PHYSICAL REVIEW D 105, 116029 (2022)

Multiplicity of the doubly charmed state 77, in heavy-ion collisions
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We study the evolution of the doubly charmed state 7. in a hot hadron gas produced in the late stage of
heavy-ion collisions. We use effective Lagrangians to calculate the thermally averaged cross sections of 7'},
production in reactions such as D™D — T+ z T+ p and its absorption in the corresponding inverse
processes. We then solve the rate equation to follow the time evolution of the 7'/ multiplicity and determine
how it is affected by the considered reactions during the expansion of the hadronic matter. We compare the
evolution of the 7'/, abundance treated as a hadronic S-wave molecule and as a tetraquark state. Our results
show that the tetraquark yield increases by a factor of about 2 at freeze-out, but it is still almost 2 orders of
magnitude smaller than the final yield of molecules formed from hadron coalescence. We also analyze the
dependence of the yields with the system size, represented by N = [dN,,/dn(n < 0.5)]'/3. We make
predictions that can be confronted with data, when they are available.
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I. INTRODUCTION

The LHCDb Collaboration reported a few months ago the
observation of the first doubly charmed tetraquark state in
proton-proton (pp) collisions, with statistical significance
of more than 100 [1,2]. It has been identified from the fit of
a narrow peak seen in the D°D°z"-mass spectrum to one
resonance with a mass of approximately 3875 MeV and
quantum numbers J¥ = 17, Its minimum valence quark
content is ccitd. From the data, the binding energy
with respect to the D**DY mass threshold and the
decay width are estimated to be 273 £ 61 £ 51, keV
and 410 £+ 165 £+ 43f3188 keV, respectively, which are con-
sistent with the expected properties of a T, isoscalar
tetraquark ground state with J¥ = 1% [3-14]. Since its
detection, many works appeared debating the possible
mechanisms of its decay/formation and trying to answer
the question of whether it is an extended hadron molecule
or a compact tetraquark [15-30].
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To reach a more complete picture of the T, state,
additional experimental and theoretical work is needed. In
this sense, in Ref. [28], we have suggested that a good
environment to study the T, properties is the one provided
by heavy ion collisions (HIC), where a large number of
charm quarks is produced. In a typical HIC, there is a phase
transition from nuclear matter to the locally thermalized
state of deconfined quarks and gluons—the so-called
quark-gluon plasma (QGP), which expands, cools down,
and becomes a gas of hadrons. In this last transition, heavy
quarks coalesce to form multiquark bound states. As the
hadronic phase evolves, the multiquark states interact with
other hadrons, being destroyed in collisions with the
comoving light mesons or produced through the inverse
processes [31-39]. At this stage, the spatial configuration
of the multiquark systems influences the hadronic inter-
actions and therefore, the final yields. More concretely:
similarly to the X(3872) state (see the discussion in
Ref. [34]), charm meson molecules DD* are larger than
charm tetraquarks in a diquark-antidiquark configuration
(cc) — (gg) by a factor about 3-10, and therefore, their
absorption cross sections may be 1 order of magnitude
larger. In contrast, when the T is produced from D — D*
fusion in a hadron gas, the initial D 4 D* state has a bigger
spatial overlap with a molecule than with a tetraquark. For
this reason, molecules are expected to be more easily
produced as well as more easily destroyed than compact
tetraquarks in a hot hadronic environment.
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To the best of our knowledge, the interactions of the 7.
in a hadronic medium were first discussed in Ref. [11]
(published before the observation of the 7. by the LHCb
Collaboration). The T,.. was treated as an extremely
shallow bound state of a D and a D*. The authors used
the quasifree approximation, in which the charm mesons
are understood to be on shell and their binding energy and
mutual interaction are neglected. In this approximation, the
T.. is absorbed when a pion from the hadron gas interacts
with the D or with the D*. In this approach, the dynamical
component needed is just the effective D* Dz Lagrangian.
The results suggested that the hadronic effects on the 7',
final abundance depend on the initial yield of T',.. produced
from the quark-gluon plasma phase, which is determined
by the assumed structure of the state.

We believe that the subject deserves further discussion.
In a recent paper [28], we computed the cross sections of
T .. production in reactions such as D)D) = T .z, T,.p
and its absorption in the corresponding inverse processes.
The absorption cross sections were found to be larger than
the production ones. These results were obtained using
effective field Lagrangians to account for the couplings
between light and heavy mesons. For the new state, there is
no Lagrangian, and we had to study the 7., — D — D* with
QCD sum rules, determining, for the first time, the form
factor and the coupling constant.

In Ref. [28], the time evolution of the T'.. abundance in
the hot hadron gas was not addressed. Thus, in this work,
we complete the work done in Ref. [28]. We calculate the
thermally averaged cross sections of T}, production and
absorption, and use them as input to solve the kinetic
equation and obtain the time evolution of the 7. multi-
plicity. We compute the T, abundance considering it as a
hadronic molecule and also as a tetraquark state and
compare them. Also, we present a comparison between
the time evolution of the multiplicities of T.. and of
X(3872) in similar conditions. We finish with a discussion
on the dependence of the ratio R = Ny _/Nx(387,) with the
multiplicity density of charged particles measured at
midrapidity N = [dN,,/dn(n < 0.5)]'/3.

The paper is organized as follows. In Sec. II, we discuss
the cross sections averaged over the thermal distributions.
In Sec. III, we investigate the time evolution of the X (3872)
abundance by solving the kinetic equation. Finally, Sec. V
is devoted to the summary and to the concluding remarks.

II. CROSS SECTIONS AVERAGED OVER
THE THERMAL DISTRIBUTIONS

We are interested in the hadronic effects on the T/, state
in a heavy-ion collision environment, in particular, in how
its multiplicity is affected by the production and absorption
reactions during the expansion of the hadron gas. The
interactions of T/, with other hadrons are described with
the help of the results reported in our previous work [28],
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FIG. 1. Reproduction of Born diagrams treated in Ref. [28]

contributing to the following process (without specification of the
charges of the particles): T..x - DD [(a) and (b)], T .7 —
D*D* [(¢)and ()], T'eep — D*D [(e) and (D], T..r — DD* [(2)],
T..p — DD [(h) and ()], and T..p — D*D* [(j) and (k)]. The
particle charges are not specified.

especially focusing on the reactions 7.7 — D*) D) and
Ttp— DYDM as well as the corresponding inverse
processes. We reproduce the lowest-order Born diagrams
considered in Fig. 1. In the diagrams 1(a)-1(f), the vertices
involving light and heavy-light mesons are described by
effective Lagrangians of the type Lppy and Lyyy, where
P and V are pseudoscalar and vector mesons, respectively.
In the case of the diagrams 1(g)—1(k), the vertices involving
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light and heavy-light mesons are anomalous; i.e., they must
be of the type Lpyy [28]. Taking into consideration that the
T/, has quantum numbers I(J) =0(1%), its effective
coupling with the DD* pair is of the form L; =
igr, pp-TecDyD [23,28], where T.. denotes the field
associated to T}, state; this notation will be used in what
follows. Also, the D7D represents the D" D® and D;°D "
components, although we do not distinguish them here
since we will use isospin-averaged masses. As mentioned
above, in [28], we have determined the form factor and
the corresponding coupling constant associated to the
T..— D —D* vertex with QCD sum rules (QCDSR).
A comprehensive study on the 7. cross sections has been
performed.

All the aforementioned reactions happen in a hadron gas
at finite temperature, which should drive the collision
energies of the colliding particles. As a consequence, the
relevant dynamical quantity is the cross section averaged
over the thermal distribution for a reaction involving an
initial two-particle state going into two final particles
ab — cd. Tt is defined as [32,34,40]

(o Vap) = S &Pud’Pof a(Pa)f5(Pb)Gab—caVab
et [ &@pudpofa(Pa)fs(Ps)

1 /°°
= dzK,(z
4oz Ky () a3 Ky () Js, (@)
X o(s = 2T?)[2* = (a, + )]

x [ = (@ — @), (1)

where v, represents the relative velocity of the two initial
interacting particles a and b; o6,,_., denotes the cross
sections evaluated in [28] for the different reactions shown
in Fig. 1; the function f;(p;) is the Bose-Einstein distri-
bution of particles of species i, which depends on the
temperature 75 f; = m;/T, zo = max(f, + Py, P + Pu);
and K; and K, the modified Bessel functions.

In Figs. 2 and 3, we plot the thermally averaged cross
sections as functions of the temperature for 7'.. absorption
and production, respectively, via the processes discussed
above. The bands in the figures express the uncertainty in
the coupling constant g7, pp+ coming from variations in the
quantities relevant in the QCDSR calculations [28]. It can
be seen that, in general, the reactions involving a pion in
initial or final state have greater thermal cross sections than
those with a p meson. Interestingly, the thermal cross
sections (6,5_cqVqp) for T.. absorption do not change
appreciably in the considered range of temperature
(remaining almost constant), when compared to corre-
sponding ones for the 7'.. production. Also, the results
suggest that the channels T..7 — DD, DD* have similar
magnitudes, with the final state D*D* being enhanced with
respect to these other ones by almost 2 orders of magnitude.
On the other hand, considering the uncertainty, the
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FIG. 2. Thermally averaged cross sections for the absorption
processes Ti.z — D)D) (top panel) and T/.p — D*DX
(bottom panel), as a function of temperature 7. Upper and lower
limits of the bands are obtained taking the upper and lower limits
of the uncertainty in the coupling constant g _pp+ [28]. In the top
panel, the band for the DD and DD* channels coincide.

channels for T'..p — DD*, D*D* have similar magnitudes,
whereas the final state 7'..p — DD is smaller by almost 1
order of magnitude.

The most important conclusion from these figures is that
the thermally averaged cross sections for 7'.. annihilation
are bigger than those for production, at least by 1 or 2
orders of magnitude. This might play an important role in
the time evolution of the 7'.. multiplicity. Thus, in the next
section, we use these thermally averaged cross sections as
input in the rate equation and study the time evolution of
the doubly charmed state abundance.

We would like to close this section with a comparison
between our findings and those reported in Ref. [11]. In the
approach developed on [11], the T, is absorbed when a
pion from the hadron gas interacts either with the D or with
the D*. In each of these interactions, the other heavy meson
is a spectator. As discussed in Ref. [28], this approach has
the advantage of relying solely on the well-known D*Dx
Lagrangian. However, it ignores the possible dynamical
effects associated with the quantum numbers of the D*D
bound state. Moreover, it does not include some possible
final states. We remember that, as pointed out in Ref. [28],
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FIG. 3. Thermally averaged cross sections as a function of
temperature for the respective inverse (production) processes
displayed in Fig. 1, ie., DD - T+ z (top panel) and
DWDE) - T+ p (bottom panel), obtained via the detailed
balance relation. Upper and lower limits of the bands are obtained
taking the upper and lower limits of the uncertainty in the
coupling constant gy, pp- [28].

the cross sections for the absorption of the T'.. by pions in
the quasifree approximation are much larger than those
obtained with the present approach. For completeness, we
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FIG. 4. Thermal cross sections as a function of the temperature
for the T.. absorption by pions in the quasifree approximation,
which, according to Eq. (26) of Ref. [11], is given by
<O-T(.(ﬂ—>DD*I[/UT(Tﬂ> = <6Dlt—>D7rvT“,7r> + <6D*7r—>D*;rvT(Tﬂ>~

show in Fig. 4 the thermal cross section for the T,
absorption by pions in the quasifree approximation. As
expected, it is much larger than the one shown in Fig. 2.

M. TIME EVOLUTION OF THE
T;: ABUNDANCE

A. The rate equation

Now we study the effect of the z(p) — T interactions
on the abundance of T}, during the hadron gas phase of
heavy ion collisions. The momentum-integrated evolution
equation for the 7'.. abundance reads [32,34,40]

dN T,. (T)
T ar . L;m[<GCC’_’TQ¢UCC’>”C<T)NC’ (7)
- <6(/)T(.C—>L'L'/’UTCL.(ﬂ>n(/)(T)NTﬂ- (T)} ’ (2)

where N7_(z), N (7), n.(z), and n,(7) are the abundances
of T.. and of charmed mesons of type ¢/, and the densities
of charmed mesons of type ¢ and of light mesons at proper
time 7, respectively. Equation (2) implies that the time
evolution of N7_(7) depends on both the T dissociation
and production rates through the processes discussed
previously.

To solve Eq. (2), we assume that the pions, p, and
charmed mesons in the reactions contributing to the
abundance of T are in equilibrium. Accordingly, n.(z),
N (7) and n,(7) can be written as [32,34,40]

)~ gt TR (75). O

where y; and g; are the fugacity factor, the degeneracy
factor and m; the mass of the particle i, respectively. The
multiplicity N,(z) is obtained by multiplying the density
n;(z) by the volume V(7).

The time dependence of the density n;(z) is encoded
in the parametrization of the temperature 7'(7) and of the
volume V(z), which are fitted to reproduce the properties
of the hadron gas. According to the boost invariant
Bjorken picture, the hydrodynamical expansion and cool-
ing of the hadron gas is modeled as an accelerated
transverse expansion [32,34,40], by the expressions (for
T2>1g),

V(0 = | Re-+ vl = 76) + %€ = e e

) = 7o (1~ 10 (222 )’ @)

TF —TH

where R and 7. denote the final transverse and longi-
tudinal sizes of the QGP; v, and ac are its transverse flow
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velocity and transverse acceleration at 7; T« is the critical
temperature of the quark-hadron phase transition; 7 is the
temperature of the hadronic matter at the end of the mixed
phase, occurring at the time 7; and the kinetic freeze-out
occurs at 7, when the temperature is 7. We emphasize
that this parametrization is employed as a proxy for
capturing the basic elements of hydrodynamic expansion
and cooling of the hadron matter, being adequate for our
phenomenological approach, keeping in mind that our
focus is on the behavior of the T,.. multiplicity during
the evolution of hadron gas phase. For a discussion of the
features and limitations of this model, we refer the reader
to Ref. [41]. A more realistic hydrodynamical simulation
is postponed to subsequent works.

B. The initial conditions

Unless explicitly stated otherwise, all the results refer to
the hadronic medium produced in central Pb — Pb colli-
sions at /syy = 5.02 TeV at the LHC. We use in Eq. (4)
the set of parameters of Ref. [42], which has been obtained
in order to reproduce the quantities listed in Table 3.1 of
Ref. [43]. The values of these parameters are given in
Table I. We assume that the total number of charm quarks
(N,) in charmed hadrons is conserved during the pro-
duction and dissociation reactions, i.e., n.(7) x V(z) =
N, =const. By doing this, the charm quark fugacity
factor y. in Eq. (3) is assumed to be time dependent. In
the case of pions and p mesons, their fugacities appear as
normalization parameters, adjusted to fit the multiplicities
given in Table I. We consider the yields obtained for the
T .. with the coalescence model. In this model, the yield of
a hadronic state depends on the overlap of the density
matrix of its constituents with its Wigner function.
Consequently, this model encodes essential features of
the internal structure, such as angular momentum, number
of constituent quarks, etc. Accordingly, the T'.. multiplic-
ity at the end of the quark-gluon plasma phase is given by
[32,34,42,43]

TABLE 1. Set of parameters used in Eq. (4) for the hydro-
dynamic expansion and cooling of the hadronic medium formed
in central Pb — Pb collisions at \/syy = 5.02 TeV [42,43].

ve (©) ac (Cz/fm) R¢ (fm)
0.5 0.09 11

¢ (fm/c) 7y (fm/c) 7r (fm/c)
7.1 10.2 21.5
Tc(MeV) Ty(MeV) Tr(MeV)
156 156 115
N(,‘ NII(TF) Np(TH)
14 2410 184
Ve (fm3)

5380

(4m0?)}

-1
g EAZA g G
V(1 +2uTo7)

Coal ~,
Nr* = gr, A
=1 9 =1

4/1{le2 li
S e S , 5
- {3(1 + ZﬂiTazz):| G)

where g; and N are the degeneracy and number of the jth

constituent of the T and 6; = (u;)~"/?. The quantity @
is the oscillator frequency (taking an harmonic oscillator
as a picture for the hadron internal structure), and yu the
reduced mass, i.e., u' = m!, + (Zj’:l m;)~". The angu-
lar momentum of the system, /;, is O for an S wave, and 1
for a P wave. According to the coalescence model, the T,
is produced as a S-wave tetraquark produced at the end of
the QGP phase at the critical temperature, when the
volume is V. The oscillator frequency for tetraquark
states produced via quark coalescence mechanism, and the
quark masses have been taken to be w, = 220 MeV and
m, = 350 MeV, m, = 1500 MeV, respectively [43]. For
molecular states, to calculate the oscillation frequency, we
have employed the expression @ = 6B, with B being the
binding energy. In Table II, we give the multiplicities. For
the sake of comparison, we have also included the
multiplicities calculated for the state X(3872). We have
used in Eq. (5) the fact that if there are N. charm and N,
anticharm quarks in a given event, then we can form a total
of N.(N, —1)/2 cc pairs (xN2/2 for N. > 1) and N? c¢

pairs. In contrast, in the case of N%OZ) and N;j‘ggz),

have yields of the same order for both DD* and DD* pairs
[27]; the difference comes from w.

As discussed in the previous section, to estimate the 7.
production and absorption contributions, we are using the
form factors and couplings calculated with QCDSR, which
are more appropriate to multiquark systems in a compact
configuration. Indeed, in the three-point correlation func-
tion in the QCDSR calculation, all the quark fields in the
current are defined at the same space-time point (we refer
the reader to Ref. [28] for a more detailed discussion).

we

C. The T, and X(3872) abundances

Now we study the time evolution of the 7. abundance
by solving Eq. (2), with initial conditions computed with
the coalescence model and given in Table II. In the
tetraquark configuration, the 7. is a compact object and

TABLE 1II. The T.. yields in central Pb — Pb collisions at
/Syny = 5.02 TeV at the LHC using the coalescence model,
Eq. (5), for compact tetraquark (4¢) and for molecular (Mol)
configurations.

State N9 (z,) NMeD (7))
T 8.40 x 1073 4.10 x 1072
X(3872) 1.81 x 1074 7.50 x 1072
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its coupling constants and form factors can be computed
with QCDSR, as discussed in detail in [28]. In the
molecular configuration, it is a very weakly bound state,
and its interaction cross sections can be computed with the
model proposed in Ref. [11]. In this model, the authors
make use of the “quasifree” approximation. The D and the
D*, which form the T, are treated as approximately free
particles that can interact with the pions and p’s of the
environment. The composite system is so weakly bound
that any of these interactions is able to destroy the ...
In Fig. 5(a), we show the time evolution of the T,
abundance as a function of the proper time. In the
tetraquark curve, the band represents the uncertainties
coming from the QCDSR calculations of the absorption
and production cross sections [28]. In the figure, we
observe a strong sensitivity to the initial yields. This can
be understood looking at the two terms on the right side of
the rate equation (2): the first, positive, is the “gain” term,
whereas the second, negative, is the “loss” term, which
depends on Ny . When Ny _ is initially very small (as it is

5 m4q (107
Z [ m Mol. (Hong et al. [11])(x107?)

0 1 1 1 1 1 1 1
12 14 16 18 20 22 24
7 (fm/c)
ol m 4q (x107) ]

B Mol. (Hong et al. [11] )(x10'2)7

6
X
<4
2F
O I USSR IS SN S SN ST S S SN (ST SN ST SN ST SN S S ST SO ST S S S S S —
12 14 16 18 20 22 24
7 (fm/c)
FIG.5. (a) Time evolution of the T'.. abundance as a function of

the proper time in central Pb — Pb collisions at ,/syy=5.02TeV,
with initial conditions given by the coalescence model. The
tetraquark and molecular abundances have been obtained from

the present approach (red curve), and from that described in
Ref. [11] (blue curve). (b) Same as (a) but for the X(3872) state.

for tetraquarks), the second term is very small, the first term
dominates, the derivative dN_/dr is positive and the
abundance of T, increases. When Ny is initially large,
the second term is bigger than the first, the derivative
dN7, /dr is negative, and the abundance of T'. decreases.

We conclude that, for tetraquarks, N<T‘t ‘:) increases by a

factor of ~2 during the hadron gas phase. For molecules,

the absorption and regeneration terms yield similar con-

tributions, with the predominance of the former and N (T{f"l)

decreases. Comparing the final yields N(Ti f’_) (zr) and

N(TIZ'OD(TF), shown in Fig. 5(a), we find that for the

molecular configuration the number of 7'..’s at the end
of the hadron gas phase is 2 orders of magnitude larger. The
difference in multiplicities decreases during the hadron gas
phase but it is still large at the end of the collision.

For the sake of comparison in Fig. 5(b), we show a plot
similar to the one in Fig. 5(a) but for the X(3872) state. We
remark that the time evolution of N 3g7) has already been
analyzed in Refs. [32,34], but in both cases, the HIC
environment chosen has been the central Au — Au colli-
sions at /syy = 200 GeV at RHIC. In order to make a fair
comparison between the T, and X(3872) yields, we have
redone the calculations of Refs. [32,34] using the analo-
gous reaction mechanisms for both states. As already
mentioned above, the form factors in the vertices of the
T.. reactions have been calculated with QCD sum rules.
Unfortunately, the equivalent vertices for the X(3872) are
not available in QCDSR. Thus, in this latter case, we have
followed [32,34] and used empirical monopole form factors
taking the cutoff A = 2.0 GeV.

In the present calculation of the tetraquark cross sections
and time evolution, we have ignored the terms with
anomalous couplings, both in the X(3872) and T, inter-
actions. This is because the required coupling 7..D*D* is
not yet available, and its computation is beyond the scope
of the present work. We are using the model of [11] for the
molecules, and in this model, the coupling T..D*D* does
not exist. Therefore, molecules are not affected by the lack
of the anomalous couplings, only tetraquarks. The simi-
larities in mass and quantum numbers between X (3872)
and T,.. suggest that the inclusion of the anomalous
couplings interactions would reduce the multiplicity of
tetraquark 7'..’s as it did for the X(3872) (see Ref. [34]).
The procedure adopted here allows for a fair comparison
between X (3872) and 7. tetraquarks. However, because of
the approximations involved, our results should be
regarded as upper limits for the multiplicities.

To summarize: using QCDSR and the quasifree model,
we are able to perform a fair comparison between the
tetraquark (with both tetraquark initial conditions and cross
sections) and molecular (with both molecular initial con-
ditions and cross sections) approaches. We observe that if
the T, is a molecule, it will be produced more abundantly
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than a tetraquark, and its multiplicity will decrease with
time. In contrast, tetraquarks would be produced much less
abundantly, and their multiplicity would grow with time.
The difference in multiplicities decreases during the hadron
gas phase, but it is still large at the end of the collision. We
conclude that molecules will be much more abundant (by a
factor 100) than tetraquarks. This is in qualitative agree-
ment with the results found in [11]. The results for the
X(3872) are quite similar and indicate that, even after going
through the hadron gas phase, molecules remain much
more abundant than tetraquarks.

IV. SYSTEM SIZE DEPENDENCE

Now we focus on the dependence of our results
with the system size, represented here by the density of
charged particles measured at midrapidity N = [dN,/
dn(n| < 0.5)]'/3. In our calculation, we need to take into
account the dependence of all the relevant quantities with the
charged particle multiplicity. As it can be seen from Eq. (5),
the initial number of T, tetraquarks depends on N_. and on
the volume V . The initial number of 7'.. molecules depends
on Np and on the volume V. All these quantities depend on
the system size, N. The advantage of expressing the
multiplicities in terms of V, instead of z, is that the former
is a measurable quantity. In what follows, we explain how we
can incorporate this dependence in our formalism.

A. Kinetic freeze-out time and temperature

As discussed in Ref. [39], /' may be empirically related
to the kinetic freeze-out temperature via the expression,

Tr= TFoe_bNa (6)

where Ty, and b are constants chosen in order to fit the
results of the blast wave model analysis of the data
performed by the ALICE Collaboration in [44]. The
freeze-out temperature depends on the system size. This
is not surprising and has been realized long ago [45]. The
values used here are the same of [39]: Try = 132.5 MeV
and b = 0.02. Assuming that the hadron gas undergoes a
Bjorken-like cooling, the freeze-out time, 7, can be related
to the freeze-out temperature, T, through the expression,

TF=1y<T”>§ (7)

Tr

Inserting Eq. (6) into the above relation, we find:

T.\3
TF =Ty (—H> eV, (8)

T'rg

With the above expression, from the observable quantity
N, we can infer the duration of the hadronic phase. As it
can be seen, larger systems produce more particles, a

larger V, and live longer. Hence, the use of Eq. (8) in the
solutions of Eq. (2) allows us to calculate N7 and Ny(3g7)

as a function N.

B. The volume

In Ref. [46], the authors used the statistical hadronization
model (SHM) to perform an extensive fit of several hadron
yields measured by the ALICE Collaboration in different
centrality bins, at different energies, and in p — p, p — Pb,
and Pb — Pb collisions. In their Fig. 4, they present the
relation between the volume per rapidity slice, dV/dy, and
the central multiplicity density, dN,,/dn, which they
parametrize as

dVi_ 5 49Nen
dy dn

(In < 0.5) = 2.4N3.

Integrating this equation over the appropriate rapidity
interval, we find V = const\/>. The constant can be
determined by imposing that V = 5380 fm** when N ~
12.43 (and [dN.,/dn(n < 0.5)] = 1908 [47]). We finally
obtain

V = 2.82\3. 9)

In the context of the SHM, V is the chemical freeze-out
volume. Here, we will follow Ref. [43] and assume that
V — VH - Vc.

C. The number of charm quarks

As far as we can tell, there is no experimentally established
connection between N, and dN,.,/dn(n < 0.5). We will
make use of the only work where this relation was studied. In
[48], the ALICE Collaboration measured the production of
charm mesons in pp collisions at /s = 7 TeV. In the Fig. 2
of that paper, there is plot of the differential distribution of D
mesons as a function of dN ., /dn. The experimental points
can be parametrized by a power law,

/< d*N >—a/<dN”h/<dNCh>>ﬁ
dydpr/ dn dn ’

where the quantities in brackets are average values. Fitting
the experimental points, we find that f = 1.6. Integrating
over the appropriate interval of rapidity and transverse
momentum and rearranging the constants, we arrive at

d’Np
dydpr

o dN ., ﬂ_ ANEY
NDa(dn) =d'(N3). (10)

We further assume that the number of charm quarks and the
number of D mesons are proportional,

N, = const.Np = a(N3). (11)
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The constant @ can be determined by using the numbers
shown in Table I. In particular, we must have N, = 14 for
N = 12.43. We finally arrive at

N, =79 x 1075N*3, (12)

Having established relations between the relevant quan-
tities and A/, we proceed as follows. We first choose the
system size parameter, . Then, substituting (9), (10), and
(12) into (5), we obtain the N dependent initial conditions.
In the coalescence model, the number of composite
particles depends on the volume. This dependence is very
different if the number of constituents is two (molecules) or
four (tetraquarks). Indeed, from (5), we have N « 1/V
and N* « 1/V3. The number of available charm quarks or
D mesons also depends on the volume of the system.
However, as we can see from (11), this dependence will be
the same for molecules and tetraquarks. With the above
mentioned substitutions we arrive at

N* x N6 and N™' o« N®O, (13)
This implies that, as we go to smaller systems (smaller \),
the difference in the predictions tend to quickly disappear.
This trend will not be changed during the evolution of the
hadron gas, which, as shown in Fig. 5, only produces mild
changes in the multiplicities.

Using the initial conditions, we integrate the evolution
equation (2) and stop at the kinetic freeze-out time, 7, given
by (8) (and thus carrying another A/ dependence).

Following this procedure, we can replot Fig. 5 in terms of
the variable A/. We show the new plots in Figs. 6(a) and 6(b)
for the T/ and X(3872), respectively. We observe that, not
surprisingly, both tetraquark and molecule multiplicities
increase as the system size grows. However, the number
of molecules increases much more. This suggests that
collisions with heavier ions are really more useful to
discriminate between the two configurations.

The ratio between the 7. and X(3872) abundances,
shown in Fig. 6(c), has a very interesting behavior. In order
to form a X(3872), we need to produce one ¢ — ¢ pair. On
the other hand, the formation of one T, requires the
production of two ¢ — ¢ pairs. Therefore, in collisions of
small systems, one would expect the ratio T/./X(3872) to
be roughly one half. Moving to larger systems, due to the
interactions with the medium, this difference tends to
decrease, and the ratio tends to grow. This is what we
see in tetraquark curve in Fig. 6(c). For tetraquarks, we can
make predictions of the final yields based almost only on
the initial conditions. This is so because, as one can see in
Fig. 5, the tetraquark abundances almost do not change
during the evolution of the hadron gas. In the molecular
approach, the initial ratio is strongly affected by the powers
of the binding energies, which are different for 7%, and
X(3872). Moreover, in this case, the evolution plays a more

4q (a) .
0.010} m Mol. (Hong et al. [1 1]2 -
] =
2'~ 0.001 ¢ -

1074t N - L

1075 b

6 7 8 9 10 11 12

(dNeh/dn)T
0.100 ¢ . 4q (b)

u Mol. (Hong et al. [11])

0.010 ¢
X
=
0.001 ¢
ot
6 7 8 9 10 11 12
1
(dNgh/dn)s
12 T T T T T
()
101 ]
2>< 0.8 =
~ [ -~ & ]
8 0.6 = e g
< 041 ]
4
0.21 9 ]
m Mol. (Hong et al. [11])
0.01AAAA1AAAALAAAALAAAALAAAALAAAAIAA
6 7 8 9 10 11 12
1
(dNcn/dn)e
FIG. 6. (a) The T, abundance as a function of

[dN/dn(n=0)]'/3, with initial conditions given by the coales-
cence model. (b) Same as (a) but for the X(3872) state. (c) The
ratio between the T, and X(3872) abundances as a function of
[dN/dn(n = 0)]'/3, with initial conditions given by the coales-
cence model.

important role, depending on the details of the interactions
which are different for 7. and X(3872). The outcome of
all these dependences is the falling curve in Fig. 6(c). This
result suggests that the behavior of the T./X(3872) ratio
might be useful to discriminate between tetraquarks and
molecules. The subject deserves further studies.

These results are predictions that can be tested exper-
imentally in the future.

116029-8



MULTIPLICITY OF THE DOUBLY CHARMED STATE ...

PHYS. REV. D 105, 116029 (2022)

V. CONCLUSIONS

In this work, we have investigated the multiplicity
evolution of the doubly charmed state T, in a hot hadron
gas produced in the late stage of heavy-ion collisions.
Effective Lagrangians have been used to calculate the
thermal cross sections of T, production in reactions such
as Tz, Thp — D¥D®™ and its absorption in the corre-
sponding inverse ones. We have found that the magnitude
of the thermally averaged cross sections for the dissociation
and production reactions differ in some cases by factors of
some orders of magnitude.

With the thermal cross sections as input, we have solved
the rate equation to determine the time evolution of the T,
multiplicity, considering different internal structures in the
context of the coalescence model: TF as a S-wave
tetraquark produced via quark coalescence mechanism
from the QGP phase at the critical temperature; and as a
S-wave weakly bound hadronic molecule from the coa-
lescence of mesons DD* formed at the end of the mixed
phase. The results have suggested that when the initial
conditions from four-quark coalescence model are
employed, Ny increases by a factor about 2 at freeze-
out. However, it is still 2 order of magnitude smaller than
the final yield of molecules formed from hadron coales-
cence. Therefore, we believe that the measurement of the

T/. abundance in HICs might help in discriminating one
structure from the other. We emphasize that we presented for
the first time a fair comparison between a “pure” molecule
evolution and a “pure” tetraquark evolution through the
hadronic medium in the context of the Effective Lagrangian
approach. We also used here the connection between the time
evolution of the hadronic fireball and the measured charged
particle rapidity density (measured at midrapidities). Both for
molecules and tetraquarks the multiplicities increase
with [dN/dn(n = 0)].

Using the phenomenological relations involving N, we
were able arrive at the predictions shown in Fig. 6, which
can be compared to data, when they will be available. Our
results are encouraging. They suggest that it is indeed
possible to use heavy ion collisions to determine the
internal structure of the new heavy exotic states. We plan
in the near future to carry out these calculations in a more
rigorous way, improving, among other things, our tech-
niques to estimate the relevant volumes.
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