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Understanding the production mechanisms and utilizing them as probes to investigate the structure of
exotic states represent some of the most actively studied research areas in particle physics. In this study,
we present a theoretical analysis of the charmed meson T, in the yp — D*T7. A} and yy — D*T;.D*°
reactions, considering T as a DD* molecule. The differential cross section and total cross section for the
photoproduction of T, in the yp — DTT;.AF and yy — DT T;.D*° reactions are presented for nucleus-
nucleus (nucleon-nucleon) ultraperipheral collisions at HL-LHC and RHIC, respectively. Taking into
account the integrated luminosity per typical run and the luminosity of photons from the nucleus (nucleon),
we observe a significant event count for 7z, production in p-p ultraperipheral collisions at HL-LHC.
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I. INTRODUCTION

The quark model provides a convenient framework for
classifying hadrons, effectively encompassing the majority
of hadronic states. Nonetheless, recent significant exper-
imental advancements have led to the observation of
numerous exotic hadrons [1,2]. These exotic hadrons
exhibit a more complex internal structure than the simple
qq configuration for mesons or the ggq configuration for
baryons in traditional constituent quark models.

The study of exotic hadrons has a long and storied
history. However, it entered a new and exciting era in 2003
when the Belle Collaboration made a groundbreaking
discovery of the X(3872) in the z"z~J/y mass spectra
[3]. Based on its observed decay mode, the X(3872) is
known to consist of at least four distinct valence quarks,
making it a candidate for an exotic hadron. Another well-
known exotic hadron candidate is the charged-particle
Z£(3900), initially observed by the BESIII Collaboration
in the 7J/y mass spectrum [4]. This observation was
later confirmed by the Belle Collaboration in the process
ete™ —» xtnJ/y [5]. Moreover, the LHCb Collaboration
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has made significant strides in the field by reporting several
hidden-charm pentaquark states [6,7].

These discoveries have attracted significant attention to
exotic hadron states, particularly those containing charm
quarks. Notably, they bring to mind the double-charm
meson T., observed by the LHCb Collaboration in the
D°D°z+ invariant mass spectrum [8]. The mass, width, and
quantum numbers of the T, meson were precisely mea-
sured as follows:

M = 3875.09 MeV + om,
=48 +2% KeV, 1(JP) =0(17). (1)

Since the mass of T, lies just below the nominal
D**+D° threshold, it can be interpreted as a hadronic
molecule [9-16]. Meanwhile, the compact multiquark
structures for T/, are also proposed in Refs. [17,18].
Theoretical investigations on production mechanisms
and further experimental information on the production
cross section will be helpful to distinguish which inner
structure of the T}, state is possible. This dependence arises
primarily from the fact that the different yields are strongly
influenced by the internal structure of the hadrons.
Presently, the photoproduction of 7., which serves as
the antiparticle to T., has undergone investigation as
documented in Ref. [19]. The process yp — DT A}
involves the utilization of the central diffractive mecha-
nism. In their consideration, the reaction channel involves
the exchange of D*) mesons in the r-channel, while the
s- and u-channels are significantly suppressed due to the
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involvement of two additional cc¢ pair creations. Their
findings reveal that the total cross section for yp —
D*T; Al is approximately 1 Pb.

When compared to the lower production cross section of
the yp — DTT,. A} reaction shown in Ref. [19], ultra-
peripheral collisions (UPCs) can significantly increase the
probability of T, production [20-24]. In UPCs, electro-
magnetic interactions dominate, occurring when the impact
parameter of two ions exceeds the sum of their radii. By
employing the Weizsicker-Williams method [21,24,25],
the electromagnetic field originating from highly charged
nuclei can be treated as an equivalent flux of photons.
As the photon flux is directly proportional to the charge
number of ions, highly charged ions offer a substantial
photon number density. This suggests that if the yp —
DTT; A} reaction occurs in ultraperipheral collisions,
there will be a significant increase in the probability of
TZ. production. Moreover, we also proposed to observe
two-photon scattering [24] (yy - D"T;.D*) as another
part of the search for the 7, in UPCs due to the fact that
Z(3930), X(3915), and X(4350) were observed in this
process by Belle Collaboration [26-28]. As a result, UPCs
serve as a crucial platform for investigating the photo-
production of the 7. [29,30].

This paper is organized as follows. Theoretical frame-
works for the production of T, in yp - D*T,. A} and
yy = DTTz.D* in UPCs are presented in Sec. I, respec-
tively. The numerical calculations are given in Sec. III.
Finally, a conclusion is given in Sec. IV.

II. THEORETICAL FRAMEWORK

In this work, we investigate the production of T,
through one-photon and two-photon processes of UPCs.
The corresponding Feynman diagrams are depicted in
Figs. 1 and 2. We can find that the high-luminosity photon
flux is first emitted from the nucleus or nucleon, resulting in
the creation of a pair of high-energy D*D mesons. Due to
the attractive interaction between D* and D, a T, molecule
is formed in the final state. Next, we will discuss in
detail the production mechanisms of 7., corresponding
to Figs. 1 and 2, respectively.

A. The production of 7 in one-photon process

Within the framework of UPCs, the production cross
section of the A(p)p — DT, AfA(p) reaction was given
by [31,32]

FIG. 1.

AP

Production of p+A > A+D"+T,.+Al and p+p—> p+D* +T-.+ Al in pA or pp UPCs.

Al(P)

FIG. 2. Two-photon production process for T, in AA, pA, or pp UPCs.
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_ dn, (k)
o(Ap—AD T-AS) = / 0, e (W), (2)
v, (k) . . .
where —5= is the photon flux, with the k representing the

energy of the photon emitted from the nucleus (nucleon).
W is the center of mass energy of the photon and proton

system. Note that W = /2k,/s can be determined based
on k and the total energy s of the system. Simplifying, we
obtain the W-dependent differential cross section

do  (dN,(k) W
dw < dk /s

In order to make a reliable prediction for the cross
section of the A(p)p — DT T, AfA(p) reaction, we need
to address the following two key issues: the value of the
photon flux and the o, ,_, p+7- o+ (W). The photon flux from
the nucleus is described by the equation [33]

)oy,ﬁmm w). )

dN, (k)  27%a,, o, 5
e G GLICEE T CR O
@)

where K, and K; are modified Bessel functions, Z is
the ion charge, a,, = 1/137, and & = b,;,k/y;, with
yL = v/s/(2m,) represents the Lorentz boost factor. The
value of by, = Ry + R, is the sum of the nucleus and
proton charge radius, where R, is often defined as [34]

R, = (1.12A'3 —0.86A~'/3) (fm). (5)
It is important to note that the photon flux emitted from the

proton differs from the photon flux from the nucleus, and it
can be expressed using the dipole form factor [21,35]

a0 =ga | (-2)]
x<1ng_ﬂ+i_i L>, (6)

6 Q 207 + 3Q°
where Q=1+0.71 GeV?/Q%.  and Q2. =k*/ri
represents the minimum momentum transfer possible in
the reaction.

The differential cross section in the c¢.m. frame for the
yp — DTTZ Al reaction reads

do(yp — DT AL)

1 1 -
- ST —iM(yp — DT AD)|?
B i 2 T M |
&p,dp, d*p
2E11 2E22ﬁ3364(k1 +ky—pr—pr—p;3). (1)

where E|, E,, E5 and p, p,, p; stand for the energies and
four-momentum of D*, T7,, and A}, respectively. k; and
k, are the four-momentum of the initial photon and proton,
respectively, and m,, and m,+ are the masses of the proton
and A/, respectively. The M(yp — D*T;.A) represents
the total scattering amplitude for the yp — DTT, . AF
reaction, which has been computed in Ref. [19],

—IM = ﬁ<P3,/1Aj) Z Wj'wu(k%ﬂﬁ

j=ab,c
S €D(k|,ﬂ.},>€;(p2,ﬂj-:(:), (8)

with

Wy = —gD*DyQDNA[QTCCVSGavﬁPk(qu
"9+ didl/my- T Fo-

b (9)
q% - sz*, q% - mDO
WIZD = —iegD*NA[gTCCVp(‘IIf - pY)
_gﬂﬂ + ng‘;/mzb*o f[)*ﬂfD_

2 2
4z — My qy — mp-

. m;, — mp+
W = —i2egpena, 7., (‘Yy + Lt 3 512,4>
Mpy.0
klf—plf .7:5*0.7:]_)7 11
2 2 2 2 (11)
4> — My 41 — Mp-

where they correspond to the Feynman diagrams as well as
the contact terms discussed in Ref. [19], respectively.
In the above equation, u# and ¢ are the Dirac spinor and
polarization vector, respectively, and A is the helicity.
Coupling constants gpys, = —13.98 and gpya, = —5.20
are computed from the SU(4) invariant Lagrangians in
terms of g,yy = 13.45 and g,NN = 6 [36-38]. gpp, =
0.173-0.228 GeV~! is determined by the radiative decay
widths of D* [39]. The coupling constants gy p«po =
3.67 GeV and gr pop+ = —3.92 GeV are derived from
chiral unitary theory, where T is identified as an S-wave
D*D molecule [40]. e = V4ra with a being the fine-
structure constant, and €“*? is the Levi-Civita tensor.
Considering the internal structure of the exchange
mesons, the form factor must be taken into account. In
this work, the monopole form factors F j0 and F .- that
can be found in Eqgs. (9)—(11) are utilized, as shown in [19],

[\2—}/)12 _
F. = i i , - DO,D*_, 12
i Aiz_ti l ( )

where m; and ¢, represent the mass and the four-momentum
square of exchange mesons D° or D*~. The cutoff
A; = m; + algcp, where a is a parameter related to the
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nonperturbative property of QCD at the low-energy scale.
InRef. [19], Agcp = 0.22, GeV is adopted, and @ = 1.5 or
1.7 is computed by fitting the experimental data [41-43].

B. The production of 7, in the two-photon process

The Feynman diagram for the production of 77, in the
two-photon process of UPCs is plotted in Fig. 2. The
relevant differential cross section is expressed as

dGAB d;CAB
dwyy = d“;/:y 07}/—>D+TL_,(,D* (W}’}’)’ (13)

where A and B represent the nucleus or proton, 6,,_,p+7- p-
denotes the total cross section of the two-photon T,
production process, and W, stands for the center-of-mass
energy of the two-photon system. The effective two-photon

L dcss .
luminosity, denoted as %, can be obtained from the

deY’
gamma-UPC package [44].

luminosity is defined as

The effective two-photon

AB
acy® 2w, /dEyl dE,,
dw,, $ £, E,

2 (AB)
S W_%'_4E71E72 &N }’1/21 12/Zs (14)
s s dE, dE,,

where W, is the center-of-mass energy of two-photon, s is
the square of center-of-mass energy of proton-proton,
proton-nucleus, or nucleus-nucleus. The two-photon differ-

2 /(AB)
ential yield, W, is written as
o
n/%, ”—/dzbdsz wer([By = o))
1 24 no inel 1 2
dE},ldE},2

XNJ/I/Z (Eﬂ’ )Ni’z/zz(EJ’z’bz)
x O(b; — €RA)0(by — €Rg), (15)

where P, ine1(|b) — b5|) represents the probability of the
absence of an inelastic hadronic interaction at the impact
parameter |b; —b,|. The photon flux, denoted as
N,z(E,.b), employed in our study is determined by the
electric dipole form factor (EDFF) of the emitting nucleus
or proton. So, its precise form can be expressed as follows:

EDFF (E )

Z’a & 1
7/2

25 |weo+=x@l o9

Here, Z represents the charge number, and & = bE, [y,
where y; is the Lorentz boost factor. K; and K, are
modified Bessel functions. In the special case when
Z =1 and P, = 1, the photon distribution function
is obtained by integrating Eq. (16) over b as follows:

nEPFF (1) =

np My p(XR,m,,), (17)

where x = E,/E,,, and n,;,(y) is denoted by

nyyp () = )(KoO()K ()

— (=5 (K ) - K3 |- (18)

e
2
Note that we provide a brief introduction to the effective
two-photon luminosity used in our study. More details
can be found in Ref. [44]. In addition, the two-photon T,
production cross section is unknown and will be dis-
cussed later.

To compute the two-photon T, production cross section
6,-p*1-.p*» the effective Lagrangians with the smallest
number of derivatives are given as follows [1,19,45-47]:

['TMD*D = QT“D*DT’;ID;D’
Lo = 9o €uap(#A)(0°DP)D +Hee.,  (19)

where T%,, D, D, and A* represent the ;. meson, the D*
meson, the D meson, and the photon, respectively.

Then, as shown in Figs. 2(a) and 2(b) for the two-photon
T, production, the invariant amplitude of yy — D T..D*
is written as

—iM=e;(g3)es(q) WV + W e, (p1)ea(p2). (20)

In the amplitude, W?Z ; “ and VV‘Z}Z)” “
constructed as

are similar. They are

9 =g + Kk /mi-
W(Zfa = 9ala eﬁwﬂplk’7 k% — m%)*f
1
X k% _ m2‘0 eeafHPSQéc’ (21)
D

—* + KK

7
W(Z)m = ga",t’/ €/5uﬂﬂp2km k/2 D*’

1
e @

DO

where g, = gr_p-pGyp-p-Gypopo and F, = Fp-F po.
The differential cross section for two-photon 7. pro-

duction can be described as follows:

1 1

do,, =
" @2n)4\/(py o)

M

P§ &G d g
X54 P19 —9—9) =05 0> 23
( 1 2 1 2 3) zq(l) 2q(2) 2qg) ( )
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FIG. 3. Total cross sections for the yp — DTT;. A} (dot-

dashed line and dashed line) and for the yy — D¥T,.D* (solid
line and dotted line) as a function of W while a = 1.7 (red lines)
or « = 1.5 (blue lines).

where |M]| represents the final-state spin summation
and the initial-state spin averaging of the scattering ampli-
tude. Finally, the total cross section, obtained by integrating
the differential cross section with the 3BODYXSECTIONS
package [48], will be presented as a function of the center-
of-mass energy W.

III. NUMERICAL RESULTS

In this study, we estimate the production cross section of
TZ. through one-photon and two-photon processes in
UPCs. To achieve these results, we need to initially evaluate
the cross sections for the yy — DT,.D* and yp —
DTT; A} reactions, as indicated in Egs. (3) and (13).
These cross sections can be computed by integrating the
differential cross section based on the 3BODYXSECTIONS
package [48]. The equations expressing the differential
cross section for these two reactions can be found in
Egs. (7) and (23).

The cross sections of the yp — DTT_ Al and the
yy = DTT;.D* reactions are depicted against W for

a = 1.5 and a = 1.7 in Fig. 3, respectively. We can find
that when the energy approaches the DT, D* threshold,
the total cross section increases sharply. At higher
energies, the cross section increases continuously but
relatively slowly compared with that near threshold. Our
numerical results also show that the total cross section
for ¢ = 1.7 is larger than that of a = 1.5, but the
disparity is not significant. To provide an example, let
us examine the cross section at an energy of around
W =40 GeV. In this instance, the obtained cross section
ranges from 1.0 Pb to 1.62 Pb for yp - DTT A} and
from 0.405 pb to 0.655 pb for yy —» D™ T;.D*, respec-
tively, when altering the value of a from 1.5 to 1.7.
Therefore, in the following calculations, we only
provide the results with @ =1.5. By comparing the
cross sections depicted in Fig. 3, we find that the total
cross section for T, production in the yp - DT A
reaction is bigger than that of the T, production in the
yy — DTTZ.D* reaction.

With the above obtained cross section, we present the
differential cross sections for one-photon 7. production in
UPCs as a function of the W of the photon-nucleus system
at /s = 8.8 TeV for the p-Pb system and /s = 200 GeV
for the p-Au system, as illustrated in Fig. 4. We can find
that the differential cross sections for the p-Pb system are
greater than those of the p-Au system. One possible
explanation for this is that the photon flux is directly
proportional to the charge number of the nucleus.
Moreover, our results suggest that the differential cross
sections are notably significant in the low-energy range.
As the energy increases, the differential cross sections
decrease rapidly.

Next, we calculate the differential cross sections through
two-photon 7', production in nucleus-nucleus and proton-
proton UPCs, as illustrated in Fig. 5. These calculations are
performed for collision energies of \/s= 5.5 TeV for the
Pb-Pb system, /s = 7 TeV for the oxygen-oxygen (O-O)
system, and /s = 14 TeV for the p-p system, respectively.
Moreover, for the p-Pb system and the p-Au system,

— . . . 20T . . . ——— . . .
1I5F 1\ 4 N I
_ [N pPb— PbD* T, A, _ ; \ pAu— AuD* T, A, 0006 |\ pp— pDTTA, ]
N 1.5¢ = 1N
E R V/5an = 8.8 TeV E H Y V/Sam =200 GeV g A VAN =14 TeV
ST AN 1< I \ 2 1 \
o 1 \ 2 1 \ < 0.004F 1 \ 9
A ] N & 10k \\ B &~ 1 N
I \ ] 1
= 1 N = I = 1 AN
< 50 RN 1 T sl AN < o002} ! S ]
3 H S~el 2 0511 . 1 e , S~eel
1 S~—ao 1 ~ T ..l
L T 1 \‘~\~ 1
og! . . . 1 00f, . . LT 0.000 | ! . . . T
0 50 100 150 200 10 20 30 40 50 0 50 100 150 200
W (GeV) (GeV) W (GeV)

(b) (c)

FIG. 4. Differential cross section as a function of W of one-photon T, production while the subprocess is yp — DT, A, in p-Pb,

p-Au, p-p UPCs, respectively (from left to right).
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Pal Pal
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FIG. 5. The differential cross section do/dW of two-photon Tz, production while the subprocess is yy — D™ Tz.D* in p-Pb, p-Au,

p-p, Pb-Pb, and O-O UPCs, respectively.

we present the differential cross sections against the
center-of-mass energy W, depicted in Fig. 5, for collision
energies of /s = 8.8 TeV and /s =200 GeV, respec-
tively. It can be observed that the primary contribution of
the two-photon process takes place within a distinct low
center-of-mass energy range, similar to that of one-photon
T, production. Notably, T, production in Pb-Pb UPCs is
the largest due to the higher luminosity of the photon flux
originating from Pb.

Finally, we list the predicted event numbers for one-
photon and two-photon 7. production in the Pb-Pb
system, the O-O system, the Pb-p system, the Au-p system,
and the p-p system, respectively, in Table I. We can
find that the total cross section o, for the one-photon

TABLE 1.

yp = DTT_ A} process is smaller in the p-p system
compared to the Pb-p and Au-p systems. However, due
to the higher integrated luminosity per typical run L;, in
the p-p system, the event number is larger than that of the
other processes. Conversely, it is noticeable that in the case
of the two-photon process, the total cross sections are
smaller compared to those of the one-photon process in the
Pb-p, Au-p, and p-p systems. Despite the total cross
section oy, reaching approximately 5 nb for the two-photon
T.. process in the Pb-Pb system, owing to the very high
two-photon number densities, the restricted luminosity
results in a relatively small number of events. As a result,
identifying T, through the one-photon process is more
feasible.

1. Integrated luminosity per typical run £;,, and c.m. energy ,/sSyy of nucleus (proton)-nucleus (proton) UPCs from HL-

LHC and RHIC [44,49-51]. 2. The total cross sections and the event numbers of one-photon and two-photon 7', production in different

kinds of UPCs.

ot (pb) Events
System SNN Line (pb™1) One-photon Two-photon One-photon Two-photon
Pb-Pb 5.5 TeV 5x 1073 5191 259
0-0 7.0 TeV 12 e 2.5 e 30
Pb-p 8.8 TeV 1 1000 6.0 1000 6.0
Au-p 200 GeV 45 30.1 0.002 135.5 <1
p-p 14 TeV 1.5 % 10° 0.48 0.0035 7.2 x 10* 525
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IV. CONCLUSION

In this work, theoretical frameworks of one-photon and
two-photon T, production are introduced. Then the differ-
ential distribution and the total cross section of one-photon
and two-photon 7', production in UPCs are calculated. At
last, the events of T, production are estimated in different
collision systems.

Based on the work of [19] for yp —» DTT;.A,., the
differential cross sections as a function of the center-of-
mass energy of photon and proton (W) in Pb-p, Au-p,
and p-p collisions are calculated. And referring to the
yp = DTTZ.A. process, the t-channel amplitude of
yy — DTT;.D* is presented. Then the differential cross
sections for two-photon T, UPCs in different collision
systems are shown. At last, the events of one-photon and
two-photon T, production are estimated, respectively. Due
to high-luminosity photon flux in Pb-p and Pb-Pb systems,
the total cross section of the one-photon UPC process for

T7. production is approximately 1 nb and the total cross
section of the two-photon UPC process for 7', production is
approximately 5 nb, respectively. But because of the limited
integrated luminosity in Pb-p and Pb-Pb systems, the
number of events is lower. In the p-p system, despite the
lower production cross section of T, the higher number of
events is generated due to the integrated luminosity being
about 1.5 x 10°Pb~!. In conclusion, it is more possible to
identify 7. in p-p UPCs in the future HL-LHC.
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