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The ratios of the Bcð2SÞþ to Bþ
c , B

�
cð2SÞþ to Bþ

c , and B
�
cð2SÞþ to Bcð2SÞþ production cross sections are

measured in proton-proton collisions at
ffiffiffi

s
p ¼ 13 TeV, using a data sample collected by the CMS

experiment at the LHC, corresponding to an integrated luminosity of 143 fb−1. The three measurements are

made in the Bþ
c meson phase space region defined by the transverse momentum pT > 15 GeV and absolute

rapidity jyj < 2.4, with the excited B
ð�Þ
c ð2SÞþ states reconstructed through the B

ð�Þþ
c π

þ
π
−, followed by

the Bþ
c → J=ψπþ and J=ψ → μ

þ
μ
− decays. The Bcð2SÞþ to Bþ

c , B
�
cð2SÞþ to Bþ

c , and B�
cð2SÞþ to

Bcð2SÞþ cross section ratios, including the unknown B
ð�Þ
c ð2SÞþ → B

ð�Þþ
c π

þ
π
− branching fractions,

are ð3.47� 0.63ðstatÞ � 0.33ðsystÞÞ%, ð4.69� 0.71ðstatÞ � 0.56ðsystÞÞ%, and 1.35� 0.32ðstatÞ �
0.09ðsystÞ, respectively. None of these ratios shows a significant dependence on the pT or jyj of the
Bþ
c meson. The normalized dipion invariant mass distributions from the decays B

ð�Þ
c ð2SÞþ → B

ð�Þþ
c π

þ
π
−

are also reported.

DOI: 10.1103/PhysRevD.102.092007

I. INTRODUCTION

The production cross sections of the Bþ
c family of

mesons, quark-antiquark bound states of two different

flavors, charm and beauty, are significantly smaller than

those of the charmonium and bottomonium states. The

unprecedented collision energies and integrated luminos-

ities of the proton-proton (pp) data samples collected at the

CERN LHC allow, for the first time, detailed studies

regarding the production and properties of Bþ
c quarkonia.

The observation of the Bcð2SÞþ and B�
cð2SÞþ states was

recently reported by the CMS experiment [1], using a pp

data sample collected at
ffiffiffi

s
p ¼ 13 TeV between 2015 and

2018, on the basis of well-resolved peaks in the Bþ
c π

þ
π
−

invariant mass distribution, with the Bþ
c meson recon-

structed in the Bþ
c → J=ψπþ decay channel, and

J=ψ → μ
þ
μ
−. The LHCb Collaboration also reported the

observation of the B�
cð2SÞþ state, using a pp data sample

collected at 7, 8, and 13 TeV [2]. Masses of the Bcð2SÞþ
and B�

cð2SÞþ states are found to be consistent with

theoretical predictions [3–5]. These results stimulated

new theoretical studies aimed at reaching a better

understanding of the Bþ
c quarkonium family, such as those

reported in Refs. [6,7].

The present paper reports an analysis that complements

the previous observation of the Bcð2SÞþ and B�
cð2SÞþ states

[1] with the measurement of the Bcð2SÞþ to Bþ
c , B

�
cð2SÞþ

to Bþ
c , and B�

cð2SÞþ to Bcð2SÞþ cross section ratios,

an important step in making further progress on under-

standing these two excited Bþ
c states. The invariant mass

distributions of the pair of pions emitted in the

B
ð�Þ
c ð2SÞþ → B

ð�Þþ
c π

þ
π
− decays are also presented, to

probe the existence of possible intermediate structure

analogous to the ones observed in decays between the

2S and 1S states of charmonium and bottomonium [6,7].

Throughout this paper, B
ð�Þþ
c denotes Bþ

c or B�þ
c , and

B
ð�Þ
c ð2SÞþ denotes Bcð2SÞþ or B�

cð2SÞþ. Charge-conjugate
states are also implied, unless stated otherwise. The data

sample of 13 TeV pp collisions used in this analysis

corresponds to an integrated luminosity of 143 fb−1 and

was collected by CMS between 2015 and 2018. The

measurements are performed in a phase space region

defined by the Bþ
c meson transverse momentum

pT > 15 GeV and rapidity jyj < 2.4.

II. EXPERIMENTAL APPARATUS, DATA

SAMPLE, AND EVENT SELECTION

The central feature of the CMS apparatus is a super-

conducting solenoid of 6 m internal diameter, providing a

magnetic field of 3.8 T. Within the solenoid volume are a

silicon pixel and strip tracker, a lead tungstate crystal
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electromagnetic calorimeter, and a brass and scintillator

hadron calorimeter, each composed of a barrel and two end

cap sections. Muons are measured in the pseudorapidity

range jηj < 2.4, with detection planes made using three

technologies: drift tubes, cathode strip chambers, and

resistive plate chambers. Matching muons to tracks mea-

sured in the silicon tracker results in a relative transverse

momentum resolution, for muons with pT up to 100 GeV,

of 1% in the barrel and 3% in the end caps [8]. The single-

muon trigger efficiency exceeds 90% over the full η range,

and the efficiency to reconstruct and identify muons is

greater than 96%. A more detailed description of the CMS

detector, together with a definition of the coordinate system

used and relevant kinematic variables, can be found

in Ref. [9].

The event sample was collected with a two-level

trigger system [10]. At level 1, custom hardware pro-

cessors select events with two muons. The high-level

trigger requires an opposite-sign muon pair of invariant

mass in the range 2.9–3.3 GeV, a dimuon vertex fit χ2

probability larger than 10%, a distance of closest

approach between the two muons smaller than 0.5 cm,

and a distance between the dimuon vertex and the beam

axis, Lxy, larger than 3 times its uncertainty. Both muons

must have pT > 4 GeV and jηj < 2.5. In addition p⃗T

must be aligned with the dimuon transverse decay

displacement vector L⃗xy by requiring cos θ > 0.9, where

cos θ ¼ L⃗xy · p⃗T=ðLxypTÞ. The trigger also requires a

third track in the event, compatible with being produced

at the dimuon vertex (normalized χ2 < 10), and having

pT > 1.2 GeV, jηj < 2.5, and a significance on the track

impact parameter of at least 2. The off-line reconstruction

requires two opposite-sign muons matching those that

triggered the detector readout, with some requirements

being stricter than at the trigger level, such as jηj < 2.4

and cos θ > 0.98. The muon candidates must pass high-

purity track quality requirements [11], and fulfill the soft-

muon identification requirements [8], which imply, in

particular, that there are more than five hits in the silicon

tracker, with at least one in the pixel layers. The two

muons must also be close to each other in angular space:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

< 1.2, where Δη and Δϕ are the

differences in pseudorapidity and azimuthal angle,

respectively, between their momenta.

III. MEASUREMENT OF THE CROSS

SECTION RATIOS

A. Introduction

The ratios of the B
ð�Þ
c ð2SÞþ to Bþ

c and B�
cð2SÞ

þ to

Bcð2SÞ
þ cross sections, R�þ, Rþ, and R�þ=Rþ, respec-

tively, reported in this paper are derived from the ratios of

the measured yields, corrected by the detection

efficiencies, ϵ:

Rþ
≡

σðBcð2SÞ
þÞ

σðBþ
c Þ

BðBcð2SÞ
þ
→ Bþ

c π
þπ−Þ

¼
NðBcð2SÞ

þÞ

NðBþ
c Þ

ϵðBþ
c Þ

ϵðBcð2SÞ
þÞ

;

R�þ
≡

σðB�
cð2SÞ

þÞ

σðBþ
c Þ

BðB�
cð2SÞ

þ
→ B�þ

c πþπ−Þ

¼
NðB�

cð2SÞ
þÞ

NðBþ
c Þ

ϵðBþ
c Þ

ϵðB�
cð2SÞ

þÞ
;

R�þ=Rþ ¼
σðB�

cð2SÞ
þÞ

σðBcð2SÞ
þÞ

BðB�
cð2SÞ

þ
→ B�þ

c πþπ−Þ

BðBcð2SÞ
þ
→ Bþ

c π
þπ−Þ

¼
NðB�

cð2SÞ
þÞ

NðBcð2SÞ
þÞ

ϵðBcð2SÞ
þÞ

ϵðB�
cð2SÞ

þÞ
: ð1Þ

The B parameters are the unknown branching fractions of

the B
ð�Þ
c ð2SÞþ → B

ð�Þþ
c πþπ− decays. The B�þ

c meson is

assumed to decay to the Bþ
c ground state and a low-energy

photon with a branching fraction of 100%, where the

photon is not reconstructed.

B. Measurement of the B
+
c yield

The Bþ
c → J=ψπþ candidates are reconstructed through

a kinematic vertex fit, combining the dimuon with another

track. The dimuon invariant mass is constrained to the

world-average J=ψ mass [12] and the other track assumed

to be a pion must fulfill jηj < 2.4 and pT > 3.5 GeV. The

primary vertex (PV) associated with the Bþ
c candidate is

selected among all the reconstructed vertices [13] as the one

with the smallest angle between the reconstructed Bþ
c

momentum and the vector joining the PV with the Bþ
c

decay vertex. To avoid biases, this PV is then refitted

without the tracks associated with the muons and the pion.

The Bþ
c candidates are required to have pT > 15 GeV,

jyj < 2.4, a kinematic vertex fit χ2 probability larger than

10%, and a decay length (distance between the J=ψπþ

vertex and the PV) larger than 100 μm. If several Bþ
c

candidates are found in the same event, which happens in

1.6% of the events, only the one with the highest pT is kept.

Simulation studies show that this choice identifies the

correct candidate with 99% probability. These selection

criteria were defined through studies of simulated signal

samples and measured sideband events [1].

Figure 1 shows the invariant mass distribution of the

reconstructed and selected Bþ
c → J=ψπþ candidates, where

the Bþ
c signal is clearly seen as a prominent peak [1]. The

result of an unbinned maximum-likelihood fit is also

shown, together with the signal and background contribu-

tions. The underlying background is modeled as the sum of

three terms: (a) uncorrelated J=ψ-track combinations

(combinatorial background) parametrized by a first-order

polynomial, (b) partially reconstructed Bþ
c → J=ψπþX

decays, only relevant for invariant mass values below

6.2 GeV and parametrized by a generalized ARGUS
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function [14] convolved with a Gaussian resolution, and

(c) a small contribution from Bþ
c → J=ψKþ decays, with a

shape fixed from simulation studies (described later) and a

normalization fixed by the Bþ
c → J=ψπþ yield, scaled by

the ratio of the corresponding branching fractions [15] and

reconstruction efficiencies. The Bþ
c signal peak is modeled

by a double-Gaussian function,

wGðμ; σ1Þ þ ð1 − wÞGðμ; σ2Þ; ð2Þ

where Gðμ; σÞ represents a Gaussian function with mean μ

and standard deviation σ, and w is the relative fraction of

the narrower Gaussian in the fit. The single mean μ

corresponds to the average reconstructed Bþ
c mass. The

fit gives w ¼ 47%, σ1 ¼ 21 MeV, and σ2 ¼ 42 MeV, the

very different Gaussian widths reflecting the fact that

the Bþ
c mass resolution depends on rapidity degrading

from the barrel to the end cap regions. The Bþ
c mass

resolution [1] agrees with expectations from simulation

studies, of approximately 34 MeV.

The fitted Bþ
c mass is MðBþ

c Þ ¼ 6271.1� 0.5 MeV and

the Bþ
c signal yield is 7629� 225 events, where the

uncertainties are statistical only. The measured invariant

mass distribution is well reproduced by the sum of the fitted

contributions reflected in the χ
2 between the binned

distribution and the fit function of 35 for 30 degrees of

freedom.

C. Measurement of the Bcð2SÞ
+ and B�

cð2SÞ
+ yields

The Bcð2SÞ
þ and B�

cð2SÞ
þ candidates are also recon-

structed through vertex kinematic fits, combining a Bþ
c

candidate with two opposite-sign, high-purity tracks

assumed to be pions. The selected Bþ
c candidates must

have invariant mass in the 6.2–6.355 GeV range, where the

low-mass edge is selected so as to avoid the background

caused by partially reconstructed decays (represented by

the gray area below 6.2 GeV in Fig. 1). The lifetimes of the

Bcð2SÞ
þ and B�

cð2SÞ
þ are assumed to be negligible with

respect to the measurement resolution, so that the produc-

tion and decay vertices essentially coincide. Therefore, the

daughter pions are among the tracks used in the refitted PV.

Furthermore, one of the pions must have pT > 0.8 GeV

and the other pT > 0.6 GeV. The Bþ
c π

þ
π
− candidates must

have jyj < 2.4 and a vertex kinematic fit χ2 probability

larger than 10%. As before, if several Bþ
c π

þ
π
− candidates

are found in the same event, only the one with the highest

pT is kept.

Figure 2 shows the MðBþ
c π

þ
π
−Þ −MðBþ

c Þ þmBþ
c
dis-

tribution, where MðBþ
c π

þ
π
−Þ and MðBþ

c Þ are the recon-

structed invariant masses of the Bþ
c π

þ
π
− and Bþ

c

candidates, respectively, and mBþ
c

is the world-average

Bþ
c mass [12]. This variable is used in the analysis because

it is measured with a better resolution than MðBþ
c π

þ
π
−Þ,

given that some of the measurement uncertainties cancel in

the difference. The measured distribution is fitted to a

superposition of two signal peaks using the same para-

metrization as in Eq. (2), plus a third-order Chebyshev

polynomial modeling the nonpeaking, combinatorial back-

ground. Two background contributions arising from Bþ
c →

J=ψKþ decays are also considered, with shapes identical to

those of the signal peaks, ignoring a negligible shift (less

than 1 MeV) to lower mass values, and normalizations

fixed by the ratio of the Bþ
c → J=ψKþ to Bþ

c → J=ψπþ

signal yields.

Given the small number of events in the two signal

peaks, the w and σ2 double-Gaussian parameters are fixed

to values determined in simulation studies: w ¼ 92% and
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FIG. 1. Invariant mass distribution of the Bþ
c → J=ψπþ can-

didates, after applying all event selection criteria [1]. The fitted

contributions are shown by the stacked distributions, the solid

line representing their sum. The vertical dashed lines indicate the

mass window used to select the Bþ
c candidates for the B

ð�Þ
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reconstruction.
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FIG. 2. Invariant mass distribution of the B
ð�Þ
c ð2SÞþ →

B
ð�Þþ
c π

þ
π
− candidates [1]. The B�

cð2SÞ
þ corresponds to the

lower-mass peak, the Bcð2SÞ
þ to the higher. The fitted contri-

butions are shown by the stacked distributions, the solid line

representing their sum.

MEASUREMENT OF Bcð2SÞ
þ AND … PHYS. REV. D 102, 092007 (2020)

092007-3



σ2 ¼ 3.1σ1 for the lower-mass peak, and w ¼ 86%

and σ2 ¼ 2.8σ1 for the higher-mass peak. The two reso-

nances are well resolved, with a mass difference of

28.9� 1.5 MeV, where the uncertainty is statistical only.

The widths of the peaks are consistent with the measure-

ment resolution evaluated through simulation studies,

which is approximately σ ¼ 6 MeV [1]. The unbinned

extended maximum-likelihood fit gives 67� 10 and

52� 9 events for the lower- and higher-mass peaks,

respectively. The quality of the fit can be quantified through

the χ
2 per degrees of freedom ratio, 41=35.

As explained in Ref. [1], the B�
cð2SÞ

þ peak is seen in the

Bþ
c π

þ
π
− invariant mass distribution at a mass value lower

than that of the Bcð2SÞ
þ peak. The reason is that, contrary

to what happens to the Bcð2SÞ
þ, which decays directly to

Bþ
c π

þ
π
−, the B�

cð2SÞ
þ meson decays to B�þ

c π
þ
π
− where

the photon emitted in the subsequent B�þ
c → Bþ

c γ decay has

too low energy to be reconstructed. Therefore, the B�
cð2SÞ

þ

peak is seen in the Bþ
c π

þ
π
− mass spectrum at the mass

MðBcð2SÞ
þÞ − ΔM, where ΔM≡ ½MðB�þ

c Þ −MðBþ
c Þ�−

½MðB�
cð2SÞ

þÞ −MðBcð2SÞ
þÞ�. Since MðB�þ

c Þ −MðBþ
c Þ is

expected to be larger than MðB�
cð2SÞ

þÞ−MðBcð2SÞ
þÞ, the

B�
cð2SÞ

þ state corresponds to the lower-mass peak [3–5].

D. Reconstruction efficiencies

With respect to the observation analysis reported in

Ref. [1], the main challenge in the determination of the

B
ð�Þ
c ð2SÞþ to Bþ

c cross section ratios is the evaluation of the

corresponding (relative) detection efficiencies. Since

the trigger requires J=ψ → μ
þ
μ
− from the Bþ

c → J=ψπþ

decay, the trigger efficiencies for the Bþ
c and Bþ

c π
þ
π
−

candidates are essentially the same and cancel in the cross

section ratios. So only the reconstruction efficiencies need

to be evaluated, which is done using simulated event

samples. All three mesons [Bþ
c , Bcð2SÞ

þ, and B�
cð2SÞ

þ]

are generated using the BCVEGPY 2.2 [16] Monte Carlo

event generator. The events are then passed to PYTHIA 8.230

[17] to simulate the hadronization process. The decays are

performed by the EvtGen 1.6.0 package [18] and the

quantum electrodynamic final-state radiation is modeled

with PHOTOS 3.61 [19]. The simulated events are then

processed through a detailed simulation of the CMS

detector, based on the GEANT4 package [20], using the

same trigger and reconstruction algorithms used to collect

and process the data. The simulated events include multiple

pp interactions in the same or nearby beam crossings

(pileup), with a distribution matching the one observed in

the data. Monte Carlo samples were extensively validated

using control regions in the data.

The Bcð2SÞ
þ and B�

cð2SÞ
þ efficiencies are computed as

NrecðB
ð�Þ
c ð2SÞþÞ=NgenðB

ð�Þ
c ð2SÞþÞ, where NgenðB

ð�Þ
c ð2SÞþÞ

are the numbers of B
ð�Þ
c ð2SÞþ events generated in the

B
ð�Þþ
c π

þ
π
− channel, in the phase space region of

the analysis, pTðB
þ
c Þ > 15 GeV and jyðBþ

c Þj<2.4, and

NrecðB
ð�Þ
c ð2SÞþÞ are the numbers of events that survive all

the reconstruction steps and event selection criteria. The Bþ
c

efficiency is computed in a completely analogous way,

except that it uses Bþ
c events generated in the Bþ

c → J=ψπþ

decay channel. These evaluations are independently made

for the 2016, 2017, and 2018 running periods. The events

collected in 2015, corresponding to 2% of the total sample,

are treated the same as the 2016 sample for the purpose

of efficiency determination. It was checked that the 2016

MonteCarlo simulation describes the 2015 datawell enough

so that no residual systematic uncertainty is required. The

final efficiencies are obtained as weighted averages, using

the integrated luminosities as weights: 2.8þ 36.1, 42.1, and

61.6 fb−1, respectively, for the 2015þ 2016, 2017, and

2018 periods [21–24]. The results are ϵðBþ
c Þ ¼ 1.31%,

ϵðBcð2SÞ
þÞ ¼ 0.26%, and ϵðB�

cð2SÞ
þÞ ¼ 0.24%. The

Bcð2SÞ
þ and B�

cð2SÞ
þ reconstruction efficiencies are very

similar, the slightly smaller B�
cð2SÞ

þ value reflecting the

(missed) low-energy photon, which implies a small reduc-

tion of the Bþ
c π

þ
π
− phase space.

Table I lists the efficiency ratios relevant for the

determination of the cross section ratios. The first uncer-

tainty (“Stat.”) shown reflects the finite size of the three

simulated samples. The second (“Spread”) reflects the

standard deviation of the computed values around their

average and is used to conservatively cover potential

residual mismatches between the running conditions and

the settings used in simulation. For example, it could be that

the simulated samples do not accurately reproduce the time

evolution of the instantaneous luminosity within each data-

taking period, which would create differences in the mea-

sured and simulated pileup distributions. The last column

(“Pions”) reflects the uncertainty in the reconstruction

efficiency [25] of the two pions emitted in the B
ð�Þ
c ð2SÞþ →

B
ð�Þþ
c π

þ
π
− decays. This uncertainty is relevant for the R�þ

and Rþ ratios, but cancels in the R�þ=Rþ ratio.

E. Determination of the cross section ratios

Correcting the yield ratios by the corresponding effi-

ciency ratios leads to the followingBcð2SÞ
þ toBþ

c ,B
�
cð2SÞ

þ

to Bþ
c , and B

�
cð2SÞ

þ to Bcð2SÞ
þ cross section ratios, always

including the B
ð�Þ
c ð2SÞþ→B

ð�Þþ
c π

þ
π
− branching fractions,

and always for pTðB
þ
c Þ > 15 GeV and jyðBþ

c Þj < 2.4:

TABLE I. Ratios of the reconstruction efficiencies relevant for

the determination of the Rþ, R�þ, and R�þ=Rþ cross section

ratios. The central values are followed by the several uncertainties

presented in the text.

Central Stat. Spread Pions

ϵðBcð2SÞ
þÞ=ϵðBþ

c Þ 0.196 1.1% 1.8% 4.2%

ϵðB�
cð2SÞ

þÞ=ϵðBþ
c Þ 0.187 1.0% 1.6% 4.2%

ϵðB�
cð2SÞ

þÞ=ϵðBcð2SÞ
þÞ 0.955 1.4% 0.9% � � �
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Rþ ¼ ð3.47� 0.63Þ%;

R�þ ¼ ð4.69� 0.71Þ%; and

R�þ=Rþ ¼ 1.35� 0.32: ð3Þ

The quoted uncertainties are statistical only. The fact that the

B
ð�Þ
c ð2SÞþ events are a subset of the Bþ

c events has a

negligible effect (less than 1%) on the uncertainties. The

correlation between B�
cð2SÞ

þ and Bcð2SÞ
þ yields, used in

the double cross section ratio, is taken into account using

an alternative fit to the MðBþ
c π

þ
π
−Þ −MðBþ

c Þ þmBþ
c
dis-

tribution, which directly provides the ratio of these yields. It

is worth noting again that these ratios include branching

fractions [shown in Eq. (1)] that have not yet beenmeasured.

F. Dependence on the B
+
c kinematics

In order to probe if these cross section ratios show a

dependence on the kinematics of the Bþ
c meson, the

analysis is redone after splitting the events into three Bþ
c

meson pT bins and (independently) into three jyj bins. The
bin edges are chosen so as to have similar uncertainties in

the three bins: 15, 22.5, 30, and 60 GeV for pT, and 0, 0.4,

0.8, and 2.4 for jyj. The amount of events with pT >
60 GeV corresponds to 3.4% of the total sample and they

are excluded from these kinematical distributions.

As shown in Fig. 3, none of the measured ratios shows

significant variations with the pT or jyj of the Bþ
c meson,

within the probed kinematical regions. The markers are

shown at the average Bþ
c pT or jyj values of the events

contributing to each bin. The horizontal displacements

between the markers seen in the top panels reflect the

differences between the Bcð2SÞ
þ and B�

cð2SÞ
þ kinematic

distributions.

Reporting the cross section ratios as a function of the Bþ
c

kinematics and in a phase space domain defined by the Bþ
c

is the choice that best reflects the data analysis procedure
and that cancels to the largest extent the systematic

uncertainties related to the Bþ
c detection. Given the rela-

tively small mass difference between the mother B
ð�Þ
c ð2SÞþ

and the daughter Bþ
c states, the ratio of laboratory momen-

tum to mass remains practically unchanged in the decays,
on average, so that the following kinematical relations

hold to a very good approximation: yM ¼ yd and pT
M ¼

ðM=mÞpd
T, wherey

M,pM
T , andM (respectively yd,pd

T, andm)

are the rapidity, pT, and mass of the mother (respectively
daughter) [26].

G. Systematic uncertainties

Several sources of systematic effects that could poten-

tially affect the measurement of the cross section ratios

have been considered. For each of those effects, the

analysis has been redone using an alternative option and

the resulting cross section ratios are compared to those

obtained in the baseline analysis. The observed difference

between the two results is taken as the systematic uncer-

tainty associated with that specific effect.

Naturally, no uncertainties are considered in factors that

affect identically the numerator and denominator values

that provide the cross section ratios, such as the efficiency

of the J=ψ trigger used to collect the event sample or the

efficiency of the event selections that determine the total
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FIG. 3. The Rþ and R�þ (upper), and R�þ=Rþ (lower) cross

section ratios, including the B
ð�Þ
c ð2SÞþ → B

ð�Þþ
c π

þ
π
− branching

fractions, as functions of the Bþ
c pT (left) and jyj (right). The

horizontal bars show the bin widths. The markers are shown at the

average Bþ
c pT or jyj values of the events contributing to each bin,

in the background-subtracted distributions, and the vertical bars

represent the statistical uncertainties only. The systematic un-

certainties are essentially independent of the Bþ
c kinematics.
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number of Bþ
c → J=ψπþ candidates contributing to Fig. 1.

But even if the integral of the measured J=ψπþ invariant

mass distribution does not change, it is possible to vary the

extracted Bþ
c yield by changing the functions used in the

fit to describe the shapes of the signal and background

contributions, given that such variations might change

the assignment of some events from the Bþ
c yield to the

background yield, or vice versa. The importance of this

effect is evaluated by independently varying the signal and

background models used in the fit.

The background model is varied by using an exponential

function, instead of a first-order polynomial, to describe the

uncorrelated J=ψπþ pairs. The varied scenario for the Bþ
c

signal line shape consisted in replacing the double-

Gaussian function by a Student’s t function [27]. Since

these two variations only change the fitted Bþ
c yield, having

no effect on the number of Bþ
c → J=ψπþ candidates used

in the search for the B
ð�Þ
c ð2SÞþ excited states, the corre-

sponding (relative) systematic uncertainties, 4.3% for the

signal model and 3.5% for the background model, are

identical for the Rþ and R�þ ratios, and cancel in the

R�þ=Rþ double ratio.

The measurement of the Bcð2SÞ
þ and B�

cð2SÞ
þ yields is

also affected by the choices made to model the shapes of

the signal peaks and the underlying combinatorial back-

ground seen in Fig. 2. The effect of the signal modeling is

evaluated with two independent approaches. First, the

default double-Gaussian function having a common mean

and fixing the relativewidths and amplitudes from fits to the

simulated distributions is replaced by a single-Gaussian

function. The number of free parameters for each signal peak

remains at three, but this simpler model is unable to describe

the non-Gaussian tails of the peaks. Second, the signal yields

are evaluated with a simple procedure that avoids fitting the

mass region of the two signal peaks, thereby being insensi-

tive to specific signal shape models. It starts by fitting the

signal-free mass sidebands with the background function

and then integrating that function within the two signal

regions to evaluate the background yields under the peaks,

which are then subtracted from the total number of events in

those two regions. To evaluate the impact of the background

model, these alternative fits have been made with the

third-order Chebyshev polynomial used in the baseline

analysis and also with the function δλ expðνδÞ, where

δ≡MðBþ
c π

þπ−Þ − q0, and λ, ν, and q0 are free parameters.

Comparing the cross section ratios obtained using the

alternative fits with those of the baseline fit leads to fit

modeling systematic uncertainties of 5.9%, 2.9%, and 2.9%,

respectively for the Rþ, R�þ, and R�þ=Rþ ratios.

The fit of the Bþ
c π

þπ− invariant mass distribution also

includes two small contributions representing the cases

where the Bþ
c meson decays through the Bþ

c → J=ψKþ

channel rather than through the Bþ
c → J=ψπþ channel

assumed in the reconstruction. In the baseline analysis,

these terms are modeled using the same shapes as the

B
ð�Þ
c ð2SÞþ signal shapes and yields fixed to the yields of

those resonances, scaled by the ratio of the two branching

fractions, 0.079� 0.008 [15], and by the ratio of the two

reconstruction efficiencies, 1.06� 0.01, in the signal

region defined above. To evaluate the influence of these

terms on the measured cross section ratios, the analysis is

redone varying those two scale factors by their uncertain-

ties. The results are insensitive to those variations, so no

systematic uncertainty is assigned to this source.

When searching for B
ð�Þ
c ð2SÞþ candidates, the baseline

analysis starts from an event sample composed of Bþ
c →

J=ψπþ events with invariant mass in the 6.2–6.355 GeV

range. In order to probe if a potential residual contribution

of the partially reconstructed Bþ
c decays could have a

significant effect on the determination of the cross section

ratios, the analysis is repeated with the lowest allowed

invariant mass value changed from 6.2 to 6.1 GeV. The

results remain essentially identical, the variations being

smaller than their statistical uncertainties evaluated taking

into account that one event sample is a subset of the other,

so that the results are fully correlated. Therefore, no

systematic uncertainty is assigned to this potential effect.

The uncertainties affecting the ratios of reconstruc-

tion efficiencies already presented in Table I translate

directly into corresponding systematic uncertainties in the

cross section ratios. In the evaluation of the B
ð�Þ
c ð2SÞþ

reconstruction efficiencies, it is assumed that the two pions

emitted in the Bþ
c π

þπ− decay have no kinematical corre-

lations between them, besides the constraint of being decay

products of the same mother particle. To evaluate the

sensitivity of the measured cross section ratios to this

assumption, the reconstruction efficiencies are recomputed

under two other scenarios. These assume that the πþπ−

kinematic distributions (a) reflect the existence of an

intermediate resonance, or (b) are dependent on the (differ-

ent) spins of the Bcð2SÞ
þ and B�

cð2SÞ
þ states. The first

scenario is simulated by independently reweighting the

generated B
ð�Þ
c ð2SÞþ event samples, which previously

reflected a simple phase space model, so that their πþπ−

invariantmass distributions (“decay kinematics”) match that

in the data (presented in Sec. IV). The second scenario

follows an analogous procedure using the helicity angle

distribution (“helicity angle”), where the helicity angle is the

angle between the directions of the πþ and Bþ
c in the dipion

rest frame. The differences between the resulting ratios of

reconstruction efficiencies and those obtained in the baseline

scenario are considered as systematic uncertainties: 1.5%,

6.9%, and 4.2% for the decay kinematics, and 1.0%, 6.0%,

and 3.5% for the helicity angle, respectively, for theRþ,R�þ,

and R�þ=Rþ ratios.

Several studies have been performed to verify the

stability of the results with respect to the selection criteria,

including the threshold values used to select the daughter

particles. The variations in the reported ratios were smaller
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than the respective uncertainties computed accounting for

the correlation induced by the overlap of the baseline and

varied event samples, so that no corresponding systematic

uncertainty has been considered.

All the values mentioned above are listed in Table II,

which also shows the total systematic uncertainties com-

puted as the sum in quadrature of the individual terms.

IV. INVARIANT MASS DISTRIBUTION

OF THE DIPION SYSTEM

As a complement to the measurement of the cross section

ratios, it is also interesting to measure the invariant mass

distributions of the dipions emitted in the Bþ
c π

þ
π
− decays

of the two B
ð�Þ
c ð2SÞþ states. In particular, comparing these

distributions to those seen in the analogous ψð2SÞ →
J=ψπþπ− and ϒð2SÞ → ϒð1SÞπþπ− decays should pro-

vide relevant information to characterize the excited Bþ
c

states and their production processes [6,7].

Figure 4 compares the invariant mass distributions

normalized to unity, of the dipions emitted in the

Bcð2SÞþ (closed red circles) and B�
cð2SÞþ (open blue

squares) decays between themselves and with the two

corresponding simulated phase space distributions (lines).

The B
ð�Þ
c ð2SÞþ data distributions are derived from the

Bþ
c π

þ
π
− invariant mass distribution shown in Fig. 2.

The contribution of the background events under the peaks

is subtracted using the shape of the measured same-sign

dipion invariant mass spectrum and normalizing the sum of

the Bþ
c π

þ
π
þ and Bþ

c π
−

π
− events to the Bþ

c π
þ
π
− spectrum

in the invariant mass sideband regions. The dipion invariant

mass distributions have also been obtained using the sPlot

technique [28] to subtract the background, which resulted

in distributions consistent with those reported in Fig. 4.

Simulation studies show no dependence of the

reconstruction efficiencies on the π
þ
π
− invariant mass,

so no correction is applied to these normalized distribu-

tions, where only the shapes are informative. For the same

reason, systematic uncertainties that affect the distributions

globally are not relevant, as they have no impact on the

shapes and are canceled by the normalizations.

The dipion mass-dependent systematic uncertainties

have been evaluated by comparing, bin by bin, the baseline

distributions with those obtained in alternative analyses,

where variations are made, as mentioned above, on the

models used to fit the signal and background components

of the Bþ
c π

þ
π
− mass distribution and on the small con-

tributions from the Bþ
c → J=ψKþ and partially recon-

structed Bþ
c decays.

As seen in Fig. 4, the B
ð�Þ
c ð2SÞþ dipion invariant mass

distributions are compatible with each other within the

uncertainties, and have shapes different from the rather flat

distributions predicted from the phase space simulations.

V. SUMMARY

The ratios of the Bcð2SÞþ to Bþ
c , B

�
cð2SÞþ to Bþ

c , and

B�
cð2SÞþ to Bcð2SÞþ production cross sections, Rþ, R�þ,

and R�þ=Rþ, respectively, have been measured in proton-

proton collisions at
ffiffiffi

s
p ¼ 13 TeV. The dataset used in the

analysis corresponds to an integrated luminosity of

143 fb−1 collected by the CMS experiment at the LHC

between 2015 and 2018.

The B
ð�Þ
c ð2SÞþ mesons have been reconstructed through

the decays B
ð�Þ
c ð2SÞþ → B

ð�Þþ
c π

þ
π
−, followed by the Bþ

c →

J=ψπþ and J=ψ → μ
þ
μ
−. The measured cross section

ratios, including the (unknown) B
ð�Þ
c ð2SÞþ → B

ð�Þþ
c π

þ
π
−

branching fractions, are

Rþ ¼ ð3.47� 0.63ðstatÞ � 0.33ðsystÞÞ%;

R�þ ¼ ð4.69� 0.71ðstatÞ � 0.56ðsystÞÞ%; and

R�þ=Rþ ¼ 1.35� 0.32ðstatÞ � 0.09ðsystÞ: ð4Þ

TABLE II. Relative systematic uncertainties (in %) in the cross

section ratios, including the B
ð�Þ
c ð2SÞþ → B

ð�Þþ
c π

þ
π
− branching

fractions, corresponding to the sources described in the text. The

total uncertainty is the sum in quadrature of the individual terms.

Rþ R�þ R�þ=Rþ

J=ψπþ fit model 5.5 5.5 � � �
Bþ
c π

þ
π
− fit model 5.9 2.9 2.9

Efficiencies: statistical uncertainty 1.1 1.0 1.4

Efficiencies: spread among years 1.8 1.6 0.9

Efficiencies: pion tracking 4.2 4.2 � � �
Decay kinematics 1.5 6.9 4.2

Helicity angle 1.0 6.0 3.5

Total 9.5 12.0 6.4

300 400 500 600

) (MeV)+(M

0

0.2

0.4

N
o

rm
a

liz
e

d
 m

a
s
s
 d

is
tr

ib
u

ti
o

n  data
+

(2S)cB

 data
+

(2S)*
cB

 phase space
+

(2S)cB

 phase space
+

(2S)*
cB

 (13 TeV)-1143 fbCMS

FIG. 4. The dipion invariant mass distributions from

B
ð�Þ
c ð2SÞþ → B

ð�Þþ
c π

þ
π
− decays in data, normalized to unity.

The inner and outer tick marks designate the statistical and total

uncertainties, respectively. The lines show the corresponding

predictions from phase space simulations.
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No significant dependences on the transverse momentum
pT or rapidity jyj of the Bþ

c mesons have been observed for
any of these three ratios. The normalized dipion invariant

mass distributions for the B
ð�Þ
c ð2SÞþ → B

ð�Þþ
c π

þ
π
− decays

have also been reported. These results obtained in the
phase space region defined by Bþ

c meson pT > 15 GeV
and jyj < 2.4 may provide new important input to improve
the theoretical understanding of the nature of the b̄c heavy-
quarkonium states and their production processes.

ACKNOWLEDGMENTS

We congratulate our colleagues in the CERN accelerator
departments for the excellent performance of the LHC and
thank the technical and administrative staffs at CERN and
at other CMS institutes for their contributions to the success
of the CMS effort. In addition, we gratefully acknowledge
the computing centers and personnel of the Worldwide
LHC Computing Grid for delivering so effectively the
computing infrastructure essential to our analyses. Finally,
we acknowledge the enduring support for the construction
and operation of the LHC and the CMS detector provided
by the following funding agencies: BMBWF and FWF
(Austria); FNRS and FWO (Belgium); CNPq, CAPES,
FAPERJ, FAPERGS, and FAPESP (Brazil); MES
(Bulgaria); CERN; CAS, MoST, and NSFC (China);
COLCIENCIAS (Colombia); MSES and CSF (Croatia);
RIF (Cyprus); SENESCYT (Ecuador); MoER, ERC IUT,
PUT, and ERDF (Estonia); Academy of Finland, MEC, and
HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF,
DFG, and HGF (Germany); GSRT (Greece); NKFIA
(Hungary); DAE and DST (India); IPM (Iran); SFI
(Ireland); INFN (Italy); MSIP and NRF (Republic of
Korea); MES (Latvia); LAS (Lithuania); MOE and UM
(Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP,
and UASLP-FAI (Mexico); MOS (Montenegro); MBIE
(New Zealand); PAEC (Pakistan); MSHE and NSC
(Poland); FCT (Portugal); JINR (Dubna); MON,
RosAtom, RAS, RFBR, and NRC KI (Russia); MESTD
(Serbia); SEIDI, CPAN, PCTI, and FEDER (Spain);
MOSTR (Sri Lanka); Swiss Funding Agencies
(Switzerland); MST (Taipei); ThEPCenter, IPST, STAR,
and NSTDA (Thailand); TUBITAK and TAEK (Turkey);
NASU (Ukraine); STFC (United Kingdom); DOE and NSF
(USA). Individuals have received support from the Marie
Curie program and the European Research Council and
Horizon 2020 Grant, Contracts No. 675440, No. 752730,
and No. 765710 (European Union); the Leventis

Foundation; the A. P. Sloan Foundation; the Alexander
von Humboldt Foundation; the Belgian Federal Science
Policy Office; the Fonds pour la Formation à la Recherche
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6
A. Popov,

6
N. Postiau,

6
E. Starling,

6
L. Thomas,

6
C. Vander Velde,

6
P. Vanlaer,

6
D. Vannerom,

6
L. Wezenbeek,

6

T. Cornelis,
7
D. Dobur,

7
M. Gruchala,

7
I. Khvastunov,

7,e
M. Niedziela,

7
C. Roskas,

7
K. Skovpen,

7
M. Tytgat,

7
W. Verbeke,

7

B. Vermassen,
7
M. Vit,

7
G. Bruno,

8
F. Bury,

8
C. Caputo,

8
P. David,

8
C. Delaere,

8
M. Delcourt,

8
I. S. Donertas,

8

A. Giammanco,
8
V. Lemaitre,

8
K. Mondal,

8
J. Prisciandaro,

8
A. Taliercio,

8
M. Teklishyn,

8
P. Vischia,

8
S. Wuyckens,

8

J. Zobec,
8
G. A. Alves,

9
G. Correia Silva,

9
C. Hensel,

9
A. Moraes,

9
W. L. Aldá Júnior,

10
E. Belchior Batista Das Chagas,

10

H. Brandao Malbouisson,
10

W. Carvalho,
10

J. Chinellato,
10,f

E. Coelho,
10

E. M. Da Costa,
10

G. G. Da Silveira,
10,g

MEASUREMENT OF Bcð2SÞþ AND … PHYS. REV. D 102, 092007 (2020)

092007-9



D. De Jesus Damiao,10 S. Fonseca De Souza,10 J. Martins,10,h D. Matos Figueiredo,10 M. Medina Jaime,10,i

M. Melo De Almeida,10 C. Mora Herrera,10 L. Mundim,10 H. Nogima,10 P. Rebello Teles,10 L. J. Sanchez Rosas,10

A. Santoro,10 S. M. Silva Do Amaral,10 A. Sznajder,10 M. Thiel,10 E. J. Tonelli Manganote,10,f

F. Torres Da Silva De Araujo,10 A. Vilela Pereira,10 C. A. Bernardes,11a L. Calligaris,11a T. R. Fernandez Perez Tomei,11a

E. M. Gregores,11a,11b D. S. Lemos,11a P. G. Mercadante,11a,11b S. F. Novaes,11a Sandra S. Padula,11a A. Aleksandrov,12

G. Antchev,12 I. Atanasov,12 R. Hadjiiska,12 P. Iaydjiev,12 M. Misheva,12 M. Rodozov,12 M. Shopova,12 G. Sultanov,12

M. Bonchev,13 A. Dimitrov,13 T. Ivanov,13 L. Litov,13 B. Pavlov,13 P. Petkov,13 A. Petrov,13 W. Fang,14,d Q. Guo,14

H. Wang,14 L. Yuan,14 M. Ahmad,15 Z. Hu,15 Y. Wang,15 E. Chapon,16 G.M. Chen,16,j H. S. Chen,16,j M. Chen,16

A. Kapoor,16 D. Leggat,16 H. Liao,16 Z. Liu,16 R. Sharma,16 A. Spiezia,16 J. Tao,16 J. Thomas-wilsker,16 J. Wang,16

H. Zhang,16 S. Zhang,16,j J. Zhao,16 A. Agapitos,17 Y. Ban,17 C. Chen,17 A. Levin,17 Q. Li,17 M. Lu,17 X. Lyu,17 Y. Mao,17

S. J. Qian,17 D. Wang,17 Q. Wang,17 J. Xiao,17 Z. You,18 X. Gao,19,d M. Xiao,20 C. Avila,21 A. Cabrera,21 C. Florez,21

J. Fraga,21 A. Sarkar,21 M. A. Segura Delgado,21 J. Jaramillo,22 J. Mejia Guisao,22 F. Ramirez,22 M. Rodriguez,22

J. D. Ruiz Alvarez,22 C. A. Salazar González,22 N. Vanegas Arbelaez,22 D. Giljanovic,23 N. Godinovic,23 D. Lelas,23

I. Puljak,23 T. Sculac,23 Z. Antunovic,24 M. Kovac,24 V. Brigljevic,25 D. Ferencek,25 D. Majumder,25 M. Roguljic,25

A. Starodumov,25,k T. Susa,25 M.W. Ather,26 A. Attikis,26 E. Erodotou,26 A. Ioannou,26 G. Kole,26 M. Kolosova,26

S. Konstantinou,26 G. Mavromanolakis,26 J. Mousa,26 C. Nicolaou,26 F. Ptochos,26 P. A. Razis,26 H. Rykaczewski,26

H. Saka,26 D. Tsiakkouri,26 M. Finger,27,l M. Finger Jr.,27,l A. Kveton,27 J. Tomsa,27 E. Ayala,28 E. Carrera Jarrin,29

H. Abdalla,30,m S. Elgammal,30,n A. Mohamed,30,o A. Lotfy,31 M. A. Mahmoud,31 S. Bhowmik,32

A. Carvalho Antunes De Oliveira,32 R. K. Dewanjee,32 K. Ehataht,32 M. Kadastik,32 M. Raidal,32 C. Veelken,32 P. Eerola,33

L. Forthomme,33 H. Kirschenmann,33 K. Osterberg,33 M. Voutilainen,33 E. Brücken,34 F. Garcia,34 J. Havukainen,34

V. Karimäki,34 M. S. Kim,34 R. Kinnunen,34 T. Lampén,34 K. Lassila-Perini,34 S. Laurila,34 S. Lehti,34 T. Lindén,34

H. Siikonen,34 E. Tuominen,34 J. Tuominiemi,34 P. Luukka,35 T. Tuuva,35 C. Amendola,36 M. Besancon,36 F. Couderc,36

M. Dejardin,36 D. Denegri,36 J. L. Faure,36 F. Ferri,36 S. Ganjour,36 A. Givernaud,36 P. Gras,36 G. Hamel de Monchenault,36

P. Jarry,36 B. Lenzi,36 E. Locci,36 J. Malcles,36 J. Rander,36 A. Rosowsky,36 M. Ö. Sahin,36 A. Savoy-Navarro,36,p M. Titov,36

G. B. Yu,36 S. Ahuja,37 F. Beaudette,37 M. Bonanomi,37 A. Buchot Perraguin,37 P. Busson,37 C. Charlot,37 O. Davignon,37

B. Diab,37 G. Falmagne,37 R. Granier de Cassagnac,37 A. Hakimi,37 I. Kucher,37 A. Lobanov,37 C. Martin Perez,37

M. Nguyen,37 C. Ochando,37 P. Paganini,37 J. Rembser,37 R. Salerno,37 J. B. Sauvan,37 Y. Sirois,37 A. Zabi,37 A. Zghiche,37

J.-L. Agram,38,q J. Andrea,38 D. Bloch,38 G. Bourgatte,38 J.-M. Brom,38 E. C. Chabert,38 C. Collard,38 J.-C. Fontaine,38,q
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Université de Lyon, Université Claude Bernard Lyon 1, CNRS-IN2P3,
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Università di Genova, Genova, Italy
75a
INFN Sezione di Milano-Bicocca, Milano, Italy
75b
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Sapienza Università di Roma, Rome, Italy
82a
INFN Sezione di Torino, Torino, Italy
82b

Università di Torino, Torino, Italy
82c
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