
University of Nebraska - Lincoln University of Nebraska - Lincoln 

DigitalCommons@University of Nebraska - Lincoln DigitalCommons@University of Nebraska - Lincoln 

Kenneth Bloom Publications Research Papers in Physics and Astronomy 

2011 

Search for New Physics with a Monojet and Missing Transverse Search for New Physics with a Monojet and Missing Transverse 

Energy in pp Collisions at √s= 7 TeV Energy in pp Collisions at s= 7 TeV 

S. Chatrchyan 
Yerevan Physics Institute, Yerevan, Armenia 

Kenneth A. Bloom 
University of Nebraska-Lincoln, kbloom2@unl.edu 

S. Bose 
University of Nebraska-Lincoln, sbose2@unl.edu 

Jamila Butt 
University of Nebraska-Lincoln 

Daniel Claes 
University of Nebraska-Lincoln, dclaes@unl.edu 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.unl.edu/physicsbloom 

 Part of the Physics Commons 

Chatrchyan, S.; Bloom, Kenneth A.; Bose, S.; Butt, Jamila; Claes, Daniel; Dominguez, Aaron; Eads, Michael; 
Keller, J; Kelly, T; Kravchenko, Ilya; Lazo-Flores, J.; Malbouisson, Helena; Malik, Sudhir; and Snow, Gregory, 
"Search for New Physics with a Monojet and Missing Transverse Energy in pp Collisions at √s= 7 TeV" 
(2011). Kenneth Bloom Publications. 337. 
https://digitalcommons.unl.edu/physicsbloom/337 

This Article is brought to you for free and open access by the Research Papers in Physics and Astronomy at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Kenneth Bloom Publications 
by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln. 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by UNL | Libraries

https://core.ac.uk/display/188139531?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/physicsbloom
https://digitalcommons.unl.edu/physicsresearch
https://digitalcommons.unl.edu/physicsbloom?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F337&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F337&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/physicsbloom/337?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F337&utm_medium=PDF&utm_campaign=PDFCoverPages


Authors Authors 
S. Chatrchyan, Kenneth A. Bloom, S. Bose, Jamila Butt, Daniel Claes, Aaron Dominguez, Michael Eads, J 
Keller, T Kelly, Ilya Kravchenko, J. Lazo-Flores, Helena Malbouisson, Sudhir Malik, and Gregory Snow 

This article is available at DigitalCommons@University of Nebraska - Lincoln: https://digitalcommons.unl.edu/
physicsbloom/337 

https://digitalcommons.unl.edu/physicsbloom/337
https://digitalcommons.unl.edu/physicsbloom/337


Search for B0
s ! �þ�� and B0 ! �þ�� Decays in pp Collisions at

ffiffiffi
s

p ¼ 7 TeV

S. Chatrchyan et al.*

(CMS Collaboration)
(Received 29 July 2011; published 1 November 2011)

A search for the rare decays B0
s ! �þ�� and B0 ! �þ�� is performed in pp collisions at

ffiffiffi
s

p ¼
7 TeV, with a data sample corresponding to an integrated luminosity of 1:14 fb�1, collected by the CMS

experiment at the LHC. In both cases, the number of events observed after all selection requirements is

consistent with expectations from background and standard-model signal predictions. The resulting upper

limits on the branching fractions are BðB0
s ! �þ��Þ< 1:9� 10�8 and BðB0 ! �þ��Þ< 4:6� 10�9,

at 95% confidence level.

DOI: 10.1103/PhysRevLett.107.191802 PACS numbers: 13.20.He

In the standard model (SM) of particle physics, flavor-
changing neutral current (FCNC) decays are forbidden at
tree level and can only proceed through higher-order loop
diagrams. The decays BdðsÞ ! ‘þ‘� (where ‘ ¼ e;�),

besides involving b ! sðdÞ FCNC transitions through pen-
guin and box diagrams, are helicity suppressed by factors
of ðm‘=mBÞ2, wherem‘ andmB are the masses of the lepton
and B meson, respectively. They also require an internal
quark annihilation within the B meson that further reduces
the decay rate by ðfB=mBÞ2, where fB is the decay constant
of the B meson.

The SM-predicted branching fractions, BðB0
s !

�þ��Þ ¼ ð3:2� 0:2Þ � 10�9 and BðB0 ! �þ��Þ ¼
ð1:0� 0:1Þ � 10�10 [1], are significantly enhanced in sev-
eral extensions of the SM, although in some cases the
decay rates are lowered [2]. For example, in the minimal
supersymmetric extension of the SM, the rates are strongly
enhanced at large values of tan� [3,4]. In specific models
involving leptoquarks [5] and in supersymmetric models
with nonuniversal Higgs boson masses [6], the B0

s !
�þ�� and B0 ! �þ�� branching fractions can be en-
hanced by different factors and, therefore, both channels
must be studied in parallel. Several experiments have
published upper limits at 95% confidence level (C.L.) on
these decays: BðB0

s ! �þ��Þ< 5:1� 10�8 by D0 [7];
BðB0

s ! �þ��Þ< 5:8� 10�8 and BðB0 ! �þ��Þ<
1:8� 10�8 by CDF [8]; BðB0

s ! �þ��Þ< 5:6� 10�8

and BðB0 ! �þ��Þ< 1:5� 10�8 by LHCb [9]. CDF
recently reported a new limit of BðB0 ! �þ��Þ< 6:0�
10�9 and an excess of B0

s ! �þ�� events, corresponding
to BðB0

s ! �þ��Þ ¼ ð1:8þ1:1�0:9Þ � 10�8 [10].

In this Letter, a simultaneous search for the B0
s !

�þ�� and B0 ! �þ�� decays is presented, using a

data sample of pp collisions at
ffiffiffi
s

p ¼ 7 TeV, correspond-
ing to an integrated luminosity of ð1:14� 0:07Þ fb�1, col-
lected in the first half of 2011 by the Compact Muon
Solenoid (CMS) experiment at the Large Hadron
Collider (LHC). An event-counting experiment is per-
formed in dimuon mass regions around the B0

s and B0

masses. To avoid any possible bias, the signal region was
kept blind until after all selection criteria were established.
The backgrounds are evaluated from the yields measured
in data mass sidebands and from Monte Carlo (MC) simu-
lations for rare hadronic two-body B decays. TheMC event
samples are generated with PYTHIA 6.409 [11], the un-
stable particles are decayed via EVTGEN [12], and the
detector response is simulated with GEANT4 [13]. Events
of the type Bþ ! J=cKþ; J=c ! �þ�� are used as a
normalization sample to minimize uncertainties related to
the b �b production cross section and to the integrated
luminosity. The signal and normalization efficiencies are
determined with MC simulation studies. A control sample
of reconstructed B0

s ! J=c�; J=c ! �þ�� events is
used to validate the MC simulation (such as the B0

s trans-
verse momentum pT spectrum) and to evaluate potential
effects resulting from differences in fragmentation be-
tween Bþ and B0

s . The analysis is not affected by multiple
pp collisions in the same bunch crossing (pileup) because
the spatial vertex resolution is good enough to correctly
identify the pp vertex from which signal candidates origi-
nate. In the present data set, an average of 5.5 primary
vertices are reconstructed per event.
A detailed description of the CMS experiment can be

found in Ref. [14]. The main subdetectors used in this
analysis are the silicon tracker, composed of pixel and strip
layers immersed in a 3.8 T axial magnetic field, and the
muon stations, made of gas-ionization detectors embedded
in the steel return yoke, and divided into a barrel
section and two end caps. The muons are tracked within
the pseudorapidity region j�j< 2:4, where � ¼
� ln½tanð�=2Þ� and � is the polar angle with respect to
the counterclockwise beam direction. A muon pT resolu-
tion of about 1.5% is obtained for muons in this analysis.

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
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The events are selected with a two-level trigger system.
The first level only requires two muon candidates, without
an explicit pT requirement, while the high-level trigger
(HLT) uses additional information from the silicon tracker.
The HLT selection for the signal data sample requires two
muons each with pT > 2 GeV, dimuon pT > 4 GeV, in-
variant mass within 4:8<m�� < 6:0 GeV, and a 3D dis-

tance of closest approach to each other d0ca < 5 mm.
The normalization (Bþ ! J=cKþ) and control (B0

s !
J=c�) samples were collected with HLT requirements
gradually tightened as the LHC luminosity increased.
This time evolution does not affect the analysis presented
here, which uses selection criteria significantly tighter than
any trigger requirements. More than 95% of the normal-
ization and control sample events were collected by
requiring two muons each with pT > 3 GeV, dimuon pT >
6:9 GeV, invariant mass within 2:9<m�� < 3:3 GeV,

d0ca < 5 mm, and a larger than 0.5% probability of the �2

per degree of freedom (d.o.f.) of the dimuon vertex fit. Two
additional trigger requirements, measured in the transverse
plane, significantly reduce the rate of prompt J=c candi-
dates: the significance of the flight distance ‘xy=�ð‘xyÞ
must be larger than 3, where ‘xy is the distance between

the primary and dimuon vertices and �ð‘xyÞ is its uncer-
tainty, and the pointing angle �xy between the B candidate

momentum and the vector from the primary vertex to the
dimuon vertex must fulfill cos�xy > 0:9. The average trig-

ger efficiency, calculated after all other selection criteria
have been applied, for events in the signal and normaliza-
tion samples is about 80%, as determined from MC simu-
lation. The uncertainty on the ratio of trigger efficiencies
between the signal and normalization samples is estimated
to be 2% by comparing these ratios in simulation studies
and in data.

Muon candidates are required to be reconstructed by two
different algorithms, one matching silicon-tracker tracks to
segments in the muon stations and the other performing
global fits using tracks in both detector systems [15]. The
uncertainty on the ratio of muon identification efficiencies
between the signal and normalization samples is estimated
to be 5%.

The B ! �þ�� candidates require two oppositely
charged muons with an invariant mass in the region 4:9<

m�� < 5:9 GeV, after constraining their tracks to come

from a common vertex. The B candidate momentum and
vertex position are used to choose a primary vertex based
on the distance of closest approach. Since the background
level depends significantly on the pseudorapidity of the B
candidate, the events are separated into two categories: the
‘‘barrel channel’’ contains the candidates where both
muons have j�j< 1:4 and the ‘‘end cap channel’’ contains
those where at least one muon has j�j> 1:4. An isolation
variable I ¼ pTðBÞ=ðpTðBÞ þ

P
trkpTÞ is calculated from

the transverse momentum of the B candidate pTðBÞ and the
transverse momenta of all other charged tracks satisfying

�R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p
< 1, where �� and �� are the

differences in pseudorapidity and azimuthal angle between
a charged track and the B candidate momentum. The sum
includes all tracks with pT > 0:9 GeV that are consistent
with originating from the same primary vertex as the B
candidate or have a distance of closest approach dca <
0:5 mm with respect to the B vertex. The minimum dis-
tance of closest approach with respect to the B vertex
among all tracks in the event, dmin

ca , is also determined as
a complementary isolation variable. Figure 1 illustrates the
transverse momentum, the 3D pointing angle �3D, the 3D
flight length significance ‘3D=�ð‘3DÞ, and the isolation
distributions for signal MC events and for sideband back-
ground data events. The sideband covers the range 4:9<

m�� < 5:9 GeV, excluding the signal window 5:2<

m�� < 5:45 GeV.

The following selection requirements were optimized
for the best expected upper limit using MC signal events
and data sideband events. The requirements were estab-
lished before observing the number of data events in the
signal region. The optimized requirements include pT >
4:5 GeV on one muon and pT > 4:0 GeV on the other, B
candidate pT > 6:5 GeV, I > 0:75, and B-vertex fit
�2=d:o:f: < 1:6. Two requirements are different for the
barrel and end cap channels: �3D < 0:050 (0.025) and
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FIG. 1 (color online). Comparison of MC signal and sideband
data distributions, for the transverse momentum (top left), the 3D
pointing angle (top right), the flight length significance (bottom
left), and the isolation (bottom right). The MC histograms are
normalized to the number of events in the data.
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‘3D=�ð‘3dÞ> 15:0 (20.0) for the barrel (end cap).
Furthermore, for events in the end cap there is an additional
requirement, dmin

ca > 0:15 mm. The signal efficiencies "tot
of these selections are provided in Table I. The dimuon
mass resolution for signal events depends on the pseudor-
apidity of the B candidate and ranges from 36 MeV for
� � 0 to 85 MeV for j�j> 1:8, as determined from simu-
lated signal.

The reconstruction of Bþ ! J=cKþ ! �þ��K�
(B0

s ! J=c� ! �þ��KþK�) candidates requires two
oppositely charged muons with an invariant mass in the
range 3.0–3.2 GeV, which are combined with one (two)
track(s), assumed to be (a) kaon(s), fulfilling pT >
0:5 GeV and j�j< 2:4. To ensure a well-measured trigger
efficiency, the selected candidates must have dimuon pT >
7 GeV and the two muons must bend away from each other
in the magnetic field (to avoid spurious detector-induced
pair correlations). The d0ca between all pairs among the
three (four) tracks is required to be less than 1 mm. For
B0
s ! J=c� candidates the two assumed kaon tracks must

have an invariant mass in the range 0.995–1.045 GeV and
�RðKþ; K�Þ< 0:25. The tracks from all decay products
are used in the B-vertex fit and only B candidates with an
invariant mass in the range 4.8–6.0 GeV are considered.
The efficiencies of individual selection criteria agree to
better than 4% (6%) between data and MC simulation for
the normalization (control) sample, where the efficiencies
have been calculated for each selection requirement with
event yield fits after applying all other selection criteria.
Figure 2 compares several distributions for B0

s ! J=c�
candidates between MC simulation and sideband-
subtracted data.

The total efficiency for Bþ ! J=cKþ ! �þ��Kþ,
including the detector acceptance, is "B

þ
tot ¼ ð7:7� 0:8Þ �

10�4 and ð2:7� 0:3Þ � 10�4, respectively, for the barrel
and end cap channels, where statistical and systematic
uncertainties are combined. The acceptance has a system-
atic uncertainty of 4%, estimated by comparing the values
obtained with different b �b production mechanisms (gluon
splitting, flavor excitation, and flavor creation). The uncer-
tainty on the event selection efficiency for the Bþ !
J=cKþ normalization sample is 4%, evaluated from

differences between measured and simulated Bþ !
J=cKþ events. The uncertainty on the signal efficiency
(7.9%) is evaluated using the B0

s ! J=c� control sample.
The invariant mass distributions are fitted with a Gaussian
function for the signal and an exponential (barrel) or a first-
degree polynomial (end cap) plus an error function for the
background, as shown in Fig. 3. Applying the same selec-
tion requirements as for the signal sample, the observed
number of Bþ ! J=cKþ candidates in the barrel (end

cap) channel is NBþ
obs ¼ 13 045� 652 (4450� 222).

The uncertainty includes a systematic term estimated to

TABLE I. The event selection efficiencies for signal events "tot, the SM-predicted number of signal events N
exp
signal, the expected

number of combinatorial background events N
exp
comb and peaking background events N

exp
peak, and the number of observed events Nobs in

the barrel and end cap channels for B0
s ! �þ�� and B0 ! �þ��.

Barrel End cap

B0 ! �þ�� B0
s ! �þ�� B0 ! �þ�� B0

s ! �þ��

"tot ð3:6� 0:4Þ � 10�3 ð3:6� 0:4Þ � 10�3 ð2:1� 0:2Þ � 10�3 ð2:1� 0:2Þ � 10�3

N
exp
signal 0:065� 0:011 0:80� 0:16 0:025� 0:004 0:36� 0:07

N
exp
comb 0:40� 0:23 0:60� 0:35 0:53� 0:27 0:80� 0:40

Nexp
peak 0:25� 0:06 0:07� 0:02 0:16� 0:04 0:04� 0:01

Nobs 0 2 1 1
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FIG. 2 (color online). Comparison of measured and simulated
B0
s ! J=c� distributions, for the transverse momentum (top

left), the 3D pointing angle (top right), the flight length signifi-
cance (bottom left), and the isolation (bottom right). The MC
histograms are normalized to the number of events in the data.
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be 5% from MC studies by considering alternative fitting
functions.

To quantify a possible dependence on the pileup, the
efficiencies of the isolation and the flight length signifi-
cance requirements are calculated as functions of the num-
ber of reconstructed primary vertices. No dependence is
observed for events with up to 12 primary vertices for the
normalization and control samples.

The B0
s ! �þ�� branching fraction is measured sepa-

rately in the barrel and end cap channels using

B ðB0
s ! �þ��Þ ¼ NS

NBþ
obs

fu
fs

"B
þ

tot

"tot
BðBþÞ; (1)

and analogously for the B0 ! �þ�� case, whereNS is the
background-subtracted number of observed BdðsÞ !
�þ�� candidates in the signal window (5:3<m�� <

5:45 GeV for B0
s and 5:2<m�� < 5:3 GeV for B0) and

"tot is the total signal efficiency of all selection require-
ments. The ratio of the B0

s and Bþ meson production
fractions is fs=fu ¼ 0:282� 0:037 andBðBþÞ�BðBþ!
J=cKþ!�þ��KþÞ¼ð6:0�0:2Þ�10�5 [16]. (We use
fs ¼ 0:113� 0:013 and fu ¼ 0:401� 0:013 from the
main section of Ref. [16] and account for the correlations
in the ratio.)

Events in the signal window can result from real signal
decays, combinatorial background, and ‘‘peaking’’ back-
ground from decays of the type BdðsÞ ! hh0, where h; h0
are charged hadrons misidentified as muons. The expected
number of signal events, Nexp

signal, is calculated assuming the

SM branching fraction and is normalized to the Bþ yield.
The expected number of combinatorial background events,
N

exp
comb, is evaluated by interpolating to the signal window

the number of events observed in the sideband regions
which is equal to three (four) for the barrel (end cap)
channel. The interpolation procedure assumes a flat back-
ground shape and has a systematic uncertainty of 4%,
evaluated by varying the flight length significance selec-
tions and by using a floating slope. The expected number of

peaking background events, Nexp
peak, is evaluated from MC

simulation and muon misidentification rates measured in
K0

S ! 	þ	�, � ! KþK�, and � ! p	� samples [15].

Figure 4 shows the measured dimuon invariant mass
distributions. Three events are observed in the B0

s !
�þ�� signal windows (two in the barrel and one in the
end cap), while only one event is observed in the B0 !
�þ�� end cap channel. This observation is consistent
with the SM expectation for signal plus background.
Upper limits are determined with the CLs approach [17].
Table I shows the values needed for the extraction of the
results, separately for the barrel and end cap channels. The
obtained upper limits on the branching fractions are
BðB0

s ! �þ��Þ< 1:9� 10�8 (1:6� 10�8) and BðB0 !
�þ��Þ< 4:6� 10�9 (3:7� 10�9), at 95% (90%) C.L.
The median expected upper limits at 95% C.L. are 1:8�
10�8 (4:8� 10�9) for B0

s ! �þ�� (B0 ! �þ��). The
background-only p value is 0.11 (0.40) for B0

s ! �þ��
(B0 ! �þ��), corresponding to 1.2 (0.27) standard devi-
ations. The p value is 0.053 when assuming a B0

s ! �þ��
signal at 5.6 times the SM value, as reported in Ref. [10].
In summary, a search for the rare decays B0

s ! �þ��
and B0 ! �þ�� has been performed on a data sample of
pp collisions at

ffiffiffi
s

p ¼ 7 TeV corresponding to an inte-
grated luminosity of 1:14 fb�1. The observed event yields
are consistent with those expected adding background and
SM signals. Upper limits on the branching fractions have
been determined at 90% and 95% C.L.
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M. Górski,85 M. Kazana,85 K. Nawrocki,85 K. Romanowska-Rybinska,85 M. Szleper,85 G. Wrochna,85 P. Zalewski,85

N. Almeida,86 P. Bargassa,86 A. David,86 P. Faccioli,86 P. G. Ferreira Parracho,86 M. Gallinaro,86,b P. Musella,86

A. Nayak,86 J. Pela,86,b P. Q. Ribeiro,86 J. Seixas,86 J. Varela,86 S. Afanasiev,87 I. Belotelov,87 P. Bunin,87

M. Gavrilenko,87 I. Golutvin,87 A. Kamenev,87 V. Karjavin,87 G. Kozlov,87 A. Lanev,87 P. Moisenz,87 V. Palichik,87

V. Perelygin,87 S. Shmatov,87 V. Smirnov,87 A. Volodko,87 A. Zarubin,87 V. Golovtsov,88 Y. Ivanov,88 V. Kim,88

P. Levchenko,88 V. Murzin,88 V. Oreshkin,88 I. Smirnov,88 V. Sulimov,88 L. Uvarov,88 S. Vavilov,88 A. Vorobyev,88

An. Vorobyev,88 Yu. Andreev,89 A. Dermenev,89 S. Gninenko,89 N. Golubev,89 M. Kirsanov,89 N. Krasnikov,89

V. Matveev,89 A. Pashenkov,89 A. Toropin,89 S. Troitsky,89 V. Epshteyn,90 M. Erofeeva,90 V. Gavrilov,90

V. Kaftanov,90,a M. Kossov,90,b A. Krokhotin,90 N. Lychkovskaya,90 V. Popov,90 G. Safronov,90 S. Semenov,90

V. Stolin,90 E. Vlasov,90 A. Zhokin,90 A. Belyaev,91 E. Boos,91 M. Dubinin,91,d L. Dudko,91 A. Gribushin,91

V. Klyukhin,91 O. Kodolova,91 I. Lokhtin,91 A. Markina,91 S. Obraztsov,91 M. Perfilov,91 S. Petrushanko,91

L. Sarycheva,91 V. Savrin,91 A. Snigirev,91 V. Andreev,92 M. Azarkin,92 I. Dremin,92 M. Kirakosyan,92

A. Leonidov,92 G. Mesyats,92 S. V. Rusakov,92 A. Vinogradov,92 I. Azhgirey,93 I. Bayshev,93 S. Bitioukov,93

V. Grishin,93,b V. Kachanov,93 D. Konstantinov,93 A. Korablev,93 V. Krychkine,93 V. Petrov,93 R. Ryutin,93

A. Sobol,93 L. Tourtchanovitch,93 S. Troshin,93 N. Tyurin,93 A. Uzunian,93 A. Volkov,93 P. Adzic,94,y

M. Djordjevic,94 D. Krpic,94,y J. Milosevic,94 M. Aguilar-Benitez,95 J. Alcaraz Maestre,95 P. Arce,95 C. Battilana,95

E. Calvo,95 M. Cerrada,95 M. Chamizo Llatas,95 N. Colino,95 B. De La Cruz,95 A. Delgado Peris,95 C. Diez Pardos,95

D. Domı́nguez Vázquez,95 C. Fernandez Bedoya,95 J. P. Fernández Ramos,95 A. Ferrando,95 J. Flix,95 M. C. Fouz,95

P. Garcia-Abia,95 O. Gonzalez Lopez,95 S. Goy Lopez,95 J.M. Hernandez,95 M. I. Josa,95 G. Merino,95

J. Puerta Pelayo,95 I. Redondo,95 L. Romero,95 J. Santaolalla,95 M. S. Soares,95 C. Willmott,95 C. Albajar,96

G. Codispoti,96 J. F. de Trocóniz,96 J. Cuevas,97 J. Fernandez Menendez,97 S. Folgueras,97 I. Gonzalez Caballero,97

L. Lloret Iglesias,97 J.M. Vizan Garcia,97 J. A. Brochero Cifuentes,98 I. J. Cabrillo,98 A. Calderon,98 S. H. Chuang,98

J. Duarte Campderros,98 M. Felcini,98,z M. Fernandez,98 G. Gomez,98 J. Gonzalez Sanchez,98 C. Jorda,98

P. Lobelle Pardo,98 A. Lopez Virto,98 J. Marco,98 R. Marco,98 C. Martinez Rivero,98 F. Matorras,98

F. J. Munoz Sanchez,98 J. Piedra Gomez,98,aa T. Rodrigo,98 A.Y. Rodrı́guez-Marrero,98 A. Ruiz-Jimeno,98

L. Scodellaro,98 M. Sobron Sanudo,98 I. Vila,98 R. Vilar Cortabitarte,98 D. Abbaneo,99 E. Auffray,99 G. Auzinger,99

P. Baillon,99 A. H. Ball,99 D. Barney,99 A. J. Bell,99,bb D. Benedetti,99 C. Bernet,99,e W. Bialas,99 P. Bloch,99

A. Bocci,99 S. Bolognesi,99 M. Bona,99 H. Breuker,99 K. Bunkowski,99 T. Camporesi,99 G. Cerminara,99
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M. Özbek,107 S. Ozkorucuklu,107,pp N. Sonmez,107,qq L. Levchuk,108 F. Bostock,109 J. J. Brooke,109 T. L. Cheng,109

E. Clement,109 D. Cussans,109 R. Frazier,109 J. Goldstein,109 M. Grimes,109 D. Hartley,109 G. P. Heath,109

H. F. Heath,109 L. Kreczko,109 S. Metson,109 D.M. Newbold,109,rr K. Nirunpong,109 A. Poll,109 S. Senkin,109

V. J. Smith,109 L. Basso,110,ss K.W. Bell,110 A. Belyaev,110,ss C. Brew,110 R.M. Brown,110 B. Camanzi,110

D. J. A. Cockerill,110 J. A. Coughlan,110 K. Harder,110 S. Harper,110 J. Jackson,110 B.W. Kennedy,110 E. Olaiya,110

D. Petyt,110 B. C. Radburn-Smith,110 C.H. Shepherd-Themistocleous,110 I. R. Tomalin,110 W. J. Womersley,110

R. Bainbridge,111 G. Ball,111 J. Ballin,111 R. Beuselinck,111 O. Buchmuller,111 D. Colling,111 N. Cripps,111

M. Cutajar,111 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,111 Z. Hatherell,111 J. Hays,111 G. Iles,111 M. Jarvis,111 G. Karapostoli,111

L. Lyons,111 B. C. MacEvoy,111 A.-M. Magnan,111 J. Marrouche,111 B. Mathias,111 R. Nandi,111 J. Nash,111

A. Nikitenko,111,ii A. Papageorgiou,111 M. Pesaresi,111 K. Petridis,111 M. Pioppi,111,tt D.M. Raymond,111

S. Rogerson,111 N. Rompotis,111 A. Rose,111 M. J. Ryan,111 C. Seez,111 P. Sharp,111 A. Sparrow,111 A. Tapper,111

S. Tourneur,111 M. Vazquez Acosta,111 T. Virdee,111 S. Wakefield,111 N. Wardle,111 D. Wardrope,111 T. Whyntie,111

M. Barrett,112 M. Chadwick,112 J. E. Cole,112 P. R. Hobson,112 A. Khan,112 P. Kyberd,112 D. Leslie,112 W. Martin,112

I. D. Reid,112 L. Teodorescu,112 K. Hatakeyama,113 H. Liu,113 C. Henderson,114 T. Bose,115 E. Carrera Jarrin,115

C. Fantasia,115 A. Heister,115 J. St. John,115 P. Lawson,115 D. Lazic,115 J. Rohlf,115 D. Sperka,115 L. Sulak,115

A. Avetisyan,116 S. Bhattacharya,116 J. P. Chou,116 D. Cutts,116 A. Ferapontov,116 U. Heintz,116 S. Jabeen,116

G. Kukartsev,116 G. Landsberg,116 M. Luk,116 M. Narain,116 D. Nguyen,116 M. Segala,116 T. Sinthuprasith,116

T. Speer,116 K. V. Tsang,116 R. Breedon,117 G. Breto,117 M. Calderon De La Barca Sanchez,117 S. Chauhan,117

M. Chertok,117 J. Conway,117 R. Conway,117 P. T. Cox,117 J. Dolen,117 R. Erbacher,117 E. Friis,117 W. Ko,117

A. Kopecky,117 R. Lander,117 H. Liu,117 S. Maruyama,117 T. Miceli,117 M. Nikolic,117 D. Pellett,117 J. Robles,117

B. Rutherford,117 S. Salur,117 T. Schwarz,117 M. Searle,117 J. Smith,117 M. Squires,117 M. Tripathi,117

R. Vasquez Sierra,117 C. Veelken,117 V. Andreev,118 K. Arisaka,118 D. Cline,118 R. Cousins,118 A. Deisher,118

J. Duris,118 S. Erhan,118 C. Farrell,118 J. Hauser,118 M. Ignatenko,118 C. Jarvis,118 C. Plager,118 G. Rakness,118

P. Schlein,118,a J. Tucker,118 V. Valuev,118 J. Babb,119 A. Chandra,119 R. Clare,119 J. Ellison,119 J.W. Gary,119

F. Giordano,119 G. Hanson,119 G.Y. Jeng,119 S. C. Kao,119 F. Liu,119 H. Liu,119 O. R. Long,119 A. Luthra,119

H. Nguyen,119 S. Paramesvaran,119 B. C. Shen,119,a R. Stringer,119 J. Sturdy,119 S. Sumowidagdo,119 R. Wilken,119

S. Wimpenny,119 W. Andrews,120 J. G. Branson,120 G. B. Cerati,120 D. Evans,120 F. Golf,120 A. Holzner,120

R. Kelley,120 M. Lebourgeois,120 J. Letts,120 B. Mangano,120 S. Padhi,120 C. Palmer,120 G. Petrucciani,120 H. Pi,120

M. Pieri,120 R. Ranieri,120 M. Sani,120 V. Sharma,120 S. Simon,120 E. Sudano,120 M. Tadel,120 Y. Tu,120 A. Vartak,120

S. Wasserbaech,120,uu F. Würthwein,120 A. Yagil,120 J. Yoo,120 D. Barge,121 R. Bellan,121 C. Campagnari,121

M. D’Alfonso,121 T. Danielson,121 K. Flowers,121 P. Geffert,121 J. Incandela,121 C. Justus,121 P. Kalavase,121

S. A. Koay,121 D. Kovalskyi,121,b V. Krutelyov,121 S. Lowette,121 N. Mccoll,121 E. Mullin,121 V. Pavlunin,121

F. Rebassoo,121 J. Ribnik,121 J. Richman,121 R. Rossin,121 D. Stuart,121 W. To,121 J. R. Vlimant,121 C. West,121

A. Apresyan,122 A. Bornheim,122 J. Bunn,122 Y. Chen,122 M. Gataullin,122 Y. Ma,122 A. Mott,122 H. B. Newman,122

C. Rogan,122 K. Shin,122 V. Timciuc,122 P. Traczyk,122 J. Veverka,122 R. Wilkinson,122 Y. Yang,122 R.Y. Zhu,122

B. Akgun,123 R. Carroll,123 T. Ferguson,123 Y. Iiyama,123 D.W. Jang,123 S. Y. Jun,123 Y. F. Liu,123 M. Paulini,123

J. Russ,123 H. Vogel,123 I. Vorobiev,123 J. P. Cumalat,124 M. E. Dinardo,124 B. R. Drell,124 C. J. Edelmaier,124

W. T. Ford,124 A. Gaz,124 B. Heyburn,124 E. Luiggi Lopez,124 U. Nauenberg,124 J. G. Smith,124 K. Stenson,124

K.A. Ulmer,124 S. R. Wagner,124 S. L. Zang,124 L. Agostino,125 J. Alexander,125 A. Chatterjee,125 N. Eggert,125

L. K. Gibbons,125 B. Heltsley,125 K. Henriksson,125 W. Hopkins,125 A. Khukhunaishvili,125 B. Kreis,125 Y. Liu,125

G. Nicolas Kaufman,125 J. R. Patterson,125 D. Puigh,125 A. Ryd,125 M. Saelim,125 E. Salvati,125 X. Shi,125 W. Sun,125

W.D. Teo,125 J. Thom,125 J. Thompson,125 J. Vaughan,125 Y. Weng,125 L. Winstrom,125 P. Wittich,125 A. Biselli,126

PRL 107, 191802 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

4 NOVEMBER 2011

191802-9



G. Cirino,126 D. Winn,126 S. Abdullin,127 M. Albrow,127 J. Anderson,127 G. Apollinari,127 M. Atac,127

J. A. Bakken,127 L. A. T. Bauerdick,127 A. Beretvas,127 J. Berryhill,127 P. C. Bhat,127 I. Bloch,127 K. Burkett,127

J. N. Butler,127 V. Chetluru,127 H.W.K. Cheung,127 F. Chlebana,127 S. Cihangir,127 W. Cooper,127 D. P. Eartly,127

V.D. Elvira,127 S. Esen,127 I. Fisk,127 J. Freeman,127 Y. Gao,127 E. Gottschalk,127 D. Green,127 K. Gunthoti,127

O. Gutsche,127 J. Hanlon,127 R.M. Harris,127 J. Hirschauer,127 B. Hooberman,127 H. Jensen,127 M. Johnson,127

U. Joshi,127 R. Khatiwada,127 B. Klima,127 K. Kousouris,127 S. Kunori,127 S. Kwan,127 C. Leonidopoulos,127

P. Limon,127 D. Lincoln,127 R. Lipton,127 J. Lykken,127 K. Maeshima,127 J.M. Marraffino,127 D. Mason,127

P. McBride,127 T. Miao,127 K. Mishra,127 S. Mrenna,127 Y. Musienko,127,vv C. Newman-Holmes,127 V. O’Dell,127

J. Pivarski,127 R. Pordes,127 O. Prokofyev,127 E. Sexton-Kennedy,127 S. Sharma,127 W. J. Spalding,127 L. Spiegel,127

P. Tan,127 L. Taylor,127 S. Tkaczyk,127 L. Uplegger,127 E.W. Vaandering,127 R. Vidal,127 J. Whitmore,127 W. Wu,127

F. Yang,127 F. Yumiceva,127 J. C. Yun,127 D. Acosta,128 P. Avery,128 D. Bourilkov,128 M. Chen,128 S. Das,128

M. De Gruttola,128 G. P. Di Giovanni,128 D. Dobur,128 A. Drozdetskiy,128 R.D. Field,128 M. Fisher,128 Y. Fu,128

I. K. Furic,128 J. Gartner,128 S. Goldberg,128 J. Hugon,128 B. Kim,128 J. Konigsberg,128 A. Korytov,128

A. Kropivnitskaya,128 T. Kypreos,128 J. F. Low,128 K. Matchev,128 G. Mitselmakher,128 L. Muniz,128

P. Myeonghun,128 C. Prescott,128 R. Remington,128 A. Rinkevicius,128 M. Schmitt,128 B. Scurlock,128 P. Sellers,128

N. Skhirtladze,128 M. Snowball,128 D. Wang,128 J. Yelton,128 M. Zakaria,128 V. Gaultney,129 L.M. Lebolo,129

S. Linn,129 P. Markowitz,129 G. Martinez,129 J. L. Rodriguez,129 T. Adams,130 A. Askew,130 J. Bochenek,130

J. Chen,130 B. Diamond,130 S. V. Gleyzer,130 J. Haas,130 S. Hagopian,130 V. Hagopian,130 M. Jenkins,130

K. F. Johnson,130 H. Prosper,130 S. Sekmen,130 V. Veeraraghavan,130 M.M. Baarmand,131 B. Dorney,131

M. Hohlmann,131 H. Kalakhety,131 I. Vodopiyanov,131 M.R. Adams,132 I.M. Anghel,132 L. Apanasevich,132

Y. Bai,132 V. E. Bazterra,132 R. R. Betts,132 J. Callner,132 R. Cavanaugh,132 C. Dragoiu,132 L. Gauthier,132

C. E. Gerber,132 D. J. Hofman,132 S. Khalatyan,132 G. J. Kunde,132 F. Lacroix,132 M. Malek,132 C. O’Brien,132

C. Silkworth,132 C. Silvestre,132 A. Smoron,132 D. Strom,132 N. Varelas,132 U. Akgun,133 E. A. Albayrak,133

B. Bilki,133 W. Clarida,133 F. Duru,133 C. K. Lae,133 E. McCliment,133 J.-P. Merlo,133 H. Mermerkaya,133,ww

A. Mestvirishvili,133 A. Moeller,133 J. Nachtman,133 C. R. Newsom,133 E. Norbeck,133 J. Olson,133 Y. Onel,133

F. Ozok,133 S. Sen,133 J. Wetzel,133 T. Yetkin,133 K. Yi,133 B. A. Barnett,134 B. Blumenfeld,134 A. Bonato,134

C. Eskew,134 D. Fehling,134 G. Giurgiu,134 A. V. Gritsan,134 Z. J. Guo,134 G. Hu,134 P. Maksimovic,134

S. Rappoccio,134 M. Swartz,134 N.V. Tran,134 A. Whitbeck,134 P. Baringer,135 A. Bean,135 G. Benelli,135

O. Grachov,135 R. P. Kenny Iii,135 M. Murray,135 D. Noonan,135 S. Sanders,135 J. S. Wood,135 V. Zhukova,135

A. F. Barfuss,136 T. Bolton,136 I. Chakaberia,136 A. Ivanov,136 S. Khalil,136 M. Makouski,136 Y. Maravin,136

S. Shrestha,136 I. Svintradze,136 Z. Wan,136 J. Gronberg,137 D. Lange,137 D. Wright,137 A. Baden,138

M. Boutemeur,138 S. C. Eno,138 D. Ferencek,138 J. A. Gomez,138 N. J. Hadley,138 R.G. Kellogg,138 M. Kirn,138

Y. Lu,138 A. C. Mignerey,138 K. Rossato,138 P. Rumerio,138 F. Santanastasio,138 A. Skuja,138 J. Temple,138

M.B. Tonjes,138 S. C. Tonwar,138 E. Twedt,138 B. Alver,139 G. Bauer,139 J. Bendavid,139 W. Busza,139 E. Butz,139

I. A. Cali,139 M. Chan,139 V. Dutta,139 P. Everaerts,139 G. Gomez Ceballos,139 M. Goncharov,139 K.A. Hahn,139

P. Harris,139 Y. Kim,139 M. Klute,139 Y.-J. Lee,139 W. Li,139 C. Loizides,139 P. D. Luckey,139 T. Ma,139 S. Nahn,139

C. Paus,139 D. Ralph,139 C. Roland,139 G. Roland,139 M. Rudolph,139 G. S. F. Stephans,139 F. Stöckli,139
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54bUniversità di Bari, Bari, Italy
54cPolitecnico di Bari, Bari, Italy

55aINFN Sezione di Bologna, Bologna, Italy
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ccAlso at Scuola Normale e Sezione dell’ INFN, Pisa, Italy.
ddAlso at INFN Sezione di Roma, Università di Roma ‘‘La Sapienza,’’ Roma, Italy.
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