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In this work, we evaluate the X(3872) to y(2S) yield ratio (Nx/N,,(5)) in Pb-Pb collisions, taking
into account the interactions of the y/(2) and X (3872) states with light mesons in the hadron gas formed at
the late stages of these collisions. We employ an effective Lagrangian approach to estimate the thermally
averaged cross sections for the production and absorption of the y/(2S) and use them in the rate equation to
determine the time evolution of N, ). The multiplicity of these states at the end of the mixed
phase is obtained from the coalescence model. The multiplicity of X(3872), treated as a bound state of
(DD* + cc) and also as a compact tetraquark, was already calculated in previous works. Knowing
these yields, we derive predictions for the ratio (N /N, (,s)) as a function of the centrality, of the center-of-
mass energy, and of the charged hadron multiplicity measured at midrapidity [dN.,/dn(n < 0.5)).
Finally, we make predictions for this ratio in Pb-Pb collisions at \/syy = 5.02 TeV to be measured by the
ALICE Collaboration in run 3. Our findings suggest that the molecular configuration generates a
ratio compatible with the data, whereas the ratio obtained with the tetraquark configuration is 50 times

smaller.
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I. INTRODUCTION

Among the new hadrons observed in the past two
decades [1], several have properties incompatible with
the quark model predictions and can be classified as
unconventional states. For recent reviews, see [2-4].
Their properties remain the subject of intense debate,
and this makes exotic quarkonium spectroscopy a hot
topic of research. The most relevant question is: Which
is their structure? They can be weakly bound hadron
molecules, compact multiquark states, cusps generated
from kinematical singularities, excited conventional
hadrons, glueballs, hybrids, etc., or even a superposition
of different configurations. So far, there is no compelling
answer to this question.

One emblematic example is the first-observed and most
famous exotic state, X(3872) [1,5]. Its intrinsic nature is
still a matter of controversy. Two configurations are the
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most explored in the literature [2—4]: the shallow bound
state of open charm mesons (DD* + cc) and the c2qq
compact tetraquark. The ultimate goal of the present work
is to contribute to the determination of the X(3872)
structure.

A new era in the investigation of exotic charmonium
states has started with the first observation of X(3872) in
relativistic heavy-ion collisions reported recently by the
CMS Collaboration [6]. The data were collected in lead-
lead (Pb-Pb) collisions at a center-of-mass energy /s =
5.02 TeV per nucleon pair, using the decay chain
X(3872) » J/wntx~ —» puTpu nta~. The rapidity and
transverse momentum intervals considered were |y| < 1.6
and 15 < py < 50 GeV, respectively. The significance
of the inclusive X(3872) signal was 4.2¢. Interestingly,
the prompt X(3872) to w(2S) yield ratio was found
to be

N
R — Nx(sn)
Ny (as)

= 1.08 £ 0.49(stat) £ 0.52(syst). (1)

This central value is about one order of magnitude higher
than the one observed in pp collisions [7], which is close
to 0.09. Additionally, the LHCb Collaboration reported
the observation of X(3872) in p-Pb collisions at both
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forward and backward rapidity and at /s = 8.16 TeV per
nucleon [8]. The decay chain was the same as the one
studied by the CMS Collaboration. The transverse
momentum interval considered was p; > 5 GeV, and
the rapidity intervals were 1.5 <y < 4 for p-Pb (forward
configuration) and -5 <y < -2 for Pb-p (backward
configuration). The resulting ratios of the X(3872) to
w(2S) multiplicities were 0.27 £0.08 +0.05 in p-Pb
and 0.36 £0.15£0.11 in Pb-p. Both are bigger than
the one seen in pp collisions but smaller than the one
observed in Pb-Pb collisions.

On the theoretical side, some recent works have
attempted to describe the data. In Ref. [9], the coalescence
model has been used to estimate Ny and the statistical
hadronization model to obtain Ny(,s). The obtained ratio
has a central value of 0.806 for X(3872) in the molecular
configuration and 0.204 for the tetraquark configuration. In
Ref. [9], the interaction of X [and also of the y/(2S)] with
the light mesons in the hadron gas was not considered.
Here, we try to estimate the effect of these interactions on
the ratio ‘R.

At the beginning of a heavy-ion collision, quark-gluon
plasma (QGP) is formed. It expands, cools down, and
hadronizes into a hot hadron gas. The gas lives for about
10 fm and freezes out, generating the observed particles.
Conventional and exotic hadrons formed in the end of the
mixed phase can interact with the (mostly light) particles in
the hadron gas, and their multiplicities may experience
modifications due to production and absorption processes,
as was pointed out in previous works [10-20]. The case of
X(3872) has been studied [10-12,16], and its final multi-
plicity 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 and stronger interaction with the hadronic
medium than compact tetraquarks. In order to have a more
complete description of the process, these interactions
should be taken into account.

Motivated by these recent measurements in Pb-Pb and
p-Pb collisions, in this work we evaluate the ratio R taking
into account the interactions of the w(2S) and of the
X (3872) states with the hadron gas formed in heavy-ion
collisions. We will make use of effective Lagrangians
to estimate the thermally averaged cross sections for
X(3872) and y(2S) production and absorption and employ
them in the rate equation to determine the time evolution
of the ratio R. We will use the coalescence model to
compute the multiplicity of these states at the end of the
mixed phase. X(3872) will be treated as a bound state of
(DD* + cc) and also as a compact tetraquark. Finally, we
will make predictions for R to be measured by the ALICE
Collaboration in run 3. We emphasize that we will study
only the interactions in the hadron gas phase which occur
after the hadronization of the QGP and involve only
hadronic degrees of freedom.

II. EFFECTIVE FORMALISM

In what follows, we describe the effective formalism
used to evaluate the interactions of the X(3872) and y(2S)
states with the surrounding hadronic medium. In particu-
lar, we consider the medium constituted of the lightest and
most abundant pseudoscalar and vector mesons, i.e., the
pions and p mesons, and take into account the lowest-
order Born contributions. The reactions involving
X(3872) have already been studied in previous works,
and for the sake of conciseness we will not reproduce
them here. We refer the reader to Refs. [10-12,16] for a
detailed discussion.

To the best of our knowledge, in contrast to the case
of J/y [21-23], there is no effective theory for the reac-
tions involving w(2S). In the lack of works on this
subject, we adopt an effective approach, based on the
J/w studies, to describe the reactions y/(28)z — D)D)
and w(2S)p — D¥DM) as well as the inverse processes.
In Figs. 1 and 2, we show the lowest-order Born diagrams
contributing to each process. To calculate their respective
cross sections, we will adapt the effective Lagrangians
introduced in [21-23]. The couplings involving the y(2S5)
and the D* mesons are [we denote y(2S) = y]

Ly,pp = 9ypp¥,(0*DD — —Do"D),
L,pp = —ig,pp " (9,D*D; — —D*9,Dj)
+ Dy, D™ — y,0,D") D
+ D¥(y*9,D; — 0,p,D™)],
Lypp = —ngD*euvaﬂaﬂy/l,(@aD;D + D@aD;;); (2)

while the vertices involving the D* mesons and the pions
and p mesons are

L.pp: = igzppD*7 - (Do, 7 — 9,D %) + H.c.,
L,pp = ig,pp(D70,D — 0,DT D) - p*,
L,pp = ig,pp-[(0,D*7D;; — D*79,D}) - p*
+ (D*%-9,p, — 0,D™% - p,)D*
+ D*(7-p*0,D; —7-9,p°D})),
Lo = =Gep-p-e™™ aﬂDgﬂaaD;5

‘chD* = —Y9pD* e/waﬂ (Day/)vaab/); + apD;aapﬁD)' (3)

In Egs. (2) and (3), D™ and D™ represent the isospin
doublets of the pseudoscalar (vector) charmed mesons;
v, denotes the w(2S) vector field; 7 represents the Pauli
matrices in the isospin space; 7 and p are the pion and p
isospin triplets, respectively. The coupling constants g,pp+,
9ppD> 9o D*> Jzp p*»> and g,pp+ Will be discussed below.

These effective Lagrangians introduced above allow us
to determine the amplitudes of the w(2S) absorption
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¥(p1) — D(ps)  ¢(p1) D(ps)
DY DY
m(p2) ——— D(ps)  m(p2) D(p4)
(a) (b)
¥(p1) —— D(ps)  ¢(p1) D(ps)
DY D*Y
m(p2) —— D"(pa)  7(p2) D*(pa)
(c) (d)
¥(p1) —— D(ps)  ¢(p1) —— D" (ps)
D*Y DY
m(p2) —— D"(ps)  7(p2) —— D" (p4)
(e) (f)
¥(p1) D*(ps)  (p1) —— D" (ps)
DY D*Y
m(p2) D*(pa)  7(p2) —— D" (p4)
() (h)
¥(p1) D*(ps)
D*Y
m(p2) D*(pa)
()

FIG. 1. Born diagrams for the processes y(25)r — DD [(a),
®)], w(2S)r — D*D [(c)—(e)], and w(2S)x — D*D* [(f)-(1)].

The particle charges are not specified. We denote y(2S) = w.

processes depicted in Figs. 1 and 2:

Mt//;z—>DD = ZM(l)v

i=a,b
M!//ﬂ—)DD* = Z M(i),
i=c.d,e
MWﬂ—)D*D* = Z M<i),
i=f.g,h,i
Ml///)—>DD = Z M(i),
i=jk,lm
My,—pp = Z M,
i=n,0,p,q
My/p—)D*D* = Z M(i)7 (4)
i=r,s.t,u

¥(p1) — D(ps)  ¢(p) D(ps)
DY DY
p(p2) —— D(pa)  p(p2) D(pa4)
&) (k)
¥(p1) —— D(ps)  ¢(m) D(ps)
D*Y D*Y
p(p2) —— D(pa)  p(p2) D(pa4)
@ (m)
¥(p1) — D(ps)  ¥(p1) D(ps)
DY DY
p(p2) —— D"(pa)  p(p2) D*(pa)
(n) (0)
¥(p1) — D(ps)  ¥(p1) D(ps)
D*Y D*Y
p(p2) —— D"(pa)  p(p2) D*(pa)
(p) (a)
¥(p1) —— D"(p3)  ¥(m) D*(ps)
DY DY
p(p2) —— D"(pa)  p(p2) D*(pa)
(r) (s)
¥(p1) —— D*(ps)  ¥(m) D*(ps)
D*Y D*Y
p(p2) —— D"(pa)  p(p2) D*(pa)

(t) (w)

FIG. 2. Born diagrams for the processes y(2S)p — DD [(j)-

)], y(28)p — D*D [)~@)], and w(2S)p — D*D* [(M)-(W).
The particle charges are not specified. We denote y(2S) = y.

where M denotes the contribution coming from the
specific reaction (7); the expressions are explicitly summa-
rized in the Appendix.

As usual, we employ form factors to prevent the artificial
growth of the amplitudes with energy and take into account
the finite size of hadrons. To the best of our knowledge,
there is so far no systematic study of the couplings of
Egs. (2) and (3) involving y(2S). Because of the similar-
ities of these vertices with those involving J/y, we assume
that the form factors for w(2S) are given by the same
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TABLE L. Form factors gy, m,m, for the respective vertices
M M, M5 presented in Eq. (5), computed via the QCD sum rules
in Refs. [16,22,24-27] for J/w. M, denotes the exchanged
particle.

M, My M, Form A B C
wDD I 5.8 20 15.8
wD*D 1 20 27 18.6
wDD* I 13 26 212
wD*D* I 6.2 0 3.55
zDD* I 126 11.9 e

2D*D I 126 11.9

pDD I 375 12.1 .

pD*D* II 4.9 0 133
aD*D* I 48 0 6.8

pDD* I 234 44 .

pD*D I 234 44

parametrizations of those for J/y, which have already been
computed via QCD sum rules in Refs. [16,22,24-27]. They
are given by

A4
Q> +B’
_(B+@
(1m) Im, MM, = Ae &), (5)

(I) Im MMy =

where Q is the Euclidean four-momentum of the off-shell
particle involved in the vertex and the constants A, B, and C
are given in Table 1. The cross sections should depend on
the size of the interacting hadron. From the studies of
charmonium spectroscopy, it is well known that y(2S) is
larger than the fundamental charmonium state by a factor
of about 2 (see, for example, the discussion in [28]).
Therefore, based on geometrical arguments, we expect
w(2S) to have bigger cross sections than J/y by a factor of
about 4. Hence, in the lack of reliable estimates of the
coupling constants and form factors for the y(2S5) vertices,
we use the parametrizations given in Eq. (5) and Table I
but with the coupling constants varying in the range
(90, M0 290, m,m5]- This will be the main source of
uncertainties in our calculation.

III. CROSS SECTIONS FOR THE PROCESSES
INVOLVING w(2S)
A. Vacuum cross sections

The isospin-spin-averaged cross section in the center-
of-mass (c.m.) frame for a specific ab — cd process is
given by

_ 1 |ﬁcd|
64”2sgagb |ﬁab|

Jab—wd(s)

dQZ'-/\/lab—»cd(s’ 9) |2’
S.I

(6)

where /s is the c.m. energy; |p,,| and |p..| are the
magnitudes of three-momenta of initial and final particles
in the c.m. frame, respectively; > ¢, means the sum over
the spins and isospins of the particles in the initial and final
state, weighted by the isospin and spin degeneracy factors
9o = (2S,+1)(21,+ 1) and g, = (2S, + 1)(21, + 1) of
the two particles forming the initial state.

It is worth remarking that the cross sections for the
respective inverse processes can be computed through the
use of the detailed balance relation:

5 2
9a9p 1P
==£ b%aab—wd' (7)

Ordoap(s) = =
cdzab 9e9a | Pedl

The calculations are performed using the isospin-averaged
masses of the light and heavy mesons according to the
values reported by the PDG [1]. Since we use a range of
values for the couplings involving y(2S) due to the
uncertainties, the results are shown in terms of bands.
The cross sections for the y/(2S) suppression by comov-
ing light mesons as functions of the relative c.m. energy
Vs — /5 (/50 being the threshold energy of the respec-
tive channel) are plotted in Fig. 3. Except for the channels
wn — D*D and wr — D*D*, all the cross sections are

102
3 10
S
< 10°
L 10"
& 10-2
510
1073 - S
mDD mDD* mD"D~
1078 e
00 02 04 06 08 10 12 14
7 Vs - Vso (Gev)
102
)
E 1o
>
a
A 10°
S
107"
‘ s s . s . i
00 02 04 06 08 10 12 14
Vs - /sy (GeV)
FIG. 3. Cross sections for the absorption processes wz —

D® D) (upper panel) and wp — DHDH) (lower panel), as
functions of the relative c.m. energy /s —./s;. /S is the
threshold energy of the respective channel.
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00 02 04 06 08 10 12 14

Oy 5y2s)p (Mb)

wDD mDD* mD*D*

00 02 04 06 08 10 12 14
Vs =vsp (GeV)

FIG. 4. Cross sections for the production processes D*) D) —
wr (upper panel) and D*)D™) — yp (lower panel), as functions
of the relative c.m. energy /s — /5.

exothermic, showing a substantial decrease after the thresh-
old. We remark that the wzx — DD channel acquires
large cross sections close to the threshold, not visible in
the plot, and after that it suffers a strong decrease. In the
region close to the threshold up to moderate energies,
ie., \/s— /30 =500 MeV, the different channels present
magnitudes of the order of 10~ — 10! mb, but with the
reactions with final state DD being suppressed with respect
to the other ones. In the case of the inverse processes, the
cross sections are plotted in Fig. 4. As expected, very near
the threshold, they have an opposite behavior with respect
to the corresponding (2S)-suppression reactions in Fig. 3.
From the region close to the threshold up to moderate
energies, we observe that the cross sections are of the order
10~* — 10° mb, and, in general, those for y(2S)-suppres-
sion reactions have smaller magnitudes than their respec-
tive inverse processes. This is an important feature (since it
appears in the energy range relevant for heavy-ion colli-
sions) which can be attributed to the differences in the
phase space and the degeneracies encoded in Eq. (7) [17].

B. Thermally averaged cross sections

In a hadron gas, the temperature determines the order
of magnitude of the collision energy. Hence, it is more
realistic to use the vacuum cross sections weighted by

the thermal momentum distributions of the colliding
particles. For processes with a two-particle initial state
going into two final state particles ab — cd, it is given
by [10,15-17,29]

<O' ) > _ fd3pad3pbfa (pa)fb(pb)o-ab—wdvab
e S &@p.dpufa(Pa)fs(Ps)
1

T 4B2K, (B PR KA (By)

8 / dzK, (Z)O-ab—wd(s = Z2T2)
Z

0

X [Zz - (ﬂa +ﬁb)2] [Zz - (ﬂa _ﬁb)z]v (8)

where v, denotes the relative velocity of the two initial
interacting particles; the function f;(p;) is the Bose-
Einstein distribution; f; = m;/T, with T being the temper-
ature; zo = max(f, + f,, f. + B4), and K, and K, are the
modified Bessel functions of the second kind. It can be seen
from the expression in the second line in Eq. (8) that the
thermal average suppresses the configurations very close to
the thresholds: For sufficiently large z,, the K{(z) function
acquires very small values.

In Fig. 5, we plot the thermally averaged cross sections
as functions of the temperature for the y(2S) suppression
by comoving light mesons using the vacuum cross-section

<0y 2s) - y> (Mb)

T T T T B A A B B MR

0.14 0.16 0.18

0.1 0.12

a
E
AN
>
1T
Q
7
o
3>
o}
Vv
0.1 012 014 016  0.18
T (GeV)

FIG. 5. Thermally averaged cross sections for the absorption
processes wz — DD (upper panel) and wp — DH DX
(lower panel), as functions of the temperature.
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“’1_

107" =DD =mDD*
1072}

<0y y2s)> (Mb)
)
[
o
*

107

a
£
A
S
a
Y
T
>
o}
\"
1074
0.1 0.12 0.14 0.16 0.18
T (GeV)

FIG. 6. Thermally averaged cross sections for the production
processes D™D — yz (upper panel) and DHDH) — yp
(lower panel), as functions of the temperature.

results obtained previously. In general, they have a weak
dependence on the temperature. The tendency seen in the
vacuum at moderate energies is reproduced here: Reactions
with the DD final state are suppressed with respect to the
other ones. On the other hand, for the y(2S) production
processes, shown in Fig. 6, the reactions involving the
production of y/(2S)p present a strong dependence on the
temperature. Most importantly, the absorption cross sec-
tions are always larger than the production ones, and the
difference can reach 2 orders of magnitude, depending on
the temperature. According to previous studies, this feature
may have strong impact on the final yield of the w(2S) in
heavy-ion collisions. This issue will be addressed in the
next section.

IV. MULTIPLICITIES OF y(2S) AND X(3872)

A. Time evolution

Here, we will present the formalism used to determine the
yields of y(2S) and X(3872) in a hadron gas formed in the
final stage of heavy-ion collisions. We will use the thermally
averaged cross sections estimated in the previous section for
w(2S). For X(3872), we will use the results reported in
Ref. [16] and include the contributions of the anomalous
vertex XD*D* presented in Refs. [11,12]. These quantities
will be employed as entries into the time-evolution equations

to estimate the gain and loss terms. Explicitly, the rate
equation is [10,12,16,20,23,30,31]

dI\Z;(T) - T:DZ[_)*'[<GEC_’¢/’!UEC>”E (T)NC(T)
_ <0'(ph—>5c0y/¢>n(p<1)Nh<1)L (9)

where N, (z) represents the multiplicity of the state of
type h [h = w(2S),X(3872)]; n;(z) and N;(r) denote the
density and the number of the meson of type i at a given z,
respectively. The pions, p, and charmed mesons in the
reactions discussed previously are assumed to be in equi-
librium, implying that with the Maxwell-Boltzmann
approximation 7;(z) becomes

)~ gt TR (). (10

where y;, g;, and m; are the fugacity, degeneracy factor,
and particle mass i, respectively. The multiplicity N;(z) is
then obtained by multiplying n;(z) by the volume V(7).
Following preceding works, we model the hadron gas
expansion by the boost invariant Bjorken flow with
an accelerated transverse expansion. The volume and
temperature profiles as a function of the proper time 7 are
as follows [10,12,23,30,31]:

V(t) =z [RC Foclt—10) + %€ (r - TC)Z] S

2
T(c) =Tc—(Ty —Tp) (;‘ffj, (11)

where R, v¢, ac, and T ¢ are the transverse size, transverse
velocity, transverse acceleration, and temperature at the
time 7, respectively; Ty (Tf) is the temperature at the
hadronization (kinetic freeze-out) time 75 (7). The param-
eters in Eq. (11) are fixed according to Ref. [31] for a
hadronic medium formed in central Pb-Pb collisions at
VSny = 5.02 TeV; for completeness, they are given in
Table II.

Additionally, the multiplicities of the light mesons as
well as of the charm quarks in charmed mesons are also
shown in Table II. For the light mesons, their fugacities in
Eq. (10) appear as normalization parameters to adjust the
multiplicities given in Table II. In the case of charm quarks,
since they are produced in the early stages of the collision,
we assume that the total number of charm quarks (N.) in
charmed hadrons remains approximately conserved during
the hydrodynamic expansion, which leads to the condition
N. = n.(r) x V(r) = const, engendering a time-depen-
dent charm-quark-fugacity factor y. = y.(z) in Eq. (10).

To fix the initial condition for the yield N, (r) appearing
in the integro-differential equation (9), i.e., the yield of the
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TABLE II. In the first three rows, we list the set of parameters
used in Eq. (11) for the hydrodynamic expansion and cooling of
the hadronic medium formed in central Pb-Pb collisions at
V/Syy = 5.02 TeV [31]. In the fourth row, we list the multiplicity
of the charm quark and light mesons used in the model. In the last
two rows, the quark masses and the frequency used in the
coalescence model are listed [16].

ve (©) ac (c?/fm) R (fm)
0.5 0.09 11

¢ (fm/c) 7y (fm/c) 7 (fm/c)
7.1 10.2 21.5
Te (MeV) Ty MeV) Tr MeV)
156 156 115

N(' Nﬂ(TF) Np(TH)
14 2410 184
Ve (fm?) m, (MeV) m,. (MeV)
5380 350 1500
@ (MeV)

220

state & at the end of QGP, we employ the so-called
coalescence model, which is characterized by the con-
volution of the density matrix of the constituents of & with
its Wigner function [14,16,31]. This model has the advan-
tage of carrying information on the intrinsic structure of
the system, such as angular momentum and the type and
number of constituent quarks. More concretely, according
to this approach the yield of a hadronic state of type & can
be written as

47:0 z
Mol II -+wl<>%

jlg/t

4u,T(7)o7 l
Lu+m¢mﬁj’ (12)

where g; and N; are the degeneracy and number of the jth
constituent of & and o; = (u;w)""/?, respectively; the
quantity w is the oscillator frequency (taking an harmonic
oscillator as a model of the hadron internal structure) and u
the reduced mass, i.e., u™" = my!| + (Z; ym;)7Y; 1 is the
angular momentum of the system: It is O for an S wave
and 1 for a P wave. Table II summarizes the oscillation
frequency for the charmed hadrons, the charm quark
number, and masses used here.

From Eq. (12), we have the following multiplicities for
w(2S) and X(3872) at the end of the mixed phase:

Nl//(ZS) (TH) ~ 1.8 x 10_4’
N (2,) % 1.8 x 107,

NYY () ~ 1.1 x 1072, (13)

In the case of the molecular state X (3872)M°), to calculate
the oscillation frequency, we have employed the expression
@ = 6B, with B being the binding energy of X(3872)
considered as a (D°D*® + cc) bound state. As can be seen,
the coalescence mechanism generates initial conditions in
which molecules are more abundant than compact tetra-
quarks by a factor of about 60, reflecting the fact that
forming a loosely bound state is easier than a compact
tetraquark.

When compared to other works, the values for N§( >(’L’H)

and N X )(TH) in Eq. (13) are somewhat smaller than the
multiplicities reported in Ref. [30] because of the different
values used for the parameters (e.g., N,. for the calculation

of N¢? and B for N
Ng?q) (zy) in Eq. (13) is in agreement with that reported in

) In addition, our value for

Ref. [31]. However, N&MOI)(TH) is bigger than the one
in [31] by a factor of 2.4, again probably due to the different
value used for B. Using a multiphase transport model,

the authors of Ref. [32] obtained NE?’D ~2x10™* and

NMY ~4-5 %1072 for more central Pb-Pb collisions

at \/m = 2.76 TeV, which is of the same order of
magnitude as our calculations.

In Fig. 7, we show the time evolution of the y/(2S) and
X(3872) multiplicities as a function of the proper time. In
the case of w(2S5), the final yield increases by a factor of
about one order of magnitude, which means that the gain
terms in the evolution equation (9) play a dominant role at
higher temperatures. Strictly speaking, at the beginning of
the hadron gas phase, the densities and multiplicities of the
charmed mesons are sufficient to counterbalance the bigger
magnitudes of the thermal cross sections for the absorption
processes multiplied by the densities of the light mesons
and the multiplicity of w(2S). As the time evolves, the gain
and loss terms become almost of the same order (consid-
ering the uncertainties), and the y(2S) multiplicity suffers
just a slight reduction.

For the X(3872) abundance, we remark that its time
evolution has already been analyzed in Refs. [10,12] for
central Au-Au collisions at /syy =200 GeV. Very
recently, in Ref. [16], this analysis has been redone for
central Pb-Pb collisions at \/m =5.02 TeV, for the
purpose of comparison between the final yields of
T:.(3985) and X(3872). Since we are interested in the
X(3872) to w(2S) yield ratio, for completeness we
present again in Fig. 7 N(3g72)(7). This result is slightly
different from that published in Ref. [16]. We improved
the calculation including the anomalous vertex XD*D* as
discussed in [11]. As can be seen from the figure,
tetraquarks reach a final yield which is much smaller
(by a factor of about 50) than the one of (DD* + cc)
molecules. Another feature is that in both cases the
X(3872) abundance does not present a sizable change
with time.
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FIG. 7. Multiplicity of y(2S) (upper panel), X(3872) (central
panel), and their ratio (lower panel) as a function of the proper
time in central Pb-Pb collisions at ,/syy = 5.02 TeV.

We also show in Fig. 7 the time evolution of the
X(3872) to w(2S) yield ratio. As expected from the
discussion above, we observe a strong variation of this
ratio in the early times and after that a relative stabilization.
Interestingly, the molecular configuration generates a
ratio greater than 1, which seems compatible with the
value given in Eq. (1) obtained by the CMS Collaboration
for Pb-Pb collisions at /syy = 5.02 TeV within the
rapidity and transverse momentum ranges |y| < 1.6 and
15 < pr < 50 GeV. Since the data have been collected at
high-transverse momenta and in a specific rapidity range,
whereas our results have been computed considering the

whole range in py and y, a direct comparison between our
results and data is not possible yet. It should be mentioned
that in Ref. [9] the coalescence model has been used to
estimate the Ny and the statistical hadronization model to
obtain Ny(,5). However, the hadronic interactions have not
been taken into account. This has resulted in a ratio with a
central value of 0.806 for X(3872) in the molecular
configuration, argued to be consistent with the observed
one. As shown in Fig. 7, we find a bigger ratio for the
molecular configuration than that in Ref. [9].

B. Source size dependence

The size of the source can be related to a measurable
quantity, the charged-particle pseudorapidity density at
midrapidity, dN,,/dn(|n| < 0.5), which, in turn, can be
related to the freeze-out temperature by means of the
empirical formula [16,19,33]:

TF = TFoe_bN, (14)

where  Tpy=1325MeV, b=0.02, and N=
[dN.,/dn(|n| < 0.5)]'/3. Assuming that the hadron gas
undergoes a Bjorken cooling, i.e., T = T,(z,/7)"/3, then
the freeze-out time 7 can be written in terms of A

as [16,19,33]
T 3
Tr = Ty (T—,Z)> ESbN. (15)

A larger source generates a bigger N, which, from the
equation above, implies a bigger 7, i.e., a longer hadron
gas phase. As a consequence, the use of Eq. (15) in (9) will
give rise to a dependence of the multiplicity N on the size
of the source.

As shown in Ref. [19], empirical formulas relating N
with the volume of the system (V), charm quark number
(N,), and light quark number (N,) can also be obtained.
They are

V =2.82MN3,
N, =79 x 1075N*3,
N, =N, =0.37N\". (16)

We also assume that the charm quark number and the
number of D mesons (Np) are proportional. Hence, the use
of Eq. (16) in (13) to estimate the dependence of the initial
conditions with , together with (15) in (9), generates a
dependence of N, on N.

In Fig. 8, we observe that the ratio R grows with . This
is in qualitative agreement with the existing data. As
mentioned in introduction, the LHCb Collaboration
reported in Ref. [8] the growth of the ratio R when we
go from pp to p-Pb and to Pb-Pb collisions. Our results
give qualitative support to the conjecture that X(3872) and
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FIG. 8. Ratio R as a function of .

w(2S) experience a different dynamics in the hadronic
medium. Unfortunately, a direct comparison is an involved
task, as the data in Ref. [8] for the pp, p-Pb, and Pb-Pb
(this last one from the CMS Collaboration) collisions refer
to different energies and ranges of rapidity and transverse
momentum. Interestingly, the curves of the molecular and
compact tetraquark configurations converge to each other at
smaller sources, but in the region of validity of this model
(larger sources) the difference between these configurations
remains approximately of the same order.

C. Centrality and energy dependence

Apart from its dependence on the mass number A, N/
also depends on the centrality of the collision and on the
center-of-mass collision energy (1/s). For Pb-Pb collisions
at 5.02 TeV, the relation between A and the centrality
(denoted as x, in percent) can be parametrized as [19]

chh

=2142.16 — 85.76x + 1.89x% — 0.03x>
dn [n|<0.5

+3.67 x 1075x* = 2.24 x 1076x°
1525 x 10795, (17)

Similarly, the dependence of N on /s can be parametrized
as

dN,y,

=-2332.12+491.6910g(220.06 + \/E) (18)
dn [n|<0.5

In order to determine the initial w(2S) and X(3872)
multiplicities with the coalescence model in terms of the
centrality and of /s, we insert Egs. (17) and (18) into
Eq. (16) and use these new equations in Eq. (12). The final
yields are then obtained solving Eq. (9) with these initial
conditions and up to a final time 7 (which is also A
dependent).

In Fig. 9, we show the ratio R as a function of the
centrality. The X(3872) final yield decreases faster than the

10" waq :
m Mol. ]
& 10°
X
>
Z 107"
z
107%¢
1073 :

0 10 20 30 40 50 60 70
Centrality (%)

FIG. 9. The ratio R as a function of centrality in Pb-Pb
collisions at /syy = 5.02 TeV.

one of w(2S) as we move from central to peripheral
collisions, and, therefore, the ratio becomes smaller.
Also, the curves for the molecular and compact tetraquark
configurations converge to similar values for more periph-
eral collisions.

The ratio R as a function of the energy /s in central
Pb-Pb collisions is shown in Fig. 10. The X(3872) final
yield presents an enhancement compared to that of y(25),
resulting in a bigger ratio as /s increases; the difference
between the curves of the molecular and compact tetra-
quark configurations remains of the same order at different
energies.

Taking together the results in Figs. 7-10, we conclude
that in central Pb-Pb collisions at v/sNN = 5.02 TeV the
ratio R for minimum bias events is

N
X ~5 for molecules,
Ny (2s)
N
X _~0.1 for tetraquarks. (19)
Ny as)

NX/N(IJ(2 S)

102 10° 10*
Vs (GeV)

FIG. 10. The ratio R as a function of energy /s in central
Pb-Pb collisions.
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This is the main result of our work, and it is our pre-
diction for future measurements at run 3 of the ALICE
Collaboration, where it will be possible to measure
X(3872) and w(2S) at low transverse momentum, i.e.,
2 < pr <8 GeV, where the hydrodynamical approach
used in this work should be applicable, as well as one
can expect most of the yields of the mentioned states (see,
for example, the transverse momentum distributions calcu-
lated in Refs. [9,34]). With data taken in this py range, it
will be possible, for the first time, to investigate the medium
effects on X(3872), on y(2S), and on their ratio and check
our predictions. Moreover, in view of the numbers above,
we may have a good chance to discriminate between
molecules and tetraquarks. From the figures, we also
conclude that is easier to identify the different configura-
tions in larger systems and in more central collisions.
Changing the collision energy is not so relevant for this
purpose.

Before closing this section, we mention the study
presented in Ref. [35], where the authors study the effects
of a partonic medium on the ratio R. They find a nontrivial
behavior of this ratio. However, they do not consider final
state hadronic interactions, as we do here. A combination of
both approaches seems to be a promising project.

V. CONCLUDING REMARKS

In this work, we have studied the X(3872) to y(2S) yield
ratio in heavy-ion collisions, taking into account the
interactions of the y(2S) and X (3872) states with a hadron
gas made of light mesons. To this end, the thermally
averaged cross sections for the production and absorption
of the y(2S) have been evaluated for the first time by using
effective Lagrangians. These cross sections, together with
the thermally averaged cross sections for the X(3872)
production and absorption analyzed in previous works,

|

have been employed in the rate equation to determine the
time evolution of Ny (y5), Nx, and Nx/N,«s). The coa-
lescence model has been used to compute the initial
multiplicities, with X(3872) being treated both as a
molecular bound state and as a compact tetraquark. Our
results indicate that the ratio is strongly affected by the
combined effects of hadronic interactions and hydrody-
namical expansion, and the molecular configuration has a
final value bigger than one, while the compact tetraquark
gives a smaller ratio by a factor of about 50.

Other interesting finding is that the ratio R grows with
the size of the source, which is in qualitative agreement
with the data from LHCb and CMS Collaborations [8].

We believe that this study can be seen as a theoretical
support to the idea that X(3872) and conventional char-
monium y(2S) have a different dynamics in a hadronic
medium.
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APPENDIX: AMPLITUDES

Here, the expressions for the contributions to the
amplitudes in Eq. (4), associated to the reactions depicted
in Figs. 1 and 2, are given:

1 (p1 = =p3)“(p1 = =p3)/
M@ = gy/DD*gnDD*elf m%ﬁ@ (—g"/” 4+~ sz l e pzaP%Pg, (A1)
D* Dr
1 a (p - _p4)a(p - _p4)ﬁ 0
MP) = gV/DD*g”DD*gT u——m? Cupip <_g $+ m2 : pzap/}pg’ (A2)
D* Dr
M(c) = 29(//DDgerD*8l1482yt 2 p2l/p3ﬂ’
1 w1 (P1 = =pPa)*(P1 = =ps)’
M@ = 5 9y D Gapp €163 5~ (‘Eflﬁ + 4m2 : =) (p2+ p3).
D* D
X 2paugup = (P1 + P4) G + 2P 109usls (A3)
w (p1==p3)*(P1 = —p3)’
M = Gy €3 [ Curapuipa (‘g“” ——— P Php3pss (A4)
D* D*
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1
B 5
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1
_ A KU 4 1]
M = —gy/DD*gnDD*??/f% &y = - €uysP1P22P 4>
D

Ak 1 (p1==p3)*(pr = =p3)
MW = g,pp Gap €163 €} ——5 €Lysa (—gaﬁ + ) Pips
I ——mp. mp«
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P kA

1
M(u) = ng*D¥ng*D*87812'83 84 ﬁ

My«
X [2p3uga/)

- _(pZ + p3)(zgv/1 + 2p2pgya] [2p4ug/)’ - _(pl + p4)/}gu/1 + Zpligy/)’]’

2
mp.

<_ga[)’ + (p1——pa)"(p1 — —P4)ﬁ>

(A14)

where p; and p, are the momenta of initial state particles while p; and p, are those of final state particles; s, 7, and u are the

Mandelstam variables: s = (p; + py)% t = (p; — p3)* and u = (p; — p4)*; and ei(*) = ¢(*)(p,) is the polarization vector.
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