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In this paper, we make a detailed study on the hadronic production of the Ξbc baryon at a fixed-target
experiment at the LHC (AFTER@LHC). In estimating the production cross sections, the (gþ g), (gþ c),
and (gþ b) production mechanisms are considered. For the initial heavy quarks, in addition to the extrinsic
component, we also consider the intrinsic component. It is found that the (gþ c) and (gþ b) production
mechanisms give sizable contributions to the Ξbc production, and the (gþ b) mechanism dominates the
production. The results show that there are about 3.40 × 105 Ξbc events that can be produced per year at the
AFTER@LHC if the integrated luminosity of the AFTER@LHC can be up to 2 fb−1 per year. Moreover,
the intrinsic heavy quarks can have a significant impact on production, which inversely makes the intrinsic
component be possibly tested at the AFTER@LHC.
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I. INTRODUCTION

In 2017, the doubly charmed baryon Ξþþ
cc was first

observed by the LHCb Collaboration via the decay channel
Ξþþ
cc → Λþ

c K−πþπþ with Λþ
c → pK−πþ [1]. This obser-

vation has been confirmed by the subsequent observation
using the decay mode Ξþþ

cc → Ξþ
ccπ

þ with Ξþ
cc → pK−πþ

[2]. These observations on Ξþþ
cc have aroused great interest

in studying the doubly heavy baryons in theoretical and
experimental aspects. Compared to heavy baryons that
contain one heavy quark, the production of doubly heavy
baryons involves more perturbative information which can
be calculated perturbatively via a proper QCD factorization
approach. Therefore, the production of doubly heavy
baryons provides a good platform for studying QCD,
especially perturbative QCD (pQCD). In recent years, lots
of theoretical works on the production of doubly heavy
baryons at various high-energy colliders, e.g., eþe−, ep,
and pp (or pp̄), have been carried out [3–29].

Up to now, only the doubly charmed baryon Ξþþ
cc has

been observed in experiments, while1 Ξbc and Ξbb have
not been observed in experiments.2 The observation
of Ξbc and Ξbb is attractive and can help to further
understand the strong interaction. A fixed-target experi-
ment (AFTER@LHC) using the LHC proton and heavy-
ion beams has been proposed to probe the high-x, spin, and
quark gluon plasma physics [34–37]. The center-of-mass
energy per nucleon-nucleon collision (

ffiffiffiffiffiffiffiffi
sNN

p
) of the

AFTER@LHC can reach up to 115 GeV for pp=pA
collisions, and the luminosity of the AFTER@LHC will
be very high due to the large density of the target. With the
high energy and high luminosity, it has been pointed out
that the AFTER@LHC will become a good platform for
studying the properties of Ξcc [12,13]. As a rough order
estimation, sizable Ξbc baryons may also be produced at the
AFTER@LHC. Thus, in the present paper, we will devote
ourselves to the production of Ξbc at the AFTER@LHC.
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1For simplicity, throughout this paper, we use ΞQQ0 to denote
the doubly heavy baryons that contain two heavy quarks Q
and Q0 and a light quark. For instance, Ξbc denotes the doubly
heavy baryons Ξþ

bc, Ξ0
bc, and Ω0

bc.
2The LHCb Collaboration has carried out searches for Ξbc,

but it has not been observed to date [30–32]. In these searches,
the exclusive decay channels Ξ0

bc → D0pK−, Ξ0
bc → Λþ

c π
−,

Ξ0
bc → Ξþ

c π
−, and Ξþ

bc → J=ψΞþ
c were used to reconstruct Ξbc.

Recently, an inclusive approach through the decay Ξbc → Ξþþ
cc þ

X was proposed for searching Ξbc [33], which provides a new
opportunity for searching Ξbc at the LHCb.
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The existing calculations for the hadronic production of
Ξbc are mainly based on the gluon-gluon fusion (gþ g)
mechanism [19,38,39]. The authors of Ref. [40] found that
in some kinematic regions, e.g., the small transverse
momentum (pt) region, the gluon-heavy-quark collisions
(gþ c) and (gþ b) can give important contributions to the
hadronic production of the BcðB�

cÞ meson, which even
exceed the contribution of the (gþ g) mechanism. The
production mechanism of the Ξbc baryon is similar to
that of the BcðB�

cÞ meson. Moreover, the measured pt of
doubly heavy baryons could be very small at a fixed-target
experiment such as the AFTER@LHC. Hence, it is
expected that the (gþ c) and (gþ b) mechanisms can also
give sizable contributions to the hadronic production of Ξbc
at the AFTER@LHC. In this work, in addition to the
(gþ g) mechanism, we will also consider the contributions
of the (gþ c) and (gþ b) mechanisms.
The heavy quarks in a nucleon have either perturbative

“extrinsic” or nonperturbative “intrinsic” origins [41–43].
The extrinsic heavy quarks are generated by gluon splitting
in Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)

evolution, while the intrinsic heavy quarks are nonpertur-
bative and arise from the wave function of the nucleon,
which even exist for scales below the heavy-quark thresh-
old. Since the (gþ c) and (gþ b) mechanisms are expected
to give important contributions to the Ξbc production at the
AFTER@LHC, the cross sections of Ξbc may be sensitive
to the parton distribution functions (PDFs) of the heavy
quarks. Therefore, it is interesting to study the impact of
intrinsic heavy quarks on Ξbc production.
The paper is organized as follows. In Sec. II, we present

formulas for calculating the hadronic production of Ξbc.
In Sec. III, we present the numerical results and the
related discussions. The final section is reserved for a
summary.

II. CALCULATION TECHNOLOGY

According to the pQCD factorization and the general-
mass variable-flavor-number scheme [44–47], the cross
section for the hadronic production of Ξbc via the collision
of two protons can be written as

σðH1 þH2 → Ξbc þ XÞ ¼ fgH1
ðx1; μÞfgH2

ðx2; μÞ ⊗ σ̂gg→Ξbc
ðx1; x2; μÞ

þ
X

i;j¼1;2;i≠j
fgHi

ðx1; μÞ½fcHj
ðx2; μÞ − fcHj

ðx2; μÞSUB� ⊗ σ̂gc→Ξbc
ðx1; x2; μÞ

þ
X

i;j¼1;2;i≠j
fgHi

ðx1; μÞ½fbHj
ðx2; μÞ − fbHj

ðx2; μÞSUB� ⊗ σ̂gb→Ξbc
ðx1; x2; μÞ þ � � � ; ð1Þ

where fiHðx; μÞ (withH ¼ H1 orH2; x ¼ x1 or x2; i ¼ g, c,
or b) is the PDF of the parton i in the incident proton H.
We have implicitly set the factorization scale and the
renormalization scale to be the same, i.e., μF ¼ μR ¼ μ.
fQHðx; μÞSUB (with Q ¼ c, b) is the subtraction term, which
is introduced to avoid double counting between the (gþ g)
and (gþQ) contributions. The subtraction term [44–47] is
defined as

fQHðx; μÞSUB ≡ fgHðx; μÞ ⊗ fQg ðx; μÞ

¼
Z

1

x

dy
y
fQg ðy; μÞfgH

�
x
y
; μ

�
ð2Þ

with

fQg ðx; μÞ ¼ αsðμÞ
2π

ln
μ2

m2
Q
Pg→QðxÞ

¼ αsðμÞ
4π

ð1 − 2xþ 2x2Þ ln μ2

m2
Q
: ð3Þ

According to the nonrelativistic QCD factorization [48],
the cross section σ̂gi→Ξbc

(with i ¼ g, b, c) can be further
factorized as [49–51]

σ̂gi→Ξbc
¼ Hðgi → ðbcÞ3̄½1S0�Þ · hðbcÞ3̄

þHðgi → ðbcÞ6½1S0�Þ · hðbcÞ6

þHðgi → ðbcÞ3̄½3S1�Þ · h0ðbcÞ3̄

þHðgi → ðbcÞ6½3S1�Þ · h0ðbcÞ6 þ � � � ; ð4Þ

where the ellipsis denotes the higher-order terms in v and
v is the relative velocity between the b quark and the c
quark in the rest frame of Ξbc. Hðgi → ðbcÞ3̄;6½1S0�Þ and
Hðgi → ðbcÞ3̄;6½3S1�Þ are the short-distance coefficients
(SDCs), which describe the production of the free ðbcÞ
quark pair with proper (color and spin) quantum numbers.
Since the involved energy scales are larger than the
heavy-quark threshold, the SDCs can be calculated
within pQCD. The long-distance matrix elements

(LDMEs) hðbcÞ
3̄

, hðbcÞ6 , h0ðbcÞ
3̄

, and h0ðbcÞ6 describe the
transitions of the ðbcÞ quark pair in ½1S0�3̄, ½1S0�6,
½3S1�3̄, and ½3S1�6 spin and color configurations into the
Ξbc baryon, respectively. These LDMEs are nonpertur-
bative in nature, so they cannot be calculated within

pQCD. hðbcÞ3 and h0ðbcÞ3 can be related to the wave function
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of the color 3̄ diquark,3 i.e., h0ðbcÞ3 ≃ hðbcÞ3 ≃ jΨbcð0Þj2.
However, the color 6 LDMEs hðbcÞ6 and h0ðbcÞ6 do not have
such a relation. According to the discussions presented in

Ref. [49], the color 6 LDMEs hðbcÞ6 and h0ðbcÞ6 are of the

same order in v as the color 3̄ LDMEs hðbcÞ
3̄

and h0ðbcÞ
3̄

;
thus, we take them all as jΨbcð0Þj2 to make our estimates.
Because of the fact that all these LDMEs are overall
parameters in the calculations, we can easily improve our
numerical results when we have more accurate values of
these LDMEs.
There are 36 Feynman diagrams for the (gþ g) mecha-

nism and five Feynman diagrams for the (gþ c) or (gþ b)
mechanism. Three of these Feynman diagrams are shown
in Fig. 1. From the figure, we can see that the cross section
for the (gþ g) mechanism starts at the order of α4s , while the
cross sections for the (gþ c) and (gþ b) mechanisms start
at the order of α3s . Compared to the (gþ g) mechanism, the
cross sections for the (gþ c) and (gþ b) mechanisms are
enhanced by a factor of 1=αs in the short-distance part.
Therefore, although the PDFs for the charm and bottom
quarks are highly suppressed compared to the gluon PDF,
the (gþ c) and (gþ b) mechanisms may give important
contributions to the Ξbc production in some kinematic
regions.
Considering the intrinsic heavy-quark component, the

PDF fiH (i ¼ g, c, b) can be expressed as

fiHðx; μÞ ¼ fi;0H ðx; μÞ þ fi;inH ðx; μÞ; ð5Þ

where fi;0H is the PDF without the intrinsic heavy-quark
effect and fi;inH ðx; μÞ is the term due to the intrinsic heavy-
quark effect. It is noted that the gluon PDF at a scale larger

than heavy-quark threshold is affected by the intrinsic
heavy-quark effect through DGLAP evolution; thus,
the gluon PDF also contains two terms as shown in
Eq. (5). The PDFs without the intrinsic heavy-quark effect
have been determined by several groups through global
fitting of experimental data.
For the intrinsic charm, several models are proposed to

estimate its distribution, e.g., the Brodsky-Hoyer-Peterson-
Sakai (BHPS) model [41], the meson cloud models [52,53],
the sealike model [54], etc. In this work, we adopt the
BHPS model for fc;inH ðx; 2mcÞ to discuss the effect of the
intrinsic charm, i.e.,

fc;inH ðx; 2mcÞ
¼ 6x2ξ½6xð1þ xÞ ln xþ ð1 − xÞð1þ 10xþ x2Þ�; ð6Þ

where the factor ξ depends on the probability of finding the
intrinsic charm quark, i.e.,

Ain ≡
Z

1

0

fc;inH ðx; 2mcÞdx ¼ ξ × 1%:

The probability for finding the intrinsic c=c̄ component in
the proton at the fixed low-energy scale 2mc is estimated to
be about 1% [41,42], and we take a range of ξ ∈ ½0.1; 1�
for discussion.4

In the BHPS model, the heavy-quark mass is not explicit
in the distribution function; it affects only the probability
for the heavy quark, i.e., ξ. Hence, the distribution function
for the intrinsic charm given in Eq. (6) also applies to the
intrinsic bottom, except that we should change the value of
ξ for the intrinsic bottom properly. It is expected that the
probability for the intrinsic bottom is suppressed with
respect to the intrinsic charm by a factor m2

c=m2
b ∼ 0.1.

Thus, we estimate the distribution function for the intrinsic
bottom through the following relation [56]:

fb;inH ðx; 2mcÞ ¼
m2

c

m2
b

fc;inH ðx; 2mcÞ: ð7Þ

With the PDFs for the intrinsic heavy quarks at the initial
scale 2mc, we can obtain the PDFs at any other scale by
solving the DGLAP equations. We adopt the approximate
method introduced in Ref. [57] to solve the DGLAP
equations, and we obtain

FIG. 1. Typical Feynman diagrams for the subprocesses of the
hadronic production of Ξbc.

3The transition from the free ðbcÞ pair in color 3̄ state to Ξbc
can be regarded as two steps: the formation of a bounded diquark
in color 3̄ and the fragmentation from the diquark into Ξbc. The
probability of the first step can be described through the wave
function of the color 3̄ diquark. Since the color 3̄ diquark can pick
up a light quark from the collision environment easily, the
probability of the fragmentation from the color 3̄ diquark into
Ξbc is usually assumed as ∼100%. Thus, the total probability of
the two steps can be described by the wave function of the color 3̄
diquark.

4By using the ATLAS data, the authors of Ref. [55] have
presented an upper limit to the intrinsic charm probability:
Ain < 1.93%. The range of Ain we adopted is compatible with
this upper limit.
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fQ;in
H ðx; μÞ ¼

Z
1

x

dy
y

�
fQ;in
H ðx=y; 2mcÞ

½− lnðyÞ�aQκ−1
ΓðaQκÞ

�

þ κ

Z
1

x

dy
y

Z
1

y

dz
z

�
fQ;in
H ðy=z; 2mcÞ

½− lnðzÞ�aQκ−1
ΓðaQκÞ

PΔQðx=yÞ
�
þOðκ2Þ; ð8Þ

fg;inH ðx; μÞ ¼
X
Q¼c;b

2κ

ag − aQ

Z
1

x

dy
y

Z
ag

aQ

da
Z

1

y

dz
z

�½− lnðzÞ�aκ−1
ΓðaκÞ fQ;in

H ðz; 2mcÞPQ→gQðx=yÞ
�
þOðκ2Þ; ð9Þ

where Q ¼ c or b and

ag ¼ 6; aQ ¼ 8

3
; β0 ¼ 11 − 2nf=3;

κ ¼ 2

β0
ln

�
αsð2mcÞ
αsðμÞ

�
;

PΔQðxÞ ¼
4

3

�
1þ x2

1 − x
þ 2

ln x
þ
�
3

2
− 2γE

�
δð1 − xÞ

�
;

PQ→gQ ¼ 4

3

�
1þ ð1 − xÞ2

x

�
: ð10Þ

In the calculation, we shall use GENXICC [58–60] to
simulate the hadronic production of Ξbc. GENXICC is an
effective generator for simulating the production of the
doubly heavy baryons (Ξcc, Ξbc, and Ξbb) and has been
widely used in experiments [2,30,31,61–65]. Here, we
modify the generator properly so as to include the
contributions from both extrinsic and intrinsic heavy
quarks.

III. NUMERICAL RESULTS AND DISCUSSIONS

For the numerical calculation, the input parameters are
taken as follows:

mc ¼ 1.8 GeV; mb ¼ 5.1 GeV;

MΞbc
¼ 6.9 GeV; jΨbcð0Þj2 ¼ 0.065 GeV3; ð11Þ

which are the same as those used in Ref. [38]. The
factorization and the renormalization scales are taken as

the “transverse mass” of Ξbc, i.e., μ ¼ mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
t þM2

Ξbc

q
.

For the extrinsic PDFs, we adopt the CT14LO PDF [66]
version extracted by the CTEQ group. For the probability
(Ain) of the intrinsic charm quark in the proton, we take
several values, i.e., Ain ¼ 0, 0.1%, 0.3%, and 1% to see the
effects of the intrinsic heavy quarks, where Ain ¼ 0
corresponds to the case that only the extrinsic mechanism
is considered for the heavy quarks in the proton. We
implicitly take a small transverse momentum cut for the Ξbc
events, i.e., pt > 0.2 GeV, which was used in the SELEX
experiment [67] and could be adopted by the fixed-target
experiment at the AFTER@LHC.
In order to have an overall impression on the hadronic

production of Ξbc at the AFTER@LHC, we first present the
integrated cross sections for Ξbc production via the (gþ g),
(gþ b), and (gþ c) mechanisms in Table I, where the
contributions for different intermediate ðbcÞ states, i.e.,
ðbcÞ3̄½1S0�, ðbcÞ6½1S0�, ðbcÞ3̄½3S1�, and ðbcÞ6½3S1� are
shown explicitly. From Table I, we can see that, in addition
to the color 3̄ intermediate states, the color 6 intermediate
states also give important contributions. For the (gþ g) and
(gþ c) mechanisms, the contribution from the color 6
intermediate states is even larger than that from the color 3̄
intermediate states. Comparing the contributions from
different mechanisms, i.e., (gþ g), (gþ c), and (gþ b),
we can see that the (gþ c) and (gþ b) mechanisms give

TABLE I. Cross sections (in unit pb) for the Ξbc production at the AFTER@LHC with different intrinsic heavy-quark components
corresponding to different choices of Ain, i.e., Ain ¼ 0, 0.1%, 0.3%, and 1%, respectively. Here, the transverse momentum cut has been
taken as pt > 0.2 GeV.

Ain ¼ 0 Ain ¼ 0.1% Ain ¼ 0.3% Ain ¼ 1%

σgþg σgþc σgþb σgþg σgþc σgþb σgþg σgþc σgþb σgþg σgþc σgþb

ðbcÞ3̄½1S0� 1.45 0.86 4.67 1.45 0.93 5.21 1.46 1.08 6.27 1.48 1.59 10.03

ðbcÞ6½1S0� 1.35 0.70 4.22 1.35 0.76 4.70 1.36 0.87 5.64 1.37 1.27 8.97

ðbcÞ3̄½3S1� 5.18 5.06 28.26 5.19 5.47 31.49 5.21 6.28 37.96 5.29 9.14 60.51

ðbcÞ6½3S1� 9.48 5.97 23.53 9.49 6.44 26.20 9.53 7.38 31.53 9.67 10.67 50.17

Total 17.46 12.59 60.68 17.48 13.60 67.60 17.56 15.61 81.40 17.81 22.67 129.68
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sizable contributions, and the (gþ b) mechanism domi-
nates over the Ξbc production. The results also show that
the intrinsic heavy quarks can have a significant impact on
the cross sections of the (gþ c) and (gþ b) mechanisms.
For example, even if there is only 0.1% probability to find
the intrinsic charm-quark component in the proton, i.e.,
Ain ¼ 0.1%, the cross sections for the (gþ c) and (gþ b)
mechanisms are increased by about 8.0% and 11.4%,
respectively.
If the integrated luminosity of the AFTER@LHC

reaches 0.05 or 2 fb−1 per operation year [36], there are
about 4.54 × 103 or 1.81 × 105 Ξbc events to be generated
at the AFTER@LHC for Ain ¼ 0. If setting Ain ¼ 1%,
the Ξbc events shall be greatly increased to 8.51 × 103 or
3.40 × 105 per operation year. The number of Ξbc events
is sensitive to the probability of finding intrinsic heavy
quarks in the proton. Therefore, Ξbc production at the
AFTER@LHC provides a good platform for testing and
studying the intrinsic heavy-quark content.

A. Ξbc production via the (g + g) mechanism

In this subsection, we shall analyze the cross sections for
the Ξbc production via the (gþ g) mechanism.
In order to see how the differential cross sections of Ξbc

via the (gþ g) mechanism are affected by the intrinsic
heavy quarks, we present the differential pt (transverse
momentum) and y (rapidity) distributions for Ξbc produc-
tion via the (gþ g) mechanism with different intrinsic
heavy-quark probabilities in Figs. 2 and 3. Figures 2 and 3
show that the pt and y distributions of Ξbc change very
slightly in whole pt or y region after including the intrinsic
heavy-quark content. This is because the effect of the

intrinsic heavy quarks on the gluon PDF is small. To show
this point more obviously, a comparison of the gluon PDF
with and without an intrinsic heavy-quark effect is pre-
sented in Fig. 4, where three typical scales, i.e., μ ¼ 3.6, 5,
and 10 GeV, are adopted. The two curves with and without
intrinsic heavy quarks almost coincide under various
scales, indicating the intrinsic heavy-quark effect on the
gluon PDF is negligible.
It is interesting to see the differential distributions of

the contributions from different intermediate ðbcÞ states.
In Figs. 5 and 6, the differential pt and y distributions for
different intermediate states, i.e., ðbcÞ3̄½1S0�, ðbcÞ6½1S0�,
ðbcÞ3̄½3S1�, and ðbcÞ6½3S1�, are presented, where the

FIG. 2. Comparison of the pt distributions for the hadronic
production of Ξbc with and without the intrinsic heavy quarks,
Ain ¼ 0, Ain ¼ 0.3%, and Ain ¼ 1%, via the (gþ g) mechanism
at the AFTER@LHC, where the contributions from various
intermediate ðbcÞ states have been summed up.

FIG. 3. Comparison of the y distributions for the hadronic
production of Ξbc with and without the intrinsic heavy quarks,
Ain ¼ 0, Ain ¼ 0.3%, and Ain ¼ 1%, via the (gþ g) mechanism
at the AFTER@LHC, where the contributions from various
intermediate ðbcÞ states have been summed up. Here, the trans-
verse momentum cut is taken as pt > 0.2 GeV.

FIG. 4. The gluon PDF with and without intrinsic heavy quarks,
Ain ¼ 1% and Ain ¼ 0, at different scales.
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probability of the intrinsic charm is fixed as Ain ¼ 1%.
The figures show that the curves for the contributions
of different intermediate ðbcÞ states are very similar in
shape. The ðbcÞ6½3S1� channel dominates the production via
the (gþ g) mechanism.

B. Ξbc production via the (g + c) and (g+ b) mechanisms

In this subsection, we shall analyze the cross sections for
the Ξbc production via the (gþ c) and (gþ b) mechanisms.
To show how the differential distributions of Ξbc

production via the (gþ c) and (gþ b) mechanisms are

affected by the intrinsic heavy quarks, we present the pt
and y distributions for Ain ¼ 0; 0.3%; 1% in Figs. 7 and 8,
respectively. Here, the contributions from the ðbcÞ3̄½1S0�,
ðbcÞ6½1S0�, ðbcÞ3̄½3S1�, and ðbcÞ6½3S1� intermediate states
have been summed up. The shapes of the pt distribution
curves for the different Ain values are similar. However, it is
clear that the normalization of the pt distribution is changed

FIG. 6. The y distributions of Ξbc production via the (gþ g)
mechanism with Ain ¼ 1% at the AFTER@LHC, in which
pt > 0.2 GeV has been taken. The contributions from different
intermediate ðbcÞ states are presented explicitly.

FIG. 7. Comparison of the pt distributions for Ξbc production
with and without intrinsic heavy quarks, Ain ¼ 1%, Ain ¼ 0.3%,
and Ain ¼ 0, via the (gþ c) and (gþ b) mechanisms at the
AFTER@LHC. Here, the contributions from various intermedi-
ate ðbcÞ states have been summed up.

FIG. 8. Comparison of the y distributions for Ξbc production
with and without intrinsic heavy quarks, Ain ¼ 1%, Ain ¼ 0.3%,
and Ain ¼ 0, via the (gþ c) and (gþ b) mechanisms at the
AFTER@LHC, in which pt > 0.2 GeV has been taken. The
contributions from various intermediate ðbcÞ states have been
summed up.

FIG. 5. The pt distributions of Ξbc production via the (gþ g)
mechanism with Ain ¼ 1% at the AFTER@LHC, in which no
y cut has been applied. The contributions from different inter-
mediate ðbcÞ states are presented explicitly.
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with the variation of Ain. The change of the y distribution is
more significant with the variation of Ain. For example, the
shape and the normalization of the y distribution change
significantly with the increase of Ain. The changes of these
distributions are sizable, which are consistent with the total
cross sections in Table I; then the measured differential
distributions could be potentially adopted to confirm the
intrinsic heavy quarks in a proton.
To illustrate how the intrinsic heavy-quark component

affects the charm and bottom PDFs, we present the charm
and bottom PDFs under several typical scales in Figs. 9
and 10. The figures show that the charm and bottom PDFs

are significantly enhanced in the region of x≳ 0.2 after
including the intrinsic heavy-quark component. This
explains the strong enhancement of the intrinsic heavy
quarks to Ξbc production via the (gþ c) and (gþ b)
mechanisms at the AFTER@LHC. Therefore, intrinsic
heavy quarks, if they exist in hadrons, will play an
important role in the hadronic production of Ξbc.
To see the contributions from different intermediate ðbcÞ

states via the (gþ c) and (gþ b) mechanisms, we present
the differential pt and y distributions for Ξbc production via
different intermediate states, i.e., ðbcÞ3̄½1S0�, ðbcÞ6½1S0�,
ðbcÞ3̄½3S1�, and ðbcÞ6½3S1�, at the AFTER@LHC in
Figs. 11–14, respectively. For the (gþ c) mechanism,
the largest contribution is from the ðbcÞ6½3S1� channel,
while for the (gþ b) mechanism, the largest contribution is
from the ðbcÞ3̄½3S1� channel. For both the (gþ c) and
(gþ b) mechanisms, the curves of the ðbcÞ6½3S1� and the
ðbcÞ3̄½3S1� channels are very close.

C. Ξbc production via the three mechanisms

In the previous two subsections, we have analyzed the
cross sections from different mechanisms respectively.
Those results can help us understand the production
mechanism of Ξbc at the AFTER@LHC. In order to
compare with experiments, the contributions from different
mechanisms should be summed up. In this subsection, we
shall analyze the cross sections for Ξbc production, where
the contributions from the (gþ g), (gþ c), and (gþ b)
mechanisms are summed up.
In Figs. 15 and 16, the differential pt and y distributions

with and without intrinsic heavy quarks are shown, where

FIG. 10. The charm and bottom PDFs with and without an
intrinsic heavy-quark component, Ain ¼ 1% and Ain ¼ 0, at
different scales.

FIG. 9. The charm and bottom PDFs with and without intrinsic
heavy-quark component, Ain ¼ 1% and Ain ¼ 0, at different
scales.

FIG. 11. The pt distributions of Ξbc via the (gþ c) mechanism
at the AFTER@LHC with an intrinsic charm component as
Ain ¼ 1%, in which no y cut has been applied. The contributions
from different intermediate ðbcÞ states are presented explicitly.
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the contributions from the (gþ g), (gþ c), and (gþ b)
mechanisms have been summed up. The figures show that
the differential pt and y distributions are significantly
changed after including the intrinsic heavy quarks. This is
because the (gþ c) and (gþ b) mechanisms have important
contributions to the cross sections of the Ξbc production, and
the contributions from the (gþ c) and (gþ b) mechanisms
are sensitive to the intrinsic heavy quarks.

In Figs. 17 and 18, the contributions from different
intermediate ðbcÞ states are shown explicitly. The figures
show that the curves of different intermediate ðbcÞ states
are similar in shape. The dominant contributions to the
differential cross sections come from the ðbcÞ3̄½3S1� and
ðbcÞ6½3S1� channels, and they are very close.
Considering that future experiments may adopt kinematic

cuts other than the default values (i.e., pt > 0.2 GeV and no

FIG. 13. The y distributions of Ξbc via the (gþ c) mechanism
at the AFTER@LHC with the intrinsic charm component as
Ain ¼ 1%, in which the cut pt > 0.2 GeV has been taken, and the
contributions from different intermediate ðbcÞ states are pre-
sented explicitly.

FIG. 14. The y distributions of Ξbc via the (gþ b) mechanism
at the AFTER@LHC with the intrinsic charm component as
Ain ¼ 1%, in which the cut pt > 0.2 GeV has been taken, and
the contributions from different intermediate ðbcÞ states are
presented explicitly.

FIG. 15. Comparison of the pt distributions for Ξbc produc-
tion with and without intrinsic heavy quarks, Ain ¼ 1%,
Ain ¼ 0.3%, and Ain ¼ 0 at the AFTER@LHC. Here, the
contributions from the (gþ g), (gþ c), and (gþ b) mechanisms
have been summed up.

FIG. 12. The pt distributions of Ξbc via the (gþ b) mechanism
at the AFTER@LHC with the intrinsic charm component as
Ain ¼ 1%, in which no y cut has been applied, and the
contributions from different intermediate ðbcÞ states are pre-
sented explicitly.
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y cut) used in this paper, we present the cross sections
under various kinematic cuts in Tables II and III, where
we have set Ain ¼ 1% for the intrinsic heavy quarks. The
results show nearly 89% Ξbc events to be generated in the
small pt region, pt ∈ ½0.2; 4� GeV, and about 64% Ξbc
events for jyj ≤ 1.

D. Theoretical uncertainties for Ξbc production

In this subsection, we will discuss the theoretical
uncertainties for Ξbc production at the AFTER@LHC.

The main uncertainty sources include the LDMEs, the
charm quark mass, the bottom quark mass, and the
renormalization or factorization scale. Up to now, we do
not have accurate values for the color 6 LDMEs, which can

FIG. 17. The pt distributions of Ξbc at the AFTER@LHC with
Ain ¼ 1%, in which no y cut has been applied. The contributions
from the (gþ g), (gþ c), and (gþ b) mechanisms have been
summed up, while the contributions from different intermediate
ðbcÞ states are presented explicitly.

FIG. 18. The y distributions of Ξbc at the AFTER@LHC with
Ain ¼ 1%, in which pt > 0.2 GeV has been applied. The con-
tributions from the (gþ g), (gþ c), and (gþ b) mechanisms have
been summed up, while the contributions from different inter-
mediate ðbcÞ states are presented explicitly.

TABLE II. Cross sections (in unit pb) of Ξbc production at the
AFTER@LHC under different pt cuts, where the contributions
from the (gþ g), (gþ c), and (gþ b) mechanisms have been
summed up and the probability of the intrinsic charm has been set
as Ain ¼ 1%.

pt ≥ 2 GeV pt ≥ 4 GeV pt ≥ 6 GeV pt ≥ 8 GeV

σðbcÞ3̄½1S0� 6.76 1.60 0.38 0.09
σðbcÞ6½1S0� 5.43 1.40 0.36 0.09
σðbcÞ3̄½3S1� 32.60 7.22 1.69 0.40
σðbcÞ6½3S1� 31.68 8.14 2.01 0.48

Total 76.47 18.36 4.45 1.06

FIG. 16. Comparison of the y distributions for Ξbc production
with and without intrinsic heavy quarks, Ain ¼ 1%, Ain ¼ 0.3%,
and Ain ¼ 0 at the AFTER@LHC. Here, the contributions
from the (gþ g), (gþ c), and (gþ b) mechanisms have been
summed up.

TABLE III. Cross sections (in unit pb) of Ξbc production at the
AFTER@LHC under different y cuts, where Ain ¼ 1%, pt >
0.2 GeV and the contributions from the (gþ g), (gþ c), and
(gþ b) mechanisms have been summed up.

jyj < 1 jyj < 2 jyj < 3

σðbcÞ3̄½1S0� 8.08 12.86 13.06
σðbcÞ6½1S0� 7.45 11.45 11.61
σðbcÞ3̄½3S1� 46.14 73.65 74.93
σðbcÞ6½3S1� 46.71 69.57 70.53

Total 108.38 167.53 170.14
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be extracted from future experiments for Ξbc production.
In this paper, we estimate them by taking them as the
same values as the color 3̄ LDMEs. Fortunately, these
LDMEs appear as overall factors, so we can easily
improve the numerical results when we have accurate
values for these LDMEs. Therefore, we will not consider
the uncertainties caused by the LDMEs but concentrate
our attention on the uncertainties caused by the heavy-
quark masses and the renormalization or factorization
scale. For clarity, when we discuss the uncertainty from
one parameter, other input parameters will be kept to be
their central values. For convenience, we set Ain ¼ 1%
throughout this subsection.
We first consider the uncertainties caused by the

charm and bottom quark masses. We estimate them
by taking mc ¼ 1.8� 0.1 GeV and mb ¼ 5.1� 0.2 GeV.
The uncertainties caused by the charm and bottom quark
masses are presented in Tables IV and V, respectively.
From the tables, we can see that the cross sections for
the (gþ g) and (gþ b) mechanisms are more sensitive to
the charm quark mass than that for the (gþ c) mecha-
nism. For example, when the charm quark mass is
increased by 0.1 GeV, the cross sections for the
(gþ g) and (gþ b) mechanisms are decreased by 21%
and 22%, respectively, while the cross section for the
(gþ b) mechanism is decreased only by 9%. The cross
sections for the (gþ g) and (gþ c) mechanisms are more
sensitive to the bottom quark mass than that for the
(gþ b) mechanism. When the bottom quark mass is
increased by 0.2 GeV, the cross sections for the (gþ g)
and (gþ c) mechanisms are decreased by 20% and 21%,
respectively, while the cross section for the (gþ b)
mechanism is increased by 6%.

Then we consider the uncertainties caused by the
renormalization and factorization scales. For simplicity,
we also set the renormalization and factorization scales to
be the same, i.e., μF ¼ μR ¼ μ, and take them as the three
typical energy scales (MΞbc

, mT , and the center-of-mass

energy of the parton subprocess
ffiffiffî
s

p
) involved in the

production process to estimate the uncertainties. The
uncertainties caused by the renormalization or factorization
scale are presented in Table VI.
To obtain total uncertainties from the heavy-quark

masses and the renormalization or factorization scale, we
add the uncertainties in quadrature. Then we obtain

TABLE IV. Cross sections (in unit pb) for the Ξbc production at
the AFTER@LHC with a variation of mc ¼ 1.8� 0.1 GeV,
where pt > 0.2 GeV and Ain ¼ 1%.

mc (GeV) 1.7 1.8 1.9

gþ g → ðbcÞ3̄½1S0� 1.90 1.48 1.17

gþ g → ðbcÞ6½1S0� 1.82 1.37 1.05

gþ g → ðbcÞ3̄½3S1� 6.85 5.29 4.13

gþ g → ðbcÞ6½3S1� 12.36 9.67 7.64

gþ c → ðbcÞ3̄½1S0� 1.79 1.59 1.41

gþ c → ðbcÞ6½1S0� 1.42 1.27 1.14

gþ c → ðbcÞ3̄½3S1� 10.00 9.14 8.37

gþ c → ðbcÞ6½3S1� 11.70 10.67 9.75

gþ b → ðbcÞ3̄½1S0� 13.57 10.03 7.54

gþ b → ðbcÞ6½1S0� 11.97 8.97 6.84

gþ b → ðbcÞ3̄½3S1� 79.29 60.51 46.92

gþ b → ðbcÞ6½3S1� 65.00 50.17 39.34

TABLE V. Cross sections (in unit pb) for the Ξbc production at
the AFTER@LHC with a variation of mb ¼ 5.1� 0.2 GeV,
where pt > 0.2 GeV and Ain ¼ 1%.

mb (GeV) 4.9 5.1 5.3

gþ g → ðbcÞ3̄½1S0� 1.85 1.48 1.19

gþ g → ðbcÞ6½1S0� 1.68 1.37 1.13

gþ g → ðbcÞ3̄½3S1� 6.62 5.29 4.25

gþ g → ðbcÞ6½3S1� 12.14 9.67 7.74

gþ c → ðbcÞ3̄½1S0� 1.99 1.59 1.27

gþ c → ðbcÞ6½1S0� 1.60 1.27 1.02

gþ c → ðbcÞ3̄½3S1� 11.69 9.14 7.19

gþ c → ðbcÞ6½3S1� 13.57 10.67 8.45

gþ b → ðbcÞ3̄½1S0� 9.05 10.03 10.75

gþ b → ðbcÞ6½1S0� 8.11 8.97 9.59

gþ b → ðbcÞ3̄½3S1� 55.46 60.51 63.88

gþ b → ðbcÞ6½3S1� 46.10 50.17 52.69

TABLE VI. Cross sections (in unit pb) for Ξbc production at the
AFTER@LHC under the different choices of the renormalization
or factorization scale (i.e., μ ¼ MΞbc

, mT , and
ffiffiffî
s

p
), where

pt > 0.2 GeV and Ain ¼ 1%.

μ MΞbc
mT

ffiffiffî
s

p

gþ g → ðbcÞ3̄½1S0� 1.84 1.48 0.39

gþ g → ðbcÞ6½1S0� 1.74 1.37 0.36

gþ g → ðbcÞ3̄½3S1� 6.56 5.29 1.32

gþ g → ðbcÞ6½3S1� 11.92 9.67 2.55

gþ c → ðbcÞ3̄½1S0� 1.74 1.59 0.85

gþ c → ðbcÞ6½1S0� 1.40 1.27 0.73

gþ c → ðbcÞ3̄½3S1� 10.19 9.14 5.26

gþ c → ðbcÞ6½3S1� 11.77 10.67 6.34

gþ b → ðbcÞ3̄½1S0� 10.29 10.03 8.85

gþ b → ðbcÞ6½1S0� 9.18 8.97 8.15

gþ b → ðbcÞ3̄½3S1� 61.75 60.51 54.16

gþ b → ðbcÞ6½3S1� 51.12 50.17 45.67
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σgþg→ðbcÞ3̄½1S0� ¼ 1.48þ0.66
−1.17 pb;

σgþg→ðbcÞ6½1S0� ¼ 1.37þ0.66
−1.08 pb;

σgþg→ðbcÞ3̄½3S1� ¼ 5.29þ2.41
−4.26 pb;

σgþg→ðbcÞ6½3S1� ¼ 9.67þ4.29
−7.70 pb;

σgþc→ðbcÞ3̄½1S0� ¼ 1.59þ0.47
−0.82 pb;

σgþc→ðbcÞ6½1S0� ¼ 1.27þ0.39
−0.62 pb;

σgþc→ðbcÞ3̄½3S1� ¼ 9.14þ2.89
−4.41 pb;

σgþc→ðbcÞ6½3S1� ¼ 10.67þ3.27
−4.95 pb;

σgþb→ðbcÞ3̄½1S0� ¼ 10.03þ3.62
−2.92 pb;

σgþb→ðbcÞ6½1S0� ¼ 8.97þ3.07
−2.44 pb;

σgþb→ðbcÞ3̄½3S1� ¼ 60.51þ19.12
−15.83 pb;

σgþb→ðbcÞ6½3S1� ¼ 50.17þ15.07
−12.41 pb: ð12Þ

Adding up the contributions from the different intermediate
ðbcÞ states, we obtain

σgþg ¼ 17.81þ8.02
−14.21 pb;

σgþc ¼ 22.67þ7.02
−10.80 pb;

σgþb ¼ 129.68þ40.88
−33.60 pb; ð13Þ

and

σTotal ¼ 170.16þ55.92
−58.61 pb: ð14Þ

IV. CONCLUSIONS

In the present paper, we have studied hadronic produc-
tion of the Ξbc baryon at the suggested fixed-target experi-
ment AFTER@LHC. The integrated cross sections and
the differential distributions (dσ=dpt and dσ=dy) for Ξbc

production are obtained, and the main theoretical uncer-
tainties for the cross sections are analyzed.
For the initial partons, in addition to the (gþ g) fusion

mechanism, the (gþ c) and (gþ b) collision mechanisms
are also considered. It is found that the (gþ c) and (gþ b)
mechanisms give sizable contributions to Ξbc production,
and the (gþ b) mechanism dominates the production. For
the initial heavy quarks, both the extrinsic and the intrinsic
components are considered. The results show that the
intrinsic heavy quarks can have a significant impact on
Ξbc production. If setting the probability for the intrinsic
charm, Ain ¼ 1%, the cross section for the (gþ c) mecha-
nism will be enhanced by about 80%; and, if further setting
the probability for the intrinsic bottom to be one order
smaller than the probability of intrinsic charm, the cross
section for the (gþ b) mechanism will be enhanced by
about 114%. Thus, the intrinsic heavy quarks play impor-
tant roles in the Ξbc baryon at the AFTER@LHC.
If the integrated luminosity of the AFTER@LHC can be

up to 2 fb−1 per year, there are about 3.40 × 105 Ξbc events
to be produced per year. Therefore, the Ξbc may be
observed at the AFTER@LHC, and the intrinsic heavy
quarks may be tested and studied through studying Ξbc
production at the AFTER@LHC.

ACKNOWLEDGMENTS

This work was supported in part by the Natural
Science Foundation of China under Grants
No. 12005028, No. 12175025, and No. 12147102, by
the China Postdoctoral Science Foundation under Grant
No. 2021M693743, by the Fundamental Research Funds
for the Central Universities under Grant No. 2020CQJQY-
Z003, by the Chongqing Natural Science Foundation
under Grant No. CSTB2022NSCQ-MSX0415, and by
the Chongqing Graduate Research and Innovation
Foundation under Grant No. ydstd1912.

[1] R. Aaij et al. (LHCb Collaboration), Observation of the
Doubly Charmed Baryon Ξþþ

cc , Phys. Rev. Lett. 119,
112001 (2017).

[2] R. Aaij et al. (LHCb Collaboration), First Observation of the
Doubly Charmed Baryon Decay Ξþþ

cc → Ξþ
c π

þ, Phys. Rev.
Lett. 121, 162002 (2018).

[3] J. Jiang, X. G. Wu, Q. L. Liao, X. C. Zheng, and Z. Y. Fang,
Doubly heavy baryon production at a high luminosity eþe−

collider, Phys. Rev. D 86, 054021 (2012).
[4] J. Jiang, X. G. Wu, S. M. Wang, J. W. Zhang, and Z. Y.

Fang, A further study on the doubly heavy baryon pro-
duction around the Z0 peak at a high luminosity eþe−

collider, Phys. Rev. D 87, 054027 (2013).

[5] G. Chen, X. G. Wu, Z. Sun, Y. Ma, and H. B. Fu, Photo-
production of doubly heavy baryon at the ILC, J. High
Energy Phys. 12 (2014) 018.

[6] Z. J. Yang, P. F. Zhang, and Y. J. Zheng, Doubly heavy
baryon production in eþe− annihilation, Chin. Phys. Lett.
31, 051301 (2014).

[7] Z. J. Yang and X. X. Zhao, The production of Ξbb
at photon collider, Chin. Phys. Lett. 31, 091301
(2014).

[8] A. P. Martynenko and A. M. Trunin, Relativistic
corrections to the pair double heavy diquark production
in eþe− annihilation, Phys. Rev. D 89, 014004
(2014).

HADRONIC PRODUCTION OF Ξbc WITH THE … PHYS. REV. D 106, 114030 (2022)

114030-11

https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.121.162002
https://doi.org/10.1103/PhysRevLett.121.162002
https://doi.org/10.1103/PhysRevD.86.054021
https://doi.org/10.1103/PhysRevD.87.054027
https://doi.org/10.1007/JHEP12(2014)018
https://doi.org/10.1007/JHEP12(2014)018
https://doi.org/10.1088/0256-307X/31/5/051301
https://doi.org/10.1088/0256-307X/31/5/051301
https://doi.org/10.1088/0256-307X/31/9/091301
https://doi.org/10.1088/0256-307X/31/9/091301
https://doi.org/10.1103/PhysRevD.89.014004
https://doi.org/10.1103/PhysRevD.89.014004


[9] X. C. Zheng, C. H. Chang, and Z. Pan, Production of doubly
heavy-flavored hadrons at eþe− colliders, Phys. Rev. D 93,
034019 (2016).

[10] H. Y. Bi, R. Y. Zhang, X. G. Wu, W. G. Ma, X. Z. Li, and S.
Owusu, Photoproduction of doubly heavy baryon at the
LHeC, Phys. Rev. D 95, 074020 (2017).

[11] Z. Sun and X. G. Wu, The production of the doubly
charmed baryon in deeply inelastic ep scattering at the
Large Hadron Electron Collider, J. High Energy Phys. 07
(2020) 034.

[12] G. Chen, X. G. Wu, J. W. Zhang, H. Y. Han, and H. B. Fu,
Hadronic production of Ξcc at a fixed-target experiment at
the LHC, Phys. Rev. D 89, 074020 (2014).

[13] G. Chen, X. G. Wu, and S. Xu, Impacts of the intrinsic
charm content of the proton on the Ξcc hadroproduction at a
fixed target experiment at the LHC, Phys. Rev. D 100,
054022 (2019).

[14] G. Chen, C. H. Chang, and X. G. Wu, Hadronic production
of the doubly charmed baryon via the proton–nucleus and
the nucleus–nucleus collisions at the RHIC and LHC,
Eur. Phys. J. C 78, 801 (2018).

[15] A. P. Martynenko and A. M. Trunin, Pair double heavy
diquark production in high energy proton–proton collisions,
Eur. Phys. J. C 75, 138 (2015).

[16] S. Koshkarev, Production of the doubly heavy baryons, Bc

meson and the all-charm tetraquark at AFTER@LHC with
double intrinsic heavy mechanism, Acta Phys. Pol. B 48,
163 (2017).

[17] S. Koshkarev and V. Anikeev, Production of the doubly
charmed baryons at the SELEX experiment—The double
intrinsic charm approach, Phys. Lett. B 765, 171 (2017).

[18] S. Groote and S. Koshkarev, Production of doubly charmed
baryons nearly at rest, Eur. Phys. J. C 77, 509 (2017).

[19] A. V. Berezhnoy, A. K. Likhoded, and A. V. Luchinsky,
Doubly heavy baryons at the LHC, Phys. Rev. D 98, 113004
(2018).

[20] S. J. Brodsky, S. Groote, and S. Koshkarev, Resolving the
SELEX–LHCb double-charm baryon conflict: The impact
of intrinsic heavy-quark hadroproduction and supersym-
metric light-front holographic QCD, Eur. Phys. J. C 78, 483
(2018).

[21] A. V. Berezhnoy, I. N. Belov, and A. K. Likhoded, Produc-
tion of doubly charmed baryons with the excited heavy
diquark at LHC, Int. J. Mod. Phys. A 34, 1950038 (2019).

[22] X. G. Wu, A new search for the doubly charmed baryon Ξþ
cc

at the LHC, Sci. China Phys. Mech. Astron. 63, 221063
(2020).

[23] Q. Qin, Y. F. Shen, and F. S. Yu, Discovery potentials of
double-charm tetraquarks, Chin. Phys. C 45, 103106
(2021).

[24] J. J. Niu, L. Guo, H. H. Ma, X. G. Wu, and X. C. Zheng,
Production of semi-inclusive doubly heavy baryons via top-
quark decays, Phys. Rev. D 98, 094021 (2018).

[25] J. J. Niu, L. Guo, H. H. Ma, and X. G. Wu, Production of
doubly heavy baryons via Higgs boson decays, Eur. Phys. J.
C 79, 339 (2019).

[26] P. H. Zhang, L. Guo, X. C. Zheng, and Q.W. Ke, Excited
doubly heavy baryon production via Wþ boson decays,
Phys. Rev. D 105, 034016 (2022).

[27] X. Luo, Y. Z. Jiang, G. Y. Zhang, and Z. Sun, Doubly-
charmed baryon production in Z boson decay, arXiv:
2206.05965.

[28] X. Luo, H. B. Fu, and H. J. Tian, Investigation for Z-boson
decay into Ξbc and Ξbb baryon with the NRQCD factor-
izations approach, arXiv:2208.07520.

[29] H. H. Ma, J. J. Niu, and X. C. Zheng, Excited doubly
heavy baryons production via top-quark decays, arXiv:2210
.03306.

[30] R. Aaij et al. (LHCb Collaboration), Search for the doubly
heavy Ξ0

bc baryon via decays to D0pK−, J. High Energy
Phys. 11 (2020) 095.

[31] R. Aaij et al. (LHCb Collaboration), Search for the doubly
heavy baryons Ω0

bc and Ξ0
bc decaying to Λþ

c π
− and Ξþ

c π
−,

Chin. Phys. C 45, 093002 (2021).
[32] LHCb Collaboration, Search for the doubly heavy baryon

Ξþ
bc decaying to J=ψΞþ

c , arXiv:2204.09541.
[33] Q. Qin, Y. J. Shi, W. Wang, G. H. Yang, F. S. Yu, and R.

Zhu, Inclusive approach to hunt for the beauty-charmed
baryons Ξbc, Phys. Rev. D 105, L031902 (2022).

[34] J. P. Lansberg, V. Chambert, J. P. Didelez, B. Genolini,
C. Hadjidakis, P. Rosier, R. Arnaldi, E. Scomparin, S. J.
Brodsky, E. G. Ferreiro et al., A fixed-target expeRiment at
the LHC (AFTER@LHC): Luminosities, target polarisation
and a selection of physics studies, Proc. Sci., QNP2012
(2012) 049.

[35] J. P. Lansberg, R. Arnaldi, S. J. Brodsky, V. Chambert, J. P.
Didelez, B. Genolini, E. G. Ferreiro, F. Fleuret, C.
Hadjidakis, C. Lorce et al., AFTER@LHC: A precision
machine to study the interface between particle and nuclear
physics, EPJ Web Conf. 66, 11023 (2014).

[36] S. J. Brodsky, F. Fleuret, C. Hadjidakis, and J. P. Lansberg,
Physics opportunities of a fixed-target experiment using the
LHC beams, Phys. Rep. 522, 239 (2013).

[37] C. Barschel, J. Bernhard, A. Bersani, C. Boscolo
Meneguolo, R. Bruce, M. Calviani, V. Carassiti, F.
Cerutti, P. Chiggiato, G. Ciullo et al., LHC fixed target
experiments: Report from the LHC Fixed Target Working
Group of the CERN Physics Beyond Colliders Forum,
CERN Yellow Reports: Monographs, 10.23731/CYRM-
2020-004.

[38] S. P. Baranov, On the production of doubly flavored baryons
in pp, ep and gamma gamma collisions, Phys. Rev. D 54,
3228 (1996).

[39] J. W. Zhang, X. G. Wu, T. Zhong, Y. Yu, and Z. Y. Fang,
Hadronic production of the doubly heavy baryon Ξbc at
LHC, Phys. Rev. D 83, 034026 (2011).

[40] C. H. Chang, C. F. Qiao, J. X. Wang, and X. G. Wu,
Hadronic production of BcðB�

cÞ meson induced by the
heavy quarks inside the collision hadrons, Phys. Rev. D
72, 114009 (2005).

[41] S. J. Brodsky, P. Hoyer, C. Peterson, and N. Sakai, The
intrinsic charm of the proton, Phys. Lett. 93B, 451 (1980).

[42] S. J. Brodsky, C. Peterson, and N. Sakai, Intrinsic heavy
quark states, Phys. Rev. D 23, 2745 (1981).

[43] S. J. Brodsky, A. Kusina, F. Lyonnet, I. Schienbein, H.
Spiesberger, and R. Vogt, A review of the intrinsic heavy
quark content of the nucleon, Adv. High Energy Phys. 2015,
231547 (2015).

LI, ZHENG, YAN, WU, and CHEN PHYS. REV. D 106, 114030 (2022)

114030-12

https://doi.org/10.1103/PhysRevD.93.034019
https://doi.org/10.1103/PhysRevD.93.034019
https://doi.org/10.1103/PhysRevD.95.074020
https://doi.org/10.1007/JHEP07(2020)034
https://doi.org/10.1007/JHEP07(2020)034
https://doi.org/10.1103/PhysRevD.89.074020
https://doi.org/10.1103/PhysRevD.100.054022
https://doi.org/10.1103/PhysRevD.100.054022
https://doi.org/10.1140/epjc/s10052-018-6283-1
https://doi.org/10.1140/epjc/s10052-015-3358-0
https://doi.org/10.5506/APhysPolB.48.163
https://doi.org/10.5506/APhysPolB.48.163
https://doi.org/10.1016/j.physletb.2016.12.010
https://doi.org/10.1140/epjc/s10052-017-5086-0
https://doi.org/10.1103/PhysRevD.98.113004
https://doi.org/10.1103/PhysRevD.98.113004
https://doi.org/10.1140/epjc/s10052-018-5955-1
https://doi.org/10.1140/epjc/s10052-018-5955-1
https://doi.org/10.1142/S0217751X19500386
https://doi.org/10.1007/s11433-019-1478-x
https://doi.org/10.1007/s11433-019-1478-x
https://doi.org/10.1088/1674-1137/ac1b97
https://doi.org/10.1088/1674-1137/ac1b97
https://doi.org/10.1103/PhysRevD.98.094021
https://doi.org/10.1140/epjc/s10052-019-6842-0
https://doi.org/10.1140/epjc/s10052-019-6842-0
https://doi.org/10.1103/PhysRevD.105.034016
https://arXiv.org/abs/2206.05965
https://arXiv.org/abs/2206.05965
https://arXiv.org/abs/2208.07520
https://arXiv.org/abs/2210.03306
https://arXiv.org/abs/2210.03306
https://doi.org/10.1007/JHEP11(2020)095
https://doi.org/10.1007/JHEP11(2020)095
https://doi.org/10.1088/1674-1137/ac0c70
https://arXiv.org/abs/2204.09541
https://doi.org/10.1103/PhysRevD.105.L031902
https://doi.org/10.22323/1.157.0049
https://doi.org/10.22323/1.157.0049
https://doi.org/10.1051/epjconf/20146611023
https://doi.org/10.1016/j.physrep.2012.10.001
https://doi.org/10.23731/CYRM-2020-004
https://doi.org/10.23731/CYRM-2020-004
https://doi.org/10.1103/PhysRevD.54.3228
https://doi.org/10.1103/PhysRevD.54.3228
https://doi.org/10.1103/PhysRevD.83.034026
https://doi.org/10.1103/PhysRevD.72.114009
https://doi.org/10.1103/PhysRevD.72.114009
https://doi.org/10.1016/0370-2693(80)90364-0
https://doi.org/10.1103/PhysRevD.23.2745
https://doi.org/10.1155/2015/231547
https://doi.org/10.1155/2015/231547


[44] M. A. G. Aivazis, F. I. Olness, and W. K. Tung, Leptopro-
duction of heavy quarks. 1. General formalism and kin-
ematics of charged current and neutral current production
processes, Phys. Rev. D 50, 3085 (1994).

[45] M. A. G. Aivazis, J. C. Collins, F. I. Olness, and W. K. Tung,
Leptoproduction of heavy quarks. 2. A unified QCD formu-
lation of charged and neutral current processes from fixed
target to collider energies, Phys. Rev. D 50, 3102 (1994).

[46] F. I. Olness, R. J. Scalise, and W. K. Tung, Heavy quark
hadroproduction in perturbative QCD, Phys. Rev. D 59,
014506 (1998).

[47] J. Amundson, C. Schmidt, W. K. Tung, and X. Wang,
Charm production in deep inelastic scattering from thresh-
old to high Q2, J. High Energy Phys. 10 (2000) 031.

[48] G. T. Bodwin, E. Braaten, and G. P. Lepage, Rigorous QCD
analysis of inclusive annihilation and production of heavy
quarkonium, Phys. Rev. D 51, 1125 (1995); 55, 5853(E)
(1997).

[49] J. P. Ma and Z. G. Si, Factorization approach for inclusive
production of doubly heavy baryon, Phys. Lett. B 568, 135
(2003).

[50] C. H. Chang, C. F. Qiao, J. X. Wang, and X. G. Wu,
Estimate of the hadronic production of the doubly charmed
baryon Xi(cc) under GM-VFN scheme, Phys. Rev. D 73,
094022 (2006).

[51] C. H. Chang, J. P. Ma, C. F. Qiao, and X. G. Wu, Hadronic
production of the doubly charmed baryon Xi(cc) with
intrinsic charm, J. Phys. G 34, 845 (2007).

[52] F. S. Navarra, M. Nielsen, C. A. A. Nunes, and M. Teixeira,
On the intrinsic charm component of the nucleon, Phys.
Rev. D 54, 842 (1996).

[53] T. J. Hobbs, J. T. Londergan, and W. Melnitchouk, Phe-
nomenology of nonperturbative charm in the nucleon, Phys.
Rev. D 89, 074008 (2014).

[54] J. Pumplin, Light-cone models for intrinsic charm and
bottom, Phys. Rev. D 73, 114015 (2006).

[55] V. A. Bednyakov, S. J. Brodsky, A. V. Lipatov, G. I.
Lykasov, M. A. Malyshev, J. Smiesko, and S. Tokar,
Constraints on the intrinsic charm content of the proton
from recent ATLAS data, Eur. Phys. J. C 79, 92 (2019).

[56] F. Lyonnet, A. Kusina, T. Ježo, K. Kovarík, F. Olness, I.
Schienbein, and J. Y. Yu, On the intrinsic bottom content of
the nucleon and its impact on heavy new physics at the
LHC, J. High Energy Phys. 07 (2015) 141.

[57] R. D. Field, Applications of perturbative QCD, Front. Phys.
77, 1 (1989).

[58] C. H. Chang, J. X. Wang, and X. G. Wu, GENXICC: A
generator for hadronic production of the double heavy
baryons Xi(cc), Xi(bc) and Xi(bb), Comput. Phys. Com-
mun. 177, 467 (2007).

[59] C. H. Chang, J. X. Wang, and X. G. Wu, GENXICC2.0: An
upgraded version of the generator for hadronic production
of double heavy baryons Xi(cc), Xi(bc) and Xi(bb), Com-
put. Phys. Commun. 181, 1144 (2010).

[60] X. Y.Wang and X. G.Wu, GENXICC2.1: An improved
version of GENXICC for hadronic production of doubly
heavy baryons, Comput. Phys. Commun. 184, 1070
(2013).

[61] R. Aaij et al. (LHCb Collaboration), Search for the doubly
charmed baryon Ξþ

cc, Sci. China Phys. Mech. Astron. 63,
221062 (2020).

[62] R. Aaij et al. (LHCb Collaboration), Measurement of Ξþþ
cc

production in pp collisions at
ffiffiffi
s

p ¼ 13 TeV, Chin. Phys. C
44, 022001 (2020).

[63] R. Aaij et al. (LHCb Collaboration), Search for the doubly
charmed baryon Ξþ

cc in the Ξþ
c π

−πþ final state, J. High
Energy Phys. 12 (2021) 107.

[64] M. T. Traill (LHCb Collaboration), Spectroscopy of doubly-
heavy baryons at LHCb, Proc. Sci., Hadron2017 (2018)
067.

[65] R. Aaij et al. (LHCb Collaboration), Measurement of the
Lifetime of the Doubly Charmed Baryon Ξþþ

cc , Phys. Rev.
Lett. 121, 052002 (2018).

[66] The CT14 LO PDF is issued by the CTEQ group and can be
downloaded from the webpage, https://hep.pa.msu.edu/
cteq/ public/index.html.

[67] M. Mattson et al. (SELEX Collaboration), First Observation
of the Doubly Charmed Baryon Ξþ

cc, Phys. Rev. Lett. 89,
112001 (2002).

HADRONIC PRODUCTION OF Ξbc WITH THE … PHYS. REV. D 106, 114030 (2022)

114030-13

https://doi.org/10.1103/PhysRevD.50.3085
https://doi.org/10.1103/PhysRevD.50.3102
https://doi.org/10.1103/PhysRevD.59.014506
https://doi.org/10.1103/PhysRevD.59.014506
https://doi.org/10.1088/1126-6708/2000/10/031
https://doi.org/10.1103/PhysRevD.51.1125
https://doi.org/10.1103/PhysRevD.55.5853
https://doi.org/10.1103/PhysRevD.55.5853
https://doi.org/10.1016/j.physletb.2003.06.064
https://doi.org/10.1016/j.physletb.2003.06.064
https://doi.org/10.1103/PhysRevD.73.094022
https://doi.org/10.1103/PhysRevD.73.094022
https://doi.org/10.1088/0954-3899/34/5/006
https://doi.org/10.1103/PhysRevD.54.842
https://doi.org/10.1103/PhysRevD.54.842
https://doi.org/10.1103/PhysRevD.89.074008
https://doi.org/10.1103/PhysRevD.89.074008
https://doi.org/10.1103/PhysRevD.73.114015
https://doi.org/10.1140/epjc/s10052-019-6605-y
https://doi.org/10.1007/JHEP07(2015)141
https://doi.org/10.1016/j.cpc.2007.05.012
https://doi.org/10.1016/j.cpc.2007.05.012
https://doi.org/10.1016/j.cpc.2010.02.008
https://doi.org/10.1016/j.cpc.2010.02.008
https://doi.org/10.1016/j.cpc.2012.10.022
https://doi.org/10.1016/j.cpc.2012.10.022
https://doi.org/10.1007/s11433-019-1471-8
https://doi.org/10.1007/s11433-019-1471-8
https://doi.org/10.1088/1674-1137/44/2/022001
https://doi.org/10.1088/1674-1137/44/2/022001
https://doi.org/10.1007/JHEP12(2021)107
https://doi.org/10.1007/JHEP12(2021)107
https://doi.org/10.22323/1.310.0067
https://doi.org/10.22323/1.310.0067
https://doi.org/10.1103/PhysRevLett.121.052002
https://doi.org/10.1103/PhysRevLett.121.052002
https://hep.pa.msu.edu/ cteq/ public/index.html
https://hep.pa.msu.edu/ cteq/ public/index.html
https://hep.pa.msu.edu/ cteq/ public/index.html
https://hep.pa.msu.edu/ cteq/ public/index.html
https://hep.pa.msu.edu/ cteq/ public/index.html
https://hep.pa.msu.edu/ cteq/ public/index.html
https://doi.org/10.1103/PhysRevLett.89.112001
https://doi.org/10.1103/PhysRevLett.89.112001

