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Measurements of the total and differential cross sections d�=dpB
T and d�=dyB for Bþ mesons produced

in pp collisions at
ffiffiffi
s

p ¼ 7 TeV are presented. The data correspond to an integrated luminosity of

5:8 pb�1 collected by the CMS experiment operating at the LHC. The exclusive decay Bþ ! J=cKþ,
with J=c ! �þ��, is used to detect Bþ mesons and to measure the production cross section as a

function of pB
T and yB. The total cross section for pB

T > 5 GeV and jyBj< 2:4 is measured to be

28:1� 2:4� 2:0� 3:1 �b, where the first uncertainty is statistical, the second is systematic, and the

last is from the luminosity measurement.
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The study of heavy-quark production in high-energy
hadronic interactions plays a critical role in testing next-
to-leading order (NLO) quantum chromodynamics (QCD)
calculations [1]. The first such measurements were made
more than two decades ago by the UA1 Collaboration at
the CERN S �ppS collider [2,3] operating at a center of
mass energy of

ffiffiffi
s

p ¼ 0:63 TeV, while more recent mea-
surements have been made by the CDF and D0
Collaborations at the Fermilab Tevatron for

ffiffiffi
s

p ¼ 1:8 and
1.96 TeV [4–11]. Substantial progress has been achieved in
the understanding of heavy-quark production at Tevatron
energies [12], but large theoretical uncertainties remain
due to the dependence on the renormalization and factori-
zation scales. Particularly important in the perturbative
expansion are terms that scale as powers of lnð ffiffiffi

s
p

=mbÞ at
low transverse momentum pT of the b quark [13,14], or as
powers of lnðpT=mbÞwhen pT � mb [15], wheremb is the
mass of the b quark. Measurements of b-hadron production
at the higher energies provided by the Large Hadron
Collider (LHC) represent an important new test of theo-
retical calculations [16,17].

Recently, the LHCb Collaboration measured the produc-
tion cross section for b hadrons at the LHC in the forward
region using partially reconstructed decays [18]. This
Letter presents the first measurement of exclusive
B-meson production in pp collisions at

ffiffiffi
s

p ¼ 7 TeV. A
sample of B� ! J=cK� decays, with J=c ! �þ��, is
reconstructed in 5:84� 0:64 pb�1 of data collected by the
Compact Muon Solenoid (CMS) experiment operating at
the LHC. Charge conjugation is assumed in the remainder
of this Letter, where Bþ will be used to refer to both charge
states. The signal yield in bins of transverse momentum pB

T

and rapidity jyBj is measured with a maximum-likelihood
fit to the reconstructed invariant massMB and proper decay
length ct of the Bþ candidates. These yields are corrected
for detection efficiencies and luminosity to compute the
differential production cross sections d�=dpB

T and
d�=dyB. The results are compared to theoretical predic-
tions based on NLO QCD.
A detailed description of the CMS detector can be

found elsewhere [19]. The main subdetectors used in
this analysis are the silicon tracker and muon systems.
The tracker consists of silicon pixel and strip detector
modules and is immersed in a 3.8 T magnetic field that
enables the measurement of charged particle momenta
over the pseudorapidity range j�j< 2:5, where � ¼
� ln tanð�=2Þ and � is the polar angle of the track
relative to the counterclockwise beam direction. Muons
are identified in the range j�j< 2:4 by gas-ionization
detectors embedded in the steel return yoke. The first
level of the CMS trigger system consists of custom
hardware processors and uses information from the cal-
orimeters and muon system to select the most interesting
events in less than 1 �s. The high level trigger (HLT)
processor farm further decreases the event rate to less
than 300 Hz before data storage. The events used in the
measurement reported here were collected with a trigger
requiring the presence of two muons at HLT with no
explicit momentum threshold.
Reconstruction of Bþ ! J=cKþ candidates begins by

identifying J=c ! �þ�� decays. The muon candidates
are required to have at least one reconstructed segment in
the muon system that matches the extrapolated position of a
track reconstructed in the tracker. Muons within j�j< 2:4
that pass the trigger are selected and further required to
satisfy a kinematic threshold that depends on pseudorapid-
ity: p�

T > 3:3 GeV for j��j< 1:3; p > 2:9 GeV for 1:3<
j��j< 2:2; and pT > 0:8 GeV for 2:2< j��j< 2:4.
Candidate J=c mesons are reconstructed by combining
pairs of oppositely charged muons having an invariant
mass within 150 MeV of the nominal J=c mass [20].
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If more than one muon pair in an event satisfies this
selection, the one closest to the J=c mass is selected.

Candidate Bþ mesons are reconstructed by combining a
J=c candidate with a track having pT > 0:9 GeV, at least
four hits in the tracker (of which one must be in the pixel
detector), and a track-fit �2 less than 5 times the number of
degrees of freedom. A kinematic fit is performed to the
dimuon-track combination, constraining the dimuon mass
to equal the J=c mass and assuming the third track to be a
kaon. The selected events must have a resulting �2 con-
fidence level greater than 0.1% and a reconstructed Bþ
mass satisfying 4:95<MB < 5:55 GeV. In events with at
least one Bþ candidate, the average number of such can-
didates is approximately 1.7. When multiple candidates
exist, the one with the highest pT is retained, which results
in the correct choice 95% of the time in simulated events
containing a true signal decay. A total of 35 406 Bþ can-
didates pass all the selection criteria.

The efficiencies corresponding to this selection range
from a few percent for pB

T � 5 GeV, to approximately 40%
for pB

T > 24 GeV, as determined in large samples of signal
events generated by PYTHIA 6.422 [21], decayed by
EVTGEN [22], and processed by a detailed simulation of

the CMS detector based on GEANT4 [23]. The efficiencies
for hadron-track reconstruction [24] and the vertex quality
requirement are found to be consistent between data and
simulation within the available precision, which is used to
set the systematic uncertainty of these quantities.
Correction factors for trigger and muon-reconstruction
efficiencies are obtained from a large sample of inclusive
J=c ! �þ�� decays using a technique similar to that
described in [25], where one muon is identified with strin-
gent quality requirements and the second muon is identi-
fied using information separately from the tracker or from
the muon system.

The proper decay length of each Bþ candidate is calcu-
lated as ct ¼ ðMB=p

B
T ÞLxy, where the transverse decay

length Lxy is the vector ~s pointing from the primary vertex

[26] to the secondary vertex projected onto the Bþ trans-
verse momentum: Lxy ¼ ð ~s � ~pB

TÞ=j ~pB
T j. The core resolution

on ct is approximately 30 �m for correctly reconstructed
signal decays.

Backgrounds are dominated by prompt and nonprompt
inclusive J=c production. Additional backgrounds arise
from misreconstructed b-hadron decays, such as B !
J=cK�ð892Þ, that produce a broad peaking structure in
the region MB < 5:2 GeV. Contamination from muon
pairs that do not originate from J=c decay is negligible
after all selection criteria are applied.

The number nsig of signal decays in each p
B
T and jyBj bin

is obtained using an unbinned extended maximum-
likelihood fit to MB and ct. The likelihood for event j is
obtained by summing the product of yield ni and proba-
bility density P i for each of the signal and background
hypotheses i. Five individual components are considered:

signal, Bþ ! J=c�þ, misreconstructed b �b events that
peak in MB, nonprompt J=c , and prompt J=c . The
extended likelihood function is then the product of like-
lihoods for all events:

L ¼ exp

�
�X

i

ni

�Y
j

�X
i

niP iðMB; ~�iÞP iðct; ~�iÞ
�
: (1)

The probabilities P i are the probability density functions

(PDFs) with shape parameters ~�i for MB, and ~�i for ct,
evaluated separately for each of the i fit components. The
yields ni are then determined by maximizing L with
respect to the yields and a subset of the PDF parameters.
The yield for J=c�þ is constrained to equal the J=cKþ
yield times the ratio of branching fractions for the two
decay modes [20].
The MB PDFs are the sum of three (two) Gaussians for

the signal (J=c�) with parameters obtained from simula-
tion; an exponential for both prompt and nonprompt J=c ;
and a combination of two Gaussians and an exponential for
the peaking b �b background. The resolution on MB for
signal decays is approximately 30 MeV. The ct PDFs are
a single exponential convolved with the resolution function
to describe the signal, J=c�, and peaking background
components, where the lifetime is allowed to be different
for the latter; the sum of two exponentials convolved with
the resolution function for the nonprompt J=c component;
and the pure resolution function for the prompt J=c com-
ponent. The resolution function is common for signal and
background, and is described by the sum of two or three
Gaussian functions, depending on pB

T and jyBj.
The fit proceeds in several steps so that all background

shapes are obtained directly from data, except for the
peaking component. This technique relies on the assump-
tion that in the signal-free region 5:40<MB < 5:55 GeV
(upper sideband) there are only two contributions: prompt
and nonprompt J=c background (ignoring the small con-
tribution from J=c�). To obtain the effective lifetime of
the nonprompt J=c background, the ct distribution is fitted
for events in the inclusive Bþ sample defined by pB

T >
5 GeV and jyBj< 2:4 that lie in the MB upper sideband
region, allowing the resolution function parameters to vary
freely. The resolution function is then fixed and the signal
Bþ lifetime in the inclusive sample is obtained by fitting ct
and MB simultaneously. The result, c	 ¼ 481� 22 �m
(statistical uncertainty only), is in good agreement with
the world-average value of 491� 9 �m [20]. With the
effective lifetime for signal and nonprompt background
fixed, the resolution function parameters are then deter-
mined separately in each bin of pB

T and jyBj. Finally, with
all ct resolution and background lifetime parameters fixed,
the signal and background yields are fitted in each bin,
together with the parameters describing the shape of the
prompt and nonprompt J=c components in MB.
The accuracy and robustness of the fit strategy were

checked with a set of 400 pseudoexperiments where signal
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and background events were generated randomly from the
PDFs in each bin. The fitted yields were unbiased and the
uncertainties were estimated properly. The effects of cor-
relations between MB and ct were studied by mixing
together fully simulated signal and background events to
produce 100 pseudoexperiments. No significant evidence
of bias in the signal yield was found, and the observed
deviations (a few percent) between fitted and generated
yields are taken as the systematic uncertainty due to po-
tential biases in the fit method.

Table I summarizes the fitted signal yield in each bin of
pB
T and jyBj, while Fig. 1 shows the fit projections for MB

and ct from the inclusive sample with pB
T > 5 GeV and

jyBj< 2:4. The total number of signal events is 912� 47,
where the error is statistical only.

The differential cross sections for Bþ production as a
function of pB

T and yB (averaged for positive and negative
rapidities) are defined as

d�ðpp ! BþXÞ
dpB

T

¼ nsigðpB
TÞ

2
ðpB
TÞBL�pB

T

;

d�ðpp ! BþXÞ
dyB

¼ nsigðjyBjÞ
2
ðjyBjÞBL�yB

;

(2)

where nsigðpB
TÞ and nsigðjyBjÞ are the fitted signal yields

in the given bin, 
ðpB
TÞ and 
ðjyBjÞ are the efficiencies in

each bin for a Bþ meson produced with pB
T > 5 GeV and

jyBj< 2:4 to pass all the selection criteria, �pB
T is the bin

size in pB
T , and �yB ¼ 2�jyBj is the bin size in yB. The

total branching fraction B is the product of the individual
branching fractions BðBþ ! J=cKþÞ ¼ ð1:014�
0:034Þ � 10�3 and BðJ=c ! �þ��Þ ¼ ð5:93� 0:06Þ �
10�2 [20]. The factor of 2 in the denominator of Eq. (2)
takes into account the choice of quoting the cross section

for a single charge (taken to be Bþ), while nsig includes

both charge states. All efficiencies, 
ðpB
T Þ or 
ðjyBjÞ, are

calculated separately in each bin, and account for bin-to-
bin migrations (a few percent) due to the resolution on the
measured momentum and rapidity.
The cross section is affected by several sources of sys-

tematic uncertainty arising from the signal yields, efficien-
cies, branching fractions, and luminosity. Uncertainties of
the signal yields arise from potential fit biases and imperfect
knowledge of the PDF parameters (2%–5%), ct resolution
function (1%–2%), and the effects of final-state radiation on
the signal shape inMB (< 1%). Uncertainties of the trigger
(2%), muon identification (1%), and tracking (1%–4%)
efficiencies are all determined directly from data. The con-
tribution (1%–4%) related to the Bþ momentum spectrum
is evaluated by reweighting the shape of the pB

T distribution

generated with PYTHIA to match the spectrum predicted by
MC@NLO 3.4 [27]. An uncertainty of 1.5% is assigned to the

efficiency of the vertex quality requirement. The effect of
tracker misalignment on the cross sections due to variations
in the signal yields and efficiencies is estimated to be
approximately 2% using samples simulated with a different
alignment than the nominal one. The total systematic un-
certainty of the cross section measurement in each bin is
computed as the sum in quadrature of the individual un-
certainties, and is summarized in Table I. In addition, there
are common uncertainties of 3.5% from the branching
fractions and 11% from the luminosity measurement [28].
The differential cross sections as functions of pB

T and

jyBj are shown in Fig. 2 and Table I. They are compared
with the predictions of MC@NLO using a b-quark mass
of 4.75 GeV, renormalization and factorization scales

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

b þ p2
T

q
, and the CTEQ6M parton distribution

TABLE I. Bin ranges for pB
T and jyBj, signal yields nsig, efficiencies 
, and measured differential cross sections d�=dpB

T and
d�=dyB, compared to the MC@NLO [27] and PYTHIA predictions. The uncertainties in the measured cross sections are statistical
and systematic, respectively, excluding the common branching fraction (3.5%) and luminosity (11%) uncertainties. The result for
pB
T > 30 GeV is quoted as an integrated cross section in �b.

pB
T (GeV) nsig 
 (%) d�=dpB

T (�b=GeV) MC@NLO PYTHIA

5–10 223� 26 1:56� 0:02 4:07� 0:47� 0:31 3:72þ1:46
�0:89 6.68

10–13 236� 21 7:62� 0:11 1:47� 0:13� 0:09 1:17þ0:31
�0:24 2.66

13–17 169� 17 14:6� 0:2 0:412� 0:041� 0:026 0:47þ0:10
�0:05 1.01

17–240 207� 17 23:3� 0:6 0:181� 0:015� 0:012 0:15þ0:04
�0:03 0.28

24–30 56� 9 31:9� 1:5 0:042� 0:007� 0:004 0:048þ0:029
�0:018 0.08

>30 44� 8 33:4� 2:0 0:188� 0:034� 0:018 0:20þ0:11
�0:02 0.27

jyBj nsig 
ð%Þ d�=dyBð�bÞ MC@NLO PYTHIA

0.00–0.60 187� 17 3:01� 0:06 7:39� 0:65� 0:53 5:98þ2:2�1:31 11.1

0.60–1.10 164� 17 3:81� 0:08 6:11� 0:64� 0:47 5:85þ1:78
�1:37 10.8

1.010–1.45 207� 20 5:92� 0:12 7:11� 0:69� 0:59 5:59þ1:71�1:31 10.2

1.45–1.80 203� 22 8:24� 0:15 5:01� 0:55� 0:42 4:96þ1:88
�1:10 9.5

1.80–2.40 176� 22 6:31� 0:12 3:31� 0:42� 0:28 4:29þ1:73
�1:14 8.5
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functions [29]. The uncertainty on the predicted cross
section is calculated by varying the renormalization and
factorization scales by a factor of 2, mb by �0:25 GeV,
and by using the CTEQ6.6 parton distribution set. For
reference, the prediction of PYTHIA is also included, using
a b-quark mass of 4.8 GeV, CTEQ6L1 parton distributions
[29], and the D6T tune [30] to simulate the underlying
event. The total integrated cross section for pB

T > 5 GeV
and jyBj< 2:4 is calculated as the sum over all pB

T bins and
is found to be 28:1� 2:4� 2:0� 3:1 �b, where the
first uncertainty is statistical, the second is systematic
(including the branching fraction uncertainty), and the
last is from the luminosity measurement. This result lies
between the predictions of MC@NLO, 25:5þ8:8

�5:4ðscaleÞþ2:5
�1:8 �

ðmassÞ � 0:8ðPDFÞ �b, and PYTHIA (48:1 �b).
In summary, first measurements of the total and

differential cross sections for charged B production in pp
collisions at

ffiffiffi
s

p ¼ 7 TeV using the decay B� ! J=cK�
have been presented. The measurements cover the
range jyBj< 2:4 and pB

T from 5 GeV to greater than
30 GeV. The result is in reasonable agreement with the

predictions of MC@NLO in terms of shape and absolute
normalization.
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FIG. 2 (color online). Measured differential cross sections
d�=dpB

T (top) and d�=dyB (bottom) compared with the theory
predictions. The error bars are the statistical uncertainties, while
the (yellow or light gray) band represents the sum in quadrature
of statistical and systematic uncertainties, excluding the common
branching fraction and luminosity uncertainties. The solid and
dashed blue lines are the MC@NLO prediction and its uncertainty,
respectively. The solid red line is the PYTHIA prediction.

 [GeV]BM

5 5.1 5.2 5.3 5.4 5.5

E
ve

n
ts

 / 
( 

0.
01

5 
G

eV
)

0

50

100

150

200

250

300

5 5.1 5.2 5.3 5.4 5.5
0

50

100

150

200

250

300  = 7 TeVsCMS
-1L = 5.8 pb
mµct > 100 

ct [cm]

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

E
ve

n
ts

 / 
( 

0.
00

95
 c

m
 )

-210

-110

1

10

210

310

410

ct [cm]

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

E
ve

n
ts

 / 
( 

0.
00

95
 c

m
 )

-210

-110

1

10

210

310

410
 = 7 TeVsCMS

-1L = 5.8 pb

FIG. 1 (color online). Projections of the fit results in MB (top)
and ct (bottom) for pB

T > 5 GeV and jyBj< 2:4. The curves in
each plot are the sum of all contributions (solid blue line); signal
(dashed red); prompt J=c (dotted green); and the sum of non-
prompt J=c , peaking b �b, and J=c�þ (dot-dashed brown).
For better visibility of the individual contributions, the MB

plot includes a requirement of ct > 100 �m.

PRL 106, 112001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

18 MARCH 2011

112001-4



FCT (Portugal); JINR (Armenia, Belarus, Georgia,
Ukraine, Uzbekistan); MST and MAE (Russia); MSTD
(Serbia); MICINN and CPAN (Spain); Swiss Funding
Agencies (Switzerland); NSC (Taipei); TUBITAK and
TAEK (Turkey); STFC (United Kingdom); DOE and
NSF (USA).

[1] P. Nason, S. Dawson, and R.K. Ellis, Nucl. Phys. B303,
607 (1988).

[2] C. Albajar et al. (UA1 Collaboration), Phys. Lett. B 186,
237 (1987).

[3] C. Albajar et al. (UA1 Collaboration), Phys. Lett. B 213,
405 (1988).

[4] F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 71, 500
(1993).

[5] F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 75,
1451 (1995).

[6] D. E. Acosta et al. (CDF Collaboration), Phys. Rev. D 65,
052005 (2002).

[7] S. Abachi et al. (D0 Collaboration), Phys. Rev. Lett. 74,
3548 (1995).

[8] B. Abbott et al. (D0 Collaboration), Phys. Rev. Lett. 84,
5478 (2000).

[9] B. Abbott et al. (D0 Collaboration), Phys. Rev. Lett. 85,
5068 (2000).

[10] D. E. Acosta et al. (CDF Collaboration), Phys. Rev. D 71,
032001 (2005).

[11] A. Abulencia et al. (CDF Collaboration), Phys. Rev. D 75,
012010 (2007).

[12] M. Cacciari, S. Frixione, M. L. Mangano, P. Nason, and G.
Ridol, J. High Energy Phys. 07 (2004) 033.

[13] J. C. Collins and R.K. Ellis, Nucl. Phys. B360, 3 (1991).

[14] S. Catani, M. Ciafaloni, and F. Hautmann, Nucl. Phys.
B366, 135 (1991).

[15] M. Cacciari and M. Greco, Nucl. Phys. B421, 530 (1994).
[16] M. Cacciari, M. Greco, and P. Nason, J. High Energy

Phys. 05 (1998) 007.
[17] B. A. Kniehl, G. Kramer, I. Schienbein, and H.

Spiesberger, Phys. Rev. D 77, 014011 (2008).
[18] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 694,

209 (2010).
[19] R. Adolphi et al. (CMS Collaboration), JINST 3, S08004

(2008).
[20] K. Nakamura et al. (Particle Data Group), J. Phys. G 37,

075021 (2010).
[21] T. Sjostrand, S. Mrenna, and P. Z. Skands, J. High Energy

Phys. 05 (2006) 026.
[22] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A

462, 152 (2001).
[23] S. Agostinelli et al. (GEANT4 Collaboration), Nucl.

Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).
[24] CMS Collaboration, Report No. CMS-PAS-TRK-10-002,

2010.
[25] CMS Collaboration, arXiv:1011.4193 [Euro. Phys. J (to be

published)].
[26] CMS Collaboration, Report No. CMS-PAS-TRK-10-005,

2010.
[27] S. Frixione, P. Nason, and B. R. Webber, J. High Energy

Phys. 08 (2003) 007.
[28] CMS Collaboration, Report No. CMS-PAS-EWK-10-004.
[29] J. Pumplin et al., J. High Energy Phys. 07 (2002) 012.
[30] P. Bartalini et al. (ATLAS, CMS, and TOTEM

Collaborations), in Proceedings of Multiple Parton
Interactions at the LHC, 1st Workshop, Perugia, Italy,
2008 (Verlag Deutsches Elektronen-Synchrotron,
Hamburg, 2009).

V. Khachatryan,1 A.M. Sirunyan,1 A. Tumasyan,1 W. Adam,2 T. Bergauer,2 M. Dragicevic,2 J. Erö,2 C. Fabjan,2
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B. Curé,97 D. D’Enterria,97 A. De Roeck,97 F. Duarte Ramos,97 A. Elliott-Peisert,97 B. Frisch,97 W. Funk,97

A. Gaddi,97 S. Gennai,97 G. Georgiou,97 H. Gerwig,97 D. Gigi,97 K. Gill,97 D. Giordano,97 F. Glege,97

R. Gomez-Reino Garrido,97 M. Gouzevitch,97 P. Govoni,97 S. Gowdy,97 L. Guiducci,97 M. Hansen,97 J. Harvey,97

J. Hegeman,97 B. Hegner,97 C. Henderson,97 G. Hesketh,97 H. F. Hoffmann,97 A. Honma,97 V. Innocente,97 P. Janot,97

E. Karavakis,97 P. Lecoq,97 C. Leonidopoulos,97 C. Lourenço,97 A. Macpherson,97 T. Mäki,97 L. Malgeri,97
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6Université Libre de Bruxelles, Bruxelles, Belgium
7Ghent University, Ghent, Belgium
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67bUniversità di Trieste, Trieste, Italy

68Kangwon National University, Chunchon, Korea
69Kyungpook National University, Daegu, Korea

PRL 106, 112001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

18 MARCH 2011

112001-12



70Chonnam National University, Institute for Universe and Elementary Particles, Kwangju, Korea
71Korea University, Seoul, Korea

72University of Seoul, Seoul, Korea
73Sungkyunkwan University, Suwon, Korea

74Vilnius University, Vilnius, Lithuania
75Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico

76Universidad Iberoamericana, Mexico City, Mexico
77Benemerita Universidad Autonoma de Puebla, Puebla, Mexico

78Universidad Autónoma de San Luis Potosı́, San Luis Potosı́, Mexico
79University of Auckland, Auckland, New Zealand

80University of Canterbury, Christchurch, New Zealand
81National Centre for Physics, Quaid-I-Azam University, Islamabad, Pakistan

82Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
83Soltan Institute for Nuclear Studies, Warsaw, Poland
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mmAlso at KFKI Research Institute for Particle and Nuclear Physics, Budapest, Hungary.
nnAlso at Institute for Nuclear Research, Moscow, Russia.
ooAlso at Horia Hulubei National Institute of Physics and Nuclear Engineering (IFIN-HH), Bucharest, Romania.
ppAlso at Istanbul Technical University, Istanbul, Turkey.
qqAlso at Laboratori Nazionale di Legnaro dell’INFN, Legnaro, Italy.

PRL 106, 112001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

18 MARCH 2011

112001-15


