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In the present paper we study the photoproduction of various S-wave Bc states, i.e., Bcð11S0Þ, B�
cð11S0Þ,

Bcð21S0Þ, and B�
cð23S1Þ, at future eþe− colliders within the framework of nonrelativistic QCD. Two sources

of the initial photons can be realized in the production, i.e., the laser backscattering photon and the
Weizäcker-Williams approximation photon. In addition to the direct photoproduction via the subprocess,
γ þ γ → Bc þ bþ c̄, we also calculate the resolved photoproduction via the subprocesses, γ þ g →
Bc þ bþ c̄ and qþ q̄ → Bc þ bþ c̄ with q ¼ u, d, s, g, respectively. Numerical results indicate that the
contributions from the single resolved photoproduction are significant and even dominant at certain
collision configuration. At the future high-energy and high-luminosity eþe− colliders, the Bc meson
generated via the photoproduction mechanism is promisingly observable and can be well studied.

DOI: 10.1103/PhysRevD.106.094036

I. INTRODUCTION

The Bcð11S0Þ meson, including its excited states, are
strong interaction systems composed of two heavy quarks
with different flavors. This unique flavored bound-state
system could be a good probe for studying the strong
interaction among quarks and gluons, and the QCD. So far
the Bc mesons have been only observed at the hadronic
colliders. Its ground state was discovered in 1998 by the
CDF Collaboration [1,2], and its excited 2S states were
observed by ATLAS Collaboration [3] in 2014 and by the
CMS and LHCb Collaborations [4,5] in 2019. Many
theoretical studies have been done for Bc production at
hadron colliders [6–25]. A computer program, BCVEGPY,
for the direct hadronic production of Bc meson was given in
Refs. [19–21]. The next generation eþe− colliders were
proposed by some groups, such as the FCC-ee [26], the
CEPC [27,28], the ILC [29,30] and so on. These future
eþe− colliders are planed to have the ability to run at
several high collision energies with unprecedented lumi-
nosities. They are expected to be great platforms for many
subjects including heavy quarkonium physics [31–41].
As for the Bc meson, there are two production modes

at the eþe− collider, i.e., the production via the eþe−

annihilation [31,42–48] and the photoproduction mecha-
nism [35,49,50]. A computer program, BEEC, for the
first production mode has been presented in Refs. [42,48].
As for the photoproduction mechanism, the Bc meson
can be produced via the photon-photon fusion such as
γ þ γ → Bc þ bþ c̄. Here the initial photons can come
from the bremsstrahlung effect, whose energy spectrum are
well described in the Weizäcker-Williams approximation
(WWA) [51]; moreover, the laser backscattering (LBS) can
also provide high-energy photon. In addition to the above
direct photoproduction, there are also channels of resolved
photoproduction, where the photons participate in the hard
process via their quark and gluon content [52]. As a result,
the process eþe− → eþe−Bc þ X receives contributions
from three channels, i.e., the direct, single-resolved and
double-resolved photoproduction. All three channels
should be considered in the calculation because they are
of the same order in the perturbative expansion. The
resolved photoproduction of heavy quarkonium have been
investigated in some literature [39–41,52,53] and it is
indicated that the single-resolved photoproduction can give
significant or dominant contributions both in the color-
singlet and color-octet channels. While for the Bc meson,
only the direct photoproduction channel has been studied
[35,49,50] and it is worthy and reasonable to investigate the
effects of the resolved channels according to the previous
studies.
In this work, based on the framework of nonrelativistic

QCD (NRQCD) [54], we study the photoproduction of
Bc; B�

cð13S1Þ, Bcð21S0Þ and B�
cð23S1Þ at future eþe− col-

liders, considering two sources of the initial photons, i.e.,
the LBS photon and the WWA photon. In addition to the
direct photoproduction γ þ γ → Bc þ bþ c̄, we especially
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calculate the subprocesses of the resolved photoproduction,
γ þ g → Bc þ bþ c̄ and qþ q̄ → Bc þ bþ c̄ with q ¼ u,
d, s, g, respectively. In Sec. II we present the formulation of
our calculation. Numerical results and discussions are given
in Sec. III and a brief summary is in Sec. IV.

II. FORMULATION

The energy spectrum of the photon from the brems-
strahlung effect can be described in WWA, which takes the
form [51],

fγ=eðxÞ ¼
α

2π

�
1þ ð1 − xÞ2

x
log

Q2
max

Q2
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þ 2m2
ex
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where x ¼ Eγ=Ee is the fraction of the longitudinal
momentum carried by the photon, α is the electromagnetic
fine structure constant, Q2

min ¼ m2
ex2=ð1 − xÞ and Q2

max ¼
ðEθcÞ2ð1 − xÞ þQ2

min. θc ¼ 32 mrad is the maximum
scattered angular cut in order to ensure the photon to be
real. E ¼ Ee ¼

ffiffiffi
s

p
=2 with the collision energy

ffiffiffi
s

p
.

And for the case of LBS photon, its spectrum function
is [55]

fγ=eðxÞ ¼
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2
, Ee, and El are the energies of

incident electron and laser beams, respectively. θ is the angle
between them. The energy of the LBS photon is restricted by

0 ≤ x ≤
xm

1þ xm
; ð4Þ

with optimal value of xm being 4.83 [56]. These two spectra
have quite different behaviors as shown in Fig. 1.
Within the framework of NRQCD factorization, the

cross section of Bc photoproduction at the eþe− collider
can be factorized as [57]

dσðeþe− → eþe−Bc þ bþ c̄Þ

¼
Z

dx1fγ=eðx1Þ
Z

dx2fγ=eðx2Þ

×
X
i;j;k

Z
dxifi=γðxiÞ

Z
dxjfj=γðxjÞ

×
X
n

dσ̂ðij → cb̄½n� þ bþ c̄ÞhOBc ½n�i: ð5Þ

Here fi=γ (i ¼ γ, g, u, d, s) represents the Glück-Reya-
Schienbein distribution function of parton i in photon [58].
fγ=γðxÞ ¼ δð1 − xÞ is for the direct photoproduction proc-
ess. dσ̂ðij → cb̄½n� þ bþ c̄Þ is the differential partonic
cross section, which can be calculated perturbatively.
cb̄½n� is the intermediate state with quantum number n.
hOBc ½n�i is the long distance matrix element(LDME)
representing the probability for a cb̄½n� pair hadronizing
into Bc meson. In the lowest order approximation, only the

color-singlet intermediate state cb̄½1S½1�0 � is considered and
the corresponding LDME can be calculated by potential
models. For definiteness, we consider the following sub-
processes for three production channels,

γ þ γ → BcðB�
c; Bcð21S0Þ; B�

cð23S1ÞÞ þ bþ c̄; ð6Þ

γ þ g → BcðB�
c; Bcð21S0Þ; B�

cð23S1ÞÞ þ bþ c̄; ð7Þ

qþ q̄ → BcðB�
c; Bcð21S0Þ; B�

cð23S1ÞÞ þ bþ c̄; ð8Þ

with q ¼ g, u, d, s. Some typical Feynman diagrams for
calculating the partonic cross sections are shown in Fig. 2.
In the analytical and numerical calculations, we use the
well-established package Feynman diagram calculation
(FDC) [59], which employs the standard projection method
[60] to deal with the amplitudes.

III. NUMERICAL RESULTS AND DISCUSSIONS

The input parameters in the calculation are taken as
follows. The fine structure constant is fixed as α ¼ 1=137.
mb ¼ 4.8 GeV, mc ¼ 1.5 GeV and MBc

¼ mb þmc.
The one-loop running strong coupling constant is
employed. The renormalization scale is set to be the

transverse mass of the Bc meson, μ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Bc
þ p2

t

q
with

pt being its transverse momentum. The LDMEs hOBc ½n�i

FIG. 1. The energy spectra of the LBS photon and the WWA
photon.
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are related to the wave function at the origin, e.g.,
hOBc ½n�i≈NcjRSð0Þj2=ð2πÞ, with jR1Sð0Þj2 ¼ 1.642 GeV3

and jR2Sð0Þj2 ¼ 0.983 GeV3 [62,63].
Table I lists the integrated cross section of the photo-

production of Bc under three typical collision energies,
both for the LBS photon and WWA photon. It is shown
from the table that all cross sections become larger with the
increment of collision energy. The cross sections via LBS
photon are much larger than those of WWA photon. This is
due to the quite different spectra functions of them as
shown in Fig. 1. We can also see that the production rate of
the vector meson B�

c are much larger than those of the scalar
Bc. Since the excited states decay to the ground state with
almost 100% probability, they will greatly increase the

production of Bc. Taking as example the integrated lumi-
nosity of future eþe− collider to be Oð104Þ fb−1 and
considering the feed-down contributions from excited Bc

states, we shall have about 3.3 × 106 (1.3 × 105) Bc mesons
to be generated via LBS (WWA) photons under collision
energy

ffiffiffi
s

p ¼ 250 GeV. Thus the photoproduction of Bc at
future eþe− colliders provides good opportunity to study
Bc meson.
Table II shows the contributions from different channels

for the LBS photon. With the increase of
ffiffiffi
s

p
, the cross

section of direct photoproduction channel [Eq. (6)]
decreases, while those of the other two channels become
larger. At

ffiffiffi
s

p ¼ 250 GeV, the γ þ γ channel provides the
largest production and the single-resolved photoproduction
γ þ g also gives significant contributions. With the incre-
ment of the collision energy, the channel γ þ g becomes
dominant. Consequently for the LBS photon, the resolved
photoproduction channels of Bc at future eþe− colliders
should be taken into account.
The situations are quite different for theWWA photon, as

shown in Table III. The cross sections of all the three
channels become larger when increasing the collision
energy. The γ þ γ channels are always dominant while
contributions of other two channels are very small or even
negligible.
Figure 3 presents the transverse momentum distributions

of Bc photoproduction. All the distributions have a peak
around several GeV of pt and decrease logarithmically in

FIG. 2. Some typical Feynman diagrams for calculating the partonic cross section σ̂ of Bc photoproduction at eþe− collider. The
diagrams are drawn by JaxoDraw [61].

TABLE I. The integrated cross sections (in unit of fb) for
the photoproduction of Bc via the LBS photon and the WWA
photon (in brackets), respectively. Three typical collision energies
are taken and the cut pt > 1 is imposed. Three channels of
Eqs. (6)–(8) have been summed up.

ffiffiffi
S

p
(GeV) 250 500 1000

σBc
33.50(0.73) 38.74(1.59) 55.99(3.04)

σB�
c

175.06(7.14) 177.49(14.09) 240.69(24.82)
σBcð21S0Þ 20.05(0.44) 23.19(0.95) 33.52(1.82)
σB�

cð23S1Þ 104.80(4.27) 106.26(8.43) 144.09(14.86)

TABLE II. The integrated cross sections (in units of fb) of
different channels of the photoproduction of Bc via the LBS
photon. Three typical collision energies, 250(500, 1000) GeV, are
taken and the cut pt > 1 is imposed.

Channels γ þ γ γ þ g qþ q̄

σBc
20.28(10.74, 4.92) 12.89(27.10, 48.70) 0.33(0.90, 2.37)

σB�
c

114.90(54.93, 23.42) 59.03(120.05, 211.15) 1.14(2.51, 6.12)
σBcð21S0Þ 12.14(6.43, 2.95) 7.72(16.22, 29.15) 0.20(0.54,1.42)

σB�
cð23S1Þ 68.78(32.88,14.02) 35.34(71.87,126.41) 0.68(1.50, 3.66)

TABLE III. The integrated cross sections (in units of fb) of
different channels of the photoproduction of Bc via the WWA
photon. Three typical collision energies, 250(500, 1000) GeV, are
taken and the cut pt > 1 is imposed.

Channels γ þ γ γ þ g qþ q̄

σBc
0.68(1.33, 2.37) 0.05(0.19, 0.58) 0.001(0.005, 0.017)

σB�
c

6.89(13.18, 22.11) 0.24(0.89, 2.64) 0.007(0.02, 0.06)
σBcð21S0Þ 0.41(0.83, 1.46) 0.03(0.11, 0.35) 0.0008(0.003, 0.01)

σB�
cð23S1Þ 4.13(7.89, 13.24) 0.14(0.53, 1.58) 0.004(0.013, 0.036)
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the large region. From Figs. 3(b)–(c), we can see that the
single resolved channel γ þ g give important contributions
in relative small pt region. In real experiments, there maybe
not enough Bc events in large pt region to make well
measurements. Thus the single resolved photoproduction
should be included in the calculation of Bc photoproduc-
tion. For the WWA photon, the direct photoproduction
channel γ þ γ is always primarily dominant in whole
pt region.
Figure 4 presents the photoproduction in terms of the

rapidity(y) distributions of final Bc mesons. There are wide
plateaux within jyj < 2.5 for the LBS photoproduction

at
ffiffiffi
s

p ¼ 250 GeV, while the curves carved in atffiffiffi
s

p ¼ 500 GeV. This is because with the increase of
collision energy, the contribution of γ þ g channel becomes
dominant. The rapidity distribution of WWA photoproduc-
tion look ordinary compared with the LBS case.
Take

ffiffiffi
s

p ¼ 250 GeV as example, we estimate theoreti-
cal uncertainties induced by the heavy quark masses
and the renormalization scale. Table IV presents the
uncertainties from the variation of charm quark mass where
we take mc ¼ 1.5� 0.1 GeV with mb ¼ 4.8 GeV and

μ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Bc
þ p2

t

q
. Table V shows the uncertainties from

(a) (b) (c)

(d) (e) (f)

FIG. 3. The pt distributions for Bc photoproduction. (a,d): pt distributions of four Bc states and “prompt Bc” means production of the
ground Bc after including the feed-down contributions from excited states with 100% decay probability to it. (b,c,e,f): pt distributions
for the channels in Eqs. (6)–(8) of the ground Bc production.

FIG. 4. The rapidity (y) distributions for Bc photoproduction. (a,c,e,g): y distributions of four Bc states and “prompt Bc” means
production of the ground Bc after including the feed-down contributions from excited states with 100% decay probability to it. (b,d,f,
h): y distributions for three channels in Eqs. (6)–(8) of the ground Bc production.
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mb ¼ 4.8� 0.2 GeV with mc ¼ 1.5 GeV and μ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Bc
þ p2

t

q
. Table VI is for μ ¼ C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Bc
þ p2

t

q
ðC ¼

0.5; 1; 2Þ with mc ¼ 1.5 GeV and mb ¼ 4.8 GeV. We

see that slight variation of the heavy quark mass can result
in substantial change of the cross sections. A strong
dependence on the renormalization scale indicates it is
maybe large that the next-to-leading order and higher
orders of corrections in αs.

IV. SUMMARY

In this work, we have investigated the photoproduction
of Bc; B�

c; Bcð21S0Þ, and B�
cð23S1Þ at future eþe− colliders,

where two sources of initial photons can be realized,
i.e., the LBS photon and the WWA photon. Besides the
direct photon-photon fusion, we specially consider the
resolved photoproduction mechanisms that are generalized
via the channels of Eqs. (7) and (8), which are lack in
previous studies. Numerical results show that the single
resolved photoproduction channel [Eq. (7)] can give
sizable and even dominant contributions under certain
collision configurations, e.g., the LBS photoproduction
at

ffiffiffi
s

p ¼ 500 GeV. Considering the excited states of Bc
could decay to the ground state with almost 100%
probability, they shall be important sources of Bc pro-
duction. If setting the integrated luminosity of future eþe−

collider to be Oð104Þ fb−1 and considering the feed-down
contributions from the excited Bc states, we shall have
about 3.3 × 106 (1.3 × 105) Bc meson events to be
generated via the LBS (WWA) photons under the collision
energy

ffiffiffi
s

p ¼ 250 GeV. However, the leading-order cal-
culations in αs of the cross section have large dependence
on the heavy quark masses and the renormalization scale,
which means corrections of higher orders maybe sub-
stantial. We would like to leave them for future study.
Nevertheless, we could expect that future eþe− colliders
to be good platforms for investigating the Bc meson
properties.
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