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E. Picatoste Olloqui,33 B. Pie Valls,33 B. Pietrzyk,4 T. Pilař,45 D. Pinci,22 R. Plackett,48 S. Playfer,47 M. Plo Casasus,34

G. Polok,23 A. Poluektov,45,31 E. Polycarpo,2 D. Popov,10 B. Popovici,26 C. Potterat,33 A. Powell,52 J. Prisciandaro,36

V. Pugatch,41 A. Puig Navarro,33 W. Qian,53 J. H. Rademacker,43 B. Rakotomiaramanana,36 M. S. Rangel,2 I. Raniuk,40

G. Raven,39 S. Redford,52 M.M. Reid,45 A. C. dos Reis,1 S. Ricciardi,46 K. Rinnert,49 D.A. Roa Romero,5 P. Robbe,7

E. Rodrigues,48,51 F. Rodrigues,2 P. Rodriguez Perez,34 G. J. Rogers,44 S. Roiser,35 V. Romanovsky,32 M. Rosello,33,n

J. Rouvinet,36 T. Ruf,35 H. Ruiz,33 G. Sabatino,21,k J. J. Saborido Silva,34 N. Sagidova,27 P. Sail,48 B. Saitta,15,d

C. Salzmann,37 M. Sannino,19,i R. Santacesaria,22 C. Santamarina Rios,34 R. Santinelli,35 E. Santovetti,21,k M. Sapunov,6

A. Sarti,18,l C. Satriano,22,m A. Satta,21 M. Savrie,16,e D. Savrina,28 P. Schaack,50 M. Schiller,39 S. Schleich,9 M. Schlupp,9

M. Schmelling,10 B. Schmidt,35 O. Schneider,36 A. Schopper,35 M.-H. Schune,7 R. Schwemmer,35 B. Sciascia,18

A. Sciubba,18,l M. Seco,34 A. Semennikov,28 K. Senderowska,24 I. Sepp,50 N. Serra,37 J. Serrano,6 P. Seyfert,11

M. Shapkin,32 I. Shapoval,40,35 P. Shatalov,28 Y. Shcheglov,27 T. Shears,49 L. Shekhtman,31 O. Shevchenko,40

V. Shevchenko,28 A. Shires,50 R. Silva Coutinho,45 T. Skwarnicki,53 A. C. Smith,35 N.A. Smith,49 E. Smith,52,46

K. Sobczak,5 F. J. P. Soler,48 A. Solomin,43 F. Soomro,18,35 B. Souza De Paula,2 B. Spaan,9 A. Sparkes,47 P. Spradlin,48

F. Stagni,35 S. Stahl,11 O. Steinkamp,37 S. Stoica,26 S. Stone,53,35 B. Storaci,38 M. Straticiuc,26 U. Straumann,37

V.K. Subbiah,35 S. Swientek,9 M. Szczekowski,25 P. Szczypka,36 T. Szumlak,24 S. T’Jampens,4 E. Teodorescu,26

F. Teubert,35 C. Thomas,52 E. Thomas,35 J. van Tilburg,11 V. Tisserand,4 M. Tobin,37 S. Topp-Joergensen,52 N. Torr,52

E. Tournefier,4,50 M. T. Tran,36 A. Tsaregorodtsev,6 N. Tuning,38 M. Ubeda Garcia,35 A. Ukleja,25 P. Urquijo,53 U. Uwer,11

V. Vagnoni,14 G. Valenti,14 R. Vazquez Gomez,33 P. Vazquez Regueiro,34 S. Vecchi,16 J. J. Velthuis,43 M. Veltri,17,g

B. Viaud,7 I. Videau,7 D. Vieira,2 X. Vilasis-Cardona,33,n J. Visniakov,34 A. Vollhardt,37 D. Volyanskyy,10 D. Voong,43

A. Vorobyev,27 H. Voss,10 S. Wandernoth,11 J. Wang,53 D. R. Ward,44 N. K. Watson,42 A.D. Webber,51 D. Websdale,50

M. Whitehead,45 D. Wiedner,11 L. Wiggers,38 G. Wilkinson,52 M. P. Williams,45,46 M. Williams,50 F. F. Wilson,46

J. Wishahi,9 M.Witek,23 W.Witzeling,35 S. A. Wotton,44 K. Wyllie,35 Y. Xie,47 F. Xing,52 Z. Xing,53 Z. Yang,3 R. Young,47

O. Yushchenko,32 M. Zangoli,14 M. Zavertyaev,10,a F. Zhang,3 L. Zhang,53 W.C. Zhang,12 Y. Zhang,3 A. Zhelezov,11

L. Zhong,3 and A. Zvyagin35

(LHCb Collaboration)

1Centro Brasileiro de Pesquisas Fı́sicas (CBPF), Rio de Janeiro, Brazil
2Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
3Center for High Energy Physics, Tsinghua University, Beijing, China
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6CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
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A search for the Xð4140Þ state in Bþ ! J=c�Kþ decays is performed with 0:37 fb�1 of pp collisions

at
ffiffiffi
s

p ¼ 7 TeV collected by the LHCb experiment. No evidence for this state is found, in

2:4� disagreement with a measurement by CDF. An upper limit on its production rate is set,

BðBþ ! Xð4140ÞKþÞ �BðXð4140Þ ! J=c�Þ=BðBþ ! J=c�KþÞ< 0:07 at 90% confidence level.
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In this article, results are presented from the search for the
narrow Xð4140Þ resonance decaying to J=c� using Bþ !
J=c�Kþ events [1] (J=c ! �þ��, � ! KþK�), in a
data sample corresponding to an integrated luminosity of
0:37 fb�1 collected in pp collisions at the LHC at

ffiffiffi
s

p ¼
7 TeV using the LHCb detector. The CDF collaboration
reported a 3:8� evidence for theXð4140Þ state (also referred
to asYð4140Þ in the literature) in these decays usingp �p data
collected at the Tevatron (

ffiffiffi
s

p ¼ 1:96 TeV) [2]. A prelimi-
nary update of the CDF analysis with 6:0 fb�1 reported
115� 12Bþ ! J=c�Kþ events and 19� 6Xð4140Þ can-
didates leading to a statistical significance of more than 5�
[3]. The mass and width were determined to be
4143:4þ2:9

�3:0 � 0:6 MeV and 15:3þ10:4
�6:1 � 2:5 MeV, respec-

tively[4]. The relative branching ratio was measured
to be BðBþ!Xð4140ÞKþÞ�BðXð4140Þ!J=c�Þ=
BðBþ!J=c�KþÞ¼0:149�0:039�0:024.

Charmonium states at this mass are expected to have
much larger widths because of open flavour decay channels
[5]. Thus, their decay rate into the J=c� mode, which is
near the kinematic threshold, should be small and unob-
servable. Therefore, the observation by CDF has triggered
wide interest among model builders of exotic hadronic
states. It has been suggested that the Xð4140Þ resonance
could be a molecular state [6–12], a tetraquark state
[13,14], a hybrid state [15,16] or a rescattering effect
[17,18]. The Belle experiment found no evidence for the
Xð4140Þ state in the �� ! J=c� process, which disfa-
vored the molecular interpretation [19]. The CDF data also
suggested that there could be a second state at a mass of
4274:4þ8:4

�6:4 � 1:9 MeV with a width of 32:3þ21:9
�15:3 �

7:6 MeV [3]. In this case, the event yield was 22� 8
with 3:1� significance. This observation has also received
attention in the literature [20,21].

The LHCb detector [22] is a single-arm forward spec-
trometer covering the pseudorapidity range 2<�< 5,
designed for the study of particles containing b or c quarks.
The detector includes a high precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift-tubes placed downstream. The combined
tracking system has a momentum resolution �p=p that
varies from 0.4% at 5 GeV=c to 0.6% at 100 GeV=c, and
an impact parameter (IP) resolution of 20 �m for tracks
with high transverse momentum. Charged hadrons are
identified using two ring-imaging Cherenkov detectors.
Photon, electron and hadron candidates are identified by
a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic calorimeter
(ECAL) and a hadronic calorimeter (HCAL). Muons are
identified by a muon system (MUON) composed of alter-
nating layers of iron and multiwire proportional chambers.
The MUON, ECAL and HCAL provide the capability of

first-level hardware triggering. The single and dimuon
hardware triggers provide good efficiency for Bþ !
J=c�Kþ, J=c ! �þ�� events. Events passing the hard-
ware trigger are read out and sent to an event filter farm for
further processing. Here, a software based two-stage trig-
ger reduces the rate from 1 MHz to about 3 kHz. The most
efficient software triggers [23] for this analysis require a
charged track with transverse momentum (pT) of more
than 1.7 GeV (pT > 1:0 GeV if identified as muon) and
with an IP to any primary pp-interaction vertex (PV) larger
than 100 �m. A dimuon trigger requiring pTð�Þ>
0:5 GeV, large dimuon mass, Mð�þ��Þ> 2:7 GeV, and
with no IP requirement complements the single track trig-
gers. At final stage, we either require a J=c ! �þ��
candidate with pT > 1:5 GeV or a muon-track pair with
significant IP.
In the subsequent offline analysis, J=c ! �þ�� can-

didates are selected with the following criteria: pTð�Þ>
0:9 GeV, �2 per degree of freedom of the two muons
forming a common vertex, �2

vtxð�þ��Þ=ndf < 9, and a
mass window 3:04<Mð�þ��Þ< 3:14 GeV. We then
find KþK�Kþ combinations consistent with originating
from a common vertex with �2

vtxðKþK�KþÞ=ndf < 9.
Every charged track with pT > 0:25 GeV, missing all
PVs by at least 3 standard deviations (�2

IPðKÞ> 9) and

classified more likely to be a kaon than a pion according
to the particle identification system, is considered a kaon
candidate [24]. A five-track J=cKþK�Kþ vertex is
formed (�2

vtxðJ=cKþK�KþÞ=ndf < 9). ThisBþ candidate
is required to have pT > 4:0 GeV and a decay time as
measured with respect to the PV of at least 0.25 ps.
When more than one PV is reconstructed, the one that
gives the smallest IP significance for the Bþ candidate is
chosen. The invariant mass of a �þ��KþK�Kþ combi-
nation is evaluated after the muon pair is constrained to the
J=c mass, and all final state particles are constrained to a
common vertex.
Further background suppression is provided by a like-

lihood ratio. In the case of uncorrelated input variables this
provides the most efficient discrimination between signal
and background. The overall likelihood is a product of
probability density functions, P ðxiÞ (PDFs), for the four
sensitive variables (xi): smallest �2

IPðKÞ among the kaon

candidates, �2
vtxðJ=cKþK�KþÞ=ndf, B candidate IP sig-

nificance, �2
IPðBÞ, and cosine of the largest opening angle

between the J=c and kaon candidates in the plane trans-
verse to the beam. The latter peaks towards þ1 for the
signal as the Bþ meson has a high transverse momentum.
Backgrounds combining particles from two different B
mesons peak at �1. Backgrounds including other random
combinations are uniformly distributed. The signal PDFs,
P sigðxiÞ, are obtained from the phase-space simulation of

Bþ ! J=c�Kþ decays. The background PDFs, P bkgðxiÞ,
are obtained from the data candidates with J=cKþK�Kþ
invariant mass between 5.6 and 6.4 GeV (far-sideband).
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A logarithm of the ratio of the signal and background PDFs
is formed: DLLsig=bkg ¼ �2

P
4
i lnðP sigðxiÞ=P bkgðxiÞÞ. A

requirement on the log-likelihood ratio, DLLsig=bkg <�1,

has been chosen by maximizing Nsig=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsig þ Nbkg

p
, where

Nsig is the expected Bþ ! J=cKþK�Kþ signal yield

and the Nbkg is the background yield in the B
þ peak region

(�2:5�). The absolute normalization of Nsig and Nbkg

comes from a fit to the J=c�K invariant mass distribution
with DLLsig=bkg < 0, while their dependence on the

DLLsig=bkg requirement comes from the signal simulation

and the far-sideband, respectively.
The J=c�K invariant mass distribution, with a require-

ment that at least one KþK� combination has an invariant
mass within�15 MeV of the�mass, is shown in Fig. 1. A
fit to a Gaussian and a quadratic function in the range
5.1–5.5 GeV results in 346� 20 Bþ events with a mass
resolution of 5:2� 0:3 MeV. Alternatively requiring the
invariant mass MðJ=cKþK�KþÞ to be within �2:5 stan-
dard deviations of the observed Bþ peak position, we fit the
MðKþK�Þ mass distribution (two combinations per event)
using a binned maximum likelihood fit with a P-wave
relativistic Breit-Wigner representing the �ð1020Þ and a
two-body phase-space distribution to represent combina-
torial background, both convolved with a Gaussian mass
resolution. The � resonance width is fixed to the PDG
value (4.26 MeV) [25]. TheMðKþK�Þmass distribution is
displayed in Fig. 2 with the fit results overlaid. The fitted
parameters are the � yield, the � mass (1019:3�
0:2 MeV), the background yield and the mass resolution
(1:4� 0:3 MeV). The fit neglects a possible interference
of the � resonance with nonresonant KþK� background.
Replacing the two-body phase-space function by a third-
order polynomial does not change the results. In order
to subtract a non-B contribution, we fit the MðKþK�Þ

distribution from the B mass near-sidebands (from 4 to
14 standard deviations on either side) leaving only the �
yield and the two-body phase-space background yield as
free parameters. After scaling to the signal region, this
leads to 14� 3 background events. The background sub-
tracted Bþ ! J=c�Kþ yield (NBþ!J=c�Kþ) is 382� 22

events.
To search for the Xð4140Þ state, we select events within

�15 MeV of the � mass. According to the fit to the
MðKþK�Þ distribution this requirement is 85% efficient.
Figure 3 shows the mass difference MðJ=c�Þ �MðJ=c Þ
distribution (no J=c or � mass constraints have been
used). No narrow structure is observed near the threshold.
We employ the fit model used by CDF [3] to quantify the
compatibility of the two measurements. The data are fitted
with a spin-zero relativistic Breit-Wigner shape together

with a three-body phase-space function (F bkg
1 ), both con-

volved with the detector resolution. The efficiency depen-
dence is extracted from simulation (Fig. 4) and applied as a
shape correction to the three-body phase-space and the
Breit-Wigner function. The mass and width of the
Xð4140Þ peak are fixed to the central values obtained by
the CDF collaboration. The mass-difference resolution was
determined from the Bþ ! Xð4140ÞKþ simulation to be
1:5� 0:1 MeV. A binned maximum likelihood fit of the
signal and background yields is shown in Fig. 3(a). The
region above 1400 MeV is excluded since it is more likely
to contain non Bþ ! J=c�Kþ backgrounds. By exclud-
ing also the region below 1030 MeV, where the three-body
phase-space and signal yields are very small (0.5% and
3.5% of the yields included in the fit, respectively), we
make our results less vulnerable to possible small contri-
butions from the other sources. The fit shown in Fig. 3(a)
gives a Xð4140Þ yield of 6:9� 4:9 events. Fitting the
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FIG. 1 (color online). Mass distribution for Bþ ! J=c�Kþ
candidates in the data after the �15 MeV � mass requirement.
The fit of a Gaussian signal with a quadratic background (dashed
line) is superimposed (solid red line).
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FIG. 2 (color online). Invariant MðKþK�Þ mass distribution
selecting Bþ ! J=cKþK�Kþ events in the �2:5� region
around the Bþ mass peak. The dashed line shows the two-
body phase-space contribution. The small blue dotted � peak
on top of it illustrates the amount of the background � mesons
estimated from the fit to the Bþ mass near-sidebands.
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second state at a mass of 4274.44 MeVand with a width of
32.3 MeV [3] does not affect the Xð4140Þ yield. Reflections
of K� resonances [26,27] and possible broad J=c� reso-
nances can also contribute near and under the narrow
Xð4140Þ resonance. To explore the sensitivity of our results
to the assumed background shape, we also fit the data in the
1020–1400 MeV range with a quadratic function multi-
plied by the efficiency-corrected three-body phase-space

factor (F bkg
2 ) to impose the kinematic threshold. The pre-

ferred value of the Xð4140Þ yield is 0.6 events with a
positive error of 7.1 events. This fit is shown in Fig. 3(b).

A similar fit was performed to simulated Bþ !
Xð4140ÞKþ data to estimate the efficiency for this channel.
The efficiency ratio between this fit and the � signal fit to
the Bþ ! J=c�Kþ events distributed according to the
phase-space model, �ðBþ ! Xð4140ÞKþ, Xð4140Þ !
J=c�Þ=�ðBþ ! J=c�KþÞ, was determined to be 0:62�
0:04 and includes the efficiency of the � mass window
requirement. Using our Bþ ! J=c�Kþ yield multiplied
by this efficiency ratio and by the CDF value for BðBþ !
Xð4140ÞKþÞ=BðBþ ! J=c�KþÞ [3], leads to a predic-
tion that we should have observed 35� 9� 6 events,
where the first uncertainty is statistical from the CDF

data and the second includes both the CDF and LHCb
systematic uncertainties. Given the Bþ yield and relative
efficiency, our sensitivity to the Xð4140Þ signal is a factor
of 2 better than that of the CDF. The central value of this
estimate is shown as a dashed line in Fig. 3. Taking the
statistical and systematic errors from both experiments into
account, our results disagree with the CDF observation by

2:4� (2:7�) when using F bkg
1 (F bkg

2 ) background shapes.

Since no evidence for the Xð4140Þ state is found, we set
an upper limit on its production. Using a Bayesian ap-
proach, we integrate the fit likelihood determined as a
function of the Xð4140Þ yield and find an upper limit on
the number of signal events of 16 (13) at 90% confidence
level (CL) for the two background shapes. Dividing the
least stringent limit on the signal yield by the Bþ !
J=c�Kþ yield and �ðBþ ! Xð4140ÞKþÞ=�ðBþ !
J=c�KþÞ gives a limit on BðBþ ! Xð4140ÞKþÞ �
BðXð4140Þ ! J=c�Þ=BðBþ ! J=c�KþÞ. The system-
atic uncertainty on �ðBþ ! Xð4140ÞKþÞ=�ðBþ !
J=c�KþÞ is 6%. This uncertainty includes the statistical
error from the simulation as well as the observed differ-
ences in track reconstruction efficiency between the simu-
lation and data measured with the inclusive J=c ! �þ��
signal. Fit systematics related to the detector resolution and
the uncertainty in the shape of the efficiency dependence
on the J=c�mass were also studied and found to be small.
We multiply our limit by 1.06 and obtain at 90% CL

BðBþ ! Xð4140ÞKþÞ �BðXð4140Þ ! J=c�Þ
BðBþ ! J=c�KþÞ < 0:07:

We also set an upper limit on the Xð4274Þ state sug-

gested by the CDF collaboration [3]. The fit with F bkg
1

background shape gives 3:4þ6:5
�3:4 events at this mass. The fit
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FIG. 3 (color online). Distribution of the mass difference
MðJ=c�Þ �MðJ=c Þ for the Bþ ! J=c�Kþ in the Bþ (�
2:5�) and � (� 15 MeV) mass windows. Fit of Xð4140Þ signal
on top of a smooth background is superimposed (solid red line).
The dashed blue (dotted blue) line on top illustrates the expected
Xð4140Þ (Xð4274Þ) signal yield from the CDF measurement [3].
The top and bottom plots differ by the background function
(dashed black line) used in the fit: (a) an efficiency-corrected

three-body phase-space (F bkg
1 ); (b) a quadratic function multi-

plied by the efficiency-corrected three-body phase-space factor

(F bkg
2 ). The fit ranges are 1030–1400 and 1020–1400 MeV,

respectively.
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FIG. 4. Efficiency dependence on MðJ=c�Þ �MðJ=c Þ as
determined from the simulation (points with error bars). The
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the phase-space model. A cubic polynomial was fitted to the
simulated data (superimposed).
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with the F bkg
2 background shape gives zero signal events

with a positive error of 10. Integration of the fit likelihoods
gives <24 and <20 events at 90% CL, respectively. The
relative efficiency at this mass is �ðBþ ! Xð4274ÞKþ,
Xð4274Þ ! J=c�Þ=�ðBþ ! J=c�KþÞ ¼ 0:86� 0:10.
The least stringent limit on the signal events yields an
upper limit of

BðBþ ! Xð4274ÞKþÞ �BðXð4274Þ ! J=c�Þ
BðBþ ! J=c�KþÞ < 0:08

at 90% CL, which includes the systematic uncertainty.
CDF did not provide a measurement of this ratio of
branching fractions. Assuming the efficiency is similar
for the Xð4274Þ and Xð4140Þ resonances, their Xð4274Þ
event yield corresponds to BðBþ ! Xð4274ÞKþÞ�
BðXð4274Þ ! J=c�Þ=BðBþ ! J=c�KþÞ ¼ 0:17� 0:06
(statistical uncertainty only). Scaling to our data, we
should have observed 53� 19 Xð4274Þ events, which is
illustrated in Fig. 3.

In summary, the most sensitive search for the narrow
Xð4140Þ ! J=c� state just above the kinematic threshold

in Bþ ! J=c�Kþ decays has been performed using
0:37 fb�1 of data collected with the LHCb detector. We
do not confirm the existence of such a state. Our results
disagree at the 2:4� level with the CDF measurement. An
upper limit on BðBþ ! Xð4140ÞKþÞ �BðXð4140Þ !
J=c�ÞÞ=BðBþ ! J=c�KþÞ of <0:07 at 90% CL is
set.
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