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CrossMark
Abstract
We investigate the interactions of the charged exotic state Z.(3900) in a
hadronic medium composed of light mesons. We study processes such as
Z.m — DD, Z.m — D*D*, Z,m — DD* and the inverse ones. Using effective
Lagrangians and form factors calculated with Quantum Chromodynamics
(QCD) sum rules (treating the Z.(3900) as a tetraquark) we estimate the
vacuum and thermally-averaged cross-sections of these reactions. We find that
the Z.(3900) has relatively large interaction cross sections with the constituent
particles of the hadronic medium. After that, we use the production and
suppression cross sections in a rate equation to estimate the time evolution of
the Z. multiplicity. We include the Z. decay and regeneration terms The
coalescence model is employed to compute the initial Z. multiplicity for the
compact tetraquark configuration. Our results indicate that the combined
effects of hadronic interactions, hydrodynamical expansion, decay and
regeneration affect the final yield, which is bigger than the initial value.
Besides, the dependence of the Z. final yield with the centrality, center-of-
mass energy and the charged hadron multiplicity measured at midrapidity
[dN,,/dn(n<0.5)] is also investigated.
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1. Introduction

Hadron physics has definitively entered a new era since the early 2000s, with the discovery of
new states that do not fit in the conventional definition of hadrons as ¢ mesons and gqq
baryons. For a recent and comprehensive review we refer the reader to [1, 2]. Here we will
focus on the Z.(3900) state. The charged components Z.(3900)* were observed in 2013 by
the BESIII collaboration as a peak in the invariant mass distribution of the system 7J/1 in
the e"e™ — 7" 7"J /1) reaction at the center-of mass energy of /s = 4.16 GeV [3]. The Belle
collaboration has seen these states in e collisions at /5 in the range 9.46-10.86 GeV [4].
Subsequent partial wave analysis has established their quantum numbers as J” =17 with
statistical significance of more than 7.0c [5]. In addition, the neutral component Z.(3900)°
was seen in the 7°J /1) invariant mass of the e*e™ — 7°7%J /1) reaction at 5 = 4.23, 4.26
and 4.36 GeV by BESIII [6] (see also [7, 8]); and at 4.17 GeV by using the CLEO-c detector
[9]. According to the Review of Particle Physics (RPP) 2022 [10], the Z.(3900) averaged
mass and width are respectively

Mz = 3887.1 £ 2.6 MeV, I; = 28.4 4+ 2.6 MeV. 1)

These properties make the Z.(3900) incompatible with a mesonic structure and with the usual
quark-model predictions, giving it the status of the first charged tetraquark state.

On the theoretical side there is a lively debate on the intrinsic nature of the Z.(3900), its
production mechanisms and decay modes. Concerning its internal structure, several possi-
bilities have been considered such as the hadronic molecule (see i.e. [11-26]); the compact
tetraquark [27-32]; kinematical singularities such as threshold cusp effects [33, 34] or triangle
singularities [35-37], and so on. In particular, in [25] the Z.(3900) was considered as a state
belonging to the multiplet of S-wave hadronic molecules formed by a pair of ground state
charmed and anticharmed mesons. Very recently, in [26] the Z.(3900) was treated as a
mJ /1 — DD* coupled-channel system in a covariant framework and the invariant masses
extracted from the BESIII data and from lattice simulations were fitted. The probability of the
DD* component (calculated via compositeness condition) was found to be less than 0.5,
suggesting that other hadronic components or compact quark state cores could be also
important in the structure of the Z.(3900).

Clearly more contributions are welcome to shed light on the Z.(3900) properties and its
internal structure. From the experimental side, heavy-ion collisions (HICs) appear as a pro-
mising environment. In these collisions, we expect to observe an enhancement in the mul-
tiplicity of exotic states, since a large number of heavy quarks are produced in the initial
stages. After the collision and the formation of the quark—gluon plasma phase, the system
expands and cools down, passing by a quark—hadron mixed phase and then reaching the
hadronization point where a hot hadron gas is produced. During this transition the heavy
quarks coalesce into bound states, mostly mesons and baryons, but also into multiquark states.
Indeed, this expectation was recently confirmed by the observation of the most famous exotic
state, the X(3872), in Pb—Pb collisions at \/syy = 5.02 TeV by the CMS Collaboration [38].
They found a prompt X(3872) production rate which is about 10 times larger than that
observed in p—p collisions. In addition, we should mention that the LHCb Collaboration
reported the observation of X(3872) in p-Pb collisions at /s = 8.16 TeV per nucleon [39].
On the theoretical side many studies appeared recently, such as those reported in [40—43].
This motivates us even more to continue to develop our program on exotics in HICs. Pre-
viously, the final yield of most of the conventional and some exotic hadrons in HICs has been
estimated with the hadron statistical and coalescence models which do not include the
interactions during the hadron gas phase [44]. However, our works have indicated that
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hadronic interactions might strongly affect the final yield; see for example [45-56]. Any
hadronic state can be suppressed due to its interaction with other hadrons of the medium, or
be formed from the interaction of other particles. This issue becomes more crucial for the
exotic states, because different structures (hadron molecule or compact tetraquark) have
different spatial configurations, which lead to different interactions and cross sections.

In the present work we investigate the interactions of the Z.(3900) with the hadronic
medium formed in HICs. In particular, we analyze the Z.(3900) suppression and production
through processes such as Z.m — DD, Z.m — D*D* Z.wm — DD*, and the respective
inverse reactions. Using effective Lagrangians, we estimate the vacuum and thermally-
averaged cross-sections for these reactions, which are then employed in a kinetic equation in
order to study the time evolution of the Z. multiplicity. The small Z. lifetime is also con-
sidered by including the Z. decay and regeneration terms through an effective coupling,
determined from the experimental data. The coalescence model is employed to compute the
initial Z. multiplicity. Besides, the dependence of the Z. final yield on the centrality,
center-of-mass energy and the charged hadron multiplicity measured at midrapidity
[AN,,/dn(n < 0.5)] is also predicted.

Ideally, we would execute all the steps listed above for the Z.(3900) considered as meson
molecule and also considered as a tetraquark. The cross sections and final yields would be
different in each case and the latter would serve as a means to discriminate between the two
configurations. After all this is one of the main questions in the field. However, at the moment
we can not carry out the two independent calculations and compare the results because we do
not know the coupling constants appearing in the interactions between meson molecules and
light hadrons. Besides, very recent results indicate controversies in the context of meson-
meson interaction approaches. One example is the discussion in [26], in which the compo-
siteness coefficient of the DD* component in the Z,(3900) state is less than 0.5, which
suggests that other higher-mass hadronic components or compact quark state should be
important in the intrinsic nature of the Z.(3900). Thus, we postpone the issue associated to the
hadronic molecule interpretation to be addressed in the future.

For now, as it will be discussed, we only know these couplings for tetraquarks.

In the next section we will briefly describe the effective Lagrangian formalism and esti-
mate the vacuum and thermally-averaged cross sections. In section 3 we present our approach
for the evaluation of the Z. multiplicity and discuss the results obtained. Finally, section 4 is
devoted to the concluding remarks.

2. Interactions of Z,(3900) with pions

2.1. Effective Lagrangians and reactions

We are interested in the interactions of the Z.(3900) state (denoted as Z. from now on) with a
hadronic medium constituted of light hadrons. In principle we should include the interactions
with all light mesons, such as «, K, 7, p, w, ...etc. However, from our previous experience
with other multiquark states (such as the x.1(3872), x.1(4274), Z.(3895), ch....) we learned
that the pions are the most important particles and are enough for a first description of the
hadronic gas. Therefore here we consider only the reactions involving the Z. and pions.
Specifically, for the case of Z. suppression induced by a pion, we will look at the reactions
Z.w — DD, Z.m — D*D* and Z.m — DD¥*, taking into account the lowest-order Born
contributions. In figure 1 the diagrams of these reactions are depicted. The corresponding
transition amplitudes will be determined by means of the following effective Lagrangians
[13, 19, 22, 52, 57-61]:
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Ze(pr) ——7—— D(ps)  Ze(p1) — D(ps)
D*Y D*Y
m(p2) D(pa)  7(p2) —— D(pa)
(a) (b)
Ze(p1) — D*(ps)  Ze(p1) — D (ps)
DY DY
m(p2) —— D*(ps)  w(p2) —— D*(pa)
(c) (d)
Ze(p1) ——T—— D(ps)
D*y
7(p2) —————— D" (pa)
(e)

Figure 1. Diagrams contributing to the following processes: Z,m — DD (a) and (b),
Z.m — D*D* (c) and (d), and Z.m — DD* (e). The charges of the particles are not
specified. The momenta of the particles in the initial (final) state are denoted as p, and
P2 (p3 and py).

Lzp0* = 87 ppDiZ. - 7D + H.c,

nc
Lpp* =ig.pp:D]7 - (DO*7 — 0"D7) + He.,
‘CWD*D* = 7gﬂ,D*D*5“'ynﬂaﬂDj7ran,D_;’ )

where g, npy §xpp+ and gxpxpx are coupling constants; 7 and Z;L represent the pion and Z,
isospin triplets; 7 denote the Pauli matrices in the isospin space; D(*) and D (*) are the isospin
doublets for the pseudoscalar (vector) charmed mesons.

The Lagrangians are formally the same for tetraquarks and for meson molecules. However
the coupling constants are different. In the case of tetraquarks they can be calculated with
Quantum Chromodynamics (QCD) sum rules (QCDSR). QCDSR is a technique which makes
use of a short distance expansion and hence it is appropriate to study systems of quarks which
are typically less than 1 fm away from each other. Molecules, on the other hand, are systems
which are typically larger than 1-2fm and could be much larger. In the case of meson
molecules the coupling constants can be calculated through the evaluation of triangular meson
loops with effective theories as done, for example, in [62]. So in principle tetraquarks and
molecules have the same Lagrangian but different coupling constants, which can be calcu-
lated. However, most of these calculations of couplings have not been done yet. The same
considerations apply to the decay widths of tetraquarks and molecules. Fortunately, in the
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case of the Z., we have all the ingredients for a tetraquark calculation. This is because the
coupling constant appearing in the first line of equation (2) was calculated with QCD sum
rules in [32] and the couplings appearing in the second and third lines of equation (2) were
also calculated with QCDSR in [59]. Using these inputs and using the initial conditions given
by the coalescence model for tetraquarks, we could obtain consistent results with all the
inputs required for tetraquarks. Results for molecules could not be obtained and will be the
subject of future work.

The transition amplitudes associated to the reactions shown in figure 1 can be determined
from the effetive Lagrangians in equation (2) and are given by

M(Z. 7w — DD) = M@ 4+ M®,
M(Z. 1 — D*D*) = M© + M@,
M(Z.w — DD*)= M®©, 3)

where M) represents the amplitude coming from the specific process (i) = (a) ,.., (e); these
expressions are explicitly written as

MO = 82.0D*8xDD* €1 (py +p)’
% [gW _ (py — P3Py — p3)u) 1

)

mg* t — mg*
M® = _gZCDD*ngD*fiL X (py +p3)’
% . (pl - I’4)/L(I71 - P4)u 1
Ejav m2, u—mz,’
b b

. 1
MO = g7 pp*8appr€t 53“#51, —— |C@r — )"
¢ m

D
1
MD = —87.00*8xDD* e 6jt<uf>3k:/(—z)(2pz =13’
u—mpj
MO = —g, ppe&aprpe el €,
(py = P3)y(Py — P3)s
X [g"/ﬁ - 2
mD*
1
X —2P4M(P4 = P2)as @
t— mD*

where s, u and ¢ are the Mandelstam variables, defined as s = (p; + p,)*, t = (p, — p3)*
and u = (p, — p)% and € = e®(p,) is the polarization vector associated to the
corresponding vector meson.

Our model is indeed simple and certainly could be improved. However, we believe that it
is already sufficient to set the scale of the relevant cross sections and to be used in the
calculation of the Z. multiplicity. The first simplifying assumption is to consider only the
interaction between Z. and pions, not including other mesons. This comes from our previous
experience with several other exotic mesons interacting with a hadron gas. In all cases the
pions give the most important contribution both for the cross section and, most importantly,
for the thermal cross section, where the pion abundance in the gas is considered. The number
of pions in the gas is by far much larger than the one of any other hadron species. The second
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Table 1. Parameters of the form factors in the vertices with the mesons m;, m, and ms

[52, 59].
mymoms  Form A B
DrD* | 126 119
D*nD* I 4.8 6.8

simplifying assumption is to treat the interactions at tree level. Indeed these interactions can
be treated much more rigorously using chiral perturbation theory, unitarization and two-body
equations for the amplitudes. However, all this holds only for low energies, close to the
thresholds. Here we are considering interaction energies determined by the temperature which
is in the range 100-200 MeV. This is already too high to allow for the use of the more
sophisticated approach mentioned above. On the other hand, the inclusion of form factors can
cure some of the defficiencies of our effective theory, such as preventing the growth of the
cross sections which would violate unitarity and also taking into account, to some extent,
higher order corrections.

2.2. Form factors and coupling constants

In effective Lagrangian approaches we often use form factors to incorporate features asso-
ciated to the finite size of the hadrons and also to prevent the artificial growth of the cross
sections with the energy. A form factor can be obtained from the three-point function con-
structed with three meson currents. In QCD sum rules this three-point function is evaluated
first writing the currents in terms of the quark fields, contracting them and performing an
Operator Product Expansion of the resulting propagators. Then we evaluate the same three-
point function using hadronic degrees of freedom. The sum rule is the equation obtained
equating the two expressions of the same three-point function. In this equation the unknown
is the form factor. More precisely, in a generic vertex of three mesons my, m, and m3 the form
factor is the function g, . ,..(p, ') (p and p’ being the external 4-momenta) and it is
evaluated in terms of the QCD parameters (quark masses and couplings) as well as of the
meson masses and decay constants (see a detailed discussion in [52]). Here we benefit from
previous works in which all the form factors required for the present calculation have been
computed with QCDSR.

In the case of the vertices DrD* and D*wD*, the corresponding form factors have been
calculated with QCDSR in [59]; they were parametrized as:

A
0))] gmlmZm}(Qz) = m 5)
and
n Bimymyms (02) = Ae—(Q2/B)’ 6)

where m; is the off-shell meson in the vertex and Q> = —q2 its Euclidean four momentum; the
parameters A and B are given in the table 1.

In [32] the ZD*D*® and Z'D°D** vertices were studied with QCDSR. The Z. was
treated as a genuine tetraquark (¢7)(cq) with non-trivial color structure. The resulting form
factor (valid for both vertices) was found to be

6
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Figure 2. Top: cross sections for the suppression processes Z.m — DD ag
functions of </s. Bottom: cross sections for the corresponding inverse reactions. The
inset figure shows the cross section for the Z,m — D*D* process in the energy region
near 4.02 GeV. The bands represent the uncertainties coming from the largest and
smallest values of the coupling constants in equation (8).

87 pp(Q) =A B @)

with A = 1.733 GeV, B = 0.076 GeV~2. Hence, from equations (5)—(7) the coupling
constants can be fixed with gm]mzm(—mlz) and g, pp+(—mp); they are:

gppr =140 + 1.5

8 ppr = (8.6 £ 1.0) GeV~,
8, pp+ = (2.5 £ 0.3) GeV. ®

The coupling g, pp+ involving the neutral component 7 is not yet known. Notwithstanding,
due to the proximity of the masses between the neutral and charged components of the Z,., we
will assume that the coupling g p,+ is also valid for the neutral component.



J. Phys. G: Nucl. Part. Phys. 51 (2024) 095003 L M Abreu et al

0\ mZroAl
m All > Z.77]

) -1
E 107}
.

1072} E

00 02 04 06 08 10 12 14
Vs - sy (GeV)

Figure 3. Sum of all cross-sections for the Z. absorption and production processes as
functions of /s — ./so, where /sy is the corresponding threshold of each channel. All

represents the sum o (Z,m — DD) + o(Z.m — D*D*) + o(Z.m — DD¥*) for the case
of absorption processes and an equivalent expression for the inverse ones.

2.3. Cross sections

The isospin-spin-averaged cross section in the center of mass (CM) frame for a given reaction
ab — cd in equation (3) is given by:

1 |24 f =
Oab—cd = 5 - dQ Ma —cC 29 9
b—sed 6hg g |7, > IMap—cal )]

where g, , = (21, + 1)(2S,, + 1) is the degeneracy factor of the particles in the initial state; s
is the squared CM energy; |5, | and | ;| are the absolute values of the three-momenta in the
CM frame of the initial and final particles; >~ denotes the summation over the spin and
isospin of the initial and final states, which can be rewritten in the particle basis as

S Mapcal® = 3 MG P (10)
1 Qc’Qd

with Q., O, being the explicit charges of the particles in the final state. For the inverse

processes in which the Z.(3900) might be produced, i.e. DD — Z.w, D*D* — Z.m and

DD* — Z.7, the cross sections are calculated with the help of the detailed balance equation,

gagblélb|20'ab~>cd(s) = gcgd|ﬁcd|20'cd~>ah(s)~ (11)

Now we can present and discuss the results. We remark that the estimates have been done
with the isospin-averaged masses reported in [10]. Since the coupling constants are the same
(see discussion in section 2.2), we assume that the charged ZF and neutral 7° components
have identical contributions. So, the charges will not be explicit. Also, the results are pre-
sented in terms of bands associated to the smallest and largest possible values of the coupling
constants.

In figure 2 we show the suppression processes Z,m — D* D™ as functions of /5 and the
corresponding inverse reactions. All the absorption processes are exothermic. The cross
sections are very large close to the threshold and decrease with increasing energy /s. At
moderate values of CM energy the reaction with final state D*D* yields the most relevant
contribution, around one order of magnitude larger than the others. This might be partially

8
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= 1
£ 107 :
A _ _ _ :
< w DD m DD w DD ]
IS -2 4
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T (GeV)
)
£ 1072
A
¢
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S
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T (GeV)

Figure 4. Top: thermally-averaged cross-sections of the processes Z.m — D® D™ ag
functions of the temperature. Bottom: thermally-averaged cross-sections of the
corresponding inverses reactions.

understood from the dynamics, as the exchanged charmed meson in this reaction is lighter
than the one in other processes.

As we can see from figure 2, the Z. production processes are endothermic and the cross
sections tend to vanish near the threshold. Then they grow with /s up to moderate energies.
The channel with D*D* in the initial state presents a cusp close to the threshold, due to the
small energy difference between the initial and final states. Comparing the Z. absorption and
production processes in the region of energies relevant for HICs (/s — /so < 0.6 GeV), the
absorption cross sections are greater than the production ones. The difference comes from the
phase space and the degeneracy factors encoded in equation (11). This feature becomes more
evident in figure 3, where the sum of all cross-sections for the Z. absorption and production
processes are shown as a function of \/s — /sy ({/So is the corresponding threshold of each
channel).

2.4. Thermally-averaged cross sections

In view of our interest in a HIC environment, in which the medium effects become relevant
and the Z,. may interact with light hadrons, it is necessary to evaluate the thermally-averaged
cross sections, as the collision energy is related to the medium temperature. The cross-section

9
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averaged over the thermal distributions of the particles participating in the reactions can be
defined as the convolution of vacuum cross-sections and the momentum distributions. Strictly
speaking, for a given reaction of the type ab — cd, it is given by [44, 46, 51, 53, 57, 63]:

f &p,dp, £, (B, (Py) Tub— caVi

[, 1, )7 (py)
1 0
dzK;(z) x
fzo 1(2)

T 102K 0l (ap)
X o(s = 22TH)[Z% — (o + ap)?]
X [22 = (g — ap)?], (12)

where v, represents the initial relative velocity of the two interacting particles a and b; fi(,,;) is
the momentum distribution (here assumed to be the Bose-Einstein function); «; =m;/T,
where T is the temperature; zo = max(q, + ap, o + g); and K; and K, are the modified
Bessel functions.

In figure 4 we plot the thermally-averaged cross-sections for the Z. absorption and pro-
duction processes as functions of the temperature. In the case of absorption, all the channels
have a weak dependence with the temperature and the one with D*D* in the final state
dominates. For the production processes, the temperature dependence is more prominent for
the DD* and DD channels, but the D*D* remains the most important contribution by at least
one order of magnitude.

Here is one of the main conclusions of this study: as it happens to most of the other exotic
states, the Z. absorption processes are more important than the production reactions. This
difference suggests that the hadronic medium may strongly affect the final number of pro-
duced Z_s. In order to have a concrete prediction of this effect, the above cross sections will
be used as input in the kinetic equation, whose solution yields the final Z. multiplicity.

<0—ab~>cdvab> =

3. The Z(3900) multiplicity

3.1. Time evolution

Now we move to the study of the time evolution of the Z. multiplicity during the hadronic
stage of heavy ion collisions. The formalism is the same used in our previous works, but for
the sake of completeness we briefly describe it here. The thermally-averaged cross sections
estimated in the previous section will be employed in the momentum-integrated evolution
equation given by [45-48, 54]:

LD = 3 (70 e (DINAT) = (07,7 2V2,2) N (DIN7, (7]

+ {01 ppmaz Vi ) N (TIN5 (T) — (L g o) N2 (7)), (13)

where N (7) denotes the multiplicity of Z, at proper time 7; n.(7), nz(7) and n4(7) are the
number densities of charm and light mesons, respectively. The hadron gas is assumed to be in
thermal equilibrium, and its constituents have their respective densities following the
Boltzmann distribution

()~ — g m? il
ni(1) = 22 8 T(T)KZ(T(T))’ (14)
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with v;, g;, and m; being the fugacity, degeneracy and mass of the particle i, respectively, and
T(7) the time-dependent temperature. The abundance N,(7) is obtained by multiplying n«7) by
the volume V(7).

The last two lines of equation (13) describe the Z. decay and its regeneration from the
daughter particles. The Z. has a large decay width and a lifetime shorter than that of the
hadron gas phase (~10 fm/c). According to the RPP 2022 [10] the Z. — DD and Z.— J /¢
reactions have been seen. In [32] it was shown that the Z, — J/vm is the most important
decay channel. Thus we will include only this channel in our calculations. The other channel
is also taken into account in the interactions of the Z. with pions described in the previous
section. Following the method summarized in [49, 64], we employ the effective Lagrangian

L7,0m = 87,40 Outh, (O'7ZY — O'TZL) (15)

In this expression g . is the coupling constant to be determined from the decay rate, written
as

1 —
Iz —s/pn(J5) = %Ipcm(ﬁ)IZIMrlz, (16)

where p.,, is the three-momentum in the center-of-mass frame, and M is the tree-level
amplitude of the decay rate

Mr = ~g; 4.0, &, Ipf €] — pyef] (17)

with the momenta of the states Z., J/1) and 7 being given by py, p, and ps, respectively. Using
the experimental value of the Z. decay width in the above formulas we determine the value of
the coupling constant: g, ;.. = (3.89 £ 0.56) GeV. The Z. decay width averaged over the
thermal distribution is expressed by

Ki(mz/T)

. 18
K>(mz,/T) 1o

<FZ(,HJ/w7r> = Fzﬁj/w (mz,.)

In the case of regeneration process, the cross section is given by the spin-averaged relativistic
Breit-Wigner approximation:

2
gZC 4 SFZCHJ/L‘“)ﬂ'

2 2 2 >
81 /087 Poy, (s — mz )2 + SFZL.—J/z/m

19)

Oy /ym—2Z, =

where g, , g,/ and g are the degeneracy factors of the Z,, J/v and  respectively. This cross
section is averaged over the thermal distribution in the same way as done in the previous
section.

3.2. The expansion of the hadron gas

To describe the hadron gas evolution, in [65, 66] the authors proposed a model using the
boost invariant Bjorken picture [67] with an accelerated transverse expansion. This model
was further developed and applied in [47, 48, 54]. According to this picture the hadronic
matter expands isentropically, with the proper-time dependence of the volume and temper-
ature being parametrized as:
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=~ 0.05 —— Eq. (20) ——-— Hubble
- —— Bjorken ]

12 14 16 18 20
7 (fm/c)

Figure 5. Time evolution of the temperature modelled as in equation (20), Hubble
(equation (21)) and Bjorken (equation (22)) expansions.

Table 2. In the first three lines we list the parameters used in equation (20) for central
Pb—Pb collisions at /syy = 5.02 TeV [44]. In the next two lines we list the multi-
plicities of the mesons and the quark masses used in the model. In the last line we show
the frequency used in the coalescence model.

ve(©) ac(c*/fm)  Rc (fm)
0.5 0.09 11

T7c (fm/c) 74 (fm/c) 7 (fm/c)
7.1 10.2 21.5
Tc MeV) Ty (MeV) T, (MeV)
156 156 115

Ny (Th) Np (1) Np(TH)
713 4.7 6.3

. m, [MeV]  m, [MeV]
14 1500 350

. [MeV]

220

2
V(ir)= W[RC + ve(t — 70) + a2—c(7 — Tc)z:l TC,
4

T — TH s

T(r)=Tc — (Ty — TF)(i) . (20)
TTF — TH

where R¢, ve, ac and T represent the transverse size, transverse velocity, transverse

acceleration and temperature at the critical time 7, respectively; Ty(Tr) is the temperature at

the end of the mixed phase time 7y(7F). These parameters are fixed for a hadronic medium

formed in central Pb—Pb collisions at ./syy = 5.02 TeV according to [44], and are given in
table 2.
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To perform a comparison between distinct expansion models, we also consider that the
hadron gas expands like a 3D Hubble expansion, which means that the temperature should be
parametrized as [68, 69]

mm:m%. @1)

The differences are seen in a more concrete way in figure 5, where we plot the time evolution
of the temperature parametrized as in equations (20), (21) and also as in the original
modelling of Bjorken expansion [67]

1/3
@m:meg. 22)

We notice that the 3D Hubble expansion experiences a faster cooling than the other
parametrizations, which present approximately the same behavior. In particular, while
Thu(T) ~ Tp at 7~ 14fm/c, the Bjorken case gives Tp/(7) ~ T at 7~ 21.5fm/c.

The multiplicities of the pions and charmed mesons are also shown in table 2, and are used
to fit the fugacities in equation (14). In the case of charm quarks, since they are produced in
the early stages of the collision, their total number (N,) in charmed hadrons is assumed to be
constant during the hadron gas phase, yielding a time-dependent charm-quark-fugacity factor
Yo = 7/7) in order to keep N, = n.(1) x V(1) = const.

To determine the initial conditions for the rate equation (13) we employ the coalescence
model. It has the relevant feature of carrying information concerning the intrinsic structure of
the system (such as angular momentum and the type and number of constituent quarks),
because the multiplicity of the hadronic state is computed from the convolution of the density
matrix of its constituents and its Wigner Function. Accordingly, the yield of Z. at 7. can be
written as [44]:

n N n—1 “ 2);

)2
NCoal ~ a o
Z. ch 1_4[1 8 H v +2ﬂ,TUi2)
j=

i=1

2 l,‘
% [ 4p,To; ] ) (23)

3(1 + 2, To?)

where g; and N; are the degeneracy and number of the jth constituent of the Z. and
0; = (,uiw)*l/ 2. We assume that the hadron internal structure is represented by a harmonic
oscillator, the parameter w is the oscillator frequency and p is the reduced mass. The angular
momentum /; is O for a S-wave. Here the Z. is considered as a S-wave compact tetraquark,
with the frequency, the quark numbers and masses summarized in table 2. Hence, putting all
these parameters in equation (23), the initial Z. multiplicity is

Nz, (i) = 2.1170 x 104, 24)

3.3. Size of the system, CM energy and centrality

As discussed in [54], it is possible to relate the multiplicity to other relevant observables, such
as the charged-particle pseudorapidity density at mid-rapidity, [dN.,/dn (|n] < 0.5)]. Using
the empirical formula [50]

Tr = Tro e "V, (25)
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Figure 6. Abundance of Z.(3900) as a function of the proper time in central Pb—Pb
collisions at \/syy = 5.02 TeV, obtained with Bjorken and Hubble coolings.

where Tpo=132.5MeV, b=0.02 and N = [dN,,/dn(|n| < 0.5)]'/3. Assuming that the
hadron gas undergoes a Bjorken-type cooling, then the freeze-out time 7, and the freeze-out
temperature can be related as follows [54]:

T 3
Thy = TH(KHO) e?N, (26)

while in the case of a Hubble-type cooling it is given by

_— TH(T_H)ebN_ 27)
Tro

As we can see, A/ can be interpreted as an indirect measure of the duration of the hadronic
phase, implying that a larger system (with a larger mass number A) will yield a larger
charged-particle pseudorapidity density (bigger '), generating a longer hadron phase (bigger
7r). Hence, the use of equation (26) in (13) can be seen as an indirect estimate of the
dependence of N, with the size of the system. Besides, A/ can also be related to the center-of-
mass energy /s and to the centrality of the collision. The empirical formulas relating N~ with
Vs and the centrality are respectively given by (see a more detailed discussion about the
obtention of these expressions in [54, 70]):

dNe = —2332.12 + 491.69 10(220.06 + /3), (28)
A7 licos
and
AN, —2142.16 — 85.76x + 1.89x2 — 0.03x3
dn <05

13,67 x 10754 — 2.24 x 105
+5.25 x 10~%8, 29)

where x represents %.
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Figure 7. Z,(3900) multiplicity as a function of /N, obtained with Bjorken and Hubble
coolings.

?r:'x Bjorken m Hubble

1 0—8 L L T R e —
0O 10 20 30 40 50 60 70
Centrality (%)

)

= 10_5§

Nzc/(ND*+N

10_6§

0 10 20 30 40 50 60 70
Centrality (%)
Figure 8. Top panel: Z.(3900) multiplicity as a function of the centrality, obtained with

Bjorken and Hubble coolings. Bottom panel: ratio Nz /(Np* + Np) as a function of the
centrality, obtained with Bjorken cooling.
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10_5:
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Vs (GeV)
Figure 9. Top panel: Z.(3900) multiplicity as a function of the CM energy, obtained

with Bjorken and Hubble coolings. Bottom panel: ratio Z.(3900)/(Np* + Np) as a
function of the CM energy, obtained with Bjorken cooling.

3.4. Results and discussion

The solution of equation (13) is presented in figure 6. As it can be seen, at the beginning of
the hadron gas phase, the gain terms are dominant and generate an increase of the Z.
multiplicity. However, as the gas expands and cools down the Z. production rate becomes
smaller than the absorption rate, leading to a decrease of the abundance. Notwithstanding, at
the freeze-out time the Z. final yield is about four times larger than the initial value in the case
of the Bjorken cooling. On the other hand, for the Hubble cooling the multiplicity decreases
faster and its final value at the corresponding 75~ 14 fm/c is larger by a factor of about 2.

In figure 7 we show the Z,. multiplicity as a function of N'. As expected, it grows with the
size of the system, taking into account that that bigger systems like PbPb assume values of A/
of the order 10-12.5, where the Bjorken cooling gives larger Nz, and our approach is more
reliable.

Finally, in the top panels of figures 8 and 9 we show the Z,. multiplicity as a function of the
centrality and CM energy, obtained by using equations (26), (28) and (29) in (13). We notice
that the Z. final yield decreases from central to peripheral collisions and increases when the
system reaches higher energies. To have a more complete description of the dependence of
the Z. yield with these observables, in the bottom panels of figures 8 and 9 we also plot the
ratio Nz /(Np* + Np) as a function of the centrality and CM energy. The results for the D*

16
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and D yields have been extracted from [71], which used the same collision conditions shown
in table 2 within the Bjorken picture. Therefore, for coherence we present only the curves
with the Z. yield in the Bjorken cooling. Since the final yield Ny« + Np acquires a value of
about 10 at /syy ~ 5TeV in central collisions, then the ratio becomes approximately one
order smaller than the magnitude of Nz, in this region.

4. Concluding remarks

Summarizing, the results discussed in the preceding sections suggest that the Z.(3900) state
might suffer sizable interactions with the hadronic medium formed in HICs. First, we have
studied the vacuum and thermally-averaged cross sections obtained for the Z. absorption and
production processes by comoving pions. They have been obtained from an effective
Lagrangian formalism and form factors calculated with QCDSR considering the Z. as a
tetraquark state. We have found that the Z. absorption processes are much more important
than the production reactions. With the obtained cross sections we have studied the time
evolution of the Z. multiplicity, by using the production and suppression thermal cross
sections in the rate equation. In this equation, the Z. decay and regeneration terms were
included. We have used the coalescence model to compute the initial Z. multiplicity for the
compact tetraquark configuration. Our results indicate that the combined effects of hadronic
interactions, hydrodynamical expansion, decay and regeneration lead to an enhancement of
the Z. multiplicity at the end of the collision. As a final comment, it is also worth mentioning
the findings reported in [37], where the triangle singularity interpretation of the Z. was
discussed in the context of HICs. The authors have argued that a HIC environment is the
‘most universal eraser’ of kinematic effects. The high temperatures affect the masses and
widths of the particles participating in the process and if a triangle reaction is completed
during the fireball lifetime, the triangle singularities will be washed out in the hot hadron gas
phase. As a consequence, if the Z. is generated by a D;D*D" triangle loop, it will disappear at
temperatures close to the deconfinement temperature. Hence, any future detection in HICs
might be an indication that the Z. is indeed a real hadron, while its absence points towards the
singularity interpretation.
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