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Abstract: This study forecasts the production of doubly heavy baryons, E.., Ep., and Zpp,, within the nonrelativist-
ic QCD framework at the Muon-Ion Collider (MulC). It examines two production mechanisms: photon-gluon fusion
(y+g = (QQ")[n]+ O+ Q') and extrinsic heavy quark channels (y + Q — (QQ")[n]+ Q’), where Q and Q' denote
heavy quarks (¢ or b) and (QQ’)[n] represents a diquark in specific spin-color configurations. The diquark frag-
ments into Egor baryons with high probability. For Z.. and Zj, the relevant configurations are ['Sole (spin-sing-
let and color-sextuplet) and BN 115 (spin-triplet and color-antitriplet). For Z,, the configurations are [150]3, [1Sole,
EXY 113, and [3S1l6. The study compares total and differential cross-sections for these channels, highlighting their
uncertainties. The results indicate that the extrinsic heavy quark channel, particularly the [3S 113 configuration, dom-
inates Zpg- production, though other diquark states also contribute significantly. Using quark masses
me =1.80+0.10 GeV and my, = 5.1+0.20 GeV, the study estimates annual event yields at MulC (+/s =1 TeV, lu-
minosity £ =40 fb~") of (3.67+}:3))x 10° for ., (2.2410:38)x 108 for Ey, and (3.0075:84)x 10° for =y,. These

findings suggest that MulC will significantly enhance our understanding of doubly heavy baryons.
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I. INTRODUCTION

Lepton-hadron deep inelastic scattering (DIS) is an
essential technique for investigating the internal structure
of nucleons and nuclei. Over the years, DIS experiments
have uncovered the quark and gluon substructure and
their momentum distribution within fast-moving nucle-
ons. To further delve into the three-dimensional quark-
gluon dynamics governed by quantum chromodynamics
(QCD), a high-energy, high-luminosity polarized elec-
tron-ion collider (EIC) has been approved for construc-
tion at Brookhaven National Laboratory (BNL) by the
late 2020s [1], marking a top priority in U.S. nuclear
physics. The EIC will facilitate polarized electron-proton
and electron-nucleus collisions at center-of-mass ener-
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gies up to 140 GeV [1, 2], establishing a new QCD fronti-
er. This facility will address key questions about the ori-
gin of nucleon spin, mass, and QCD phenomena at high
parton densities. Meanwhile, CERN's proposed Large
Hadron-electron Collider (LHeC) [3] aims to explore
TeV energy DIS with high luminosities, with the Future
Circular Collider (FCC) set to include electron-hadron
collisions at +/s =3.5 TeV [4], utilizing the LHeC's elec-
tron beam.

The muon collider proposal has garnered renewed in-
terest in the particle physics community in recent years
due to its potential to achieve very high energies in a
compact tunnel (e.g., the size of the LHC) at relatively
low costs. The Muon-lon Collider (MulC) [5, 6] is a pro-
posed project to be built at BNL, intended to succeed the
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EIC in the 2040s. MulC aims to realize the next genera-
tion of lepton-hadron (ion) colliders at TeV scales based
on existing hadron collider facilities. The BNL facility
has the capability to support a muon storage beam with
an energy of up to approximately 1 TeV using current
magnet technology. When this beam collides with 275
GeV, the MulC's center-of-mass energy of around 1 TeV
will significantly expand the kinematic range of deep in-
elastic scattering physics at the EIC (with polarized
beams) by more than an order of magnitude in Q? and x.
This will open a new frontier in QCD, addressing numer-
ous fundamental scientific questions in nuclear and
particle physics. This range is comparable to that of the
proposed LHeC at CERN, but with different lepton and
hadron kinematics, ion species, and beam polarization.
Furthermore, developing a MulC at BNL will concen-
trate global R&D efforts on muon collider technology
and act as a prototype for a future muon-antimuon col-
lider [7, 8] at energies of O(10) TeV. This is seen as a
promising option to achieve the next high-energy frontier
in particle physics at a more affordable cost and with a
smaller footprint than a future circular hadron collider. In
this article, we will investigate whether significant
amounts of doubly heavy baryon events can be produced
at the MulC.

Doubly heavy baryons, which contain two heavy
quarks, have a simplified structure akin to heavy quarko-
nia, making them suitable for detailed theoretical analys-
is. The SELEX Collaboration [9, 10] first proposed the
existence of E! in 2002 and 2005. More recently, in
2017, the LHCb Collaboration identified another doubly
heavy baryon, =, through the decay mode =" —
AN K~n*n* [11], with A} — pK~n* [12]. Further confirm-
ation came from the LHCb Collaboration, which verified
this baryon's existence via the decay channel E'F — 7*E}
[13, 14]. These discoveries make doubly heavy baryons a
crucial area for studying QCD. Due to strong interaction
confinement, their production involves nonperturbative
effects beyond perturbative QCD. In the work [15], the
nonrelativistic QCD (NRQCD) [16] factorization frame-
work was employed to describe the production process.
This approach separates the process into two stages: the
perturbative generation of a heavy-quark pair in a specif-
ic quantum state, referred to as a diquark, and its sub-
sequent nonperturbative transition into a baryon. By ex-
panding in the small velocity (vy) of the heavy quark in
the baryon's rest frame, two leading-order states of (cc)-
diquarks are identified: [*S 15 and ['S]s, each associated
with a corresponding long-distance matrix element
(LDME), namely k3 and hq. [>S115(['S(]6) represents a
(cc)-diquark in the S-wave 3S(!S,) and in the 3(6) col-
or state, while hj(hs) depicts its nonperturbative trans-
ition probability into the baryon.

Extensive theoretical studies have explored the pro-
duction of doubly heavy baryons [17—50] through direct

channels in pp, ep, vy, and e*e™ collisions, as well as in-
directly via Higgs, WandZ boson, and top quark decays.
The GENXICC [51-53] generator has been developed to
simulate hadroproduction in pp collisions. Additionally,
the muon-ion collider may also be a potential machine to
probe the properties of doubly heavy baryons. The photo-
production mechanism dominates the production of ¢/b-
quark at the MulC, and the doubly heavy baryon can thus
be primarily generated via the photoproduction channels
Y+8—=EBop+0+0 and y+Q - Egp + Q.

The photoproduction of Zyp can be divided into
three steps. Using the y+g¢ channel as an example, the
first step involves producing QQ and Q'Q’ pairs, where
the heavy quarks Q and Q’must be in the color and spin
configuration [n]. The second step is the fusion of the
QQ’ pair into a bound diquark (QQ’)[n] with a certain
probability (The quark pairs in the color-sextuplet state
experience a repulsive potential, making it theoretically
impossible to form a binding color-sextuplet diquark.
However, even though the quark pairs in the color-sex-
tuplet state are mutually repulsive, they can still frag-
ment into doubly heavy baryons.); the third step involves
the diquark evolving into a doubly heavy baryon E,, by
capturing a light quark from the vacuum or by emitting/
capturing an appropriate number of gluons. The first step
can be calculated perturbatively, as the gluon should be
hard enough to produce the heavy quark-antiquark pair.
For the second step, the transition probability is de-
scribed by a nonperturbative NRQCD matrix element.
We use hg and h; to denote the matrix elements for the
production of a color-sextuplet (6) and a color-antitriplet
(3) diquark, respectively. Here, we do not differentiate
between the matrix elements of the 'S, and 3S, states, as
the spin-splitting effect is minimal [19, 54]. For the third
step, it is typically assumed that the efficiency of the
evolution from a (QQ’)[n] diquark to a doubly heavy ba-
ryon Ego is 100%, a process referred to as "direct evolu-
tion". Reference [21] has examined both direct evolution
and "evolution via fragmentation", which incorporates the
fragmentation function. The authors concluded that dir-
ect evolution is highly accurate and sufficiently effective
for studying the production of doubly heavy baryons.
Consequently, we adopt the direct evolution approach in
our calculations.

Given that the predicted production rate of E, is sig-
nificantly lower than the SELEX measurements, the au-
thors of Refs.[51, 55, 56] proposed considering both ex-
trinsic and intrinsic charm production mechanisms to nar-
row the gap between theoretical and experimental results.
It is noted that the intrinsic charm's contribution to the
cross section of the y+c¢ channel is less than 0.1%, even
if the intrinsic c-component density in the proton is as
high as 1% [57, 58]. Following the suggestions in Refs.
[51, 55] and based on B. baryon photoproduction, we
will focus on the channels y+g— Epp +0+Q and
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¥+0 — Ego + 0. In these channels, the intermediate
diquark (QQ")[n] can be (cc/bb)['Sol, (cc/bb)s[*S 1],
(be)zsl'Sol, or (be)zl*S1]. Other diquark configurations,
such as (cc/bb)s[>S1] and (cc/bb);['S,], are prohibited
due to Fermi-Dirac statistics for identical particles.

In our study, we focus on the leading-order (LO) con-
tribution in the NRQCD framework. While higher-order
v? corrections, including 1/m. suppressed terms, could
provide additional refinements, previous studies suggest
that the LO terms capture the dominant physics. A full
next-to-leading order (NLO) calculation, including
power-suppressed terms, is beyond the scope of this work
but remains an interesting direction for future studies.

The remainder of the paper is structured as follows:
Section II details the calculation methodology. Section I11
provides numerical results, discusses theoretical uncer-
tainties, and offers insights. Finally, Section IV presents a
concise summary.

II. CALCULATION TECHNOLOGY

= Z<0<QQ’>[n]>{fy/p(xl)(NAJ;?//;‘<xz,uf>>

[n]
®d&(y+g— (QQ)[n]+X)
+ fyu(x1) [NA (fg%(xz,/lf) - fgﬁ(xz,#f)sus)

1
®dG(y+0 = (QQ)[n]+X)+Q «— Q'] 1+6QQ/}’ M

In the photoproduction mechanism, the initial photon
is emitted by the muon and can be described using the
Weizsidcker-Williams approximation (WWA) [59-61].
When addressing the extrinsic heavy-quark mechanism, it
is crucial to avoid "double counting”" between the y+g
and extrinsic y+ Q channels. An effective method for
handling the extrinsic heavy quark is the application of
the general-mass variable-flavor-number scheme (GM-
VFNs) [62-66]. According to the pQCD factorization
theorem, the cross section for Zyp photoproduction with-
in the GM-VFNs framework is expressed as Eq. (1)

where fjs (X2,47) represents the parton distribution
function (PDF) of parton i within a proton P, and y; is
the factorization scale. The function f,,(x;) denotes the
photon density function, while d6(y +i — (QQ’)[n] + X) is
the hard cross section for the partonic process y+i—
(QO)[n]+X. The nonperturbative matrix element
(09 [n]) represents the transition probability from the
(QQ")I[nl-quark pair to the desired baryon Zy, . Here
doo = 1(0) when Q= Q' (Q # Q). Given that we employ
the direct evolution scheme, the matrix elements
(099 [n]) are either hz or hg, respectively.

The function Nafs o, r(X2.11r) represents the effective
parton distribution functions (PDFs) for the nucleus A. It
describes the parton density of a bound nucleon 4 in nuc-
leus A, carrying a fraction x, of the hadron momentum at
the factorization scale yy. Here, h refers to the nucleon,
proton, or neutron. N, denotes the atomic number of the
incident nucleus. For example, N,, =197 for the gold
nucleus (}’Au). Various PDFs models have been pro-
posed to study heavy-ion collisions, including the Heavy-
Ion Jet INteraction Generator (HIJING) model [67], a
Multiphase Transport (AMPT) model [68], the Monte
Carlo Glauber Model [69—72], and others. Following the
approach of the CTEQ group [73], we adopt the PDFs of
a bound nucleon in a nucleus as the heavy ion PDFs. In
our calculation, we assume the same PDFs for protons
and neutrons. This approximation is motivated by isospin
symmetry, which relates the neutron PDFs to the proton
PDFs via fP(x) = f}(x), and the dominance of gluon dis-
tributions at high energy scales, where the difference
between proton and neutron PDFs is negligible.

Under the condition of applying a small-angle cut to
the scattered muon, the photon density function, charac-

terized by the Weizsdcker-Williams approximation
(WWA), is given by [61]
a [1+(1-x)? ﬁlax 1 1
fy/ﬂ(x) = g . ln 2 + 2mﬁx > — T R
2

where x=E,/E,, E, and E, are photon and muon ener-
gies. « represents the fine structure constant, and m, de-
notes the muon mass; we do not neglect the higher-order
terms of the muon mass. Q2. and Q? _ are given by

min max

m?x?

2 _ M

Qmin - l_x7
2 — Ell(1+ﬂ)(A2_mﬁ)202+ 2-
max 4A3 c min?®

)

2
m
where = 4/1- FgandA =E,(1+B)(1-x); the scatter-

u
ing angle cut 6. is determined by experiment [74, 75].
The subtraction term fy,p(x2,u7)sus in Eq. (1) is
defined as

1
d
Forr Gt sus = / ForCeal s foni) L, )

where fy,,(y.uuy) represents the Q-quark distribution
function inside an on-shell gluon, which can be expan-
ded perturbatively in a,. At the a,-order, fp,,(v,us) is
given by

053103-3



Xue-Yun Zhao, Lei Guo, Xu-Chang Zheng et al.

Chin. Phys. C 49, 053103 (2025)

2
a’s(ﬂf)ln/’lig

2r  my ¢

Jorspp) =

1 -
where Pgo(y) = 5(1 —-2y+2y%) is the g —» Q0 splitting
function.
The hard partonic cross section is expressed as

STIMP
4/(p1 + p2)?1P]

where } 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. d®; represents the final j-body
phase space element and is give n by

Jj+2 Jj+2 3

d’py
dd; = 2n)*s* —E ||7f .
=G <p1+p2 =ttt ) 11 @nmp) @)

do(y+i—= (QO)nl+X) = do;, (6)

M is the total hard scattering amplitude
M = ZM/(’ (8)
k

where k sums over the relevant Feynman diagrams.

The subprocess y+g — (QQ")[n]+ 0+ Q' (k=24) has
24 Feyman diagrams and 4y+Q — (QQ)[n]+Q (k=4)
has 4. Additionally, for the subprocesses y + g — (QQ)[n]+
0+ Q and v+ Q — (QQ)[n] + O, there are another 24 and
4 diagrams, respectively, due to the exchange of two
identical quark lines within the (QQ)[n]-quark pair. Prac-
tically, these diagrams are equivalent to those without ex-
changes since we set the relative velocity between the
two Q quarks to zero, specifically ps; = ps3, = p3/2 for the
production of E,, under the nonrelativistic approxima-
tion. A factor of 1/2! isincluded for the squared amp-
litude due to the identical quarks in the (QQ)[n] diquark.
Therefore, we only need to calculate the 24 and 4 dia-
grams for the subprocesses y+g — (QQ)[n]+ 0+ QO and
¥+ 0 — (QQ)[n]+Q, respectively, and then multiply by a
factor of 22/2! at the cross-section level. Additionally,
there is an extra factor of 1/2 for the subprocess
y+g— (Q0)[n]+ 0+ 0 due to the two identical open an-
tiquarks Q in the final 3-body phase space. The amp-
litudes for y+g—(QQ)n+0+Q and y+Q—
(QQ)[n]+Q can be directly derived from the Feynman
diagrams. To describe the bound system of the doubly
heavy baryon, we must apply spin- and color-projection
operators to the amplitude of the (QQ’)[n]-quark pair. For
a detailed explanation of how to apply these projection
operators and the calculation of the color factor for heavy
baryon production, please refer to Ref. [55].

While the photon-light quark channel y+q—
(QQ)[nl+q+ O+ is theoretically possible, its contri-

bution is expected to be negligible compared to the y+g¢
and y + Q channels. This is due to the smaller light quark
PDF, the additional suppression from phase space, and
the presence of extra QCD vertices leading to reduced
cross-sections. Therefore, we focus on the leading pro-
duction mechanisms in this study.

To perform the calculations, we use the FeynArts
package [76] to generate the Feynman diagrams and amp-
litudes. Numerical integrations over the 2- and 3-body
phase spaces are conducted using the VEGAS [77] and
FormCalc [78] packages.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Input parameters

The matrix element hj is linked to the Schrodinger
wave function at the origin, expressed as h3 = [¥ (g0 (0)*
[79]. According to the velocity scaling rule of NRQCD
[15], the color-sextuplet matrix element 44 is of the same
order as h3, and we use the conventional choice of i = I3
for our calculations. Since hg;3 is an overall factor, our
results can be refined when more accurate values for i3
become available. The wave functions at the origin, along
with the heavy quark masses, are taken as follows [17,
79]:

¥ ey ()] = 0.039 Ge V>, ¥ 4, (0)]* = 0.065 Ge V?,
¥ ) (0)]* = 0.152 GeV?,my, = 5.1 GeV,m, = 1.8 GeV.

The charm and bottom quark masses are set to
m.=1.80 GeV and m, =5.1 GeV, following previous
NRQCD studies. These values are slightly larger than the
pole mass but are chosen to optimize the description of
the heavy diquark system and the wave function at the
origin [¥(0)]>. The effective quark masses are widely used
in phenomenological studies to improve agreement with
experimental data.

The muon mass is taken as m, =1.057x10"" GeV
[80], and the fine-structure constant is set to @ =1/137.
The electron scattering angle cut 6. is chosen to be 32
mrad, consistent with the selections in Refs. [81, 82]. The
renormalization and factorization scales are set to the
transverse mass of 2y, specifically u, = uy = My, where
My = /p%+M?, with M being the mass of Z,, . Here,
M =mg+mgy, ensuring gauge invariance of the hard scat-
tering amplitude. We use the nCTEQI15 197 79 [73] for
the nucleon PDF. For the collision energies, we consider
v/s =1 TeV at the MulC.

B. Basic results
In Table 1, we present the calculated total cross sec-

tions for the production of doubly heavy baryons Zyp at
a center-of-mass energy of +/s=1 TeV, which corres-
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Table 1. Total cross sections (in unit pb) for the production of Z¢¢ at the +s=1 TeV MulC.
(ce)sl'So] (ce)s’81] (bb)s['S o] (b3S 1] (be)s['Sol (bo)sl'Sol (be);[*S 1] (bo)s*S1]
Tyg 2.19x 103 2.45x10* 3.31 2.83x 10! 1.55x 10? 1.07x 107 5.11x10? 4.34%10?
Tye 4.53x10° 6.06x 10* - - 2.82x 10! 1.41x10! 1.33x10? 6.63x 10!
Tyb - - 2.90 4.02x 10! 5.00x 102 2.50% 102 227103 1.14x10°
Total 9.18x 10* 7.47% 10! 5.61x10°

ponds to a muon beam energy of E, =960 GeV and a
proton beam energy of Ep =275 GeV, at the Muon-lon
Collider. The cross sections are evaluated for production
channels involving photon-gluon (y+g), photon-charm
(y+c¢), and photon-bottom (y+b) interactions. These
channels represent the dominant production mechanisms
in this energy regime. Additionally, by considering the
contributions from each of these channels and account-
ing for all relevant spin-and-color configurations of the
intermediate diquark state QQ’, we obtain

O—TOtaI(EL'L') =0.18% ]04 pb, (9)
O_Tmal(Ebc) =5.61x% 103 pb, (10)
O_Total(Ebb) =747 % 101 pb (1 1)

Table 1 shows:

e For the same production channel, the (QQ");[3S ]
diquark state plays a dominant role, contributing most
significantly to the overall production cross section of the
doubly heavy baryon E,, . This is particularly evident
across all production mechanisms considered. In the spe-
cific cases of Z.. and =, production, the color-sextuplet
diquark configurations, namely (cc)s['So] and (bb)s['So],
contribute approximately 7%—8% of the total cross sec-
tion for the same production channel. Although smaller
than the contribution of the color-antitriplet configura-
tion, this remains a non-negligible fraction. For the pro-
duction of 5., the situation is somewhat more complex,
as contributions from several other diquark states be-
come increasingly important. Notably, the cross section
associated with the (bc)s[*S ] diquark state is compar-
able in magnitude to that of (bc)s[*S,], highlighting the
complexity of the production dynamics in this case.
Therefore, a comprehensive and detailed discussion of all
possible diquark configurations is crucial for achieving
accurate and reliable predictions concerning the produc-
tion cross sections of doubly heavy baryons in various
channels.

e In addition to the widely studied y + g channel, the
extrinsic heavy quark mechanism, represented by the

v+ Q channel, also makes a substantial contribution to
the total production cross section of doubly heavy bary-
ons. This contribution is particularly significant in specif-
ic production scenarios. For example, in the case of E.
production, the cross section from the y+c¢ channel can
exceed that of the y+g channel under certain kinematic
conditions. This observed dominance of the y+ Q chan-
nel, as will be elaborated upon in subsequent sections,
stems primarily from its enhanced contribution in the low
transverse momentum (py) region, where the extrinsic
heavy quark mechanisms become more prevalent.

In Fig. 1, we show the transverse momentum (pr)
distributions for the photoproduction of Zy, . Each chan-
nel exhibits a pr peak around O(1) GeV, followed by a
logarithmic decline. The pr distributions for the y+ ¢ and
v+b channels decrease more rapidly than those of y+g¢
in the high py region. For the same diquark configura-
tion, the y+ Q channel dominates over the y+ g channel
in the low pr region, explaining the relatively large cross
section observed for the v+ Q channel in Table 1. Addi-
tionally, we observe that the pr distributions of =, de-
crease at a slower rate compared to Z,. and E.. as pr in-
creases, suggesting that =,, events could become compar-
able to E.. and E,. in the high p; region, despite the total
cross section of Z;, being considerably smaller than those
of 2. and Z,..

In Fig. 2, we present the rapidity (y) distributions for
the photoproduction of E,, . The pronounced asym-
metry in the rapidity distributions for Zy, clearly indic-
ates that the dominant production occurs in the region
where y < 0. The z-axis in our setup is aligned with the
electron beam, and the observation of y < 0 signifies that
the parton i originating from the proton carries more en-
ergy than the incoming photon, resulting in the majority
of Zyp events being produced in the direction of the pro-
ton beam.

In Tables 2 and 3, we present the calculated cross sec-
tions for the production of doubly heavy baryons under a
range of transverse momentum (pr) and rapidity (y) cuts.
Table 2 shows that the cross sections for =Z,. and =, ex-
hibit greater sensitivity to varying py cuts compared to
those of Z,,, a trend consistent with the behavior ob-
served in Fig. 1. Furthermore, as indicated by Table 2,
even with relatively large pr cuts, a substantial produc-
tion rate for E,. and Z.. can still be achieved.
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Fig. 1. (color online) Transverse momentum distributions for the production of Z¢¢ at the /s =1TeV MulC.
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Fig. 2. (color online) Rapidity distributions for the production of Zy at the +/s=1TeV MulC.

Finally, we illustrate the differential cross sections
do/dz for various diquark configurations and production

channels in Fig. 3, where z= p="pr

y PP
Py» Pp, and pz denote the four-momenta of the photon,

proton, and E,, , respectively.

. In this expression,

C.

Theoretical uncertainties

The non-perturbative matrix elements act as overall

parameters, and their uncertainties can be effectively
minimized when their precise values are known. In this

subsection, we discuss the uncertainties arising from the
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Table 2.
tion of Zpy under different transverse momentum (pr) cuts at
the vs=1 TeV MulC.

Total cross sections (in units of pb) for the produc-

Table 3.
tion of Zg¢ under different rapidity (y) cuts at the vs=1 TeV
MulC.

Total cross sections (in units of pb) for the produc-

pr >1GeV pr =3 GeV pr =5 GeV <1 [y <2 <3
yg — (cc)s['S o] 1.97x 103 9.44x10% 3.28x 102 yg = (co)['S 0] 8.29 % 102 1.52x103 1.97x103
yg = (co)3[38 1] 2.06x 10* 7.09% 103 1.89x 103 yg = (co)3[381] 8.63x10° 1.56x 104 2.00% 10*
ye = (co)sl'Sol 3.32%103 7.89 % 102 1.60 % 102 ye — (co)6l['Sol 1.46x 103 2.66x10° 3.46x10°
ye = (co)3381] 4.79%10* 8.66x 103 1.40x 10 ye = (co)3381] 1.99x 104 3.63x 104 4.72 % 10*
vg — (bb)s['So] 3.26 291 2.34 yg — (bb)s['So] 1.42 237 2.96
yg = (bb)3[*S1] 2.76x 10! 2.28x 10! 1.61x 10! yg = (bb)3[3S 1] 1.27x 10! 2.10x 10! 2,56 10!
b — (bb)s['S o] 2.77 2.07 1.33 yb — (bb)s['S o] 1.26 2.09 2.58
yb— (bb)3[*S1] 3.91x 10! 3.05% 10! 1.80x 10! yb— (bb)3[3S 1] 1.82x 10! 2.98x 10! 3.62x 10!
yg = (be)s['So] 1.48 x 102 1.03% 102 5.67x 10! yg = (be)3['So] 6.77x 10! 1.15% 102 1.39% 102
yg = (be)s[1So] 1.02 x 102 7.11x 10! 3.92x 10! yg = (be)s[1So] 4.05% 10! 7.03x 10! 8.98x 10!
yg = (be)3[381] 4.86x 102 3.35% 102 1.81x 102 yg = (be)3 3811 2.06% 102 3.56 x 102 4.44% 102
vg = (be)s[*S1] 4.13 x 102 2.86% 102 1.55x 102 yg = (be)s[S1] 1.55x 102 2.73x 102 3.56 % 102
ye = (be)s[1S o] 2.51x10! 1.12x 10! 3.58 ye — (be)z['S o] 8.92 1.60% 10! 2.16x 10!
ye = (be)s[1S o] 1.25x 10! 5.61 1.79 ye = (be)s[1S o] 4.46 7.99 1.08 x 10!
ye = (bo)s[*S1] 1.21x10! 6.52x 10! 2.49x 10! ye - (be)3[3S1] 4.85% 10! 8.14x 10! 1.11x 102
ye = (be)s[*S 1] 6.07x 10! 3.26x 10! 1.25% 10! ye = (be)s[*S 1] 2.43%10! 4.37x10! 5.56x 10!
yb = (be)s['So] 423 %102 1.37x 102 3.49% 10! yb = (be)3[1So] 2.09 % 102 3.54x 102 432% 102
yb = (be)s[1So] 2.12x 102 6.84 % 10! 1.74x 10! yb = (be)s[1So] 1.05x 102 1.77x 102 2.16x 102
yb = (be)3[381] 2.04x%10° 6.02 x 102 1.36x 102 yb = (be);[3S1] 9.56x 102 1.62x 103 1.97x 103
yb = (be)e[3S1] 1.02x103 3.01x10% 6.82% 10! vb — (bc)s[3S 1] 4.78 x 102 8.10x 10% 9.86x 102

c-quark mass, the b-quark mass, the renormalization (fac-
torization) scale, and the scattering angle cut .. For clar-
ity, when examining the uncertainty of one parameter, we
will keep the other parameters at their central values.

We present the cross sections for Zyp at the s=1
TeV MulC for m,=1.80+0.10 GeV in Table 4 and
m, =5.10£0.20 GeV in Table 5. Both tables show that
the cross sections decrease as the masses of the charm
and bottom quarks increase, except for the channel
v+b — E,., which increases with a rising bottom quark
mass. Additionally, the data indicate that the uncertainty
in the mass of Z,, is particularly sensitive to variations in
the charm quark mass. By combining these two uncer-
tainties in quadrature and summing over all diquark con-
figurations and production channels, we obtain

o™ (E,,) = 9.18%37% x 10* pb,
o (E,.) = 5.601x 10° pb,
o (E,,) =7.5719%x 10" pb.

Setting the renormalization scale is crucial for fixed-
order pQCD predictions [83]. To investigate scale uncer-

tainty, we set the factorization scale equal to the renor-
malization scale, u,=p, =u. Besides the choice of
u=Mr, we examine two other scales: y=0.75M; and
u=125M;. Table 6 outlines the scale uncertainties for
each diquark configuration and production channel.
When the scale changes from My to 0.75M7, the uncer-
tainties in the total cross sections are roughly 10%, 17%,
and 4% for E., Z,., and E,,, respectively. Conversely,
varying the scale from My to 1.25M7 results in uncertain-
ties of approximately 8%, 4%, and 4% for Z.., E,., and
Ep, respectively.

Lastly, we discuss the uncertainties arising from the
scattering angle cut .. For this analysis, we set 6. =16
and 64 mrad. The results are presented in Table 7, indic-
ating that the uncertainties due to 6. are approximately
9% for 2., 10% for E,., and 10% for Z,,. The relatively
small uncertainty from 6, suggests that the photon dens-
ity function is a suitable choice for our calculations.

IV. SUMMARY

This paper examines the production of doubly heavy
baryons at the +/s=1 TeV MulC through the channels
Y+g—Epo+0+0Q and y+Q—>Eypy +Q within the
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Fig. 3. (color online) z distributions for the production of Z¢¢ at the s=1 TeV MulC.
Table 4. The variations in the total cross sections (in units Table 5. The variations in the total cross sections (in units

of pb) for the production of =, and Z,. at the vs=1 TeV
MulC are analyzed with m, = 1.80+0.10,GeV. The mass m,, is
held constant at 5.10 GeV while examining the uncertainty
stemming from m,.

of pb) for the production of Z,, and Z,. at the vs=1 TeV
MulC are examined with m;, =5.10+0.20,GeV. The charm
quark mass m, is fixed at 1.8 GeV while assessing the uncer-
tainty associated with my.

me = 1.7 GeV m. = 1.8 GeV me = 1.9 GeV my =4.9 GeV mp =5.1 GeV mp =5.3 GeV

¥g = (cc)sl' S0l 3.14x10° 2.19x 10° 1.56x10° yg — (bb)s['S o] 433 3.31 2.54

yg — (co)313S1] 3.50% 10* 245x10% 1.75x 10* yg — (bb)3[*S1] 3.70% 10! 2.83% 10! 2.18x 10!
ye = (o)l Sol 6.00x 10° 4.53%10° 3.46x 103 yb — (bb)s['S o] 3.36 2.90 2.49

ye = (co)3[*S 1] 8.02x 10% 6.06x 10* 4.63x10* yb — (bb)3[*S1] 4.65x 10! 4.02x10! 3.45x 10!
¥g = (bo)s['Sol 1.85% 107 1.55x10? 1.31x10? yg = (be)3['So] 1.79x 10? 1.55x 102 1.35x 102
¥g — (be)s[' Sol 1.29 % 102 1.07x 102 8.96x 10 yg = (b)s[' Sol 1.22x 102 1.07 x 102 9.41x 102
yg = (bo)3[S1] 6.06 x 10 5.11x10? 435% 102 yg = (be)3[381] 5.90x% 102 5.11x10? 4.46% 10!
¥g — (bo)s[*S1] 5.17x 102 4.34%102 3.69x 102 yg — (bo)s[*S11 5.00% 102 434 %102 3.80x 102
ye = (be)s['Sol 2.98x 10! 2.82% 10! 2.67x 10! ye — (bo)s['Sol 3.33x 10! 2.82x 10! 2.40% 10!
ye = (be)s['So] 1.49% 10! 1.41x 10! 1.33x 10! ye — (be)s['S o] 1.67x 10! 1.41x 10! 1.20x 10!
ye = (bo)3 1811 1.41x10? 1.33x10? 1.25x10? yc = (bo)s[*S1] 1.56 x 102 1.33x 102 1.13x 10?
ye = (be)s[*S 1] 7.04% 10! 6.63x 10! 6.24% 10! ye — (be)s[*S 1] 7.80% 10! 6.63% 10! 5.66x 10!
yb — (be)s['So] 6.59x 107 5.00% 102 3.85x 107 ¥b - (b)3['Sol 4.50%10? 5.00x 102 5.42x 107
¥b — (be)s[' S o] 3.29x 102 2.50% 102 1.93 x 102 ¥b — (be)s[' S0l 2.25% 102 2.50% 102 2.71 x 102
¥b — (be)3[*S1] 2.96x 10° 227%10° 1.77x 10° yb — (be)s[*S1] 2.06x 103 2.27x103 2.44%103
¥b - (b)s[*S 1] 1.48x 103 1.14x10° 8.86x 107 yb — (bo)s[*S 1] 1.03x10° 1.14x10° 1.22x10°

NRQCD framework. Our findings indicate that the ex-
trinsic heavy quark mechanism via y+ Q — Epp + Q' res-
ults in a significantly higher production rate compared to

the y+g — Epp + 0+ Q' channel, even with the suppres-
sion from heavy quark parton distribution functions (PD-
Fs). There are four spin-and-color diquark configurations
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Table 6. The variations in the total cross sections (in units
of pb) for the photoproduction of Zpp at the vs=1 TeV
MulC are analyzed with the renormalization/factorization
scale set at u=0.75M7 and pu=1.25Mr.

Table 7. The variations in the total cross sections (in units
of pb) for the photoproduction of Epy at the s=1 TeV
MulC are analyzed by setting the electron scattering angle cut
at 6, = 64 and 16 mrad.

u=0.75Mr u=Mr u=125Mr 6, = 16mrad 6, = 32mrad 6, = 64mrad
vg = (cc)s['S o] 2.52x10° 2.19% 103 1.98x 103 yg — (cc)s['S o] 1.98x 103 2.19%10° 2.40x103
yg = (co)3[3S1] 2.79x 104 2.45x% 10* 222 x 104 yg = (co)3[38 1] 222x 104 2.45x 104 2.68x 10*
ye = (cc)el' S ol 4.94%10° 4.53%10° 420%103 ye — (cc)g['So] 4.12x103 4.53%103 4.94x10°
ye = (co)338 1] 6.60x 10* 6.06x 10* 5.62x 10* ye = (co)3381] 5.52x 104 6.06 x 10* 6.60x 10*
yg — (bb)['S o] 3.87 331 2.94 ve — (bb)s['So] 3.05 3.31 3.56
yg — (bb)313S 1] 3.31x10! 2.83x 10! 2.52x 10! yg = (bb)3[*S1] 2.52%10! 2.83x 10! 3.13% 10!
b — (bb)s['S ] 274 2.90 2.94 b — (bb)s['S o] 2.59 2.90 321
yb— (bb)3[3S 1] 3.79x 10! 4.02x 10! 4.08x 10! yb— (bb)3[*S1] 3.59x 10! 4.02x 10! 4.45% 10!
yg — (bo)3['Sol 1.81 x 102 1.55x 102 1.38x 102 yg = (be)3[1Sol 1.39x 102 1.55% 102 1.71 x 102
yg = (bo)e['So] 1.24% 102 1.07 x 102 9.56% 10! vg = (be)s[1So] 9.59% 10! 1.07x 102 1.18x 102
yg — (bo)3[S1] 5.93 x 102 5.11x 102 4.57x 102 yg = (be)3 3811 4.59 % 102 5.11x 102 5.64x 102
yg = (bo)e[*S1] 5.03 x 102 4.34x 102 3.89 x 102 yg = (be)s[*S1] 3.90x 10? 4.34%102 4.79% 102
ye = (be)s[1S o] 3.10x 10! 2.82x 10! 2.62x 10! ye = (be)s1'S o] 2.55x 10! 2.82x 10! 3.09% 10!
ye = (be)s[!S o] 1.55% 10! 1.41x 10! 1.31x 10! ye = (be)s[1S o] 1.28x 10! 1.41x 10! 1.55% 10!
ye — (be)s[3S 1] 1.46 % 102 1.33x10? 1.23x 102 ye = (be)s138 1] 1.20x 10? 1.33x 102 1.45x% 102
ye = (be)s[*S 1] 7.28x 10! 6.63% 10! 6.16x 10! ye = (be)s[*S 1] 6.00x 10! 6.63x 10! 726 10!
yb — (be)3['So] 3.59% 102 5.00% 102 5.46 % 102 yb = (be)3[1So] 4.49 % 10? 5.00% 102 5.50% 102
yb = (be)e['So] 1.80% 102 2.50x 102 2.73x 102 yb = (be)s[1So] 2.25x 102 2.50 x 102 2.75% 102
yb = (be)3[S1] 1.64x 103 227%10° 2.48% 103 yb = (be)3[351] 2.04%10° 227 %103 2.50x 103
yb = (be)s[S1] 8.18 x 102 1.14x103 1.24% 103 b — (be)[3S 1] 1.02x103 1.14x 103 1.25% 103

for producing doubly heavy baryons: (QQ")s['So] and
(QQ)35[*S 1]. Notably, the (QQ")3[*S ] diquark state con-
tributes the most to o production, while other diquark
states also significantly impact this production, under-
scoring the importance of discussing all configurations
for accurate predictions.

We present the cross sections and the associated un-
certainties arising from various choices of heavy-quark
mass, renormalization/factorization scales, and 6,.. By se-

lecting m. =1.80+0.10 GeV and m, =5.1£0.20 GeV, we
expect to generate (3.671)3)x10° E., (2.247)%)x 108
Epe, and (3.00708)x 10° E,, events in one operational
year at the MulC under the conditions of /s =1 TeV and
L~40 fb~!, where all configurations and production
channels have been accounted for. With these production
rates, the MulC serves as an excellent platform for ex-
ploring the properties of doubly heavy baryons Ey .
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