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Abstract The prompt J/ψ photoproduction within the
non-relativistic QCD (NRQCD) framework at the future Cir-
cular Electron Positron Collider (CEPC) is studied, includ-
ing the contributions from both direct and resolved photons.
Employing different sets of long distance matrix elements,
the total cross section is dominated by the color-octet chan-
nel. We present different kinematic distributions of J/ψ pro-
duction and the results show there will be about 50 J/ψ
events when the transverse momentum of J/ψ is up to 20
GeV. It renders that the J/ψ photoprodution at the CEPC is
a well laboratory to test the NRQCD and further clarify the
universality problem in NRQCD between electron positron
collider and hadron collider.

1 Introduction

The production and decay of heavy quarkonium are ideal pro-
cesses to study both perturbative and nonperturbative aspects
of quantum chromodynamics (QCD). Due to the heavy quark
mass , non-relativistic QCD (NRQCD) [1] was proposed to
calculate its production and decay. In the NRQCD factor-
ization formalism, the production of heavy quarkonium is
factorized into a product of the short distance coefficients
(SDCs) and long distance matrix elements (LDMEs), where
the former are process-dependent and can be perturbatively
calculated as double expansions in both the coupling con-
stant αs and the heavy quark relative velocity v, and the latter
are supposedly universal and can be determined by fitting to
experimental data.

NRQCD predicts the color-octet processes and have
obtained success in J/ψ production [2–5] and polarization
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[6–10] at hadron colliders. At e+e− colliders, heavy quarko-
nium have also been studied. There are advantages on both
experimental and theoretical sides [11]. On the experimental
side, there is less and cleaner background for signal recon-
struction; On the theoretical side, the mechanism of produc-
tion is simpler and the uncertainties in calculation are smaller.
There are two modes of heavy quarkonium production, i.e.,
e+e− annihilation and γ γ collision. The J/ψ production
through these two modes had been measured at B factories
[12,13] and CERN LEP-II [14,15] respectively. As for the
results of e+e− annihilation, NRQCD can not give congruous
explanation. For example, the Belle result of J/ψ+Xnon−cc

production favors the CS prediction and is overshoot by the
NRQCD predictions [16,17]. In the γ γ collision case, the
leading order(LO) NRQCD calculation [18] can explain the
LEP-II data but the NLO [19] fails. What is worthy to note
is that the uncertainties of LEP-II measurements are very
large. With an integrated luminosity of 617 pb−1, there are
only 36±7 J/ψ → μ+μ− events and only 16 thereof are in
the region pt > 1 GeV.

The proposed Circular Electron Positron Collider (CEPC)
is a powerful e+e− collider [20,21]. It could be operated at
center of mass energy of the Z pole (91.2 GeV), the WW
threshold (161 GeV), the Higgs factory (240 GeV) and the
peak luminosity at 240 GeV is order of 1034cm−2s−1. Con-
sequently, enormous J/ψ events and high precision mea-
surement are expected. Under the energy of 240 GeV, the
γ γ collision mode is dominant. The measurement of J/ψ
photoproduction at the CEPC would supply precision results
of different kinematics distributions and it could hopefully
clarify the current predicament. Surely, it could also deepen
our understanding of the physics of heavy quarkonium.

In this work, we study the prompt J/ψ photoproduction at
the e+e− collider CEPC, including both direct J/ψ produc-
tion and feed-down contribution from heavier quarkonium.
In Sect. 2, we gives the basic NRQCD framework for the
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calculation. Section 3 shows the numerical results. A brief
summary and conclusion is presented in Sect. 4.

2 Prompt J/ψ Photoproduction in NRQCD
Framework

Electron–positron bremsstrahlung is the source of pho-
tons, which can be well formulated in Weizäcker–Williams
approximation(WWA) [22],

fγ /e(x) = α

2π

[
1 + (1 − x)2

x
log

Q2
max

Q2
min

+2m2
e x

(
1

Q2
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− 1

Q2
min

) ]
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where the electromagnetic fine structure constantα = 1/137,
Q2

min = m2
e x

2/(1 − x) and Q2
max = (Eθc)

2(1 − x) + Q2
min

with x = Eγ /Ee, θc = 32 mrad the maximum scattered
angular cut in order to ensure the photon to be real, and
E = Ee = √

s/2, which is
√
s = 240 GeV at the CEPC.

In NRQCD, the SDCs stand for the production of a pair
of quark-antiquark in intermediate Fock state n = 2S+1L [c]

J ,
where S is total spin, L is orbital angular momentum, J is
total angular momentum and c = 1, 8 for color-singlet (CS)
and color-octet (CO) state respectively. The LDMEs describe
the probability of the intermediate state evolving into the
meson. The colliding photons can participate in the hard
interaction either directly or via their hadronic components.
Under the picture of WWA and the factorization of NRQCD,
the overall differential cross section of a Hadron(H ) photo-
production can be obtained by the double convolution of the
cross sections of parton-parton (photon–photon) and parton
distribution functions.

dσ(e+e− → e+e−H + X)

=
∫

dx1 fγ /e(x1)

∫
dx2 fγ /e(x2)

×
∑
i, j,k

∫
dxi fi/γ (xi , μ f )

∫
dx j f j/γ (x j , μ f )

×
∑
n

dσ(i j → cc[n] + k)〈OH [n]〉, (2)

here fi/γ (x) denotes the the Glück-Reya–Schienbein (GRS)
parton distribution functions in photon [23], dσ(i j →
cc[n] + k) are the differential partonic cross sections, i, j =
γ, g, q, q̄ and k = g, q, q̄ with q = u, d, s. 〈OH [n]〉 are
the LDMEs of H . cc[n] are the intermediate cc Fock states
with n = 3S(1)

1 , 1S(8)
0 , 3S(8)

1 , 3P(8)
J for H = J/ψ,ψ(2S) and

n = 3P(1)
J , 3S(8)

1 for H = χcJ where J = 0, 1, 2.
J/ψ mesons can be produced directly or via decays of

heavier charmonia, such as ψ(2S) and χcJ (J = 0, 1, 2).
These feed-down contributions to J/ψ production can be

included by multiplying their direct-production cross sec-
tions with their decay branching ratios to J/ψ , i.e.,

dσ promptJ/ψ = dσ J/ψ +
∑
J

dσχcJ Br(χcJ → J/ψ + γ )

+dσψ(2S)Br(ψ(2S) → J/ψ + X). (3)

3 Numerical results

For all the physics processes, the Fortran source for numer-
ical calculation are generated by using the FDC package
[25]. In the numerical calculations of the parton–parton pro-
cesses, we take the electromagnetic fine structure constant
α = 1/128 where the typical energy scale is of order 10 GeV
in the each scattering process and one-loop running strong
coupling constant αs(μr ). The charm-quark mass is approxi-
mately chosen as mc = mH/2, where the relevant quarkonia
masses are mH = 3.097, 3.415, 3.511, 3.556, 3.686 GeV
for H = J/ψ, χcJ (J = 0, 1, 2) and ψ(2S), respectively.
The renormalization scale(μr ) and factorization scale(μ f )

are set to be μr = μ f = μ0 =
√

4m2
c + p2

t as the
default choice and will vary independently from μ0/2 to
2μ0 to estimate the uncertainties, and here pt is the trans-
verse momentum of H meson. The relevant branching ratios
are Br(J/ψ → μ+μ−)=0.0596, Br(ψ(2S) → J/ψ)=0.61
and Br(χcJ → J/ψ)=0.014, 0.343, 0.19 for J = 0, 1, 2
[26], respectively. The integrated luminosity of CEPC is
5.6 ab−1 [21]. Additionally, a shift pHt ≈ pH

′
t × (MH/MH ′)

is used while considering the kinematics effect from higher
excited states. As a check, we have reproduced the results
relevant with LEP-II in Ref. [18,19].

The CS LDMEs are estimated from the wave functions at
the origin by

〈Oψ(3S[1]
1 )〉 = 3Nc

2π
|Rψ(0)|2,

〈OχcJ (3P [1]
J )〉 = 3

4π
(2J + 1)|R′

χc
(0)|2, (4)

where the wave functions at the origin can be calculated via
potential model [27], which gives |RJ/ψ(0)|2=0.81 GeV3,
|Rψ(2S)(0)|2=0.53 GeV3, and |R′

χc
(0)|2=0.075 GeV5.

There are several sets of CO LDMEs on the market and it
is instructive to compare their predictions for the J/ψ pho-
toproduction at e+e− collision. We employ six different sets
of CO LDMEs listed in Table 1. Since all the LDMES are
extracted at mc = 1.5 GeV, the scaling rules need to employ,

〈OH (2s+1S[n]
j )〉 ∝ m3

c,

〈OH (2s+1P [n]
j )〉/m2

c ∝ m3
c . (5)

Figure 1 presents the pt , cosθ and rapidity(y) distribution
of prompt J/ψ photoproduction for different CO LDMEs,
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Fig. 1 The pt (upper), cosθ(mid), and y(lower) distribution of prompt
J/ψ employing different CO LDMEs in Table 1. The y plots use same
legends as pt . The light gray bands represent the theoretical uncertain-
ties from μr and μ f dependence, and the vertical lines in the pt distri-
bution plot show the statistic error estimated from our simple detector
simulation. Here only the uncertainties for the CO LDMEs of Feng
2019 are shown

where θ is the angle between J/ψ and beam. Both cosθ
and y distribution are calculated under the cut condition
pt ≥ 0.01 GeV. We vary μr and μ f from μ0/2 to 2μ0 to
estimate the theoretical uncertainties. When taking μr = μ f

and varying them simultaneously, we find their uncertain-
ties cancel with each other to some degree. So we vary them
independently and the largest uncertainties is obtained with
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Fig. 2 The pt distributions of direct J/ψ production and that from
heavier charmonia

Fig. 3 The pt distributions of the cross section from direct photopro-
duction and resolved photoproduction

an upper bound for μr = μ0/2, μ f = 2μ0 and a lower
bound for μr = 2μ0, μ f = μ0/2, as shown by light gray
bands in Fig. 1. The major uncertainties come from the varia-
tion of μ f in the GRS parton distribution functions of photon
[23]. Figure 1 shows that different predictions for J/ψ pho-
toproduction are given by choosing different CO LDMEs in
Table 1, but are indistinguishable with each other within the
theoretical uncertainties. From the curves in Fig. 1, the CO
contributions are always larger than that of CS and distin-
guishable from CS results and hence make it easy to test the
NRQCD color-octet mechanism at the CEPC. It is the main
point in this work since there are only CS contribution in
J/ψ production at B-factory [16,17].

Taking the CO LDMEs of Feng2019 [10] as default
choice, we show the feed-down and resolved contributions
of NRQCD in Figs. 2 and 3, respectively. It is clear that most
of J/ψ mesons are produced directly and only 5% of them
are from decays of ψ(2S) and χcJ . The single resolved chan-

Fig. 4 The pt and cos θ distributions of the number of J/ψ events.
The bin widths are 1 GeV for pt and 0.1 for cos θ

nel is also dominated. As the reference, the pt distribution
integrated from 0.1 to 10 GeV, the direct, single-resolved
and double-resolved channels account for 1%, 96% and 3%
of the NRQCD prediction, respectively. Fig. 4 shows the
number of J/ψ events distribution as function of pt (upper)
and cos θ (lower) respectively for the integrated luminosity
of CEPC 5.6 ab−1. We see that at the CEPC, the num-
ber of events are considerable to discriminate between CS
and NRQCD even as the transverse momentum pt is up to
20 GeV.

The cos θ distributions in Fig. 1 shows that most of J/ψ
are located in closed beam region. Specifically, more than
90% of J/ψ mesons are inside | cos θ | ≥ 0.98, the angular
cut for experimental detection. In fact, J/ψ mesons decay
immediately after production at the colliding point. In exper-
imental measurement μ+μ−, for example, is used to recon-
struct J/ψ meson and hence the probability of the μ+μ− pair
to be detected should be investigated. If both μ+ and μ− are
detected at laboratory frame, then their parent J/ψ meson is
a valid event. So there is an issue of detection efficiency for
J/ψ . For simplicity we assume that, at the center-of-mass
frame of J/ψ , the μ+μ− pair are isotropic in the whole 4π
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Fig. 5 The probability distribution of J/ψ meson with momentum p

solid angle. Then we can easily calculate the probability of
a J/ψ meson with given 4-momentum to be a valid event.
Some brief derivations are given in the Appendix. In Fig. 5
we plot the two-dimension distribution of the probability as
function of magnitude of 3-momentum and | cos θ | of J/ψ . It
shows that J/ψ mesons with | cos θ | ≥ 0.98 but small |p| still
have the probability to be a valid event. Fig. 6 presents three
kinematic distributions both before(Line-1) and after(Line-
proba.) considering the detection efficiency and here only the
NRQCD results are shown. The plots show that the efficiency
gets larger as pt increases and this is reasonable as expected.
It is clear that the efficiency is close to 1 in most of the cos θ

region and J/ψ mesons with smaller |y| have bigger prob-
ability of being valid event. There are actually more valid
events than that by directly using the experimental detecting
angular cut to J/ψ .

Considering the detection efficiency and the branch ratio
of J/ψ decay to μ+μ− pair, we also estimate the statistics
uncertainties for the measurement on the pt distributions,
as the error bars shown in Fig. 1 at some pt points. In the
event counting, we take the bin width 	pt = 0.5 GeV. In
small pt region, the uncertainties are very small. Specifi-
cally, the uncertainties on the CS and NRQCD (taking CO
LDMEs of Feng2019) distributions are respectively about
0.15% and 0.6% for pt = 1 GeV and about 1.7% and 9%
for pt = 5 GeV. In larger pt region, there are less than
one event of μ+μ− pair in each bin for pt > 11 GeV and
pt > 21 GeV for CS and NRQCD distributions respectively,
therefore larger bin width will be applied in experimental
measurement and it is difficult for us to present a estimation
here.

4 Summary

In this paper, we have calculated the prompt J/ψ photopro-
duction in e+e− collider based on NRQCD at leading order,
including the contributions from both direct and resolved

Fig. 6 The kinematic distributions of prompt J/ψ photoproduction
before (line-1) and after (line-proba.) considering the detection effi-
ciency. The curves in the flat frames are the corresponding efficiencies
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photons. The color-octet channels dominate the total cross
section. Only 5% of the J/ψ mesons are from the decays
of heavier charmonium. We present different kinematic dis-
tributions of both the cross section and the number of J/ψ
events. Under simple assumptions, we also investigated the
issue of detecting efficiency. It shows that sizable J/ψ pho-
toproduction events could be collected. There are more than
50 events for pt = 20 GeV at the CEPC. It renders the J/ψ
photoprodution at the CEPC a well laboratory to test the
color-octet mechanism in NRQCD. We suggest that J/ψ
photoproduction should be measured at future CEPC. The
measurement will help to clarify the universality problem in
NRQCD and improve our understanding of the quarkonium
production mechanism.
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5 Appendix

As mentioned above we make two approximations or
assumptions, i.e., J/ψ mesons decays into μ+μ− pair imme-
diately after their production at the colliding point, and at
the rest frame of J/ψ the momentum distribution of μ± is
isotropic. Firstly at the rest frame of J/ψ , the 4-momenta of
μ+μ− pair in spherical coordinates are given as,

p∗
μ+ = (

mJ/ψ

2
,p∗

μ+)

= (
mJ/ψ

2
, |p∗

μ+| sin θ∗ cos φ∗, |p∗
μ+| sin θ∗ sin φ∗,

|p∗
μ+| cos θ∗), (6)

p∗
μ− = (

mJ/ψ

2
,−p∗

μ+), (7)

where θ∗ and φ∗ are respectively the elevation angle and

azimuth angle of p∗
μ+ , and |p∗

μ+| =
√

1
4m

2
J/ψ − m2

μ+ .

At laboratory frame, their parent J/ψ meson has momen-
tum pJ/ψ . We can make the Lorentz transformation of the
μ+μ− pair from rest frame of their parent J/ψ to the lab-
oratory frame. At laboratory frame, μ+(−) has momentum
pμ+(−) and taking the e+e− beam direction as z-axis, the
cosine of the angle between pμ+(−) and z-axis are given as,

cos θμ+(−) = pμ+(−)z√
E2

μ+(−) − m2
μ+(−)

. (8)

Now we can define the probability P of a J/ψ meson to
be detected,

P =
∫ 1
−1

∫ 2π

0 f (cos θ∗, φ∗)d cos θ∗dφ∗

4π
, (9)

where f (cos θ∗, φ∗) = 1 for both | cos θμ+| and | cos θμ−| ≥
0.98 and f = 0 for others. Using numerical integration, the
value of the probability of a J/ψ meson with given momen-
tum can be obtained.
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