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In this work we study the interactions of the multiquark state Z−
csð3985Þ with light mesons in a hot

hadron gas. Using an effective Lagrangian framework, we estimate the vacuum cross sections as well as the

thermal cross sections of the production processes D̄ð�Þ
s Dð�Þ

s → Z−
csXðX ¼ π; K; ηÞ and the corresponding

inverse reactions. The results indicate that the considered processes have sizeable cross sections. Most
importantly, the thermal cross sections for Zcs annihilation are much larger than those for production. This
feature might produce relevant effects on some observables, such as the final Zcs multiplicity measured in
heavy ion collisions.
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I. INTRODUCTION

Recently, the BES-III Collaboration has observed an
excess of events in the Kþ recoil-mass spectrum of the
reaction eþe− → KþðD�−

s D0 þD−
s D�0Þ for events col-

lected at center-of-mass (CM) energy
ffiffiffi
s

p ¼ 4.681 GeV,
with estimated statistical significance of 5.3σ [1]. By
using an amplitude model based on the Breit-Wigner
formalism, this peak has been fitted to a resonance with
mass and width given by M ¼ ð3982.5þ1.8

−2.6 � 2.1Þ MeV,
Γ ¼ ð12.8þ5.3

−4.4 � 3.0Þ MeV, respectively, and has been
denoted as Z−

csð3985Þ. Its minimum valence quark content
should be most likely cc̄sū, giving it the status of the first
candidate for a charged hidden-charm tetraquark with
strangeness.
Since the experimental discovery of the Z−

csð3985Þ state
(or simply Z−

cs), the hadron spectroscopy community has
been intensely debating its internal structure and the
possible mechanisms of its decay and production [2–27].
Because of its proximity to the D�−

s D0 and D−
s D�0 thresh-

olds, the hadronic molecular interpretation for the Z−
cs seems

natural. Along this line, this new state would be the strange

partner of the Zcð3900Þ [3–9]. Notwithstanding, other
possible interpretations have also been proposed, namely,
the compact tetraquark configuration resulting from the
binding of a diquark and an antidiquark [10,11,13], a virtual
pole state [12], a kinematic effect caused by triangle
singularities [14,15], a resonance [16], and so on. More
experimental and theoretical studies are clearly needed.
A new and promising scenario to investigate the proper-

ties of exotic states are heavy ion collisions (HICs). They are
characterized by the formation of a locally thermalized state
of deconfined quarks and gluons (the quark-gluon plasma or
QGP). At the end of the QGP phase, quarks coalesce to form
conventional bound states and also exotic states. The latter
will exist in a hadron gas and interact with other light
hadrons. As pointed out in previous studies, the exotic states
can be destroyed in collisions with the comoving light
mesons, as well as produced through the inverse processes
[28–35]. Their final yields depend on the interaction cross
sections, which, in turn, depend on the spatial configuration
of the quarks. In the study of the most famous exotic state,
the Xð3872Þ, it has been shown that the molecular con-
figuration [i.e., the bound state ðDD̄� þ c:c:Þ] is larger than
a diquark-antidiquark configuration ½ðcqÞðc̄ q̄Þ� by a factor
of about 3–10 [30]. Consequently, meson molecules have
larger cross sections and are expected to be more easily
produced as well as more easily destroyed than compact
tetraquarks in a hadronic medium.
The recent observation of the Xð3872Þ in Pb − Pb

collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV by the CMS Collaboration
[36] has opened a new era for the study of exotic states.
This observation strengthens our belief that HICs provide
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a unique and promising experimental environment to
study the nature of exotic hadrons.
The present contribution is part of a series of works

devoted to the production of exotics states in heavy ion
collisions. In the following sections we will analyze the
interactions of the Z−

cs state with light mesons. In Sec. II we
present our effective Lagrangian formalism. In Sec. III we
use it to calculate the Z−

cs production and absorption cross
sections and in Sec. IV we compute the corresponding
thermal averages. Finally, Sec. V is dedicated to the
summary and to the concluding remarks.

II. THE FORMALISM

To understand how the Z−
cs behaves in a surrounding

hadronic medium, we will study its interactions with the
lightest pseudoscalar mesons π, K, and η. More precisely,

we will focus on the reactions D̄ð�Þ
s Dð�Þ → Zcsπ, Dð�ÞD̄ð�Þ,

D̄sD
ð�Þ
s → ZcsK, and D̄ð�Þ

s Dð�Þ → Zcsη, as well as the
inverse processes. In Fig. 1 we present the lowest-order
Born diagrams contributing to these processes, without
specifying the charge of the particles.
In the evaluation of the reactions in Fig. 1, we make

use of the effective theory approach. Consequently, the
couplings involving π, Kð�Þ, Dð�Þ, and Dð�Þ

s mesons are
based on the effective formalism in which the vector
mesons are identified as dynamical gauge bosons of the
hidden UðNÞV local symmetry, and are properly explained
in Refs. [28–32]; they read

LπDD� ¼ igπDD�D�
μτ⃗ · ðD̄∂

μπ̄ − ∂
μD̄ π̄Þ þ H:c:;

LKDsD� ¼ igKDsD�D�þ
μ ðK∂

μDs − ∂
μKDsÞ þ H:c:;

LKDD�
s
¼ igKDD�

s
D�μ

s ð∂μDþK −Dþ
∂μKÞ þ H:c:;

LηDD� ¼ igηDD�D�
μðDþ

∂
μη − ∂

μDþÞ þ H:c:

LηDsD�
s
¼ igηDsD�

s
D�

sμð∂μDþ
s η − ∂

μ
ηDþ

s Þ þ H:c:;

LπD�D� ¼ −gπD�D�εμγαβ∂μD�
νπ⃗∂αD

�þ
β ;

LηD�D� ¼ −gηD�D�εμναβ∂μD�
νη∂αD

�þ
β ;

LηD�
sD�

s
¼ −gηD�

sD�
s
εμναβ∂μD�

sνη∂αD�
sβ;

LKD�
sD� ¼ gKD�

sD�εμναβ∂μD�þ
ν K∂αD�

sβ þ H:c:; ð1Þ

where τ⃗ are the Pauli matrices in the isospin space; π⃗
denotes the pion isospin triplet; and Dð�Þ ¼ ðDð�Þ0; Dð�ÞþÞ
and K ¼ ðKþ; K0ÞT represent the isospin doublets for the
pseudoscalar (vector) Dð�Þ and K mesons, respectively.
The coupling constants in Eq. (1) describe pseudoscalar-

pseudoscalar-vector and vector-vector-pseudoscalar verti-
ces and are given by [29–32]

gπDD� ¼ gKDsD� ¼ gKDD�
s

¼
ffiffiffi
6

p
gηDD� ¼

ffiffiffi
3

p
gηDsD�

s
≡ gPPV ;ffiffiffi

2
p

gπD�D� ¼ 2
ffiffiffi
3

p
gηD�D� ¼

ffiffiffi
3

p
gηD�

sD�
s

¼
ffiffiffi
2

p
gKD�

sD� ≡ gVVP; ð2Þ

FIG. 1. Diagrams contributing to the following process (with-

out specification of the charges of the particles): D̄ð�Þ
s Dð�Þ → Zcsπ

[(a)–(c)], Dð�ÞD̄ð�Þ; D̄sD
ð�Þ
s → ZcsK [(d)–(h)] and D̄ð�Þ

s Dð�Þ →
Zcsη [(i)–(m)].
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where

gPPV ¼ mV

2fπ

mD�

mK�
;

gVVP ¼ 3m2
V

16π2f3π
; ð3Þ

with mV being the mass of the vector meson; we take it as
the mass of the ρ meson and fπ is the pion decay constant.
As pointed in Ref. [29], the factormD�=mK� in the coupling
gPPV is introduced in order to reproduce the experimental
decay width found for the process D� → Dπ, and comes
from heavy-quark symmetry considerations.
The couplings involving the Z−

cs are introduced assuming
that it is an S-wave bound state engendered by the super-
position ofD�−

s D0 andD−
s D�0 configurations with quantum

numbers IðJPÞ ¼ 1
2
ð1þÞ. As a consequence, the effective

Lagrangian describing the interaction between the Z−
cs and

the D�−
s D0 and D−

s D�0 pairs is given by [22]

LZcs
¼ gZcsffiffiffi

2
p Z†μ

csðD̄�
sμDþ D̄sD�

μÞ; ð4Þ

where Zcs denotes the field associated to Z−
cs state; this

notation will be used henceforth. Also, the D̄�
sμD and D̄sD�

μ

mean the D�−
s D0 and D−

s D�0 components, respectively.
The effective coupling constant gZcs

is considered to be
gZcs

¼ 6.0–6.7 in order to describe the Zcs width, as
discussed in Ref. [22].
Based on the effective Lagrangians introduced above, the

amplitudes of the processes shown in Fig. 1 can then be
calculated. They are given by

MD̄sD→Zcsπ ≡MðaÞ;

MD̄�
sD�→Zcsπ ≡MðbÞ;

MD̄sD�→Zcsπ ≡MðcÞ;

MDD̄→ZcsK ≡MðdÞ;

MD�D̄�→ZcsK ≡MðeÞ;

MDD̄�→ZcsK ≡MðfÞ;

MD̄sDs→ZcsK ≡MðgÞ;

MD̄sD�
s→ZcsK ≡MðhÞ;

MD̄sD→Zcsη ≡MðiÞ þMðjÞ;

MD̄�
sD�→Zcsη ≡MðkÞ þMðlÞ;

MD̄�
sD→Zcsη ≡MðmÞ; ð5Þ

where the explicit expressions are

MðaÞ ¼ 1ffiffiffi
2

p τIgZcs
gπDD�ðp2 þ p4Þμεν3

1

t −m2
D�

×

�
−gμν þ

ðp1 − p3Þμðp1 − p3Þν
m2

D�

�
;

MðbÞ ¼ −
1ffiffiffi
2

p τIgZcs
gπDD�εμ2ð2p4 − p2Þμεν1ε�3ν

1

t −m2
D
;

MðcÞ ¼ 1ffiffiffi
2

p τIgZcs
gπD�D�ϵμναβp2μp4αε2νε

�
3β

1

t −m2
D�

;

MðdÞ ¼ 1ffiffiffi
2

p τijgZcs
gKDD�

s
ðp2 þ p4Þμε�ν3

1

t −m2
D�

s

×

�
−gμν þ

ðp1 − p3Þμðp1 − p3Þν
m2

D�
s

�
;

MðeÞ ¼ 1ffiffiffi
2

p τIgZcs
gKDsD�εμ2ð2p4 − p2Þμεν1ε�3ν

1

t −m2
Ds

;

MðfÞ ¼ 1ffiffiffi
2

p τIgZcs
gKD�

sD�ϵμναβp2μp4αε2νε
�
3β

1

t −m2
D�

s

;

MðgÞ ¼ 1ffiffiffi
2

p τIgZcs
gkDsD� ðp2 þ p4Þμεν3

1

t −m2
D�

×

�
−gμν þ

ðp1 − p3Þμðp1 − p3Þν
m2

D�

�
; ð6Þ

and

MðhÞ ¼ 1ffiffiffi
2

p τIgZcs
gkD�

sD�ϵμναβp2μp4αε2νε
�
3β

1

t −m2
D�

;

MðiÞ ¼ 1ffiffiffi
2

p τIgZcs
gηD�D� ðp2 þ p4Þμεν3

1

t −m2
D�

×

�
−gμν þ

ðp1 − p3Þμðp1 − p3Þν
m2

D�

�
;

MðjÞ ¼ −
1ffiffiffi
2

p τIgZcs
gηDsD�

s

1

u −m2
D�

s

ε�μ3

×

�
−gμν þ

ðp1 − p4Þμðp1 − p4Þν
m2

D�
s

�
ðp2 þ p3Þν;

MðkÞ ¼ 1ffiffiffi
2

p τIgZcs
gηDD�εμ2ð2p2 − p4Þμεν1ε�3ν

1

t −m2
D
;

MðlÞ ¼ 1ffiffiffi
2

p τIgZcs
gηDsD�

s
ε�μ3 εν1ε2μ

1

u −m2
Ds

ð2p4 − p1Þν;

MðmÞ ¼ 1ffiffiffi
2

p τIgZcs
gηD�

sD�
s
ϵμναβp1με1νp4αε

�
3β

1

u −m2
D�

s

; ð7Þ

where τI is the isospin factor related to part of the particles
in the vertices PPV and VVP; p1ðp3Þ and p2ðp4Þ are the
momenta of initial (final) state particles, and t, u are two of
the Mandelstam variables: s ¼ ðp1 þ p2Þ2, t ¼ ðp1 − p3Þ2,
and u ¼ ðp1 − p4Þ2.
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The isospin coefficients τI of the reactions listed in Eq. (5)
are determined by considering the charges Q1f and Q2f for
each of the two particles in final state, whose combination
gives the total charge Q ¼ Q1f þQ2f ¼ 0;−1. There are
two possible charge configurations ðQ1f;Q2fÞ for each

process in Eq. (5). The values of τðiÞI for the possible
configurations are listed in Table I.

III. CROSS SECTIONS

The isospin-spin-averaged cross section in the CM frame
for the processes in Eq. (5) is given by

σab→cdðsÞ ¼
1

64π2s
jp⃗cdj
jp⃗abj

Z
dΩ

X
S;I

jMab→cdðs;θÞj2F4; ð8Þ

where
ffiffiffi
s

p
is the CM energy; jp⃗abj and jp⃗cdj stand for the

three-momenta of initial and final particles in the CM
frame, respectively; the symbol

P
S;I denotes the sum over

the spins and isospins of the particles in the initial and final
state, weighted by the isospin and spin degeneracy factors
g1i;r ¼ ð2I1i;r þ 1Þð2I2i;r þ 1Þ and g2i;r ¼ ð2S1i;r þ 1Þ
ð2S2i;r þ 1Þ of the two particles forming the initial state,
namely:

X
S;I

jMab→cdj2 ≡ 1

gagb

X
S;I

jMab→cdj2

¼ 1

gagb

X
ðQ1;Q2Þ

�X
S

jMðQ1;Q2Þ
ab→cd j2

�
: ð9Þ

Finally, as usual, we have introduced the form factor F to
account for the composite nature of hadrons and their finite
extension observed at increasing momentum transfers. The
form factor introduces a suppression of the high momen-
tum region and therefore tames the artificial growth of the
cross sections. We make use of a monopolelike expression,
defined as [33,34]

Fðq⃗Þ ¼ Λ2

Λ2 þ q⃗2
; ð10Þ

with q⃗ being the momentum of the exchanged particle in a
t or u channel in the center-of-mass frame, and Λ the
cutoff, chosen to be in the range mmin < Λ < mmax, taking
mmin (mmax) as the mass of the lightest (heaviest) particle
entering or exiting the vertices. In the present approach we
fix Λ ¼ 2.0 GeV. For a detailed discussion on the role and
choice of the form factor, we refer the reader to Ref. [34].
Using the detailed balance relation, we can also evaluate

the cross sections of the inverse processes, which lead to the
absorption of the Z−

cs state.
The calculations of the present work are done with the

isospin-averaged masses reported in the Particle Data
Group [37]. Since we use a range of values for the coupling
gZcs

(in order to take into account the uncertainties), the
results are shown in terms of bands.
The cross sections for the Z−

cs production as functions of
the CM energy

ffiffiffi
s

p
are plotted in Fig. 2. Excluding the

contribution of the channel D�
sD� → Zcsπ, all the cross

sections are endothermic, having a substantial increase
near the threshold and after that a weak dependence onffiffiffi
s

p
. In the region close to the threshold we note that the

distinct channels present magnitudes of the order of
∼10−4 − 10−2 mb. For the Z−

cs production induced by
kaon and η mesons, the channels with final states DsD̄�

s

and DsD̄s have maximal cross sections at smaller CM
energies. This pattern remains at moderate CM energies
(i.e., 500 MeV above the threshold) for the channels
involving the ZcsK, η production, whereas those of Zcsπ
have closer magnitudes.
Let us now examine the inverse processes. Their cross

sections as functions of the CM energy
ffiffiffi
s

p
are plotted in

Fig. 3. We see that all these absorption cross sections are
exothermic, becoming very large near the threshold. The
exception is the case of Zcsπ → D̄�

sD�, which has a distinct
behavior: it starts small at the threshold but rapidly
increases and becomes very large, and after that decreases
as in the other cases. From the region close to the threshold

TABLE I. Isospin coefficients τI of the processes described in
Eq. (5) by considering the charges Q1f and Q2f for each one of
the two particles in final state.

Process Vertices ðQ1f; Q2fÞ τij

(a) D0;þD�0π0;þ
ð−; 0Þ 1ffiffi

2
p

ð−;þÞ 1

(b) D�0;þD0π0;þ
ð−; 0Þ − 1ffiffi

2
p

ð−;þÞ −1

(c) D�0;þD�0π0;þ
ð−; 0Þ 1ffiffi

2
p

ð−;þÞ 1

(d) D̄0;−D�−
s K0;þ ð−; 0Þ −1

ð−;þÞ −1

(e) D̄�0;−D�−
s K0;þ ð−; 0Þ −1

ð−;þÞ −1

(f) D̄�0;−D�−
s K0;þ ð−; 0Þ −1

ð−;þÞ −1
(g) Dþ

s D�0Kþ ð−;þÞ −1
(h) D�þ

s D�0Kþ ð−;þÞ −1
(i) D0D�0

s η0 ð−; 0Þ −
ffiffi
6

p
3

(j) D−
s D�−η0 −1

(k) D�0D0
sη

0

ð−; 0Þ −
ffiffi
6

p
3

(l) D�−
s D−

s η
0 −1

(m) D�−
s D�−

s η0 (−,0) 1
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up to moderate energies, we observe that the cross sections
are of the order ∼10−3 − 10−1 mb.
The comparison between Z−

cs absorption and production
by comoving light mesons can be done more easily when
the different contributions are added up. The total cross
sections for All → Z−

csX and Z−
csX → AllðX ¼ π; K; ηÞ as

functions of
ffiffiffi
s

p
− ffiffiffiffiffi

s0
p

(
ffiffiffiffiffi
s0

p
being the mass threshold for

each channel) are plotted in Fig. 4. The results suggest that
the cross sections σAll→Z−

csX have similar magnitude and a
weak dependence on

ffiffiffi
s

p
− ffiffiffiffiffi

s0
p

. This fact reflects the
dynamics as well as the choice of the values of the
coupling constants. In the case of absorption processes,
this similarity is less pronounced and the dependence withffiffiffi
s

p
− ffiffiffiffiffi

s0
p

is stronger.

The most important information contained in Fig. 4 is
that, for the energy values which are more relevant to heavy
ion collisions (

ffiffiffi
s

p
− ffiffiffiffiffi

s0
p

< 0.6 GeV), σZ−
csX→All > σAll→Z−

csX,
i.e., the absorption cross sections are greater than the
production ones.
In order to better understand this behavior it is useful to

rewrite the ratio of momenta in Eq. (8) in an expanded and
more instructive form as

jp⃗cdj
jp⃗abj

¼
�½s − ðmc þmdÞ2�½s − ðmc −mdÞ2�
½s − ðma þmbÞ2�½s − ðma −mbÞ2�

�
1=2

: ð11Þ

FIG. 2. Cross sections for the production processes Z−
csπ (top),

Z−
csK (center), and Z−

csη (bottom), as functions of
ffiffiffi
s

p
. FIG. 3. Cross sections for the absorption processes Z−

csπ (top),
Z−
csK (center), and Z−

csη (bottom), as functions of
ffiffiffi
s

p
. The

behavior of the reaction D̄�
sD� → Zcsπ near the threshold is

evidenced in the inlay panel at the top.
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Now let us consider the processes with the largest cross
sections: Zcsπ → D̄�

sD� and the corresponding inverse
process D̄�

sD� → Zcsπ. Assuming, just for the sake of
the discussion, that mπ ¼ 0, mD̄�

s
¼ mD� ¼ m and

mZcs
¼ 2m, and substituting these masses in (11), we find

that the ratio is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=ðs − 4m2Þ

p
for Zcs absorption and it isffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðs − 4m2Þ=s
p

for Zcs production. We see then that the
difference of these two processes comes to a large extent
from the phase space and can be big.
Apart from the ratio of momenta, differences can also be

due to the degeneracy factors. In the absorption process, the
initial state is the Zcs − π system, for which the isospin (gI),
spin (gS), and total (gaT) degeneracy factors are

gaT ¼ gZI ð¼2Þ× gZSð¼3Þ× gπI ð¼3Þ× gπSð¼1Þ ¼ 18: ð12Þ

For the production process, we have D̄�
s andD� in the initial

state and the corresponding degeneracy factors are

gpT ¼gD
�
s

I ð¼1Þ×gD
�
s

S ð¼3Þ×gD
�

I ð¼2Þ×gD
�

S ð¼3Þ¼18: ð13Þ

In this example gaT ¼ gpT and the difference between
absorption and production comes solely from the phase
space. However, in other process gaT and gpT can differ by 1
order of magnitude.

IV. THERMAL CROSS SECTIONS

Motivated by the results of the previous section, we turn
our attention to the heavy ion collision environment.
Keeping in mind that the temperature of the hadronic
medium drives the collision energy, it is convenient to
evaluate the thermal cross sections, defined as convolutions
of the vacuum cross sections with thermal momentum
distributions of the colliding particles. This thermal average
leads to a strong suppression of the kinematical configu-
rations very close to the thresholds, and therefore threshold
effects will not play a relevant role in the presence of a hot
hadronic medium.
The cross section averaged over the thermal distribution

for a reaction involving an initial two-particle state going
into two final particles ab → cd is given by [28,30–32,38]

hσab→cdυabi ¼
R
d3pad3pbfaðpaÞfbðpbÞσab→cdυabR

d3pad3pbfaðpaÞfbðpbÞ
¼ 1

4β2aK2ðβaÞβ2bK2ðβbÞ
×
Z

∞

z0

dzK1ðzÞσðs ¼ z2T2Þ

× ½z2 − ðβa þ βbÞ2�½z2 − ðβa − βbÞ2� ð14Þ

where vab denotes the relative velocity of the two initial
interacting particles; the function fiðpiÞ is the Bose-
Einstein distribution; βi ¼ mi=T (T being the temperature);
z0 ¼ maxðβa þ βb; βc þ βdÞ, and K1 and K2 are the modi-
fied Bessel functions of the second kind.
In Figs. 5 and 6 we show the thermal cross sections for

Zcs production and absorption plotted as functions of the
temperature. The results reveal that, in general, the thermal
cross sections for the Zcs absorption do not change much in
this range of temperature, staying almost constant. On the
other hand, in the case of Zcs production, most of the cross
sections grow significantly with the temperature.
These features can be understood from the energy

dependence of the cross sections shown in Figs. 2
and 3. As it can be seen, all the cross sections (with one
exception) of Zcs production grow with the CM energy and
as the temperature increases and the charmed mesons in
initial state become more energetic (surpassing the thresh-
old), the thermal production cross sections grow with T.
We emphasize that our most important result is that the

thermal cross sections for Zcs absorption are greater than
those for production, at least by 1 order of magnitude. For
instance, the cross section of Zcsπ → D̄�

sD� is bigger than
that for the corresponding inverse reaction by 1 order of
magnitude; in the case of the channel ZcsK → DsD̄s and its
inverse, this difference is at least of 2 orders of magnitude,
depending on the temperature.

FIG. 4. Sum of all cross sections for All → Z−
csX (top)

and Z−
csX → All (bottom), where X ¼ π, K and η, in function

of
ffiffiffi
s

p
− ffiffiffiffiffi

s0
p

.
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This result might have important implications for the
observed final yield of the Zcs state in heavy ion collisions.
The Zcs multiplicity at the end of the quark-gluon plasma
phase (which may be estimated via the coalescence model)
might go through sizeable changes because of the inter-
actions during the hadron gas phase. The different magni-
tudes of the thermal cross sections for the Zcs annihilation
and production by comoving hadrons might lead to a
suppression of Zcs.

V. CONCLUDING REMARKS

In this work we have investigated the interactions of the
multiquark state Zcs with light mesons in the hadron gas
phase. We made use of an effective Lagrangian framework.

The vacuum cross sections as well as the thermal cross
sections for the ZcsX− absorption and production processes
(X ¼ π, K, η) have been estimated.
Our results have uncertainties coming from the cou-

plings constants and from the form factors (with the
corresponding cutoff). Nevertheless, they clearly show that
the thermal cross sections for Zcs annihilation are larger
than the corresponding ones for production. It would be
tempting to conclude that there will be a reduction of the
multiplicity of this state due to the absorption by the hadron
gas. However, in the rate equation which controls the
evolution of the Zcs abundance there are gain and loss terms

and they depend on the initial number of Dð�Þ ’s and Dð�Þ
s ’s.

Since these mesons are much more abundant than the Zcs’s,
it is not clear a priori what will be the final outcome.

FIG. 5. Thermal cross sections for the production processes
Z−
csπ (top), Z−

csK (center), and Z−
csη (bottom), as a function of

temperature T.

FIG. 6. Thermal cross sections for the absorption processes
Z−
csπ (top), Z−

csK (center), and Z−
csη (bottom), as a function of

temperature T.
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A similar feature was also observed in other multiquark
states, such as the Tþ

cc. In this case, it was observed in [35]
that the rise or fall of the initial abundance depended on
several factors, including the internal structure (compact
tetraquark or large meson molecule). This is certainly a
very interesting question and work in this direction is
already in progress.
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