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Heavy-ion collisions provide a unique opportunity for studying the properties of exotic hadrons with two
charm quarks. The production of T +

cc is significantly enhanced in nuclear collisions compared to proton-proton
collisions due to the creation of multiple-charm pairs. In this study, we employ the Langevin equation in
combination with the instantaneous coalescence model (LICM) to investigate the production of T +

cc and �++
cc

which consists of two charm quarks. We consider T +
cc as molecular states composed of D and D∗ mesons. The

Langevin equation is used to calculate the energy loss of charm quarks and D mesons in the hot medium.
The hadronization process, where charm quarks transform into each D state as constituents of T +

cc production,
is described using the coalescence model. The coalescence probability between D and D∗ is determined by
the Wigner function, which encodes the information of the T +

cc wave function. Our results show that the
T +

cc production varies by approximately 1 order of magnitude when different widths in the Wigner function,
representing distinct binding energies of T +

cc , are considered. This variation offers valuable insights into the
nature of T +

cc through the analysis of its wave function. �++
cc is treated as a hadronic state produced at the

hadronization of the deconfined matter. Its production is also calculated as a comparison with the molecular
state T +

cc .
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I. INTRODUCTION

The understanding of hadron properties is deeply rooted
in nonperturbative quantum chromodynamics (QCD), which
governs the confinement of fundamental quarks and gluons.
In the field of particle physics, the investigation of exotic
hadrons has gained significant importance. Exotic hadrons
challenge our understanding of the quark model and provide
insights into the strong interaction dynamics within QCD
[1–8]. Recently, the LHCb Collaboration made a remarkable
observation of the doubly charmed state T +

cc [9,10]. This dis-
covery sparked debates regarding the nature of multicharm
states, such as X(3872) and T +

cc , which are believed to be
either compact tetraquark states or loosely bound hadronic
molecules. Some theoretical models even propose that these
states may arise solely from specific kinetic phenomena [11].
While the study of exotic states has been extensively pursued
in particle physics over the past decades [12–16], their in-
vestigation in the context of heavy-ion collisions has recently
garnered increased attention [17–22].

In the nucleus-nucleus collisions at the CERN Large
Hadron Collider, the presence of a charm-rich deconfined
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medium offers a unique environment for studying the pro-
duction of charmonium and other charmed states [23–31].
After the production from initial parton hard scatterings, these
multicharm bound states are nearly melted in the extremely
hot medium due to color screening and parton scatterings
with thermal partons [32–34]. Consequently, the majority of
experimentally measured multicharm particles are produced
through the coalescence of charm quarks around the phase
transition of the medium. The coalescence model has been
employed to study the loosely bound objects such as light
nuclei in heavy-ion collisions [35–38]. In the loosely bound
states with a long formation time, coalescence models work
as an effective model and neglect the details of the forma-
tion process but only consider the feature that the production
of the formed states depends on their Wigner function and
also the densities of the ingredient particles. The following
interactions, such as the Coulomb interaction between the
formed states and the medium, are also usually neglected,
or this effect can be partially considered by assuming a later
formation of the state.

The T +
cc state, with a mass very close to the D+D∗0

and D0D∗+ thresholds [9,10], is regarded as a hadronic
molecule with a weak binding energy in this study. Within
this framework, charm quarks undergo energy loss in the de-
confined medium and hadronize into D mesons during the hot
medium’s hadronization process. Subsequently, D mesons ex-
perience diffusion in the hadronic medium and can potentially
combine with another D∗ to form a weakly bound molecule.
The coalescence probability between two D mesons depends
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on their relative momentum, distance, and the wave function
of T +

cc [39–43]. This unique situation provides an opportu-
nity to investigate properties related to the wave function of
T +

cc , which is crucial for understanding the nature of exotic
particles. Moreover, the charm-rich environment significantly
enhances the production of multicharm states, increasing the
anticipation for experimental measurements in heavy-ion col-
lisions. As coalescence models have been widely used to
study the particle production including hadronic molecules in
heavy-ion collisions [44–46], we employ the Langevin equa-
tion plus the coalescence model to study the energy loss of
heavy quarks in the medium and also the production of mul-
ticharm states, like the hadronic state �++

cc and the molecular
state T +

cc . As both �++
cc and T +

cc consist of two charm quarks,
the difference between their production mainly comes from
the different internal potential of the states.

The paper is structured as follows. Section II presents
the dynamical equations governing the charm energy loss
and the coalescence formula for the production of T +

cc and
�++

cc . Additionally, a brief overview of the evolution of the
hot medium is provided. In Sec. III, the production of T +

cc
and �++

cc in heavy-ion collisions is plotted and thoroughly
analyzed under various configurations. Finally, a conclusion
is given in Sec. IV.

II. THEORETICAL MODEL

Heavy quarks have been found to exhibit a strong coupling
with the deconfined medium that is generated in relativistic
heavy-ion collisions [47–49]. By assuming small momen-
tum transfer during each scattering event between charm
quarks and thermal partons, it is possible to treat the trajec-
tories of charm quarks in the medium as Brownian motion,
a phenomenon that has been extensively studied using the
Langevin equation [26,50,51]. Previous studies have indicated
that heavy quarks experience energy loss in the quark-gluon
plasma (QGP) through two distinct mechanisms. At low trans-
verse momentum (pT ), the dominant contribution to energy
loss for heavy quarks arises from elastic scatterings with
thermal partons. Conversely, at high pT , the energy loss of
heavy quarks is primarily governed by medium-induced gluon
radiation [52–59]. These two effects can be appropriately in-
corporated into the Langevin equation, which has been widely
employed to investigate the dynamics of heavy quarks in the
deconfined medium,

dp
dt

= −η(p)p + ξ + fg, (1)

where p is the three-momenta of charm quarks, and η(p) is the
drag coefficient. The momentum diffusion coefficient κ is de-
termined through the fluctuation-dissipation relation, η(p) =
κ/(2T E ). Here, T and E = √

m2
c + p2 represent the medium

temperature and the energy of the charm quark, respectively,
where the charm quark mass is defined as mc = 1.5 GeV.
The value of κ is determined by the spatial diffusion coef-
ficient κDs = 2T 2. Previous studies have extracted a value

of Ds(2πT ) to be approximately 5–7 in the QGP and larger
in the hadronic medium [47,60]. In this study, we adopt the
values of Ds(2πT ) = 5 in the QGP. In the hadronic medium,
Ds(2πT ) also varies with temperature ranging from 120 to
170 MeV. We approximate this variation by estimating a mid-
point value of 8, like the cases in previous studies [19,27,51].
Assuming the random term ξ to be white noise, it satisfies the
following correlation:

〈ξ i(t )ξ j (t ′)〉 = κδi jδ(t − t ′), (2)

where i, j = (1, 2, 3) represent three dimensions. For sim-
plicity, the momentum dependence in the white noise term
has been neglected. Besides random elastic collisions, heavy
quarks also lose energy via gluon radiation. The force due to
the gluon emission is defined as fg = −dpg/dt with the gluon
momentum pg. This contribution is absent for hadrons in the
hadronic medium. When the time step is sufficiently small,
the number of emitted gluons in the interval t ∼ t + dt can be
considered as an emission probability [51,55],

Prad(t, dt ) = 〈Ng(t, dt )〉 = dt
∫

dxdk2
T

dNg

dxdk2
T dt

. (3)

Here, kT represents the transverse momentum of the emitted
gluon. The quantity Prad can also be interpreted as the prob-
ability of emitting a single gluon within a time interval, with
a value less than unity. Additionally, x denotes the ratio of
the gluon energy to the heavy-quark energy. The spectrum of
emitted gluons from massive quarks, dNg/dxdk2

T dt , is from
the higher-twist calculation for the medium-induced gluon
radiation in perturbative QCD [51].

Due to the large mass, heavy quarks are mainly produced
via the initial parton hard scatterings, Therefore, the initial
spatial distribution of heavy quarks is proportional to the
density of nucleon binary collisions, which is the product
of the two nuclear thickness functions, dNcc̄/dxT ∝ TA(xT +
b/2)TB(xT − b/2). TA and TB are the thickness functions of
two nuclei. b is the impact parameter. The initial momentum
distribution of charm quarks is generated by the fixed-order
plus next-to-leading log formula [61,62]. Then the initial po-
sition and the momentum of heavy quarks are generated via
the Monte Carlo methods based on the above spatial and
momentum distributions.

During the QGP phase transition at the critical temperature,
charm quarks undergo hadronization, resulting in the forma-
tion of D mesons. For small transverse momentum (pT ), the
hadronization process is described by the coalescence model,
where charm quarks combine with thermal light quarks to
form D mesons. On the other hand, at high pT , the fragmen-
tation process dominates the production of D mesons, with
charm quarks emitting gluons. Since our focus is primarily
on the total production of T +

cc , mainly at low and intermediate
pT , we assume that all charm quarks hadronize into D mesons
via the coalescence process. This approximation is valid for
low and intermediate pT . While for �++

cc , it consists of two
charm quarks and one light quark, which is produced near
the hadronization hypersurface [30]. The probability of heavy
and light quarks turning into mesons and baryons is written
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as [63]

Pc+q̄→D(pD, xD) = Hc→D

∫
dpcdxc

(2π )3

dpq̄

(2π )3

dNc

dpcdxc

dNq̄

dpq̄
f W
D (pc, pq̄ )δ(3)(pD − pc − pq̄), δ(3)(xD − xc), (4)

Pc+c+q→�cc (p�, x�) = g�

∫
dpc1dxc1

(2π )3

dpc2 dxc2

(2π )3

dpq

(2π )3

dNc

dxc1 dpc1

dNc

dxc2 dpc2

dNq

dpq
f W
�++

cc

(
pc1 , pc2 , pq, xc1 , xc2

)

× δ(3)(p� − pc1 − pc2 − pq
)
δ(3)

(
x� − mc1 xc1 + mc2qxc2

mc1 + mc2q

)
, (5)

where the position xD of the D meson is approximated
as the position of charm quarks due to its large mass. pc

and pq(pq̄) are the the momentum of the charm and light
(antilight) quarks. The momentum conservation in the reac-
tion is ensured by the presence of the δ function. So, the
produced hadron is not on-shell. The on-shell process is ac-
companied by emitting other particles, such as photons, π ,
which are neglected firstly in this calculation. The quan-
tity dNc/dpcdxc represents the distribution of charm quarks
near the hadronization hypersurface, which is given by the
Langevin equation. dNq/dpq (or dNq̄/dpq̄) corresponds to the
density of thermal light (antilight) quarks. In our calculation,
the latter is usually modeled using a thermal distribution. In
Eq. (4), the spatial part of the Wigner function has been inte-
grated, since light quarks are abundant around charm quarks
in QGP which means spatial conditions of the coalescence
process can always be satisfied. So, the Wigner function
is only momentum dependent, f W

D (pc, pq̄ ) = A exp(−σ 2q2
r ),

where qr = (E cm
c pc − E cm

q̄ pq̄)/(E cm
c + E cm

q̄ ) is the relative
momentum between the charm quark and the light quark in
their center-of-mass frame. E cm

c,q̄ are the energy of two particles
in their center-of-mass frame. The Gaussian width σ is related
to the root-mean-square radius of the D meson through σ 2 =
4
3

(mc+mq )2

m2
c+m2

q
〈r2〉D, with

√
〈r2〉D = 0.43 fm [39,64]. The light

quark mass is set to be m = 0.3 GeV. A is a constant factor
to make sure the coalescence probability equals 1 when the
momentum of charm quark goes towards 0, pc → 0. We force
almost all charm quarks to form D mesons. Different from
�++

cc as shown in Eq. (5), we use Eq. (4) to describe the coales-
cence process of D where we do not use the degeneracy factor
for different D meson states instead of a hadronization fraction
Hc→D. Hc→D denotes the hadronization fraction of charm
quarks transitioning into different states of D mesons, such
as D0,±, D∗0, and D∗±. These values can be estimated from
the experimental data and thermal model [65–67], which are
taken as Hc→D0,D+,D∗0,D∗+ ≈ (11.3%, 11.3%, 16.1%, 16.1%).
The rest of the fractions are to form other charmed hadrons,
such as Ds, 	c, �c, and so on. The advantage of this way is
to avoid considering all charmed hadrons and only focus on
D mesons. This will increase the statistic effectively and it is
proved the same as the way to consider all charmed hadrons
separately [19].

For the case of �++
cc , it consists of two charm quarks and

one light quark. The light quark is abundant around the charm
quarks and with a small mass. In this case, one can assume
that the coalescence probability of �++

cc mainly depends on
the distributions of two charm quarks, and the three-body

Wigner function can be simplified as the form of the two-
body situation c − cq. Because charm quarks are rare particles
in QGP, the spatial part of the Wigner function should be
considered as well. The Wigner function of �++

cc can be
expressed as f W

�++
cc

= 8 exp(−x2
r /σ

2) exp(−σ 2q2
r ), xr = xc1 −

xc2q is the relative distance between the charm quark (c1) and
the charm-light pair (c2q) in their center-of-mass frame, where
the position of the charm-light pair is the same as the charm
quark, xc2q = xc2 . The Gaussian width σ is related to the root-

mean-square radius of �++
cc through σ 2 = 4

3
(mc+mcq )2

m2
c+m2

cq
〈r2〉�++

cc

and
√

〈r2〉�++
cc

= 0.5 fm [30] in the following calculations.
mcq = mc + mq is the mass of the charm-light pair. The
spin and color degeneracy factor of �++

cc is extracted to be
g�++

cc
= 1/54.

In the hadronic medium, D mesons continue to undergo
diffusion until the kinetic freeze-out stage. Since the binding
energy of the T +

cc molecule is considered to be small, T +
cc

is produced at temperatures close to the kinetic freeze-out
temperature. We also adopt a Gaussian form for the Wigner
function of T +

cc , given by f W
T +

cc
= 8 exp(−x2

r /σ
2) exp(−σ 2q2

r )
[39]. Here, xr and qr denote the relative distance and the
relative momentum between the D meson and the D∗ meson,
respectively. To study the production of T +

cc in the hadronic
medium, we consider different values for the root-mean-
square radius of T +

cc , which carries information about the
T +

cc wave function. In nucleus-nucleus collisions, the parton
densities of nucleons in the nucleus can be modified by cold
nuclear matter effects, such as the shadowing effect. This
can also impact the initial distributions of charm quarks. The
shadowing factor is calculated using the EPS09 package and
is applied directly to the aforementioned initial distribution of
charm quarks. Furthermore, the gluons can undergo scattering
with other nucleons, resulting in additional energy before
fusing into a charm pair. This additional energy is transferred
to the charm quarks and modifies their initial momentum dis-
tributions. Since charm quarks experience significant energy
loss in the quark-gluon plasma, we neglect the modification
of the Cronin effect on the initial distribution of charm quarks
in this study.

The deconfined matter generated in relativistic heavy-ion
collisions exhibits properties similar to those of a nearly per-
fect fluid [68,69]. The evolution of the hot medium can be
effectively simulated using hydrodynamic equations [69–72].
We employ the MUSIC package [70,73] to simulate the dynam-
ical evolutions of the deconfined medium and the hadronic
gas. For the equation of state (EoS) of the medium, we employ
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the EoS parametrized with the lattice EoS at zero baryon
density from the HotQCD Collaboration and the hadron reso-
nance gas EoS [74,75]. There is a crossover phase transition
between two phases [76]. We specify a critical temperature
Tc = 170 MeV, above and below which the medium is treated
as deconfined and confined, respectively. The initial condi-
tions of the hot medium and the starting time of hydrodynamic
evolutions are determined based on the final spectrum of light
hadrons [77].

III. Tcc PRODUCTION IN HEAVY-ION COLLISIONS

As T +
cc is considered to be a bound state of D and D∗

mesons, its production can be significantly enhanced in nu-
clear collisions due to the large number of charm quarks
involved. Since experiments only measured T +

cc , we take the
isospin to be 0 and calculate the production of this specific
state via the coalescence of D+/0D∗0/∗+. The production cross
section of the charm pair has been experimentally measured.
In the central rapidity proton-proton (pp) collision at a center-
of-mass energy of

√
sNN = 5.02 TeV, the rapidity-differential

cross section is dσpp/dy = 1.165 mb [66]. The production of
T +

cc depends on both the phase-space distribution of D mesons
and the Wigner function of T +

cc . The positions and momenta
of D0/+, D∗0/∗+ before the coalescence of T +

cc are determined
using the Langevin equation. The Wigner function, which
is related to the T +

cc wave function, is approximated as a
Gaussian function with a width determined by the root-mean-
square radius

√
〈r2〉. Considering that the binding energy of

T +
cc is very small, it can be easily dissociated by hadronic

scatterings in the hadron gas. We assume that the loosely
bound molecule is produced at a low temperature close to
the kinetic freeze-out temperature of the medium, and we
take different values of

√
〈r2〉 into the calculation due to the

uncertainty of the T +
cc wave function.

To get an estimation of the root-mean-radius of T +
cc states,

the DD∗ potentials are studied within the framework of heavy-
meson chiral effective field theory. The effective potentials
of the DD∗ system from the contact and one-pion exchange
(OPE) diagrams at the leading order are considered. The con-
tact terms mainly affect the short-range interaction between
particles while the OPE contribution determines the behavior
of the long-range interaction. Both the contact and the OPE
interaction are isospin I dependent, where I is the isospin
of the formed molecular state. The contact terms lead to the
attractive interaction in the I = 0 channel while the repulsive
interaction is in the I = 1 channel. The OPE interaction is
attractive in both cases. So, the total potential in the short
distance for the I = 1 channel is repulsive but for the I = 0
channel is attractive (see detail in Ref. [78]). In this study,
we only consider the I = 0 channel, which has the attractive
potential and supports the formation of the molecular state.
The potential in the momentum can be shown as

Vcontact (q) = −2Da − 2Db + 6Ea + 6Eb,

VOPE(q) = − g2

4 f 2
π

q2

q2 + m2
π

. (6)

TABLE I. The binding energy (B.E.) and average radius 〈r〉 of
molecule T +

cc states with different cutoff parameter 	 in potential.

	 0.66 0.68 0.7 0.75 0.8 0.9 1.0

B.E. (keV) 0.03 0.3 0.8 2.61 5.9 17.7 38.4
〈r〉 (fm) 5.04 3.87 2.94 1.74 1.26 0.83 0.62

We take the same parameters as Ref. [78], Da = −6.62 Ea =
−5.74 and Db = Eb = 0. The coupling constant g = 0.65
and fπ = 86 MeV. mπ = 135 MeV is the π mass. The
potential in coordinate space can be obtained via trans-
formation. We introduce the monopole-type form factor at
each vertex to take into account the size effect of D(∗)

mesons:

F (q) =
(

	2 − m2

	2 + q2

)2

. (7)

The cutoff parameter 	 is determined from the size of D(∗)

and is usually taken around 1 GeV. Solving the two-body
Schrödinger equation with this potential, we can get the wave
function and the binding energy of the D0D∗0 bound state,
as shown in Table I and Fig. 1. Our results are consistent
with other studies with many other vector meson exchange
potentials [79,80].

(a)

(b)

FIG. 1. (a) The total potential between D0 and D∗0. (b) The
radial probability P(r) = |ψ (r)|2r2 of the loosely bound molecular
state T +

cc .
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FIG. 2. The T +
cc production, measured by dN/dy as a function

of the number of participants Npart is presented for central rapidity
in Pb-Pb collisions at

√
sNN = 5.02 TeV. We select a coalescence

temperature of Tcoal = 0.12 GeV [19,81]. Two typical values for
the root-mean-square radius of Tcc, representing different binding
strengths, are considered as

√
〈r2〉 = (3.0, 5.0) fm. The spatial dif-

fusion coefficients for charm quarks and D mesons are chosen as
Ds(2πT ) = 5 and 8, respectively, in the QGP and the hadronic
medium. The red dashed line represents the hadronic state �++

cc as a
comparison, which is produced near the hadronization hypersurface
of the QGP medium.

Figure 2 displays the production of T +
cc and �++

cc for var-
ious collision centralities. The production of T +

cc is directly
proportional to the densities of D and D∗ mesons, which
increase as one moves from peripheral to central collisions.
This leads to an enhanced T +

cc production compared to that
in proton-proton (pp) collisions. We consider T +

cc produc-
tion with different root-mean-square radii, which represent
varying binding strengths of T +

cc . As the value of the root-
mean-square radius decreases, a larger number of D and D∗
mesons, with even larger relative momentum, can effectively
combine to form the T +

cc molecular state. The production of
T +

cc exhibits an increase of approximately 3.5 times when
the value of the root-mean-square radius (

√
〈r2〉) varies from

5.0 to 3.0 fm, indicating a stronger binding scenario for T +
cc .

The ultimate production of T +
cc is influenced by the selection

of T +
cc geometry size. This feature renders our model well-

suited for extracting information about T +
cc through its final

production in heavy-ion collisions. In peripheral collisions,
both the volume of the QGP and the number of charm pairs
are significantly reduced, resulting in a suppression of T +

cc
production from the coalescence process. The total production
of T +

cc is predominantly governed by the primordial produc-
tion, similar to the case of J/ψ . We also study the production
of �++

cc , which also consists of two charm quarks and has
been regarded as a hadronic state. Due to the strong bind-
ing potential, its production becomes around 10 times larger
than the molecular T +

cc (see the red dashed line in Fig. 2).
In our theoretical calculations in Fig. 2, where we have not
considered the primordial production, the T +

cc production is

FIG. 3. The coalescence probability between one D meson and
one D∗ meson to form T +

cc varies with the root-mean-square radius√
〈r2〉 of T +

cc in the central rapidity of
√

sNN = 5.02 TeV Pb-Pb
collisions. Two collision centralities are selected with the impact
parameters to be b = 0 and 7.8 fm (minimum bias collisions). The
coalescence temperature of the T +

cc production is Tcoal = 0.12 GeV.

underestimated at the small Npart. However, for the large Npart

corresponding to central collisions, the extremely hot medium
dissociates almost all of the charmed hadrons, making the
coalescence model a suitable approach to describe the pro-
duction of charmed particles.

To investigate the influence of the binding strength of T +
cc

on its production, we calculate the coalescence probability
between one randomly generated D meson and one randomly
generated D∗ meson in the hot medium. The results are
shown in Fig. 3. As the value of

√
〈r2〉 increases, indicat-

ing a weaker binding strength of T +
cc , the momentum part

of the coalescence probability of D and D∗ decreases due
to the presence of exp(−σ 2q2

r ) in the Wigner function. How-
ever, the coalescence probability increases in the spatial part,
characterized by exp(−x2

r /σ
2). Two parts are connected, and

the combined effect results in a significant suppression of the
coalescence probability PD+D∗→Tcc with the increasing

√
〈r2〉,

as demonstrated in Fig. 3. We consider two collision centrali-
ties, namely, the most central collisions and the minimum-bias
collisions, which correspond to the production of two different
volumes of the QGP. When the value of

√
〈r2〉 is small, the

coalescence probability PD+D∗→Tcc depends on the diffusions
of charm quarks and D mesons in the expanding medium. In
scenarios where the medium expansion is more intense and
persists for a longer duration, such as in the case of b = 0,
D and D∗ mesons experience greater diffusion and spread out
over a larger volume. Consequently, the coalescence probabil-
ity between a D meson and a D∗ meson is reduced when the
geometry size of T +

cc is smaller. However, as
√

〈r2〉 increases,
D and D∗ mesons that are farther apart can also combine to
form T +

cc . This feature results in the coalescence probability
PD+D∗→Tcc being less sensitive to the volume of the QGP, as
observed in the cases of the QGP generated in the most central
(b = 0) and minimum-bias collisions, as shown by the two
lines in Fig. 3.
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FIG. 4. The coalescence probability PD+D∗→Tcc between one D
meson and one D∗ meson to form T +

cc varies with the coalescence
temperature of T +

cc . The impact parameters are selected as b = 0 and
b = 7.8 fm, respectively, which correspond to the most-central colli-
sions and the minimum-bias collisions. The root-mean-square radius
used in the Wigner function of T +

cc is selected as
√

〈r2〉 = 3.0 fm.

When the binding energies of T +
cc become different, the

corresponding coalescence temperatures should also differ.
In Fig. 4, we calculated the coalescence probability between
one D meson and one D∗ meson at different hypersurfaces
specified with the coalescence temperature Tcoal. The hot
medium is chosen in the most central collisions at 5.02-TeV
Pb-Pb collisions. The root-mean-square radius is

√
〈r2〉 =

3.0 fm. When
√

〈r2〉 is large (such as
√

〈r2〉 � 3 fm), the
value of PD+D∗→Tcc depends less on the volume of the hot
medium at different collision centralities. Therefore, we only
consider one collision centrality in Fig. 4. In the expanding
hot medium, when the coalescence temperature varies from
0.12 to 0.16 GeV, the distance between one D meson and
one D∗ meson becomes shorter as they move to the regions
satisfying the coalescence temperature, which increases the
coalescence probability between D and D∗. The value of
PD+D∗→Tcc increases by around 40% when Tcoal changes from
0.12 to 0.16 GeV.

IV. SUMMARY

We utilize the Langevin equation plus the coalescence
model to investigate the dynamical evolution of charm quarks
in the quark-gluon plasma and D mesons in the hadronic
medium, as well as the production of T +

cc through the combi-
nation of D and D∗ mesons. The production of T +

cc is closely
linked to the phase-space densities of D mesons at the coa-
lescence hypersurface, which are obtained from the Langevin
equation, and the Wigner function, which is related to the
wave function of T +

cc . To elucidate the properties of T +
cc ,

we consider different binding energies by employing different
Wigner functions to calculate the T +

cc production. Since the
phase-space distributions of D mesons are typically deter-
mined by fitting the observables of D mesons in heavy-ion
collisions, the uncertainty in T +

cc production mainly arises
from the Wigner function at finite temperatures. Therefore,
we vary the width of the Wigner function and the coalescence
temperatures to study the production of molecular T +

cc in dif-
ferent centralities of

√
sNN = 5.02 TeV Pb-Pb collisions. �++

cc
is also calculated as a comparison. Its production becomes
larger than the molecular T +

cc due to the large binding energies
of �++

cc reflected in the width of the Wigner function. For
T +

cc , when the wave function becomes broader correspond-
ing to a weaker binding strength, the coalescence probability
between D and D∗ to form T +

cc is reduced evidently. When
the coalescence temperature increases, T +

cc is produced at an
earlier stage of the hot medium, where the spatial density of
D mesons is higher, thereby enhancing the T +

cc production.
The production of T +

cc is sensitive to the details of the Wigner
function. This characteristic makes our model particularly
suitable for exploring the information about T +

cc through its
final production and investigating the properties of exotic
states containing multiple charm quarks.
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