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C.E. Fontoura®,"*" G. Krein®,>" A. Valcarce®,™" and J. Vijande®**

'Centro Universitdrio Faculdade de Informdtica e Administra¢do Paulista,
01311-000 Sdo Paulo, Sao Paulo, Brazil
*Instituto de Fisica Tedrica, Universidade Estadual Paulista, Rua Dr. Bento Teobaldo Ferraz,
271-Bloco II, 01140-070, Sdo Paulo, Sdo Paulo, Brazil
3Departamento de Fisica Fundamental and IUFFyM, Universidad de Salamanca,
37008 Salamanca, Spain
*Unidad Mixta de Investigacin en Radiofisica e Instrumentacion Nuclear en Medicina (IRIMED),

Instituto de Investigacion Sanitaria La Fe (IIS-La Fe),

Universitat de Valencia (UV) and IFIC (UV-CSIC), 46100 Valencia, Spain

® (Received 29 December 2024; accepted 10 June 2025; published 2 July 2025)

We study the production of open-flavor heavy hadrons in relativistic heavy-ion collisions. The
hadronization in the quark-gluon plasma is described in the quark coalescence model. We evaluated
yields and transverse momentum distributions. A simultaneous study of conventional and exotic hadrons is
carried out. The Wigner functions are evaluated using hadron wave functions obtained from a single
realistic quark model. Thus, results are presented in a single framework for the production of open-flavor
heavy mesons, baryons, and exotic tetraquarks, in particular: D°, BY, Ag, Zg, Eg, Egg» and Ty
(O, Q' = ¢ or b). The consequences of a partial restoration of chiral symmetry at the hadronization

temperature are studied in detail.
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I. INTRODUCTION

There has been significant experimental progress in
recent years in the spectroscopy of heavy hadrons [1],
both in conventional mesons composed of a simple quark-
antiquark pair and baryons composed of three valence
quarks, as well as in those with unconventional quark
content such as tetraquarks and pentaquarks, known as
exotic hadrons. A very ambitious program is being devel-
oped at the Large Hadron Collider (LHC), one of whose
objectives is the discovery and study of new heavy hadrons
either through proton-proton (pp) collisions (LHCb) or
heavy-ion (AA) collisions (ALICE). The Relativistic Heavy
Ion Collider (RHIC), the second highest energy heavy-ion
collider in the world, is involved in similar studies. This
type of experiment has already reported the observation of
various new types of heavy-flavor hadrons, e.g., X [2],
Q. [31, B [4], and T, [5,6].
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Relativistic heavy-ion collisions, while primarily aimed
at studying the elusive state of matter known as quark-
gluon plasma (QGP), also offer a wide range of applica-
tions. Among these, the search for new hadronic structures
within the QGP represents an exciting new direction in the
quest to deepen our understanding of heavy-flavor hadron
spectroscopy. In the heavy-flavor sector, there is a broad
consensus on the key role of the coalescence mechanism
in the description of the hadronization process within
the QGP [7].

Within this perspective, in the present work, we study the
production of open-flavor heavy hadrons in relativistic
heavy-ion collisions by coalescence hadronization. We
employ the dynamical coalescence model, extensively used
in hadron production [7], to study the yields, ratios, and
transverse momentum distributions of conventional and
exotic open-flavor heavy hadrons. We will focus on
hadrons made of one or two heavy quarks, in particular:
D° B%, Ay, %9, Bp, Bgo, and Toy (0.0 =corb).Tyy
stands for the J* = 17 QQ'iid tetraquark. A key ingre-
dient of the coalescence model is the Wigner function,
which describes the spatial and momentum distribution of
quarks in a hadron and, therefore, depends critically on the
hadron wave function. It is therefore very important that the
structure of the hadrons studied be described by realistic
models, explaining basic properties such as binding ener-
gies and root mean square radii. This is especially
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important for the production ratios between different types
of hadrons, which are among the best studied observables
at the LHC and RHIC. Thus, we calculate the Wigner
functions employing the two-, three- and four-body wave
functions obtained from a single realistic constituent quark
model that correctly reproduces the low-lying meson and
baryon spectra [8] as well as the bound nature of the exotic
QQn n tetraquarks [9].

This type of study is of relevance especially for the
possible production of stable bottom tetraquarks. Since
the discovery of 7. [5,6], there is a general consensus on
the nature of its bottom cousin with a larger binding
energy [10]. Its discovery would represent a milestone
of great importance for hadronic physics, as it is a
prediction more than forty years old [9]. Therefore, having
realistic predictions of the production of such exotic
hadrons compared to the known heavy hadrons is of
paramount importance in the design of experiments search-
ing for new states of matter.

Specifically, we study open-flavor heavy-hadron pro-
duction at the energies available at LHC and RHIC, in
particular in central Au+ Au collisions at RHIC at
V/Syv = 200 GeV and in Pb + Pb collisions at LHC at
V/Syn =276 TeV and /syy = 5.02 TeV. Hadrons are
produced in the hot and dense environment of a relativistic
heavy-ion collision. Putting it in another way, coalescence
happens at nonzero temperature, at which the coalescing
(light) constituent quarks have properties different from
those in vacuum, and thus the hadron wave functions are
expected to be modified. Therefore, we also address the
important question of how partial restoration of chiral
symmetry affects the coalescence process [11].

The paper is organized as follows. In Sec. II we briefly
review the basic features of the coalescence model. We
discuss the structure of the hadron wave functions
employed in this work and its use in the computation of
the Wigner function. We present the variation of the hadron
properties with a temperature that will influence the
evaluation of the Wigner function. In Sec. III we present
and discuss our results for the yields, ratios, and transverse
momentum distributions of the different hadrons, in com-
parison with previous estimates in the literature and
experimental data. We will show results for the most
promising exotic tetraquark candidates, the isoscalar dou-
bly heavy axial-vector tetraquarks 7. Finally, in Sec. IV
we summarize the most important findings of our work.

II. COALESCENCE OF QUARKS IN HADRONS

In the coalescence model, the probability of producing
hadrons from quarks in the medium formed in a QGP is
given by the overlap of the Wigner function of the produced
hadron with the phase-space distribution of the constituents
in the medium. In a covariant approach, the momentum
spectrum of hadrons formed by the coalescence of quarks
can be written as [12,13]:

&N, 50
2 D =V, _1/H |:de10{2 ] <PT—;PT1'>

Xph(kl""7kn—l)’ (1)

where n, is the number of constituent quarks, V' is the
volume of the source, g, is a statistical factor, and p, is the
Wigner function. The Wigner function describes the spatial
and momentum distribution of quarks in a hadron and can
be related to the hadron wave function as:

ng—1
plky, -k, 1) = / <H d3rjd3r;.e‘ikf‘r}>
=1

¥, r,
1 ng—1
Xw<r1+§,...,rnq_1+ 3 >

r r/n,,—l
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A. The Wigner function

For n, = 2, Eq. (1) describes the production of a meson.
The meson wave function can be written as

w(r) =x“R(r), (3)

where y¢*/ are orthonormalized color-spin-flavor vectors

and R(r) is the radial part. It can be expanded in terms of
Gaussians,

1 g O
= ﬂZotie_‘” , (4)
i=1

where a’ = 1/(2s?), n,, is the number of Gaussians, and s;
are variational parameters determined by minimizing the
mass of the hadron (meson) for a particular interquark
potential. The integration of the spatial part of the Wigner
function can be performed analytically and the result can be
written as:

/d3rd3 / —ikr’ —SW(ri)’ (5)

where r* =r +7//2 and
Ew(rt) =a'(r')* +a/(r)% (6)

The relative coordinate r and the transverse momentum k
between the quark and the antiquark are defined by
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r=Xx; —Xj,
k:mzpl —mlpz‘ (7)
m; + my

For baryons (n, = 3), the wave function is expressed as a
sum over all allowed channels with well-defined symmetry
properties, namely:

"17"2 "1,"2 (8)

Z)(K

where 7 is the number of channels, )(,isf are orthonormal-
ized color-spin-flavor vectors, and R, (r,r,) is the radial
part of the wave function of the xth channel. Each R(r,r,)
is expanded in terms of generalized Gaussians,

rl,"z

Zake—ar2 br crlrz (9)

where al, b, and c!. are variational parameters determined,
as for mesons, by minimizing the mass of the baryons for
some particular interacting potential between the quarks.
The Jacobi coordinates r; and momenta k; of the baryon are
defined by:

ry=x; =X,
B mix; + myx,

ml +m2
ki — mppy — mpy
1 — >
m1 +m2
ky — ms(py +p2) — (my + my)ps _ (10)

m1+m2+m3

As in the case of mesons, an analytical expression for the
Wigner function can be obtained:

2
sk, ky) = z Z ada / (H drmdrj,le""‘m"/m>
=1 i,j= m=1
x e~ €wlriry), (11)

where ri" = r; £r}/2 and

Ew(rE.rs) = aj(r)? + bi(rd)? + al(r7)? + bi(ry)?

+cirf ory + c-,’;r]‘ 5. (12)

For tetraquarks (n, = 4), the wave function is expanded

in terms of channels with well-defined symmetry proper-
ties, including hidden color channels [14,15]:

n

w(r.r.r) = )(,foRK(rl,rz,r3), (13)

k=1

where ;(,‘;Sf are orthonormalized color-spin-flavor vectors
and R (ry,rp,r3) is the radial part of the wave function of
the xth channel. To guarantee the appropriate symmetry
properties, R (ry,r,,r3) is expressed as the sum of four
components:

r17r27r3) (14)

4
R rl,r2,r3 g w

r=1

where w(k,r) = £1. Finally, each RL(ri,r,,r;) is
expanded in terms of n, generalized Gaussians as follows:

-
Rx<rl’r27r3)
g
= g a’_‘g‘“?’%—bir%—cﬁcrg—dﬂl(")"1"‘2—9232(’)"1"'3—f;‘<53(r)"z"'s’
1
i=1

(15)

where s,(r), ..., s3(r) are equal to £1 and ai, ..., fi are
variational parameters. Again, working with generalized
Gaussians allows us to obtain an analytical expression for
the Wigner function that can be written as:

k17k2,k3 Z Z K r')
k=1 r /=1
Il!l 3 -
<> da / (H e )
ij=1 m=1
x e~Ewlriyry) (16)

where rf =r; +r/2 and

5W("i”2v’3)—ak("1) —|—b’(r2) +Ck(r’5) +ak(r1)2
+by(ry)? + el (5 + disi () -r5
+ eso (e -1y + fiss(r)ry -1y
+ d£s1<r)rr 17+ elsy (T ors
+ fiss(ryrg 15 (17)

In the above, we have used the following set of Jacobi
coordinates:

ry =X, =Xy,
) = X3 — Xy,
mix, + myX, msXs + myXy

r; = —— N (18)

m]+m2 m3+m4
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and the corresponding momenta:

_ Mapp —myp;

Y my,

ky = myp3 — m3p4’
ms + my

(m3 + my)(py + p2) — (my +my)(p3 + ps) . (19)

k3:
my + my + mz + my

B. The hadron wave function and mass

The hadron wave functions are obtained from the
solution of the Schrodinger equation

H = Z( ) > viry) (20)

i<j
where V(r;;) is taken to be a realistic quark-quark potential.
We use a generalized Gaussian variational method, par-
ticularly well suited for addressing the low-lying states of
few-body systems. See Ref. [14] for further details about
the minimization procedure.

We adopt a generic constituent model, containing chro-
moelectric and chromomagnetic contributions, tuned to
reproduce the masses of the mesons and baryons, the so-
called AL1 model by Semay and Silvestre—Brac [8], widely
used in a number of exploratory studies of multiquark
systems [16-19]. It includes a standard Coulomb-plus-
linear central potential, supplemented by a smeared version
of the chromomagnetic interaction,

35 5 Vss(r) o -
V() = =247 |ar =5 A 3
(r) 167" [ Rr— m;m; G- 0;
27K’ r2 2m;m; \ B
V = —— -, :A # s
5T 3323 exp< rﬁ) 0 <m,~ +mj>

(21)

where 1 = 0.1653 GeV2, A = 0.8321 GeV, x = 0.5069,
K =1.8609, A= 16553 GeVZ~!, B=0.2204, m, =
my = 0.315 GeV, m; =0.577 GeV, m. = 1.836 GeV,
and m;, = 5.227 GeV. Here, ;.1 ; is a color factor, suitably
modified for the quark-antiquark pairs. Note that the
smearing parameter of the spin-spin term is adapted to
the masses involved in the quark-quark or quark-antiquark
pairs. The parameters of the AL1 potential are constrained
in a simultaneous fit of 36 well-established mesons and 53
baryons, with a remarkable agreement with data, as could
be seen in Table 2 of Ref. [8]. It is worth noting that
although the y? obtained in Ref. [8] with the AL1 potential
is slightly larger than the one obtained with other models,
this is essentially because a number of resonances with high
angular momenta were considered. The AL1 model is very
well suited to study the low-energy hadron spectra [20].
Finite temperature effects are incorporated in the param-
eters of the model that are related to the dynamical breaking

TABLE 1. Masses (in MeV) of light quarks and open-charm
and bottom mesons, baryons, and tetraquarks for different
temperatures (in MeV).

Vacuum In-medium

T=0 T=100 T=120 T =140 T =156
My g 315 304 288 256 221
M o 1862 1862 1863 1867 1880
M o 5293 5294 5299 5306 5324
My, 2281 2270 2243 2217 2176
My, 2456 2453 2451 2455 2472
Mz, 2464 2461 2456 2453 2455
Mz, 3607 3607 3607 3611 3623
M,, 5632 5623 5599 5578 5545
My, 5844 5843 5846 5853 5878
Mz, 5802 5800 5796 5795 5800
Mz, 6914 6914 6916 6921 6936
Msx,, 10,195 10,195 10,199 10,206 10,223
My, 3877 3871 3857 3845 3829
My, 7131 7127 7118 7111 7096
My, 10,410 10,402 10,395 10,378 10,356

of chiral symmetry, namely the masses of the light
constituent quarks predicted by the Nambu—Jona—Lasinio
model [21]—see Refs. [22,23] for further details. It is
important to note that the mass of the heavy quarks remains
unaffected by changes in temperature. In Table I we present
the temperature dependence of the masses of open-charm
and bottom mesons, baryons, and tetraquarks predicted by
the AL1 model discussed above.

C. Role of the hadron wave functions

In the theoretical description of the production of heavy
hadrons in heavy-ion collisions, heavy quarks are predomi-
nantly hadronized through coalescence at low-transverse
momenta, the probability of coalescence decreasing at
increasing pr when fragmentation starts to contribute
[12,13]. This is because when a heavy quark with high-
transverse momentum is far away from light quarks
(antiquarks) in momentum space, the coalescence proba-
bility is significantly low. In contrast, a heavy quark with
low-transverse momentum, surrounded by light quarks
(antiquarks) in its neighboring phase space, exhibits a
considerably higher coalescence probability.

In the coalescence model, the spatial extension of
the produced hadron plays a significant role. A single-
parameter Gaussian shape is usually adopted for the
Wigner distribution in space and momentum [24,25].
Within a quark-model perspective, such a Wigner function
is obtained by assuming a single Gaussian for the hadron
wave function, which provides a simple effective descrip-
tion of basic properties of the produced hadron.
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There exist different strategies in the literature to
determine the width parameter of the single-Gaussian
wave function of the hadrons. Generally speaking, it is
usually required that all charm quarks at zero transverse
momentum are hadronized entirely by coalescence.
References [24-28] assumed the same Gaussian parameter
for all different physical states produced. Such a procedure
results in a large value for the size of the D°-meson. For
example, Ref. [26] used for the D° meson a single-
Gaussian wave function with parameter @ = 0.078 GeV
for RHIC and @ = 0.076 GeV at LHC. Thus, using m, =
1.5 GeV and m, = 0.3 GeV, the root-mean-square (rms)

radius of the D meson turns out to be: 1% = /3/(2uw) =
1.75 fm, which is significantly larger than the presumed
physical charge radius of the D° meson, which is of the
order of ~1 fm [24,27,29].

Reference [30] used a different prescription to normalize
the coalescence probability. The authors of this reference
considered coalescence exclusively in the ground state, but
rather than tuning the width parameter of the hadron wave
function, they adjusted the coalescence probability through
an arbitrary normalization in the Wigner distribution to
guarantee that all charm quarks hadronized in the limit
pr — 0, in other words, the normalization goes to unity for
zero momentum. However, such a procedure leads to an
artificial increase in the baryon-to-meson ratio [28,31].

The stark contrast between single-Gaussian and realistic
wave functions is clearly seen in Fig. 1, where we compare
the D°-meson wave function derived from the AL1 model
in both vacuum and at LHC temperatures with the single-
Gaussian form used in Ref. [26]. Although one could use a
single-Gaussian wave function giving a reasonable value
for the D%-meson radius, such a wave function cannot
capture the more intricate inner structure of the hadron,
which is effectively represented by more realistic wave
functions. This distinction is equally evident in the case of

-

—— AL1Model: T=0

R(r)
T

——— AL1 Model: T = 156 MeV -

------- Single Gaussian

0.5

0 0.5 1 1.5 2 25 3
r (fm)

FIG. 1. D°-meson wave function obtained from the AL1 model
at two different temperatures compared to the single-Gaussian
form used in Ref. [26] for the LHC.

baryons, as shown in Fig. 2 of Ref. [32], and is particularly
pronounced in the case of tetraquarks, whose wave func-
tions include contributions from different color space
vectors compared to those of baryons and mesons, as
discussed in Ref. [19]. Consequently, it is imperative to
have comparative predictions for the production of various
hadron types using realistic wave functions derived from
the same model. To address this, the present study aims to
minimize uncertainties employing realistic wave functions
for all hadrons under investigation, all obtained within the
AL1 model. We will revisit normalization issues when
comparing the results with the experimental data.

D. Quark transverse momentum distributions

The second important ingredient to evaluate the probability
of producing hadrons from quarks in the medium formed in a
quark-gluon plasma is the phase-space distribution of the
constituents in the medium that take into account the total
number of quarks determined by the initial hard scattering.
Thus, the charm and bottom quark distributions are taken
from distinct phenomenological models adjusted to repro-
duce features of particle production in high-energy collisions.
For charm quarks, these models are often constrained by
experimental data from pp and AA collisions. For bottom
quarks, in the absence of direct experimental data for B
mesons in Au + Au collisions at RHIC or Pb + Pb collisions
at the LHC at /syy = 2.76 TeV, the distributions are
derived from theoretical extrapolations or fits to model
results, as discussed in Refs. [24,33]. These distributions
incorporate medium effects at different temperatures and are
calibrated to match overall collision conditions such as
energy, volume, and effective temperature.

We use a coalescence approach based on a fireball
scenario, where the bulk of the particles consists of a
thermalized system comprising gluons and u, d, s quarks
and their corresponding antiquarks. It is assumed that the
longitudinal momentum distribution remains invariant
under boosts within the rapidity range (in momentum
space) y € (—0.5,40.5).

For the light-quark momentum distribution, we adopt a
fully relativistic thermal distribution,

&N, 1% _nr
g ——mype T, 22
dsz gl (271_)3 mTe 1 ( )

where g; = 6 is the light-quark color and spin degeneracy,

and the transverse mass my is given by my = +/p3 + m?
with m being the quark mass.

Some of the needed transverse momentum distributions
of charm and bottom quarks are given by explicit formulas
in the literature, and others are available only through
figures. In the latter case, we have extracted numerical data
from the images and made our own fits. For charm quarks,
Plumari et al. [30] provide a parametrization for Au + Au
collisions at RHIC with \/m =200 GeV,
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d*N 0.69¢~1-22r"
dsz - {

and for Pb 4 Pb collisions at LHC with /syy = 2.76 TeV,

d*N { 1.97¢70-35p7"

d*pr B 7.95¢=349p7”

For Pb + Pb collisions at LHC with ,/syy = 5.02 TeV, we
extracted the data from Fig. 1 of Minissale et al. [34] and
fitted them with the following expression:

N, 242
d*pr (14 0.19p30%)324

(25)

For bottom quarks in Au + Au collisions at RHIC with
/Syny = 200 GeV, we use the parametrization given by Oh
et al. in Eq. (28) of Ref. [24]:

dQNb rr\°
=0.0025]1 — —0.67pr 26
dsz [ * <16) ]e ( )

For Pb + Pb collisions at the LHC with /syy = 2.76 TeV,
we fit the results shown in Fig. 5(b) of Ref. [33]:

d’N,, B 0.013 p2e=064pr
&Epr (14+032p)%

(27)

Finally, for Pb+Pb collisions at the LHC with
Syny = 5.02 TeV, we fit the results shown in Fig. 16
(top left panel) of Ref. [35]:

&N, 0.48p}%
Apr 12907 + p&

(28)

We take volumes V = 2100 fm? for RHIC [36] and V =
5380 fm? for LHC [37], and the same effective temperature
T = 156 MeV [36,37] for both RHIC and LHC. The
choice of parameters assumes that the critical temperature
representing the transition from the initial QGP to the final
hadronic matter is identical to the temperature of hadro-
nization. Moreover, it assumes the equivalence of the
critical volume and the volume of hadronization. During
the crossover phase transition, there is continuous produc-
tion of hadrons that requires the equality between the
number of hadrons generated by statistical hadronization
and the number produced through the coalescence of the
constituent quarks at the endpoint of the phase [7].

The hadronization temperature is a parameter that is
obtained by fitting experimental data by means of a model.
The statistical hadronization model is commonly used to
derive, among others, the hadronization temperature. The
best fit of the CERN LHC data in Ref. [37] yields a

1.08¢30477" £ 3.79(1.0 + p392) 34 pr > 1.85 GeV'

+ 87335(1.0 + p93)~1431

<185 GeV

Pr = ¢ (23)
< 1.85 GeV

pr = v (24)

pr> 1.85 GeV

|
temperature of 156 MeV, slightly below the expectation
from RHIC data of about 164 MeV [36]. These determi-
nations are not free of uncertainties and the value of
164 MeV is obtained by removing protons and antiprotons
from the fit; in case they are included, a value of 152 MeV
is obtained. What is clearly specified is that the extracted
temperature values, which first increase sharply with
increasing beam energy, level off near 160 MeV for
energies /syy > 20 GeV. This is the reason why we
choose the value that we considered best established,
T = 156 MeV. A common value ensures a uniform and
consistent framework for analyzing the results of the
different collisions at RHIC and LHC. That being said,
such small temperature variations in the coalescence model
generate very small changes in the results, less than 5%,
since the parameters affecting the heavy quarks do not vary
with temperature and those of the light quarks do so very
smoothly for small temperature variations. However, it
should be kept in mind that although small variations in the
hadronization temperature may lead to negligible changes
in the spectra, they can significantly affect the elliptic
flow [38,39]. Therefore, it would be desirable to have
heavy-quark distributions evaluated with a single model
and the same hadronization temperature.

As discussed above, effective light quark masses are
influenced by chiral symmetry restoration (ySR), whereas
those of heavy quarks are not. Therefore, ySR will affect
the transverse momentum distributions, since they depend
on the quark masses. For the light quarks we consider two
scenarios, one that neglects ySR and the other that takes it
into account. In the first scenario, m,, ; = 0.315 GeV and in
the second m, ;= 0.221 GeV, as shown in Table I
Therefore, integrating Eq. (22), we obtain the following
numbers of light quarks (first scenario results indicated by
no ySR and second scenario ones by ySR):

RHIC LHC

NoySR SR NoySR ¥SR

N4~ 188 262 542 670
(29)

For the heavy quarks, using vacuum quark mass values, we
obtain [integrating Egs. (23)—(28)] the following total
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numbers of charm and bottom quarks:

RHIC(0.2 TeV) LHC(2.76 TeV) LHC(5.02 TeV)

2 14 15
0.034 0.44 0.74

=z
2

Ny,

R

(30)

E. Heavy hadron transverse momentum distributions

In the derivation of Eq. (1) it is assumed a uniform spatial
distribution for quarks within the hadronized QGP char-
acterized by cylindrical volume V. Using the Gaussian
form of the Wigner function of Sec. Il A, one can perform
the integrations over the spatial components of the coa-
lescence formula that leads to the transverse momentum
spectrum of a given type of hadrons. For mesons, the
expression we need to integrate is the following:

2y = ‘ﬁ/l/JZPQTJZPinSm(PT —Por - pir)

X ——=——py(k), 31
dszT dzPiT u () ( )

where g,, is the degeneracy factor for a colored quark and
antiquark to form a color-neutral meson D°(iic) and
BO(uib), i.e., gpo = gp = 1/(32 x 22). py is the Wigner
function given in Eq. (5), and k is the relative quark
transverse momentum defined in Eq. (7) in terms of the
momentum of the heavy quark (py) and the light anti-
quark (py).

The transverse momentum distribution of a heavy quark
and two light quarks to form Ay (#dQ,), £y, (udQ;), and
Ep, (usQ) baryons is given by:

dZNB 9B
4] Q) 2 2 2
—1 =" [ q d d
&p; V2/ Po, 1@ P, T4 DI, T
x 8P (pr —po,r — P11 —Pi7)
N, &N, &N,
X ! ! 2pp (ki k), 32
JZPQITdelleZPlzT BQ‘(I 2) (32)

where the index Q; refers to the heavy quark (¢ or ») and
indices /; and /, refer to the light quarks (u, d, or 5). gp o isthe

statistical factor: g5, =2/(3°x2%), g5, =(2x3)/(3*x2%),
and gz, =(2%2)/(3*x2%). The relative transverse
momenta k; and k, are defined in Eq. (10), and the
Wigner function pp is given in Eq. (11). The transverse

momentum distribution of two heavy quarks and a light
quark to form a E, ¢, (#Q, Q) baryon is given by:

dZNB 9B
dszle = ‘i]fz /d2PQ,Td2PQ2Td2P1,T
T

X 5(2)(1’T —DPo,r —Po,r _pl,T)

d’N, d*N, d’°N
X 42 2 2 @ 2 2 pBQle (k17k2)’ (33)
Po,r d Po,r d Pt

where the indices O and Q, refer to the heavy quarks and the
index [ refers to light quarks. gz, is the statistical factor,
92p,0, = (2%2)/ (33 x23). The relative transverse momenta
k, and k, are defined in Eq. (10), and the Wigner function pg
is given in Eq. (11).

Finally, the transverse momentum distribution of a
T,0,(010siid) tetraquark obtained from two heavy
quarks, Q; = c or b, and two light quarks, [, = i and d,
is given by:

dZNT gr
010 010
dsz] t= V% s /dszlesz2Td2p7]TJ2pizT
x 52 (pr —Po,r —Po, T —Pi,T —PizT)
d’N, d*N,, d*N; d°N;
X o Q0 ] ZpTQ]QZ(kl’kZ’k'j)’

dsz, T dszzT dzl’?l T dZPZZT
(34)

where g7, , =3/ (2* x 3%) is the statistical factor giving
the probability of the formation of a Ty, o, tetraquark from
two heavy quarks, Q; and Q,, and two light quarks, /; and
[,. The relative transverse momenta k;, k,, and k3 are
defined in Eq. (19) and the Wigner function p; is defined
in Eq. (16).

III. RESULTS
A. Yields

We present results for the yields of open-charm and
bottom hadrons, as well as exotic tetraquarks: D°, A, Z.,
Ec, E‘CC’ TCC’ BO, Ab’ Zb’ E‘b’ Ebc’ E‘bb’ TbC’ and Tbb' We
also investigate the effect of chiral symmetry restoration on
this observable, through a finite temperature. As discussed
above, finite temperature due to the dynamical breaking of
chiral symmetry influences the parameters of the interact-
ing potential, specifically the mass of the constituent light
quark. The temperature dependence of those parameters
has been obtained using predictions of the Nambu—Jona—
Lasinio model [21], following the strategy set up in our
work in Ref. [22], in which the effects of a hot and dense
medium on the binding energy of hadronic molecules with
open-charm mesons were studied.

The yields are obtained by integrating Egs. (31)-(34) and
using the hadronization temperature and volume discussed
in the previous section. Table II presents our results for the
yields for central Au + Au and Pb + Pb collisions at RHIC
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TABLE IL

Open-flavor heavy meson, baryon, and tetraquark yields at midrapidity in the coalescence model

expected at RHIC at ,/syy = 0.2 TeV Au + Au collisions, at LHC at ,/syy = 2.76 TeV, and ,/syy = 5.02 TeV
Pb + Pb collisions. All results are calculated using the AL1 model hadron wave functions.

RHIC (0.2 TeV)

LHC (2.76 TeV)

LHC (5.02 TeV)

No ySR 2SR No ySR 2SR No SR 2SR
Npo 42 %1072 6.6 x 1072 29 x 107! 4.7 x 107! 3.1x 107! 5.1x 107!
Ngo 6.6 x 107* 1.1 x 1073 7.3 x 1073 1.3 x 1072 1.4 x 1072 2.4 %1072
Ny, 3.1x1072 6.5x 1072 2.0x 107! 44 % 107! 2.1x1072 4.7 % 107!
Ns, 1.2x 107! 29 % 107! 7.7 % 107! 1.9 8.2x 107! 2.1
Ng, 1.8 x 1072 2.6 x 1072 1.1 x 107! 1.7 x 107! 1.1x 107! 1.7 x 107!
Ng,_ 4.7 x 1073 7.5 %1073 58x107* 9.4 x 1074 6.2 x 10~ 9.9 x 10~
Ny, 3.6 x 1074 8.2x 107 3.6 x 1073 8.6 x 1073 6.3 x 1073 1.6 x 1072
Ns, 1.5 x 1073 3.8 x 1073 1.5 x 1072 4.0 x 1072 2.5 x 1072 7.4 x 1072
Nz, 1.8 x 1074 2.7 x 107 1.6 x 1073 25x 1073 2.7x 1073 43 %1073
Nsg, 1.7 x 1077 24 %1077 3.8x 1077 52 %1077 43 %1077 6.0 x 1077
Ns,, 1.3 %107 2.0x 107 28x1078 3.9%x 1078 7.2x1078 9.2 x 1078
Ny, 1.1x107° 2.7 %1073 8.1x 107 1.9x 1074 9.4 x 1073 2.2 x 107
Nz, 1.9 x 1078 3.2x 1078 1.1 x 1077 2.2 x 1077 1.5x 1077 3.0 x 1077
Nz, 9.8 x 10710 1.2x107° 6.7 x 107 8.9 x 1077 83 x 107 1.1x 1078

and LHC energies. The results labeled No ySR correspond
to the scenario in which chiral symmetry restoration effects
on the coalescence process are not considered and those
labeled ySR take into account chiral restoration effects.
The first important result that we highlight is that in a
realistic model the yields of exotic hadrons, in particular the
T o tetraquarks, are of the same order of magnitude as the
corresponding doubly heavy baryons. This can be under-
stood in terms of the internal structure of the QQud
tetraquarks. In the limit M,/m, > 1 the heavy-quark pair
is dominantly in a spin 1 state, as it occurs in a £y baryon,
the main difference in the yields arising from the degen-
eracy factors. For the Ty tetraquarks, the comparison
between the J© = 17 tetraquark and the Z,,.(1/2") baryon
is also almost direct. Thus, when the strategy for the
detection of doubly heavy baryons is improved in current
accelerators [4], an equivalent method for the detection of
tetraquarks will be available through an increase in energy.
Regarding temperature effects, our results show that
partial chiral symmetry restoration enhances the yields,
being more pronounced for the lightest hadrons D°, B, A,.,
Ay, Z., and X;,. This enhancement is due to two different
factors. Firstly, the rms radii of these particles increase, as
illustrated in Fig. 1 for the D° meson, thereby enhancing
the coalescence probability. Secondly, the number of light
quarks also increases with temperature, contributing to the
enhancement of the yields. However, the effects of partial
chiral symmetry restoration on the spatial distribution of
heavier hadrons, such as 2., E.., &, B, Epp, are less
pronounced. The impact of partial chiral symmetry on the
yields of T, T}, and T}, is small. Although temperature
significantly affects their spatial distribution, resulting in a

decrease of the rms radius of the 7', from 0.51 fmat7 =0
to 0.36 fm at 7 = 156 MeV, this effect is practically offset
by the increase in the number of light quarks, resulting in
negligible changes in the yields.

Another result we highlight is that the yields obtained
using a single-Gaussian wave function with a fitted width
parameter [26,27,30] are nearly one order of magnitude
larger than those obtained with realistic wave functions.
The reason for this difference is rather simple. Recall that
either the width of the Gaussian wave function used in these
calculations leads to hadrons sizes larger than expected, or
a normalization factor must be included in the Wigner
function to mimic the experimental data. Both assumptions
make it possible that all heavy quarks at zero-transverse
momentum get hadronized by quark coalescence. Hadrons
are produced via two different mechanisms in heavy-ion
collisions: by quark coalescence and fragmentation [11-13].
Since the hadron production by quark coalescence is
dominant at low-transverse momenta, it is natural to expect
exclusive hadron production at zero-transverse momentum
by quark coalescence, enhancing the predicted yields. In our
results, it is important to emphasize that the increase in yields
is due to the use of a fully relativistic expression for the light-
quark distribution, Eq. (22). If we compare with the results of
Ref. [40], in which we used a nonrelativistic approximation
for the light-quark distribution, we observe an increase by
roughly a factor 2, mainly due to the increase of the number
of light quarks.

Finally, regarding the baryon-to-meson ratio, we obtain
Ny, /Npo = 0.74 at RHIC without chiral symmetry resto-
ration effects and 0.98 considering chiral symmetry resto-
ration effects. Our results considering chiral symmetry
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restoration effects, which we believe are the most realistic
ones, are consistent with the recent results by STAR
Collaboration, N, /Npo = 1.08 £ 0.16(stat) £ 0.26(sys)
[41]. Tt is important to note that this result is significantly
larger than the PYTHIA model calculations for p+p
collisions. For LHC [42,43] at 2.76 TeV, we obtain
Ny, /Npo = 0.69 without chiral symmetry restoration
effects and 0.94 considering chiral symmetry restoration
effects, and at 5.02 TeV, we get N5 /Npo = 0.68 without
chiral symmetry restoration effects and 0.92 considering
chiral symmetry restoration effects. For the bottom sector,
considering chiral symmetry restoration effects we get
Na,/Npo = 0.75 at RHIC, N,,/Ng =0.66 at LHC at
2.76 GeV, and N, /Ny = 0.45 at LHC at 5.02 GeV.

B. Production spectra for hadrons
with charm and bottom

In Fig. 2, we present the transverse momentum spectra
for D° production at RHIC (200 GeV) and LHC (2.76 and
5.02 TeV). The spectra are calculated using the realistic

T T T T T T 7T 7T 7 T3
10' - (a) . 10'
10° . 10°

1§'. ; 1
10 » . 10
BN E
: » E
~ i 5 ]
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3 ¢ . { 39
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R g 3 Q.

Q 4 i ' i E 4
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F —— -restoration
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10° * 10°®
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AL1 model hadron wave functions in the two scenarios
discussed above: without (black solid line) and with (red
dashed line) y-restoration effects at the coalescence temper-
ature. These results are compared to experimental data from
STAR and ALICE Collaborations [44-46] for the corre-
sponding collision energies, shown as black circles with
error bars.

The experimental data at both temperatures at the
LHC [45,46] show smooth spectra, with a peak around
pr =~ 1-2 GeV. The black solid lines (no y-restoration
effects) underestimate the data at intermediate pg.
However, the red dashed lines, considering y-restoration
effects, improve the agreement and closely match the
experimental data up to pr = 6 GeV, except for a nor-
malization factor, as discussed above. The deviation
between theoretical calculations and experimental data
becomes more apparent at higher p;, indicating the
increasing importance of mechanisms beyond chiral sym-
metry breaking effects, as it may be fragmentation [11-13].

The spectra are found to be one order of magnitude lower
than the experimental measurements at low-transverse
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FIG. 2. Transverse momentum spectra for D%-meson production using the AL1 model wave functions at different collision energies:
RHIC (200 GeV) and LHC (2.76 and 5.02 TeV). No y-restoration results are denoted by the black solid line and y-restoration results by
the red dashed line. Experimental data are taken from Refs. [44—46]. (a) RHIC: Au+Au@200 GeV, D°. (b) LHC: Pb+Pb@2.76 TeV, D°.

(c) LHC: Pb+Pb@5.02 TeV, D°.
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momenta. As discussed above, a global normalization is
included either by fitting the width of the single-Gaussian
wave functions, or by using a global normalization factor
in the Wigner distribution [24,27,30]. We preferred keep
the absolute value and look to the distribution functions
that closely agree with the shape of the experimental data
up to some intermediate value of the transverse momen-
tum. As also mentioned above, not all heavy quarks in the
quark-gluon plasma participate in coalescence; at high
energies, some undergo fragmentation, especially relevant
for heavy flavors like charm and bottom quarks. There is a
lack of consensus on the transverse momentum values at
which fragmentation becomes significant for the final
production spectra, which may explain the tiny deviation
from the experimental trend at high-transverse momenta.
Our main goal is to present a unified picture of the
production of mesons, baryons, and tetraquarks in a
coalescence model based on realistic wave functions,
including temperature effects, in an accurate manner.
Thus, to avoid ambiguities associated with the absolute
value of the transverse momentum spectra, from now on
we present the production hadron-to-meson ratio spectra.
At this point it is important to emphasize that the results

on the first row of Fig. 3 clearly show that any normali-
zation scheme used to fit the absolute value of the D°
transverse momentum spectra would lead to a correct
description of the absolute value of the A, transverse
momentum spectra. This is also supported by the
baryon-to-meson N, /Npo ratio we have obtained in
Sec. IIT A, in close agreement to the results by STAR
Collaboration [41].

Figure 3 shows the transverse momentum spectra of the
baryon-to-meson ratios A./D°, X./D°, and E./D°. In
RHIC Au + Au collisions at /syy = 200 GeV, the A./D°
ratio peaks at py ~ 2.5 GeV, reaching 1.14 with partial
chiral symmetry restoration and 0.84 without it. This result
is in line with the recent findings of STAR Collaboration,
which reported a meson-to-baryon ratio of 1.3 £ 0.5 for
3 < pr < 6 GeV. Furthermore, chiral symmetry restora-
tion effects significantly enhance the X./D° ratio, particu-
larly around p; ~ 3 GeV, while the Z./D° ratio shows an
opposite trend, with chiral symmetry restoration effects
favoring meson production.

In Pb + Pb collisions at the LHC at 2.76 TeV, the trends
observed at RHIC remain, although with higher baryon-to-
meson ratios. Chiral restoration affects the A./D° and
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FIG. 3.

Transverse momentum distribution ratios between A,/D°, =./D°, and E,/D° at RHIC and LHC using the AL model wave

functions. No y-restoration are denoted by the black solid line and y-restoration results by the red dashed line. Experimental data are
taken from Ref. [46]. (a) RHIC: Au+Au@200 GeV. (b) LHC: Pb+Pb@2.76 TeV. (c) LHC: Pb+Pb@5.02 TeV.
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. /DO ratios over a broader p range, while its effect on the
2./D° ratio is less pronounced and opposite to that of the
A./D° and X./D° ratios. At 5.02 TeV, these patterns
continue, with the A,./D° and X./D° ratios showing an
increasing trend with increasing temperature. This can be
attributed to chiral symmetry restoration, which signifi-
cantly reduces light-quark masses from m, , = 315 MeV
in vacuum to m, ;=221 MeV at T =156 MeV.
Consequently, A. and X. baryons, which contain these
light quarks, become lighter and more abundantly produced
relative to the D° mesons, whose mass slightly increases
with temperature [22]. In contrast, the Z./D° production
ratio remains relatively stable with increasing temperature,
as the =, baryon contains a strange quark, less sensitive to
temperature-induced mass reductions. The presence of a
strange quark mitigates the effects of chiral symmetry
restoration on 2. baryons, resulting in negligible changes
in their production ratios compared to baryons containing
only light quarks.

In Fig. 4 we present the results for the transverse
momentum spectra of the baryon-to-meson ratios A,/B°,
>,/B°, and E,/B°.

In both cases, for RHIC and LHC energies (200 GeV,
2.76 TeV, and 5.02 TeV), the spectra show a systematic

suppression in the baryon-to-meson ratio as transverse
momentum increases. At low-transverse momenta, the
chiral restoration scenario generally predicts higher ratios
than the case without chiral restoration, aligning with
theoretical expectations that chiral symmetry restoration
enhances baryon production.

A comparison of Figs. 3 and 4 shows how the ratios for
systems containing bottom quarks are lower than those for
systems with charm quarks. This simply reflects the fact
that the production of baryons containing bottom quarks is
less favorable compared to those with charm quarks
because of the larger mass of the bottom quark. The
difference between the chiral restoration and no chiral
restoration scenarios is less pronounced in systems with
bottom quarks. While chiral restoration significantly
increases the ratios in charm systems, the differences are
more modest in the bottom-quark sector. The Z,/B°
ratio shows the same stable temperature pattern which
appeared in the charm sector. These findings underscore the
intricate interplay between quark mass dynamics and
hadron production mechanisms in high-temperature
QCD environments.

The transverse momentum spectra for baryon-to-meson
ratios involving double cascade charm, Z../D°, bottom,
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Fig. 3 for A,/B°, ,/B° and E,/B°. (a) RHIC: Au+Au@200 GeV. (b) LHC: Pb+Pb@2.76 TeV.
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Z,5/B°, and charm-bottom, Z,./D° baryons are shown in
Fig. 5. Ratios involving double cascade baryons, such as
Eeer Epes and Ey,, are significantly lower than the corre-
sponding baryon-to-meson ratios involving single-charm
and single-bottom AQ, 20 and Eo (Q = c or D) baryons.
This suppression can be explained by the low probability of
producing two heavy quarks in a single collision. The same
trend as in Z,/D° and E,/B° ratios is observed, with the
effects of chiral symmetry restoration being less pro-
nounced. At intermediate transverse momentum, a peak
is observed in the spectra, which is consistent with the
typical behavior of hadrons produced via coalescence
mechanisms. The position and height of the peak vary
between the different baryon species E.., Ep., and E;. In
particular, the heavier the baryon, the more suppressed the
spectrum tends to be at a higher py, with the &, ratio
showing the lowest values compared to the charm baryon
sector.

Finally, in Fig. 6 we present results for the transverse
momentum spectra of the tetraquark-to-meson ratios for the
three J¥ = 17 tetraquarks: T, T, and T,;,. The ratios
exhibit a strong dependence on p;, peaking at low to
intermediate p; values and decreasing quickly at higher py.
Tetraquarks are relatively more abundant at low-transverse
momenta, while mesons become more dominant at higher

pr. Moreover, the effect of chiral symmetry restoration is
more pronounced at low pr. y-restoration effects tend to
decrease the tetraquark-to-meson ratio for systems with two
identical heavy quarks, while it enhances the production in
the case of nonidentical heavy flavors. This is clearly due to
the different components of the wave function of a double-
heavy tetraquark with or without identical heavy flavors;
see Ref. [15] for a detailed discussion. This also makes it
clear that great care must be taken with simple single-
Gaussian wave function hypotheses whose parameter is set
to some physical observable, either the size of the hadron or
the normalization of the Wigner function.

Before concluding, it should be noted that not all heavy
quarks in the quark-gluon plasma participate in coales-
cence. In our framework, we focus on modeling the
coalescence contribution to heavy-quark hadronization.
While a fully consistent calculation of the fragmentation
component is beyond the scope of the present work, we can
estimate the coalescence fraction for charm quarks by
combining our model predictions with measured baryon-to-
meson ratios in heavy-ion collisions [41,47], using pp
baselines [48] for reference. This approach implicitly
assumes that the modification of the baryon-to-meson ratio
in nucleus-nucleus collisions, compared to the pp baseline,
is mainly driven by the presence of the quark-gluon plasma
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Same as Fig. 3 for E,,/D°, E,./D°, and E,,/B°. (a) RHIC: Au+Au@200 GeV. (b) LHC: Pb+Pb@2.76 TeV. (c) LHC:
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FIG. 6. Same as Fig. 3 for T,./D°, T,./D°, and T,,/B°. (a) RHIC: Au+Au@200 GeV. (b) LHC: Pb+Pb@2.76 TeV. (c) LHC:

Pb+Pb@5.02 TeV.

and the enhanced probability of quark recombination. The
coalescence contribution is thus extracted by isolating the
deviation from the vacuum fragmentation pattern observed
experimentally.

Based on this procedure, we find that approximately
87% of charm quarks hadronize via coalescence in central
Au + Au collisions at RHIC energies (y/syy = 200 GeV),
decreasing to about 50% at LHC energies (\/syy =
5.02 TeV). This decrease reflects the interplay between
the charm quark momentum distributions and the medium
properties, with harder spectra and lower parton densities at
higher energies favoring fragmentation over coalescence.
For bottom quarks, however, due to the current lack of
systematic and conclusive experimental measurements of
bottom hadron production in heavy-ion collisions, it is not
possible to provide a reliable estimate of the coalescence
fraction within our approach.

We note that our estimates for charm quark hadroniza-
tion are consistent with previous theoretical and phenom-
enological studies [24,26,28,30], which suggest that a
significant fraction of charm quarks undergo coalescence
at low-transverse momentum (p7 < 2-3 GeV), with frag-
mentation gradually taking over at higher p;. This behavior
can be understood by considering that, at low py, the charm
quark kinematics are more compatible with the formation
of bound states through phase-space proximity with light

quarks, while at high p; the larger momentum mismatch
reduces the coalescence probability and favors independent
fragmentation. These findings support the general under-
standing that coalescence dominates at low p; and frag-
mentation becomes more relevant at high pr, in agreement
with experimental observations [28,30] and theoretical
expectations [26,30].

IV. CONCLUSIONS AND OUTLOOK

We have carried out a simultaneous study of the
production of conventional and exotic open-flavor heavy
hadrons in relativistic heavy-ion collisions in the quark
coalescence model. We evaluated yields and transverse
momentum distributions using hadron wave functions
obtained from a single realistic quark model. For the first
time, the yields and transverse momentum distributions for
the expected axial-vector double heavy tetraquarks have
been studied in a realistic model describing the low-energy
hadron spectra.

Our results show that in a realistic model the yields of
exotic hadronic matter, in particular the Ty, tetraquarks,
are of the same order of magnitude as the corresponding
double heavy baryons. This can be explained in terms of the
internal structure of the Q Qi d tetraquarks. Thus, when the
strategy for the detection of doubly heavy baryons is
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improved in current accelerators, an equivalent method for
the detection of tetraquarks will be available through an
increase in energy. This type of study is of relevance
especially for the possible production of stable bottom
tetraquarks. Having realistic predictions of the production
of such exotic hadrons compared to the known heavy
hadrons is a basic tool when designing experiments that can
allow us to access these new states of matter.

Our results show that partial chiral symmetry restoration
enhances the yields, being more pronounced for the lightest
hadrons due to two different factors. Firstly, the increase of
the hadron rms radius enhances the coalescence probability.
Secondly, the number of light quarks also increases with
increasing temperature, contributing to the enhancement of
the yields. The impact of partial chiral symmetry on the
yields of T, T}, and T}, is small. Although temperature
significantly affects its spatial distribution, resulting in a
decrease of the rms radius, this effect is practically offset by
the increase of the number of light quarks, leading to
negligible changes in the yields. It is also important to
emphasize the increase of the yields due to the use of a fully
relativistic expression for the light-quark distribution.

Finally, considering chiral symmetry restoration effects,
we obtain N, /Npo = 0.98 at RHIC. For the LHC at
2.76 TeV we obtain N /Npo = 0.94 and at 5.02 TeV we
get Np /Npo =0.92. For the bottom sector, we get
Np,/Npo =0.75 at RHIC, Ny, /N = 0.66 at LHC at
2.76 GeV, and N,,/Npg =0.45 at LHC at 5.02 GeV.

The presence of a strange quark mitigates the effects of
chiral symmetry restoration on E. baryons, leading to
negligible changes in their production ratios compared to

baryons containing only light quarks.

ACKNOWLEDGMENTS

This work has been partially funded by the Spanish
Ministerio de Ciencia e Innovaciéon (MICINN) and the
European Regional Development Fund (ERDF), under
contracts PID2019-105439GB-C22, RED2022-134204-E,
and RED2024-153978-E; Spanish MICIU/AEI/10.13039/
501100011033 Grant No. PID2022-141910NB-100; and
Junta de Castilla y Ledén under contract SA091P24. Partial
financial support is also acknowledged from Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico-
CNPq, Grants No. 309262/2019-4 and No. 464898/2014-5,
and Fundacdo de Amparo a Pesquisa do Estado de Sao
Paulo-FAPESP, Grants No. 2018/25225-9 and No. 2016/
01343-7.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not
technically feasible and/or the cost of preparing, depositing,
and hosting the data would be prohibitive within the terms
of this research project. The data are available from the
authors upon reasonable request.

[1] S. Navas et al. (Particle Data Group), Phys. Rev. D 110,
030001 (2024).

[2] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 110,
222001 (2013).

[3] R. Aaij ef al. (LHCb Collaboration), Phys. Rev. Lett. 118,
182001 (2017).

[4] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 119,
112001 (2017).

[5] R. Aaij ef al. (LHCb Collaboration), Nat. Phys. 18, 751
(2022).

[6] R. Aaij et al. (LHCb Collaboration), Nat. Commun. 13,
3351 (2022).

[7]1 S. Cho et al. (ExHIC Collaboration), Prog. Part. Nucl. Phys.
95, 279 (2017).

[8] C. Semay and B. Silvestre-Brac, Z. Phys. C 61, 271
(1994).

[9] J.P. Ader, J.-M. Richard, and P. Taxil, Phys. Rev. D 25,
2370 (1982).

[10] B. Colquhoun, A. Francis, R.J. Hudspith, R. Lewis, K.
Maltman, and W.G. Parrott, Phys. Rev. D 110, 094503
(2024).

[11] R.J. Fries, V. Greco, and P. Sorensen, Annu. Rev. Nucl.
Part. Sci. 58, 177 (2008).

[12] V. Greco, C.M. Ko, and P. Levai, Phys. Rev. Lett. 90,
202302 (2003).

[13] V. Greco, C. M. Ko, and P. Levai, Phys. Rev. C 68, 034904
(2003).

[14] J. Vijande and A. Valcarce, Symmetry 1, 155 (2009).

[15] T.F. Caramés, J. Vijande, and A. Valcarce, Phys. Rev. D 99,
014006 (2019).

[16] B. Silvestre-Brac and C. Semay, Z. Phys. C 57, 273 (1993).

[17] D. Janc and M. Rosina, Few-Body Syst. 35, 175 (2004).

[18] E. Hiyama, A. Hosaka, M. Oka, and J.-M. Richard, Phys.
Rev. C 98, 045208 (2018).

[19] E. Hernandez, J. Vijande, A. Valcarce, and J.-M. Richard,
Phys. Lett. B 800, 135073 (2020).

[20] B. Silvestre-Brac, Few-Body Syst. 20, 1 (1996).

[21] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961).

[22] T.E. Caramés, C.E. Fontoura, G. Krein, K. Tsushima, J.
Vijande, and A. Valcarce, Phys. Rev. D 94, 034009 (2016).

[23] T.E Caramés, C. E. Fontoura, G. Krein, J. Vijande, and A.
Valcarce, Phys. Rev. D 98, 114019 (2018).

[24] Y. Oh, C. M. Ko, S. H. Lee, and S. Yasui, Phys. Rev. C 79,
044905 (2009).

[25] V. Greco, C. M. Ko, and R. Rapp, Phys. Lett. B 595, 202
(2004).

014007-14


https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevLett.110.222001
https://doi.org/10.1103/PhysRevLett.110.222001
https://doi.org/10.1103/PhysRevLett.118.182001
https://doi.org/10.1103/PhysRevLett.118.182001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1016/j.ppnp.2017.02.002
https://doi.org/10.1016/j.ppnp.2017.02.002
https://doi.org/10.1007/BF01413104
https://doi.org/10.1007/BF01413104
https://doi.org/10.1103/PhysRevD.25.2370
https://doi.org/10.1103/PhysRevD.25.2370
https://doi.org/10.1103/PhysRevD.110.094503
https://doi.org/10.1103/PhysRevD.110.094503
https://doi.org/10.1146/annurev.nucl.58.110707.171134
https://doi.org/10.1146/annurev.nucl.58.110707.171134
https://doi.org/10.1103/PhysRevLett.90.202302
https://doi.org/10.1103/PhysRevLett.90.202302
https://doi.org/10.1103/PhysRevC.68.034904
https://doi.org/10.1103/PhysRevC.68.034904
https://doi.org/10.3390/sym1020155
https://doi.org/10.1103/PhysRevD.99.014006
https://doi.org/10.1103/PhysRevD.99.014006
https://doi.org/10.1007/BF01565058
https://doi.org/10.1007/s00601-004-0068-9
https://doi.org/10.1103/PhysRevC.98.045208
https://doi.org/10.1103/PhysRevC.98.045208
https://doi.org/10.1016/j.physletb.2019.135073
https://doi.org/10.1007/s006010050028
https://doi.org/10.1103/PhysRev.122.345
https://doi.org/10.1103/PhysRevD.94.034009
https://doi.org/10.1103/PhysRevD.98.114019
https://doi.org/10.1103/PhysRevC.79.044905
https://doi.org/10.1103/PhysRevC.79.044905
https://doi.org/10.1016/j.physletb.2004.06.064
https://doi.org/10.1016/j.physletb.2004.06.064

OPEN-FLAVOR HEAVY HADRON PRODUCTION IN HEAVY-ION ...

PHYS. REV. D 112, 014007 (2025)

[26] S. Cho, K.J. Sun, C.M. Ko, S.H. Lee, and Y. Oh, Phys.
Rev. C 101, 024909 (2020).

[27] S. Cho and S. H. Lee, Phys. Rev. C 101, 024902 (2020).

[28] S. Cao, K.J. Sun, S.Q. Li, S. Y. F. Liu, W.J. Xing, G. Y.
Qin, and C. M. Ko, Phys. Lett. B 807, 135561 (2020).

[29] C. W. Hwang, Eur. Phys. J. C 23, 585 (2002).

[30] S. Plumari, V. Minissale, S. K. Das, G. Coci, and V. Greco,
Eur. Phys. J. C 78, 348 (2018).

[31] S.Taesooand C. Gabriele, Nucl. Phys. A1028, 122539 (2022).

[32] A. Valcarce, P. Gonzilez, F. Ferndndez, and V. Vento, Phys.
Lett. B 367, 35 (1996).

[33] S. Cao, G. Y. Qin, and S. A. Bass, Phys. Rev. C 88, 044907
(2013).

[34] V. Minissale, S. Plumari, Y Sun, and V. Greco, Eur. Phys.
J. C 84, 228 (2024).

[35] J. Zhao, J. Aichelin, P. B. Gossiaux, V. Ozvenchuk, and K.
Werner, Phys. Rev. C 110, 024909 (2024).

[36] A. Andronic, P. Braun-Munzinger, K. Redlich, and J.
Stachel, Nucl. Phys. A904, 535¢ (2013).

[37] J. Stachel, A. Andronic, P. Braun-Munzinger, and K.
Redlich, J. Phys. Conf. Ser. 509, 012019 (2014).

[38] R. Rapp et al., Nucl. Phys. A979, 21 (2018).

[39] S.K. Das, J. M. Torres-Rincén, and R. Rapp, Phys. Rep.
1129, 1 (2025).

[40] C. E. Fontoura, G. Krein, A. Valcarce, and J. Vijande, Phys.
Rev. D 99, 094037 (2019).

[41] J. Adam et al. (STAR Collaboration), Phys. Rev. Lett. 124,
172301 (2020).

[42] S. Acharya et al. (ALICE Collaboration), J. High Energy
Phys. 04 (2018) 108.

[43] S. Acharya ef al. (ALICE Collaboration), Phys. Lett. B 793,
212 (2019).

[44] J. Adam et al. (STAR Collaboration), Phys. Rev. C 99,
034908 (2019).

[45] B. Abelev et al. (ALICE Collaboration), J. High Energy
Phys. 09 (2012) 112.

[46] M. He and R. Rapp, Phys. Rev. Lett. 124, 042301 (2020).

[47] S. Acharya et al. (ALICE Collaboration), Phys. Lett. B 793,
212 (2019).

[48] S. Acharya et al. (ALICE Collaboration), J. High Energy
Phys. 04 (2018) 108.

014007-15


https://doi.org/10.1103/PhysRevC.101.024909
https://doi.org/10.1103/PhysRevC.101.024909
https://doi.org/10.1103/PhysRevC.101.024902
https://doi.org/10.1016/j.physletb.2020.135561
https://doi.org/10.1007/s100520200904
https://doi.org/10.1140/epjc/s10052-018-5828-7
https://doi.org/10.1016/j.nuclphysa.2022.122539
https://doi.org/10.1016/0370-2693(95)01413-6
https://doi.org/10.1016/0370-2693(95)01413-6
https://doi.org/10.1103/PhysRevC.88.044907
https://doi.org/10.1103/PhysRevC.88.044907
https://doi.org/10.1140/epjc/s10052-024-12571-6
https://doi.org/10.1140/epjc/s10052-024-12571-6
https://doi.org/10.1103/PhysRevC.110.024909
https://doi.org/10.1016/j.nuclphysa.2013.02.070
https://doi.org/10.1088/1742-6596/509/1/012019
https://doi.org/10.1016/j.nuclphysa.2018.09.002
https://doi.org/10.1016/j.physrep.2025.05.002
https://doi.org/10.1016/j.physrep.2025.05.002
https://doi.org/10.1103/PhysRevD.99.094037
https://doi.org/10.1103/PhysRevD.99.094037
https://doi.org/10.1103/PhysRevLett.124.172301
https://doi.org/10.1103/PhysRevLett.124.172301
https://doi.org/10.1007/JHEP04(2018)108
https://doi.org/10.1007/JHEP04(2018)108
https://doi.org/10.1016/j.physletb.2019.04.046
https://doi.org/10.1016/j.physletb.2019.04.046
https://doi.org/10.1103/PhysRevC.99.034908
https://doi.org/10.1103/PhysRevC.99.034908
https://doi.org/10.1007/JHEP09(2012)112
https://doi.org/10.1007/JHEP09(2012)112
https://doi.org/10.1103/PhysRevLett.124.042301
https://doi.org/10.1016/j.physletb.2019.04.046
https://doi.org/10.1016/j.physletb.2019.04.046
https://doi.org/10.1007/JHEP04(2018)108
https://doi.org/10.1007/JHEP04(2018)108

	Open-flavor heavy hadron production in heavy-ion collisions
	I. INTRODUCTION
	II. COALESCENCE OF QUARKS IN HADRONS
	A. The Wigner function
	B. The hadron wave function and mass
	C. Role of the hadron wave functions
	D. Quark transverse momentum distributions
	E. Heavy hadron transverse momentum distributions

	III. RESULTS
	A. Yields
	B. Production spectra for hadrons with charm and bottom

	IV. CONCLUSIONS AND OUTLOOK
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


