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The study of a wide peaking structure in the Bþ
c γ mass spectrum is reported using a data sample of

proton-proton collisions collected by the LHCb detector at center-of-mass energies of 7, 8, and 13 TeV,
corresponding to an integrated luminosity of 9 fb−1. The observed structure is consistent with the lowest
excited P-wave Bþ

c states and exhibits a statistical significance exceeding 7 standard deviations relative to
the background-only hypothesis. A two-peak model serves as an effective description of the data, with
various theory-constrained models further explored to provide physical interpretation. Based on the
predictions for the Bcð1PÞþ spectrum, the relative production cross section of the overall Bcð1PÞþ states
with respect to the Bþ

c ground state with the transverse momentum pT and rapidity y of Bþ
c mesons in the

regions pT < 20 GeV=c and 2.0 < y < 4.5 at
ffiffiffi
s

p ¼ 13 TeV is measured to be 0.20� 0.03� 0.02� 0.03,
where the uncertainty terms represent statistical, systematic, and uncertainties related to the choice of
theoretical models, respectively. The results provide a test of theoretical models and deepen our
understanding of quantum chromodynamics.

DOI: 10.1103/1d49-q8h4

I. INTRODUCTION

The Bþ
c meson family, composed uniquely of two

different heavy quarks, serves as a distinctive probe of
the nonperturbative regime of quantum chromodynamics
(QCD). It is predicted to have a rich spectrum, which serves
as a crucial test bed for theoretical calculations based on
lattice QCD [1–4] and various other QCD-based calcu-
lations [5–27], thereby advancing our understanding of the
dynamical mechanisms governing the hadronic structure.
Since the observation of the Bþ

c ground state1 by the
CDF experiment at the Tevatron collider [28,29], the
investigation of the Bþ

c spectrum has long been an
experimental pursuit. The excited Bþ

c states with masses
below the BD threshold, which corresponds to the sum of
the masses of a beauty and a charmed meson, can only
decay to the ground state through radiative transitions or
pion emission [9,10,30]. Therefore, the Bþ

c γ and Bþ
c π

þπ−
systems represent the only channels to identify these low-
lying excited Bþ

c states. However, these searches are
inherently challenging since the Bþ

c mesons are beyond
the reach of currently operating eþe− collider facilities, and
their production in hadron collisions requires simultaneous

cc̄ and bb̄ pair production and is therefore relatively small
[10,31]. The operation of the LHC at unprecedented center-
of-mass energies and high luminosity has revolutionized
studies of the Bþ

c mesons. The second S-wave excited state,
Bcð2SÞþ, was first reported by the ATLAS experiment as a
wide structure in the Bþ

c π
þπ− mass spectrum [32], which

was later resolved into two narrow peaks corresponding
to the Bcð21S0Þþ and Bcð23S1Þþ states2 by the CMS and
LHCb experiments [33,34]. To probe the Bcð1PÞþ states,
a study of the Bþ

c γ mass spectrum is necessary. The LHCb
experiment is uniquely positioned for that purpose, as
evidenced by several measurements of the mass, lifetime,
production and decay modes of the Bþ

c states, summarized
in Ref. [35], and successful experience with the radiative
decays of quarkonia [36–40].
The combination between the total spin (S ¼ 0 or 1) of

the b̄c system and the orbital angular momentum (L ¼ 1)
between the two quarks gives rise to four Bcð1PÞþ states:
the spin singlet 11P1 and the spin triplet 13P0, 13P1, and
13P2. The 11P1 state decays to the Bþ

c γ final state, while the
spin triplet states decay to Bcð13S1Þþ (denoted as B�þ

c
hereafter), which subsequently decays to the Bþ

c γ final state
[9,10,30]. The photon originating from the B�þ

c decay is
expected to carry such a small energy that it escapes
detection [41,42], and the reconstructed Bþ

c γ mass distri-
bution of the Bcð1PÞþ states shows a peaking structure
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shifted to lower values, where the shift is determined by the
mass difference δM between the B�þ

c and Bþ
c states.

Furthermore, the 11P1 and 13P1 states mix into the physical
states 1P0

1 and 1P1 according to

�
1P0

1

1P1

�
¼

�
cos θ sin θ

− sin θ cos θ

��
11P1

13P1

�
; ð1Þ

with θ the mixing angle. Due to mixing, both physical
states 1P0

1 and 1P1 decay to the Bþ
c γ and B�þ

c γ final states.
Their masses, as well as those of the 13P0 and 13P2 states,
are calculated in Refs. [1,5–15] using lattice QCD and
numerous theory approaches, with these selected predic-
tions summarized in Table I. The most precise Bþ

c mass
predictions within the framework of lattice QCD have been
provided by a recent study [4], albeit for a subset of the
Bcð1PÞþ states. In total, six peaks from Bcð1PÞþ states are
expected in the Bþ

c γ mass spectrum: Two correspond to the
masses of the 1P1 and 1P0

1 states, while the remaining four
are displaced by δM from the masses of the 13P0, 1P1, 1P0

1,
and 13P2 states. The differences between the reconstructed
Bcð1PÞþ masses in the Bþ

c γ mass spectrum and the ground-
state Bþ

c mass, denoted as MðBþ
c γÞ −MðBþ

c Þ, are expected
to be in the range ½340; 520� MeV=c2 [1,5–15].
Using proton-proton (pp) collision data recorded by the

LHCb experiment at center-of-mass energies of
ffiffiffi
s

p ¼ 7, 8,
and 13 TeV, corresponding to integrated luminosities of 1, 2,
and 6 fb−1, respectively, a wide peaking structure consistent
with the Bcð1PÞþ states is observed in the Bþ

c γ system
reconstructed through the Bþ

c → J=ψð→ μþμ−Þπþ decay
chain, as reported in Ref. [43]. This paper focuses on the
interpretation of the Bcð1PÞþ structure and its production
measurement and provides details of the selection criteria
and the photon energy correction method. A brief introduc-
tion to the LHCb detector along with the reconstruction and
simulation procedures is provided in Sec. II. The event
selection criteria are detailed in Sec. III. The correction of the

photon energy is discussed in Sec. IV. The Bcð1PÞþ signal
yield and corresponding peak locations are determined
in Sec. V using a theory-independent approach. Tests of
theoretical models and measurement of Bcð1PÞþ production
are reported in Sec. VI. Systematic uncertainties on the
production rates are evaluated in Sec. VII. All results are
summarized in Sec. VIII.

II. DETECTOR AND SIMULATION

The LHCb detector [44,45] 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 includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 T m, and three stations of silicon-strip detectors
and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of the momentum,
p, of charged particles with a relative uncertainty that varies
from 0.5% at low momentum to 1.0% at 200 GeV=c. The
minimum distance of a track to a primary pp collision
vertex (PV), the impact parameter (IP), is measured with a
resolution of ð15þ 29=pTÞ μm, where pT is the compo-
nent of the momentum transverse to the beam, in GeV=c.
Particle identification (PID) for charged hadrons uses
information from two ring-imaging Cherenkov detectors.
Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers.
A calorimeter system consisting of scintillating-pad

(SPD) and preshower detectors, an electromagnetic calo-
rimeter (ECAL) and a hadronic calorimeter is responsible
for the identification of photons, electrons and hadrons. The
ECAL employs the Shashlik technology, i.e., a sampling
scintillator/lead structure read out by plastic wavelength
shifting fibers, with a design energy resolution of
σE=E ¼ 10%=

ffiffiffiffi
E

p
⊕ 1%, with E in GeV [46]. The

TABLE I. Predicted masses for the 1P Bþ
c states and the mass difference δM ¼ MðB�þ

c Þ −MðBþ
c Þ between the

two first S-wave states (in units of MeV=c2), along with the mixing angle θ.

δM Mð13P0Þ Mð1P1Þ Mð1P0
1Þ Mð13P2Þ θ [°]

Lattice QCD [1] 41 6727 6743 6765 6783 33.4
GKLT [5] 64 6683 6717 6729 6743 17.1
GJ [6] 61 6689 6738 6757 6773 25.6
FUII [7] 55 6701 6737 6760 6772 28.5
EFG [8] 62 6699 6734 6749 6762 20.4
GI [9] 67 6706 6741 6750 6768 22.4
EQ [10] 54 6693 6731 6739 6759 18.7
LLLLGZ [11] 55 6714 6757 6776 6787 35.5
WWLC [12] 55 6705 6739 6748 6762 32.2
LTFWP [13] 53 6712 6770 6761 6783 −24.3
LLWL [14] 67 6701 6745 6754 6773 35.2
HZ [15] 63 6707 6751 6786 6802 55.0
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ECAL energy scale is calibrated using photons from π0

decays, as detailed in Refs. [47,48]. Photons are recon-
structed from the energy deposits in the ECAL that are not
associated with any reconstructed tracks [49]. For offline
calibration purposes, they are separated into two categories
based on their response in the SPD detector: those that have
converted in the material following the dipole magnet
(converted photons), thus leaving hits in the SPD, and
those that have not undergone conversion (nonconverted
photons) and so do not interact with the SPD. Photons
that convert before the magnet can be reconstructed as a
eþe− pair. They have excellent energy resolution given the
accurate tracking information available [38,39]. However,
the reconstruction efficiency is very low, and therefore, they
are not used in this analysis.
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 performs a full event reconstruction.
The trigger selection algorithms are primarily based on
identifying the key characteristics of beauty and charm
hadrons to ensure maximum efficiency across the full
spectrum of their possible decays. This includes consider-
ing the topological signature of their displaced vertices and
imposing kinematic requirements such as on the transverse
momentum of final-state particles. At the hardware stage,
events are required to have at least one muon with high
transverse momentum 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.
Simulation is required to model the signal, as well as to

study the effects of detector acceptance, resolution, and the
selection requirements. The BcVegPy generator [50] is
employed to simulate the production of Bcð1PÞþ and
Bþ
c mesons. It is based on full perturbative QCD calcu-

lations at the lowest order (α4s ) via the dominant gluon-
gluon fusion process, while neglecting contributions from
the quark-pair annihilation [51–55]. The generator is
interfaced with the Pythia parton shower and hadronization
model [56] with a specific LHCb configuration [57]. The
decays of unstable particles are modeled using EvtGen [58],
and final-state radiation is generated using Photos [59]. The
interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit [60]
as described in Ref. [61]. The simulated sample is also
corrected to match the track reconstruction perfor-
mance [62] and PID response [63] in data. The detector
response used for particle identification is sampled
from the D�þ → D0ð→ K−πþÞπþ and K0

S → πþπ− control
channels for pions, and the J=ψ → μþμ− control channel
for muons, respectively [64]. The difference of the photon
reconstruction efficiency between data and simulation
is corrected using the relative yields of reconstructed

Bþ → J=ψK�þð→ Kþπ0ð→ γγÞÞ and Bþ → J=ψKþ decays
[65]. The energy response to photons in simulation is
corrected using large calibration samples of χc1 → J=ψγ
decays, with converted and nonconverted photons treated
separately, as described in Sec IV.

III. CANDIDATE RECONSTRUCTION
AND SELECTION

The search for Bcð1PÞþ states is performed in the
decay chain Bcð1PÞþ → Bþ

c γ, with Bþ
c → J=ψπþ and

J=ψ → μþμ−. The selection procedure of Bþ
c → J=ψπþ

candidates follows that used in Refs. [66,67] as described
below. Candidate J=ψ mesons are formed by combining
pairs of oppositely charged muons, each required to have
pT > 550 MeV=c, that originate from a common vertex.
The J=ψ candidates must have a mass within the range
½3040; 3140� MeV=c2, which corresponds to approxi-
mately six times the J=ψ mass resolution, and are then
combined with a charged pion to form the Bþ

c candidates.
The pion must satisfy pT > 1000 MeV=c and be incon-
sistent with originating from any PV. The Bþ

c candidates are
required to have a good-quality vertex fit, a decay time
exceeding 0.2 ps, and a momentum vector aligned with
the displacement vector identified by the decay vertex
and the associated PV. The latter represents the vertex
with the smallest impact parameter χ2IP, defined as the
difference in the vertex-fit χ2 of a given PV with and
without the Bþ

c candidate.
To further suppress combinatorial background, a boosted

decision tree (BDT) [68,69] classifier is applied. The input
variables comprise the transverse momentum pT of the
muons, the pion, and the J=ψ meson; the decay length, decay
time,andvertex-fitχ2 oftheBþ

c meson,aswellas theχ2IP values
of the muons, the pion, the J=ψ meson, and the Bþ

c meson
relative to the associated PV. The classifier is trained on
simulated signal candidates and background candidates from
the upper sideband of the J=ψπþ mass spectrum in data,
within the mass range ½6370; 6600� MeV=c2. The BDT
selection working point is optimized to maximize the figure
ofmeritS=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
,whereS andB denote the expected signal

and background yields, respectively, in the mass window
MðJ=ψπþÞ∈ ½6251; 6301� MeV=c2, which corresponds to
approximately four times the Bþ

c mass resolution.
To form the Bcð1PÞþ candidates, the selected Bþ

c

candidates within the mass range ½6240; 6300� MeV=c2

are combined with photons detected by the calorimeter
system. The majority of photons originate from the decay
of neutral pions, i.e., π0 → γγ. This background contribu-
tion is reduced by discarding photons with a companion
photon such that the diphoton mass is within a
�30 MeV=c2 region from the known π0 mass [70].
Further photon selections are implemented to maximize
the Punzi figure of merit [71], S=ð5=2þ ffiffiffiffi

B
p Þ, for Bcð1PÞþ

signals in the expected mass region. These enforce that
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photons have transverse energy ET > 1000 MeV,
E > 4000 MeV, and a high probability of being correctly
identified, based on the value of a neural-net estimator that
combines information from the calorimeter and tracking
systems [72]. Finally, to reduce background contributions
from multiple photon combinations with the same Bþ

c
meson, only the candidate with the highest ET photon
is kept.
The distribution of MðBþ

c γÞ −MðBþ
c Þ for selected Bþ

c
candidates is shown in Fig. 1, This variable is chosen
to minimize effects from the Bþ

c mass resolution. The
corresponding distribution, obtained by considering
Bþ
c candidates from the high-mass sideband region

(MðBþ
c Þ∈ ½6340; 6550� MeV=c2), is also shown for com-

parison. It demonstrates that the chosen selection criteria do
not introduce artificial peaks in the pure background
sample. A pronounced peaking structure is evident within
the predicted mass range of the Bcð1PÞþ states.

IV. PHOTON ENERGY CORRECTION
IN SIMULATION

To determine the signal composition of the peaking
structure, a good understanding of the photon energy scale
and resolution is required. Dedicated corrections are
applied to the simulation to accurately model the location
and width of the signal peaks. These corrections are
obtained using large data and simulated samples of
χc → J=ψγ decays, where the photon energy spectrum is
similar to that in the signal decays. The selection criteria
applied to photons are identical to those used for theBcð1PÞþ
candidates, which ensures portability of the corrections.
Photon energy corrections in simulation are derived

from fits to the J=ψγ mass distributions in data. They are
obtained separately for converted and nonconverted
photons in each data taking period, and in two-
dimensional regions of the photon energy, Eγ , and the

number of reconstructed tracks, ntracks. An example of the
MðJ=ψγÞ −MðJ=ψÞ distribution of converted photons in
one typical Eγ and ntracks region using 2016 data is shown
in Fig. 2. The distribution shows a wide peaking structure
due to the contributions from the χc0, χc1, and χc2 states.
These resonant contributions are each modeled as a
nonrelativistic Breit–Wigner function convolved with a
modified Gaussian function with asymmetric power-law
tails to account for the mass resolution. The natural widths
of the χc states are fixed to their known values [70]. The
background component is modeled by a third-order
polynomial function. In each Eγ and ntracks region, the
photon energy bias and resolution are determined based
on their linear relationship with two observables: the
deviation of the χc1 peak location from its known value
[70] and the measured width of the χc1 mass peak. The
linear dependencies are well established by simulation
studies.
The simulated samples of Bcð1PÞþ → Bþ

c γ are generated
with different Bcð1PÞþ masses within the theoretical
prediction range. The signal shape in MðBþ

c γÞ −MðBþ
c Þ

distribution is corrected on a per-candidate basis, using the
photon energy bias and resolution of the corresponding
Eγ and ntracks region. With the corrections applied, the
Bþ
c γ signal resolution is parametrized as a modified

Gaussian function with asymmetric power-law tails. The
resolution, σ, and peak location, μ, are found to have
a small linear dependency on the true mass difference
of the Bcð1PÞþ signal peak in simulation, ΔMtrue,
given by μ ¼ −0.006 × ΔMtrue − 0.340 MeV=c2 and
σ ¼ 0.041 × ΔMtrue þ 1.640 MeV=c2. These dependen-
cies are used to fully constrain the signal shape for a given
mass hypothesis.
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FIG. 1. Distribution of MðBþ
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c Þ for the selected Bþ
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candidates. The distribution of Bþ
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A self-consistency check of the photon energy correction
is performed by applying the same method to the
χc1 → J=ψγ and χc2 → J=ψγ decays. A good agreement
between the corrected mass and the value in data is
obtained, and the measured mass resolution is well repro-
duced. As an example, using samples with converted
photons from the 2016 data-taking period, the difference
between the χc1 mass determined from the simulation and
the data is reduced from 2.0 MeV=c2 to 0.3 MeV=c2, and
the difference in resolution decreases from 0.3 MeV=c2 to
0.1 MeV=c2, due to the application of the photon energy
correction. Similarly, for the χc2 state, the difference in
mass is reduced from 2.0 MeV=c2 to 0.4 MeV=c2 and the
resolution improves from 0.7 MeV=c2 to 0.4 MeV=c2.
Another channel, Ds1ð2460Þþ → Dþ

s γ, is used to inde-
pendently validate the correction method and assess the
associated systematic uncertainty. TheDs1ð2460Þþ channel
has a similar photon energy spectrum and decay topology
to the signal channel. The same photon selection criteria
as for the Bcð1PÞþ candidates are applied. The
MðDþ

s γÞ −MðDþ
s Þ distribution for converted photons in

2016 data is shown in Fig. 3 as an example, along with the
result of a fit. The signal model for Ds1ð2460Þþ is a
Gaussian function with asymmetric power-law tails, while
the background model is an exponential function. The peak
location and resolution in data are consistently reproduced
by the corrected simulation. Across all the data subsets,
the largest difference remaining in the Ds1ð2460Þþ mass
between data and simulation is 2.9 MeV=c2, compared to
3.6 MeV=c2 before the correction, while the difference in
resolution decreases from 4.6 MeV=c2 to 2.6 MeV=c2.
The residual difference in the Ds1ð2460Þþ mass is scaled
to the signal channel Bcð1PÞþ → Bþ

c γ according to the
energy released in the decays and taken as the systematic

uncertainty arising from the photon energy correction for
the Bcð1PÞþ mass measurement.

V. THEORY-INDEPENDENT MASS FIT

As displayed in Fig. 1, a peaking structure is clearly
visible in the MðBþ

c γÞ −MðBþ
c Þ distribution. It exhibits a

significance above 7 standard deviations when compared to
the background-only hypothesis, taking into account the
look-elsewhere effect within the predicted mass region
[73], as detailed in Ref. [43]. The root mean square of the
structure is approximately 62 MeV=c2, which largely
exceeds the expected value of about 36 MeV=c2 for a
single peak based on the corrected simulation, thus indicat-
ing the presence of multiple overlapping states. An
unbinned extended maximum-likelihood fit, independent
of theoretical inputs, is performed using a minimal two-
peak model to describe the observed structure, as detailed
in Ref. [43]. The natural widths of the Bcð1PÞþ states
are expected to be only a few hundred keV [5,74] and are
neglected due to their small effect compared to the
resolution. Each peak is modeled by a modified
Gaussian function with asymmetric power-law tails as
determined from Sec. IV, leaving only the peak location
free to vary in the fit. The combinatorial background is
described by a monotonically increasing third-order poly-
nomial function [75]. The locations of the two peaks are
measured to be

M1 ¼ 6704.8� 5.5� 2.8� 0.3 MeV=c2;

M2 ¼ 6752.4� 9.5� 3.1� 0.3 MeV=c2;

where the uncertainties are statistical, systematic, and
from the limited knowledge on the Bþ

c mass, given as
6274.5� 0.3 MeV=c2 [70]. The statistical correlation
between the two measured peak locations is þ56%, while
their systematic uncertainties are fully correlated.

VI. Bcð1PÞ+ PRODUCTION

Given the current experimental resolution, the two-peak
hypothesis serves as the minimal model that effectively
describes the data, and extracting more information from
the data alone is challenging. Therefore, a theory-constrained
model consisting of six peaks is proposed to further explore
the properties of the unresolved Bcð1PÞþ states. In this
framework, the positions of all six peaks are constrained
to the theoretical predictions of MðBcð1PÞþÞ −MðBþ

c Þ,
whereas those arising from decays with an unreconstructed
soft photon from the intermediate B�þ

c state are shifted by
δM accordingly. Their resolutions are determined from the
linear dependence derived from simulations generated at
different Bcð1PÞþ masses. The production cross section
of the Bcð1PÞþ states relative to the Bþ

c ground state,
denoted as R, is measured in the fiducial region
pTðBþ

c Þ < 20 GeV=c and 2.0 < yðBþ
c Þ < 4.5, where y is
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the rapidity, at the center-of-mass energy of
ffiffiffi
s

p ¼ 13 TeV,
using data corresponding to an integrated luminosity of
6 fb−1. This subsample is considered to facilitate a direct
comparison with theoretical predictions from NRQCD-
based calculations [10,31,50,76–79] at this center-of-mass
energy. The relative production rate is measured as

R ¼ NðBcð1PÞþ → Bþ
c γÞ

NðBþ
c Þ

·
εðBþ

c Þ
εðBcð1PÞþ → Bþ

c γÞ
; ð2Þ

where NðBcð1PÞþ → Bþ
c γÞ and NðBþ

c Þ are the signals
yields determined from fits to the mass spectra. The terms
εðBþ

c Þ and εðBcð1PÞþ → Bþ
c γÞ are the corresponding

total detection efficiencies for inclusive Bþ
c → J=ψπþ

and Bcð1PÞþ → Bþ
c γ, respectively, determined using sim-

ulation. With the six Bcð1PÞþ peaks predicted from the
theory-constrained model, the detection efficiencies
εðBcð1PÞþ → Bþ

c γÞ are evaluated separately for each cor-
responding decay process, with or without the intermediate
B�þ
c state.
Figure 4 shows the mass distribution of the Bþ

c candi-
dates, with the dimuon mass constrained to the known mass
of the J=ψ meson [70] and the Bþ

c candidates required to
originate from the associated PV [80]. An unbinned
extended maximum-likelihood fit is performed on the mass
distribution of the selected Bþ

c candidates to extract
the Bþ

c signal yield. In the fit, both the signal and the
background component due to Cabibbo-suppressed decays
Bþ
c → J=ψKþ, where the kaon is misidentified as a pion,

are modeled using a modified Gaussian function with
asymmetric power-law tails. The model parameters are
fixed from simulation except for the peak location and
width of the signal, which are free in the fit, and the peak
location of the Bþ

c → J=ψKþ background, which is con-
strained relative to that of the signal. The combinatorial
background is described with an exponential function.

The signal yield of the selected Bþ
c candidates is deter-

mined to be ð18.70� 0.21Þ × 103.
In the theory-constrained fit to the Bþ

c γ candidates, the
overall Bcð1PÞþ signal shape is defined using theoretical
inputs. A rich set of theoretical predictions on the Bcð1PÞþ
mass spectrum is taken into account, as listed in Table I.
These predictions are used to fix the location of each peak,
while the resolution is determined by the mass-resolution
relation described in Sec. IV. In addition, the relative yields
of the six signal components are also fixed to stabilize
the fit. The contribution from the ith signal component is
given by

Ni ¼ L · σprod;i · Bi · εi; ð3Þ
where L represents the integrated luminosity and is
common to all components, σprod;i is the production cross
section, Bi is the decay branching ratio, and εi is the
detection efficiency. The branching ratios Bi for the 1P1

and 1P0
1 states decaying to Bþ

c γ or B�þ
c γ are calculated

based on Ref. [9], with the masses and the mixing angle
replaced by the values taken from each theoretical model.
The inclusive production cross sections for each of the four
Bcð1PÞþ states include both direct production, as reported
in Table II, and feed-down contributions from the decays of
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FIG. 4. Mass distribution of the selected Bþ
c candidates

reconstructed from the Bþ
c → J=ψπþ decay. The fit results are

also shown.

TABLE II. Production cross sections for Bcð1PÞþ and Bcð2SÞþ
states (in unit of nb) calculated using the latest BcVegPy 2.2 setup
[50] for pp collisions at

ffiffiffi
s

p ¼ 13 TeV, in the kinematic region
defined by pTðBþ

c Þ < 20 GeV=c and 2.0 < yðBþ
c Þ < 4.5.

11P1 13P0 13P1 13P2 21S0 23S1

σprod [nb] 3.5 1.1 2.7 7.2 4.5 11.1
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with the result of the lattice QCD fit model also shown. The
contributions of the six signal peaks from four Bcð1PÞþ states are
shown, where both the location and the relative contributions are
fixed to the central values predicted by C.T.H. Davies et al. [1].
The inset illustrates a zoomed signal region in logarithmic scale.
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excited Bcð2SÞþ states. The branching fractions for these
feed-down processes are calculated according to Ref. [9].
The detection efficiency is evaluated using fully simulated
samples generated with BcVegPy where the kinematic dis-
tributions are corrected to match the various decay modes
of the Bcð1PÞþ states. With the peak locations and relative
contributions of each component fixed, the overall
Bcð1PÞþ signal shape is obtained for each theoretical

model, allowing the summed Bcð1PÞþ signal yield to be
determined from the fit.
An unbinned extended maximum-likelihood fit to the

MðBþ
c γÞ −MðBþ

c Þ distribution is performed for each
theoretical model, where the background component is
modeled by a third-order polynomial function monotoni-
cally increasing in the fit range. All the considered
models provide a generally good description of the data,
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with p values ranging from 15% to 90%, as estimated using
the Kolmogorov–Smirnov criterion [81]. The fit results are
shown in Figs. 5–7. The fit quality of a given model
depends not only on the predicted masses but also on the
relative yields of the six signal components. These yields
are governed by the predicted production cross sections
[50] and branching fractions [9], the latter of which
additionally incorporate the mixing angle as an input
parameter.

The fit shown in Fig. 5 is selected as the baseline for the
production measurement as it provides the best p value. It
is based on the lattice QCD calculations of Ref. [1]. The
signal yield of Bcð1PÞþ is determined to be 153� 22,
including only the statistical uncertainty. It is further
corrected for a tiny (1.3%) contribution from misidentified
Bþ
c → J=ψKþ candidates. The theoretical uncertainty is

evaluated as the largest difference between the baseline
result and those obtained from alternative QCD models that
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are consistent with the data within one standard deviation
[6–9,11–15]. The largest deviation is assigned as the
theoretical model uncertainty. The relative production rate
is measured to be

R ¼ 0.20� 0.03� 0.03;

where the terms denote statistical and theoretical uncer-
tainties, respectively. The result is consistent with NRQCD-
based theoretical predictions [9,10]. These predictions,
calculated with BcVegPy, yield values from 0.17 to 0.19,
including color-octet contributions and feed-down from
Bcð2SÞþ decays.

VII. SYSTEMATIC UNCERTAINTIES ON
PRODUCTION MEASUREMENT

Several sources of systematic uncertainty that affect the
measurement of the relative production rate are considered.
Their contributions are summarized in Table III and treated
as uncorrelated. The imperfect modeling of the signal and
background shapes can affect the Bcð1PÞþ and Bþ

c yields,
biasing the final result. Therefore, alternative fit models are
used to assess their potential impact. The signal shapes of
Bþ
c and each Bcð1PÞþ components are replaced with a sum

of the original modified Gaussian function with asymmetric
power-law tails and an additional Gaussian function,
leading to a systematic uncertainty of 0.8%. For the Bþ

c
background shape, the exponential function is replaced
with a second-order polynomial function, while the back-
ground for Bcð1PÞþ is described using a monotonically
increasing fourth-order polynomial function instead. The
difference with respect to the nominal result is 6.9%, taken
as the corresponding systematic uncertainty.
In the efficiency calculation, the photon detection

efficiency is corrected using results from Ref. [65]. The
correction factors are determined from the relative yields
of Bþ → J=ψK�þð→ Kþπ0Þ versus Bþ → J=ψKþ events.
The uncertainty in the correction factors, primarily due to
the branching ratio of Bþ → J=ψK�þ [70], is propagated

through the efficiency evaluation and included as a
systematic uncertainty of 3.5% in the final results. The
systematic uncertainty due to the limited size of the
simulated samples is well below 1%. The imperfect
simulation of particle identification, track reconstruction,
and trigger largely cancels in the relative production rate.
Their impact is estimated to be of 1% each. The systematic
uncertainties are in addition to the contribution of 14% due
to the choice of the theoretical model, which is accounted
for separately.

VIII. CONCLUSION

In summary, using pp collision data corresponding to an
integrated luminosity of 9 fb−1 collected by the LHCb
experiment at center-of-mass energies of 7, 8, and 13 TeV,
a wide peaking structure is observed in the Bþ

c γ mass
spectrum with a significance larger than seven standard
deviations. The structure is compatible with the lowest
P-wave excited states of the beauty-charm meson, as
verified by fits based on the theoretical predictions from
lattice QCD [1] and various QCD models [5–15]. The
structure is well described by a minimal two-peak model in a
theory-independent approach, with their measured masses
reported in Ref. [43]. The distinction between contributions
from each Bcð1PÞþ state requires larger statistics and
significant improvements in mass resolution, potentially
achieved by using photons that convert in the detector
material and are reconstructed as eþe− pairs [38,39], which
may enable a measurement of the B�þ

c and Bþ
c mass

difference. Such a measurement is of significant theoretical
interest and would be challenging to perform otherwise.
Using a subset of data collected at

ffiffiffi
s

p ¼ 13 TeV, the
fraction of Bþ

c mesons from Bcð1PÞþ decays is measured
in the Bþ

c kinematic region pT < 20 GeV=c and
2.0 < y < 4.5. It is determined to be

R ¼ 0.20� 0.03� 0.02� 0.03;

where the first, second, and third uncertainties are stat-
istical, systematic, and theoretical, respectively. The mea-
sured value is in good agreement with expectations from
NRQCD-based calculations. These results represent the
first observation of orbitally excited beauty-charm states
and measurement of their production properties, providing
crucial insights into the internal dynamics of hadrons
containing two heavy quarks and the nonperturbative
aspects of QCD.
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dAlso at Università di Roma Tor Vergata, Roma, Italy.
eAlso at Università di Modena e Reggio Emilia, Modena, Italy.
fAlso at Department of Physics and Astronomy, University of Victoria, Victoria, Canada.

STUDY OF Bcð1PÞþ STATES IN THE Bþ
c γ MASS SPECTRUM PHYS. REV. D 112, 112003 (2025)

112003-17

https://ror.org/01ggx4157
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hAlso at Università di Padova, Padova, Italy.
iAlso at Facultad de Ciencias Fisicas, Madrid, Spain.
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wAlso at Università di Bergamo, Bergamo, Italy.
xAlso at Universidad de Ingeniería y Tecnología (UTEC), Lima, Peru.
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