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1 Introduction

A doubly heavy baryon is a system composed of two heavy quarks and one light quark. It
possesses a simple structure akin to that of a heavy quarkonium, which enables rigorous
theoretical analysis. As a result, investigating its production properties is believed to aid in
understanding and validating the theory of Quantum Chromodynamics (QCD). In 2002 and
2005, the SELEX Collaboration reported a possible discovery of the Ξ+

cc baryon [1, 2]. More
recently, in 2017, the LHCb Collaboration confirmed the existence of another type of doubly
heavy baryon, Ξ++

cc , through the decay channel Ξ++
cc → Λ+

c K
−π+π+ (Λ+

c → pK−π+). The
measured properties of mass and lifetime for this Ξ++

cc baryon were found to be in excellent
agreement with theoretical calculations. Subsequently, the LHCb Collaboration further
confirmed its existence in the decay Ξ++

cc → π+Ξ+
c [3, 4]. The genuine discovery of doubly

heavy baryons is poised to trigger a new wave of theoretical research.
Due to the inherent nonrelativistic characteristics coupled with the confinements at-

tributed to strong interactions, the production of doubly heavy baryons encompasses in-
tricate nonperturbative effects that elude computation through conventional perturbative
QCD methods. The study conducted by Ma et al. [5] undertook the task of describing this
production process through the utilization of the nonrelativistic QCD (NRQCD) factoriza-
tion framework [6]. This ingenious framework dissects the procedure into two sequential
stages: firstly, the perturbative formation of a heavy-quark pair within a distinct quantum
state, often referred to as a diquark, followed by its subsequent nonperturbative transfor-
mation into a baryon. By employing an expansion rooted in the heavy quark’s diminished
velocity (vQ) within the rest frame of the baryon, the study was able to pinpoint two fore-
most states of (cc)-diquarks at the leading order: 3̄[3S1] and 6[1S0]. These diquark states
respectively correspond to the 3S1 and 1S0 S-wave configurations, while existing in the 3
and 6 color states. Accompanying these states are the associated long-distance matrix ele-
ments (LDMEs), denoted as h3̄ and h6, which encapsulate the nonperturbative likelihood
of their transition into the baryonic state.

Numerous comprehensive theoretical investigations have delved into the realm of pro-
ducing doubly heavy baryons [7–37]. These investigations have encompassed a range of
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Figure 1. The energy spectra of the LBS photon and the WWA photon.

production mechanisms, including direct processes occurring in pp, ep, γγ, and e+e− colli-
sions, as well as indirect channels involving the decays of Higgs bosons, W and Z bosons,
and top quarks. For the purpose of simulating hadroproduction in pp collisions, a dedicated
generator known as GENXICC [38–40] has been meticulously developed.

Next-generation e+e− colliders have been put forth in recent times, among them being
the FCC-ee [41], the CEPC [42, 43], and the ILC [44, 45]. These cutting-edge colliders
are designed to operate at high collision energies and are projected to achieve unparalleled
luminosities. As a result of their capabilities, these advanced e+e− colliders hold immense
potential to serve as exceptional platforms for a wide array of research topics. The e+e−

collider provides two main pathways for the direct production of the doubly heavy baryon
Ξcc: production through e+e− annihilation and via the photoproduction mechanism. In
this work, Ξcc denotes the baryon Ξccq, where q corresponds to an up (u), down (d), or
strange (s) quark. Regarding photoproduction, the Ξcc baryon can be generated through
direct photon-photon fusion, such as γ + γ → Ξcc + c̄+ c̄. Beyond direct photoproduction,
another category of processes, known as resolved photoproduction [46], exists. In these
cases, the photon undergoes a process of resolution, leading to its parton’s involvement in
the subsequent hard processes. The resolved photoproduction channels share a comparable
order of perturbative expansion with the direct approach, underscoring the need for their
incorporation in calculations. Earlier investigations [46–51] have indicated that the single
resolved channel(γ+g) tend to exert a dominant influence on the photoproduction of heavy
quarkonium and doubly heavy baryon at e+e− colliders. The contributions stemming from
double resolved photoproduction channels are generally negligible and can be safely ignored.

In this work, we offer an analysis of the photoproduction of P -wave doubly charmed
baryon at future e+e− collider. Based on the NRQCD factorization framework, we will
consider two types of photoproduction processes: γ+γ → Ξcc+ c̄+ c̄ and γ+g → Ξcc+ c̄+ c̄.
For (cc)-diquark, the quantum number is (cc)3̄[3S1], (cc)6[1S0], (cc)3̄[1P1] or (cc)6[3PJ ] with
J = 0, 1, 2. Section 2 provides the formulation of the calculation, while section 3 presents
the numerical results and subsequent discussions. Section 4 gives a brief summary.
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2 Formulation and calculation

In the photoproduction process at the e+e− collider, the colliding photon can originate
either from the bremsstrahlung of the initial e+e− particles or from the process of laser
back-scattering with e+e− [44]. The energy spectrum of the bremsstrahlung photon can
be characterized using the Weizäcker-Williams approximation (WWA) [52], whereas the
spectrum originating from laser back-scattering (LBS) is parameterized in ref. [53]. The two
spectra exhibit distinct behaviors, as illustrated in figure 1. It is observed the laser back-
scattering (LBS) mechanism generates a greater number of high-energy photons, potentially
resulting in a significantly higher photoproduction rate compared to the WWA photons.
For the sake of simplicity, in this study, our calculations and analysis are primarily based
on the use of LBS photons. The spectrum is as follows:

fγ/e(x) =
1
N

[
1− x+ 1

1− x
− 4r(1− r)

]
, (2.1)

where x = Eγ/Ee, r = x/(xm(1− x)), and the normalization factor is given by:

N =
(
1− 4

xm
− 8
x2

m

)
log(1 + xm) + 1

2 + 8
xm

− 1
2(1 + xm)2 . (2.2)

Here, xm = 4EeEl cos2 θ
2 , with Ee and El representing the energies of the incident electron

and laser beams, respectively, and θ denoting the angle between them. The range of energy
for the laser back-scattering (LBS) photon is constrained by:

0 ≤ x ≤ xm

1 + xm
, (2.3)

with the optimal value of xm being 4.83 [54].
As mentioned earlier, our calculations will rely on the NRQCD factorization framework,

which has achieved significant success in describing heavy quarkonia production. While an
all-order proof of NRQCD factorization for quarkonium production is currently lacking, it
has been observed that this factorization holds up to at least the next-to-next-to-leading
order (NNLO) in αs when the LDMEs are adjusted to achieve gauge completeness [55–57].
In this work, our leading order calculation for Ξcc photoproduction are free of infrared
singularities. Within the framework of NRQCD, the photoproduction cross-section of Ξcc

at the e+e− collider can be represented as follows:

dσ(e+e− → e+e−Ξc + c̄+ c̄) =
∫

dx1fγ/e(x1)
∫

dx2fγ/e(x2)

×
∑
i,j

∫
dxifi/γ(xi)

∫
dxjfj/γ(xj)

×
∑

n

dσ̂(ij → (cc)[n] + c̄+ c̄)
〈
OΞcc [n]

〉
. (2.4)

Here, fγ/e(x) represents the energy spectrum of the photon. fi/γ (i = γ, g, u, d, s) cor-
responds to the Glück-Reya-Schienbein (GRS) distribution function of parton i within
the photon [58]. fγ/γ(x) = δ(1 − x) is utilized for the direct photoproduction process.
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Figure 2. Some Feynman diagrams of the partonic processes for Ξcc photoproduction. The
diagrams are drawn by JaxoDraw [63].

dσ̂(ij → (cc)[n] + c̄ + c̄) denotes the differential partonic cross-section, which is eval-
uated perturbatively. For the baryons Ξcc, (cc)[n] = (cc)3̄[3S1], (cc)6[1S0], (cc)3̄[1P1] or
(cc)6[3PJ ]. ⟨OΞcc [n]⟩ = h3̄(6) denotes the long-distance matrix element (LDME). Typically,
people adopt a potential model approach, drawing parallels with the heavy quarkonium
scenario, and introduce and correlate a wave function with h3̄ [7, 59–62],

h3̄ ≃ |Ψcc(0)|2 or |Ψ′
cc(0)|2. (2.5)

Regarding h6, there exists no specific relation, and for the sake of simplicity, it is
assumed to be equal to h3̄. This assumption is rooted in NRQCD’s power counting relative
to vc, where both h6 and h3̄ are assigned equivalent orders [5]. In accordance with NRQCD,
the bound state Ξcc can be expanded into a series of Fock states:

|Ξcc⟩ = c1(v)|(cc)q⟩+ c2(v)|(cc)qg⟩+ c3(v)|(cc)qgg⟩+ · · · . (2.6)

Because a light quark can easily emit gluons, the constituents in eq. (2.6) carry equivalent
significance, specifically, c1 ∼ c2 ∼ c3. Consider a cc pair in the 3̄[3S1] state; one of the
heavy quarks can emit a gluon without altering the spin of the heavy quark. Subsequently,
this emitted gluon can undergo a splitting process, leading to the formation of a light quark-
antiquark pair qq̄. This allows the heavy cc pair to interact with the light q and form the
composite particle Ξcc. Similarly, for a cc pair in the 6[1S0] state, one of the heavy quarks
can emit a gluon while preserving the spin of the heavy quark. This emitted gluon then
separates into a light qq̄ pair, and the light quarks also have the capability to emit gluons.
Consequently, this heavy cc pair can capture a light quark and a gluon to assemble into ΞQQ.
This is the reason for h6 and h3̄ holding the same order in vc. For the sake of simplicity, we
assume h6 = h3̄ in the subsequent calculations. It is worth noting that the long-distance
matrix elements (LDMEs) function as overarching parameters beyond the perturbative
components, indicating that the results can be refined with the acquisition of new LDMEs.

For the partonic processes in leading order of αs, there are 40 Feynman diagrams for
γ + γ → Ξcc + c̄+ c̄ and 48 diagrams for γ + g → Ξcc + c̄+ c̄, as exemplified in figure 2. In
practical calculations, we apply charge conjugation C = −iγ2γ0 to reverse the one of the
c ∼ c̄ fermion chains, such as L1 = ūs1(k12)Γi+1SF (qi,mi) · · ·SF (q1,m1)Γ1vs2(k2). Here,
Γi represents the interaction vertex, SF (qi,mi) denotes the fermion propagator, where qi

and mi are the respective momentum and mass parameters. The subscripts s1 and s2 are
used for spin indices, while the index i enumerates the fermion propagators (i = 0, 1, . . .)

– 4 –
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along this fermion line. The conversion obeys:

vT
s2(k2)C = −ūs2(k2),

C−ūs1(k12)T = vs1(k12),
C−ST

F (−qi,mi)C = SF (qi,mi),
C−ΓT

i C = −Γi.

(2.7)

L1 is reversed to:

L1 = LT
1 = vT

s2(k2)ΓT
1 F

T
F (q1,m1) · · ·ST

F (qi,mi)ΓT
i+1ū

T
s1(k12)

= vT
s2(k2)CC−ΓT

1 CC
−ST

F (q1,m1)CC− · · ·CC−ST
F (qi,mi)CC−ΓT

i+1CC
−ūT

s1(k12)

= (−1)(n+1)ūs2(k2)Γ1SF (−q1,m1) · · ·SF (−qi,mi)Γi+1vs1(k12),
(2.8)

here n is the number of vector vertices in the fermion chain. Let us take the first diagram
in figure 2 as an example, its amplitudes read:

M1 ∼ 1
(k12 + k2)2 ūs12(k12)γµvs2(k2)ūs11(k11) /∈ (p1)

× ̸ p2− ̸ k12− ̸ k2− ̸ k3 +mc

( ̸ p2− ̸ k12− ̸ k2− ̸ k3)2 −m2
c

γµ
̸ p2− ̸ k3 +mc

( ̸ p2− ̸ k3)2 −m2
c

/∈ (p2)vs3(k3),
(2.9)

Where k11 and k12 are momenta of the two c quarks. In the diquark state, their relative
momentum q is small and we can set k11 = mc

Mcc
k1 + q and k12 = mc

Mcc
k1 − q with k1 being

the momentum of the diquark. Here the diquark mass Mcc = 2mc is adopted in order
to ensure the gauge invariance of the amplitude. After reverse the first fermion line, the
amplitude becomes:

M1 ∼ − 1
(k12 + k2)2 ūs2(k2)γµvs12(k12)ūs11(k11) /∈ (p1)

× ̸ p2− ̸ k12− ̸ k2− ̸ k3 +mc

( ̸ p2− ̸ k12− ̸ k2− ̸ k3)2 −m2
c

γµ
̸ p2− ̸ k3 +mc

( ̸ p2− ̸ k3)2 −m2
c

/∈ (p2)vs3(k3).
(2.10)

Now we can replace vs12(k12)ūs11(k11) by the spin projector for (cc̄)[n] to get the amplitude
of γ + γ → (cc)[n] + c̄+ c̄. The spin projector takes the form of

Πk1(q) =
−
√
Mcc

4m2
c

( ̸ k12 −mc)γ5( ̸ k11 +mc), (2.11)

Πβ
k1
(q) = −

√
Mcc

4m2
c

( ̸ k12 −mc)γβ( ̸ k11 +mc), (2.12)

for n = 1S0 and 3S1 respectively. The amplitudes of the P -wave production can be obtained

– 5 –
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via the derivation of the S-wave expression, i.e.,

M1[1P1] ∼ εl
α(k1)

d

dqα

[
− 1

(k12 + k2)2 ūs2(k2)γµ−
√
Mcc

4m2
c

( ̸ k12 −mc)γ5( ̸ k11 +mc) /∈ (p1)

× ̸ p2− ̸ k12− ̸ k2− ̸ k3 +mc

( ̸ p2− ̸ k12− ̸ k2− ̸ k3)2 −m2
c

γµ
̸ p2− ̸ k3 +mc

( ̸ p2− ̸ k3)2 −m2
c

/∈ (p2)vs3(k3)
]
|q=0, (2.13)

M1[3PJ ] ∼ εJ
αβ(k1)

d

dqα

[
− 1

(k12 + k2)2 ūs2(k2)γµ−
√
Mcc

4m2
c

( ̸ k12 −mc)γβ( ̸ k11 +mc) /∈ (p1)

× ̸ p2− ̸ k12− ̸ k2− ̸ k3 +mc

( ̸ p2− ̸ k12− ̸ k2− ̸ k3)2 −m2
c

γµ
̸ p2− ̸ k3 +mc

( ̸ p2− ̸ k3)2 −m2
c

/∈ (p2)vs3(k3)
]
|q=0, (2.14)

Here, εs
β(k1) or εl

α(k1) represents the polarization vector associated with the spin or orbital
angular momentum of the diquark in the spin triplet S-state or spin singlet P -state. εJ

αβ(k1)
corresponds to the polarization tensor for the spin triplet P -wave states, where J can be
0, 1, or 2. To determine the suitable total angular momentum, we appropriately perform
the polarization sum. The summation over polarization vectors is carried out as follows:

∑
rz

εr
αε

r∗
α′ = Παα′ (2.15)

The summation over polarization tensors is conducted as:

ε0
αβε

0∗
α′β′ =

1
3ΠαβΠα′β′ (2.16)∑

Jz

ε1
αβε

1∗
α′β′ =

1
2(Παα′Πββ′ −Παβ′Πα′β) (2.17)

∑
Jz

ε2
αβε

2∗
α′β′ =

1
2(Παα′Πββ′ +Παβ′Πα′β)−

1
3ΠαβΠα′β′ , (2.18)

with the definition

Παβ = −gαβ + k1αk1β

M2
cc

. (2.19)

For the processes γ + γ → (cc)[n] + c̄+ c̄, the color factor Cij,k is universal for all the
Feynman diagrams and Cij,k = N ×

∑
a,m,n(T a)mi(T a)nj × Gmnk. Here N = 1/

√
2 is the

normalization constant, i, j,m, n are color indices of four heavy quarks and k denotes the
color index of the diquark. Gmnk corresponds to either the antisymmetric function εmnk

for the color anti-triplet state, or the symmetric function fmnk for the color sextuplet state,
and they obey

εmnkεm′n′k = δmm′δnn′ − δmn′δnm′ , (2.20)
fmnkfm′n′k = δmm′δnn′ + δmn′δnm′ . (2.21)

The color factors of diagrams for γ + g → (cc)[n] + c̄+ c̄ are not the same; they need to be
calculated individually.

– 6 –
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3 Numerical results and discussions

In the calculation, we adopt the wave functions at the origin from [64] as |Ψ(0)|2 =
0.0218GeV3 and |Ψ′(0)|2 = 2.48 × 10−3 GeV5. The quark mass is set as mc = MΞcc/2 =
1.8GeV. The fine structure constant is assigned the value α = 1/137. Regarding the strong
coupling constant, we utilize the one-loop running formulation. The renormalization scale
is typically taken as the transverse mass of Ξcc, specifically µ =

√
M2

Ξcc
+ p2

t , where pt

denotes the transverse momentum of the particle.
Table 1 lists cross sections of different photoproduction processes, where three collision

energies,
√
S = 250, 500, 1000GeV, are adopted. From the table, it is evident that the

contribution from production channel γ + γ decreases as the collision energy increases,
while the contribution from production channel γ + g increases with higher energy levels.
As a cumulative result, the total production cross-section increases with the growth of
collision energy. At

√
S = 250GeV, the contribution from the γ+ γ channel is comparable

to that of the γ + g channel. However, as the collision energy increases, the scenario
changes. The γ + g channel begins to dominate the photoproduction process. Specifically,
at

√
S = 500GeV, the γ + γ channel provides 20% of the contribution, while the γ + g

channel contributes 80%; and at
√
S = 1000GeV, the γ + γ channel provides 6% of the

contribution, while the γ + g channel contributes 94%. Table 1 clearly emphasizes the
significance of the single resolved photoproduction channel. For comparison, the cross
sections via WWA photons are also provided in brackets in table 1. It shows that the
total production cross-section also increases with the growth of collision energy for the
case of WWA photons. The contribution from the γ + γ channel is larger than that of
the γ + g channel. Table 1 indicates that their total cross sections are significantly lower
than those associated with the LBS photons, accounting for only 13%, 18% and 21% of the
LBS photoproduction cross sections at collision energies of

√
S = 250GeV,

√
S = 500GeV

and
√
S = 1000GeV, respectively. The production of Ξcc through e+e− annihilation was

investigated in previous studies [9, 10]. From figure 1 in ref. [10], it is evident that at√
S = 250GeV, the total cross section is approximately two orders of magnitude smaller

than the presently predicted one via the LBS photoproduction and this difference shall
become more pronounced as the collision energy increases. Therefore, the photoproduction
process at higher collision energies on a high-luminosity e+e− collider offers a new potential
venue for investigating the production of doubly charmed baryons. Conversely, we might
also exploit this production channel to investigate the photoproduction mechanism.

Similarly, for the three collision energies, cross sections of various intermediate diquark
states are provided in table 2. These results reveal that the contribution of S-wave diquarks
is significantly larger than that of the P -wave diquarks. At

√
S = 250GeV, the ratio be-

tween the contributions from the S-wave and P -wave is 18.7:1. At
√
S = 500GeV, the ratio

becomes 16.8:1, meaning that the P -wave contributions constitute 5.6% of the total pro-
duction. Among the P -wave states, the contribution of the (cc)6[3P2] diquark is the largest.
Their ratio is as follows: (cc)3̄[1P1] : (cc)6[3P0] : (cc)6[3P1] : (cc)6[3P2]=1:0.23:0.32:1.52 at√
S = 500GeV. Assuming an integrated luminosity of O(104) fb−1 at future e+e− colliders

and summing up the contributions from all P -wave excited baryons, approximately 2.9×105

– 7 –
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√
S(GeV) γ + γ → Ξcc + c̄+ c̄ γ + g → Ξcc + c̄+ c̄ total
250 228.61(44.52) 238.90(15.79) 467.50(60.31)
500 101.34(65.25) 411.50(28.93) 512.84(94.19)
1000 40.94(97.82) 659.81(49.93) 700.75(147.76)

Table 1. The integrated cross sections (in unit of fb) from different channels for Ξcc photoproduc-
tion under various collision energies at future e+e− collider. The contributions from the S-wave
and P -wave have been combined. The values in brackets are the cross sections via WWA photon.

√
S(GeV) (cc)3̄[3S1] (cc)6[1S0] (cc)3̄[1P1] (cc)6[3P0] (cc)6[3P1] (cc)6[3P2]
250 407.43 36.32 8.81 1.75 2.44 10.75
500 442.71 41.24 9.42 2.12 3.03 14.32
1000 603.0 57.05 12.66 2.97 4.33 20.72

Table 2. The integrated cross sections (in unit of fb) of different intermediate diquark states for
Ξcc photoproduction under various collision energies at future e+e− collider.

Total

γ+γ

γ+g

S =500GeV

0 10 20 30 40 50
10-7

10-6

10-5

10-4

10-3

10-2

10-1

1

pt(GeV)

dσ
/d
p
t(
pb

/G
eV

)

Total

γ+γ

γ+g

S =500GeV

-4 -2 0 2 4
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y

dσ
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y(
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)

Total

γ+γ

γ+g

S =500GeV
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1
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102

cosθ

dσ
/d
co
sθ

(p
b
)

Figure 3. Kinematic distributions for the photoproduction of Ξcc at future e+e− collider(
√
S =500

GeV). Contributions from different channels are displayed individually.

P -wave Ξcc baryons would be generated, given a collision energy of
√
S = 500 GeV. The

P -wave doubly charmed baryons are likely to decay to the ground state with almost 100%
probability, making them additional sources of ground-state baryons.

To reveal more characteristics of Ξcc photoproduction at the e+e− collider, we have
computed the differential distributions at

√
S = 500GeV, as illustrated in figure 3 and

figure 4. Figure 3 depicts the transverse momentum(pt), the rapidity(y) and cosθ distribu-
tions, featuring distinct representations of contributions originating from different channels.
Here, θ represents the angle between Ξcc and the e+e− beams. The γ + g channels exert
their dominance in the lower pt region, gradually passing the torch to the γ + γ channels
as the pt values increase. In practical experiments, there may not be a sufficient number
of events in the high pt region to attain precise measurements. Consequently, it becomes
necessary to consider the single resolved channel γ + g when performing photoproduction
calculations. In contrast to the curves for the pt distribution, in the rapidity and angular
distributions, the curves for the two production channels do not intersect. Throughout
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Figure 4. Kinematic distributions for the photoproduction of Ξcc at future e+e− collider(
√
S =500

GeV). Contributions from different diquark states are displayed individually. The y and cos θ curves
use same legends as those of pt.

mc(GeV) (cc)3̄[3S1] (cc)6[1S0] (cc)3̄[1P1] (cc)6[3P0] (cc)6[3P1] (cc)6[3P2]
1.7 609.62 56.85 14.50 3.28 4.67 22.27
1.8 442.71 41.24 9.42 2.12 3.03 14.32
1.9 328.38 30.53 6.24 1.40 2.0 9.45

Table 3. The total cross sections (in unit of fb) under different mc at
√
S = 500 GeV.

C (cc)3̄[3S1] (cc)6[1S0] (cc)3̄[1P1] (cc)6[3P0] (cc)6[3P1] (cc)6[3P2]
0.5 531.74 50.46 11.44 2.47 3.57 16.40
1.0 442.71 41.24 9.42 2.12 3.03 14.32
2.0 376.96 35.12 8.0 1.84 2.59 12.61

Table 4. The total cross sections (in unit of fb) under various µ(= C
√
M2

Ξcc
+ p2

t with C = 0.5, 1, 2)
at

√
S = 500 GeV.

the entire rapidity distribution range, the contributions of γ + g consistently surpass those
of γ + γ. The same pattern is also evident in the angular distribution curves. Figure 4
displays the contribution curves for different intermediate diquark states. In each pt distri-
bution, a noticeable peak emerges at approximately several GeV, followed by a logarithmic
decline in the high pt region. In all three distinct kinematic distributions, it is consistently
evident that the 3̄[3S1] configurations maintain prominence across the entire range, while
contributions from other states are small.

Finally, we delve into a brief discussion of the theoretical uncertainties inherent in our
calculations, stemming from three main sources: the heavy quark mass mc, the renormal-
ization scale µ, and the LDMEs. It’s worth noting that uncertainties originating from h3̄
and h6 have been omitted due to the lack of reported errors in the literature. As mentioned
earlier, these coefficients represent global factors, and their influence on production out-
comes can be further refined with more precise values. Table 3 demonstrates the impact of
changing the value of mc within the range of 1.8± 0.1 GeV while keeping µ =

√
M2

Ξcc
+ p2

t
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constant. As observed in the table, even small variations in the heavy quark mass can
result in substantial fluctuations in cross-section values. For example, in table 3, the cross
section for (cc)3̄[3S1] varies by approximately 46% with only a 12% change in mc. This
notable sensitivity becomes evident when analyzing the relevant Feynman diagrams, as
exemplified in figure 2. For photoproduction of Ξcc considered here, it is noted that the
final particles involved in the short-distance processes consist exclusively of c and c̄, while
the internal lines are composed solely of charm and gluon propagators. Therefore, the
significant impact of heavy quark masses on the cross section appears to be a reasonable
outcome. To illustrate the strong dependence on mc, let’s consider the first diagram in
figure 2. The squared invariant mass of the gluon propagator attached to the final cc̄ pair
is given by k2 = (k12 + k2)2. Its dominant region in phase space integration is near the
threshold, i.e., when k2 ∼ 4m2

c . As a result, when the value of mc varies from 1.7GeV
to 1.9GeV, 1/(k2)2 undergoes a approximately 36% change. It is worth noting that the
charm mass also affects the cross section through the choice of the renormalization scale,
which is set to µ =

√
M2

Ξcc
+ p2

t in our calculations.

Table 4 evaluates the sensitivity to the renormalization scale (µ = C
√
M2

Ξcc
+ p2

t , where
C = 0.5, 1, 2), while keeping the value of mc fixed at 1.8 GeV. Clearly, there is a significant
dependence on the renormalization scale, which could suggest the importance of next-to-
leading order corrections in αs. As we confront real-world measurements in the future,
high-order calculations become imperative. Taking into account the aforementioned un-
certainties, our leading-order calculation results may vary by approximately one order of
magnitude. Despite this range of variability, the photoproduction rates of doubly charmed
baryons remain significant.

4 Summary

In this work, we have investigated the Ξcc photoproduction within the framework of non-
relativistic QCD specifically focusing on future e+e− colliders, where the initial photon
beams are from laser-back scattering. Two dominant photoproduction processes are con-
sidered, i.e., γ + γ → Ξcc + c̄+ c̄ and γ + g → Ξcc + c̄+ c̄. Four P -wave diquark states are
included in the calculation and they are (cc)3̄[1P1], (cc)6[3P0], (cc)6[3P1] and (cc)6[3P2].
Upon assuming h6 = h3̄, the results demonstrate the photoproduction of P -wave Ξcc is
about one order lower than that of the S-wave. Specifically, at a center-of-mass energy of√
S = 500GeV, the cross section for P -wave Ξcc production is approximately 6% of that for

S-wave production. The numerical results further emphasize the crucial role played by the
single resolved photoproduction channel γ + g in the overall photoproduction process. It
gains increasing significance as the collision energy rises. Assuming an integrated luminos-
ity for future e+e− collisions on the order of O(104) fb−1, approximately 4.8× 106 S-wave
Ξcc and 2.9 × 105 P -wave Ξcc baryons would be expected to be produced at a collision
energy of

√
S = 500 GeV. The excited doubly charmed baryons are likely to decay into the

ground state with nearly 100% probability. Therefore, when faced with precise real-world
measurements, their contributions should be thoroughly examined and taken into account.
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