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ABSTRACT: Within the framework of NRQCD, the photoproduction of doubly heavy baryons
Zeey Zbes, —pp and their P-wave excited states has been systematically investigated. The
production mechanism is that a color anti-triplet or sextuplet diquark (QQ’) is first produced,
and then evolved into a corresponding doubly heavy baryon Zg¢g via the subprocess v+~ —
QAN +Q' +Q — Z0¢ + Q'+ Q. Here, Q) denotes the heavy quark b or ¢, [n] is the color
and spin quantum number of intermediate diquark, which can be [>Si]3 /6 and [1So]5 /6 for
S-wave states, or [1P1]§/6 and [SPJ]g/G with J =0, 1, 2 for P-wave states. Predictions for the
cross sections, differential distributions, and theoretical uncertainty have been analyzed. The
results indicate that, at /s = 91 GeV, the contribution of photoproduction for P-wave =,
Epe, and Ty, is approximately 2.19%, 4.23%, 1.26% of the contribution for S-wave, respectively.
As the collision energy increases, the contribution of P-wave also increases. Assuming that
the highly excited state can decay into ground state with 100% efficiency, the total produced
events at CEPC and FCC-ee can be as high as O(108), O(107), and O(10°) corresponding to
Zees Zpe, and Zpy, respectively, which is very promising to be detected in future experiments.
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1 Introduction

With the enhancement of detectors and the provision of data analysis techniques, more
and more hadron states, including mesons, baryons, and exotics, have been discovered
experimentally. Baryons are composed of three valence quarks, of which the doubly heavy
baryons contain two heavy quarks (b or ¢) and one light quark (u, d, or s), and are widely
studied for their rich physical information and complex structures. In 2017, the doubly
charmed baryon Z1" was first discovered by LHCb Collaboration through the decay channel

—cc

S 5 AFK ntrt (AF — pK ") [1]. Subsequently, the LHCb Collaboration confirmed
its existence in the decay channel 21,7 — 7T=F [2] and measured the properties of the mass
and lifetime of 21" baryon [3]. In theory, it is devoted to further study of other doubly
charmed baryons =.., doubly bottomed baryons =, and bc baryons = predicted by the quark
model [4-6], providing certain predictions and guidance for the search of experiments. Many
theoretical methods have been proposed to deeply understand the doubly heavy baryons [7—19],
not only the phenomenological extensions of the quark model, but also some nonperturbative
methods like the potential model [20, 21], lattice QCD [22], and QCD sum rules [23].

One of the main goals of the electron and positron collider is to study properties and
interactions of hadron, such as production, decay and mass spectrum. Due to the quark
confinement in the strong interactions, the production of doubly heavy baryons contains
large and complex non-perturbative effect which cannot be directly obtained by perturbation
QCD calculation. As a multi-scale theory, non-relativistic QCD (NRQCD) [21] provides
an efficient means to theoretically study the production of hadrons. Within the framework
of NRQCD, the production of hadrons can be factorized into a convolution of two parts,
the short-distance coefficient and long-distance matrix elements (LDMEs), based on the
perturbative and nonperturbative scale at which the process occurs. In the perturbative
region, a diquark can be perturbatively produced with spin and color quantum number
[n]. Subsequently, the diquark state nonperturbatively transitioned to a certain baryon.



According to the decomposition of SU(3). color group, the color quantum number of diquark
can be 3 and 6. The spin quantum number of diquark can be [1So], [3S1], [L P1], [2Pj] with
J =0, 1, 2, and even higher orbital excitation.

At eTe™ collider, the doubly heavy baryons and their excited states can be produced
via direct and indirect production mechanisms, where the direct production mechanism is
through the channel mediated by a single virtual photon or Z° boson [24, 25], et + e~ —
A Eoqr + Q' + Q, and indirect production mechanism is achieved by the decay of
heavy particles [26—29]. However, CEPC provides a potential platform for studying the
photoproduction mechanism of doubly heavy baryons, that is, through the subprocess of two
photons collision [30, 31], v+ v = Eg¢r + Q'+ Q. The photons in initial-state can be from
the bremsstrahlung [32] or the laser back-scattering (LBS) [33] of e*e™. The photoproduction
mechanism of doubly heavy baryons has also been studied on other platforms, such as
LHeC and ILC [34, 35]. Moreover, earlier studies have shown that the results obtained by
the photoproduction mechanism are larger than those produced by the direct production
mechanism, especially in high energy regions [30, 35].

The photoproduction of P-wave doubly charmed baryon at future e™e™ collider has been
investigated in Reference [31]. In this paper, we shall further investigate the photoproduction
of Zpe, and Ep, in P-wave at Circular Electron Positron Collider (CEPC) [36, 37] and
Future Circular Collider (FCC-ee) [38] within the framework of NRQCD. The integrated
cross sections of different intermediate diquark states would be presented under four typical
collision energies /s = 91, 160, 240, and 360 GeV of CEPC and FCC-ee. For the production
of Zp., the intermediate diquark configurations can be [1Sp]3 /6 and [3S15 s for S-wave
states, [1P1]3/6 and [3PJ]3/6 with J = 0, 1, 2 for P-wave states; whereas for =, because
of Fermi-Dirac statistics, there are only half the intermediate states, i.e. [1Sy]g and [351]5
for S-wave states, [!Py]z and [*Pjlg with J = 0, 1, 2 for P-wave states. In order to
maintain the integrity of the doubly heavy baryon Egg: and facilitate comparative analysis,
the results of =.. are also presented in numerical analysis. The differential distributions
involving transverse momentum, rapidity, squared invariant mass and angular distributions,
as well as the theoretical uncertainty of the doubly heavy baryons at the collision energy
of /s = 91 GeV are also analyzed accordingly, and the cross section will be suppressed as
the collision energy increases.

The rest of this paper is arranged as follows. In section 2, we present the calculation
technology for the photoproduction of excited doubly heavy baryons, v+ v — Eqq + Q' +Q.
The numerical results of Z.., Zp., and Zp in S-wave and P-wave are listed in section 3.
Finally, section 4 is reserved for a summary.

2 Calculation technology

Within the framework of NRQCD, the cross section for the photoproduction of excited doubly
heavy baryons, v+ v — Eggr + Q' + @, can be factorized into

do(efe” = Ego + Q' +Q) = /d$1fy/e($1)/d$2fy/e($2)
x> do(ry = (QQ)n + @ +Q)(0"]) . (21)
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Figure 1. Typical Feynman diagrams for the photoproduction of Zg-.

where Q and @’ stand for the heavy c- or b-quark for the production of Z.., Zp., and Zpp,
respectively; f,.(r) represents the energy spectrum of the photon; dé&(yy — (QQ')[n] +
Q' + Q) denotes the differential partonic cross section, which needs to be summed over
the color and spin quantum number [n] of the diquark state (QQ’). It combined with the
photon energy spectrum can be called the perturbative short-distance coefficient. (O [n])
is the nonperturbative long-distance matrix elements representing the hadronization from
the perturbative diquark (QQ’)[n] to the corresponding baryon ZEq¢.

2.1 Short-distance coefficient

The typical Feynman diagrams of the partonic processes for Zgg photoproduction are
plotted in figure 1 by JaxoDraw [39].

The energy distribution of initial photons from laser back-scattering (LBS) of eTe™ has
been well delineated in the spectrum by Ginzburg et al. [33],

fe@) =~ |1—xt —ar(1- ), (2.2)

N 1—=x

where z = EW/Ee, r=xz/(xm(l—x)), and the normalization factor N = (1— im — —) log(1+

T

Tm)+ % + = zm m Here, z,,, = 4E,E) cos® with the energy of the incident electron and
laser beams E,. and Fj, and their angle 6. The range of LBS photon energy is constrained by

0<x < T
142,

(2.3)
where ( z,,, = 4.83 [40]). The differential partonic cross section dé can be rewritten as

d6(vy = (QQ)[n] + Q'+ Q) =

Z|M ||2d®s, (2.4)

2x1298
where +/s is the collision energy of ete™ collider (CEPC or FCC-ee); > means to average
over the spin states of the photons, and sum over the color and spin of the final-state particles;

the quantum number [n] in the magnitude M can be [1Sole, [>S1]3, [1P1]3 and [>Pslg with
J =0,1,2 for =, and =, baryons. While for =, baryon, there are twelve intermediate



diquark states, involving [150]3/6, [381]3/6, [1P1]3/6 and [3PJ]3/6 with J =0, 1,2; the three-
body phase space

3 3 -
dpy
d®s = 2m)'6' (ki + k2 = > pp) | 5o (2.5)
= ! o1 (277)32p(}

In leading order, there are a total of twenty Feynman diagrams for the photoproduction
Egq’, among which ten typical diagrams are shown in figure 1, and another ten diagrams
can be obtained by exchanging the initial-state photons. However, for =.. and =, baryons,
twenty more diagrams can be produced by swapping the identical c-quark lines in the diquark.
Therefore, an additional factor 22/(2!2!) should be multiplied, where 22 contributes to the
twenty additional Feynman diagrams, and 1/(2!2!) is the identical factor of two heavy quarks
inside the diquark and two final-state antiquarks. The momenta of the constituent quark
mee D1+ p and pry = S
between two constituent quarks and p = 0 in the S-wave amplitude.

in diquark p1; = p1 — p with the small relative momentum p

!

To obtain the amplitude, one of the fermion lines in the Feynman diagrams (green in
figure 1) needs to be reversed by applying the charge conjugate matrix C' = —iy24°. The

action of C parity obeys

vl (p2)C = —iis, (p2), C™ s, (p12)T = vs, (p12),
C=(y")'C = ", C™(4"7°)TC = 4177, (2.6)
C™ St (=i, mi)C = Sr(qi, mi).

Remarkably, after the action of C parity, there is an additional factor (—1)¢*!, where  is
the number of vector vertices in the reversed Q'Q’ fermion chain. In this paper, ¢ = 1, 2, or 3
for the photoproduction of Zg¢. Let’s take a general fermion line as an example to explain the
action of charge conjugation, i.e., Ly = ug, (p12)Ti+15F(qi, m;) - - - Sp(q1, m1)1vs, (p2). Here,
I';+1 represents the interaction vertex, Sg(q;, m;) denotes the fermion propagator, where g;
and m; are the corresponding momentum and mass with the index 7 of the number of fermion
propagators (i = 0, 1,...) along this fermion line. The subscripts s; and sy are the spin indices
of the final-state quark and antiquark. With the action of C parity, L1 can be reversed to

Ly = L] = vl (p2)I1 SE(q1,m1) - - St (qs, mi)TE 14l (pr2)

= vl (ko) CC~TTCC™SE(q1,m1)CC™ -+ CC~ S(g;, m;)CCTE,CC™al (p12)  (2.7)
= (=)D, (p2)T18p(—q1, m1) - - - Sp(—qi, mi)Div1vs, (p12).

Specifically, the S-wave amplitude M[n] = 329, M;[n], ten of these can be written in
sequence according to the Feynman diagrams in figure 1 and are listed in egs. (2.8). The



remaining ten diagrams can be obtained by exchanging the positions of the initial photons.

Min] = CQ2uy (p2)y° 0 [le()u;z% (Zil:—p?)—’—mczz@ (h)W (k2)vs(p3),
Maln] = CQ*tiy (p2)7” (pQ[ +}1(7132 #(ky (pn_ Zi 1)+mQ Yo (,fi 2__;{3 ?3: _mQ% Ak )vs (p3),
I[n](p1) — ki tme —H—h—Pntmq
Malr] = CQ B 2}y (p2+p12)? Ak (pn—]ﬁ) 2Q (kz)(mimipmlf m2Q%US(p3)
bo—Ki+mq . Hnj(p1) Ka— s +mq

(pa—k1)2—md, * (ka—ps—p11)? 7 (k2 —p3)2—m} #(ka2)vs(ps),

Ki—Pa+tmey [n](p1) P — Ko tmq
(k1 —p12)? —mg, ﬁ/(kl)(kl—pz—plzy ng)(Pn—kz) mg 1ovs(Pa);
Po— Ko +meg (k1) —¥h —Pst+tmq , n|(p1)
(p2 —k2)? —mp, ' (p1+p3)>—mg, "~ (p3+pu1)
Yo—Kotmg , Ki— Wi tme [n](p1)
(Pz—k2)2—m2Q/ (kl_p12)2_m2Q/ ﬁ/(kl)(ps %—1?11)2%1)5(103)7
P3+ P+ ¥+ mg Ki—Pa+tmeo I[n](p1)
(p3+p2+pi1)? —mp, g(kQ)(klfpu)mezQ/ al(kl)(p3+p )2%1)5(193)7
vy~ +mQ’ o 1n|(p1) P — Kot mq
(p2 —k1)? —mQ, (p2 — k1 —p12)? (k2 (P11 —k2)? — 2 1vs(ps),
I[n](p1) Ky —¥s+mq
) G, R o),

(2.8)

Myn] = —CQ.QLuy (p2) #(k1)

M5[n] = 7CQ€Q;'ELS’ (P2)’YU

Mgn] = CQZuy (p2) #(k2) 570 Vs (P3),

Min] = CQZuy (p2) #(k2)

Ms[n] = CQPiuy (p2)y”

My[n] = —CQQe s (p2) #(k1)

ki — ot me
(k1 —p12)? —mp,

Mygln] = —CQQLuy (p2)

Here, Qg) =2/3 or —1/3 for ¢- or b-quark, respectively, (k1) and (k2) are the polariza-
tion vectors of the initial photons. C is the overall constant and satisfies C = CZ-Mngg. Note
that in order to obtain the amplitude of the diquark state, the spinor vgi2(p12)tsii(p11) in
the amplitudes has been replaced by the spin projector I1[n](p;), of the following form

[ So](p1) = 4an§§: (?12 )’)/5 (@11 + mQ) , (2.9)

) = Ve (1o —me) ¥ (py +ma) - (2.10)

[3$1]° (py Imgmo

The P-wave amplitudes and spin projector can be obtained by the first derivation of
the relative momentum p in S-wave amplitudes, i.e.,

d
M [ Pi) = e ) 5~ Mol Sol 0, (211)
d
MAPP)) = elslion) 5= MITSi o (2.12)
d MQQ a5
—1II =Y == ¢ / 2.1
dpa [ SO](pl) p=0 4QOQ’ (pl TmQ —mQ ) ( 3)
d Y, mQq’ a, B apf
%H[ Sl] ( ) o = m |:’)’ Y (pl + mqg — mQ/) — 2g (pIZ — mQ/)} . (214)

In the amplitude M, ['Sg] and M?[3S1], the relative momentum p, which is contained in
the constituent quark momenta of the diquark, pi11 and p12, always appears in the projector



and propagators. £ (p1) and €L (p1) correspond to the polarization vectors of the spin and
orbital angular momentum of the diquark in [>S1]- and [! P;]-state respectively. Eiﬁ (p1) is the
polarization tensor of [>P;]- states with J = 0,1, or 2. All of them need to be polarization
summed to select the suitable total angular momentum, and the polarization summation
formulas of polarization vector and tensor satisfy [20]

el et =, 2.15
Z aCa
Lz
y 1
82563/5/ = gHagnalﬁl, (216)
1
Y Cagtarg = 5 (Maalgp — apIlarg), (2.17)
Jz
. 1 1
26356315/ = i(Haa’Hﬁﬁ/ + Haﬁ/Halg) — gHaﬁHa/ﬁ’a (2.18)
Jz

with the definition I3 = —gas + %‘;ﬂ.

!

The color factor C;; i, of the diquark has been extracted from the amplitudes and it satisfies

8 3
Cije =N x> > (T mi(T)nj X Grank, (2.19)

a=1mmn=1

in which /' = 1//2 is the normalization constant, i, and m,n are the color indices of two
heavy antiquark and quarks, k£ denotes the color index of the diquark, and G,,,; can be
considered equal to the antisymmetric function e,,,; for 3 state, or the symmetric function
fmnk for 6 state, which can be

EmnkEm/n'k = 5mm’6nn’ - 5mn’5nm’a (22())

fmnk’fm/n’k = 5mm’5nn’ + 5mn’(snm“ (221)

Thus, the color factors are numerically calculated to be 4/3 for color-3 state, and 2/3
for 6 state.

2.2 Long-distance matrix elements

The hadronic process represented by the nonperturbative long-distance matrix elements
(Of[n]) can be divided into two steps: first the perturbative diquark pair (QQ’')[n] is bound
to the diquark state, which can be described by the transition probability hz and hg for
color-antitriplet and sextuplet diquark respectively, and then the diquark state captures a light
quark (¢ = u, d, or, s) from the vacuum to form a baryon Zg¢qs with 100% efficiency. Here the
isospin-breaking effect is ignored, and for simplicity, we use Eg¢g to denote Eggrq. Typically
assuming the potential of the binding color-antitriplet diquark state is hydrogenlike, hg can
be approximately associated with the Schrédinger wave function at the origin ¥/ (0)?
for S-wave diquark states, and the first-derivative wave function at the origin \\Ibe,(O)\Q for

P-wave states. And the (first-derivative) wave function at the origin can naturally connect



with the (derivative) radial wave function at the origin, i.e.,

WISy ~ [Wao(O) = oI Raq (0)

WPls = [Woq O = - |Rog O (2.22)
The numerical value of |Rgg/(0)|? and | R (0)|? can be estimated by fitting the experi-
mental data or some nonperturbative methods like QCD sum rules [41], lattice QCD [42] or
the potential model [43]. Its values are slightly different obtained in different potential model,
such as Power-law [43], K20 potential [23], and Buchmiiller-Tye (B.T.) [44]. Fortunately, at
the present considered pQCD level, the wave function at the origin and its first-derivation
can be regarded as a global factor to update the numerical results if more accurate values
of the wave function at the origin are available.

As for hg, according to NRQCD’s power counting rules, there are two different arguments

compared to hz. In NRQCD theory, Zg¢ can be expanded into a series of Fock states with
a small relative velocity v between heavy quarks in the rest frame of the diquark:

Z0q) = aa()[(QQ)a) + c2(v)|(QQ")ag) + c3(v)|(QQ)agg) + -+ . (2.23)

Consider a diquark (QQ’)3 to form a baryon [(QQ')q), one heavy quark of diquark can
emit a gluon without changing the spin of the heavy quark. Subsequently, this emitted gluon
can split into a light quark-antiquark pair ¢¢. The resulting light ¢ interact with the diquark
(QQ")3 then to form the baryon Zgqr. However, during the formation of baryon |(QQ’)q)
from the diquark (QQ')e, the process is similar to (QQ')3, except that the emitted gluon
must change the spin of the heavy quark, leading to a suppression to hg [45].

Another assumption is that the diquark (QQ')e can also form baryon |(QQ")qg). The
process is that one heavy quarks in diquark emits a gluon without changing the spin of the
heavy quark, and then the light antiquark formed by the emitted gluon splitting emit a gluon
again. Finally the gluon and light quark are captured by the diquark to form [(QQ’)qg).
This makes the contribution of he equal to hz. Therefore, since a light quark can easily emit
gluons, the constituents in eq. (2.23) are equivalent significance, i.e., ¢; ~ ¢y ~ c3 [46]. So
we adopt hg = hz in the subsequent numerical calculation.

3 Numerical results

The input parameters in the numerical calculation are listed below [47, 48]:

me = 1.8 GeV, mp = 5.1 GeV, mQg = mq + mgr,

my = 91.1876 GeV, muw = 80.385 GeV, Gr = 1.1663787 x 1075,
|Ree(0)| = 0.700GeV3,  |Rpe(0)] = 0.904GeV2,  [Ry(0)] = 1.382 GeV2,
IR.(0)] = 0.102GeV3,  |R},(0)] = 0.200GeV2,  |R},(0)] = 0.479 GeV2, (3.1)

where |R(,/(0)| are evaluated under the K20 potential motivated by QCD with a three-
loop function [23]. The renormalization scale is typically taken as the transverse mass of

the final-state doubly heavy baryon, specifically u = ./ M%QQ, + p%, where pr denotes the
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Figure 2. Energy dependence of the cross section for the photoproduction of Eg¢g in S-wave.

transverse momentum of the particle. Accordingly, the strong running coupling can be
obtained from the solution of the one-loop renormalization group equation with the reference
point as(mz)=0.1181 [49, 50]. The programs FeynArts 3.9 [51], FeynCalc 9.3 [52], and
the modified FormCalc [53] are used to generate the amplitudes and do the algebraic and
numerical calculations.

3.1 Cross section

The energy dependence of the cross section for the S-wave Zgqr photoproduction is shown
in figure 2. It can be intuitively seen from figure 2 that with the increase of the collision
energy /s, the cross section for the photoproduction of Zg¢ initially increases rapidly and
subsequently decreases, and the maximum value appears in the energy range of tens of GeV.

The cross sections for the photoproduction of Z.., Zp., and =, from different config-
urations of intermediate diquark have been analyzed under four typical collision energies
Vs = 91, 160, 240, and 360 GeV, and the corresponding results are given in tables 1-3.
Assuming that the highly excited states transition 100% to the ground state, the total cross
section of Zg¢g photoproduction can be obtained by summing up the contributions of the
intermediate diquark configurations. Tables 1-3 show that

o The total cross sections decrease with the increment of /s, which is consistent with
the trend in figure 2.

o The ratio of the cross sections obtained by four different collision energy +/s (unit: GeV)
is 0(91) : 0(160) : 0(240) : 0(360) ~ 3.92 : 2.40 : 1.59 : 1, 2.87 : 2.08 : 1.49 : 1, and
1.96: 1.75: 1.38 : 1 for the photoproduction of =.., Zp., and =, respectively.

e The biggest contribution comes from the intermediate states with quantum number
[*Sils.



Vs (GeV) 91 160 240 360

["Sole | 1.58 x 1071 | 1.12 x 1071 | 7.90 x 1072 | 529 x 1072

S-wave | [391]3 2.24 1.36 8.90 x 107! | 557 x 107!
S-total 2.40 1.47 9.69 x 107! | 6.10 x 107!

[tP)z | 2,70 x 1072 | 1.70 x 1072 | 1.13 x 1072 | 7.17 x 1073

PPe | 3.99 x 1073 | 255 x 1072 | 1.72 x 1073 | 1.10 x 1073

P-wave | [PPilg | 4.89 x 1073 | 342 x 1073 | 241 x 1073 | 1.60 x 1073
PPe | 1.66 x 1072 | 1.12 x 1072 | 7.77 x 1073 | 510 x 1073

P-total | 5.25 x 1072 | 3.42 x 1072 | 2.32 x 1072 | 1.50 x 1072

Total 2.45 1.50 9.92 x 107! [ 6.25 x 107!

Table 1. Cross sections (in unit: pb) for the photoproduction of Z.. under four typical collision
energies /s = 91, 160, 240, and 360 GeV.

« Comparing the contributions between P-wave states, the largest result occurs in [1P;]3
for the photoproduction of Z.. and Zy, [>Py]3 for Zy..

o At /s =91GeV, the contribution from P-wave states is approximately 2.19%, 4.23%,
1.26% of the S-wave contribution for the photoproduction of Z.., Zp. and Zp, respec-

tively. As the collision energy increases, the contribution of P-wave also increases, up

to 2.46%, 4.96%, 1.60% when /s = 360 GeV.

Using the total cross section calculated above, we can estimate the events of doubly
heavy baryons that can be produced at the CEPC and FCC-ee by formula N = o x L. The
designed luminosity £ of CEPC and FCC-ee both with two interaction points (2IPs) at
different collision energies [36, 38] is shown in table 4. Based on these collision conditions
(luminosity and collision energy), the predicted Zg¢ events produced at CEPC and FCC-ee
per year are calculated in table 5.

From table 5, we can see that both at CEPC and FCC-ee, a large number of Eg¢ events
can be produced. In particular, when /s = 91 GeV, the number of produced Z.., Zp., and
Zp, events is as high as O(10%), O(107), and O(10°) respectively, which is very promising
to be detected in future experiments. At the same luminosity, the ratios of Z.., =, and
Zpy events produced at the collision energies /s = 91,160, 240, 360 are about 863 : 44 : 1,
591 :36 : 1,496 : 32 : 1, and 431 : 30 : 1, respectively. The produced events of Zp. (Epp)
is one (two) order(s) of magnitude smaller than that of Z..

3.2 Differential distributions

To show the dynamical behavior of the produced Zggs baryon from different intermediate
diquark state (QQ')[n] and be helpful for the experiments measurements, the differential
cross sections, such as the angular (cos 612 and cos #;3), squared invariant mass (s12 and s13),
transverse momentum (pr), and rapidity (y) distributions, of Z.., Zj. and Ey;, are presented
in figures 3-5, respectively. Here 6;; is the angle between the outgoing three momenta p; and



V5 (GeV) 91 160 240 360

[tSole | 1.23 x 1072 | 9.03 x 1072 | 6.43 x 1073 | 429 x 1073

[tSolz | 247 x 1072 | 1.81 x 1072 | 1.29 x 1072 | 8.58 x 1073

S-wave | [3S1]¢ | 2.73 x 1072 | 1.98 x 1072 | 1.42 x 1072 | 9.57 x 1073
[3Si)3 | 547 x 1072 | 3.97 x 1072 | 2.84 x 1072 | 1.91 x 1072

S-total | 1.20 x 107! | 8.66 x 1072 | 6.19 x 1072 | 415 x 1072

[tPe | 339 x 1074 | 2.74 x 107% | 2.07 x 107* | 1.44 x 1074

[tP)z | 6.78 x 107% | 548 x 107% | 4.13 x 107* | 2.88 x 10~*

PPle | 1.02 x 107* | 7.81 x 107° | 5.74 x 107° | 3.94 x 107

PPz | 2.04 x 107% | 1.56 x 107* | 1.15 x 107% | 7.88 x 107°

P-wave | [PPylg |2.97 x 107% | 232 x 107* | 1.70 x 107 | 1.16 x 107*
PPz | 595 x 107% | 4.63 x 107% | 3.40 x 107* | 2.33 x 10~*

PPg | 9.49 x 107* | 7.58 x 107* | 5.63 x 107 | 3.87 x 107*

PRz | 1.90 x 1073 | 1.52 x 1073 | 1.13 x 1073 | 7.74 x 10~*

P-total | 5.07 x 1072 | 4.03 x 1072 | 3.00 x 1073 | 2.06 x 1073

Total 1.25 x 1071 | 9.06 x 1072 | 6.49 x 1072 | 4.36 x 1072

Table 2. Cross sections (in unit: pb) for the photoproduction of Zj. under four typical collision
energies /s = 91, 160, 240, and 360 GeV.

Vs (GeV) 91 160 240 360

['Sole | 1.17 x 107% | 1.41 x 107* | 1.29 x 107* | 1.04 x 107*

S-wave | [3S1]5 | 2.68 x 1073 | 2.36 x 1073 | 1.84 x 1073 | 1.33 x 1073
S-total | 2.80 x 1073 | 2,50 x 1073 | 1.97 x 1073 | 1.43 x 1073

[tPs [2.05 x 107° | 1.94 x 107° | 1.57 x 107° | 1.16 x 107

BPle | 2.79 x 1076|279 x 1076 | 2.31 x 1076 | 1.73 x 1076

P-wave | [Pi]g | 2.53 x 1079 [ 3.10 x 107¢ | 2.82 x 1076 | 2.27 x 107°
PPg | 9.36 x 1076 | 1.06 x 107° | 9.35 x 1076 | 7.32 x 1076

P-total | 3.52 x 107° | 3.59 x 107° | 3.02 x 1075 | 2.29 x 107°

Total 284 x 1073 | 254 x 1073 | 2.00 x 1073 | 1.45 x 1073

Table 3. Cross sections (in unit: pb) for the photoproduction of Ej, under four typical collision
energies /s = 91, 160, 240, and 360 GeV.
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L x10%* em 2571
Vs (GeV)
CEPC@Q30MW | CEPC@Q50MW | FCC-ee
91 115 192 460
160 16 27 56
240 5 8.3 17
360 0.5 0.8 3.1

Table 4. Designed Luminosity £ of CEPC and FCC-ee at different collision energies.

VS (GeV) 91 160 240 360

Events
CEPCQ@30MW | 8.90 x 107 | 7.59 x 10% | 1.56 x 10% | 9.86 x 104
Ece | CEPCQ50MW | 1.49 x 108 | 1.28 x 107 | 2.60 x 10° | 1.58 x 10°
FCC-ee 3.56 x 108 | 2.66 x 10" | 5.32 x 10° | 6.11 x 10°
CEPCQ@30MW | 4.54 x 105 | 4.57 x 10° | 1.02 x 10° | 6.87 x 103
Spe | CEPCQ50MW | 7.57 x 106 | 7.72 x 10° | 1.70 x 10° | 1.10 x 10*
FCC-ee 1.81 x 107 | 1.60 x 105 | 3.48 x 10° | 4.26 x 10*
CEPC@30MW | 1.03 x 10° | 1.28 x 10* | 3.15 x 103 | 2.29 x 102
S | CEPCQ50MW | 1.72 x 10° | 2.16 x 10 | 5.24 x 103 | 3.67 x 102
FCC-ee 4.11 x 105 | 4.48 x 10* | 1.07 x 10* | 1.42 x 103

Table 5. Predicted ZEgg- events produced at CEPC and FCC-ee per year based on the collision
conditions.

pj in the center-of-mass system. The definition of squared invariant mass s;; = (p; + pj)2.
The different colors and linearity in the figures 3-5 represent the differential distributions
of intermediate diquark configures.

It can be seen from the transverse momentum distribution in figures 3—5 that there is
a sharply peak in small pp region, around several GeV, and then a logarithmic decline for
the photoproduction of Z.., Zp.. For =y, baryon, however, the peak is relatively flat but
the general trend is consistent with =.., =p.. Throughout the whole pr region, the trend
of different intermediate diquark states is generally similar, and the contribution of [39)]3
configuration is consistently dominant. The rapidity y distributions of Zgg, baryons are
mainly in the range of -2.5 to 2.5, and is reduced to the range of -2.3 to 2.3 (-2.0 to 2.0) for
the photoproduction of Zp. (Zp,). The squared invariant mass distributions s12 and s13 are
monotonically decreasing. This means that the contribution is greatest when the baryon is
moving back to back with two anti-charm quarks. The same conclusion can also be confirmed
by the angular cos 15 and cos 613 distributions, when cos 612 and cos 613 are equal to -1, the
maximum cross section can be achieved.
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Figure 4. Differential distributions for the photoproduction of Zy. at /s = 91 GeV.

3.3 Theoretical uncertainty

In this subsection, we focus on the analysis of two main sources of theoretical uncertainty
in the photoproduction of Z.., Zp., and =y, baryons, involoving heavy quark masses m,
and mjp and the renormalization energy scale u. Note that when calculating the theoretical
uncertainty arising from a variable, the other parameters remain at their central values.
Firstly, we analyze the theoretical uncertainty of the cross sections induced by varying
me = 1.8 £ 0.3 GeV, and the results are listed in tables 6-7 corresponding to the photo-
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Figure 5. Differential distributions for the photoproduction of =, at /s = 91 GeV.

production of Z.. and Zp. baryons at /s = 91 GeV. The uncertainty caused by changing
mp = 5.1 £ 0.3 GeV are shown in tables 7-8, corresponding to the photoproduction of =,
and =, baryons, respectively.

From three tables 6-8, the dependence of the cross section from each intermediate diquark
state on heavy quark mass is significant. The cross section tends to decrease with the increase
of m. and my mainly due to the inhibition of phase space. The dependence of Z.. baryon on
m is obviously greater than that of =, baryon. Similarly, the =, baryon is significantly more
dependent on m; than =p, baryon. We numerically analyze the theoretical uncertainty arising
from heavy quark mass by summing the contributions of all intermediate diquark states
(total). Specifically, the total cross section of Z.. baryon can vary by —53.46% ~ +145.31%
for m, = 1.8 £ 0.3GeV in table 6; the total cross section of Zp. baryons can vary by
—31.53% ~ +57.26% for m. = 1.8 £ 0.3 and —16.13% ~ +18.55% for m; = 5.1 + 0.3 GeV
in tables 7; and the total cross section of Zp, baryons can vary by —27.82% ~ +39.79%
for mp = 5.1 £ 0.3 GeV in tables 8.

Then the theoretical uncertainty of the cross sections is analyzed by varying the renor-

malization energy scale u from pg/2 to 2u9 with g = | /MéQQ/ + p2 for the photoproduction

of Eggr at /s = 91 GeV, and the corresponding results are presented in tables 9-11. At
leading-order, the square of the amplitude for the photoproduction of Zg¢gs baryon is pro-
portional to the strong coupling a2, which is running with the energy scale p and shows
a strong dependence on .

Tables 9-11 also reflect this theoretical uncertainty of the energy scale p numerically. By
changing the energy scale . = /2 and 2ug, the total cross section will change by —30.17% ~
+67.36%, —24.03% ~ +54.03%, and —25.09% ~ +40.28% for the photoproduction of =,
Zbe, and Epp, respectively. With the help of subsequent higher-order calculations, the energy
scale uncertainty will be greatly reduced until more accurate numerical results are obtained.
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Table 6. Theoretical uncertainty of the cross sections (in unit:
for the photoproduction of Z.. at /s = 91 GeV.

State me = 1.5 me = 1.8 me = 2.1
[1Sole | 4.03 x 1071 | 1.58 x 1071 | 7.07 x 1072
[3S1]5 5.42 2.24 1.05
[tPi)3 | 953 x 1072 | 2.70 x 1072 | 9.27 x 1073
[PPyle | 1.42 x 1072 | 3.99 x 1073 | 1.36 x 1073
[BPie | 1.79 x 1072 | 4.89 x 1073 | 1.62 x 1073
[PPye | 6.04 x 1072 | 1.66 x 1072 | 550 x 1073
total 6.01 2.45 1.14

pb) by varying m. = 1.8 + 0.3 GeV

State me = 1.5 mep = 1.8,5.1 me = 2.1 my = 4.8 mp = 5.4

[1Sole | 1.87x 1072 | 1.23x 1072 | 8.68x 1073 | 1.47 x 1072 | 1.05 x 1072
[1Solz | 3.75x 1072 | 247 x 1072 | 1.74x 1072 | 2.94 x 1072 | 2.09 x 102
[3Si)e | 4.26 x 1072 | 2.73x 1072 | 1.87x 1072 | 3.21 x 1072 | 2.34 x 102
[3S1]5 | 852 x 1072 | 547x 1072 |3.75x 1072 | 6.42 x 1072 | 4.68 x 1072
[tPilg | 7.66 x 107* | 3.39x 107* | 1.71 x 107% | 4.04 x 1074 | 2.87 x 1074
[tP)3 | 1.53x 1073 | 6.78 x 107% | 3.43 x 107* | 8.09 x 10~* | 5.73 x 10~*
PP | 1.96 x 107% | 1.02x 107* | 5.96 x 107> | 1.28 x 107* | 8.27 x 10~°
PPz | 3.92x107% | 2.04x107* | 1.19 x 107* | 2.56 x 10™* | 1.65 x 10~*
BPie | 6.24 x 107 | 2.97x 107 | 1.61 x 107 | 3.62 x 107 | 2.46 x 1074
PPz | 1.25x 1073 | 595x107% | 3.22x107* | 7.25 x 107* | 4.93 x 1074
[Plg | 209 x 1073 | 9.49x 107* | 4.89x 107% | 1.14 x 1073 | 7.97 x 1074
PR3 | 418 x 1073 | 1.90 x 1072 | 9.78 x 107* | 2.28 x 1073 | 1.59 x 1073
total | 1.95 x 1071 | 1.24x 107! | 849 x 1072 | 1.47x 107! | 1.04 x 107!

Table 7. Theoretical uncertainty of the cross sections (in unit: pb) by varying m. = 1.8 + 0.3 GeV or
myp = 5.1 £ 0.3 GeV respectively for the photoproduction of =y, at /s = 91 GeV.

Nevertheless, the photoproduced events of doubly heavy baryons Zg¢g remain appreciable
at CEPC and FCC-ee, and further experimental testing of the doubly heavy baryons in
future will be expected.

4 Summary

In this paper, the photoproduction of doubly heavy baryons Z.., Zp., Zp and their P-wave
excited states have been investigated systematically within the framework of NRQCD. The
subprocess of photoproduction for Zg¢ is mainly via v +v — (QQ")[n] + Q" + Q — Egg +
Q' + Q, where Q) denotes as the heavy quark b or ¢, [n] is the color and spin quantum
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State myp = 4.8 myp = 5.1 my = 5.4

[1Sple | 1.70 x 107* | 1.17 x 107* | 8.18 x 107
[3S1]5 | 3.74 x 1073 | 2.68 x 1073 | 1.95 x 1073
[tPi)3 | 327 x 107° | 2.05 x 107° | 1.32 x 107°
[PPyle | 447 x 1076 | 2.79 x 1076 | 1.77 x 1076
[BPie | 4.17 x 1076 | 2.53 x 1076 | 1.57 x 107
[PPye | 1.53 x 107° | 9.36 x 1076 | 5.86 x 1076
total | 3.97 x 1073 | 2.84 x 1073 | 2.05 x 1073

Table 8. Theoretical uncertainty of the cross sections

(in unit:

for the photoproduction of =y, at /s = 91 GeV.

pb) by varying my, = 5.1 £ 0.3 GeV

State to/2 Ko 240
[tSole | 2.60 x 107! | 1.58 x 107! | 1.09 x 107!
[3S1]3 3.75 2.24 1.54
[tPy]5 | 450 x 1072 | 2.70 x 1072 | 1.87 x 1072
[PPyle | 6.64 x 1073 | 3.99 x 1073 | 2.75 x 1073
[PPile | 8.03 x 1073 | 4.89 x 1073 | 3.41 x 1073
PPe | 2.82 x 1072 | 1.66 x 1072 | 1.13 x 1072
total 4.05 2.42 1.69

Table 9. Theoretical uncertainty of the cross sections (in unit: pb) by varying g = po/2, po and 2puq
for the photoproduction of Z.. at /s = 91 GeV, where pg = /M2 + p2.

—cc

number of intermediate diquark and can be [35’1]3/6 and [15’0]3/6 for S-wave states, [1P1]3/6
and [3PJ]§,/6 with J = 0, 1, 2 for P-wave states.

With the increase of collision energy /s at CEPC and FCC-ee, the cross section for
the photoproduction of Zg¢ increases rapidly at first and then decreases, and the largest
result appears in the energy range of tens of GeV. Therefore, four typical designed collision
energy /s = 91, 160, 240, 360 GeV are selected to do the numerical analysis. The numerical
results show that at /s = 91 GeV, the contribution of photoproduction for P-wave Z.., Zpe,
and Zyp, is approximately 2.19%, 4.23%, 1.26% of the contribution for S-wave, respectively.
As the collision energy increases, the contribution of P-wave also increases, up to 2.46%,
4.96%, 1.60%.

Assuming that the highly excited state can decay into ground state 100%, both at CEPC
and FCC-ee, a large number of Zg¢ events can be produced. In particular, when /s = 91 GeV,
the number of produced =, Zy., and =, events is as high as 108, 107 and 10° respectively,
which is very promising to be detected in future experiments. At the same luminosity, the
ratios of .., Zp., and =y, events produced at the collision energies /s = 91, 160, 240, 360
are about 863 : 44 : 1, 591 : 36 : 1, 496 : 32 : 1, and 431 : 30 : 1, respectively.

,15,



State to/2 1o 210

[tSole | 1.83 x 1072 | 1.23 x 1072 ] 9.02 x 1073
[1Sol5 | 3.65 x 1072 | 2.47 x 1072 | 1.80 x 1072
[3S1)e | 4.05 x 1072 | 2.73 x 1072 | 1.99 x 1072
[3S1)5 | 8.10 x 1072 | 547 x 1072 | 3.99 x 1072
PP | 996 x 107% | 3.39 x 107% | 4.97 x 10~*
[tP]5 | 1.99 x 1073 | 6.78 x 1071 | 9.94 x 1074
PP | 3.02 x 107* | 1.02 x 107 | 1.50 x 1074
Pz | 6.04 x 107% | 2.04 x 107* | 2.99 x 10~*
BPie | 8.70 x 107* | 2.97 x 107% | 437 x 1074
PPz | 1.74 x 1072 | 595 x 107* | 8.73 x 10~*
PPs | 2.82 x 1073 | 9.49 x 107* | 1.39 x 1073
[BPy)5 | 5.64 x 1073 | 1.90 x 1073 | 2.77 x 1073
total | 1.91 x 107! | 1.24 x 107! | 942 x 1072

Table 10. Theoretical uncertainty of the cross sections (in unit: pb) by varying pu = uo/2, po and
2p0 for the photoproduction of Zp. at /s = 91 GeV, where pg = /M2, +p7.

State 1o/2 140 2110

["Sole | 1.63 x 107% | 1.17 x 107* | 8.85 x 107°
[3S1]3 | 3.76 x 1073 | 2.68 x 1073 | 2.01 x 1073
[tPy]5 | 2.87 x 107° | 2.05 x 107° | 1.54 x 107
PP | 3.90 x 1076 | 2.79 x 1076 | 2.10 x 1076
PP | 3.52 x 1076 | 2.53 x 1076 | 1.91 x 1076
PP | 1.32 x 107° | 9.36 x 1076 | 7.01 x 1076
total | 3.97 x 1073 | 2.83 x 1073 | 2.12 x 1073

Table 11. Theoretical uncertainty of the cross sections (in unit: pb) by varying u = po/2, po and
2u¢ for the photoproduction of Sy, at 1/s = 91 GeV, where g = 4 /Mébb + pZ.

To show the dynamical behavior of the produced Zg¢s baryon from different intermediate
diquark state (QQ’)[n] and be helpful for the experiments measurements, we present the
differential cross sections, involving the angular, squared invariant mass, transverse momentum,
and rapidity distributions, of =.., Zp. and Zp, and theoretical uncertainty at collision
energy /s = 91 GeV. Two main sources of theoretical uncertainty in the photoproduction of
Egq baryons are emphatically analyzed, i.e., the heavy quark masses m. and my;, and the
renormalization energy scale u. The dependence of the cross section from each intermediate
diquark state on heavy quark mass is significant. The cross section tends to decrease with
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the increase of m. and m; mainly due to the inhibition of phase space. The dependence
of Z.. baryon on m, is obviously greater than that of Z;. baryon. Similarly, the Z
baryon is significantly more dependent on m; than Zp. baryon. We numerically analyze
the theoretical uncertainty arising from heavy quark mass by summing the contributions
of all intermediate diquark states (total). Specifically, the total cross section of =.. baryon
can vary by —53.46% ~ +145.31% for m. = 1.8 & 0.3 GeV; the total cross section of =,
baryons can vary by —31.53% ~ +57.26% for m. = 1.8+ 0.3 and —16.13% ~ +18.55% for
my = 5.1£0.3 GeV; and the total cross section of Zpy, baryons can vary by —27.82% ~ +39.79%
for my = 5.1 & 0.3 GeV.

By changing the energy scale u = pg/2 and 2ug, the total cross section will change by
—30.17% ~ +67.36%, —24.03% ~ +54.03%, and —25.09% ~ +40.28% for the photoproduc-
tion of =, Zpe, and Zpy, respectively. With the help of subsequent higher-order calculations,
the energy scale uncertainty will be greatly reduced until more accurate numerical results
are obtained. Nevertheless, the photoproduced events of doubly heavy baryons Zgqs remain
appreciable at CEPC and FCC-ee, and further experimental testing of the doubly heavy
baryons in future will be expected.
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