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Observation of the Decay Bþ
c !B0

s�
þ

R. Aaij et al.*

(LHCb Collaboration)
(Received 22 August 2013; published 1 November 2013)

The result of a search for the decay Bþ
c ! B0

s�
þ is presented, using the B0

s ! D�
s �

þ and B0
s ! J=c�

channels. The analysis is based on a data sample of pp collisions collected with the LHCb detector,

corresponding to an integrated luminosity of 1 fb�1 taken at a center-of-mass energy of 7 TeV, and 2 fb�1

taken at 8 TeV. The decay Bþ
c ! B0

s�
þ is observed with significance in excess of 5 standard deviations

independently in both decay channels. The measured product of the ratio of cross sections and branching

fraction is ½�ðBþ
c Þ=�ðB0

s Þ� �BðBþ
c ! B0

s�
þÞ ¼ ½2:37� 0:31 ðstatÞ � 0:11 ðsystÞþ0:17

�0:13ð�Bþ
c
Þ� � 10�3, in

the pseudorapidity range 2<�ðBÞ< 5, where the first uncertainty is statistical, the second is systematic,

and the third is due to the uncertainty on the Bþ
c lifetime. This is the first observation of a B meson

decaying to another B meson via the weak interaction.

DOI: 10.1103/PhysRevLett.111.181801 PACS numbers: 13.25.Hw, 12.15.Ji

The Bþ
c meson is the ground state of the �bc system. As

such it is unique as it is the only weakly decaying doubly
heavy meson. All measurements of Bþ

c meson decays to
date are decays where the constituent b quark decays
weakly to a c quark [1–8]. The decay of the Bþ

c meson
to another B meson, with the bottom quark acting as a
spectator (see Fig. 1), has not previously been observed.
This will improve the understanding of theoretical predic-
tions and provide valuable information for the source of B0

s

mesons at the LHC.
A wide range of predictions for the branching fraction

BðBþ
c ! B0

s�
þÞ exists, between 16.4% and 2.5%, based

on, e.g., QCD sum rules [9,10], or quark-potential models
(see Refs. [11–16] and references therein). Experimental
clarification is needed to shed light on the present theoreti-
cal status. Unlike most other B decays, the higher order
corrections in the expansion of Heavy Quark Effective
Theory within the framework of quantum chromodynam-
ics (QCD) are relatively large. The expansion is described
in powers of mc=mb rather than �QCD=mb, due to the

presence of two heavy quark constituents, where �QCD is

the QCD scale, and mc (mb) the charm (bottom) quark
mass. In addition, the energy release in the decay is rela-
tively small, leading to larger nonfactorizable effects com-
pared to decays with lighter daughter particles. Study of
the decay Bþ

c ! B0
s�

þ allows these models to be tested.
Knowledge of the production of B0

s mesons from Bþ
c

decays is also useful for time-dependent analyses of B0
s

decays, to understand any associated decay-time bias
due to the incorrect estimate of the B0

s decay time if

originating from a Bþ
c decay, or to take advantage of

flavor tagging capabilities using the accompanying
(‘‘bachelor’’) pion.
The data used in this analysis were collected with the

LHCb detector [17] from pp collisions at
ffiffiffi
s

p ¼ 7 TeV and
8 TeV, corresponding to integrated luminosities of 1 fb�1

and 2 fb�1, respectively.
The decays B0

s ! D�
s �

þ and B0
s ! J=c� are used,

with the subsequent decays D�
s ! KþK���, J=c !

�þ�� and � ! KþK�. The inclusion of charge conju-
gate modes is implied throughout. The event selection and
fits to the B0

s invariant mass distributions follow previous
LHCb analyses based on these B0

s decay modes [18,19].
The two channels are analyzed independently and the final
results are combined. The strategy is to normalize the final
number of Bþ

c ! B0
s�

þ decays to the number of B0
s

decays, which gives a result for the Bþ
c ! B0

s�
þ branching

fraction multiplied by the ratio of Bþ
c and B0

s production
rates, ½�ðBþ

c Þ=�ðB0
sÞ� �BðBþ

c ! B0
s�

þÞ. The Bþ
c signal

FIG. 1. Leading-order Feynman diagram of the decay
Bþ
c ! B0

s�
þ.

*Full author list given at end of the article.
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region was not examined until the event selection was
finalized. Since the ratio of production rates,
�ðBþ

c Þ=�ðB0
sÞ, may depend on the kinematics of the pro-

duced Bmeson, the result is quoted for Bmesons produced
in the pseudorapidity range 2<�ðBÞ< 5, corresponding
to the LHCb detector acceptance.

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2<�< 5, described in
detail in Ref. [17]. The combined tracking system provides
momentum measurement with relative uncertainty that
varies from 0.4% at 5 GeV=c to 0.6% at 100 GeV=c, and
impact parameter resolution of 20 �m for tracks with high
transverse momentum, pT . The impact parameter (IP) is
defined as the distance of closest approach between the
track and a primary interaction. Charged hadrons are iden-
tified using two ring-imaging Cherenkov detectors. The
charged pions from Bþ

c decays are selected with an effi-
ciency of 93% while keeping the misidentification rate of
kaons below 7%. Muons are identified by a system com-
posed of alternating layers of iron and multiwire propor-
tional chambers with a typical efficiency of 97% at 1%–3%
pion to muon misidentification probability. The trigger
[20] consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction.
The B0

s candidates with muons in the final state are
required to pass the hardware trigger, which selects muons
with a transverse momentum, pT > 1:48 GeV=c, whereas
the B0

s candidates with only hadrons in the final state are
selected by requiring a hadron in the calorimeter with
ET > 3:6 GeV=c.

Monte Carlo simulations, used to develop the Bþ
c can-

didate selection, are performed using BCVEGPY [21], inter-
faced with PYTHIA 6.4 [22] using a specific LHCb
configuration [23]. Decays of hadronic particles are
described by EVTGEN [24], in which final state radiation
is generated using PHOTOS [25]. The interaction of the
generated particles with the detector and its response are
implemented using the GEANT4 toolkit [26] as described in
Ref. [27].

The B0
s candidates are selected using the multivariate

analysis known as the boosted decision tree (BDT) [28,29],
to optimally discriminate between signal and background.
In the training, simulated B0

s decays are used as the signal,
whereas candidates in theB0

s mass sideband in data are used
as the background. To avoid potential biases, only one sixth
of the data is used in the training. It is verified that the
distribution of the BDT discriminant is the same for the
events used in the training, compared to those that were not.
All events are used for the final result. The BDT training for
the selection of B0

s ! D�
s �

þ candidates uses only the
upper sideband ½5466; 5800� MeV=c2, as the lower side-
band contains a large amount of irreducible partially recon-
structed B decays, while the training for B0

s ! J=c� uses
both lower sideband ½5200; 5316� MeV=c2 and upper mass
sideband ½5416; 5550� MeV=c2. The B0

s vertex quality
(�2

vtx), flight distance, momentum p, and pT are used to
discriminate the signal from the background. For the
D�

s �
þ final state we use, in addition, the �2

vtx, flight
distance, p and pT of the D�

s candidate and the p, pT

and �2
IP of the bachelor pion from the B0

s decay to suppress
combinatorial background. The quantity �2

IP is defined as
the difference in �2 of a given primary vertex (PV) recon-
structed with and without the considered track. The train-
ing for J=c� candidates uses p, pT , �

2
vtx, and �2

IP of the
J=c and � candidates, and the pT of the final state kaons
and muons. In the selection of B0

s candidates from Bþ
c

decays, variables that require the candidate to point to a
primary vertex, such as the impact parameter of the B0

s

candidate, are explicitly not included. The minimum value
of the BDT discriminant is chosen by optimizing the B0

s

signal significance S=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S and B are the

expected numbers of signal and combinatorial background
events, respectively.
The total number of B0

s decays is obtained from
extended unbinned maximum likelihood fits to the invari-
ant mass distributions, using mass constraints for the J=c
candidates [30], and are shown in Fig. 2. The signal shapes
are taken as double Crystal Ball functions [31] with a
common peak value and with tails to either side of the
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FIG. 2 (color online). Invariant mass distributions of (a) B0
s ! D�

s �
þ and (b) B0

s ! J=c� candidates. The different components are
defined in the legend.
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peak, to account for final state radiation and detector
resolution effects. The parameters that describe the tails
are obtained from simulation and are fixed in the fits. The
peak and width parameters of the signal are allowed to
vary. The combinatorial backgrounds are modeled with
exponential distributions. The B0

s ! D�
s �

þ final state is
contaminated by partially reconstructed B decays such as
B0
s ! D��

s �þ and B0
s ! D�

s �
þ decays, where the soft

photon or neutral pion is not reconstructed, and by decays
where one of the final state particles is misidentified as a

kaon, such as B0 ! D��þ or ��0
b ! ��

c �
þ decays. The

shapes of these backgrounds are fixed from simulation,
following Ref. [18]. In total 103 760� 380 B0

s ! J=c�
and 73 700� 500 B0

s ! D�
s �

þ decays are found.
Selected B0

s candidates with masses consistent with the
known B0

s mass are combined with tracks that satisfy loose
pion identification requirements. Subsequently, Bþ

c candi-
dates are selected with a second BDT algorithm. In the
training of the second BDT, simulated candidates with
masses consistent with the Bþ

c mass [32] are used as the
signal, and candidates in the Bþ

c mass sideband region in
data are used as the background. For this, only the upper
mass sideband is used in the case of B0

s ! D�
s �

þ, while
also the lower mass sideband is used in the case of B0

s !
J=c�, to further suppress the larger combinatorial back-
ground at smaller values of the mass. Only one sixth of the
total data set is used in the training. The second BDT uses
the following variables: the Bþ

c candidate pT , decay time,
�2
vtx, �

2
IP, and the B

þ
c pointing angle, i.e., the angle between

the Bþ
c candidate momentum vector and the line joining

the associated PV and the Bþ
c decay vertex. The B0

s polar
angle (the angle between B0

s flight direction and the beam
axis), decay time, decay length, and pointing angle are also
used. The p and pT of the bachelor pion from the Bþ

c decay
are the most discriminating observables in the second BDT.
Differences between the analyses of the D�

s �
þ and J=c�

final states are the use of �2
IP of the B0

s candidate and

bachelor pion (from the Bþ
c decay), and B0

s and Bþ
c mo-

mentum for the former, and the use of the Bþ
c and B0

s

decay-length uncertainties for the latter. The optimal selec-
tions are defined by maximizing figures of merit for a
target level of significance of 3 standard deviations,

	=ð3=2þ ffiffiffiffi
B

p Þ [33], where 	 is the signal efficiency for a
given BDT criterion. The figure of merit displays a plateau,
and the chosen value is at the lower end to allow us to better
constrain the shape of the combinatorial background.
The chosen selection is very close to the optimal
point for a target level of 5� and for the expected signifi-

cance S=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
. The trigger for B0

s ! D�
s �

þ decays
preferentially selects candidates with high pT with respect
to the trigger for B0

s ! J=c� decays, which results in
higher efficiency for the second BDT requirement for the
B0
s ! D�

s �
þ final state. The Bþ

c and B0
s candidates are

required to be produced in the pseudorapidity range
2<�ðBÞ< 5.
The invariant mass distributions for the Bþ

c ! B0
s�

þ
candidates are shown in Fig. 3, together with the resulting
fits. The decay Bþ

c ! B0
s�

þ has aQ value of 770 MeV=c2

(with Q � mBþ
c
�mB0

s
�m�þ), which results in a resolu-

tion of about 6 MeV=c2 when a B0
s mass constraint is

applied. The signal shape is modeled as a double Crystal
Ball function, with its parameters obtained from simulated
events. The larger number of Bþ

c candidates in the B0
s !

D�
s �

þ channel allows variation of the peak position and
the width in the fit. The combinatorial background is
primarily due to signal B0

s decays combined with a random
pion from the primary vertex, and is modeled with an
exponential function. Backgrounds due to Bþ

c ! B�
s�

þ
and Bþ

c ! B0
s�

þ decays, where the photon or neutral
pion are not reconstructed, are simulated, and their shapes
are modeled with Gaussian distributions, with parameters
fixed in the fit, and yields allowed to vary. Statistical signal
significances of 7:7� for Bþ

c ! B0
sð! D�

s �
þÞ�þ and

6:1� for Bþ
c ! B0

sð! J=c�Þ�þ decays are obtained
from the likelihood ratio of fits with and without the
probability density function for the signal shape,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�2 lnðLB=LSþBÞ
p

, with 64� 10 and 35� 8 signal
decays, respectively.
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FIG. 3 (color online). Bþ
c mass fits for the combined 2011 and 2012 data sets for (a) Bþ

c ! B0
s ð! D�

s �
þÞ�þ and

(b) Bþ
c ! B0

sð! J=c�Þ�þ candidates. The different components are indicated in the legends.
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In Fig. 3(a), the structure around 6225 MeV=c2 is
consistent with originating from Bþ

c ! B�
s�

þ decays.
However, this contribution is not significant.

To obtain the value for the Bþ
c ! B0

s�
þ branching frac-

tion, multiplied by the ratio of Bþ
c and B0

s production rates,
the relative detection efficiency of B0

s decays compared to
Bþ
c ! B0

s�
þ decays is determined from simulation.

Requiring the bachelor pion to be inside the LHCb accep-
tance reduces the Bþ

c ! B0
s�

þ yield by about 19% with
respect to the B0

s yield. The most significant reduction in
the number of selected Bþ

c candidates comes from sup-
pressing B0

s combinations with a random pion from the
primary interaction, by means of the second BDT selec-
tion. The total relative detection efficiency of Bþ

c ! B0
s�

þ
decays with respect to B0

s decays is estimated to be 15.2%
for the B0

s ! J=c� decay and 33.9% for the B0
s ! D�

s �
þ

final state. This difference in Bþ
c selection efficiencies is a

consequence of the difference in B0
s trigger and selection

requirements.
The sources of systematic uncertainty for the efficiency-

corrected ratio of Bþ
c and B0

s yields are listed in Table I.
The uncertainty on the B0

s yield in the D�
s �

þ analysis is
determined by varying the parameters that describe the
tails of the signal mass distribution, and by reducing
the exponent of the combinatorial background by a factor
of 2. The uncertainty on the B0

s ! J=c� yield is obtained
by comparing the fitted yield in simulated pseudoexperi-
ments to the yield that was used as input to those
experiments.

The uncertainty on the Bþ
c yield is quantified by

varying the peak position and width in the fit to Bþ
c !

B0
sð! J=c�Þ�þ candidates. The signal model is validated

using simulated pseudoexperiments in the J=c� analysis,
whereas the tail parameters are varied by �10% in the
D�

s �
þ analysis. In addition, the combinatorial background

shape is changed to a straight line, and the difference in the
signal yield is taken as the associated systematic uncer-
tainty. The effect of partially reconstructed Bþ

c ! B0
s�

þ
decays is estimated by excluding candidates with
mass less than 6150 MeV=c2 from the fit. The significance
of the Bþ

c !B0
s�

þ signal is reduced to 7:5� for Bþ
c !

B0
sð! D�

s �
þÞ�þ and 5:5� for Bþ

c ! B0
sð! J=c�Þ�þ

when the systematic uncertainties on the fit to the Bþ
c

mass distribution are taken into account.
The relative detection efficiency of Bþ

c and B0
s events is

determined from simulated events. The correspondence
between data and simulation is quantified by varying the
criterion on the BDT value, and by comparing the
observed B0

s yield to the expected yield based on
the change in efficiency as determined from simulation.
The largest contribution is due to the 10% uncertainty
on the Bþ

c lifetime [32], which was recently improved by
the CDF Collaboration [34]. The change in selection
efficiency when varying the Bþ

c lifetime by �10% is
assigned as the systematic uncertainty. A longer (shorter)
Bþ
c lifetime corresponds to a larger (smaller) efficiency

and therefore a smaller (larger) ratio. As a cross-check,
the effect of the choice of different sets of BDT
input variables is investigated and the result is found to
be stable.
The contribution from Cabibbo suppressed Bþ

c ! B0
sK

þ
decays, the uncertainty on the efficiency of reconstructing
the extra pion, and the uncertainty on the efficiency of
the particle identification requirement on the bachelor pion
all give small contributions (<1:0%) to the total system-
atic uncertainty, and are not itemized in the summary in
Table I.
The B0

s and B
þ
c yields are corrected for the relative detec-

tion efficiencies, to obtain the efficiency-corrected ratios of
Bþ
c ! B0

s�
þ overB0

s yields, ½2:54�0:40ðstatÞþ0:23
�0:17ðsystÞ��

10�3 and ½2:20� 0:49ðstatÞ � 0:23ðsystÞ� � 10�3 for the
D�

s �
þ and J=c� final states, respectively. The small

fraction of B0
s candidates originating from Bþ

c decays is
neglected. The uncertainty due to the uncertainty on the Bþ

c

lifetime is correlated between the two measurements, and
is accounted for in the combined result of the ratio of
production rates multiplied with the branching fraction

�ðBþ
c Þ

�ðB0
sÞ

�BðBþ
c ! B0

s�
þÞ

¼ ½2:37� 0:31ðstatÞ � 0:11ðsystÞþ0:17
�0:13ð�Bþ

c
Þ� � 10�3;

where the first uncertainty is statistical, the second is
systematic, and the third is due to the uncertainty on the
Bþ
c lifetime. Since �ðBþ

c Þ=�ðB0
sÞ may depend on the kine-

matics of the produced B meson, the data are divided
according to center-of-mass energy leading to ½1:27�
0:42ðstatÞ � 0:05ðsystÞþ0:09

�0:07ð�Bþ
c
Þ� � 10�3 and ½2:92�

0:40ðstatÞ � 0:12ðsystÞþ0:21
�0:16ð�Bþ

c
Þ� � 10�3 for

ffiffiffi
s

p ¼ 7 and

8 TeV pp collisions, respectively. The lower value for the

TABLE I. Contributions of the various sources of (relative)
systematic uncertainty on the efficiency-corrected ratio of
event yields. The total systematic uncertainty is the
quadratic sum of the individual contributions. The number of
Bþ
c ! B0

s ð! D�
s �

þÞ�þ candidates is large enough that the peak
position and width are freely varied in the fit, and hence the
corresponding uncertainty is contained in the statistical uncer-
tainty of the signal yield.

Source D�
s �

þ (%) J=c� (%)

B0
s fit model 3.0 1.2

Bþ
c mean mass � � � 2.0

Bþ
c mass resolution � � � 5.2

Bþ
c signal model 1.5 1.7

Combinatorial background model 1.8 0.3

Partially reconstructed background 1.8 1.7

Data-simulation difference 3.7 3.7

Bþ
c lifetime þ6:8

�3:5 7.4

Total þ8:9
�6:7 10.4
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result of the 7 TeV data is attributed to a downward
statistical fluctuation of the Bþ

c ! B0
sð! J=c�Þ�þ yield

in the 2011 data set, with a p value of 1.5%.
Assuming a value for BðBþ

c ! J=c�þÞ around 0.15%
[11], combined with the results ½�ðBþ

c Þ=�ðBþÞ� �
BðBþ

c ! J=c�þÞ=BðBþ ! J=cKþÞ ¼ ð0:68 � 0:10 �
0:03 � 0:05Þ% [4], and measurements of fs=fd [18] and
BðBþ ! J=cKþÞ [32], results in a ratio of production
rates of Bþ

c mesons over B0
s mesons of about 0.02. This

leads to a branching fraction for Bþ
c ! B0

s�
þ of about

10%. Although precise quantification requires improved
understanding of �ðBþ

c Þ and BðBþ
c ! J=c�þÞ, even

taking the lower estimates for BðBþ
c ! J=c�þÞ that

are found in the literature [11], leads to a value of
BðBþ

c ! B0
s�

þÞ which is the largest exclusive branching
fraction of any known weak B meson decay.

In summary, the first observation of a weak decay of a B
meson to another B meson is reported. This measurement
will help to better understand flavor tagging and the decay
time resolution in time-dependent B0

s analyses, and in
addition will constrain models that predict branching frac-
tions of Bþ

c decays.
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