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The production fraction of the B−
c meson with respect to the sum of B− and B̄0 mesons is measured

in both 7 and 13 TeV center-of-mass (c.m.) energy pp collisions produced by the Large Hadron Collider
(LHC), using the LHCb detector. The rate, approximately 3.7 per mille, does not change with energy,
but shows a transverse momentum dependence. The B−

c − Bþ
c production asymmetry is also measured

and is consistent with zero within the determined statistical and systematic uncertainties of a few
percent.
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I. INTRODUCTION

The B−
c meson is a bound state containing a b quark with

a c̄ quark.1 It has the largest mass of any two differently
flavored quarks in a mesonic ground state. Studies of its
production or determination of individual decay widths
require measurements of its branching fractions to exclu-
sive final states. Since the branching fractions of some
decay modes of B− and B̄0 mesons are accurately known,
we determine the ratio of B−

c meson production relative to
the sum of B− and B̄0 mesons. Here we use techniques
similar to those employed for the measurement of B̄0

s

meson and Λ0
b baryon fractions [1]. In that paper, use is

made of the fact that the semileptonic widths of all b-
flavored hadrons with light and strange quarks are equal.
However, both the b and c quarks can decay, rendering that
concept inapplicable. Instead, we rely on theoretical pre-
dictions of the semileptonic decay branching fraction
BðB−

c → J=ψμ−ν̄Þ. Currently, only the relative production
cross-section times the branching fraction of either the
B−
c → J=ψμ−ν̄ or B−

c → J=ψπ− modes have been mea-
sured by the CDF [2,3], LHCb [4,5], and CMS [6,7]
experiments.
The B−

c meson production fraction (fc) relative to the
sum of B̄0 (fd) and B− (fu) mesons is defined as

Rc ¼
fc

fu þ fd

≡ ncorðB−
c → J=ψμ−ν̄Þ

ncorðB → D0Xμ−ν̄Þ þ ncorðB → DþXμ−ν̄Þ

·
hBsli

BðB−
c → J=ψμ−ν̄Þ ; ð1Þ

where ncor refers to the efficiency and J=ψ ; D branching
fraction corrected number of signal events. The modes
containing D0 and Dþ mesons are also corrected for
cross-feeds with B̄0

s and Λ0
b decays. The determination of

the corrected yields of the B → DXμ−ν̄ decays follows our
previous measurement strategy in Ref. [1] where the equa-
tions relating the fractions to the corrected yields, including
cross-feed contributions, are given. We also correct for the
0.4% effect of doubly Cabibbo-suppressed decays and D0

mixing. The relevant hadron branching fractions are listed in
Table I. The average semileptonic branching fractions of B̄0

and B−, hBsli ¼ ð10.70� 0.19Þ% is found by averaging
measurements from the CLEO [8], BABAR [9], and Belle
[10] experiments, detailed in Ref. [11]. Since only b →
cμ−ν̄μ modes are detected in this analysis, a correction for the
small b → uμ−ν̄μ rate of 1% is applied to the denominator
of Eq. (1).
The dominant production mechanism for B−

c mesons is
gluon-gluon fusion, gg → B−

c þ b̄þ c. Nonrelativistic
quantum chromodynamics is used alongwith fragmentation
functions to predict cross-sections as functions of transverse
momentum (pT) and pseudorapidity (η). The literature is
nicely summarized in Ref. [14].We defineHb to refer toBc,
B̄0, and B− mesons, while Hc refers to D0 and Dþ mesons.
In this analysis, η is determined by measuring the angle

of the B meson with respect to the beam direction by using
the positions of the primary pp interaction vertex (PV) and
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the B meson decay point into either J=ψμ−, D0μ−, or
Dþμ−. The transverse momentum initially refers to the
vector sum of the charmed-hadron and μ− momentum
transverse to the proton beams. However, the results are
reinterpreted in terms of the Hb meson pTðHbÞ by
simulating and correcting the effects of the missing
momenta.
The production asymmetry between B−

c and Bþ
c mesons,

which should be small, is defined as

aprod ≡ σðB−
c Þ − σðBþ

c Þ
σðB−

c Þ þ σðBþ
c Þ

¼ araw − adet; ð2Þ

where the araw and adet are the asymmetries in the signal
yields and the efficiencies of B−

c and Bþ
c detection,

respectively. The CP asymmetry in the B−
c → J=ψμ−ν̄

decay is assumed to be zero in this analysis.
The branching fraction predictions from various models

of semileptonic B−
c decays are listed in Table II. For

BðB−
c → J=ψμ−ν̄Þ, they range from 1.4% to 7.5%, which

is quite a large interval. Branching fractions for other
modes are also listed where available. We use the Z
expansion fit results from Ref. [15] and the method II
results for Ref. [16].
Some restrictions on models are possible by comparing

to lighter Bmeson decays. Since the inclusive semileptonic
branching fraction for these decays, Bsl, is about 10.5% and
the B−

c lifetime, τBc
, is 1=3 that of the B̄0, we disregard

models that predict 10% or larger values for Bc
sl of the B

−
c .

2

This excludes from consideration the models of Refs. [17]
and [20]. The average model prediction then is
BðB−

c → J=ψμ−ν̄Þ ¼ 1.95%. The standard deviation is
0.46%, which we use to estimate the systematic uncertainty
on the model variation. Results of our measurement with-
out using this branching fraction are also quoted.

II. DETECTOR, TRIGGER, AND SIMULATION

The LHCb detector [35,36] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector elements that are particularly relevant to this
analysis are a silicon-strip vertex detector surrounding the

pp interaction region that allows c and b hadrons to be
identified from their characteristically long flight distance;
a tracking system that provides a measurement of the
momentum, p, of charged particles; two ring-imaging
Cherenkov detectors that are able to discriminate between
different species of charged hadrons; and a downstream
system of iron interspersed with chambers is used to
identify muons.
The magnetic field deflects positively and negatively

charged particles in opposite directions and this can lead to
detection asymmetries. Periodically reversing the magnetic
field polarity throughout the data taking almost cancels the
effect. The configuration with the magnetic field pointing
upward (downward) bends positively (negatively) charged
particles in the horizontal plane toward the center of the
LHC ring. This analysis uses data collected in 2011 (7 TeV)
and 2016 (13 TeV) where appropriate triggers are available.
The data taking was split between magnetic field up and
down configurations. In the 2011 data, 0.6 fb−1 (0.4 fb−1)
was collected with the field pointing up (down), while in
2016 the split was 0.9 fb−1 with field up and 0.8 fb−1 with
field down.
The trigger [37] consists of a hardware stage, based on

information from the calorimeter and muon systems,
followed by a software stage, in which all charged particles
with pT > 500ð300Þ MeV are reconstructed for 2011
(2016) data.

TABLE I. Charm and charmonium branching fractions for the
decay modes used in this analysis.

Particle and decay Bð%Þ Source

D0 → K−πþ 3.93� 0.05 PDG average [12]
Dþ → K−πþπþ 9.22� 0.17 CLEO III [13]
J=ψ → μþμ− 5.96� 0.03 PDG average [12]

TABLE II. Branching fractions predictions (%). The B−
c life-

time is taken as 0.507 ps [12]. The value for the semileptonic
decays of the B−

c meson, Bc
sl, is derived by summing the J=ψμ−ν̄

and ηcμ
−ν̄ individual predictions with the average predictions of

0.1% for ψð2SÞμ−ν̄, the sum of χc0;1;2μ−ν̄ as 0.6%, and 0.3% for
hcμ−ν. In one case, where ηcμ

−ν̄ was not predicted, averages
from other measurements are used.

Ref:nMode J=ψμ−ν̄ ηcμ
−ν̄ ψð2SÞμ−ν̄ χc0;1;2μ

−ν̄ hcμ−ν Bc
sl

[17] 6.4 5.0 1.3 13.6
[18] 0.5
[19] 1.4 0.5 2.9
[20] 7.5 2.4 10.9
[21] 1.9 0.6 0.1 3.5
[22] 2.3 0.9 0.8 4.2
[23] 2.7 1.8 5.5
[24] 1.6 0.8 3.4
[25] 1.7 0.5 0.6 3.3
[26] 1.7 0.2 2.9
[27] 1.9 0.8 0.1 3.7
[28] 2.3 0.9 4.2
[29] 2.2 0.8 0.1 4.0
[30] 2.6 0.1 1.1 4.2
[31] 2.5 1.1 4.6
[32] 1.3 0.8 0.2 3.1
[33] 1.4 0.7 3.1
[15] 1.5 0.7 0.5 0.3 3.2
[16] 1.9 0.6 0.1 0.3 0.3 3.5
[34] 2.2 0.8 4.0

2This is evident since Bc
sl ¼ Γsl · τBc

, and Γsl is approximately
the same for all b-hadron species. We use natural units where
c ¼ ℏ ¼ 1.
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Separate hardware triggers are used for the J=ψμ− andHc
samples. For the former, we require a μþμ− pair. For the latter,
we require a single muon with large pT for the 7 TeV data as
used inRef. [38]. For the 13TeVdata, the singlemuon trigger
was not available; therefore, at the hardware trigger stage,
events are required to have a hadron, photon, or electron
transverse energy greater than approximately 3.5 GeV in the
calorimeters. The software trigger requires a two-, three-, or
four-track secondary vertex with a significant displacement
from any primary pp interaction vertex as described in
Ref. [1]. At least, one charged particle must have pT >
1.6 GeV and be inconsistent with originating from a PV. A
multivariate algorithm [39] is used for the identification of
secondary vertices consistent with the decay of a b hadron.
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA [40]
with a specific LHCb configuration [41]. Decays of
unstable particles are described by EVTGEN [42], in which
final-state radiation is generated using PHOTOS [43]. The
interaction of the generated particles with the detector, and
its response, are implemented using the GEANT4 toolkit
[44], as described in Ref. [45].

III. EVENT SELECTION, SIGNAL
EFFICIENCIES AND YIELDS

A. Selection of B−
c → J=ψμ− ν̄ candidates

The analysis is done separately for the light B meson
modes and the B−

c → J=ψμ−ν̄ decay. In each case, the
triggered events are subject to further filtering require-
ments. In addition, the J=ψμ− sample is subjected to a
boosted decision tree (BDT), a multivariate classification
method, using the TMVA toolkit [46]. This is not necessary
for theD0 orDþ modes because they have large signals and
are relatively free from backgrounds [1].
For the J=ψμ−ν̄ final state, the initial selection requires

that muons that satisfy the J=ψ candidate trigger each have
minimum pT > 550 MeV, have large impact parameters
with the PV, form a good quality vertex, have a reasonable
flight distance significance from the PV, and have a
summed pT > 2 GeV. The “companion” muon that is
not part of the J=ψ decay must be well identified and
form a good quality vertex with the J=ψ candidate, which
must be downstream of the PV.
To suppress muon tracks that are reconstructed more

than once, we require a small minimum opening angle
between the muons from the J=ψ decay and the companion
muon momentum measured in the plane transverse to the
beam line. Specifically, this opening angle must be greater
than 0.8°. The invariant mass of the companion muon and
the oppositely charged muon from J=ψ must differ from the
known value of the J=ψ mass by more than 50 MeV [12],
while the invariant mass with the same charged muon is
required to be larger than 400 MeV.

Since we are dealing with an exclusive final state, we
define

mcor ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mðJ=ψμ−Þ2 þ p2⊥

q
þ p⊥; ð3Þ

where p⊥ is the magnitude of the combination’s momen-
tum component transverse to the b-hadron flight direction.
Figure 1 shows the distributions ofmcor versus the invariant
J=ψμ− mass, mðJ=ψμ−Þ, for both data and simulation. To
remove background, a requirement of mðJ=ψμ−Þ >
4.5 GeV is applied, as indicated by the (red) dashed line.
Since we also measure the production asymmetry

between Bþ
c and B−

c mesons, we restrict the angular
acceptance of the companion muon to make it more
uniform by removing muons close to the edge of the
detector, in the bending direction (x-direction), where large
acceptance-induced asymmetries can occur. Thus, we
require that the x-component of the momentum satisfies

jpxj ≤ 0.294ðpz − 2 GeVÞ; ð4Þ
where pz is the muon momentum along the direction of
the proton beam downstream of the PV, as is done in
Refs. [47,48].
After these initial restrictions, we turn to the multivariate

selection, forming the classifier denoted BDT in the
following. The discriminating variables used are (a) the
χ2 of the vertex fit of the J=ψ with the μ−; (b) the ln χ2IP,
where χ2IP is defined as the χ2 of the impact parameter with
respect to the PV, of the J=ψ , μ−, and their combination;
(c) the pT of the J=ψ and the μ−; and (d) the cosine of the
angle between the μ− and the J=ψ meson in the plane
perpendicular to the beam direction. The training sample
for signal is simulated B−

c → J=ψμ−ν̄ events and for
background is inclusive b → J=ψX simulated events.
We then optimize the BDT output threshold by maxi-

mizing S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S and B are the number of the

signal and background yields in the signal region defined as
mcor ∈ ð4.8; 10.8Þ GeV. The sum, Sþ B, is the total
number of events within these limits, and S is taken from
a fit to the mcor distribution. The optimal BDT output
threshold results in a BDT signal efficiency of 89% with a
background rejection of 63%, as determined by observing
the resulting samples of input signal simulation events and
background candidates.
The mcor distribution is shown in Fig. 2. It consists not

only of signal B−
c events, but also of B−

c → J=ψτ−ν̄ decays,
where τ− → μ−νν̄, and other cc̄ final states, most impor-
tantly B−

c → ψð2SÞμ−ν̄ and B−
c → χcμ

−ν̄. We find shapes
for these final states using simulation. The signal shape is a
sum of a double crystal ball and a bifurcated Gaussian
function. The sum of the combinatorial and misidentifica-
tion backgrounds is represented by a Gaussian kernel shape
[49]. For the other background modes, we use histograms
directly. These shapes are fitted to the mcor distributions in
Fig. 2 in order to determine the B−

c → J=ψμ−ν̄ yields. The
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ratio of the J=ψτ−ν̄ yield to the J=ψμ−ν̄ yield is fixed, after
accounting for the relative detection efficiencies, from the
LHCb measurement of 0.71� 0.17� 0.18, where the first
uncertainty is statistical and the second systematic [50]; this
convention is used throughout this paper. The other
components of the fit are allowed to vary. We find 4010�
200 and 15170� 710 signal B−

c → J=ψμ−ν̄ events at 7 and
13 TeV, respectively, while the backgrounds sum to 950
and 5170 events at the same energies. These signal yields
need to be corrected for the small background from
candidates with a correctly reconstructed J=ψ meson that
is paired with a hadron misidentified as a muon.

B. Efficiency for B−
c → J=ψμ− ν̄

Efficiencies are determined using both data [51,52] and
simulation of B−

c → J=ψμ−ν̄, with the generated events
weighted to match the pTðHbÞ, and η distributions
observed in data. In addition, we weight accordingly the
χ2IP distribution of the muon associated with the J=ψ .
Weighting the simulation is important since the total
efficiencies are functions of these variables. Efficiencies
using data include trigger and muon identification.
Efficiencies using simulation include detector acceptance,
reconstruction and event selection, and removal of beam
crossings with an excess number of hits in the detector.
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FIG. 2. Fitted mcor distributions in (a) 7 TeVand (b) 13 TeV samples. The signal and the backgrounds are shown as the dark (orange)
and lighter (gray) areas. The dashed (cyan) curves show the B−

c → J=ψτ−ντ components, while the dotted (blue) curves show the
B−
c → χc0;1;2μ

−ν̄ components. The B−
c → ψð2SÞμ−ν̄ contribution is also in the fit but is too small to be seen. The total fit is shown by the
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Total efficiencies as a function of pTðB−
c Þ for different η

intervals are shown in Fig. 3.

C. HcXμ− ν̄ selection criteria

Selection criteria for Hb → HcXμ−ν̄ final states differ
from those containing a J=ψ . The transverse momentum of
each hadron must be greater than 0.3 GeV and that of the
muon larger than 1.3GeV.We require χ2IP > 9with respect to
any PV, ensuring that tracks do not originate from primary
pp interactions. All final state particles are required to be
positively identified using information from the RICH
detectors. Particles from Hc decay candidates must have
a good fit to a common vertex with χ2=n:d:o:f: < 9, where
n.d.o.f. is the number of degrees of freedom. They must also

be well separated from the nearest PV, with the flight
distance divided by its uncertainty greater than five.
Candidate b hadrons are formed by combining Hc and

muon candidates originating from a common vertex with
χ2=n:d:o:f: < 9 and an Hcμ

− invariant mass in the range
3.0–5.0 GeV.
Background from promptHc production at the PV needs

to be considered. We use the natural logarithm of the Hc
impact parameter, IP, with respect to the PV in units of mm.
Requiring lnðIP=mmÞ > −3 is found to reduce the prompt
component to be below 0.1%, while preserving 97% of all
signals. This restriction allows us to perform fits only to the
Hc candidate mass spectra to find the b-hadron decay
yields.
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FIG. 3. The total efficiency for B−
c → J=ψμ−ν̄, as a function of pTðB−

c Þ in different intervals of η in (a) 7 TeVand (b) 13 TeV samples.
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The Hc candidate mass distributions integrated over
pTðHbÞ and η are shown in Fig. 4 and consist of a
prominent peak resulting from signal, and a small con-
tribution due to combinatorial background from random
combinations of particles that pass the selection. They are
fit with a signal component comprising two Gaussian
functions and a combinatorial background component
modeled as a linear function. The fitted yields are listed
in Table III. These numbers must be corrected for hadrons
that are misidentified as muons, and for semileptonic
decays of B̄0

s and Λ0
b hadrons that produce D0 and Dþ

mesons.
In Table III, the column labeled “fake muons” shows the

yields of wrong-sign D0Xμþ and DþXμþ combinations
that pass the selections. These yields provide good esti-
mates of the fake muon contributions in the signal samples,
which are very small. Following the procedure in Ref. [1],
we find the cross-feed corrections of B̄0

s→ðD0þDþÞXμ−ν̄
andΛ0

b → ðD0 þDþÞXμ−ν̄ to be twice the measured yields
for B̄0

s → D0KþXμ−ν̄, which are 8500� 340 (7 TeV) and
69390� 1130 (13 TeV), and for Λ0

b → D0pXμ−ν̄, which
are 2330� 140 (7 TeV) and 33050� 460 (13 TeV).
Relative efficiencies for detecting final states with a single
extra hadron are taken into account when subtracting these
yields.

D. Efficiencies for B → D0Xμ− ν̄ and B → D +Xμ− ν̄
Similarmethods based on data, as implemented for theB−

c
decay, are used to evaluate the efficiencies for trigger and
particle identification. Simulation is also used to determine
the efficiencies of event selection and reconstruction of these
modes. The total efficiencies for B meson decays into
D0Xμ−ν̄ and DþXμ−ν̄ are shown in Fig. 5.

IV. RESULTS

A. Corrections to the pTðHbÞ distributions due to
the missing neutrino

Since the production kinematics of B and B−
c mesons can

differ as functions of pTðHbÞ and η, we need to measure
fc=ðfu þ fdÞ as functions of these variables. The meas-
urement of η is straightforward; however, we do not
measure directly the pTðHbÞ of the b-flavored hadron
because of the missing neutrino, and in the case of the B
meson possible missing extra particles. Following a pro-
cedure similar to the one used in Ref. [1], we determine a

correction factor, k, that is the ratio of the average
reconstructed to true pTðHbÞ as a function of the invariant
mass of the charmed hadron plus muon. The ratio dis-
tribution as a function of hadron-muon invariant mass is
shown in Fig. 6. The average correction, the k-factor, is
shown in the figure. For the B meson, it varies from 0.75 to
unity over the interval from 3 GeV to the B mass, and for
the B−

c meson, it varies from 0.85 to unity over the interval
from 4 GeV to the B−

c mass.

B. B−
c fraction results

The ratio of production fractions, fc=ðfu þ fdÞ, is
shown as functions of pTðHbÞ and η in Fig. 7. There is
little dependence on η, but the decrease as a function of
pTðHbÞ is noticeable.
To describe the pTðHbÞ dependence, we use an equation

of the form

fc
fu þ fd

ðpTÞ ¼ A½p1 þ p2ðpTðHbÞ − hpTiÞ�; ð5Þ

where A represents the overall normalization and
contains the total global systematic uncertainty; thus,
A ¼ 1� 0.24;3 hpTi is taken as 7.2 GeV, close to the
average pT of the B−

c . The slopes, p2, are similar in size to
those measured for the Bs meson fraction ratio as a function
of pT [1,53]. Results of fits to the data using Eq. (5) are
listed in Table IV.
The average fractions in the interval 4 < pTðHbÞ <

25 GeV are found by integrating over pTðHbÞ. To allow
for facile changes to our results due to improved theoretical
predictions, we provide the results for

fc
fu þ fd

· BðB−
c → J=ψμ−ν̄Þ

¼ ð7.07� 0.15� 0.24Þ × 10−5 for 7 TeV;

fc
fu þ fd

· BðB−
c → J=ψμ−ν̄Þ

¼ ð7.36� 0.08� 0.30Þ × 10−5 for 13 TeV:

TABLE III. Yields of B → DXμ−ν̄ decays.

Mode

7 TeV yields 13 TeV yields

Signal Fake muons Signal Fake muons

D0Xμν̄ 789800� 940 5500� 160 12285000� 3700 115155� 580

DþXμν̄ 263190� 570 990� 70 3686240� 2130 21370� 240

3See Sec. V for the discussion of the systematic uncertainties.
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Next, we give the result on the fractions ratio

fc
fuþfd

¼ð3.63�0.08�0.12�0.86Þ×10−3 for 7 TeV;

fc
fuþfd

¼ð3.78�0.04�0.15�0.89Þ×10−3 for 13 TeV;

where the third uncertainty is due to the theoretical
prediction of BðB−

c → J=ψμ−ν̄Þ. To find fc=fu, just double
these numbers.
We also measure the ratio of the B−

c production fraction
at 7 TeV to that at 13 TeV. Figure 8 shows the ratio as
functions of pT and η. Here most of the systematic
uncertainties cancel. The integrated value of the ratio of
13 and 7 TeV is measured as 1.02� 0.02� 0.04, consistent
with no increase in the B−

c fraction ratio as a function of
c.m. energy.
The B−

c fraction with respect to inclusive b-hadron
production can be derived from the information in previous
LHCb b-hadron fraction papers in Ref. [1,38,53]. There the

measured values of the ratios of b-hadron fractions over the
same pT range in terms of the b-hadron pT are for B̄0

s

mesons (fs) and Λ0
b baryons,

fs
fu þ fd

¼
�
0.124� 0.010 ð7 TeVÞ ½53�
0.122� 0.006 ð13 TeVÞ ½1�; ð6Þ

fΛ0
b

fu þ fd
¼

�
0.223� 0.036 ð7 TeVÞ ½38�
0.259� 0.018 ð13 TeVÞ ½1�; ð7Þ

where the uncertainties contain both statistical and sys-
tematic components added in quadrature. For the meas-
urement of the fΛ0

b
fraction at 7 TeV, the dominant

systematic uncertainty is from the lack of the knowledge
of BðΛþ

c → pK−πþÞ at that time [38]; here the value and
uncertainty have been recalculated according to the latest
value of BðΛþ

c → pK−πþÞ from the PDG [12].
Taking the sum of all the b-hadron fractions to be unity,

and ignoring fc here because it is so small,

fu þ fd þ fs þ fΛ0
b
ð1þ δÞ ¼ 1; ð8Þ

where δ ¼ 0.25� 0.10 is a correction factor derived in
Ref. [11] that accounts for heavier b-baryons, mainly the
Ξb. Solving for fu þ fd yields
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TABLE IV. Results of the fits to Eq. (5).

Energy p1 p2 × 10−2 ðGeV−1Þ
7 TeV 3.82� 0.09� 0.05 −6.2� 1.7� 1.1
13 TeV 4.13� 0.05� 0.04 −9.7� 0.8� 1.0
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fu þ fd ¼
�
1þ fs

fu þ fd
þ

fΛ0
b

fu þ fd
ð1þ δÞ

�
−1
;

¼
�
0.713� 0.026 ð7 TeVÞ
0.692� 0.015 ð13 TeVÞ: ð9Þ

We find that

fc · BðB−
c → J=ψμ−ν̄Þ ¼

� ð5.04� 0.11� 0.17� 0.18Þ × 10−5 ð7 TeVÞ
ð5.09� 0.06� 0.21� 0.11Þ × 10−5 ð13 TeVÞ ;

where the first uncertainty is statistical, the second is systematic, and the third is from the fractions of the B0
s and Λ0

b given in
Eq. (9). We also provide the result for fc,

fc ¼
� ð2.58� 0.05� 0.62� 0.09Þ × 10−3 ð7 TeVÞ
ð2.61� 0.03� 0.62� 0.06Þ × 10−3 ð13 TeVÞ ;

where the first uncertainty is statistical, the second is
systematic including that from BðB−

c → J=ψμ−ν̄Þ, and
the third is from the fractions of the B0

s and Λ0
b given in

Eq. (9).

C. The B−
c −B+

c production asymmetry

The production asymmetries are measured in two differ-
ent magnetic field configurations and then averaged. No
significant asymmetry is observed in any intervals of
pTðHbÞ or η. The results are summarized in Table V.
Averaging the B−

c − Bþ
c production asymmetries over

pTðHbÞ and η, we find ð−2.5� 2.1� 0.5Þ% and ð−0.5�
1.1� 0.4Þ% at c.m. energies of 7 and 13 TeV, respectively.

V. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are separated into two catego-
ries: “global,” which applies across the phase space, and
“local,” which is calculated in each two-dimensional
pTðHbÞ − η bin. These uncertainties are listed in Table VI.

First, let us consider the B−
c → J=ψμ−ν̄ decay. The

uncertainty due to the signal shape used to fit the mcor
distribution is determined by changing the baseline signal
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FIG. 8. Ratio of the B−
c production fractions at 13–7 TeV as a function of (a) pTðHbÞ and (b) η. The smaller error bars show the

statistical uncertainties, and the larger ones include the statistical and systematic uncertainties added in quadrature.

TABLE V. The B−
c − Bþ

c production asymmetry (×10−2) as a
function of pTðHbÞ and η at 7 and 13 TeV.

7 TeV production asymmetry

pTðGeVÞnη 2.5–3.5 3.5–4.5
4–6 7.91� 7.00� 1.03 −6.44� 6.44� 2.10
6–8 −4.34� 5.43� 1.62 −6.66� 6.65� 2.03
8–10 −1.13� 6.31� 1.56 −9.63� 7.23� 0.81
10–25 0.24� 4.13� 0.98 −4.87� 8.63� 1.44

13 TeV production asymmetry

pTðGeVÞnη 2.5–3.5 3.5–4.5
4–6 3.13� 3.33� 1.16 1.76� 3.23� 0.91
6–8 −0.34� 2.79� 1.26 −5.03� 3.61� 1.06
8–10 2.03� 2.73� 0.94 −2.48� 4.29� 1.78
10–25 1.50� 2.05� 0.73 −1.47� 4.20� 2.18
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shape, the sum of a double sided crystal ball function and a
bifurcated Gaussian, to a kernel estimation. To find the
shape of the combinatorial and misidentification back-
grounds, we use simulated inclusive samples of b → J=ψX
events not including B−

c decays. A total of 500 samples are
generated and different fits to the samples are performed to
determine the possible uncertainty. This procedure is also
used for the aprod measurement. We call contributions to the
J=ψμ− mass spectrum “feed-down" contributions, occur-
ring from other B−

c decay channels including J=ψτν̄,
ψð2SÞμ−ν̄, and χcμ

−ν̄. The systematic uncertainty results
from the uncertainties in their branching fractions.
Different decay models for B−

c → J=ψμ−ν̄ decays can
change the mcor shape. We use the model of Ebert et al.
[18] for our baseline prediction. Then we also use the
model by Kiselev [29] to find the efficiencies and take half
the difference as the systematic uncertainty. We also
estimate the uncertainty due to the sensitivity to various
selection requirements and simulation statistics. The muon
identification efficiencies are determined from data using
inclusive samples of J=ψ decay where one of the muon
candidates is not identified. The trigger efficiency is
determined by using three independent samples of events,
those that trigger on a J=ψ , those that triggered on
something else in the event, and those that trigger on both

the J=ψ and something else. These samples are then used to
compute the trigger efficiencies in two-dimensional
pTðHbÞ and η bins.
Next, we turn to the B → DXμν modes. The efficiencies

and their uncertainties for identifying pions and kaons are
determined by using almost background free samples of
D�þ → πþD0, D0 → K−πþ decays. The trigger and muon
identification efficiencies, and their uncertainties, are
obtained in the same manner as for the B−

c → J=ψμ−ν̄
mode. There are small systematic uncertainties related to
efficiency estimates and the assumed D� to D mixtures,
as well as simulation statistics. Global systematic uncer-
tainties include the hadron branching fractions listed in
Table I, cross-feed corrections arising from B̄0

s and Λ0
b

decays into DXμ−ν̄ events, and a global hadron plus
photon multiplicity requirement. The latter is evaluated
with data.

VI. CONCLUSIONS

In 7 and 13 TeV pp collisions the product of
BðB−

c → J=ψμ−ν̄Þ with the relative fraction of B−
c mesons

with respect to the sum of B0 and Bþ mesons in the ranges
2.5 < η < 4.5 and 4 < pTðHbÞ, < 25 GeV is found to be

TABLE VI. Summary of the relative systematic uncertainties for fc=ðfu þ fdÞð%Þ and the absolute production asymmetries aprodð%Þ.
For local uncertainties, the ranges correspond to the minimum and maximum uncertainties evaluated in the pTðHbÞ and η ranges.

fc=ðfu þ fdÞ aprod

7 TeV 13 TeV 7 TeV 13 TeV

Local uncertainties
Signal shape 0.12–9.56 0.14–2.80 0.04–1.80 0.01–0.78
Background shape 0.34–6.16 0.02–5.80 0.06–3.05 0.05–2.45
Feed-down channels 0.12–5.00 0.43–2.27 0.01–1.11 0.03–0.65
Decay models 0.00–2.00 0.01–3.84 0.02–0.28 0.02–0.61
Muon ID in J=ψμ− 0.06–5.79 0.03–2.92 0.02–0.37 0.01–0.18
Trigger for J=ψ 0.00–0.23 0.00–0.34 0.05–2.34 0.07–4.24
Simulation decay model 0.00–2.00 0.01–3.84 0.02–0.28 0.02–0.61
Hadron ID in DXμ−ν̄ 0.04–1.81 0.01–2.01 � � � � � �
Muon trigger & ID in DXμ−ν̄ 0.02–1.34 0.00–0.21 � � � � � �
Simulation sample size 1.5–11.5 2.1–10.7 0.5–1.1 0.5–1.2
k-factor 0.02–0.95 0.05–0.70 0.01–0.10 0.00–0.10
Tracking asymmetry � � � � � � 0.00–0.28 0.00–0.09
Global uncertainties
BðJ=ψ → μþμ−Þ 0.55 0.55 � � � � � �
BðDþ → K−πþπþÞ or BðD0 → K−πþÞ 1.0 1.0 � � � � � �
BðB → HcXμ−ν̄Þ 1.8 1.8 � � � � � �
Cross-feed contribution 0.2 0.2 � � � � � �
Multiplicity cut 1.2 2.7 � � � � � �
Tracking efficiency 1.8 1.8 � � � � � �
Uncertainty sum 4.3–21.3 5.1–17.4 1.0–3.5 1.0–4.8
BðB−

c → J=ψμ−ν̄Þ 23.6 23.6 � � � � � �
Overall uncertainty 24.0–31.8 24.1–29.3 1.0–3.5 1.0–4.8
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fc
fu þ fd

· BðB−
c → J=ψμ−ν̄Þ ¼ ð7.07� 0.15� 0.24Þ × 10−5 for 7 TeV;

fc
fu þ fd

· BðB−
c → J=ψμ−ν̄Þ ¼ ð7.36� 0.08� 0.30Þ × 10−5 for 13 TeV:

We derive the product of fc · BðB−
c → J=ψμ−ν̄Þ at the two energies as

fc · BðB−
c → J=ψμ−ν̄Þ ¼

� ð5.04� 0.11� 0.17� 0.18Þ × 10−5 ð7 TeVÞ
ð5.09� 0.06� 0.21� 0.11Þ × 10−5 ð13 TeVÞ:

Using the average of the theoretical prediction BðB−
c → J=ψμ−ν̄Þ ¼ ð1.95� 0.46Þ%, where the uncertainty is given by

the standard deviation derived from the distribution of the models, we determine

fc
fu þ fd

¼ ð3.63� 0.08� 0.12� 0.86Þ × 10−3 for 7 TeV;

fc
fu þ fd

¼ ð3.78� 0.04� 0.15� 0.89Þ × 10−3 for 13 TeV;

where the first uncertainties are statistical, the second systematic, and the third due to the theoretical prediction of
BðB−

c → J=ψμ−ν̄Þ. There is a small dependence on the transverse momentum of the Bþ
c meson, but no dependence on its

pseudorapidity is observed. We also report

fc ¼
� ð2.58� 0.05� 0.62� 0.09Þ × 10−3 ð7 TeVÞ
ð2.61� 0.03� 0.62� 0.06Þ × 10−3 ð13 TeVÞ ;

where the first uncertainty is statistical, the second is
systematic including that from BðB−

c → J=ψμ−ν̄Þ, and the
third is from the fractions of the B0

s and Λ0
b given in Eq. (9).

The ratio of fractions, 1.02� 0.02� 0.04, for
13 TeV=7 TeV is consistent with no increase in the B−

c
fraction. Furthermore, using the assumption of no CP
violation in the B−

c → J=ψμ−ν̄ decay, we find that the
average asymmetry in B−

c − Bþ
c production is consistent

with zero. The measurements are ð−2.5� 2.1� 0.5Þ% and
ð−0.5� 1.1� 0.4Þ% at c.m. energies of 7 and 13 TeV,
respectively.
These results are useful to extract absolute branching

fractions for B−
c measurements, albeit with a relatively large

uncertainty. They also challengeQCD calculations to predict
the measured B−

c fractions and explain the consistency
between the fractions measured at 7 and 13 TeV [14,54].
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R. Lefèvre,9 A. Leflat,39 F. Lemaitre,47 O. Leroy,10 T. Lesiak,33 B. Leverington,16 H. Li,70 X. Li,66 Y. Li,6 Z. Li,67 X. Liang,67

R. Lindner,47 V. Lisovskyi,11 G. Liu,70 X. Liu,3 D. Loh,55 A. Loi,26 J. Lomba Castro,45 I. Longstaff,58 J. H. Lopes,2

G. Loustau,49 G. H. Lovell,54 Y. Lu,6 D. Lucchesi,27,p M. Lucio Martinez,31 Y. Luo,3 A. Lupato,27 E. Luppi,20,h O. Lupton,55

A. Lusiani,28 X. Lyu,5 S. Maccolini,19,f F. Machefert,11 F. Maciuc,36 V. Macko,48 P. Mackowiak,14 S. Maddrell-Mander,53

L. R. Madhan Mohan,53 O. Maev,37,47 A. Maevskiy,77 D. Maisuzenko,37 M.W. Majewski,34 S. Malde,62 B. Malecki,47

A. Malinin,75 T. Maltsev,42,y H. Malygina,16 G. Manca,26,g G. Mancinelli,10 R. Manera Escalero,44 D. Manuzzi,19,f

D. Marangotto,25,r J. Maratas,9,x J. F. Marchand,8 U. Marconi,19 S. Mariani,21 C. Marin Benito,11 M. Marinangeli,48

P. Marino,48 J. Marks,16 P. J. Marshall,59 G. Martellotti,30 L. Martinazzoli,47 M. Martinelli,24 D. Martinez Santos,45

F. Martinez Vidal,46 A. Massafferri,1 M. Materok,13 R. Matev,47 A. Mathad,49 Z. Mathe,47 V. Matiunin,38 C. Matteuzzi,24

K. R. Mattioli,79 A. Mauri,49 E. Maurice,11,c M. McCann,60,47 L. Mcconnell,17 A. McNab,61 R. McNulty,17 J. V. Mead,59

B. Meadows,64 C. Meaux,10 G. Meier,14 N. Meinert,73 D. Melnychuk,35 S. Meloni,24,j M. Merk,31 A. Merli,25

M. Mikhasenko,47 D. A. Milanes,72 E. Millard,55 M.-N. Minard,8 O. Mineev,38 L. Minzoni,20,h S. E. Mitchell,57

B. Mitreska,61 D. S. Mitzel,47 A. Mödden,14 A. Mogini,12 R. D. Moise,60 T. Mombächer,14 I. A. Monroy,72 S. Monteil,9

M. Morandin,27 G. Morello,22 M. J. Morello,28,u J. Moron,34 A. B. Morris,10 A. G. Morris,55 R. Mountain,67 H. Mu,3

F. Muheim,57 M. Mukherjee,7 M. Mulder,31 D. Müller,47 K. Müller,49 V. Müller,14 C. H. Murphy,62 D. Murray,61

P. Muzzetto,26 P. Naik,53 T. Nakada,48 R. Nandakumar,56 A. Nandi,62 T. Nanut,48 I. Nasteva,2 M. Needham,57 N. Neri,25,r

S. Neubert,16 N. Neufeld,47 R. Newcombe,60 T. D. Nguyen,48 C. Nguyen-Mau,48,o E. M. Niel,11 S. Nieswand,13 N. Nikitin,39

N. S. Nolte,47 C. Nunez,79 A. Oblakowska-Mucha,34 V. Obraztsov,43 S. Ogilvy,58 D. P. O’Hanlon,19 R. Oldeman,26,g

R. AAIJ et al. PHYS. REV. D 100, 112006 (2019)

112006-14



C. J. G. Onderwater,74 J. D. Osborn,79 A. Ossowska,33 J. M. Otalora Goicochea,2 T. Ovsiannikova,38 P. Owen,49

A. Oyanguren,46 P. R. Pais,48 T. Pajero,28,u A. Palano,18 M. Palutan,22 G. Panshin,78 A. Papanestis,56 M. Pappagallo,57

L. L. Pappalardo,20,h C. Pappenheimer,64 W. Parker,65 C. Parkes,61 G. Passaleva,21,47 A. Pastore,18 M. Patel,60

C. Patrignani,19,f A. Pearce,47 A. Pellegrino,31 M. Pepe Altarelli,47 S. Perazzini,19 D. Pereima,38 P. Perret,9 L. Pescatore,48

K. Petridis,53 A. Petrolini,23,i A. Petrov,75 S. Petrucci,57 M. Petruzzo,25,r B. Pietrzyk,8 G. Pietrzyk,48 M. Pikies,33 M. Pili,62

D. Pinci,30 J. Pinzino,47 F. Pisani,47 A. Piucci,16 V. Placinta,36 S. Playfer,57 J. Plews,52 M. Plo Casasus,45 F. Polci,12

M. Poli Lener,22 M. Poliakova,67 A. Poluektov,10 N. Polukhina,76,d I. Polyakov,67 E. Polycarpo,2 G. J. Pomery,53 S. Ponce,47

A. Popov,43 D. Popov,52 S. Poslavskii,43 K. Prasanth,33 L. Promberger,47 C. Prouve,45 V. Pugatch,51 A. Puig Navarro,49

H. Pullen,62 G. Punzi,28,q W. Qian,5 J. Qin,5 R. Quagliani,12 B. Quintana,9 N. V. Raab,17 R. I. Rabadan Trejo,10 B. Rachwal,34

J. H. Rademacker,53 M. Rama,28 M. Ramos Pernas,45 M. S. Rangel,2 F. Ratnikov,41,77 G. Raven,32 M. Reboud,8 F. Redi,48

F. Reiss,12 C. Remon Alepuz,46 Z. Ren,3 V. Renaudin,62 S. Ricciardi,56 S. Richards,53 K. Rinnert,59 P. Robbe,11 A. Robert,12

A. B. Rodrigues,48 E. Rodrigues,64 J. A. Rodriguez Lopez,72 M. Roehrken,47 S. Roiser,47 A. Rollings,62 V. Romanovskiy,43

M. Romero Lamas,45 A. Romero Vidal,45 J. D. Roth,79 M. Rotondo,22 M. S. Rudolph,67 T. Ruf,47 J. Ruiz Vidal,46 J. Ryzka,34

J. J. Saborido Silva,45 N. Sagidova,37 B. Saitta,26,g C. Sanchez Gras,31 C. Sanchez Mayordomo,46 B. Sanmartin Sedes,45

R. Santacesaria,30 C. Santamarina Rios,45 M. Santimaria,22 E. Santovetti,29,k G. Sarpis,61 A. Sarti,30 C. Satriano,30,t

A. Satta,29 M. Saur,5 D. Savrina,38,39 L. G. Scantlebury Smead,62 S. Schael,13 M. Schellenberg,14 M. Schiller,58

H. Schindler,47 M. Schmelling,15 T. Schmelzer,14 B. Schmidt,47 O. Schneider,48 A. Schopper,47 H. F. Schreiner,64

M. Schubiger,31 S. Schulte,48 M. H. Schune,11 R. Schwemmer,47 B. Sciascia,22 A. Sciubba,30,l S. Sellam,68

A. Semennikov,38 A. Sergi,52,47 N. Serra,49 J. Serrano,10 L. Sestini,27 A. Seuthe,14 P. Seyfert,47 D. M. Shangase,79

M. Shapkin,43 T. Shears,59 L. Shekhtman,42,y V. Shevchenko,75,76 E. Shmanin,76 J. D. Shupperd,67 B. G. Siddi,20

R. Silva Coutinho,49 L. Silva de Oliveira,2 G. Simi,27,p S. Simone,18,e I. Skiba,20 N. Skidmore,16 T. Skwarnicki,67

M.W. Slater,52 J. G. Smeaton,54 A. Smetkina,38 E. Smith,13 I. T. Smith,57 M. Smith,60 A. Snoch,31 M. Soares,19

L. Soares Lavra,1 M. D. Sokoloff,64 F. J. P. Soler,58 B. Souza De Paula,2 B. Spaan,14 E. Spadaro Norella,25,r P. Spradlin,58

F. Stagni,47 M. Stahl,64 S. Stahl,47 P. Stefko,48 S. Stefkova,60 O. Steinkamp,49 S. Stemmle,16 O. Stenyakin,43 M. Stepanova,37

H. Stevens,14 S. Stone,67 S. Stracka,28 M. E. Stramaglia,48 M. Straticiuc,36 S. Strokov,78 J. Sun,3 L. Sun,71 Y. Sun,65

P. Svihra,61 K. Swientek,34 A. Szabelski,35 T. Szumlak,34 M. Szymanski,5 S. Taneja,61 Z. Tang,3 T. Tekampe,14 G. Tellarini,20

F. Teubert,47 E. Thomas,47 K. A. Thomson,59 M. J. Tilley,60 V. Tisserand,9 S. T’Jampens,8 M. Tobin,6 S. Tolk,47

L. Tomassetti,20,h D. Tonelli,28 D. Y. Tou,12 E. Tournefier,8 M. Traill,58 M. T. Tran,48 C. Trippl,48 A. Trisovic,54

A. Tsaregorodtsev,10 G. Tuci,28,47,q A. Tully,48 N. Tuning,31 A. Ukleja,35 A. Usachov,11 A. Ustyuzhanin,41,77 U. Uwer,16

A. Vagner,78 V. Vagnoni,19 A. Valassi,47 G. Valenti,19 M. van Beuzekom,31 H. Van Hecke,66 E. van Herwijnen,47

C. B. Van Hulse,17 M. van Veghel,74 R. Vazquez Gomez,44 P. Vazquez Regueiro,45 C. Vázquez Sierra,31 S. Vecchi,20

J. J. Velthuis,53 M. Veltri,21,s A. Venkateswaran,67 M. Vernet,9 M. Veronesi,31 M. Vesterinen,55 J. V. Viana Barbosa,47

D. Vieira,5 M. Vieites Diaz,48 H. Viemann,73 X. Vilasis-Cardona,44,n A. Vitkovskiy,31 V. Volkov,39 A. Vollhardt,49

D. Vom Bruch,12 A. Vorobyev,37 V. Vorobyev,42,y N. Voropaev,37 R. Waldi,73 J. Walsh,28 J. Wang,3 J. Wang,71 J. Wang,6

M. Wang,3 Y. Wang,7 Z. Wang,49 D. R. Ward,54 H. M. Wark,59 N. K. Watson,52 D. Websdale,60 A. Weiden,49 C. Weisser,63

B. D. C. Westhenry,53 D. J. White,61 M. Whitehead,13 D. Wiedner,14 G. Wilkinson,62 M. Wilkinson,67 I. Williams,54

M. Williams,63 M. R. J. Williams,61 T. Williams,52 F. F. Wilson,56 M. Winn,11 W. Wislicki,35 M. Witek,33 G. Wormser,11

S. A. Wotton,54 H. Wu,67 K. Wyllie,47 Z. Xiang,5 D. Xiao,7 Y. Xie,7 H. Xing,70 A. Xu,3 L. Xu,3 M. Xu,7 Q. Xu,5 Z. Xu,8

Z. Xu,3 Z. Yang,3 Z. Yang,65 Y. Yao,67 L. E. Yeomans,59 H. Yin,7 J. Yu,7,ab X. Yuan,67 O. Yushchenko,43 K. A. Zarebski,52

M. Zavertyaev,15,d M. Zdybal,33 M. Zeng,3 D. Zhang,7 L. Zhang,3 S. Zhang,3 W. C. Zhang,3,aa Y. Zhang,47 A. Zhelezov,16

Y. Zheng,5 X. Zhou,5 Y. Zhou,5 X. Zhu,3 V. Zhukov,13,39 J. B. Zonneveld,57 and S. Zucchelli19,f

(LHCb Collaboration)

1Centro Brasileiro de Pesquisas Físicas (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

4School of Physics State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing, China

5University of Chinese Academy of Sciences, Beijing, China

MEASUREMENT OF THE B−
c MESON PRODUCTION … PHYS. REV. D 100, 112006 (2019)

112006-15



6Institute Of High Energy Physics (IHEP), Beijing, China
7Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
8Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, IN2P3-LAPP, Annecy, France
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