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Inclusive Search for Supersymmetry Using Razor Variables in pp Collisions at /s =7 TeV
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An inclusive search is presented for new heavy particle pairs produced in /s = 7 TeV proton-proton
collisions at the LHC using 4.7 = 0.1 fb™! of integrated luminosity. The selected events are analyzed in
the 2D razor space of Mp, an event-by-event indicator of the heavy particle mass scale, and R, a
dimensionless variable related to the missing transverse energy. The third-generation sector is probed
using the event heavy-flavor content. The search is sensitive to generic supersymmetry models with
minimal assumptions about the superpartner decay chains. No excess is observed in the number of events
beyond that predicted by the standard model. Exclusion limits are derived in the CMSSM framework as
well as for simplified models. Within the CMSSM parameter space considered, gluino masses up to
800 GeV and squark masses up to 1.35 TeV are excluded at 95% confidence level depending on the model
parameters. The direct production of pairs of top or bottom squarks is excluded for masses as high as

400 GeV.

DOI: 10.1103/PhysRevLett.111.081802

Models with softly broken supersymmetry (SUSY) [1]
predict heavy superpartners of the standard model (SM)
particles. Experimental searches for R-parity [2] conserv-
ing SUSY have focused on signatures combining energetic
hadronic jets and leptons or photons from the decays of
pair-produced squarks and gluinos, with large missing
transverse energy (ET'*) from the two weakly interacting
lightest neutral superpartners (LSPs) produced in separate
decay chains. Recent publications include results from
both the Tevatron [3,4] and the Large Hadron Collider
(LHC) [5-26].

In SUSY models, the scale of soft SUSY breaking is
related to the scale of electroweak symmetry breaking.
This implies either that the soft-breaking mass parameters
cannot be too large, or that the smallness of the electro-
weak scale is explained by large cancellations arising from
relations among these parameters in the high-energy the-
ory. The latter possibility is complicated by large radiative
corrections, particularly those induced by the soft-breaking
parameters that are responsible for the masses of the
top and bottom squarks, the superpartners of the third-
generation quarks. It is thus of special importance to search
for the lightest allowed top and bottom squarks, whose
decays will be enriched in heavy-flavor quarks.

In this Letter we present results of an inclusive search for
new heavy particles. The analysis is designed to be largely
independent of the details of the decay chains and mea-
sures deviations from the characteristic distributions of the
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relevant SM processes in the razor variable plane [27,28].
It is generically sensitive to the production of pairs of
heavy particles, provided that the decays of these particles
produce significant ET'sS, that these particles are substan-
tially heavier than any SM particle, and that they are
strongly produced in high-energy proton-proton collisions.
The selection requires only two or more energetic recon-
structed calorimeter objects [29]. The selected events are
sorted hierarchically into exclusive data samples, catego-
rized according to the lepton multiplicity in the event. The
analysis is repeated with the requirement of the presence of
a bottom-quark jet (b-jet) to search for third-generation-
enhanced SUSY signatures. The major backgrounds are
top production and vector boson production in association
with jets. Using Monte Carlo simulation, we verified that
the contribution from other SM processes (e.g., single top
production or the pair production of electroweak vector
bosons) is negligible.

The razor kinematic variables are based on the generic
process of the pair production of two heavy particles, each
decaying to an undetected particle plus visible decay prod-
ucts. The razor kinematic variables are used to test, event
by event, the hypothesis that the reconstructed particles in
the events represent the visible portion of the decays of two
heavy particles, each producing also an invisible particle.
Regardless of its complexity, each event is treated as a
dijetlike event by grouping all the physics objects detect-
able in the calorimeters (hadronic jet candidates and
isolated electrons) into two megajets [28]. Muons are
considered invisible objects, in order to minimize the
differences between the razor variables computed after
the event reconstruction and the corresponding values
derived from the calorimetric jets at the trigger level.
Assuming the pair of megajets accurately reconstructs
the visible portion of the parent particle decays, the signal
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kinematics is equivalent, for example, to pair production of
heavy squarks §;, §,, with §; — j;¥°, where the {° are
LSPs and j; denotes the visible products of the decays.

The My razor kinematic variable is defined in terms of
the momentum of the two megajets as Mg = [(|p/1| +
|572])2 — (pi' + pi2)2]'/2 and is, by construction, invariant
under longitudinal boosts. In the approximation of mass-
less megajets and negligible initial-state py, My equals
yaMy, where My = (M} — M3)/M; is twice the magni-
tude of the momentum of either megajet in the respective
squark rest frame, and vy, is the boost factor from the
center-of-mass frame to the squark rest frames. Note that
this definition of My is amended from that in [28] to avoid
configurations where the razor variable is ill defined due to
unphysical Lorentz transformations.

The razor observable M=® is defined as ME =
[(1/2(EF(p7 + pF) = EF™ - (b7 + )]V, where
f)’TLZ are the transverse momentum vectors of the two
megajets and ET is the missing transverse momentum
vector (also referred to as missing tranverse energy). The
razor dimensionless ratio is defined as R = (M%/My). For
signal events MX has a maximum value (a kinematic
endpoint) of My, so R has a maximum value of approxi-
mately one. Thus signal events are characterized by a
distribution in My that peaks around M ,, and a distribution
in R that peaks around 0.5, in stark contrast with, for
example, QCD multijet background events, whose distri-
bution in either R or My is exponentially suppressed away
from zero [28,29]. These properties determine a region of
the 2D razor space where the standard model background
is reduced while the signal is retained.

A detailed description of the CMS detector can be found
elsewhere [30]. A superconducting solenoid provides an
axial magnetic field of 3.8 T. The silicon pixel and strip
tracker, the high-resolution crystal electromagnetic calo-
rimeter (ECAL), and the brass and scintillator hadron
calorimeter (HCAL) are contained within the solenoid.
Muons are detected in gas-ionization chambers embedded
in the steel return yoke. The HCAL, combined with the

ECAL, measures the jet energy with a resolution AE/E =

100%/4/E/GeV @ 5%. CMS uses a coordinate system
with the origin located at the nominal collision point, and
the pseudorapidity is defined as 7 = —In[tan(6/2)],
where the polar angle # is defined with respect to the
counterclockwise beam direction.

The analysis uses a set of dedicated triggers that apply
lower thresholds on the values of R and My computed
online from the reconstructed jets and EFs. Three trigger
categories are used: (1) hadronic razor triggers applying
threshold requirements [29] on R and My, in events with at
least two jets of py > 56 GeV; (ii) muon razor triggers that
have looser R and My requirements than the hadronic
triggers and combined with at least one muon in the central
part of the detector (barrel) with pr > 10 GeV; (iii) elec-
tron razor triggers with similar R and M requirements to

those used for muons and with at least one electron of p; >
12 GeV satisfying loose isolation criteria. In addition, a set
of nonrazor triggers is used to define control data samples.

Events, after detector- and beam-related noise cleaning,
are required to have at least one high-quality reconstructed
interaction vertex [31]. When multiple vertices are found,
the one with the highest associated Y . p7 is selected.
The electron and muon candidate reconstruction and iden-
tification criteria are described in Ref. [32]. Electrons and
muons are required to lie within || < 2.5 and 2.1, respec-
tively, and to satisfy the identification and selection
requirements from [32]. Jets are reconstructed from calo-
rimeter energy deposits using the infrared-safe anti-ky
algorithm [33] with radius parameter 0.5. Jets are corrected
for nonuniformities of the calorimeter response using en-
ergy- and n-dependent correction factors. Only jet candi-
dates with p; > 40 GeV within |n| < 3.0 are retained.
The jet energy scale uncertainty for these corrected jets
is 5% [34]. To match the trigger requirements, the p; of the
two leading jets is required to be greater than 60 GeV. The
transverse momentum imbalance in the event, EM, is
reconstructed using the particle flow algorithm [35].

The reconstructed jets are grouped into two megajets
[29]. The megajets are constructed as a sum of the four-
momenta of their constituent objects. After the baseline
selection and calculation of the variables R and My, the
events are assigned to one of six final-state boxes according
to whether the event has zero, one, or two isolated leptons,
divided according to lepton flavor (electrons and muons) as
shown in Table I.

The requirements given in Table I define the full analysis
regions of the R>-My plane, where the analysis is per-
formed for each box. They are the loosest possible require-
ments that allow for the valid background description,
while at the same time maintaining fully efficient triggers.
To prevent ambiguities for events satisfying the selection
requirements of more than one box [29], the boxes are
arranged in a predefined hierarchy, as given in Table I.
Each event is uniquely assigned to the first box whose
criteria are satisfied by the event.

Six additional boxes are formed for events with at least
one b-jet tagged using the track-counting high-efficiency
(TCHE) b-tagging algorithm with 1% misidentification

TABLE I. Razor boxes definition. The variables and require-
ments are explained in the text.

Lepton boxes My > 300 GeV, 0.11 < R? < 0.5

ELE-MU p% >20 GeV, p¥ > 15 GeV
MU-MU pH > 15 GeV, p* > 10 GeV
ELE-ELE pél >20 GeV, p2 > 10 GeV
MU Pk >12 GeV

ELE p% > 20 GeV

HAD box My > 400 GeV, 0.18 < R?> < 0.5
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rate [36,37]. These six boxes define the razor inclusive
analysis of data samples with enhanced heavy-flavor con-
tent. The typical b-tagging efficiency is 65% [38].

The razor analysis is guided by studies of simulated
events generated with the PYTHIA6 [39] and MADGRAPH
[40] Monte Carlo programs, implemented using the CMS
GEANT4-based [41] detector simulation, and then processed
by the same software as that used to reconstruct data. Events
with QCD multijets, top quarks, and electroweak (V') vector
bosons are generated with MADGRAPH interfaced with
PYTHIA for parton showering, hadronization, and the under-
lying event description. V + jets events are generated with
up to four additional tree-level strong emissions and 7 +
jets with up to three. To generate Monte Carlo samples for
SUSY, the mass spectrum is first calculated with SOFTSUSY
[42] and the decays with SUSYHIT [43]. The PYTHIA6 pro-
gram is used with the SUSY Les Houches Accord (SLHA)
interface [44] to generate the events. Next-to-leading order
(NLO) plus next-to-leading-logarithm (NLL) cross section
calculations are used [45-50].

For each of the main SM backgrounds, a control data
sample is defined from a subset of the data dominated by
this particular background. It is used to obtain a description
of the shapes of the background components from data. In
both simulation and control data samples, the distributions
of the major SM background events (QCD multijets,
tf + jets, Z + jets, and W + jets) are found to have a
simple exponential dependence on the razor variables R>
and My over a large part of the R2-M, plane. A full 2D SM
background representation is built using statistically inde-
pendent data samples. This representation is used as input
to the final fit performed in each fit region (FR) defined by
an L-shaped area in the R>-My plane such as shown in
Fig. 2. The fit region is dominated by SM processes. Signal
contamination has only a small impact on the determina-
tion of the background shape in the fit region, as demon-
strated through studies based on simulation. The 2D
background model obtained in the fit region is extrapolated
to the rest of the R>-My plane where the analysis is
sensitive to a potential SUSY signal.

The fit function has parameters describing the shapes
and normalization of the R?> and M, distributions of the SM
backgrounds. The two-dimensional probability density
function (pdf) P;(Mp, R?) describing the R? versus My
distribution of each considered SM process j is found to
be well approximated by instances of the same function
F j (M R Rz):

Fj(MRr Rz) = [kj(MR - M%,j)(R2 - R%,j) —1]

X ¢ R) n

The scaling of the exponent as a function of the thresholds
on My and R? is described by the k; parameters of the
function. When integrated over My (R?), this function
recovers the exponential dependence on R? (Mpy).

Each SM process in a given final-state box is well
described by a pdf P; that is the sum of a first and a second
component of the functional form Eq. (1) with separate
normalizations. Studies of simulated events and fits to
control data samples with either a b-jet requirement or a
b-jet veto indicate that the parameters corresponding to the
first components of these backgrounds (with steeper slopes
at low My and R?) are box dependent. The parameters
describing the second component are box independent, and
at the current precision of the background model, they are
identical among the dominant backgrounds considered in
these final states.

These sets of independent data control samples are used
to derive a priori the background shape parameters. The
results are incorporated in the final fits as a set of Gaussian
penalty terms [51,52] for the parameters k;, My ;, and Rj ;
multiplying the final likelihood [Eq. (2)]. The rms values of
the penalty terms for the k; parameters are typically ~30%.

An extended and unbinned maximum likelihood (ML)
fit is performed in each box using ROOFIT [52]. The fit
performed in the fit region of the R?-Mp, plane provides the
description of the SM background in the full plane. The
likelihood function for a given box is written as [53]

- ZjESMNf
L, - e(Tv) ﬁ( S NP (Mg, Rg)), )

i=1\jESM

where N is the total event yield in the box, the sum runs
over all the SM processes relevant for that box, and N; is
the yield of a given fit sample in the box.

The values of the shape parameters that maximize the
likelihood in these fits, along with the corresponding co-
variance matrix, are used to define the background model
and the uncertainty associated with it. Additional back-
ground shape uncertainties due to the choice of the func-
tional form were found to be negligible [29].

The result of the ML fit projected on M and R? is shown
in Fig. 1 for the HAD box. No significant discrepancy is
observed between the data and the fit model in any of the
six boxes [29].

To establish the compatibility of the background model
with the observed data set, we define six signal regions
(SRi) in the tail of the background distribution. Using the
background model returned by the ML fit, we derive the
distribution of the expected yield in each SRi using pseu-
doexperiments accounting for correlations and uncertain-
ties on the parameters describing the background model.
For each of the SRi the distribution of the number of events
derived by the pseudoexperiments is used to calculate a
two-sided p value (as shown for the HAD box in Fig. 2),
corresponding to the probability of observing an equal or
less probable outcome for a counting experiment in each
signal region. The p values test the compatibility of the
observed number of events in data with the SM expectation
obtained from the background parametrization. We quote
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FIG. 1 (color online). Projection of the 2D fit result on My
(left) and R? (right) for the HAD box. The blue histogram is the
total standard model prediction. The red and green histograms
represent a steep-slope component denoted as V + jets first
component, and a component that encapsulates both the steep-
slope first component in 7 + jets and the effective second
component, which is indistinguishable for the different SM
background processes. The fit is performed in the RZ-My fit
region (FR as shown in Fig. 2) and projected into the full
analysis region. The full error on the total background prediction
is drawn in these projections, including the one due to variation
of the nuisance parameters.

the median and the mode of the yield distribution for each
SR, together with the observed yield.

For each box we consider the test statistic given by the
logarithm of the likelihood ratio InQ = In(L(s +
b|H)/ L(b|H)), where H is the hypothesis under test: H,
(signal plus background) or the null hypothesis H, (back-
ground only). Given the distribution of InQ for
background-only and signal-plus-background pseudoex-
periments, and the value of InQ observed in the data, we
calculate CL, ., and 1 — CL, [54,55]. From these values
the CL, = CL,,,/CL, is computed for that model point.
A point in the constrained minimal supersymmetric stan-
dard model (CMSSM) plane is excluded at 95% confidence
level (C.L.) if CL; < 0.05. The result is shown in Fig. 3.
The shape of the observed exclusion curves reflect the
changing relevant SUSY strong production processes
across the parameter space with squark-squark and
gluino-gluino production dominating at low and high m,,
respectively. The observed limit is less constraining than
the median-expected limit at lower m, due to an excess of
observed events in the HAD box at large R?, where squark-
pair production dominates over gluino-pair production.

HAD box SR p-values * CMS Preliminary Vs =7 TeV rLdt =4710"

SR2
e 0 104
C 035 é
; 10
SR3 SR1
500 000 1500 2000 2500 8000 8500 10
MA[GeV]
HAD 68% range mode median observed p-value
SR1 (0, 0.7) 05 05 0 0.99
SR2 (0, 0.7) 0.5 0.5 0 0.99
SR3 (45, 86) 73 69 74 0.68
SR4 (4, 15) 9.5 10.5 20 0.12
SR5 (530, 649) 566 593 581 0.82
SR6 (886, 1142) 987 1020 897 0.10

FIG. 2 (color online). The p values corresponding to the
observed number of events in the HAD box signal regions
(SRi). The green region indicates the fit region in the HAD
box. Similar results are obtained for the other boxes.

Cascading decays of gluinos yield more leptons than
decays of squarks. Thus, relative to hadronic boxes, the
contribution of lepton boxes increases with m.

We estimate the systematic uncertainty on the signal
shape model due to parton density functions (point by point
up to 30%), jet energy scale (point by point up to 1%), and
lepton identification (using Z — €*€¢~ data, 1% per lep-
ton), as well as on the signal yield due to the luminosity
uncertainty (2.2%) [56], the theoretical cross section (point
by point up to 15%), razor trigger efficiency uncertainty

CMS Vs =7 TeV JLdtzAJfb"
SN B N e T e o
tan(B)=10

900 ¥ |A,=0Gev %,

w>0
m, = 173.2 GeV

. m(g) = 2000

Razor Inclusive

Hybrid CLs 95% C.L. Limits
Median Expected Limit

JE RS S "

——— Leptons Observed Limit

—

> Expected Limit +16

L = Observed Limit

9 ------- Observed * 16 (theory)
o = HAD Observed Limit

S

m(g)=1000

o
o)
Tea,

500 1000 1500 2000 2500 3000
m, [GeV]

FIG. 3 (color online). Observed (solid blue curve) and median-
expected (dashed curve, shown with its *1 standard deviation
uncertainty band) 95% C.L. limits in the (mg, m;/,) CMSSM
plane (drawn according to [61]) with tanB = 10, A; = 0 GeV,
and sgn(u) = +1. Shown separately are the observed HAD-
only (solid crimson) and leptonic-only (solid green) 95% C.L.
limits.
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FIG. 4 (color online). Summary of the 95% CL excluded largest
parent mass as a function of the LSP mass in each of the simplified
models studied. Results from the inclusive razor analysis (upper
bars) and the b-jet razor analysis (lower bars) are shown.

(2%), and lepton trigger efficiency uncertainty (3%). In the
b-tag analysis path an additional systematic is considered
for the b-tagging efficiency (between 6% and 20% in pr
bins [36]). We consider variations of the function modeling
the signal uncertainty (log-normal versus Gaussian) as well
as the R? and My, binning choice, finding negligible devia-
tions in the result.

The results are also interpreted as cross section limits on
a number of simplified models [57], where a limited set of
hypothetical particles and decay chains are introduced to
produce a given topological signature. Specific applica-
tions of these ideas have appeared in Refs. [58—60]. For
each model studied, the excluded cross section at 95% C.L.
is derived as a function of the mass of the produced
particles (gluinos or squarks, depending on the model)
and the LSP mass, as well as the exclusion curve corre-
sponding to the NLL-NLO cross section. Exclusion curves
for a factor of 3 cross section enhancement or reduction are
also produced as well as for =1 standard deviation varia-
tions in the NLL-NLO cross section [29]. Figure 4 shows
the 95% C.L. excluded largest parent mass as a function of
the LSP mass in each of the simplified model studies, for
both the inclusive and b-jet versions of the analysis.

In summary, we performed a search for squarks and
gluinos using a data sample of 4.7 fb~! of CMS data at
/s =7 TeV proton-proton collisions in the razor variable
space using a 2D shape description of the relevant standard
model processes.

No significant excess over the background expectations
is observed, and the results are presented as a 95% C.L.
limit in the (my, m;;;) CMSSM parameter space. For
m(g) ~m(g) we exclude squarks and gluinos up to
1.35 TeV, and for m(g) > m(g) we exclude gluinos up to
800 GeV. For simplified models we exclude up to 1 TeV for

the gluino mass and up to 800 GeV for the first and second
generation squark masses. For direct production of pairs of
top and bottom squarks we exclude top and bottom squark
masses up to 400 GeV depending on the LSP mass.
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S. Banerjee,48 S. Bhattacharya,48 S. Dutta,48 B. Gomber,48 Sa. Jain,48 Sh. Jain,48 R. Khurana,48 S. Saurkar,48
M. Shalran,48 A. Abdulsalam,49 R.K. Choudhury,49 D. Dutta,49 S. Kailas,49 V. Kumar,49 P. Mehta,49

A.K. Mohanty,*> L. M. Pant,*’ P. Shukla,*® T. Aziz,>* S. Ganguly,”® M. Guchait,”*" M. Maity,””" G. Majumder,”°

K. Mazumdar,50 G.B. Mohanty,so B. Parida,50 K. Sudhakar,50 N. Wickramage,so S. Banerjee,5 s, Dugad,5 !
H. Arfaei,’>" H. Bakhshiansohi,”> S. M. Etesami,”>* A. Fahim,”>" M. Hashemi,’> H. Hesari,>*> A. Jafari,>”
M. Khakzad,®> M. Mohammadi Najzalfalbadi,52 S. Paktinat Mehdiabadi,’” B. Safarzadeh,’>¥ M. Zeinali,””
M. Abbrescia,”**>*® L. Barbone,”***" C. Calabria, "¢ §.S. Chhibra,”**>*" A. Colaleo,”** D. Creanza,***>*¢
N. De Filippis,™**** M. De Palma,”**>*" L. Fiore,”** G. Iaselli,”***° G. Maggi,”**>* M. Maggi,’*
B. Marangelli,”***" S. My,”*% S. Nuzzo,”**%" N. Pacifico,”**>*" A. Pompili,”**>*" G. Pugliese,>*>*

G. Selvaggi,®*>* L. Silvestris,”* G. Singh,”**>*" R. Venditti,***** G. Zito,* G. Abbiendi,’** A. C. Benvenuti,>**
D. Bonacorsi,”**>** S, Braibant-Giacomelli,>**>*" L. Brigliadori,54“’54b P. Capiluppi,54a’54b A. Castro, #®>4b
F.R. Cavallo,’** M. Cuffiani,>**>** G. M. Dallavalle,”** F. Fabbri,>** A. Fanfani,>**>*" D. Fasanella,>**>%>

P. Giacomelli,”** C. Grandi,”** L. Guiducci,”**>** S. Marcellini,”** G. Masetti,”** M. Meneghelli,>**>***
A. Montanari,>* F. L. Navarria,”**>** F. Odorici,>** A. Perrotta,’** F. Primavera,>**>*® A. M. Rossi,>**>%°
T. Rovelli,>**** G.P. Siroli,”**>*" R. Travaglini,>**>*" S. Albergo,’**>*" G. Cappello,”*>*® M. Chiorboli,>>*>°"
S. Costa,”*>°® R, Potenza,”***® A. Tricomi,”**°® C. Tuve,”**>** G. Barbagli,”** V. Ciulli,’®****" C. Civinini,*®
R. D’ Alessandro,’®*>® E. Focardi, ®*>%" S. Frosali,’®*>®® E. Gallo,’** S. Gonzi,’**>® M. Meschini,”®* S. Paoletti,
G. Sguazzoni,563 A. Tropiano,5 6a.56b 1 Benussi,”’ S. Bianco,’ S. Colafranceschi,’”* F. Fabbri,>’ D. Piccolo,”’
P. Fabbricatore,”®* R. Musenich,”®* S. Tosi,”®*7% A. Benaglia,”***® E. De Guio,”****" L. Di Matteo,”**>"¢
S. Fiorendi,*®**" S. Gennai,”**° A. Ghezzi,”**>*" S. Malvezzi,”®* R. A. Manzoni,****® A. Martelli,>***?"
A. Massironi, ¢ D. Menasce,’”® L. Moroni,>”* M. Paganoni,5 9239 D Pedrini,>®* S. Ragazzi,sga’S ob
N. Redaelli,”®* S. Sala,”®* T. Tabarelli de Fatis,”**>*" S. Buontempo,®* C. A. Carrillo Montoya,’*® N. Cavallo,?*%
A. De Cosa,®0%6%¢ Dogangun,®**°" E. Fabozzi,?"% A. 0. M. Torio,%9%%% [ Lista,%% S. Meola,58-60d-2
M. Merola,’* P. Paolucci,®®®¢ P. Azzi,®'® N. Bacchetta,®'® D. Bisello,®'*%'® A. Branca,®'#°!*¢ R, Carlin,®'®°'®
P. Checchia,®'® T. Dorigo,®'* F. Gasparini,®'*°'* U. Gasparini,®'*®'® A. Gozzelino,’'* K. Kanishchev,®'*®!¢
S. Lacaprara,®'* I. Lazzizzera,®'*®' M. Margoni,®'*®'® A. T. Meneguzzo,°'*°'® J. Pazzini,*'*°'* N. Pozzobon,®'*¢!"
P. Ronchese,?'*%!® . Simonetto,%'°!° E. Torassa,®'® M. Tosi,®'*¢!? S. Vanini,®'®®'® P. Zotto,8'#01°
A. Zucchetta,®'®®1® G. Zumerle,®'®®'® M. Gabusi,®?*%?® S. P. Ratti,?**%?° C. Riccardi,®**%?® P, Torre,0?*6%°
P. Vitulo,®?*%?® M. Biasini,®**®" G. M. Bilei,®*? L. Fan0,%*%*® P. Lariccia,***%® G. Mantovani,®**%3®

081802-8



week ending

PRL 111, 081802 (2013) PHYSICAL REVIEW LETTERS 23 AUGUST 2013

M. Menichelli,** A. Nappi,®*%®* E. Romeo,**%® A. Saha,®** A. Santocchia,®**%" A. Spiezia,®*%3"
S. Taroni,®**%*® P. Azzurri,®**%% G. Bagliesi,*** J. Bernardini,** T. Boccali,*** G. Broccolo,***%* R. Castaldi,***
R.T. D’ Agnolo,***%*¢ R. Dell’Orso,°** F. Fiori,***®** L. Foa,***%% A. Giassi,"** A. Kraan,*** F. Ligabue, %%
T. Lomtadze,®** L. Martini,®**"® A. Messineo,?**%*® E. Palla,®** A. Rizzi,?**%** A.T. Serban,®**<¢ P, Spagnolo,“"1
P. Squillacioti,®**¢ R. Tenchini,®** G. Tonelli,***®** A. Venturi,*** P. G. Verdini,*** L. Barone,***®" F. Cavallari,*>*
D. Del Re,®*%® M. Diemoz,%>® C. Fanelli,®>*%® M. Grassi,®®*%%¢ E. Longo,(’Sa’ﬁS'3 P. Meridiani,®®¢
F. Micheli,**%5* S. Nourbakhsh,®>*%** G. Organtini,®**%*" R. Paramatti,®>* S. Rahatlou,®>*®*® M. Sigamani,®>*
L. Soffi,®**%°®* N. Amapane,®®*®® R. Arcidiacono,’®*°%° S. Argiro,****® M. Arneodo,’**%* C. Biino,®**

N. Cartiglia,®®® M. Costa,’**°* N. Demaria,’®® C. Mariotti,®*** S. Maselli,*®* E. Migliore,’**°" V. Monaco,®*¢®
M. Musich,®®®¢ M. M. Obertino,’**°%° N. Pastrone,®®® M. Pelliccioni,’®® A. Potenza,’**°®® A. Romero,®0*6°P
M. Ruspa,66a’66c R. Sacchi,®®®%%® A Solano,6*%®" A. Staiano,’*® A. Vilela Pereira,®®* S. Belforte,®’?

V. Candelise,®’*%7® M. Casarsa,®’® F. Cossutti,®’* G. Della Ricca,’’*°’® B. Gobbo,®’® M. Marone,®’*67>¢
D. Montanino,*”*¢7*¢ A Penzo,%”* A. Schizzi,*”**’* S. G. Heo,®® T. Y. Kim,*® S. K. Nam,*® S. Chang,®” D. H. Kim,*
G.N. Kim,* D.J. Kong,” H. Park,®” S.R. R0,* D.C. Son,”’ T. Son,* J. Y. Kim,”® Zero J. Kim,”® S. Song,”
S. Choi,”' D. Gyun,7l B. Hong,7l 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,” L. Yu,”® M. J. Bilinskas, * I. Grigelionis,74 M. Janulis,”*

A. Juodagalvis,74 H. Castilla-Valdez,”® E. De La Cruz-Burelo,”” I. Heredia-de La Cruz,” R. Lopez—Fernandez,75
R. Magafia Villalba,75 J. Martl’nez—Ortega,75 A. Sanchez-Hernandez,75 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. H. Ansari,?! M. L Asghar,S] J. Butt,®! H.R. Hoorani,®' S. Khalid,®' W. A. Khan,®' T. Khurshid,®!
S. Qazi,*' M. A. Shah,®' M. Shoaib,®' H. Bialkowska,** B. Boimska,** T. Frueboes,** R. Gokieli,** M. Gérski,**
M. Kazana,®* K. Nawrocki,** K. Romalnowska-Rybinska,82 M. Szleper,82 G. Wrochna,®® P. Zalewski,®? G. Brona,*
K. Bunkowski,®* M. Cwiok,*® W. Dominik,** K. Doroba,®® A. Kalinowski,®* M. Konecki,®* J. Krolikowski,?
N. Almeida,84 P. Bargassa,84 A. David,84 P. Faccioli,84 P. G. Ferreira Parracho,84 M. Gallinaro,84 J. Seixas,84
J. Varela,®* P. Vischia,®* 1. Belotelov,®> P. Bunin,®® I. Golutvin,® I. Gorbunov,®> A. Kamenev,®> V. Karjavin,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,®® V. Golovtsov,*® Y. Ivanov,*® V. Kim,* P. Levchenko,*¢
V. Murzin,®® V. Oreshkin,®® 1. Smirnov,%® V. Sulimov,®® L. Uvarov,®® S. Vavilov,®® A. Vorobyev,86 An. Vorobyev,86
Yu. Andreev,’” A. Dermenev,®’ S. Gninenko,®” N. Golubev,®” M. Kirsanov,®’ N. Krasnikov,®” V. Matveev,®’

A. Pashenkov,87 D. Tlisov,87 A. Toropin,87 V. Epshteyn,88 M. Erofeeva,88 V. Gavrilov,88 M. Kossov,88
N. Lychkovskaya,88 V. Popov,88 G. Safronov,88 S. Semenov,88 V. Stolin,88 E. Vlasov,88 A. Zhokin,88 A. Belyaev,89
E. Boos,* M. Dubinin,*® L. Dudko,*® A. Ershov,® A. Gribushin,® V. Klyukhin,89 0. Kodolova,* I. Lokhtin,®
A. Markina,® S. Obraztsov,®® M. Perfilov,*® S. Petrushanko,®® A. PopOV,89 L. Satryche:val,89’a V. Savrin,®
A. Snigirev,89 V. Andreev,()O M. Azarkin,9O 1. Dremin,90 M. Kirakosyan,go A. Leonidov,()O G. Mesyats,()O
S. V. Rusakov,”® A. Vinogradov,”® I. Azhgirey,”' 1. Bayshev,”' S. Bitioukov,”" V. Grishin,”"** V. Kachanov,”'

D. Konstantinov,”! V. Krychkine,gl V. Petrov,”! R. Ryutin,91 A. Sobol,’! L. Tourtchanovitch,”' S. Troshin,”!

N. Tyurin,91 A. Uzunian,91 A. Volkov,91 P. Adzic,gz’dd M. Djordjevic,92 M. Ekmedzic,92 D. Krpic,92’dd J. Milosevic,92
M. Aguilar—Benitez,93 J. Alcaraz Maestre,” P. Arce,” C. Battilana,”® E. Calvo,”® M. Cerrada,”

M. Chamizo Llatas,”® N. Colino,” B. De La Cruz,”> A. Delgado Peris,” D. Dominguez Vézquez,93
C. Fernandez Bedoya,93 J.P. Ferndndez Ramos,” A. Ferrando,” J. Flix,”> M. C. Fouz,”? P. Garcia-Abia,”?

O. Gonzalez Lopez,93 S. Goy Lopez,93 J. M. Helrnandez,93 M.1. Josa,93 G. Melrino,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 Troc()niz,94 H. Brun,95 J. Cuevas,95 J. Fernandez Menendez,95 S. Folgueras,95
I. Gonzalez Caballero,” L. Lloret Iglesias,95 J. Piedra Gomez,” J. A. Brochero Cifuentes,”® 1.J. Cabrillo,”®
A. Calderon,”® S. H. Chuang,96 J. Duarte Campderros,96 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,96 F.J. Munoz Sanchez,96 T. Rodrigo,96 AY. Rodrfguez—Marrero,96 A. Ruiz—Jimeno,g6 L. Scodellaro,()6
I. Vila,’® R. Vilar Cortabitarte,”® D. Abbaneo,”” E. Auffray,”’ G. Auzinger,”” M. Bachtis,”” P. Baillon,”” A. H. Ball,”’
D. Barney,97 J.F. Benitez,”” C. Bernet,””"' G. Bianchi,”” P. Bloch,”” A. Bocci,”” A. Bonato,”” C. Botta,”’
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H. Breuker,”’ T. Camporesi,97 G. Cerminara,”’ T. Christiansen,”’ J. A. Coarasa Perez,”” D. D’Enterria,”’
A. Dabrowski,”” A. De Roeck,”” S. Di Guida,”” M. Dobson,”” N. Dupont—Sagorin,97 A. Elliott-Peisert,”’ B. Frisch,”’
W. Funk,”’ G. Georgiou,”” M. Giffels,”” D. Gigi,”” K. Gill,”’ D. Giordano,”” M. Girone,”” M. Giunta,”” F. Glege,”’
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,”” V. Innocente,”’ P. Janot,”” K. Kaadze,”” E. Karavakis,”” K. Kousouris,” P. Lecoq,97
Y.-J. Lee,97 P. Lenzi,97 C. Lourengo,97 N. Magini,97 T. M'aiki,97 M. Malberti,97 L. Malgeri,97 M. Mannelli,97
L. Masetti,”” E. Meijers,”” 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. Pimid,”” D. Piparo,97 G. Polese,”’ L. Quertenmont,97 A. Racz,”” W. Reece,”’
J. Rodrigues Antunes,”’ G. Rolandi,””™ C. Rovelli,””#¢ M. Rovere,”” H. Sakulin,”’ F. Santanastasio,”’ C. Schiifer,”’
C. Schwick,”” 1. Segoni,97 S. Sekmen,”” A. Sharma,”” P. Siegrist,97 P. Silva,”” M. Simon,”” P. Sphicas,97’hh
D. Spiga,97 A. Tsirou,97 G.1 Veres,97’t J.R. Vlimant,97 H.K. Wéhri,97 S.D. Worm,97’ii W.D. Zeuner,97 W. Bertl,98
K. Deiters,”® W. Erdmann,”® K. Gabathuler,”® R. Horisberger,98 Q. Ingram,98 H.C. Kaestli,”® S. Ktinig,(’8
D. Kotlinski,”® U. Langenegger,98 F. Meier,”® D. Renker,”® T. Rohe,”® L. Biini,” P. Bortignon,99 M. A. Buchmann,”
B. Casal,” N. Chanon,” A. Deisher,”” G. Dissertori,”” M. Dittmar,”® M. Donegél,99 M. Diinser,” J. Eugster,99
K. Freudenreich,g9 C. Grab,()9 D. Hits,99 P. Lecomte,()9 W. Lustermann,()9 A.C. Marini,99
P. Martinez Ruiz del Arbol,”® N. Mohr,”® F. Moortgat,”® C. Nigeli,”>J P. Nef,” F. Nessi-Tedaldi,” F. Pandolfi,”’
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,99 L. Tauscher,99’al A. Thea,99 K. Theoﬁlatos,99 D. Treille,99 C. Urscheler,99 R. Wallny,99
H. A. Weber,” L. Wehrli,”® C. Amsler,'"®" V. Chiochia,'® S. De Visscher,'"” C. Favaro,'® M. Ivova Rikova,'®
B. Millan Mejias,loo P. Otiougova,lo0 P. Robmann,'® H. Snoek,'® S. Tupputi,100 M. Verzetti,'® Y. H. Chang,101
K.H. Chen,'”" C.M. Kuo,'”" S.W. Li,'” W. Lin,'”! Z.K. Liu,"! Y.J. Lu,'°" D. Mekterovic,'”" A.P. Singh,'”!
R. Volpe,'”' S.S. Yu,'°! P. Bartalini,'® P. Chang,'®* 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,'**> B. Asavapibhop,'®
N. Srimanobhas,'® A. Adiguzel,lo4 M. N. Bakirci,'®*™™ S. Cerci,'**"™ C. Dozen,'** I. Dumanoglu,lo4 E. Eskut,'*
S. Girgis,lo4 G. Gokbulut,'* E. Gurpinar,104 I. Hos,'™* E.E. Kangal,104 T. Karaman,'** G. Karapinar,104’°°
A. Kayis Topaksu,'® G. Onengut,'* K. Ozdemir,'"™ S. Ozturk,'**P A. Polatoz,' K. Sogut,'**94
D. Sunar Cerci,'®™ B. Tali,'*"™ H. Topakli,"**™ L. N. Vergili,'® M. Vergili,'"” I. V. Akin,'” T. Aliev,""
B. Bilin,'® S. Bilmis, ' M. Deniz,'% H. Gamsizkan,'®> A. M. Guler,'® K. Ocalan,'® A. Ozpineci,105 M. Serin,'®
R. Sever,'” U.E. Surat,'® M. Yalvac,'® E. Yildirim,'* M. Zeyrek,'” E. Giilmez,'* B. Isildak,'°®™ M. Kaya,'?%*
0. Kaya,'%** S. Ozkorucuklu,'°*"* N. Sonmez,'°**" K. Cankocak,'"” L. Levchuk,'*® J.J. Brooke,'” E. Clement,'"
D. Cussans,log H. Flacher,mg R. Frazier,lo9 J. Goldstein,109 M. Grimes,109 G.P. Heath,109 H.F Heath,109
L. Kreczko,'? S. Metson,'” D. M. Newbold,'* K. Nirunpong,lo9 A. Pol,'* S. Senkin,'® V.J. Smith,'®
T. Williams,'” L. Basso,"'*"¥ K. W. Bell,''? A. Belyaev,''*"¥ C. Brew,''° R. M. Brown,''° D.J. A. Cockerill,'"°
J.A. Coughlan,110 K. Harder,110 S. Harper,110 J. Jackson,110 B.W. Kennedy,“o E. Olaiya,110 D. Petyt,“o
B. C. Radburn-Smith,''° C. H. Shepherd—Themistocleous,110 L. R. Tomalin,' ' W.J. Womersley,1 10R, Bainbridge,111
G. Ball,''"' R. Beuselinck,''" O. Buchmuller,!!'' D. Colling,1 N, Cripps,1 ML Cutajar,1 p Dauncey,l 1
G. Davies,111 M. Della Negra,111 W. Ferguson,111 J. Fulcher,111 D. Futyan,111 A. Gilbert,111 A. Guneratne Bryer,111
G. Hall,''! Z. Hatherell,!'! J. Hays,111 G. Iles,"'! M. Jarvis,'!! G. Karapostoli,111 L. Lyons,111 A.-M. Magnan,111
J. Marrouche,''! B. Mathias,''! R. Nandi,''" J. Nash,''! A. Nikitenko,''""** A. Papageorgiou,111 J. Pela,'!
M. Pesaresi,'!! K. Petridis,'!' M. Pioppi,m’WW D.M. Raymond,111 S. Rogerson,111 A. Rose,!'! M. J. Ryan,111
C. Seez,111 P. Sharp,m’21 A. Sparrow,111 M. Stoye,111 A. Tappelr,111 M. Vazquez Acosta,111 T. Virdee,111
S. Wakefield,''! N. Wardle,!'! T. Whyntie,] ' M. Chadwick,''? J. E. Cole,''? P.R. Hobson,''? A. Khan,''?

P. Kyberd,1 2p, Letcg,gat,l 2p, Leslie,1 2y, Martin,l 21.D. Reid,1 2p Symonds,l 121, Teodorescu,1 2 M. Turner,l 12
K. Hatakeyama,113 H. Liv,'” T. Scarborough,m' O. Charaf,'"* C. Henderson,''* P. Rumerio,''* A. Ave'[isyan,115
T. Bose,''> C. Fantasia,'"> A. Heister,'"> J. St. John,''> P. Lawson,'"> D. Lazic,'"® J. Rohlf,'"> D. Sperka,115
L. Sulak,''® J. Alimena,''® S. Bhattacharya,l 1D, Cutts,''° 7. Demiragli,] 16 A, Ferapontov,l 16'A. Garabedian,''®
U. Heintz,''® S. Jabeen,''® G. Kukartsev,''® E. Laird,''® G. Landsberg,''® M. Luk,"''® M. Narain,''® D. Nguyen,'"'®
M. Segala,116 T. Sinthuprasith,116 T. Speer,116 K. V. Ts.alng,116 R. Breedon,'!” G. Breto,'"”

M. Calderon De La Barca Sanchez,!'” S. Chauhan,'!” M. Chertok,''” J. Conway,l TR, Conway,l 7p.T. Cox,"V”
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J. Dolen,''” R. Erbacher,!'” M. Gardner,'!” R. Houtz,''” W. Ko,!'” A. Kopecky,117 R. Lander,''” O. Mall,'"’
T. Miceli,''” D. Pellett,!'” F. Ricci-Tam,'!” B. Rutherford,!'” M. Searle,'!” J. Smith,"'” M. Squires,l 7M. Tripathi,l 17
R. Vasquez Sierra,117 R. Yohay,117 V. Andreev,118 D. Cline,118 R. Cousins,118 J. Duris,118 S. Erhan,118 P. Everaerts,118
C. Farrell,!'® J. Hauser,''® M. Ignatenko,118 C. Jarvis,''® C. Plager,118 G. Rakness,''® P. Schlein,' % P. Traczyk,118
V. Valuev,''® M. Weber,!'® J. Babb,'!? R. Clare,'!” M. E. Dinardo,''® J. Ellison,''® J. W. Gary,119 F. Giordano,'"®
G. Hanson,119 GY. Jeng,”9”‘X H. Liu,119 O.R. Long,119 A. Luthra,119 H. Nguyen,119 S. Paramesvaran,1 19
J. Sturdy,119 S. Sumowidagdo,119 R. Wilken,'"? S. Wimpenny,119 W. Andrews,'?° J. G. Branson,'*° G. B. Cerati,'*"
S. Cittolin,"*° D. Evans,'?° F. Golf,'*° A. Holzner,'*° R. Kelley,120 M. Lebourgeois,120 J. Letts,'*° 1. Macneill,'*°
B. Mangano,]20 S. Padhi,]20 C. Palmer,]20 G. Petrucciani,120 M. Pieri,120 M. Sani,]20 V. Sharma,]20 S. Simon,]20
E. Sudano,'?® M. Tadel,"®® Y. Tu,'®* A. Vartak,'*° S. Wasserbaech,'?**¥ E. Wiirthwein,'** A. Yagil,"*® J. Yoo,'*
D. Barge,121 R. Bellan,'?! C. Campagnari,121 M. D’ Alfonso,'?! T. Danielson,'?! K. Flowers,'?! P. Geffert,'*!
J. Incandela,121 C. Justus,121 P. Kalavase,121 S.A. Koay,m D. Kovalskyi,121 V. Krutelyov,121 S. Lowette,121
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