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We study the hadronic effects on the ccg g tetraquark state by focusing on the 7..(1") meson during the hadronic
stage of relativistic heavy ion collisions. We evaluate the absorption cross section of the 7. meson by pions in the
quasifree approximation, and investigate the time evolution of the 7, abundance in the hadronic medium based
on the effective volume and temperature of the hadronic phase at both the BNL Relativistic Heavy Ion Collider
(RHIC) and the CERN Large Hadron Collider (LHC) modeled by hydrodynamic calculations with the lattice
equation of state. We probe two possible scenarios for the structure of the 7., where it is assumed to be either
a compact multiquark state or a larger sized molecular configuration composed of D D*. Our numerical results
suggest that the hadronic effects on the T, production are insignificant, and its final abundance depends on the
initial yield of the T, produced from the quark-gluon plasma phase, which will depend on the assumed structure

of the state.
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I. INTRODUCTION

Exotic hadrons have been proposed to be important probes
for understanding the fundamentals of the strong interaction in
hadron physics [1,2]. The excitement in the subject restarted
with the observation of D,;(2317) [3] and X (3872) [4],
whose masses did not fit well within the conventional potential
model approaches, and continues to the present day with the
recent observation of P.(4380)" and P.(4450)" [5]. Detailed
theoretical studies on the structure and properties of these states
have been reported using various models [6-9]. Moreover, it
has been argued that relativistic heavy ion collisions provide
an excellent venue to produce some of these and previously
proposed exotic states because they contain heavy quarks,
which are profusely produced in these experiments [10-12].
Among many exotic hadrons, we focus here on the proposed
doubly charmed tetraquark 7,.(cciid = D D*) with the quan-
tum number 1(J ) = 0(17) [13-15].

There are several reasons why the T, is of particular
interest. First of all, it is a flavor exotic tetraquark, which has
never been observed before. Second, with the recent discovery
of the doubly charmed baryon at CERN [16], the possibility of
observing a similar doubly charmed hadron with the light quark
replaced by a strongly correlated light anti-diquark seems quite
plausible. Finally, analyzing the structure of this particle in
the constituent quark model, one finds that this particle is
the only candidate where there is a strong attraction in the
compact configuration compared to two separated mesons.
This is so because while previously observed exotic candidates
such as the X (3872) are composed of g7 Q O, where ¢, Q are
light and heavy quarks respectively, the proposed T, state
is composed of QQgg quarks. The latter quark structure
favors a compact tetraquark configuration as the additional
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light anti-diquark structure g4 in the isospin zero channel
provides an attraction larger than that for the two Qg in a
separated meson configuration [17-19]. Hence, the 7. is a
unique multiquark candidate state that could be compact.

The measured yields of ground state particles and their ra-
tios from relativistic heavy ion collisions can be well described
by statistical models [20-22]. On the other hand, there are
indications that yields for resonances with structures different
from ground states deviate from the statistical model prediction
[23,24]. In particular, it was argued that the yields of compact
multiquark configurations would be an order of magnitude
more suppressed compared to a molecular configuration or
a usual hadron with the same quantum number and mass, if
allowed, which should follow the statistical model prediction
[10-12]. However, these results were obtained without con-
sidering the hadronic effects, which could change the initial
production rate at the chemical freeze-out due to the interaction
with other particles during the hadronic expansion before the
kinetic freeze-out. The importance of this effect has been
confirmed for states with large intrinsic width such as the K*,
which has been observed both at the BNL Relativistic Heavy
Ion Collider (RHIC) and the CERN Large Hadron Collider
(LHC) with yield ratios to the K that are systematically
reduced compared to the statistical model predictions [25].
If the hadronic effects are large, the hope of using production
yields to discriminate the structure of an exotic particle through
its production could be problematic. In fact, for similar reasons,
the hadronic effects of exotic candidates have been estimated
for the D,;(2317) [26] and X (3872) [27,28].

In this work, we estimate the hadronic effects on the 7.
yields in heavy ion collisions to assess if the initial yields at
the hadronization point are maintained, so that its structure can
be discriminated. We also solve a hydrodynamic model based
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on the lattice equation of state with and without viscosity, and
parametrize the resulting time dependence of the temperature
and volume during the hadronic phase at both RHIC and LHC
that will be used in this and in similar future works.

This work is organized as follows. In Sec. II, we introduce a
simplified hydrodynamic model to calculate and parameterize
the time dependence of the temperature and volume of the
hadronic phase at RHIC and LHC. In Sec. III, we discuss
the hadronization in relativistic heavy ion collisions and the
T,. yields calculated in two possible scenarios, where the
T,. is either a compact configuration with suppressed yield
estimated within the coalescence model or a weakly bound
molecular configuration that should follow the statistical model
prediction. In Sec. IV, the cross sections of the 7. absorption
by pions are calculated in the quasifree approximation. In
Sec. V, the time evolution of the 7,. abundance is studied
by solving the rate equation in the two possible scenarios.
In Sec. VI, we give possible production final states that can
be used to observe these states from heavy ion collisions.
In Sec. VII, we discuss yields of doubly charmed baryons,
comparing with the yields of the 7,. and D. Finally, we
summarize our results in Sec. VIIIL.

II. HYDRODYNAMIC EQUATION
FOR THE HADRONIC PHASE

Hydrodynamic equations are given by 9, 7" = 0, where
the energy-momentum tensor 7"” = (e + p)utu” — pg"’ +
" with e, p, u*, and 7" being, respectively, the energy
density, pressure, four-velocity of flow, and the traceless
symmetric shear tensor. For simplicity, we assume the boost
invariance and consider central collisions, that is, symmetric
expansion in the transverse plane. Then there are only two
independent hydrodynamic equations [29],
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Nonvanishing energy-momentum tensors and shear tensors are
respectively expressed as [29]
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with v, being the radial velocity and the shear tensors 7%¢ and
7™ being the only independent ones. The components 7 %¢
and 7" are boost invariant in the radial direction and satisfy
the following simplified Israel-Stewart equations:
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with n, and 7, being the shear viscosity and the relaxation time
for the particle distributions, respectively. Furthermore, the
condition u w(TF) = 0, where T”" is the covariant derivative
and the flow velocity (u., u,, ug, u,) = (y/coshn, yv,,0,0)
reduces to (yy, ¥»vr, 0,0) with y, = 1/{/1 — vr2 in midrapid-
ity, leads to
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where s = (e 4+ p)/T is the local entropy density in the hot dense matter. Equation (8) shows that the total entropy is not conserved

in the presence of nonzero shear tensors.

Integrating Egs. (1) and (6)—(8) over the transverse plane, we have [30]
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FIG. 1. (a) Temperature and (b) volume during the hadronic expansion for Pb+Pb collisions at ,/syy = 2.76 TeV at LHC and Au+Au

collisions at ./syy = 200 GeV at RHIC.

where A = 7 R? (R is the radius of nuclear matter), (T°7) =
JAAT™ /A = (e+ p)y) —p, W')=(y), ) =1’7",
and an = r27%?. We note that the total derivatives with respect
to r disappear due to the boundary condition. Assuming that
the radial flow velocity is a linear function of the radial distance
from the center, that is, y,v, = yp R(r/R), where R = R /01

and yg = 1/v/1 — R2,
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Here, we make the assumption that nuclear matter has a
definite boundary and e, s, and p are uniform inside. In real
hydrodynamic simulations, the energy-momentum tensor is
numerically calculated for all time-space cells leading to a
different temperature for each cell so that the hypersurface
for a constant temperature has a complex structure in the xyt
space. But at the same time, one finds that most of the points
composing the hypersurface are located on a semiconstant t
plane [31]. That is why the blast wave model had been suc-
cessful and widely used before sophisticated hydrodynamics
became popular. This is the basis for our approximation.

We then numerically solve simultaneous Egs. (9) to (12)
by using the lattice equation of state [30,32]. The ratio of
the shear viscosity to entropy density is taken to be 1/(4m)
for quark-gluon plasma (QGP) [33], and ten times this value
for hadron gas [34]. For the relaxation time 7,, we assume
n/t, = sT/3 for both QGP and hadron gas [35]. The initial
thermalization time for hydrodynamic simulations is assumed
to be 0.5 fm/c, and the initial radius is given by the transverse
area where the local temperature is above 150 MeV. Although
the hydrodynamic approach is marginal in the hadron gas
phase, it has successfully reproduced abundant experimental
data from relativistic heavy ion collisions [36,37].

According to the hydrodynamic calculations, the tempera-
ture and volume during the hadronic phase for LHC (Pb+Pb
collisions at ./syy = 2.76 TeV) and RHIC (Au+-Au collisions
at \/syy = 200 GeV) change with time as shown in Fig. 1. We
now parametrize the results for the t dependence of the volume
and temperature using the following form [26,38]:

a »7?
V(it) = rr[R +v(t —10)+ E(T —1¢) ] cT,

T—TH

T(t)=Tc— (Ty — Tp)( ) fort > ty, (14)

TF —TH
with T, (z.), Ty (g ), and TF (7 ) being the critical, hadroniza-
tion, and kinetic freeze-out temperatures (times), respectively.
In Eq. (14), we take Ty = 156 (162) MeV, Tr = 115(119)
MeV for LHC (RHIC), and T¢ = Ty by following the first
scenario of Ref. [10]. R, v, a, and « have been treated as fitting
parameters. All the parameters used in the model are given in
Table I.

TABLE 1. Parameters used in the phenomenological model of Eq. (14).

TC = TH TF Tc = TH TF R v a o
MeV) MeV) (fm/c) (fm/c) (fm) (c) (c?/fm)
LHC ideal 156 115 8.1 18.3 12.1 0.70 0.022 0.95
viscous 156 115 8.3 19.5 11.9 0.67 0.020 0.93
RHIC ideal 162 119 6.1 15.1 9.9 0.59 0.030 0.85
viscous 162 119 6.1 15.7 9.8 0.58 0.024 0.79

014913-3



JUHEE HONG, SUNGTAE CHO, TAESOO SONG, AND SU HOUNG LEE

PHYSICAL REVIEW C 98, 014913 (2018)

III. HADRONIZATION IN RELATIVISTIC
HEAVY ION COLLISIONS

We assume that conventional hadrons such as 7, D, and
D* are in chemical and thermal equilibrium when they are
produced at the chemical freeze-out. The abundance of a
particle in equilibrium is statistically given by [39]

d’p
eq — o.1 -
N; (r)—ng(r)/(sz(p)

1 2 ni;
= 2 8ivim; V(T)T(T)K2<T(T)>, (15)

where g; = (2S; 4+ 1)(21; 4+ 1) is the spin and isospin degen-
eracy and y; is the fugacity. In the second line, the Boltzmann
distribution f(p) = exp[—/p? +m?/T(z)] has been used
and K, is the modified Bessel function of the second kind.
For simplicity we ignore the correction term to f(p) for shear
viscosity. Since the production and annihilation cross sections
of charm quarks are small [40—42], the number of charm quarks
is conserved during the time evolution of the hadronic matter.
From the total number of charm quarks, N. = 11 (4.1) [10],
the charm fugacity is determined as y, = 51 (22) for LHC
(RHIC). Here the charm fugacity is slightly different from
that in Ref. [10] because we use only D, D*, D, and D}
to saturate the charm quarks as in Eq. (28). By following
Refs. [26,28], the number of pions at RHIC is set to be 926 at
the kinetic freeze-out. For that purpose, we introduce a pion
chemical potential with effective fugacity of 1.4 and use the
same factor at LHC. This effect is to include the feed-down
contributions from excited states such as the omega, delta, and
K*. Although these pions will only have a limited contribution
to the absorption during the hadronic phase, we will include
them in the calculation to allow for the maximum effect.

If the T, is of a molecular configuration composed of a
weakly bound D D*, the production yield is expected to follow
the statistical model prediction as the production yield of light
nuclei do so. In such a case, the number of the doubly charmed
T,. is given by Eq. (15) with ycz, V(try), and T (ty) for the
fugacity, volume, and temperature, respectively. On the other
hand, if the T, is a compact multiquark state with the size of
a usual hadron, then the production yield would be suppressed
compared to the statistical model prediction. The production
yields have been estimated by the coalescence model, whose
parameters have been fitted to reproduce the ground state
hadron yields [10]. The two cases are summarized in Table II.
Throughout this paper, we use the average masses m, =
137.3MeV,mp = 1867.2MeV, and m p- = 2008.6 MeV [43].

. (a) . . (b) .
D D D D
D* D*
D* D* D D*

TABLE II. The T,. yields at hadronization.

molecular compact multiquark
LHC 2.0x 1073 1.1x 107
RHIC 5.1 x 1074 5.0 x 1073

IV. T, ABSORPTION CROSS SECTIONS

The T,. can be produced or destroyed by interacting with
other comoving particles during the hadronic expansion stage.
Since pions are the most abundant particles with small mass,
the interaction with them is the main contribution to the 7.
abundance. In this section, we calculate the absorption cross
sections of the T, by pions in the quasifree approximation.

The quasifree approximation has been used previously
to estimate the dissociation of charmonia by partons [44].
The approximation was shown to be valid when the binding
energies of charmonia are small at high temperature, and ¢
and ¢ quarks inside charmonia can be treated like quasifree
particles [45] (see Appendix A for the details). In fact, for the
charmonium case, it can be seen that an exact next-to-leading
order QCD calculation allowing for the compact size gives
a similar result for the thermal width [46] as that obtained
using the quasifree approximation when the process involves
the same number of initial and final states. Here, we estimate
the dissociation cross section of the T, by pions by estimating
the D and D* components of the 7. in two possible scenarios
under the quasifree approximation.

In the quasifree approximation, the cross section of T, +
m — D + D* 4+ 7 can be evaluated by adding the elastic scat-
tering D + 7 — D + w and D* + 7w — D* + m (see Fig. 2).
For the effective interaction vertices, we use the following
interaction Lagrangian [40]:

‘CﬂDD* = igﬂDD*D*HT . (Daun — GMDJI) + H.C., (16)

where T are the Pauli matrices, 7 is the pion isospin triplet, and
D = (D° D*) and D* = (D*°, D**) are the pseudoscalar
and vector charm meson doublets, respectively. The meson
coupling g, p p~ is determined from the D* — D decay width

2 3
8 « P,
Tpipn = #%"’ (17)

where p., is the momentum in the center of mass frame.
By comparing with the experimental data, the full width
I'p«_ pr = 83.4 keV [43], we obtain g, pp+ =~ 7.8.

. () . . (d) .
D* D* D* D*
D D
D D D D

FIG. 2. Diagrams contributing to the 7, abundance. In the quasifree approximation, (a) and (b) correspond to the elastic scattering D + 7 —

D + m,and (¢) and (d) to D* +m7 — D* + 7.
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TABLE III. 2 — 2 processes contributing to the spin and isospin
averaged cross section of Eq. (22). With the effective Lagrangian of
Egq. (16), the matrix elements involve the factor 2¥™/2 in Egs. (19)
and (21).

Process Diagram Process Diagram
D7’ - Dtx? (a)+(b) D*t7% — D*tg0 (c)+(d)
DHr® = D%t (a)4(b) D™ r' — DVxt  (0)+(d)
D n~ — Dtn~ (a) D**g~ — D*tg~ ()
D*n~ — Dn° (a)+(b) D**nr~ — Dx? (c)+(d)
Dtnrt — Dnt (b) D**gt — D*tgt (d)
D°nt — DOg+ (a) D¥xt — D¥Og+ (©)
Dzt — Dtx? (a)+(b) Dt — Dty (c)+(d)
D70 — DOr® (@+®b)  DO7% - DYx0  (c)+(d)
Dz » Dtx— (a)+(b) Dn% — D*typ- (©)+(d)
D7~ — Dn~ (b) D7~ — D~ @)

The scattering amplitude of the process D(p;) + 7 (p2) —
D(p3) + m(py4) is then given as

Mpr—spr = MY+ MP, (18)
where
M@ 2N(ni)/2g2 DD+ |: w, (p1+ p)(pr+ pz)”}
=2 + 5
S — mD* mD*
X (p1 — p2)u(p3 — pa)v,
M® — VD22 [ w o, (P1—pa)(pr — p4)”}
=3 + 5
u—mp. m?,

X (p1+ pa)u(p2 + p3)v. (19)

Here, N (7 *) is the number of charged pions involved in initial
and final states of the process (see Table III).

For D*(p1) + 7 (p2) — D*(p3) + w(p4), we have
Mpzspin = MO+ MO, (20)

J

with
NED2g2 | ellex?
M = DD LS (pi + 2p2)u(ps + 2P,
s —mip
INC2g2 et
MD — _ DD 1€ ( P1+2pa)u(2p2 — p3)y.
u —my,

2y

In the center of mass frame, the spin and isospin averaged
cross section is

1 |Pf|

_ dQ Y IMPFY,
~ 64n? 81825 |p;l Z

(22)

where g and g, are the degeneracies of initial particles, p;
(p ) is the spatial momentum of initial (final) particles, and
the summation is over the spins and isospins of both initial and
final particles. The relevant processes are listed in Table III.
At each interaction vertex, we have used the following form
factors:

_ A? A?
A2+ (02 —m2) A +q?

for the s and u channels, respectively. Here, the cutoff A =
1.0 GeV is used, m,, is the mass of the exchanged particle, @
is the total energy of incoming particles in the s channel, and
g is the momentum transfer in the u channel in the center
of mass frame. As the molecular configuration is expected
to be of a larger object than the compact case, we have
also varied the cutoff from 1 to 0.5 GeV for the molecular
configuration and from 1 to 1.5 GeV for the compact case in
the estimates for the LHC experiment. Using the form factors,
the cross sections do not increase with the total center-of-mass
energy.

To take into account the thermal effects, we define
(Cab—scaVap), the product of the cross section of two-body
scattering (ab — cd) and the relative velocity between initial

(23)

particles, vy, = \/(pa - pp)? —m2m?2/(E,Ey), averaged over
the thermal momentum distributions of initial particles [47,48]:

[ d®pad®py £2(P) f(Py) Oab—cdVab

(Oab—caVap)(T) =

where 7o = max[(m, +myp)/T(T), (m: +my)/T(T)]. It
should be noted, however, that we are approximating
OT,.n—>DD*x bY Opr—pr and op-r_p+-r. Hence, when
taking the thermal distribution, the distribution f,(p,)
should be that of the T,... Furthermore, the threshold should
also involve that of mp +mp« — mg,. This amounts

[d*p.d®p, fa(p) fo(Py)
() (7)o
= 4 K2
T(t) T(t)
2 mg + myp 2 2 mg —myp 2
X[Z _< @) )MZ _( T(0) )}K“Z)’

-1
mey my _
T(f))l@(ﬂr))} /ZO dzo (Vs =zT (1))

(24)

(

to taking m, = m. =mrg, instead of mp or mp-. The
same approximation will be taken when calculating the
inverse process. The derivation of this formula is given in
Appendix B.

Figure 3 shows the cross sections and the thermally aver-
aged ones of the elastic scattering D(D*) + 7w — D(D*) + 7.
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FIG. 3. (a) The cross sections as functions of the total center of mass energy and (b) the thermally averaged cross sections contributing to
the absorption of the T,. by pions. The shaded regions represent the cutoff dependence A = 0.5—1.5 GeV, the larger cutoff being the upper

boundary.

The cross section of the s channel in the process D + 7 —
D + 7 has a peak near the threshold energy /s, = mp + m,
since mp + m, ~ mp-. Similarly, the cross section of the u
channel in D*+m — D*+7 diverges near /s, =mp:+ny.

V. TIME EVOLUTION OF THE T,. ABUNDANCE

We consider the time evolution of the 7,.. abundance
governed by (see Appendix B)

dNr, (1)

dt = (UTC‘J[—>DD*71 vﬂ,.:r)(f)nﬂ(f)

Np(7) Np-(7) }

X[_Nm&)+Nﬁ“)ﬁWGﬁFW5
D Dr

(25)

where n,(t) = N, (t)/V(r) and the superscript eq denotes
the corresponding number in equilibrium. In the quasifree ap-
proximation, the absorption of the 7. can be taken into account
by using the two-body scattering D(D*) + & — D(D*) + m,

<UTcm—>DD*n vra.,,)(t)
- CI<O'DH_)DT[ UTM-[>(‘[) + Cl<GD*7'r—>D*n vT,.pJT>(T)a (26)

where the factor ¢; will depend on the configuration of the 7,
for which we will consider the following two cases:

(1) Compact configuration: A compact configuration is
expected when the T, is composed dominantly of a
color triplet GG state and a color antitriplet cc state
[13,14]. Then the decomposition into two cg states will
result in the color decomposition given as [17]

1 2
T..=—(D1D})— ./ =(DgDy),
«/3( 1 1) \/;( 8 g)

where D, Dg respectively denote the singlet and octet
components of the ¢g color state. Hence, due to the
coupling to color singlet states, we will take ¢; = %
(2) Molecular configuration: If the diquark correlation

is not strong enough, the 7. could be a molecular

27)

configuration of D, D* coming from the long range
pion exchange [15,18,49]. For this case we take ¢; = 1.

The production term of Eq. (25) has three bodies in the
initial state, and we have approximated it using the equilibrium
condition as derived in Appendix B.

To obtain the abundance of the T,.., we have solved the
rate equation (25) with the initial yields Nz (7y) given in
Table II. By using the equilibrium distributions for Np () and
Np+ (1), the numerical results are shown in Fig. 4. Here we have
used the time dependencies obtained by ideal hydrodynamic
calculations. Those obtained using viscous hydrodynamics
give almost the same results. In the first term of Eq. (25), the
absorption rate of the T, is approximately 0.06 ¢/fm because
(0pz—prV)(T) ~ 6 mb in Fig. 3(b) and n,(r) ~ 0.1 fm~>.
This alone would lead to about 45% reduction of the abundance
as the typical lifetime of the hadronic phase is 10 fm/c. On
the other hand, the production rate is approximately O (107%)
smaller than the absorption rate, which can be seen easily from
the factor N7’ () /[Ny (t)NpL(2)]. Hence, its contribution

2.0 1
15

Fa —— LHC, mol

° ——— LHC, comp

~.,1.0 | — — RHIC, mol ]

[ BRLELLEE RHIC, comp

z
0.5 [——._ _ 1
0.0 e e oo frnoeens

FIG. 4. The expected time evolution of the 7, abundance in
Pb+-Pb collisions at \/syy = 2.76 TeV at LHC and Au+-Au collisions
at \/syy =200 GeV at RHIC. The shaded regions represent the
results obtained by varying the cutoff from 1 to 0.5 GeV (1.5 GeV)
for a molecular (compact multiquark) configuration.
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- —— Np p'=const

0.4 F—-— Np

FIG. 5. Np p+(t) dependence on the 7. yields for (a) molecular and (b) compact configurations. The shaded regions represent the results
obtained by varying the cutoff from 1 to 0.5 GeV (1.5 GeV) for molecular (compact multiquark) configurations.

becomes important only at high density when the numbers of
D, D* mesons are large. Effectively, the production depends
on the relative abundance between N7, (t) and Ny’ (t). For
a molecular configuration, while Nz (ty) = N;!(ty), the
equilibrium number decreases and hence the number of the T.c
decreases (less than 42%) with time. For a compact multiquark
state with relatively small initial yields, the number of the T,
increases but it remains an order of magnitude smaller than
a molecular configuration as the cross section for production
is as small as that for the absorption. The dependence on the
cutoff parameter is shown by the shaded regions in Fig. 4. By
lowering (raising) A for a molecular (compact multiquark)
configuration, the expected numbers of 7,. grow for both
configurations, but the cutoff dependent hadronic effects on
a multiquark state are smaller due to the factor c;.

The final yield of the T, depends strongly on the initial
number at hadronization. Because of the large initial yield,
the expected abundance of the 7., at LHC is larger than
that at RHIC. These results mean that the numbers of charm
quarks and the 7. produced from the quark-gluon plasma
phase are important to determine the final abundance of the
T... We can conclude that for both the RHIC and LHC
experiments, the large difference between the coalescence and
statistical expectations, obtained assuming that the 7. is a
compact multiquark or molecular configuration, remains until
the kinetic freeze-out.

We have also considered the case that D and D* are not in
chemical equilibrium. This is important as the total number of
charm quarks is expected to be conserved during the hadronic
phase. The processes where the numbers of D, D* change are
related to Eq. (25), where the absorption of the T, is related to
the production of D, D* and its inverse relation. However, in-
stead of solving the coupled rate equations involving charmed
hadrons, we will consider two extreme cases:

(1) After the chemical freeze-out, the numbers of D and
D* will be assumed to be constant.

(2) We will assume that the inelastic cross sections in-
volving light hadrons are large so that the ratios of
charmed hadrons follow the equilibrium ones until the
kinetic freeze-out point. While extreme, such a scenario

seems to be consistent with the experimental findings
for the K*/K ratios from heavy ion collisions [50].
This scenario is easily implemented by allowing the
fugacity y.(t) to depend on time during the hadronic
phase using the following condition:

> Np(o)

Di=D,D*,D;,D;

= Y(D)[ND(T) + N (1) + N§, () + Np.(0)],

= total number of charm quarks, (28)

where Ngi (7)’s are the equilibrium numbers given in
Eq. (15) without the fugacity. Once y,(7) is obtained,
one can assume that the individual numbers also satisfy
the similar relations at each time,

Np(t) = ¥ (1) N)(T),
Np:(t) = y:(t) Np. (7). (29)

This will guarantee that the charm-anticharm annihi-
lation processes are small such that the total numbers
of charmed and anticharmed mesons remain constant
throughout the hadronic phase.

The correct numbers would be somewhere between the two
extreme cases.

Figure 5 shows the results for the two cases. When D and D*
are not in equilibrium, the 7. is more likely to be produced for
both molecular and compact configurations. In fact, the number
of the T, is largest in the limit of Eq. (28). However, we still
find that even in this extreme limit, the abundance for a compact
multiquark state at the end of the hadronic phase remains a
factor of 5 smaller than that for a molecular configuration.

It is still possible that the total wave function of 7. has
both a compact and a molecular configuration. In such a
case, the formation of 7. would proceed through both the
compact and molecular components with weighting factors
determined from its wave function. Then, the production would
be somewhere between our results determined by the molecular
and compact cases. As an order of estimate, neglecting the pro-
duction from the compact configuration, the final production
yield would then be reduced from the molecular estimate to the

014913-7



JUHEE HONG, SUNGTAE CHO, TAESOO SONG, AND SU HOUNG LEE

PHYSICAL REVIEW C 98, 014913 (2018)

fraction of its component in the wave function. Given the range
of yields in LHC as shown in Fig. 5, a clear distinction would
only be possible if the fraction of the molecular configuration is
of the order of 50%. If the fraction is larger (smaller), it would
be hard to distinguish it from the case where the configuration
is purely molecular (compact).

VI. FINAL STATES

Here we will list the possible final states that could be
measured to reconstruct the 7. from heavy ion collisions.
The model calculations at present vary on the exact value of
the binding energy. Therefore, we will probe all possibilities
[51]. It should be noted that one could also look at the charge
conjugate final states and search for T;; mesons:

(1) mg, = mp + mp-~: In this case,
T.. — (a) D’ + D** or (b) DT + D*° or
(c) D"+ DT +7. (30)

As D*t - D+t and D° - K~ + 7, (a) can be
reconstructed with vertex detectors. D* in (b) may not
be easy to detect directly.

(2) mp+mp- > mr, > mp + mp + my: This would be
the most likely case for a compact multiquark state.
Then, the virtual D** component can decay into D° +
7T so that a detectable final state would be

T.. —» D+ D+ xt. (31)

The final state involving T.. — D° + Dt + 70 would
be harder to identify. We note that the final state of
Eq. (31) is not distinguishable from that of Eq. (30) (a).

(3) mp, < mp+mp+ my: In this case, the virtual D*
component should also decay into D + m so that a
detectable final state would be

T.. > D'+ K +nt+n7" or DY +K~
+rat 4+t . 32)

Among all the above cases, Egs. (30) (¢) (DY + Dt +77)
and (31) (D° + D° + 7 T) seem to be the most probable cases
to reconstruct the 7.

VIL E. DECAY

Observing E/t in heavy ion collisions through the final
states AT + K~ + 7" + 7, as was used by the LHCb Col-
laboration, would be a useful starting point before searching
for T, in these collisions. For this purpose, we estimate the
production rate for E.. in heavy ion collisions. The E,. state
is expected to have a hyperfine partner S = 3/2 with a mass of
about 64 MeV above its § = 1/2 ground state [52]. This state
can not decay into a pion and its ground state due to the small
mass difference. However, it can decay electromagnetically
and contribute as a feed-down to the total E.. production. We
will estimate the production of both states using the statistical
model. E., has a mass of 3621 MeV, as observed by the LHCb
Collaboration, with § = I = 1/2. The E,. is expected to have
a mass of around 3685 MeV with S =3/2 and I = 1/2. In
Table IV, we show the expected yields of E.. = (Eft + EY)

TABLE IV. Yields of doubly charmed baryons and the D meson
in midrapidity. The feed-down from E!, to the E.. production is
not included. The numbers for 7., are at the kinetic freeze-out point
obtained with A =1 GeV while those for the others are at the

hadronization point.

D Bee gy, T,.(mol) T,.(comp)
LHC 37 12x1072 1.7x102 12x1073 18x10™*
RHIC 13 3.0x107% 41x107% 3.0x10* 59x107

together with those of D = (D° + D*) and T,., which will
serve as a reference point for accessing the feasibility to
measure these particles in a heavy ion collision.

VIII. SUMMARY

We have investigated the hadronic effects on the ccgg
tetraquark state by focusing on the 7., multiplicity during
the hadronic phase at RHIC and LHC. In particular, we have
considered the absorption by pions and the inverse process
within the quasifree approximation, where the 7. is considered
asa D, D* state with appropriate coupling strength depending
on whether it has a compact multiquark or molecular structure.
We have extracted the time dependence of the volume and
temperature for the hadronic phase for both the RHIC and
LHC from the hydrodynamic calculations based on the lattice
equation of state with or without viscosity. By solving the
rate equation for the 7,. and estimating the changes for the
D and D* number, we have calculated how much the structure
dependent initial number changes during the hadronic phase.
Furthermore, we have also considered all the possible final
states that could be measured to reconstruct the 7,. from
heavy ion collisions. Among all the cases, we find D™ +
Dt 4+ 7~ and D° + D° + 77 to be the most probable cases
to reconstruct the 7.

For a molecular configuration, where the initial number of
the T,. is expected to follow the statistical model prediction,
the absorption effect is larger than production and reduces the
abundance by about 42%. When a compact tetraquark structure
is assumed, the initial number estimated from a coalescence
model is an order of magnitude smaller than that from the statis-
tical model estimate, and hence production is larger. However,
we find that due to the small cross section of about 6 mb, the
rate of change is not large enough so that the initial order of
magnitude difference in the assumed abundance is maintained
at the end of the hadronic phase. This suggests that measuring
the T,. from heavy ion collisions could also tell us about
the nature of its structure, which could either be a compact
multiquark state or a loosely bound molecular configuration.
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APPENDIX A: 2 — 3 SCATTERING

Consider a process where two particles of momenta g + k; scatter into three particles of momenta p; + p, + k. The cross
section is written as

1 d? d? d’k,
dis = 3F 2Ekl Vot 808k ) (2 )322Ep2 (271)31;1@1 Qr 2Ey, @Y 8 i+ p2 ko =g —kDIMP
= [ G2 [t s gy (BB ) g
(271)32E,,2 2E,2E, vy, " 2Ex2EL, Vik, 848k,
3

x / (zj)f;'Em (zf)fzzEkz Q)8 (p1 + ko — k — k)| M. (A1)

The matrix element is defined from
M = (q, kilp2, p1, ka), (A2)

where each state is normalized as
(qlp) = 2m)°2E,8%(q — p). (A3)
The quasifree (QF) part is given as

Mor = (k, kil p1, k2). (A4)

Quasifree approximation means that all the particles involved are on-shell. Therefore, we can approximate in the g rest frame
(g=0

q|(4qlp2 k
gl (klk)

If we allow small off-shell effects, as explicitly shown in Ref. [45], one can approximate the right-hand side of Eq. (AS) as
follows:

M =

‘ |Morl? = gq(Z )2E,8(py + K Morl*, (AS5)

IMP = Z—‘Z@nszqu)P (Morl?, (A6)

where ¥ (p) is the relative wave function of the bound state with p = |p,| =~ |k|.
Substituting Eq. (AS) into Eq. (A1), we obtain

Odiss = / d*ks* (k + py — (2Ex2Ex vik,)

2E 2Ek1 Vgk,
1 Bp, Dl
X
2E2Er, vik, 8k8k, J (2m)2E, (2m)2E,

We assume that g and p, are at rest and the resonance is barely bound so that m, /2 = m; = m,. Then, we have

1 &’k
2E2Er vk, 8k8r J (Cm )32Ep| (2m)32E,

Therefore, any addition of thermal factors related to external particles could be obtained by multiplying the corresponding thermal
factors f(p).

So far, we have assumed that the QF scattering occurs with only one constituent. If the interaction occurs with other particles
independently, one can just sum the matrix elements. However, quantum mechanical effects with a specific form of the interaction
are important when interference terms are to be taken care consistently. The interaction between particles 1,2 and a third particle
3 with a respective flavor matrix A;, can be written in general as

Mhs +hoks = 5[+ A+ 43)° = (i + 22" =A3] =0 if (4 + 42) = 0. (A9)

That is, the cross section would be zero if there is no additional momentum difference in the vertex. A nonzero contribution arises
when there is a derivative acting on the momentum difference between particle 1 and 2. In this case, the interaction will pick up
a term proportional to the dipole of the system [45],

Qr)*s*(p1+ ko — k — k))IMgr|*. (A7)

Q)8 (p1 +ka — k — kDIMor|* = 0gF. (A8)

Odiss =

MA30Y (p). (A10)

After the momentum integral, the matrix element would be of order O (1) as the typical momentum the derivative picks up would be
inversely proportional to the size of the wave function. Therefore, the QF approximation would be good as an order-of-magnitude
estimate of the cross section even when the total isospin of the bound state is zero.
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APPENDIX B: RATE EQUATION
In the 2 — 2 case (A + B — C + D), the interaction rate is given by
N (A+B— C+D)
—_— —
Vdr
d’py dpy
() (2n)}
’py pp d*pc
(27 )32E, (27 )32Ep (2m)32EC (271)32E

= gA8B fapA) fB(Pp)VABOALB—CH+D

Fap ) f3(pr)2m)* 8P (pa + ps — pc — pp)IMass—cipl>. (Bl

Generalizing the second line of the above equation to the M — N case,

dN

VT(Al +Ay+--+Ay > Bi+ B+ -+ By) = /1_[ 2n )32EA fa (P, )1_[ m@iﬂ 8D (par+ -

2
+ Pay — PB1 — = PB)| Myt Ay Bt By | - (B2)
Applying Eq. (B2) to our study, T, +7 - D+ D*+mand D+ D*+n — T, + 7,

3 3 3 3 3 )
%(T“ +7—> D+ D m) = (2:)£2DED (2:)52DE*D* (2Z )fzﬂli“nf (2:)52T}§Tm (25 )f;}fni
X f(pr,) f(P)Qr) '8P (pp + pp- + prr = p1, — Pa)| M, , (B3)
and
3 3 3 _ 3 3 )
\L/iT(D DT > Tt ) = / (2:)52DED (2i )fZDE*D* (2:)551;”/ (2i )szZTw (2:)52711'571, F o)) (Pp) ] (Pxr)
X (277)48(4)(PD + pp+ + Pri — P1.. — Prs ) [ MbiDrsr T in 2 (B4)

where 77/ and 7/ are incoming and outgoing pions.
Since the transition amplitude for D + D* + & — T, + 7 is same as that for T,. + 7 — D + D* + m, the change of the
number of the T, is given by

dNz, &pp  &EPpp  &py EPpr, Ppu
Var ] @n)2Ep @n)2Ep. 2n)2E,, (2n)2Ey, (27)2Ey

x @) 8D (pp + por + par = P1, — Put) [ Minmpiprin | [FP0) F 0 f Par) = (1) F(Pa)]. (BS)

The scattering cross section for 7, + 7 — D + D* + x is given by

1 d’pp  dpp. dPpys
2E7 2E,v7 118782 ) (21)2Ep 21 )2Ep: (2m)2E,;

OT,.+n—D+D*+1 =
x Q)8 (pp + ppr + prr — P, — P )IMzsnDiDtn | (B6)

(1) Absorption: We introduce the thermal averaged cross section defined in Eq. (24) in the text. Then, the absorption can be

written as
dNr,
VdT‘;,' = _<UTE(~H—>DD*7T vch?T)anfn”’ ®7
where
N &’p
N d’p ' B8
n v g (2 B f(p) ®%

(2) Production: Instead of working out the three body cross section, using detailed balance, we will take it to be of the
following form:

dNT npn px

¢ __ eq

—= = (UTC‘.n—>DD*n vch”)”TCC eq_eq Nr- (B9)
Vdr S
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Collecting the absorption and production terms,
dNr,

Vdr

This is the rate equation we will be using in Eq. (25).

eq DN D~
= <UTL’C7T_’DD*7T vTrv”)”” "1, néind —nr. )

(B10)
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