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In a previous work we computed the thermally averaged cross sections for the production and absorption
reactions of the χc1ð4274Þ state in the hot hadron gas formed in heavy-ion collisions. In the present work
we estimate the final yield of the χc1ð4274Þ state in these collisions. We use the coalescence model to fix the
initial multiplicity of the χc1ð4274Þ, which is treated as a P-wave bound state of DsD̄s0 and also as a
compact tetraquark. The Bjorken picture is used to model the hydrodynamic expansion and cooling. We
also consider the Hubble cooling, which is faster and mimics the effect of the transverse expansion. Then,
the kinetic equation is solved to evaluate the time evolution of the χc1ð4274Þ yield during the hot hadron gas
phase. Since the χc1ð4274Þ decay width is large it might decay inside the hadron gas. Therefore, we also
include the χc1ð4274Þ decay and regeneration terms by means of an effective coupling, estimated from the
available data. The combined effects of hadronic interactions and the χc1ð4274Þ decay have a strong impact
on the final yield. Also, predictions of the χc1ð4274Þ multiplicity as a function of centrality and of the
charged hadron multiplicity measured at midrapidity ½dNch=dηðη < 0.5Þ� are presented. Finally, we
calculate the yield of a proposed P-wave molecular state of DsD̄s0, Y 0ð4274Þ, characterized by a smaller
width and smaller coupling constant obtained from the Weinberg compositeness condition.

DOI: 10.1103/PhysRevD.109.014041

I. INTRODUCTION

During the last two decades, the number of new hadrons
has increased substantially [1], with the observation of new
states whose properties are incompatible with the quark

model predictions. One of these unconventional structures
with very intriguing properties is the charmoniumlike
χc1ð4274Þ state. It has been observed by the LHCb
Collaboration in the amplitude analysis of the decay
Bþ → J=ψϕKþ. Its quantum numbers have been estab-
lished to be IGðJPCÞ ¼ 0þð1þþÞ with statistical signifi-
cance of 6.0σ, and its corresponding measured mass and
width are [2,3]

Mχ¼4273.3�8.3þ17.2
−3.6 MeV; Γχ¼56�11þ8.0

−11 MeV; ð1Þ

at 5.8σ of significance. These values of mass and width are
consistent with a previous measurement claimed by the
CDF Collaboration [4]:
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Mχ ¼ 4274.4þ8.4
−6.7 MeV; Γχ ¼ 32.3þ21.9

−15.3 MeV: ð2Þ

Several works were dedicated to understand the properties
and intrinsic nature of the χc1ð4274Þ [5–14]. There were
attempts to interpret χc1ð4274Þ as a S-wave css̄ c̄ tetraquark
state, as a conventional χc1ð33P1Þ structure, as a color
triplet and sextet diquark-antidiquark configuration, as a
molecular state of mesons, and others (we refer the reader
to Ref. [15] for a more detailed discussion).
Motivated by the fact that the χc1ð4274Þ mass is just

12 MeV below the DsD̄s0ð2317Þ threshold, the author of
Ref. [13] has performed an analysis of the χc1ð4274Þ as a
P-wave bound state of DsDs0ð2317Þ in a quasipotential
Bethe-Salpeter equation approach, with a partial wave
decomposition on spin parity. The quantum numbers of
Ds and D̄s0ð2317Þ (denoted from now on by D̄s0) are 0−

and 0þ and hence the binding mechanism between these
two mesons must be in P-wave and strong enough to
generate a bound state. However, this idea was not
supported by the results found in Ref. [14], where calcu-
lations based on an effective approach with the Weinberg
compositeness condition gave a much smaller partial decay
width for the χc1ð4274Þ than the one experimentally
observed. In view of these results the authors of
Ref. [14] proposed the existence of a new DsDs0 P-wave
bound state called Y 0ð4274Þ.
The debate on the properties of the χc1ð4274Þ will

continue and certainly there will be more contributions
on this issue. From the experimental side, heavy-ion
collisions (HICs) appear as a promising scenario to inves-
tigate the properties of exotic states, as was pointed out in
previous works [16–21]. The final χc1ð4274Þ multiplicity
will depend on the interaction cross sections, which, in
turn, depend on the spatial configuration of the quarks.
Meson molecules are larger, and therefore have greater
cross sections, which means that they will have a stronger
interaction with the hadronic medium than compact tetra-
quarks. In Ref. [15] we studied the interactions of the
χc1ð4274Þ with a hadronic medium via an effective
approach, and we found significant differences between
the thermally averaged cross sections for the χc1ð4274Þ
production and suppression reactions. These findings
motivate us to pursue this investigation and use the
obtained thermal cross sections to estimate the final yield
of the χc1ð4274Þ in a heavy-ion collision environment. We
use the coalescence model to fix the initial multiplicity of
the χc1ð4274Þ, which is treated as a P-wave bound state of
DsD̄s0 and also as a compact tetraquark. The hydrodynamic
expansion is described by the Bjorken model. With these
inputs we solve the kinetic equation to determine the time
evolution of the χc1ð4274Þ yield during the hot hadron gas
phase. Finally we present predictions for the χc1ð4274Þ
multiplicity as a function of centrality and charged hadron
multiplicity measured at midrapidity ½dNch=dηðη < 0.5Þ�.

Additionally, we compute the yield of the P-wave molecu-
lar state of DsD̄s0, Y 0ð4274Þ proposed in Ref. [14].
This work is organized as follows. In the next section, we

present the formalism; the rate equation that drives the time
evolution of the χc1 abundance, the coalescence model and
how the dependence with centrality and charged hadron
multiplicity measured at midrapidity is implemented.
Section III is devoted to discuss the results and in the last
section we present the concluding remarks.

II. FORMALISM

A. Kinetic equation

In order to estimate the time evolution of the χc1 yield we
employ the integrodifferential equation given by [16–21]

dNχðτÞ
dτ

¼
X

c;c0¼DsDs0
a¼π;K;η;
ρ;K� ;ω

½hσcc0→χavcc0 incðτÞNc0 ðτÞ

− hσχa→cc0vχainϕðτÞNχðτÞ�
þ hσJ=ψϕ→YvJ=ψϕinϕðτÞNJ=ψðτÞ
− Γχc1NχðτÞ; ð3Þ

where NχðτÞ and Nc0 ðτÞ represent the abundance of χc1 and
the charmed (strange) mesons at proper time τ; ncðτÞ, and
nϕðτÞ are the number densities of charmed strange mesons
and light mesons, respectively. We assume that the hadron
gas is in thermal equilibrium, and its constituents have
their respective densities following the Boltzmann distri-
bution, i.e.,

ni ¼
1

2π2
γigim2

i TðτÞK2

�
mi

TðτÞ
�
; ð4Þ

with γi, gi, andmi being the fugacity, degeneracy and mass
of the particle i, respectively; TðτÞ is the time-dependent
temperature. The multiplicity, NiðτÞ, is obtained by multi-
plying the abundance, niðτÞ, by the volume VðτÞ.
In Eq. (3), hσi→χfvii are the thermally averaged cross

section calculated and discussed in Ref. [15].
The decay width of χc1 (Γχc1) is relatively large and its

lifetime may be shorter than the lifetime of the hadron gas
phase assumed in this work (of the order of 10 fm=c).
Therefore, the decay of χc1 as well as its regeneration from
the daughter particles of the possible processes are included
in the last two lines of Eq. (3). According to [22], only the
reaction χc1 → J=ψϕ has been seen, and hence only this
one is considered here to estimate the mentioned decay and
regeneration terms. We will proceed as in Refs. [23,24].
The decay width Γχc1 is determined with the help of the
effective Lagrangian

L ¼ gχc1J=ψϕϵμνρσϕ
μψνð∂ρχσ − ∂

σχρÞ; ð5Þ
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with the coupling constant gχc1J=ψϕ being fixed by fitting
the experimental data from [2,3]. The decay rate can be
written as

Γχc1ð
ffiffiffi
s

p Þ ¼ pcmð
ffiffiffi
s

p Þ
8πsgχ

jMj2; ð6Þ

where pcm is the three-momentum in the center-of-mass
frame; M is the tree-level amplitude of the decay rate
expressed by

M ¼ gχc1J=ψϕϵ
μνρσε�μðp2Þε�νðp3Þ½p1ρ

εσðp1Þ − p1σ
ερðp1Þ�;

ð7Þ

with the momenta of the states χc1, J=ψ and ϕ being given
by p1, p2, and p3, respectively. The polarization vector is
given by εðpÞ. Thus, using the experimental value of the
χc1-decay width in Eq. (1), we fix the value of the coupling
constant as gχc1J=ψϕ ¼ 0.56� 0.07.
Also, the cross section for the regeneration process is

assumed to be given by the spin-averaged relativistic Breit-
Wigner approximation,

σð ffiffiffi
s

p Þ ¼ gχ
gψgϕ

4π

p2
cm

sΓ2
χc1ð

ffiffiffi
s

p Þ
ðs −M2

χÞ þ sΓ2
χc1ð

ffiffiffi
s

p Þ ; ð8Þ

where gχ , gψ , and gϕ are the degeneracy of the χc1, J=ψ , and
ϕ, respectively. The thermally averaged cross section,
hσJ=ψϕ→χvJ=ψi, is therefore calculated in the same way
as done in [15]. Additionally, since the decay width Γ
averaged over the thermal distribution does not present a
strong dependence on the temperature, we use its value in
the vacuum.
Finally, it is worth noticing that the coupling constant

gχDsDs0
has been determined theoretically in Ref. [14] by

means of the Weinberg compositeness condition [25,26],
assuming χc1 as a P-wave molecular state of DsD̄s0.
With this formalism the predicted decay width is

ΓðTheoÞ
χc1 ∼ 1.46 MeV, much smaller than the experimental

one [ΓðExpÞ
χc1 ] given in Eq. (1). This point has been used by

the authors of [14] to argue that the molecular interpretation
of χc1 is disfavored, as well as to suggest that it would be
possible to observe a P-wave molecular state ofDsD̄s0 [so-
called Y 0ð4274Þ] at Belle or Belle II experiments. We
employ here a different strategy; in order to obtain
predictions for observables of our interest based on existing
experimental data, we assume that relevant contributions
for the observed Γχc1 are effectively encoded in the coupling
gχc1J=ψϕ, discussed above from Eq. (5) on, and that the
mechanisms involving the coupling among χc1; Ds, and
Ds0 have a relevant participation. In this sense, we remark
that the reaction χc1 → J=ψϕ was evaluated in Ref. [14]
from the triangular diagrams χc1 → DsDs0ð→ J=ψD⋆

s Þ →
J=ψϕ and χc1 → DsDs0ð→ ϕD⋆

s Þ → ϕJ=ψ . Then, the

decay rate coming from these diagrams is proportional
to g2χDsDs0

while the Γχc1 calculated through Eq. (6) is
proportional to g2χc1J=ψϕ. Therefore, to reproduce the exper-
imental decay width we use the prescription,

gχDsDs0
→ g̃χDsDs0

¼
ffiffiffiffi
A

p
gχDsDs0

; ð9Þ

where A ¼ ΓðExpÞ
χc1 =ΓðTheoÞ

χc1 . This might be interpreted as
follows. A factor

ffiffiffiffi
A

p
with the rate between the effective

coupling estimated via Eq. (6) and the theoretical coupling
constant gχDsDs0

is introduced in χ; Ds;Ds0 coupling to
make the theoretical prediction in accordance with data.

Then, using the values for ΓðExpÞ
χc1 , ΓðTheoÞ

χc1 , and gχDsDs0

in [14,15], we get g̃χDsDs0
¼ 81� 16. Hence, unless other-

wise stated, in the calculations we use the thermally
averaged cross sections defined in Ref. [15], but replacing
gχDsDs0

according to Eq. (9). This produces an increase in
the magnitude of the thermally averaged cross sections
without qualitative modifications. Another consequence, at
a more profound level, is that this prescription makes the
nature of the coupling used here independent of a particular
interpretation, since it no longer obeys the Weinberg
compositeness condition. The intrinsic nature of the χc1
state will be given by the initial condition employed (see
discussion in a subsequent subsection).

B. Hydrodynamic expansion

The hadron gas evolution is modeled by the boost
invariant Bjorken picture with an accelerated transverse
expansion, in which the volume and temperature as a
function of the proper time τ are as follows [16,17,20,21]:

VðτÞ ¼ π
h
RC þ vCðτ − τCÞ þ

aC
2
ðτ − τCÞ2

i
2
cτ;

TðτÞ ¼ TC − ðTH − TFÞ
�
τ − τH
τF − τH

�4
5

; ð10Þ

where RC, υC, aC, and TC denote the transverse size,
transverse velocity, transverse acceleration and temperature
at the chemical freeze-out time τC, respectively; THðTFÞ is
the temperature at the end of the mixed phase (kinetic
freeze-out) time τHðτFÞ. The parameters in Eq. (10) are
fixed according to Ref. [27], for a hadronic medium formed
in central Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, and the
set of parameters is given in Table I.
In addition, in Table I the multiplicities of the light

mesons and quarks in charmed mesons are also shown. In
the case of light mesons, the fugacities in Eq. (4) are
normalization parameters to adjust the multiplicities given
in Table I. On the other hand, since the charm quarks are
produced in the early stages of the collision, the total
number of charm quarks ðNcÞ in charmed hadrons is
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assumed to be approximately conserved during the hydro-
dynamic expansion, i.e., Nc ¼ ncðτÞ × VðτÞ ¼ const and
this implies a time-dependent charm-quark fugacity fac-
tor γc ≡ γcðτÞ.

C. Initial conditions

As the rate equation (3) describes the time evolution of
the yield χc1ð4274Þ from the end of the mixed phase on, we
need to fix its initial conditions. To this end, we employ the
coalescence model, which determines the multiplicity of
the hadronic state by overlapping the density matrix of its
constituents with its Wigner function. Accordingly, it
encodes information concerning the intrinsic structure of
the system, such as angular momentum and the type and
number of constituent quarks. Thus, by using the definition
of the coalescence model and after some manipulations, the
number of χc1ð4274Þ at time τc can be written as [27]

Nχc1 ≈ gχ
Yn
j¼1

N
gi

Yn−1
i¼1

ð4πσ2i Þ32
Vð1þ 2μiTσ2i Þ

×

�
4μiTσ2i

3ð1þ 2μiTσ2i Þ
�
li
; ð11Þ

where gj and Nj are the degeneracy and number of the jth
constituent of the χc1ð4274Þ, and σi ¼ ðμiωÞ−1=2; the
parameter ω is the so-called oscillator frequency, assuming
that the hadron internal structure is represented by an
harmonic oscillator; the reduced mass μ is given by

μ−1i ¼ m−1
iþ1 þ

�Xi

j¼1

mj

�−1

:

The angular momentum li takes on values of 0 and 1 for S-
wave and P-wave, respectively.
In the present approach we explore two possible con-

figurations of the χc1ð4274Þ; a P-wave bound state of
DsD̄s0 and a compact tetraquark csc̄ s̄. In the case of the P-
wave molecular state, l ¼ 1 in Eq. (11); the angular
frequency is ω ¼ 6B, where B ¼ mDs

þmDs0
−mχc1 is

the binding energy (the number of charmed strange mesons
is given in Table I). For the compact tetraquark configu-
ration, the frequency, the quark number and masses are
summarized also in Table I. Hence, putting all these
ingredients in Eq. (11), the initial χc1ð4274Þ multiplicity
in the molecular and tetraquark configurations are

NðMolÞ
χc1 ðτHÞ ¼ 2.04 × 10−4;

Nð4qÞ
χc1 ðτHÞ ¼ 7.16 × 10−6: ð12Þ

As expected, NðMolÞðτHÞ > Nð4qÞðτHÞ because a shallow
bound state is easier to be formed than a compact
tetraquark. In the particular case of χc1, at the end of
mixed phase the coalescence mechanism yields more
molecules than tetraquarks by a factor of about 24.

D. System size dependence

The multiplicity Nχc1 can also be expressed as a function
of the charged-particle pseudorapidity density at midra-
pidity, ½dNch=dηðjηj < 0.5Þ�, which is a measurable quan-
tity, and can be associated to the freeze-out temperature
through the empirical formula [16,17,28],

TF ¼ TF0e−bN ; ð13Þ
where TF0 ¼ 132.5 MeV, b ¼ 0.02, and N ≡ ½dNch =
dηðjηj < 0.5Þ�1=3. We will assume that the hadron gas
undergoes a Bjorken cooling given by

TBj ¼ Th

�
τh
τ

�
1=3

; ð14Þ

and also a Hubble cooling given by [29,30]

THu ¼ Th
τh
τ
: ð15Þ

The freeze-out time τF in both types of cooling can be
written in terms of N as [16,17,28]

TABLE I. In the first three lines we list the parameters used in
Eq. (10) for the hydrodynamic expansion of the hadronic medium
produced in central Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [27].
In the next three lines we list the multiplicities of the mesons used
in the model. In the last two lines we show the quark masses and
multiplicities, and the frequency used in the coalescence model.

vC (c) aC (c2=fm) RC (fm)

0.93 0.005 10.37

τC (fm=c) τH (fm=c) τF (fm=c)

7.1 10.2 21.5

TC (MeV) TH (MeV) TF (MeV)

156 156 115

NπðτHÞ NKðτHÞ NηðτHÞ
713 133 53

NρðτHÞ NωðτHÞ NK� ðτHÞ
183 53 61

NDs
NDs0

1.31 0.18

mc [MeV] ms [MeV] mq [MeV]

1500 500 350

Nc Ns ωc [MeV]

14 386 220
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τFBj
¼ τH

�
TH

TF0

�
3

e3bN ; τFHu
¼ τH

�
TH

TF0

�
ebN : ð16Þ

The Bjorken cooling is valid for a one-dimensional
expansion and the Hubble flow mimics the effects of the
transverse expansion. In a previous analysis [28] it was
found that the Bjorken flow can account for the data on the
K�=K ratio as a function of N , measured by the ALICE
Collaboration, while the Hubble is probably too fast. As it
can be seen, N can be considered as an indirect measure-
ment of the duration of the hadronic phase; a larger system
(with a larger mass number A) yields a larger charged-
particle pseudorapidity density (bigger N ), which in its
turn generates a longer hadron phase (bigger τF). So, the
use of Eq. (16) in Eq. (3) allows us to indirectly estimate the
dependence of Nχc1 on the system size.
In addition, following Ref. [16],N can also be related to

other observables like the centrality of the collision. For a
Pb-Pb collision, the empirical formula connecting N with
the centrality (denoted as x, in %) the relation is [31]

dNch

dη

����
jηj<0.5

¼ 2142.16 − 85.76xþ 1.89x2 − 0.03x3

þ 3.67 × 10−5x4 − 2.24 × 10−6x5

þ 5.25 × 10−9x6: ð17Þ

III. RESULTS

Now we present and discuss the results obtained by
solving the Eq. (3) using the initial conditions given by
Eq. (12). In the plots shown below, the bands denote the
uncertainties coming from the values of the coupling
constants (see the discussion in Sec. II A).

In Fig. 1 we show the time evolution of the χc1ð4274Þ
multiplicity in the case of molecular configuration, encoded

in the initial conditionNðMolÞ
χc1 ðτHÞ given by Eq. (12). For the

sake of comparison, we have included the green and gray

bands representing respectively the solutions NðMolÞ
χc1 ðτÞ of

the rate equation (3) without and with the last two lines,
which are associated to the inclusion of the χc1 decay rate
and regeneration terms. As it can be seen from the green
band, the loss terms are dominant with respect to the gain

ones, and this leads to a sizable suppression of NðMolÞ
χc1 ðτÞ,

which at freeze-out time is about 40% of the initial yield,
taking into account the central value. When the decay rate

is added, NðMolÞ
χc1 ðτÞ decreases faster and the final yield is

about 15% of the initial one. The solid line shows the
evolution of the χc1 multiplicity assuming that the initial
condition is given by the thermal statistical value.
Interestingly, we observe that when we start from an initial
value close to statistical one, the interactions approximately
preserve this value until the end of the expansion, i.e., the
solid line and the gray band stay close to each other.
Moving on to the compact tetraquark configuration, in

Fig. 2 we present the time evolution of the χc1 yield, with

the initial condition Nð4qÞ
χc1 ðτHÞ given by Eq. (12); the χc1

decay rate and regeneration terms have been included in the

calculations. In this case the behavior of Nð4qÞ
χc1 ðτÞ is

different; at the beginning of the hadron gas phase, the
gain terms dominate and generate an expressive increase of
the multiplicity, but as time goes on, the hadron gas
expands and cools down, affecting mostly the number
and densities of the conventional mesons, and the χc1
production rate becomes smaller, causing a decrease of the
abundance. Notwithstanding, at the freeze-out time the χc1
final yield is three times larger than the initial value. The
solid line is the same as in Fig. 1 and shows the evolution of

FIG. 1. χc1 multiplicity as a function of the proper time in central Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, with initial condition
associated to the molecular configuration given by Eq. (12). The solid line shows the evolution of the χc1 multiplicity assuming that the
initial condition is given by the thermal statistical value. The time evolution of the temperature is described by the Bjorken cooling (a)
and by the Hubble cooling (b).
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the χc1 multiplicity assuming that the initial condition is
given by the thermal statistical value. As can be seen, at the
end of the evolution and after the hadronic interactions,
Nχc1 is approximately of the order 3 × 10−5 for both
molecular and compact tetraquark configurations and close
to the thermal statistical value.
For completeness, we also consider the state Y 0ð4274Þ

proposed in Ref. [14], assumed there to be a P-wave bound
state of DsD̄s0, with a small width and the coupling
constant obtained via Weinberg compositeness condition.

We use the initial condition NðMolÞ
χc1 ðτHÞ given by Eq. (12),

and neglect the decay and regeneration terms since the
small width implies a decay time which is longer than
the duration of the hadron gas phase. In Fig. 3 we plot the
Y 0ð4274Þ multiplicity as a function of the proper time. The
numbers in the figure suggest that the final yield undergoes
a small suppression, of the order of 3%, which means that

the gain and loss terms in Eq. (3) contribute approximately
equally, making the Y 0ð4274Þ multiplicity almost constant.
As we can see, there is a clear distinction between the
predicted molecular state Y 0ð4274Þ (obeying the Weinberg
compositeness condition) and the χc1 analyzed previously.
The final yield of the latter is almost one order of magnitude
smaller than that of the former.
In Fig. 4 we show the χc1 multiplicity as a function ofN .

As expected, it grows with the size of the system. Heavy-
ion collision experiments can potentially observe a much
larger number of χc1 ’s (larger systems like Pb-Pb systems
are characterized byN ∼ 10–12.5) and may provide a very
interesting environment for the study of their properties.
Curiously, the curves of the molecular and compact
tetraquark configurations converge to each other, which
suggests that for χc1 the distinction between these con-
figurations is not prominent in larger systems. In this figure
we compare the Bjorken cooling, Fig. 4(a), with Hubble
cooling, Fig. 4(b). Since the latter is much faster than
the former, it preserves more the difference between the
multiplicities, which comes from the early times of the
hadron gas.
Finally, in Fig. 5 we present the χc1 multiplicity as a

function of the centrality, obtained by using Eqs. (16)
and (17) in (3). As expected the χc1ð4274Þ final yield
decreases as we move from central to peripheral collisions.
As before the curves for the molecular and compact
tetraquark configurations converge to similar values for
more central collisions. As in the previous figure, we
compare the Bjorken cooling, Fig. 5(a), with Hubble
cooling, Fig. 5(b). As before, the latter preserves more
the difference between the multiplicities, which comes
from the early times of the hadron gas. The smaller systems
formed in less central collisions cool faster than larger
systems. With the Hubble flow this difference is amplified.

FIG. 2. χc1 multiplicity as a function of the proper time in central Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, with initial condition
associated to the compact tetraquark configuration given by Eq. (12). The solid line shows the evolution of the χc1 multiplicity assuming
that the initial condition is given by the thermal statistical value. The time evolution of the temperature is described by the Bjorken
cooling (a) and by the Hubble cooling (b).

FIG. 3. Y 0ð4274Þmultiplicity as a function of the proper time in
central Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, with initial con-
dition associated to the molecular interpretation given by Eq. (12).
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Before moving to the conclusions, we would like to
emphasize that the Lagrangians are formally the same for
tetraquarks and for mesonmolecules. However the coupling
constants are in principle different. In the case of tetraquarks
they can be calculated with QCD sum rules [32]. In the case
of meson molecules they can be calculated through the
evaluation of triangular meson loops with effective theories
as done, for example, in [33]. So in principle tetraquarks and
molecules have the same Lagrangian but different coupling
constants, which can be calculated. However, most of these
calculations of couplings have not been done yet. The same
considerations apply to the decay widths of tetraquarks and
molecules. In the absence of a complete knowledge of
couplings and widths, the difference between the two
configurations is, in practice, reduced to the difference in
the initial conditions. Moreover, the kinetic evolution
washes out to a large extent the difference between the
tetraquark and molecule multiplicities, a fact that we have
observed in all previous calculations involving other exotic

states. Finally, we should stress the important role played by
smaller systems, where the difference between the tetra-
quark and molecule multiplicities becomes more evident.

IV. CONCLUDING REMARKS

In this work we have estimated the yield of the χc1ð4274Þ
state in heavy-ion collisions. In our previous work [15] we
found big differences between the thermal cross sections
for the production and suppression of χc1ð4274Þ. Here we
have employed them in the rate equation to determine the
Nχc1 evolution in time. We have also added the χc1ð4274Þ
decay and regeneration terms by means of an effective
coupling, estimated from the available experimental data, to
account for its small lifetime. We have used the coalescence
model to compute the initial multiplicity of the χc1ð4274Þ,
which was treated as a P-wave bound state of DsD̄s0 and
also as a compact tetraquark. As happened in the case of
other multiquark states, meson molecules are much more

FIG. 4. χc1 multiplicity as a function of N for the (a) Bjorken cooling and (b) for Hubble cooling. The curves represent the results
obtained with initial conditions associated to the molecular and compact tetraquark configurations given by Eq. (12).

FIG. 5. χc1 multiplicity as a function of the centrality for the (a) Bjorken cooling and (b) for Hubble cooling. The curves represent the
results obtained with initial conditions associated to the molecular and compact tetraquark configurations given by Eq. (12).
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abundant than tetraquarks. Our results indicate that
the combined effects of hadronic interactions, hydrody-
namical expansion, and the χc1ð4274Þ decay strongly affect
the final yield. While for tetraquarks the χc1 yield grows
with respect to the initial value, for molecules it decreases.
The final number of χc1 ’s is approximately equal for both
configurations. One can thus conclude that from the
multiplicity alone, we cannot determine the intrinsic nature
of the χc1ð4274Þ.
We have also studied the time evolution of the state

Y 0ð4274Þ proposed in [14] which is characterized by a
smaller width and a smaller coupling constant obtained via
Weinberg compositeness condition. Our results indicate
that the state Y 0ð4274Þ has a final yield about one order of
magnitude higher than that of the χc1. Hence, if a vertex
detector would be able to accumulate a number of charmed
strange mesons as large as 104, a small number of Y 0ð4274Þ
might be observed.
As pointed out in Sec. II, it is important to remark that

the nature of the χc1 is encoded in the initial condition,
fixed from the coalescence model, which implies a different
coalescence mechanism for a hadron molecule and for a
compact tetraquark. In the analysis of the hadronic inter-
actions happening during the hadron gas phase, we have
employed the same coupling for both scenarios. As a
consequence, the larger final yield of the molecular state (as
compared to the tetraquark state) for Hubble cooling in
Fig. 4 is due to the rapid drop of the statistical limit and a

moderate relaxation rate of the molecular state. However,
the loosely bound molecular state will favor a larger width,
leading to a faster approach to the statistical limit. Thus, the
discrepancy between tetraquark and molecular states shown
in Fig. 4 could be much smaller. It is also important to
mention that using other initial conditions might lead to
quite different conclusions. In [34], for example, the
authors have considered an opposite initial condition,
i.e., larger initial yields of tetraquark state and smaller
initial yields of molecular state. The argument supporting
this assumption is that a loosely bound molecular state
cannot survive in the QGP and thus it almost vanishes
before the hadronic stage. They arrive at results which are
different from ours. This illustrates the importance of
knowing better how these multiquark states are formed.
In the future we plan to further study these production
mechanisms and also to deepen our study of the coupling
constants. This might be done, for example, with the QCD
sum rules techniques.
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