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The photoproduction of doubly heavy baryon, Ξcc, Ξbc, and Ξbb, is predicted within the nonrelativistic
QCD at the Large Hadron Electron Collider (LHeC). The ΞQQ0 production via the photon-gluon fusing

channel γ þ g → hQQ0i½n� þ Q̄þ Q̄0 and the extrinsic heavy quark channel γ þQ → hQQ0i½n� þ Q̄0 have
been considered, where Q or Q0 stand for heavy c or b quark and hQQ0i½n� stands for a QQ0 diquark with
given spin- and color- configurations [n]. The diquark shall fragmentate into ΞQQ0 baryon with high
probability. For Ξcc and Ξbb production, [n] equals ½1S0�6 (in configurations spin-singlet 1S0-wave and
color-sextuplet 6) or ½3S1�3̄ (in configurations spin-triplet 3S1-wave and color-antitriplet 3̄) and for Ξbc

production, [n] equals ½1S0�3̄, ½1S0�6, ½3S1�3̄, or ½3S1�6. A detailed comparison of those channels and
configurations on total and differential cross sections, together with their uncertainties, is presented. We
find the dominant contributions for ΞQQ0 production are from extrinsic heavy quark channel and for ½3S1�3̄
configuration, while other diquark states can also provide sizable contributions to the ΞQQ0 production. As a
combination of all the mentioned channels and configurations and by taking mc ¼ 1.80� 0.10 GeV and
mb ¼ 5.1� 0.20 GeV, we observe that ð6.70þ1.40

−1.10 Þ×103 Ξbb, ð8.81þ3.08
−2.20 Þ × 106 Ξcc, and ð4.63þ1.21

−0.92 Þ × 105

Ξbc events can be generated at the LHeC in one operation year with colliding energy
ffiffiffi
S

p ¼ 1.30 TeV and
luminosity L≃ 1033 cm−2 s−1. Thus, the LHeC shall help us to get more information about the doubly
heavy baryon, especially for Ξcc and Ξbc.

DOI: 10.1103/PhysRevD.95.074020

I. INTRODUCTION

The heavy-quark mass provides a natural hard scale, so
the processes involving heavy quarks are perturbative QCD
(pQCD) calculable by applying proper factorization theo-
ries. Among them, the nonrelativistic quantum chromody-
namics (NRQCD) [1] provides a powerful approach to
study the properties of doubly heavy hadrons, since their
heavy constituent quarks move nonrelativistically in the
bound system [2,3]. Recently, we have studied the photo-
production of Bc meson at the Large Hadron Electron
Collider (LHeC) [4] within the framework of NRQCD, and
it was found that sizable amounts of Bc meson events can
be generated [5]. As a step forward, we shall investigate
whether sizable amounts of doubly heavy baryon events
can also be produced at the LHeC. If so, to compare with
future possible data, it could be inversely treated as a
platform for testing the effectiveness of NRQCD.
For doubly heavy baryonsΞcc,Ξbc, andΞbb, onlyΞcc was

observed in the fixed target experiment by the SELEX

collaboration [6–8], which however has not been confirmed
by other experiments so far. Here and henceforth, for
simplicity, we use ΞQQ0 to denote the doubly heavy baryon
ΞQQ0q, whereq stands for a light quarku,d, or s, respectively.
At present, most of the predictions on the production rate
and decay width are well underestimated compared to the
SELEX measurements [9–18]. The unexpected high pro-
duction rate of Ξcc baryons may be due to the kinematics
features of the SELEX experiment, and could not be
described by the production mechanism only [19].
Thus, to understand the properties of doubly heavy baryon
better, experimentally, we need to accumulate more events to
reduce the statistical error; and theoretically, it is important to
make a systematic research on various production mecha-
nism of doubly heavy baryon at different experimental
platforms.
A dedicated generator GENXICC [20–22] was developed

and has been applied to study the production of doubly
heavy baryon at the hadronic colliders [23,24]. In 2013, the
LHCb collaboration at the LHC performed their first search
of Ξcc, but no significant signal has been found [25]. Future
searches at the LHC with improved trigger conditions and
larger data samples should improve the sensitivity signifi-
cantly. In addition, series predictions on the production of
doubly heavy baryon at the high luminosity electron-
electron colliders, such as the Z-factory [26] and the
International Linear Collider (ILC) [27], have also been
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performed. Sizable amounts of doubly heavy baryon events
are expected to be generated in those platforms [28–31].
In addition, the hadron-lepton collider may also be a

possible machine to probe the properties of the doubly
heavy baryons. As clarified in Refs. [4,5], the photo-
production mechanism dominates the production of c=b-
quark at the LHeC, and the doubly heavy baryon can thus
be mainly generated via the photoproduction channels
γ þ g → ΞQQ0 þ Q̄þ Q̄0 and γ þQ → ΞQQ0 þ Q̄0.
Schematic diagrams for the photoproduction of ΞQQ0 at

the LHeC are shown in Fig. 1. The photoproduction of
ΞQQ0 can be divided into three steps. Taking γ þ g channel
as an example, the first step is the production of QQ̄ and
Q0Q̄0 pairs, where the heavy quarks Q and Q0 are required
to be in the color- and spin-configuration [n]; The second
step is the ðQQ0Þ½n� pair fuses into a binding diquark
hQQ0i½n� with certain probability; The third step is the
evolution of the diquark into a doubly heavy baryon ΞQQ0

by grabbing a light quark from the “vacuo” or emitting/
grabbing a suitable number of gluons. The first step is
perturbatively calculable since the gluon should be hard
enough to generate the heavy quark-antiquark pair. For the
second step, the transition probability can be described by a
nonperturbative NRQCDmatrix element. We use h6 and h3̄
to stand for the matrix elements of the production of a
color-sextuplet (6) and a color-antitriplet (3̄) diquark,
respectively.1 For the third step, one usually assumes the
efficiency of evolution from a hQQ0i½n� diquark to a doubly
heavy baryon ΞQQ0 is 100%, referring as the “direct
evolution.” Reference [31] has studied the evolution
through direct evolution as well as “evolution via frag-
mentation” in which the fragmentation function has been
taken into account. The authors there have found that the

direct evolution is of high precision and is sufficient enough
for studying the production of doubly heavy baryon, and
thus we adopt the direct evolution in our calculation.
Since the predicted production rate of Ξcc are much

smaller than the SELEX measurements, the authors
of Refs. [15,16,20] suggested to take into account the
extrinsic and intrinsic charm production mechanism
such that to shrink the gaps between theoretical and
experimental predictions. It is noted that the intrinsic
charm’s contribution to the cross section of γ þ c channel
is less than 0.1% even if the density of intrinsic c-component
in proton is up to 1% [32,33]. According to our experience
on the Bc meson photoproduction and following the sug-
gestion given in Refs. [15,20], we shall concentrate our
attention on the channels γ þ g → ΞQQ0 þ Q̄þ Q̄0 and
γ þQ → ΞQQ0 þ Q̄0, in which the intermediate diquark
hQQ0i½n� is hcc=bbi½1S0�6, hcc=bbi½3S1�3̄, hbci½1S0�3̄=6,
and hbci½3S1�3̄=6, respectively. Other diquark configurations
hcc=bbi½3S1�6 and hcc=bbi½1S0�3̄ are forbidden due to the
Fermi-Dirac statistics for identical particles.
The rest of the paper is organized as follows. In Sec. II,

we present the formulations for dealing with the subpro-
cesses γ þ g → ΞQQ0 þ Q̄þ Q̄0 and γ þQ → ΞQQ0 þ Q̄0 in
detail. Numerical results, theoretical uncertainties and
discussions are given in Sec. III. Finally, a brief summary
is given in Sec. IV.

II. CALCULATION TECHNOLOGY

A. Basic formulas

For the photoproduction mechanism, the initial photon is
emitted from the electron, which can be described by the
Weizsäcker-Williams approximation (WWA) [34–36].
When considering the extrinsic heavy-quark mechanism,
we should pay special attention to avoid the “double
counting” problem between the γ þ g and the extrinsic
γ þQ channels. A proper approach to deal with the extrinsic
heavy quark is to employ the general-mass variable-flavor-
number scheme (GM-VFNs) [37–41]. According to the
pQCD factorization theorem, the cross section for the
photoproduction of ΞQQ0 within the GM-VFNs scheme
can be written as

dσðe− þ P → ΞQQ0 þ XÞ

¼
X
½n�

hOhQQ0i½n�i
�
fγ=e−ðx1Þfg=Pðx2; μfÞ ⊗ dσ̂ðγ þ g → ðQQ0Þ½n� þ XÞ

þ fγ=e−ðx1Þ½ðfQ=Pðx2; μfÞ − fQ=Pðx2; μfÞSUBÞ ⊗ dσ̂ðγ þQ → ðQQ0Þ½n� þ XÞ þQ ↔ Q0� 1

1þ δQQ0

�
; ð1Þ

FIG. 1. Schematic diagrams for the photoproduction of ΞQQ0 at
the LHeC. The box stands for the hard interaction kernel of QQ̄
(Q0Q̄0)-pair production.

1Here, we don’t distinguish the matrix elements of 1S0 and 3S1 states, since the spin-splitting effect is small [23,28].
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where fγ=e−ðx1Þ is the WWA photon density function,
fi=Pðx2; μfÞ is the parton distribution function (PDF) of
parton i inside a proton P, μf is the factorization scale, and
dσ̂ðγ þ i → ðQQ0Þ½n� þ XÞ is the hard cross section for the
partonic process γ þ i → ðQQ0Þ½n� þ X. hOhQQ0i½n�i is the
nonperturbative matrix element which represents the tran-
sition probability from the ðQQ0Þ½n�-quark pair to the
desired baryon ΞQQ0 . δQQ0 ¼ 1ð0Þ for Q ¼ Q0 (Q ≠ Q0).
Since we adopt the direct evolution scheme, we have
hOhQQ0i½n�i ¼ h3̄ or h6, respectively.
The photon density function depicted by the WWA is

expressed as [34–36]

fγ=e−ðxÞ ¼
α

2π

�
1þ ð1 − xÞ2

x
ln
Q2

max

Q2
min

þ 2m2
ex

�
1

Q2
max

−
1

Q2
min

��
; ð2Þ

where x ¼ Eγ=Ee, Eγ , and Ee are photon and electron
energies. α is the fine structure constant and me is the
electron mass. Q2

min and Q2
max are given by

Q2
min ¼

m2
ex2

1 − x
; Q2

max ¼ ðθcEeÞ2ð1 − xÞ þQ2
min; ð3Þ

where the electron scattering angle cut θc is determined by
experiment [42,43].
The subtraction term fQ=Pðx2; μfÞSUB in Eq. (1) is

defined as

fQ=pðx2; μfÞSUB ¼
Z

1

x2

fg=Pðx2=y; μfÞfQ=gðy; μfÞ
dy
y
; ð4Þ

where fQ=gðy; μfÞ is the Q-quark distribution function
within an on-shell gluon and it can be expanded order
by order in αs. At the αs-order, fQ=gðy; μfÞ is given by

fQ=gðy; μfÞ ¼
αsðμfÞ
2π

ln
μ2f
m2

Q
Pg→QðyÞ; ð5Þ

where Pg→QðyÞ ¼ 1
2
ð1 − 2yþ 2y2Þ is the g → QQ̄ splitting

function.
The partonic hard cross section can be written as

dσ̂ðγþ i→ ðQQ0Þ½n�þXÞ¼
PjMj2

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp1þp2Þ2

p
j~p1j

dΦj; ð6Þ

where
P

denotes the average of the spin and color states of
initial particles and the sum of the color and spin states of
all final particles, and dΦj represents the final j-body phase
space element,

dΦj ¼ ð2πÞ4δ4
�
p1 þ p2 −

Xjþ2

f¼3

pf

�Yjþ2

f¼3

d3pf

ð2πÞ32p0
f

ð7Þ

and M is the total hard scattering amplitude

M ¼
X
k

Mk; ð8Þ

where k runs over the related Feynman diagrams.

B. Feynman diagram and amplitude

There are totally 24 Feynman diagrams for the subprocess
γ þ g → ðQQ0Þ½n� þ Q̄þ Q̄0 (k ¼ 24) and 4 Feynman dia-
grams for the subprocess γ þQ → ðQQ0Þ½n� þ Q̄ (k ¼ 4).
As for the subprocesses γ þ g → ðQQÞ½n� þ Q̄þ Q̄ and
γ þQ → ðQQÞ½n� þ Q̄, there are another 24 and 4 diagrams
coming from the exchanging of two identical quark lines
inside the ðQQÞ½n�-quark pair. Practically, those diagrams
are the same as the diagrams without exchanging, since we
have set the relative velocity between the twoQ quarks to be
zero, i.e., we have set p31 ¼ p32 ¼ p3

2
for the production of

ΞQQ by applying the nonrelativistic approximation. There is
a factor of 1=2! for the square of the amplitude due to the two
identical quarks inside the hQQi½n� diquark. Thus, we only
need to calculate the 24 and 4 diagrams for γ þ g →
ðQQÞ½n� þ Q̄þ Q̄ and γ þQ → ðQQÞ½n� þ Q̄ subpro-
cesses, and multiply a factor of 22=2! at the cross section
level. Besides, there is another factor of 1=2 for the γ þ g →
ðQQÞ½n� þ Q̄þ Q̄ subprocess coming from the two iden-
tical open antiquarks Q̄ in the final 3-body phase space. The
amplitudes for γ þ g → ðQQ0Þ½n� þ Q̄þ Q̄0 and γ þQ →
ðQQ0Þ½n� þ Q̄0 can be obtained directly from the Feynman
diagrams. In order to describe the bound system of the
doubly heavy baryon, we should apply the spin- and color-
projection operators on the amplitude of ðQQ0Þ½n�-quark
pair. For a detailed description on how to apply the
projection operators on the amplitude of ðQQ0Þ½n�-quark
pair and the calculation of the color factor of the production
of heavy baryon, one can refer to Refs. [5,15].
To implement the calculation, the FeynArts package [44] is

used to generate the Feynman diagrams and amplitudes;
The FeynCalc [45,46] and FeynCalcFormLink packages [47] are
used to handle the Dirac trace and SUðNcÞ algebraic
calculations. Numerical integrations over 2- and 3-body
phase spaces are performed by using the VEGAS [48] and
FormCalc [49] packages.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Input parameters

The matrix element h3̄ is related to the Schrödinger wave
function at the origin, h3̄ ¼ jΨðQQ0Þð0Þj2 [50]. According to
the velocity scaling rule of NRQCD [18], the color-
sextuplet matrix element h6 is at the same order of h3̄,
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and we take the usual choice of h6 ¼ h3̄ to do our
calculation. Since h6=3̄ is an overall factor, one can improve
our results once more accurate h6=3̄ is known. The wave
functions at the origin together with the heavy quark
masses are taken as follows [11,50]:

jΨðccÞð0Þj2 ¼ 0.039 GeV3; jΨðbcÞð0Þj2 ¼ 0.065 GeV3;

jΨðbbÞð0Þj2 ¼ 0.152 GeV3; mb ¼ 5.1 GeV;

mc ¼ 1.8 GeV:

The electron mass me ¼ 0.51 × 10−3 GeV is adopted and
the fine-structure constant is fixed as α ¼ 1=137. The
electron scattering angle cut θc is chosen as 32 mrad which
is consistent with the choices of Refs. [51,52]. The
renormalization and factorization scales are set to be the
transverse mass of ΞQQ0 , μr ¼ μf ¼ MT , where MT ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þM2

p
with M being the mass of ΞQQ0 . Here

M ¼ mQ þmQ0 , which ensures the gauge invariance of
the hard scattering amplitude. The PDF of the incident
quark in hadron is taken as CT10NLO [53], and corre-
spondingly, the next-to-leading order αs-running with

Λð4Þ
QCD ¼ 326 MeV (Λð5Þ

QCD ¼ 226 MeV) is adopted.

B. Basic results

To shorten the notation, we denote the cross sections for
the production of hQQ0i½1S0�3̄=6 and hQQ0i½3S1�3̄=6 via the
γ þ i channels as σγi and σ�γi, where i ¼ g, c, b respectively.
We use hbci3̄ and hbci6 to represent the production of
hbci½1S0=3S1�3̄ and hbci½1S0=3S1�6. We use hQQic to
represent the production of hQQi½3S1�3̄ or hQQi½1S0�6,
since hQQi½3S1�6 and hQQi½1S0�3̄ are forbidden.
We present the cross sections for the photoproduction of

ΞQQ0 at the electron-hadron colliders under various produc-
tion channels in Table I. Here, to show how the cross section
depends on the electron-hadron colliding energy, we present
the numerical results at two ep colliders with four colliding
energies, i.e.,

ffiffiffi
S

p ¼ 1.30 TeV or 1.98 TeV for LHeCwhich

corresponds to Ee ¼ 60 or 140 GeV and EP ¼ 7 TeV [4],
and

ffiffiffi
S

p ¼ 7.07 TeV or 10.00 TeV for the future circular
collider based ep collider (FCC-ep) which corresponds to
Ee ¼ 250 or 500 GeV and EP ¼ 50 TeV [54].
Table I shows
(i) For the same production channel, the ½3S1�3̄ diquark

state provides the largest contribution for the pro-
duction cross section of ΞQQ0 . For the Ξcc and Ξbb

production, the color-sextuplet ½1S0�6 diquark state
gives about 7%–8% contribution to the total cross
section of the same production channel. For the Ξbc
production, contributions from other diquark states
are also sizable, especially, the cross section of ½3S1�6
diquark state is close to that of ½3S1�3̄. Thus a careful
discussion of all diquark configurations are helpful
for a sound prediction of the doubly heavy baryon
production.

(ii) In addition to the usually considered γ þ g channel,
the extrinsic heavy quark mechanism via the γ þQ
channel shall also provide sizable contribution to the
production cross section. For example, the γ þ c
channel is even dominant over the γ þ g channel for
the Ξcc production. This dominance, as shall be

TABLE I. Total cross sections (in unit pb) for the photoproduction of ΞQQ0 at the LHeC and FCC-ep colliders.

� � � ffiffiffi
S

p ¼ 1.30 TeV
ffiffiffi
S

p ¼ 1.98 TeV
ffiffiffi
S

p ¼ 7.07 TeV
ffiffiffi
S

p ¼ 10.00 TeV

� � � hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6
σγg 0.02 21.61 1.55 1.06 0.04 32.81 2.58 1.76 0.16 82.81 7.99 5.39 0.22 108.43 10.95 7.37

σγc � � � 42.91 0.27 0.13 � � � 62.28 0.41 0.20 � � � 140.60 1.00 0.50 � � � 178.84 1.29 0.65

σγb 0.02 � � � 3.84 1.92 0.04 � � � 6.38 3.19 0.15 � � � 20.01 10.01 0.21 � � � 27.59 13.80

σ�γg 0.29 241.67 5.09 4.32 0.50 360.75 8.43 7.12 1.75 877.57 25.73 21.53 2.46 1139.59 35.17 29.36

σ�γc � � � 574.42 1.26 0.63 � � � 829.44 1.91 0.95 � � � 1854.55 4.62 2.31 � � � 2354.47 5.95 2.97

σ�γb 0.34 � � � 17.48 8.74 0.59 � � � 28.98 14.49 2.04 � � � 90.71 45.35 2.86 � � � 125.02 62.51

Total 0.67 880.61 46.29 1.17 1285.28 76.40 4.10 2955.53 235.15 5.75 3781.33 322.63
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FIG. 2. Partonic cross sections for the photoproduction of ΞQQ0

versus
ffiffiffî
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shown later, is caused by the dominance of the
γ þQ channel in low pT region.

(iii) By summing up all the mentioned diquark configu-
rations and production channels, we obtain σTotalhcci ≫
σTotalhbci ≫ σTotalhbbi , which agrees with the observation of

the doubly heavy baryon production at the ILC [31].
(iv) The total cross section increases with the increment

of electron-proton colliding energy, differing to the
doubly heavy baryon production at the ILC [31],
where the total cross section decreases with the
increment of electron-positron colliding energy.
However, the partonic cross sections for the photo-
production of ΞQQ0 at both ILC and LHeC (i.e.,
γ þ γ → ΞQQ0 þ X and γ þ i → ΞQQ0 þ X) decrease
with the increment of the parton-parton colliding
energy. For example, we present the dependence of
the partonic cross sections for γ þ i → Ξcc þ X on
the partonic colliding energy in Fig. 2.

We have found that the photoproduction of ΞQQ0 are
similar under various electron-proton collision energies. In
the following, we take

ffiffiffi
S

p ¼ 1.30 TeV as an explicit
example to show the photoproduction of ΞQQ0 in detail.
We present the transverse momentum (pT) distributions

for the photoproduction of ΞQQ0 in Fig. 3. The pT

distribution for each channel has a peak for pT ∼
Oð1Þ GeV and then drops down logarithmically. The pT

distributions of the γ þ c and γ þ b̄ channels descend more
quickly than those of γ þ g channels in high pT region. For
the ΞQQ0 production via the same diquark configuration, the
γ þQ channel dominates the γ þ g channel in small pT
region, which explains sizable total cross section of γ þQ
channel as shown in Table I. We also observe that the pT
distributions of Ξbb decrease more slowly than those of Ξbc
and Ξcc with the increment of pT , and thus the Ξbb events
may be comparable to Ξcc and Ξbc at high pT region,
although the total cross section of Ξbb is much smaller than
those of Ξcc and Ξbc.
We present the rapidity (y) distributions for the photo-

production of ΞQQ0 in Fig. 4. The asymmetry of the rapidity
distributions of ΞQQ0 clearly shows that the dominant
contribution appears in the region of y < 0. The z-axis
is defined in the direction of the electron beam, thus the fact
of y < 0 implies the parton i from the proton is more
energetic than the photon, and most of ΞQQ0 events tend to
be produced in the direction of the proton beam.
We present the cross sections under various pT and y

cuts in Tables II and III. Table II shows the cross section of
Ξbc and Ξcc under various of pT cuts are more sensitive
than that of Ξbb, which is consistent with Fig. 3. Table II

TABLE II. Total cross sections (in unit pb) for the photoproduction of ΞQQ0 at the
ffiffiffi
S

p ¼ 1.30 TeV LHeC under various pT cuts.

� � � pT ≥ 1 GeV pT ≥ 3 GeV pT ≥ 5 GeV

� � � hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6
σγg 0.02 19.46 1.47 1.01 0.02 9.34 1.03 0.71 0.02 3.26 0.57 0.39

σγc � � � 31.45 0.24 0.12 � � � 7.48 0.11 0.05 � � � 1.52 0.03 0.02

σγb 0.02 � � � 3.27 1.63 0.02 � � � 1.08 0.54 0.01 � � � 0.28 0.14

σ�γg 0.28 203.55 5.09 4.11 0.23 70.07 3.35 2.85 0.16 18.81 1.82 1.55

σ�γc � � � 454.38 1.16 0.58 � � � 82.11 0.62 0.31 � � � 13.30 0.24 0.12

σ�γb 0.33 � � � 15.73 7.87 0.26 � � � 4.76 2.38 0.15 � � � 1.11 0.56

Total 0.65 708.84 42.28 0.53 169.00 17.79 0.34 36.89 6.83

TABLE III. Total cross sections (in unit pb) for the photoproduction of ΞQQ0 at the
ffiffiffi
S

p ¼ 1.30 TeV LHeC under various y cuts.

� � � jyj ≤ 1 jyj ≤ 2 jyj ≤ 3

� � � hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6
σγg 0.01 8.11 0.71 0.45 0.02 14.52 1.21 0.77 0.02 18.30 1.42 0.93

σγc � � � 15.18 0.10 0.05 � � � 27.65 0.18 0.09 � � � 35.46 0.22 0.11

σγb 0.01 � � � 1.73 0.86 0.02 � � � 2.94 1.47 0.02 � � � 3.48 1.74

σ�γg 0.14 91.18 2.23 1.76 0.23 165.01 3.80 3.01 0.26 208.64 4.56 3.72

σ�γc � � � 203.34 0.50 0.25 � � � 373.08 0.90 0.45 � � � 480.93 1.11 0.56

σ�γb 0.16 � � � 7.85 3.93 0.27 � � � 13.42 6.71 0.31 � � � 15.84 7.92

Total 0.32 317.81 20.42 0.54 480.26 34.95 0.61 743.33 41.61
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shows notable Ξbc and Ξcc production rate can be generated
even with a large pT cut.
Finally, we draw the differential cross sections dσ=dz for

various diquark configurations and production channels in
Fig. 5, where z ¼ pΞ·pP

pγ ·pP
. Here, pγ , pP, and pΞ are four

momenta of the photon, proton, and ΞQQ0 respectively. For
elastic/diffractive events, z is close to 1 [55], besides, at low
z region, the resolved effect should be taken into consid-
eration [56]. For the prediction of inelastic direct photo-
production, a proper z cut should be taken. We take
0.3≲ z≲ 0.9, which accounts for a clean sample of

inelastic direct photoproduction [55,56]. The cross sections
for various diquark configurations and production channels
under this cut are listed in Table IV.

C. Theoretical uncertainties

In this subsection, we make a discussion on the uncer-
tainties caused by the c-quark mass, the b-quark mass, the
renormalization (factorization) scale, and the electron
scattering angle cut θc. All the other parameters are fixed
as their center values when discussing the uncertainty from
in variation of one parameter.
We present the cross sections at the

ffiffiffi
S

p ¼ 1.30 TeV
LHeC for mc ¼ 1.80� 0.10 GeV and mb ¼ 5.10�
0.20 GeV in Table V. By adding those two errors in
quadrature and summing up all the diquark configurations
and production channels together, we obtain

σTotalhbbi ¼ 0.67þ0.14
−0.11 pb;

σTotalhcci ¼ 880.61þ308.22
−219.83 pb;

σTotalhbci ¼ 46.29þ12.06
−9.18 pb:

To discuss the scale uncertainty, we set the factorization
scale as the renormalization scale, μf ¼ μr ¼ μ. In addition
to the scale choice of μ ¼ MT , we adopt two other scale
choices μ ¼ 0.75MT and μ ¼ 1.25MT for discussing the
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FIG. 5. z distributions for the photoproduction of ΞQQ0 at the
ffiffiffi
S

p ¼ 1.30 TeV LHeC.

TABLE IV. Variation for the total cross sections (in unit pb) for
the photoproduction of ΞQQ0 at the

ffiffiffi
S

p ¼ 1.30 TeV LHeC under
the cut 0.3≲ z≲ 0.9.

� � � 0.3≲ z ≲ 0.9

� � � hbbic hccic hbci3̄ hbci6
σγg 0.01 10.36 0.98 0.47

σγc � � � 23.75 0.12 0.06

σγb 0.01 � � � 2.32 1.16

σ�γg 0.18 144.82 0.98 1.78

σ�γc � � � 368.98 0.92 0.46

σ�γb 0.23 � � � 10.65 5.33

Total 0.43 547.91 25.23
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scale uncertainty. The scale uncertainty for each diquark
configuration and production channel is presented
in Table VI. The scale uncertainties for the total cross
sections are ∼1%, ∼9%, and ∼27% for Ξbb, Ξcc, and Ξbc,

respectively, and we can reduce the scale dependence if we
know the βi-terms of the pQCD series through a next-to-
leading order calculation [57,58].
As a final remark, we make a discussion on the

uncertainties from the electron scattering angle cut θc.
For the purpose, we set θc ¼ 16 and 64 mrad. The results
are shown in Table VII. Within those choices, Table VII
shows the uncertainties from θc are ∼9% for Ξbb, ∼7% for
Ξcc, and ∼7% for Ξbc. The small uncertainty from θc shows
the WWA is appropriate choice for our calculation.

IV. SUMMARY

In the paper, the photoproduction of doubly heavy baryon
at the LHeC via the channels γþg→ΞQQ0 þQ̄þQ̄0 and γ þ
Q → ΞQQ0 þ Q̄0 has been studied within the framework
of NRQCD.
We have found the extrinsic heavy quark mechanism via

γ þQ → ΞQQ0 þ Q̄0 provides a significant production rate
comparing to the channel γ þ g → ΞQQ0 þ Q̄þ Q̄0, regard-
less of the suppressions from the heavy quark PDFs. There
are four spin-and-color diquark configurations for the
production of doubly heavy baryons, i.e., ½1S0�3̄=6 and
½3S1�3̄=6. It was found that the ½3S1�3̄-diquark state provides
dominate contribution to the ΞQQ0 production. While other
diquark states can also provide sizable contributions to the
ΞQQ0 production, thus a careful discussion of all diquark
configurations are helpful for a sound prediction of the
doubly heavy baryon production.
The cross sections and its uncertainties caused by

different choices of the heavy-quark mass, the renormal-
ization/factorization scale and θc are presented. By taking
mc ¼ 1.80� 0.10 GeV and mb ¼ 5.1� 0.20 GeV, we
shall have ð6.70þ1.40

−1.10Þ × 103 Ξbb, ð8.81þ3.08
−2.20Þ × 106 Ξcc,

and ð4.63þ1.21
−0.92Þ × 105 Ξbc events to be generated in one

operation year at the LHeC under the condition of
ffiffiffi
S

p ¼
1.30 TeV and L≃ 1033 cm−2 s−1, where all diquark

TABLE V. Variations for the total cross sections (in units pb) for the photoproduction of ΞQQ0 at the
ffiffiffi
S

p ¼ 1.30 TeV LHeC with
mc ¼ 1.80� 0.10 GeV andmb ¼ 5.10� 0.20 GeV.mb is fixed to 5.10 GeV when discussing the uncertainty frommc, andmc is fixed
to 1.8 GeV when discussing the uncertainty from mb.

� � � mc ¼ 1.7 GeV mc ¼ 1.9 GeV mb ¼ 4.9 GeV mb ¼ 5.3 GeV

� � � hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6
σγg 0.02 30.90 1.84 1.28 0.02 15.38 1.31 0.89 0.03 21.61 1.78 1.21 0.02 21.61 1.35 0.94

σγc � � � 56.59 0.28 0.14 � � � 32.84 0.25 0.13 � � � 42.91 0.32 0.15 � � � 42.91 0.23 0.11

σγb 0.02 � � � 5.04 2.52 0.02 � � � 2.98 1.49 0.03 � � � 3.28 1.64 0.02 � � � 4.32 2.16

σ�γg 0.29 344.37 6.03 5.14 0.29 172.61 4.33 3.67 0.37 241.67 5.87 4.97 0.22 241.67 4.44 3.78

σ�γc � � � 756.97 1.34 0.67 � � � 439.95 1.19 0.60 � � � 574.42 1.48 0.74 � � � 574.42 1.08 0.54

σ�γb 0.34 � � � 22.61 11.31 0.34 � � � 13.70 6.85 0.38 � � � 15.06 7.53 0.30 � � � 19.49 9.74

Total 0.67 1188.83 58.15 0.67 660.78 37.39 0.81 880.61 44.03 0.56 880.61 48.18

TABLE VI. Variations for the total cross sections (in unit pb)
for the photoproduction of ΞQQ0 at the

ffiffiffi
S

p ¼ 1.30 TeV LHeC
under the renormalization/factorization scale set at μ ¼ 0.75MT
and μ ¼ 1.25MT .

� � � μ ¼ 0.75MT μ ¼ 1.25MT

� � � hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6
σγg 0.03 24.57 1.79 1.23 0.02 19.61 1.39 0.96

σγc � � � 46.21 0.29 0.15 � � � 39.94 0.25 0.12

σγb 0.02 � � � 2.09 1.04 0.03 � � � 4.45 2.23

σ�γg 0.33 272.55 5.87 4.97 0.26 220.26 4.57 3.89

σ�γc � � � 617.91 1.38 0.69 � � � 534.66 1.17 0.59

σ�γb 0.30 � � � 9.50 4.75 0.35 � � � 20.24 10.12

Total 0.68 961.24 33.75 0.66 814.47 49.98

TABLE VII. Variations for the total cross sections (in unit pb)
for the photoproduction of ΞQQ0 at the

ffiffiffi
S

p ¼ 1.30 TeV LHeC by
setting the electron scattering angle cut θc ¼ 64 and 16 mrad.

� � � θc ¼ 16 mrad θc ¼ 64 mrad

� � � hbbic hccic hbci3̄ hbci6 hbbic hccic hbci3̄ hbci6
σγg 0.02 20.08 1.43 0.98 0.03 23.13 1.66 1.14

σγc � � � 39.98 0.25 0.12 � � � 45.84 0.29 0.14

σγb 0.02 � � � 3.56 1.78 0.03 � � � 4.13 2.06

σ�γg 0.26 224.83 4.71 4.00 0.31 258.54 5.47 4.64

σ�γc � � � 535.40 1.17 0.59 � � � 613.45 1.35 0.68

σ�γb 0.31 � � � 16.18 8.09 0.36 � � � 18.77 9.39

Total 0.61 820.29 42.86 0.73 940.96 49.72
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configurations and production channels have been sum-
ming up. With such amounts of production rate, the LHeC
and its updated version, the FCC-ep, shall provide a helpful
platform for studying the properties of doubly heavy
baryon, especially for Ξcc and Ξbc.
At last, we make a discussion about the light quark

component in the doubly heavy baryon ΞQQ0q, where q
denotes light quark u, d, or s, respectively. The ratio for a
diquark hQQ0i½n� evolving to a certain doubly heavy
baryon ΞQQ0u, ΞQQ0d, or ΞQQ0s is about 1∶1∶0.3 [59].
Thus, 43% of hcci½n� are to be fragmented into Ξþþ

cc , 43%

for Ξþ
cc, and 14% for Ωþ

cc. The same estimation occurs for
the production of Ξ0

bb, Ξ−
bb, and Ω−

bb or the production of
Ξþ
bc, Ξ0

bc, and Ω0
bc.
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