larger
than 0.95 or a neutral hadron pr fraction larger than 0.90. In
addition, events affected by instrumental effects, particles
from noncollision sources, and poor reconstruction quality
are rejected (event cleaning) [7,31]. All these requirements
constitute the baseline selection [32]. The event sample
used in this search is collected by triggering on both Hy
and M1 or only on Hy. The Hy threshold ranges from 160
to 350 GeV, and the My threshold ranges from 60 to
110 GeV. The trigger efficiency is measured to be consis-
tent with 100% for the baseline event selection.

To increase the sensitivity of the search to the different
kinematic regions of signal events, the sample of 1885
events passing the baseline selection is divided into 14
subsamples defined in terms of the Hy and K values
(search selections), as listed in the first column of Table I.

The SM backgrounds mainly consist of Z(vo) + jets
events and W(€v) + jets events from W or ¢f production
(£ = e, u, or 7). The W(€v) + jets events pass the search
selection when the e/u escapes detection or a 7 decays
hadronically. The QCD multijet events also contribute to
the background when leptonic decays of heavy-flavor had-
rons inside jets or jet energy mismeasurements lead to a

TABLE I.

large Ht. The contributions from other SM processes are
found to be negligible. In this search, all of the back-
grounds are estimated from data [7].

Several Monte Carlo (MC) samples are used to model
the signal as well as to develop and validate the background
prediction methods. The 7, W/Z + jets, and y + jets
samples are produced using the MADGRAPHS [33] generator,
interfaced with the PYTHIA 6.4.24 [34] parton-shower
model. The 7 and W/Z + jets samples are scaled up
to the next-to-leading-order (NLO) or next-to-next-to-
leading-order cross section predictions [35,36]. The QCD
multijet and SUSY signal production is simulated with
PYTHIA 6.4.24, the CTEQGL [37] parton distribution func-
tions (PDFs), and a CMS custom underlying event tuning
[38]. The generated events are passed through a GEANT4-
based [39] detector simulation and have the same distribu-
tion of pileup pp interactions as observed in the data.

The Z(v7) + jets background contribution is estimated
using y + jets events by treating photons as Z — v de-
cays. The Z boson and photon exhibit similar kinematic
properties at high pr, and the hadronic component of events
is similar in the two cases [40-43]. A y + jets sample is
collected by triggering on a y candidate with or without an
additional requirement on Ht, depending on the data-taking
period. The photon candidates [44] are required to be iso-
lated from other particles in the tracker and calorimeters and
to have the shower shape consistent with that for a prompt
photon. In order to predict the Z(v#) + jets background,
the y + jets sample is corrected for the y reconstruction
efficiency and purity, both measured from data [7], and
the Z(vp) + jets/y + jets production ratio, obtained from
the MADGRAPH simulation samples, which also takes into
account the detector acceptance for photons. The total
multiplicative correction factor to obtain the Z(v7) + jets

Event yields for different backgrounds for the 14 search selections together with the total backgrounds, as determined

from the collision data, and number of events observed in data. The quoted uncertainties are the combinations of the statistical and

systematic uncertainties.

Selection Hy (GeV) Hp (GeV) Z—vp ti/W—e, u+X ti/W— 1, +X QCD multijet Total background Data
500-800 200-350 359 * 81 327 + 47 349 + 40 119 + 77 1154 + 128 1269
500-800 350-500 112 +26 48*9 62.5 = 8.7 2222 225 %29 236
500-800 500-600 17.6 = 4.9 5022 87+25 0.0+ 0.1 31.3+5.9 22
500-800 >600  55+26 0.8 +0.8 20+ 1.8 0.0 = 0.0 8332 6
800-1000 200-350 4819 58+ 15 56.3 8.3 35+24 197 =35 177
800-1000 350-500 16.0 * 6.7 54x23 7.2+20 12413 29.8+7.5 24
800-1000 500-600 7.1 =3.7 24*15 1.3+0.6 0.0%93 10.8 = 4.0 6
800-1000 >600 33+ 17 0.7 +0.7 1.0+ 0.3 0.0 704 50+ 1.9 5
1000-1200 200-350 10.9 * 5.1 13.7 + 3.8 21.9 * 4.6 19.7 = 13.3 66 * 15 71
1000-1200 350-500  5.5*3.0 5044 29*13 0.40] 13.8 55 12
10001200 >500 22+ 17 1.6 = 1.2 23*1.0 0.0%9% 6.1 £2.3 4
1200-1400 200-350 3.1+ 1.8 4221 6.2+ 1.8 11.7 £83 252+89 29
1200-1400 >350  23*15 23+ 14 0.6 708 0.215¢ 54*23 8
>1400 >200  32*18 27+ 16 1L1+05 12.0 £ 9.1 19.0 = 9.4 16

171803-2



PRL 109, 171803 (2012)

PHYSICAL REVIEW LETTERS

week ending
26 OCTOBER 2012

background prediction from the y + jets event yield is
0.28 = 0.06 for the baseline selection. The dominant
systematic uncertainties on this background estimation
originate from the theoretical uncertainty on the y/Z cross
section ratio (20—40%) [40,43], the detector acceptance
(5-7%), and the 7y reconstruction and isolation efficiency
(1-10%), depending on the search regions.

As a cross check, the Z(v7) + jets background is also
estimated using Z(u* u ™) + jets events by treating muons
as neutrinos and correcting for the acceptance and effici-
encies of the Z(u*u™) + jets event selection and the
ratio of branching fractions B(— vp)/B(— utu™) =
5.95 = 0.02 [45]. The Z(v ) + jets background estimated
with this method is found to be consistent with the one
from the y + jets events.

The W(£v) + jets events (€ = e or w) from W or top
quark production constitute a background when an electron
or muon is not identified or is nonisolated and therefore
passes the lepton veto. This background is estimated from a
p + jets control sample, selected with the same criteria as
those used for the search, except that we require exactly

one rather than zero isolated . The transverse mass mt =

\/Zp’T‘ET[l — cos(A ¢)] is required to be less than 100 GeV

in order to select events containing a W — uv decay and
to suppress possible new physics signal contamination, i.e.,
the signal events resulting in the p + jets sample used for
the background estimation. Here, £ is the missing trans-
verse energy [31], and A ¢ is the azimuthal angle between
the u and the £r. Events are weighted according to (1/€L,)
(- ffégo)/erljéco] and (freéébo/er%co) [(1- Eies’:)/eﬁo] in or-
der to predict events with unidentified leptons and non-
isolated leptons, where €zt and €% are the reconstruction
and isolation efficiencies of the electrons and muons. The
lepton reconstruction efficiencies are obtained from MC
simulation, while the isolation efficiencies are extracted
by applying a “tag-and-probe”” method [46] on the
Z(€*€7) + jets events in data. The lepton reconstruction
and identification efficiencies are parametrized in lepton

pr and AR = /(An)? + (A¢)? relative to the closest jet,

in order to account for the kinematic differences between
Z(€*€") + jets events and the t7 and W + jets events.
Leptons that are out of acceptance and events lost due
to the mr requirement are accounted for using factors
determined from simulation. This background estimation
method based on the collision data is validated by applying
it to a MC sample and comparing the predicted and the true
detector-level background distributions.

The predicted background for each search region is listed
in Table I. On this background estimation, low statistics in
the w + jets control sample are the dominant source of
uncertainty in most of the search regions. The modeling of
the lepton reconstruction and isolation efficiencies yields
a 10% uncertainty. An additional uncertainty of 4-20%
varying for different search regions is assigned based on

the statistical power of the validation of this background
estimation method. A 3% uncertainty accounts for the effect
of the presence of QCD, Z, or diboson events in the u + jets
sample, which are modeled by MC simulation.

The background from the hadronic decay of 7 leptons
(1) is estimated from a sample of u + jets events, selected
from inclusive p or w+ = 2-jet triggers by requiring
exactly one u with pr > 20 GeV and |n| <2.1. In this
sample, the muon pr is replaced with a jet pr taken
randomly from a simulated response function for a ha-
dronically decaying 7 lepton. The Hy and M1 of the event
are recalculated including this 7 jet, and the search selec-
tions are applied to predict the 7, background. The 7-jet

response function for ft /p% is obtained from simulated
tf and W(7v) + jets events by matching the reconstructed
7 jet with the generated 7. Corrections are applied to
account for the trigger efficiency, acceptance, and effi-
ciency of the u selection, and the ratio of branching
fractions B(W — 7,v)/B(W — uv) = 0.69 + 0.05 [45].
This 7, background estimation method is validated by
applying it to the W and ¢f MC samples, and 6-13%
uncertainties are assigned mainly to reflect the statistical
power of this validation. The other main systematic un-
certainties arise from the u acceptance (= 13%); the 7-jet
response function (= 20%); and the subtraction of residual
QCD multijet, Z(u™ ™) + jets, and (t7/W) — 7v + X —
pmv + X backgrounds (= 2%), where the quoted uncer-
tainties apply to all search regions.

The QCD background is estimated from collision data
[7] recorded with a set of triggers having an Ht threshold
ranging from 150 to 700 GeV. The data samples used
include the electroweak contributions not removed by the
lepton veto and any potential new physics events; however,
their cross section is negligible compared to the QCD
multijet cross section. First, the py values of the jets with
pt > 15 GeV in these events are adjusted within the jet pr
resolution, using a kinematic fit such that the events are
balanced in the transverse plane. The jet pt values in the
rebalanced events are then smeared with the measured jet
resolutions to predict the QCD multijet background. The
jet pr response functions are determined as a function of
pr and 7 using a QCD multijet MC sample that includes
heavy-flavor quarks. The width and tail of the pt response
functions are subsequently adjusted to account for the
differences in the resolutions measured in simulation and
in data [26]. The width (o) of the Gaussian part of the
simulated response is 5 (30)% narrower than what is
observed in the data for |n| <0.5 (2.3 <|n|<5.0).
After correcting for this difference, the fraction of jets
with response more than 2.50 away from the mean value
is consistent with that in the data within uncertainties. The
main uncertainties in this QCD estimation method arise
from the shape of the jet response functions, including the
Gaussian width, the tails, the heavy-flavor contribution,
and the effect of pileup on jets in an event. The method
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has been validated in simulated QCD multijet events within
the statistical uncertainties (30-50%), which are assigned
as an additional uncertainty. The total uncertainty adds up
to 60-70%.

The predicted yields of the SM background and the
number of events observed in data are summarized in
Table I for the 14 search regions. Figure 1 shows the Hy
and K distributions predicted for the SM background,
together with those observed in data. The data are consis-
tent with the SM background estimates.

The 95% confidence level (C.L.) upper limits on the
CMSSM signal cross section are set using a modified
frequentist CL; method, taking the profile likelihood as a
test statistic [47—49]. The results from 14 exclusive search
regions are combined into one test statistic considering the
bin-to-bin correlations of the systematic uncertainties. The
CMSSM model has five independent parameters: the uni-
versal scalar and gaugino masses at the grand unification
scale, mg and m, /25 the trilinear coupling, Ay; the ratio of
the vacuum expectation values of the two Higgs doublets,
tanB; and the sign of the Higgsino mixing parameter, .
The signal cross section is calculated at NLO and next-to-
leading-log (NLL) accuracy [50-52]. The Hy and Hp
distributions predicted for a low-mass CMSSM benchmark
parameter set LMS, my = 230 GeV, m, p= 360 GeV,
Ay =0, tanB = 10, and p > 0, are shown in Fig. 1.

The acceptance times efficiency of the event selection for
signal events is evaluated using the simulated CMSSM
samples. The uncertainties on the background predictions,
the luminosity determination (2.2%) [16], the signal accep-
tance and efficiency arising from the jet energy correction
(8%), the jet energy resolution (2%), the PDF (6%), the
trigger inefficiency (2%), and the event cleaning [31] (3%)
are taken into account by the limit-setting procedure.
The possible overprediction of the backgrounds due to the
presence of the signal in the data samples used for the
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FIG. 1 (color online). The (a) Ht and (b) K distributions in
the search data samples (circles) compared with histograms
showing predictions of the SM background and SUSY signal
(LMS, see the text) for events passing the baseline selection. The
hatched region indicates the uncertainties on the background
predictions. The last bin contains all events above the maximum
values of Hy and Hy in the figures. The ratio of the observed
data to the background predictions is also shown.

background prediction is estimated to be about 3-20%,
depending on (1, m /,) values, and subtracted when testing
for the signal + background hypothesis in the CL; method.

The upper limits on the CMSSM signal cross section are
mapped into lower limits in the (1, m, ;) plane (exclusion
contour), as shown in Fig. 2 [32,53]. The exclusion con-
tours are also shown for the cases in which the signal
cross section is varied by changing the renormalization
and factorization scales by a factor of 2 and using the
PDF4LHC recommendation [54] for the PDF uncertainty
to illustrate the sensitivity of the exclusion to the signal
cross section uncertainty. Conservatively, using the —1o
theory uncertainty values on the observed limit, squark
masses below 1.2 TeV and gluino masses below 0.72 TeV
are excluded for the chosen CMSSM parameter set.

The search results are also presented in a more general
context of simplified models [20,21] of new particles (G or
&) decaying to one or two jets and an undetectable weakly
interacting particle (¥°). The model used here includes the
production of gg and §g pairs and their decays for a wide
range of (m(g), m(%%)) and (m(§), m(¥°)) values, and other
SUSY particles are decoupled by being given masses
beyond the reach of the LHC. The signal acceptance times
efficiency [32] and its uncertainty are evaluated in the same
way as used for the CMSSM but using the simulated
simplified model signal samples. The observed and ex-
pected 95% C.L. upper limits on the signal cross section
of g¢ and §g production are shown in Fig. 3 in the
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FIG. 2 (color online). The observed and expected 95% C.L.
limits in the CMSSM (mg, m,/,) plane. The shaded region
around the expected limit shows the *1o variation in the
expected limit, while the dot-dashed curves show the variation
in the observed limit when the signal cross section is varied by
its theoretical uncertainties. The remaining CMSSM parameters
are tanB = 10, u >0, and Ay = 0. The limits from an earlier
CMS search [7] and from other experiments [55] are also shown.
The limits from Ref. [7] are shown only up to 1000 GeV in my,
as done in [7]. The regions where the superpartner of the 7 lepton
(%) is the LSP, the renormalization group equations (RGEs) do
not converge, or there is no electroweak symmetry breaking
(EWSB) [53], are also indicated.
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FIG. 3 (color online). The observed and expected 95% C.L.
upper limits on the (a) g¢ and (b) §g cross sections in the
(m(g), m(¥°)) and (m(g), m(¥")) planes obtained with the sim-
plified model. Also shown are the = 1¢ variation in the expected
limit and the variation in the observed limit when the signal cross
section is varied by its theoretical uncertainties.

(m(g), m(¥°)) and (m(§), m(¥°)) planes, together with
contours where the signal cross sections from the
NLO + NLL calculations [50-52] are excluded. The re-
sults are presented only in the region of m(g, §) — m(y°) >
150 GeV, since the estimation of signal acceptance times
efficiency becomes unreliable due to its strong dependence
on the modeling of QCD radiation when the mass differ-
ence m(g, §) — m(%°) is smaller. In this model, the m(g)
values below 1.0 TeV and m(g) values below 0.76 TeV are
excluded for m(¥°) < 200 GeV.

In summary, a search for new physics has been performed
in the final state with at least three jets and large M using a
data sample corresponding to an integrated luminosity of
4.98 tb~! collected in 7 TeV pp collisions with the CMS
detector at the LHC. The observed numbers of events are
consistent with the estimated SM background contributions,
and 95% C.L. exclusion limits are set in the CMSSM
parameter space which significantly extend the previous
results. For the simplified models of gg and gg production,
the m(g) values below 1.0 TeV and m(g) values below
0.76 TeV are excluded for m(}°) < 200 GeV.
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G.N. Kim,*’ D.J. Kong,69 H. Park,*” S.R. Ro,*’ D.C. Son,®” T. Son,*” J. Y. Kim,”® Zero J. Kim,”® S. Song,70
S. Choi,”" D. Gyun,”' B. Hong,”" M. Jo,”" H. Kim,”" T.J. Kim,”' K. S. Lee,”' D. H. Moon,”' S. K. Park,”" M. Choi,”?
J.H. Kim,”* C. Park,”? 1. C. Park,”* S. Park,”* G. Ryu,”? Y. Cho,”® Y. Choi,”® Y.K. Choi,” J. Goh,”® M. S. Kim,”?
E. Kwon,”? B. Lee,”? J. Lee,”? S. Lee,” H. Seo,”” 1. Yu,”® M. J. Bilinskas,”* 1. Grigelionis,74 M. Janulis,”*
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A. Juodagalvis,74 H. Castilla-Valdez,” E. De La Cruz-Burelo,” 1. Heredia-de La Cruz,”® R. Lopez-Fernandez,75
R. Magafia Villalba,”” J. Martfnez—Ortega,75 A. Sanchez-Hernandez,” L. M. Villasenor—Cendejas,75
S. Carrillo Moreno,76 F. Vazquez Valencia,76 H. A. Salazar Ibarguen,77 E. Casimiro Linares,78 A. Morelos Pineda,78
M. A. Reyes—Santos,78 D. Krofcheck,” A.J. Bell,*° P.H. Butler,?° R. Doesburg,80 S. Reucroft,®® H. Silverwood,*°
M. Ahmad,®' M. L. Asghar,®' H.R. Hoorani,®' S. Khalid,*' W. A. Khan,®' T. Khurshid,®' S. Qazi,®' M. A. Shah,®'
M. Shoaib,81 G. Brona,82 K. Bunkowski,82 M. Cwiok,82 W. Dominik,82 K. Doroba,82 A. Kalinowski,82 M. Konecki,82
J. Krolikowski,** H. Bialkowska,®® B. Boimska,® T. Frueboes,** R. Gokieli,** M. Gérski,*® M. Kazana,®*
K. Nawrocki,®® K. Romanowska—Rybinska,83 M. Szleper,83 G. Wrochna,®® P. Zalewski,®® N. Almeida,?*
P. Bargassa,84 A. David,®* P. Faccioli,** M. Fernandes,®* P. G. Ferreira Parracho,®* M. Gallinaro,®* J. Seixas,®*
J. Varela,®* P. Vischia,®* P. Bunin,®> M. Gavrilenko,®® I. Golutvin,®> 1. Gorbunov,®> V. Karjavin,85
V. Konoplyanikov,85 G. Kozlov,®® A. Lanev,*®> A. Malakhov,®> P. Moisenz,®> V. Palichik,?’ V. Perelygin,85
M. Savina,®> S. Shmatov,®> V. Smirnov,®> A. Volodko,®> A. Zarubin, S. Evstyukhin,86 V. Golovtsov,*° Y. Ivanov,®
V. Kim,86 P. Levchenko,86 V. Murzin,86 V. Oreshkin,86 1. Smirnov,86 V. Sulimov,86 L. Uvarov,86 S. Vavilov,86
A. Vorobyev,86 An. Vorobyev,86 Yu. Andreev,®” A. Dermenev,®” S. Gninenko,®” N. Golubev,®” M. Kirsanov,®’
N. Krasnikov,®” V. Matveev,®” A. Pashenkov,®’ D. Tlisov,” A. Toropin,87 V. Epshteyn,88 M. Erofeeva,’®
V. Gavrilov,88 M. Kossov,gg’f N. Lychkovskaya,88 V. Popov,88 G. Safronov,88 S. Semenov,88 V. Stolin,88 E. Vlasov,88
A. Zhokin,®® A. Bely.aev,89 E. Boos,* M. Dubinin, ¢ L. Dudko,*® A. Ershov,®® A. Gribushin,®’ V. Klyukhin,89
0. Kodolova,®® 1. Lokhtin,®® A. Markina,®® S. Obraztsov,®® M. Perfilov,*® S. Petrushanko,®® A. Popov,89
L. Sarycheva,sg’a V. Savrin,89 A. Snigirev,89 V. Andreev,90 M. Azarkin,90 1. Dremin,90 M. Kirakosyan,90
A. Leonidov,”® G. Mesyats,” S. V. Rusakov,”® A. Vinogradov,”® I. Azhgirey,”’ 1. Bayshev,”' S. Bitioukov,”'
V. Grishin,”"* V. Kachanov,”! D. Konstantinov,”! A. Korablev,”! V. Kry(:hkine,91 V. Petrov,”' R. Ryutin,91 A. Sobol,”!
L. Tourtchanovitch,”' S. Troshin,”' N. Tyurin,91 A. Uzunian,”' A. Volkov,”! P. Adzic,”*% M. Djordjevic,92
M. Ekmedzic,92 D. Krpic,()z’dd J. Milosevic,g2 M. Aguilar—Benitez,93 J. Alcaraz Maestlre,93 P. Arce,g3 C. Battilana,93
E. Calvo,”® M. Cerrada,”® M. Chamizo Llatas,” N. Colino,”® B. De La Cruz,” A. Delgado Peris,”
D. Dominguez Ve’tzquez,93 C. Fernandez Bedoya,93 J.P. Fernandez Ramos,”® A. Ferrando,” J. Flix,”* M. C. Fouz,”?
P. Garcia-Abia,93 O. Gonzalez Lopez,93 S. Goy Lopez,93 J.M. Hernandez,93 M.1. Josa,93 G. Merino,93
J. Puerta Pelayo,93 A. Quintario Olmeda,” I. Redondo,” L. Romero,” J. Santaolalla,”® M. S. Soares,”

C. Willmott,” C. Albajar,94 G. Codispoti,94 J.F. de Trocéniz,”* H. Brun,” J. Cuevas,” J. Fernandez Menendez,””
S. Folgueras,95 I. Gonzalez Caballero,95 L. Lloret Igle:sias,95 J. Piedra Gomez,%’ee J. A. Brochero Cifuentes,96
I.J. Cabrillo,”® A. Calderon,”® S. H. Chuang,96 J. Duarte Campdelrros,96 M. Felcini,”® M. Fernandez,”® G. Gomez,”®
J. Gonzalez Sanchez,”® C. Jorda,”® A. Lopez Virto,”® J. Marco,”® R. Marco,’® C. Martinez Rivero,”® F. Matorras,”®
F.J. Munoz Sanchez,96 T. Rodrigo,96 AY. Rodriguez—Marrero,% A. Ruiz—Jimeno,96 L. Scodellaro,96
M. Sobron Sanudo,’® I. Vila,”® R. Vilar Cortabitarte,”® D. Abbaneo,”’ E. Auffray,97 G. Auzinger,g7 P. Baillon,”’
A.H.Ball,”’ D. Barney,97 J.E. Benitez,”” C. Bernet,””¢ G. Bianchi,”” P. Bloch,”” A. Bocci,”” A. Bonato,”” C. Botta,”’
H. Breuker,97 T. Camporesi,97 G. Cerminara,97 T. Christiansen,97 J. A. Coarasa Perez,97 D. D’Enterria,97
A. Dabrowski,”” A. De Roeck,”’ S. Di Guida,”” M. Dobson,”” N. Dupont-Sagorin,”” A. Elliott-Peisert,’ B. Frisch,”’
W. Funk,”’” G. Georgiou,97 M. Giffels,”” D. Gigi,97 K. Gill,”” D. Giordano,”” M. Giunta,”’ F. Glege,97
R. Gomez-Reino Garrido,”” P. Govoni,”” S. Gowdy,97 R. Guida,”” M. Hansen,”” P. Harris,”’ C. Hartl,”’ J. Harvey,97
B. Hegner,97 A. Hinzmann,97 V. Innocente,97 Pl anot,97 K. Kaadze,97 E. Karavakis,97 K. Kousouris,97 P. Lecoq,97
Y.-J. Lee,”” P. Lenzi,”’ C. Lourengo,97 T. Miki,”” M. Malberti,”” L. Malgeri,97 M. Mannelli,”’ L. Masetti,”’

F. Meijers,97 S. Mersi,”” E. Meschi,”” R. Moser,”” M. U. Mozer,”” M. Mulders,”” P. Musella,”” E. Nesvold,”’

T. Orimoto,”” L. Orsini,”’ E. Palencia Cortezon,”” E. Perez,”’ L. Perrozzi,”” A. Petrilli,”’ A. Pfeiffer,”’ M. Pierini,”’
M. Pimiéi,97 D. Piparo,97 G. Polese,97 L. Quertenmont,97 A. Racz,97 W. Reece,97 J. Rodrigues Antunes,97
G. Rolandi,””*#8 T. Rommerskirchen,”’” C. Rovelli,””"™ M. Rovere,”” H. Sakulin,”’ F. Santanastasio,”’ C. Schifer,”’
C. Schwick,” I. Segoni,” S. Sekmen,”” A. Sharma,”” P. Siegrist,”” P. Silva,”” M. Simon,”” P. Sphicas,”” D. Spiga,’’
M. Spiropulu,97’e A. Tsirou,”” G.1. Veres,””* J.R. Vlimant,”” H. K. Wohri,”” S.D. Worm,””# W.D. Zeuner,”’
W. Bertl,”® K. Deiters,”® W. Erdmann,”® K. Gabathuler,”® R. Horisberger,98 Q. Ingratm,98 H.C. Kaestli,”® S. Kﬁnig,98
D. Kotlinski,”® U. Langenegger,98 F. Meier,”® D. Renker,”® T. Rohe,”® J. Sibille,”®* L. Bini,” P. Bortignon,99
M. A. Buchmann,99 B. Casal,99 N. Chanon,99 A. Deisher,99 G. Dissertori,99 M. Dittmar,99 M. Diinser,99 J. Eugster,99
K. Freudenreich,” C. Grab,” D. Hits,”® P. Lecomte,”® W. Lustermann,”’® A. C. Marini,”’

P. Martinez Ruiz del Arbol,” N. Mohr,” F. Moortgat,99 C. N'zigeli,gg’” P. Nef,”® F. Nessi-Tedaldi,”” F. Pandolfi,”
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week ending
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L. Pape,99 F. Pauss,” M. Peruzzi,”® F.J. Ronga,99 M. Rossini,” L. Sala,”® A.K. Sanchez,”® A. Starodumov,””™™
B. Stieger,99 M. Takahashi,” L. Tauscher,”®? A. Thea,”” K. Theofilatos,”® D. Treille,”® C. Urscheler,” R. Wallny,99
H. A. Weber,” L. Wehrli,” E. Aguilo,'® C. Amsler,'® V. Chiochia,'® S. De Visscher,'® C. Favaro,'®
MlmmmeﬁmbmmwkMQmR@m@w&mRmemmmHSmMCmSﬁmmeWLWuwﬂm
Y. H. Chang,'”" K. H. Chen,'®' C.M. Kuo,'"' S.W. Li,'°! W. Lin,'*! Z. K. Liu,'"*! Y.J. Lu,'”" D. Mekterovic,'"!
A.P. Singh,lo1 R. Volpe,101 S.S. Yu,lO1 P. Bartalini,m2 P. Chang,lo2 Y.H. Chang,m2 Y. W. Chang,m2 Y. Chao,m2
K.F. Chen,'%? C. Dietz,'” U. Grundler,'”* W.-S. Hou,'® Y. Hsiung,'** K. Y. Kao,'* Y.J. Lei,"" R.-S. Lu,'®
D. Majumder,102 E. Petrakou,'® X. Shi,'*? J. G. Shiu,'% Y. M. Tzeng,102 X. Wan,'> M. Wang,102 A. Adiguzel,103
M. N. Bakirci,'**™ S. Cerci,'**°° C. Dozen,'® I. Dumanoglu,'” E. Eskut,'® S. Girgis,'*> G. Gokbulut,'*

E. Gulrpinar,m3 I. Hos,'®* E.E. Kangal,103 G. Karapinar,m’pp A. Kayis Topaksu,103 G. Onengut,103 K. Ozdemir,'®?
S. Ozturk,'%*%9 A Polatoz,'® K. Sogut,lO?”rr D. Sunar Cerci,'%°° B. Tali,'%*°° H. Topal<li,103’nn L.N. Vergili,lo3
M. Vergili,'” I. V. Akin,'® T. Aliev,'* B. Bilin,' S. Bilmis,'® M. Deniz,'® H. Gamsizkan,'** A. M. Guler,'**
K. Ocalan,104 A. Ozpineci,m4 M. Serin,lo4 R. Sever,104 U.E. Surat,m4 M. Ya]vac,lo4 E. Yi]dirim,m4 M. Zeyrek,104
E. Giilmez,'® B. Isildak,'%** M. Kaya,los’u 0. Kaya,los’ll S. Ozkorucuklu,'®"" N. Sonmez,'!*>"" K. Cankocak,'%®
L. Levchuk,'"”” F. Bostock,'%® 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,'® A. Poll,'®® S. Senkin,'® V.J. Smith,'”® T. Williams,'*® L. Basso,'**** K. W. Bell,'"”

A. Belyaev,log‘WW C. Brew,'” R.M. Brown,'” D.J. A. Cockerill,'®” J. A. Coughlan,]09 K. Harder,'® S. Harper,109
J. Jackson,m9 B.W. Kennedy,lo9 E. Olaiya,m9 D. Petyt,lo9 B.C. Radburn-Smith,109
C.H. Shepherd—Themistocleous,109 I.R. Tomalin,'® W.J. Womersley,log R. Bainbridge,110 G. Ball,''®
R. Beuselinck,''® O. Buchmuller,''° D. Colling,110 N. Cripps,110 M. Cutajalr,110 P. Dauncey,110 G. Davies,'°
M. Della Negra,l 10y, Ferguson,] 10y, Fulcher,!'° D. Futyan,1 10 A. Gilbert,''” A. Guneratne Bryer,l 10G. Han,'°
Z. Hatherell,110 J. Hays,110 G. Iles,110 M. Jarvis,“o G. Karapostoli,110 L. Lyons,“o A.-M. Magnan,“o
J. Marrouche,''* B. Mathias,'!” R. Nandi,''° J. Nash,!'® A. Nikitenko,!'%™™ A. Papageorgiou,“o J. Pela,'10f
M. Pesaresi,''° K. Petridis,''® M. Pioppi,''** D. M. Raymond,''® S. Rogerson,''” A. Rose,''” M. J. Ryan,'"’
C. Seez,110 P. Sharp,“o’a A. Sparrow,110 M. Stoye,110 A. Tapper,”o M. Vazquez Acosta,“o T. Virdee,“o
S. Wakefield,''° N. Wardle,'!° T. Whyntie,110 M. Chadwick,!'! J.E. Cole,'!! P.R. Hobson,'!! A. Khan,'!!

P. Kyberd,lll D. Leggat,lll D. Leslie,"'! W. Martin,"'' 1. D. Reid,'!' P. Symonds,lll L. Teodorescu,''! M. Turner,'!!
K. Hatakeyama,112 H. Liu,112 T. Scarborough,112 0. Charaf,113 C. Henderson,113 P. Rumerio,113 A. Avetisyan,114
T. Bose,''* C. Fantasia,''* A. Heister,''* J. St. John,''* P. Lawson,''* D. Lazic,''* J. Rohlf,''* D. Sperka,114
L. Sulak,"'* J. Alimena,'" S. Bhattacharya,l 5D, Cutts,'” A. Ferapontov,l 15 U. Heintz,'" S. Jabeen,'"?

G. Kukalrtsev,115 E. Laird,115 G. Landsbelrg,115 M. Luk,115 M. Narain,115 D. Nguyen,115 M. Segala,115
T. Sinthuprasith,115 T. Speer,115 K. V. Tsang,115 R. Breedon,116 G. Breto,116 M. Calderon De La Barca Sanchez,116
S. Chauhan,!'® M. Chertok,''®J. Conway,l 16R. Conway,1 1P T. Cox,''®J. Dolen,''® R. Erbacher,!'® M. Gardner,' '
R. Houtz,''®* W. Ko,''® A. Kopecky,l 16 R, Lander,''® T. Miceli,''® D. Pellett,!'® B. Rutherford,''® M. Searle,''®
J. Smith,116 M. Squires,116 M. Tripathi,116 R. Vasquez Sierra,116 V. Andreev,117 D. Cline,117 R. Cousins,117
J. Duris,!'” S. Erhan,"'” P. Everaerts,'!” C. Farrell,!'” J. Hauser,''” M. Ignatenko,117 C. Jarvis,"'7 C. Plager,117
G. Rakness,l 7p Schlein,1 17.a 7y Tucker,l 17y, Valuev,l 7M. Weber,1 177, Babb,] 18R, Clare,1 8 M.E. Dinardo,1 18
J. Ellison,''8 J. W. Gary,118 F. Giordano,''® G. Hanson,''® G. Y. Jeng,“&yy H. Liv,"'® O.R. Long,118 A. Luthra,''®
H. Nguyen,118 S. Paramesvaran,' ' J. Sturdy,1 18g. Sumowidagdo,1 18 R. Wilken,''® S. Wimpenny,1 '8 W. Andrews,'"?
J.G. Branson,'"” G.B. Cerati,''® S. Cittolin,''® D. Evans,''” E. Golf,"'® A. Holzner,''” R. Kelley,119
M. Lebourgeois,119 J. Letts,119 I. Macneill,119 B. Mangano,119 S. Padhi,119 C. Palmer,119 G. Petrucciani,119
M. Pieri,"'® M. Sani,'"® V. Sharma,''® S. Simon,'"” E. Sudano,''® M. Tadel,'" Y. Tu,""® A. Vartak,'"’

S. Wasserbaech,!'*** F. Wiirthwein,''® A. Yagil,1 3. Y00, D. Barge,120 R. Bellan,'?° C. Campagnari,'20
M. D’Alfonso,lzo T. Danielson,120 K. Flowers,lzo P. Geffert,lzo J. Incandela,lzo C. Justus,lzo P. Kalavase,120
S.A. Koay,120 D. Kovals.kyi,120 V. Krutelyov,120 S. Lowette,"?° N. Mccoll,'?® V. Pavlunin,'?° F. Rebassoo,'*°
J. Ribnik,'®° J. Richman,'?° R. Rossin,'?° D. Stuart,'*° W. To,'?° C. West,'?° A. Apresyam,121 A. Bornheim,'?!
Y. Chen,'?! E. Di Marco,'?' J. Duarte,'?! M. Gataullin,'*' Y. Ma,'*! A. Mott,'*! H. B. Newman,'?! C. Rogan,121
V. Timciuc,"?! P. Traczyk,'*' J. Veverka,'?! R. Wilkinson,'*' Y. Yang,'?! R. Y. Zhu,'*' B. Akgun,'** R. Carroll,'*?
T. Ferguson,122 Y. Iiyama,122 D. W. Jang,122 Y.F. Liu,'?*> M. Paulini,'?*> H. Vogel,122 L. Vorobiev,'?? J. P. Cumalat, '
B.R. Drell,'?* C.J. Edelmaier,'* W.T. Ford,'** A. Gaz,'* B. Heyburn,123 E. Luiggi Lopez,]23 J.G. Smith,'??
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K. Stenson,'>® K. A. Ulmer,'** S.R. Wagner,123 J. Alexander,'** A. Chatterjee,124 N. Eggert,124 L.K. Gibbons,'**
B. Heltsley,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,'** J. Vaughan,'** Y. Weng,'**

L. Winstrom,'?* P. Wittich,'** D. Winn,'*> S. Abdullin,"*® M. Albrow,'?® J. Anderson,'?® L. A. T. Bauerdick,'?®
A. Beretvas,'*® J. Berryhill,126 P.C. Bhat,'?° I. Bloch,'?° K. Burkett,'?® J. N. Butler,'?® V. Chetluru,'%¢
H.W.K. Cheung,126 F. Chlebana,126 V.D. ElVira,126 I. Fisk,126 J. Freeman,126 Y. Gao,126 D. Green,126 0. Gutsche,126
J. Hanlon,'?® R. M. Harris,'?° J. Hirschauer,2® B. Hooberman,'?® S. Jindariani,'?® M. Johnson,'?® U. Joshi,'?®
B. Kilminster,'?° B. Klima,'?® S. Kunori,'?° S. Kwan,'?® C. Leonidopoulos,126 D. Lincoln,'?® R. Lipton,126
1. Lykken,126 K. Maeshima,'?® J. M. Marraffino, % S. Mamyama,l% D. Mason,'?® P. McBride,'?® K. Mishra,'?®
S. Mrenna,'?® Y. Musienko,'?%%* C. Newman-Holmes,'*® V. O’Dell,'?° O. Prokofyev,126 E. Sexton—Kennedy,126
S. Sharma,'?® W. J. Spalding,'*° L. Spiegel,'*° P. Tan,"'?® L. Taylor,'*® S. Tkaczyk,'*® N. V. Tran,"'?® L. Uplegger,'*
E. W. Vaandering,126 R. Vidal,126 J. Whitmore,126 W. Wu,]26 F. Yang,126 F. Yumiceva,126 J.C. Yun,126 D. Acosta,127
P. Avery,127 D. Bourilkov,127 M. Chen,127 S. Das,127 M. De Gruttola,127 G.P. Di Giovanni,127 D. Dobur,127
A. Drozdetskiy,127 R.D. Field,'*” M. Fisher,"*’” Y. Fu,'*’ I.K. Furic,'* J. Gartner,'?” J. Hugon,127 B. Kim,'?’

J. Konigsberg,'?” A. Korytov,'?” A. Kropivnitskaya,'?’ T. Kypreos,'?’ J.F. Low,'?’ K. Matchev,'?’

P. Milenovic,'?”"™® G. Mitselmakher,'?” L. Muniz,'*” R. Remington,'?’ A. Rinkevicius,'*’ P. Sellers,'*’

N. Skhirtladze,'>” M. Snowball,'?” J. Yelton,'?’ M. Zakaria,'*’ V. Gaultney,128 L.M. Lebolo,'*® S. Linn,'*8
P. Markowitz,'?® G. Martinez,'?® J. L. Rodriguez,]28 J.R. Adams,'? T. Adams,'?® A. Askew,'*” J. Bochenek,'*’
J. Chen,129 B. Diamond,129 S.V. Gleyzer,129 J. Haas,129 S. Hagopian,129 V. Hagopian,129 M. Jenkins,129
K.F. Johnson,129 H. Prosper,129 V. Veeraraghavan,129 M. Weinberg,lzg M. M. Baarmand,130 B. Dorney,130
M. Hohlmann,"*° H. Kalakhety,130 1. Vodopiyanov,130 M.R. Adams,"! I. M. Anghel,131 L. Apanatsevich,131
Y. Bai,'*! V. E. Bazterra,'*' R.R. Betts,'*! I. Bucinskaite,'®' J. Callner,'! R. Cavanaugh,m C. Dragoiu,m
O. Evdokimov,'*! L. Gauthier,"*' C.E. Gerber,'*' D.J. Hofman,"*' S. Khalatyan,"*' E. Lacroix,"*' M. Malek,"?'
C. O’Brien,'?! C. Silkworth,'*! D. Strom,'*! N. Varelas,*! U. Akgun,132 E. A. Albayrak,132 B. Bilki,!3%cc¢
W. Clarida,'*? F. Duru,'*? S. Griffiths,'*? J.-P. Merlo,'** H. Mermerkaya,l32’ddd A. Mestvirishvili,'>* A. Moeller,'*?
J. Nachtman,132 C.R. Newsom,132 E. Norbeck,132 Y. Onel,132 F. Ozok,132 S. Sen,132 E. Tiras,132 J. Wetzel,132
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,'** S. Rappoccio,133 M. Swartz,'*® A. Whitbeck,'*

P. Baringer,134 A. Bean,'** G. Benelli,'** O. Grachov,'** R. P. Kenny Iii,** M. Murray,134 D. Noonan,'**

S. Sanders,'** R. Stringer,134 G. Tinti,"** J. S. Wood,"** V. Zhukova,'** A.F. Barfuss,'*> T. Bolton, '’

I. Chakaberia,'*> A. Tvanov,'*> S. Khalil,!*> M. Makouski,'*> Y. Maravin,'*> S. Shrestha,'*> 1. Svintradze,'®
J. Gronberg,136 D. Lange,136 D. Wright,wf’ A. Baden,137 M. Boutemeur,137 B. Calvert,137 S.C. Eno,137
J.A. Gomez,"*” N.J. Hadley,"*” R. G. Kellogg,"*” M. Kirn,"*” T. Kolberg,"*” Y. Lu,"*” M. Marionneau,'*’
A.C. Mignerey,137 K. Pedro,"®” A. Peterman,'®’ A. Skuja,137 J. Temple,137 M. B. Tonjes,137 S.C. Tonwar,'’
E. Twedt,'*” G. Bauer,'® J. Bendavid,'*® W. Busza,'*® E. Butz,'*® 1. A. Cali,'*® M. Chan,'*® V. Dutta,'*®
G. Gomez Ceballos,'*® M. Goncharov,'*® K. A. Hahn,"*® Y. Kim,'*® M. Klute,'*® K. Krajczar,B&eee W. Li,'38
P.D. Luckey,138 T. Ma,'*® S. Nahn,'?® C. Paus,'*® D. Ralph,138 C. Roland,"® G. Roland,"*® M. Rudolph,138
G.S.E Stephans,138 F. Stockli,'*® K. Sumorok,'*® K. Sung,138 D. Velicanu,'*® E. A. Wenger,138 R. Wolf,'3®
B. Wyslouch,138 S. Xie,138 M. Yang,138 Y. Yilmaz,138 A.S. Yoon,138 M. Zanetti,138 S.L Cooper,139 B. Dahmes,139
A. De Benedetti,'* G. Franzoni,'*® A. Gude,'* S.C. Kao,'*° K. Klapoetke,139 Y. Kubota,'** J. Mans,'*

N. Pastika,'*® R. Rusack,'®* M. Sasseville,'** A. Singovsky,139 N. Tambe,'** J. Turkewitz,'*® L. M. Cremaldi,'*°
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