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c State
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Using pp collision data corresponding to an integrated luminosity of 8.5 fb−1 recorded by the
LHCb experiment at center-of-mass energies of

ffiffiffi

s
p ¼ 7, 8, and 13 TeV, the observation of an excited Bþ

c

state in the Bþ
c π

þπ− invariant-mass spectrum is reported. The observed peak has a mass of
6841.2� 0.6ðstatÞ � 0.1ðsystÞ � 0.8ðBþ

c Þ MeV=c2, where the last uncertainty is due to the limited
knowledge of the Bþ

c mass. It is consistent with expectations of the B�
cð23S1Þþ state reconstructed without

the low-energy photon from the B�
cð13S1Þþ → Bþ

c γ decay following B�
cð23S1Þþ → B�

cð13S1Þþπþπ−.
A second state is seen with a global (local) statistical significance of 2.2σ (3.2σ) and a mass of
6872.1� 1.3ðstatÞ � 0.1ðsystÞ � 0.8ðBþ

c Þ MeV=c2, and is consistent with the Bcð21S0Þþ state. These mass
measurements are the most precise to date.

DOI: 10.1103/PhysRevLett.122.232001

The Bc meson family is unique in the standard model as
its states are formed from two heavy quarks of different
flavors. The spectrum of masses of Bc mesons can reveal
information on heavy-quark dynamics and improve the
understanding of the strong interaction. Specifically, it
provides tests of nonrelativistic quark-potential models
[1–13], which have been successfully applied to quarko-
nium, since the Bc family shares properties with both the
charmonium and bottomonium systems. The Bc family is
predicted to have a rich spectroscopy by various potential
models [1–13] and lattice quantum chromodynamics [12].
However, the Bc mesons are much less explored compared
to quarkonia due to the small production rate, since their
predominant production mechanism requires the produc-
tion of both cc̄ and bb̄ pairs. The ground state meson Bþ

c
was first observed by the CDF experiment [14] at the
Tevatron collider. Knowledge of the properties of the Bþ

c
meson has been greatly advanced by the LHCb experiment
with the measurement of the Bþ

c mass, lifetime, and
production rate [15–20], and the discovery and precise
measurement of the branching fractions of several new
decay channels [16,21–30]. Charge conjugation is implied
throughout this Letter.
Excited Bþ

c states that lie below the threshold for decay
into a beauty and charm meson pair are expected to have
decay widths smaller than a few hundred keV [3,4].
Depending on its mass, an excited Bþ

c resonance may

undergo either cascade radiative or pionic decays to the Bþ
c

state, which decays weakly. The second S-wave Bc state
occurs as either a pseudoscalar ð0−Þ or a vector ð1−Þ spin
state, i.e., the singlet Bcð21S0Þþ or the triplet B�

cð23S1Þþ.
The Bcð21S0Þþ and B�

cð23S1Þþ states are denoted as
Bcð2SÞþ and B�

cð2SÞþ, respectively. The Bcð2SÞþ state
decays directly to Bþ

c π
þπ−, while the B�

cð2SÞþ state decays
to B�

cð13S1Þþπþπ−, followed by the B�
cð13S1Þþ → Bþ

c γ
electromagnetic transition. The low-energy photon pro-
duced in this decay is not considered in this analysis, since
the reconstruction efficiency for such photons is too low to
be useful with the current data sample. The B�

cð13S1Þþ state
is denoted as B�þ

c hereafter. The transitions among the

Bð�Þ
c ð2SÞþ and Bð�Þþ

c states are illustrated in Fig. 1. Decays

of both Bð�Þ
c ð2SÞþ states produce a narrow peak in the

Bþ
c π

þπ− invariant-mass spectrum [31,32]; however, the
B�
cð2SÞþ state peaks at MðB�

cð2SÞþÞrec ¼ MðB�
cð2SÞþÞ −

ΔMðB�þ
c Þ due to the missing photon, where ΔMðB�þ

c Þ is
the mass difference between the intermediate state B�þ

c and

FIG. 1. Transitions among the Bð�Þ
c ð2SÞþ and Bð�Þþ

c states.
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the Bþ
c meson. Since the B�þ

c state has not been observed
yet, the quantity ΔMðB�þ

c Þ is unknown and the value of
MðB�

cð2SÞþÞ cannot be determined with this technique at
the moment. Taking into account the unreconstructed
photon, the mass difference between the two peaks in
the Bþ

c π
þπ− mass distribution originating from the

two Bð�Þ
c ð2SÞþ states, MðBcð2SÞþÞ −MðB�

cð2SÞþÞrec, is
predicted to be in the range 11 to 53 MeV=c2 [1–13].
The production cross section of the B�

cð2SÞþ state is
predicted to be twice as large as that of the Bcð2SÞþ state
[8,31,33,34], while the branching fractions of the decays
Bcð2SÞþ→Bþ

c π
þπ− and B�

cð2SÞþ→B�þ
c πþπ− are expected

to be similar [8,34].
With the large samples of Bþ

c mesons produced at the
Large Hadron Collider, the ATLAS Collaboration first
reported the observation of a signal in the Bþ

c π
þπ− mass

distribution peaking at a value of 6842� 4ðstatÞ �
5ðsystÞ MeV=c2 using pp collision data at

ffiffiffi

s
p ¼ 7 and

8 TeV corresponding to a luminosity of 24 fb−1 [35].
Because of large mass resolution and low signal yield,
no determination could be made as to whether the observed
peak was either the Bcð2SÞþ, the B�

cð2SÞþ state, or a
combination of the two states. The LHCb experiment also
performed a search for excited Bþ

c states in the Bþ
c π

þπ−

mass distribution using pp collision data at center-of-mass
energy of

ffiffiffi

s
p ¼ 8 TeV, corresponding to an integrated

luminosity of 2 fb−1. No evidence of any signal was
found [36]. Recently, the CMS Collaboration reported
the observation of the Bcð2SÞþ and B�

cð2SÞþ states [37],
in which the mass of the Bcð2SÞþ state and the mass
difference between the two peaks were measured to
be 6871.0� 1.2ðstatÞ � 0.8ðsystÞ � 0.8ðBþ

c Þ and 29.0�
1.5ðstatÞ � 0.7ðsystÞ MeV=c2, respectively. The third
uncertainty is due to the limited knowledge of the Bþ

c mass.
This Letter presents an updated search for excited Bc

mesons in the Bþ
c π

þπ− mass distribution. The analysis
makes use of run 1 and run 2 data collected by the LHCb
experiment from 2011 to 2018 at center-of-mass energies
of

ffiffiffi

s
p ¼ 7, 8, and 13 TeV, corresponding to integrated

luminosities of about 1.0, 2.0, and 5.5 fb−1, respectively.
The LHCb detector [38,39] is a single-arm forward

spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b and/or c
quarks. The detector elements that are particularly relevant
to this analysis are a silicon-strip vertex detector surround-
ing the pp interaction region that allows c and b hadrons to
be identified from their characteristically long flight dis-
tance, a tracking system that provides a measurement of the
momentum p of charged particles with a relative uncer-
tainty that varies from 0.5% at low momentum to 1.0% at
200 GeV=c, and two ring-imaging Cherenkov detectors
that are able to discriminate between different species of
charged hadrons. The minimum distance of a track to
a primary vertex (PV), the impact parameter (IP), is

measured with a resolution of ð15þ 29=pTÞ μm, where
pT is the component of the momentum transverse to the
beam, in GeV=c. The online event selection is performed
by a trigger, which 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. At the hardware stage, events are required
to have at least one muon with high transverse momentum
pT or a hadron with high transverse energy. At the software
stage, two muon tracks or three charged tracks are required
to have high pT and to form a secondary vertex with a
significant displacement from the interaction point. The
momentum scale in data is calibrated using the J=ψ and Bþ
mesons [40] with well-known masses.
Simulated samples are used to model the signal behavior.

In the simulation,pp collisions aregenerated usingPYTHIA 6

[41] with a specific LHCb configuration [42]. The generator
BCVEGPY [33] is used to simulate the production of Bþ

c
mesons. Decays of unstable particles are described by
EVTGEN [43], in which final-state radiation is generated
using PHOTOS [44]. The interaction of the generated particles
with the detector, and its response, are implemented using
the GEANT4 toolkit [45] as described in Ref. [46].
To form the Bð�Þ

c ð2SÞþ candidates, first the intermediate
Bþ
c state is reconstructed from the Bþ

c → J=ψπþ decay. The
J=ψ candidates are reconstructed with a pair of oppositely
charged particles identified as muons. The muons are
required to have pT > 550 MeV=c and good track-fit
quality. They are required to form a common decay vertex
with an invariant mass in the range ½3040; 3140� MeV=c2,
corresponding to approximately 6 times the J=ψ mass
resolution. The J=ψ candidate is combined with a charged
pion to form the Bþ

c candidate. Each particle is associated
with the PV that has the smallest value of χ2IP, where
χ2IP is defined as the difference in the vertex fit χ

2 of a given
PV reconstructed with and without the particle under
consideration. The pion must have pT > 1000 MeV=c,
good track-fit quality, and be inconsistent with originating
from any PV. The Bþ

c candidate is required to have a
good-quality vertex, a trajectory consistent with coming
from its associated PV, and a decay time larger than 0.2 ps.
To further suppress background, a boosted decision tree

(BDT) [47,48] classifier is used, as done in theBþ
c production

measurement [20]. The input variables of the BDT classifier
are taken to be the pT of each muon, the J=ψ meson and the
charged pion, the decay length, decay time and vertex fit χ2

of theBþ
c meson, and the χ2IP of the muons, the pion, the J=ψ

meson, and the Bþ
c meson with respect to the associated PV.

The BDT classifier is trained using signal candidates
from simulation and background candidates from the upper
sideband of the J=ψπþ mass distribution in data, corre-
sponding to the range ½6370; 6600� MeV=c2. The BDT
threshold is chosen to maximize S=

ffiffiffiffiffiffiffiffiffiffiffiffi

Sþ B
p

, where S and
B are the expected yields of signal and background in the
range MðJ=ψπþÞ ∈ ½6251; 6301� MeV=c2, respectively.
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This mass window corresponds to around 4 times the
resolution of MðJ=ψπþÞ. To improve the signal-to-

background ratio in the Bð�Þ
c ð2SÞþ search, the transverse

momentum of the Bþ
c meson is required to be larger

than 10 GeV=c.
An unbinned maximum-likelihood fit is performed to the

MðJ=ψπþÞ distribution. To improve the mass resolution,
the mass MðJ=ψπþÞ is calculated by constraining the J=ψ
mass to its known value [49] and the Bþ

c meson to originate
from the associated PV [50]. The signal component is
described by a Gaussian function with asymmetric power-
law tails [51]. The parameters of the tails are determined
from the simulation, while the mean and width of the
Gaussian function are left free in the fit. The combinatorial
background is modeled with an exponential function.
The contamination from the Cabibbo-suppressed decay
Bþ
c → J=ψKþ, with the kaon misidentified as a pion, is

modeled by a Gaussian function with asymmetric power-
law tails. The parameters of this Gaussian function are fixed
according to the simulation, except that the mean is
constrained relative to that of the Bþ

c → J=ψπþ signal.
The invariant-mass distribution of the J=ψπþ candidates is
shown in Fig. 2. The Bþ

c signal yield is 3785� 73. The
fitted Bþ

c mass and mass resolution are 6273.7� 0.3 and
15.1� 0.3 MeV=c2, respectively.
To reconstruct the Bð�Þ

c ð2SÞþ candidates, Bþ
c candidates

with MðJ=ψπþÞ ∈ ½6200; 6320� MeV=c2 are combined
with a pair of oppositely charged particles identified as
pions. These pion candidates are required to originate from
the PV, and each have pT >300MeV=c, p>1500MeV=c,

and a good track-fit quality. The Bð�Þ
c ð2SÞþ candidate is

required to have a good vertex-fit quality. To improve the
mass resolution, a fit [50] is performed in which the J=ψ
and Bþ

c masses are constrained to their known values [49]

and the daughters of the Bð�Þ
c ð2SÞþ meson are required to

point to the associated PV. The χ2 per number of degrees of
freedom of this fit must be smaller than 9. The value of
MðBþ

c π
þπ−Þ−MðBþ

c Þ−Mðπþπ−Þ is required to be smaller

than 200 MeV=c2. To ensure that the selection does not
produce any artificial peaks in the MðBþ

c π
þπ−Þ spectrum,

the same requirements are applied to a same-sign sample,
constructed from Bþ

c π
þπþ or Bþ

c π
−π− combinations. The

efficiency of the selections is found to change smoothly
with the invariant mass MðBþ

c ππÞ and no peaks are seen in
the same-sign sample.
The MðBþ

c π
þπ−Þ distribution in the data sample after all

the selections are applied is shown in Fig. 3, with those of the
same-sign sample and a sample drawn from theBþ

c sidebands
(MðJ=ψπþÞ∈ ½6150;6200�∪ ½6320;6550�MeV=c2) super-
imposed for comparison. The same-sign and Bþ

c mass
sideband distributions are scaled to the opposite-sign
distribution in the sideband region, MðBþ

c π
þπ−Þ ∈

½6735; 6825� ∪ ½6895; 6975� MeV=c2. The MðBþ
c π

þπ−Þ
distribution presents an obvious peak at approximately
6840 MeV=c2, and a less significant structure at about
6870 MeV=c2.
The masses and yields of the Bð�Þ

c ð2SÞþ peaks are
determined using an unbinned maximum-likelihood
fit to the distribution of the mass difference ΔM ≡
MðBþ

c π
þπ−Þ −MðBþ

c Þ to eliminate the dependence on
the reconstructed Bþ

c mass. Here the mass MðBþ
c π

þπ−Þ
is calculated with no constraint on the Bþ

c mass, but only
constraining the J=ψ mass to its known value [49] and

requiring the Bð�Þ
c ð2SÞþ meson to come from the associated

PV [50]. Each Bð�Þ
c ð2SÞþ peak is modeled by a Gaussian

function with asymmetric power-law tails [51]. The tail
parameters are fixed to the values determined from
simulation, while the Gaussian mean and width are treated
as free parameters. The combinatorial background is
described by a second-order polynomial function.
The fit to the ΔM distribution is shown in Fig. 4, and the

results are summarized in Table I. The B�
cð2SÞþ signal

yield is determined to be 51� 10ðstatÞ, corresponding to
a local statistical significance of 6.8σ. The significance
is evaluated with a likelihood-based test, in which the

FIG. 2. Invariant-mass distribution of the selected Bþ
c candi-

dates. The fit results are overlaid.

FIG. 3. Invariant-mass MðBþ
c π

þπ−Þ distributions for the data
and same-sign samples with the distribution of the Bþ

c mass
sidebands overlaid.
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likelihood distribution of the background-only hypothesis
is obtained using pseudoexperiments [52]. The yield of the
Bcð2SÞþ state is 24� 9ðstatÞ with a local statistical
significance of 3.2σ. The Gaussian widths of the two
peaks are consistent with the expectation of negligible
resonance widths. The mass difference between the two
peaks is measured to be 31.1� 1.4ðstatÞ MeV=c2. Taking
the known Bþ

c mass, MðBþ
c Þ ¼ 6274.9� 0.8 MeV=c2

[53], the quantities MðB�
cð2SÞþÞrec and MðBcð2SÞþÞ are

determined to be 6841.1� 0.6ðstatÞ � 0.8ðBþ
c Þ MeV=c2

and 6872.1� 1.3ðstatÞ � 0.8ðBþ
c Þ MeV=c2, respectively.

The second uncertainty is due to the limited knowledge
of the Bþ

c mass. After considering the look-elsewhere effect
in the predicted mass regions [54], MðBþ

c π
þπ−Þ ∈

½6790; 6895� for the B�
cð2SÞþ state, and MðBþ

c π
þπ−Þ ∈

½6845; 6895� MeV=c2 for the Bcð2SÞþ state [1–10,55], the
global statistical significances of the two states are deter-
mined to be 6.3σ and 2.2σ, respectively.
Several sources of systematic uncertainty on the

determination of the mass difference ΔM are studied.
The dominant contribution is from the uncertainty on the
momentum scale, which is due to imperfections in the
description of the magnetic field and the imperfect align-
ment of the subdetectors. The uncertainty of the momentum
calibration is estimated using other particles, such as K0

S
andϒmesons, and leads to an uncertainty of 0.12 MeV=c2

on the ΔM measurements. The unreconstructed photon
emitted in the B�

cð2SÞþ decay chain could be an additional
source of systematic uncertainty. Studies on simulated
events show that the missing photon introduces a small
bias, and a correction of þ0.08 MeV=c2, with negligible
uncertainty, is applied to the fitted value of the B�

cð2SÞþ
mass peak. All other systematic uncertainties are negligible
and are briefly described as follows. The effects of the
imperfect modeling of the signal and background compo-
nents are estimated by using alternative models. The
alternative model for the signal peaks uses Hypatia func-
tions [56], while for the background the alternative model
consists of a sum of two threshold functions, each of the
form ðΔM −mtÞp × e−CðΔM−mtÞ, where p and C are free
parameters, and mt represents the threshold, which is taken
to be 2mπ� . The changes in ΔM obtained with the
alternative models are found to be negligible. The effect
of final-state radiation is also studied with simulated events
and the associated uncertainty on the fitted mass values is
found to be negligible. The total systematic uncertainty
on ΔM for both the Bcð2SÞþ and B�

cð2SÞþ states of
0.12 MeV=c2 is fully correlated, and therefore cancels in
the mass difference of the two peaks.
In conclusion, using pp collision data collected by the

LHCb experiment at center-of-mass energies of
ffiffiffi

s
p ¼ 7, 8,

and 13 TeV, corresponding to an integrated luminosity of
8.5 fb−1, a peaking structure consistent with the B�

cð2SÞþ
state is observed in the Bþ

c π
þπ− mass spectrum with a

global (local) statistical significance of 6.3σ (6.8σ). The
mass associated with the B�

cð2SÞþ state, for which the low-
energy photon in the intermediate decay B�þ

c → Bþ
c γ is not

reconstructed, is measured to be

6841.2� 0.6ðstatÞ � 0.1ðsystÞ � 0.8ðBþ
c Þ MeV=c2; ð1Þ

where the last uncertainty is due to the limited knowl-
edge of the Bþ

c mass. It is equal to MðB�
cð2SÞþÞrec ¼

MðB�
cð2SÞþÞ − ðMðB�þ

c Þ −MðBþ
c ÞÞ. The mass difference

between the B�
cð2SÞþ and B�þ

c state is determined to be
566.3� 0.6ðstatÞ � 0.1ðsystÞ MeV=c2. The data also
show a hint for a second structure consistent with the
Bcð2SÞþ state with a global (local) statistical significance
of 2.2σ (3.2σ). Assuming this peak is due to the Bcð2SÞþ
state, its mass is measured to be

6872.1� 1.3ðstatÞ � 0.1ðsystÞ � 0.8ðBþ
c Þ MeV=c2: ð2Þ

The mass difference between the Bcð2SÞþ and Bþ
c state is

597.2� 1.3ðstatÞ � 0.1ðsystÞ MeV=c2. The mass differ-

ence of the two Bð�Þ
c ð2SÞþ peaks is determined to be

31.0� 1.4ðstatÞ � 0.0ðsystÞ MeV=c2; ð3Þ

in which both the uncertainty from the Bþ
c mass and the

systematic uncertainty cancel. The mass measurements

FIG. 4. Distribution of ΔM ¼ MðBþ
c π

þπ−Þ −MðBþ
c Þ with the

fit results overlaid. The same-sign distribution has been normal-

ized to the data in the Bð�Þ
c ð2SÞþ sideband region.

TABLE I. Results of the fit to the ΔM distribution. Uncertain-
ties are statistical only.

B�
cð2SÞþ Bcð2SÞþ

Signal yield 51� 10 24� 9
Peak ΔM value (MeV=c2) 566.2� 0.6 597.2� 1.3
Resolution (MeV=c2) 2.6� 0.5 2.5� 1.0
Local significance 6.8σ 3.2σ
Global significance 6.3σ 2.2σ
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are the most precise to date, and are consistent with the
results from the CMS Collaboration [37]. They are also
within the range of the theoretical predictions [1–13].
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