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We investigate the possibilities of using measurements in present and future experiments on heavy
ion collisions to answer some longstanding problems in hadronic physics, namely identifying hadronic
molecular states and exotic hadrons with multiquark components. The yields of a selected set of
exotic hadron candidates in relativistic heavy ion collisions are discussed in the coalescence model
in comparison with the statistical model. We find that the yield of a hadron is typically an order of
magnitude smaller when it is a compact multiquark state, compared to that of an excited hadronic
state with normal quark numbers. We also find that some loosely bound hadronic molecules are
formed more abundantly than the statistical model prediction by a factor of two or more. Moreover,
due to the significant numbers of charm and bottom quarks produced at RHIC and even larger
numbers expected at LHC, some of the proposed heavy exotic hadrons could be produced with
sufficient abundance for detection, making it possible to study these new exotic hadrons in heavy

ion collisions.

PACS numbers: 14.40.Gx,11.55.Hx,24.85.+p

I. INTRODUCTION

Experiments at the Relativistic Heavy Ion Collider
(RHIC) during the past decade have shown that the prop-
erties of the quark-gluon plasma (QGP) formed in heavy
ion collisions are far more intriguing than originally con-
ceived ﬂ] Instead of weakly interacting, the quark-gluon
plasma was found to be a strongly coupled system with so
small a shear viscosity that it behaves like an ideal fluid.
The study of the QGP is expected to remain an active
field of research in the future because of the proposed
upgrade of RHIC and new experimental possibilities at
the Large Hadron Collider (LHC). The physics of QGP
is related to a wide range of other fields, such as the early
universe, nonequilibrium statistical physics, string theory
by AdS/CFT correspondence, and so on.

During the same time, there have also been exciting de-
velopments in the spectroscopy of heavy hadrons, start-
ing with the discovery of the D,;(2317) by the BABAR
Collaboration E], whose mass could not be explained by
the simple quark model, and the X (3872) by the Belle
Collaboration B], whose mass and decay channel strongly
support a nontrivial fraction of DD* and DD* compo-
nents in its wave function. The Belle collaboration also
reported the finding of the Z(4430) in the +'7+ spec-
trum [4]. Because the Z1(4430) is a charged state, it

cannot be a simple c¢ state. If confirmed, this would be
the first evidence for the existence of an exotic hadron
that is composed of two quarks and two antiquarks like
ceud [5).

The question of whether multiquark hadrons exist is
an old problem in the light hadron sector that began
with attempts to understand the inverted mass spec-
trum of the scalar nonet (a(980), fo(980), and so on)
in the tetraquark picture ﬂa, ﬁ] Also, the exotic H
dibaryon was proposed on the basis of the color-spin
interaction [§], and it has been sought for in various
experiments for a long time without success. On the
other hand, the A(1405) baryon resonance was considered
as a KN quasi-bound state in the KN — 7% coupled-
channel analysis [d]. With further development of the
coupled-channel approach ﬂm], it has been realized that
the A(1405) is the most obvious and uncontroversial can-
didate for a hadronic molecule, whose wave function is
composed dominantly of a KN bound state mixed with
a small 7% resonant state [11]. If such a configura-
tion for the A(1405) is confirmed in experimental mea-
surements, it will be the first evidence for a molecular
hadronic state. Many new multiquark states such as
KKN, KNN, (29)o, and etc. have also been predicted.

While the Z1(4430) could be a first explicitly exotic
hadron found to date, it will be a milestone in hadronic
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spectroscopy if other flavor exotic hadrons are found,
such as the controversial pentaquark O (ududs) first re-
ported in experiments on photonuclear reactions ﬂﬁ]
Also, several other flavor exotic molecular and compact
multiquark hadrons were previously predicted, based, re-
spectively, on the meson-exchange and color-spin inter-
actions. More recently, a simple diquark model based on
the color-spin interaction ﬂﬁ, @] was shown to naturally
explain the likely existence of flavor exotic multiquark
hadrons consisting of heavy spectator quarks, such as the
T (udee), TS, (udeb), and O .s(uduse) that were predicted
before, and the newly predicted dibaryon HI T (udusuc).
Furthermore, the stable molecular bound states DN and
DNN in the charmed sector and the BN and BN N in
the bottom sector have been predicted to exist as a result
of the long-range pion-exchange potential ﬂﬁ, @]

To gain insights into all these proposals and ques-
tions [13, , @], we have proposed in recent publica-
tions [19, ] a new approach of studying exotic hadrons
in heavy ion collisions at ultrarelativistic energies. There
are several merits for this approach compared to the
search for exotic hadrons in elementary particle reactions
that have been pursued so far. First, an appreciable num-
ber of heavy quarks are expected to be produced in these
collisions, reaching as large as 20 ¢c pairs per unit ra-
pidity in Pb+PDb collisions at the Large Hadron Collider
(LHC) [21]. Second, through vertex reconstruction of
weakly decaying particles, one could substantially reduce
the backgrounds in the detection, making the identifica-
tion of weakly decaying exotics possible. Finally, because
of the large volume of quark and hadronic matters formed
in these collisions and the new paradigm of hadronization
through coalescence @@, various exotic hadrons could
be formed from the recombinations of quarks. We have
therefore investigated in Refs. ﬂE, @] the possibility of
using measurements in present and future experiments
on heavy ion collisions to answer the longstanding prob-
lems in hadronic physics of identifying and examining
hadronic molecular states and exotic hadrons that con-
sist of multiquarks.

In the present paper, we extend the discussions in
Ref. ﬂﬁ] to include all exotic hadrons that have been
proposed so far. These hadrons are classified as exotic
mesons, exotic baryons, and exotic dibaryons, and for
each exotic hadron we give a brief summary of its prop-
erties and the status on the latest researches. Moreover,
we collect all necessary references so that the present pa-
per can be used as a general guide to the literatures on
exotic hadrons. Using these information, we then evalu-
ate their yields in heavy ion collisions based on both the
statistical and the coalescence model. In particular, we
present a detailed description of the calculations carried
out in Ref. HE] with an emphasis on the expected yields
of exotic hadrons in heavy ion collisions at LHC.

The statistical model is based on the assumption that
hadrons produced in relativistic heavy ion collisions are
in thermal and chemical equilibrium at temperatures
that are close to that for the QGP to hadronic matter

phase transition, and it has been known to describe very
well the relative yields of normal hadrons ] The co-
alescence model, on the other hand, describes hadron
production through the coalescence or recombination of
particles m—lﬂ] The model has successfully explained
observed enhancement in the production of midrapid-
ity baryons in the intermediate transverse momentum
region m, @], the quark number scaling of the ellip-
tic flow of identified hadrons [28, [29], and the yield of
antihypertritons recently discovered in heavy ion colli-
sions at RHIC @] Furthermore, the coalescence model
that takes into account the internal structure of hadrons
has been shown in Ref. ﬂ&_ﬂ] to be able to describe the
observed suppression of the A(1520) yield in heavy ion
collisions at RHIC compared to the prediction of the
statistical model [32]. As in Ref. [19], we fix the pa-
rameters in the coalescence model by reproducing the
yields of normal hadrons in the statistical model ]
We then apply these two models to calculate the yields
of exotic hadrons. As reference particles for the compar-
ison with exotic hadrons, we consider, in particular, nor-
mal hadrons such as the strange A(1115) and A(1520),
the charmed A.(2286), and the bottom A;(5620). Our
results show that the yields of proposed exotic mesons,
baryons, and dibaryons are large enough for carrying out
realistic measurements. We further discuss their most
probable weak decay channels that can be observed in
experiments.

Our study shows that results from the coalescence
model are sensitive to the inner structure of hadrons,
such as the angular momentum, quark numbers and so
on. This is different for the statistical model, because the
yields of the hadrons in this model are determined mainly
by their masses. To discriminate the different pictures for
exotic hadrons, we can thus compare the results from the
coalescence model with those from the statistical model.
We find that the relative yields of light exotic hadrons
in the coalescence model are very different from those
in the statistical model, and this makes it possible to
experimentally discriminate among the different pictures
for their structures, such as multiquarks versus hadronic
molecules.

This paper is organized as follows. In Sec. [[I, we de-
scribe briefly the schematic model used for describing the
time evolution of the hot dense matter formed in rela-
tivistic heavy ion collisions. We then explain the statisti-
cal model and the coalescence model used in the present
study. The properties of the exotic hadrons included in
this work and their predicted yields are given in Secs. [l
and [[V] respectively. This is followed by discussions in
Sec. [¥] and conclusions in Sec. VIl In Appendix A, we
derive the Wigner function of hadrons whose structures
are described by the d-wave and the corresponding coa-
lescence factor. We further give in Appendix B the coa-
lescence factors for the general I-wave harmonic oscillator
wave functions.



II. MODELS FOR HADRON PRODUCTION
A. Heavy ion collision dynamics

For the dynamics of central relativistic heavy ion col-
lisions, we use the schematic model of Ref. [17] based on
isentropic boost invariant longitudinal and accelerated
transverse expansions. In this model, both the initial
quark-gluon plasma and final hadronic matter are treated
as noninteracting free gas, and the transition between
these two phases of matter is taken to be first-order. The
time evolution of the temperature and volume of the sys-
tem is determined by the entropy conservation. In Ta-
ble [, we tabulate the values of the critical or hadroniza-
tion temperature T and volume Vi at the beginning of
the quark-gluon to hadronic matter phase transition, the
volume Vy at the end of the mixed phase or hadroniza-
tion, and the kinetic or thermal freeze-out temperature
Tr and volume Vg for both central Au+Au collisions at
Vsnn = 200 GeV at RHIC and central Pb+Pb collisions
at \/syy = 5 TeV at LHC. Also given in Table [Mis the
abundance of various quarks at T¢.

TABLE I: Quark numbers at hadronization temperature Tc
and volume V¢, the volume Vi at the end of hadronization,
and the thermal freeze-out temperature Tr and volume Vg in
central heavy ion collisions at RHIC and LHC.

RHIC LHC
N,=Ng; 245 662
Ns; = N; 150 405
N, = Ng¢ 3 20
N,=N;  0.02 0.8
Vo 1000 fm® 2700 fm®
Te =Ty 175 MeV 175 MeV
Vi 1908 fm?® 5152 fm?
UB 20 MeV 0 MeV
s 10 MeV 0 MeV
Ve 11322 fm?® 30569 fm?®

Tr 125 MeV 125 MeV

As described in next subsections, hadron production
in the statistical model occurs in the volume Vg at the
temperature Ty, which is assumed to be the same as T¢,
while in the quark coalescence model, the production of
both ordinary and multiquark hadrons occurs at the tem-
perature T when the volume of the QGP is V. For the
production of hadronic molecular states from the coales-
cence of hadrons, it takes place, on the other hand, in
the volume Vg at the kinetic freeze-out temperature Tp.

B. The statistical model

The statistical model has been shown to describe very
well the relative yields of normal hadrons in relativistic

heavy ion collisions. In this model, the number of pro-
duced hadrons of a given type h is given by ]

Nstat /
27r2

eEh/TH +1
Vi
A hTHKg(mh/TH) 2)
mpT —m
~nanVir (P58 ) e

In the above equations, gy, is the degeneracy of the hadron
and ~yy, is the fugacity, and Vi and Ty are, respectively,
the volume and temperature of the source when statisti-
cal production occurs.

Since strangeness is known to reach approximate chem-
ical equilibrium in heavy ion collisions at RHIC due to
the short equilibration time in the quark-gluon plasma
and the net strangeness of the QGP is zero, the strange
chemical potential is small and is taken to be ps = 10
MeV. Its value decreases with increasing collision energy
and is assumed to be 0 MeV in heavy ion collisions at
LHC. For charm and bottom quarks, they are produced
from initial hard scattering and their numbers are much
larger than those expected from a chemically equilibrated
quark-gluon plasma. As a result, we obtain the fugac-
ity v, > 1 for both charmed and bottom hadrons. In
terms of the fugacities v. and 7, of charm and bottom
quarks, the fugacities of charmed and bottom hadrons
are products of 4" and 7;" where n and m are, respec-
tively, the charm and bottom quark numbers in these
hadrons. Therefore, the fugacity of hadron species h can
be written generally as

— ,Y(*r:chrna,Y;lb'F”Ee(#BBJr#sS)/TH 7 (4)
where B, S, n.(nz), np(ng) are the baryon number,
strangeness, (anti-)charm quark number, and (anti-
)bottom quark number of the hadron, respectively.

For the charm and bottom fugacities 7. and ~;, they
can be determined by requiring that the total yield of
charmed or bottom hadrons estimated in the statistical
model is the same as the expected total charm (N,) or
bottom (Np) quark number from initial hard nucleon-
nucleon scattering. Using the values N. = 3 and N, =
0.02 for heavy ion collisions at RHIC, we obtain v, = 6.40
and 7, = 2.2x10% according to the following calculations:

1 1
Ne = Np+Np- + 5 (Np, + Np,) + 5 (Na, +Nz,)
0.33+0.29  0.14+0.11
+ 0115 5

= 1.04+1.53
+ + B B

1 1
N, = Nz+ Np- +§ (NBS“"NBS) +§ (NAb +N[\b)

= 53x1072+1.23x 1072

1.7+15 9.2+ 7.3
% x 1073 + + x 107 = 0.02. (6)



In the above, we have used the average yield of heavy
strange and antistrange mesons as well as that of heavy
baryons and antibryons to remove the effect of baryon
and strangeness chemical potentials. A similar analysis
for heavy ion collisions at LHC based on the charm and
bottom quark numbers N. = 20 and N, = 0.8 (see Ta-
ble ) gives the charm and bottom fugacities v. = 15.8
and 7, = 3.3 x 107. These values together with those for
RHIC are given in Table [Tl

TABLE II: Fugacities for ¢ and b quarks, and hadron numbers
from the statistical model at thermal freeze-out temperature
Tr and volume VF in central heavy ion collisions at RHIC and
LHC, including contributions from resonance decays shown in
the fourth column.

RHIC LHC
Ve 6.40 15.8
T 2.2 x 10° 3.3 x 107
Nk 142 363 K, K*
Nx 127 363 K, K*
Np = Np 1.0 6.9
Np= = Np« 1.5 10
Np, 0.19 1.3
Ng =Nz 53x107% 0.21
Np+ = Ng. 1.2x 1072 0.49
Ny 62 150  N,A
Nz 4.7 13
Nq 0.81 2.3
N= 0.10 0.65

In Table [l we also show the yield N (Ng) of K (K)

mesons given as a sum of the directly produced K (K)
and those from the strong decay of K* (K*) after their
freeze-out. Similarly, the yield of nucleons Ny includes
both directly produced N and those from the strong de-
cay of A. These results are obtained by using the Fermi-
Dirac and Bose-Einstein distributions in Eq. ({I). We
note that approximating these distributions by the Boltz-
mann distribution as given in Eq. () does not introduce
a large error (at most 1 % for exotic hadrons), while the
non-relativistic approximation used in Eq. ([B]) leads to an
error of about 30-40%.

C. The coalescence model

The coalescence model for particle production in nu-
clear reactions is based on the sudden approximation by
calculating the overlap of the density matrix of the con-
stituents in an emission source with the Wigner func-
tion of the produced particle ﬂﬁ] The model has been
extensively used to study light nuclei production in nu-
clear reactions M] as well as hadron production from
the quark-gluon plasma produced in relativistic heavy
ion collisions @m, @] In the coalescence model, the
number of hadrons of certain type h produced from the

coalescence of n constituents is given by ﬂﬁ]

coa u 1 pZ : dUl dgpz
Ny, ' = gh/ ll | ; 2r)3 B f(zi,pi)
=1

XfW(xl7"'7xn:plu"' 7pn) (7)
In the above equation, g is again the degeneracy of the
hadron whereas g; is that of its ith constituent and do;
denotes an element of a space-like hypersurface. The
function f(x;,p;) is the covariant phase-space distribu-
tion function of the constituents in the emission source,
and it is normalized to their number, i.e.,

d?p;
/pi-daiWI;Eif(ﬂfi,pi):Ni (8)

and the function fW(xy...z,, : p1...p,) is the Wigner func-
tion of the produced hadron and is defined by

fW(xlu"' sy Tp - P1y " 7pn)
:/deiemyi‘/’*(ﬂfl +y1/2, T+ Yn/2)
1=1

Xw(xl_y1/27"' uxn_yn/2)7 (9)

in terms of its wave function ¢ (z1,- - ,xy).

Following the derivation given in Refs. ﬂﬂ, @], where
the non-relativistic limit is taken and the hadron wave
functions are assumed to be those of a spherically sym-
metric harmonic oscillator, the above equation can be
reduced to

n n—1
: N; 11 | Pyid®ki fi (ki) 7 (i, ki)
Ncoal =g e ) , 10
" ]1;[1 9; 11:[1 J Byid3k; fi(ki) 10)

where f" (y;, k;) with y; and k; being, respectively, the
internal (relative) spatial and momentum coordinates is
the Wigner function associated with the internal (rela-
tive) wave function. As in Ref. [1§], we assume that the
particles in the emission source are uniformly distributed
in space and have momentum distributions f;(p;) given
by the Boltzmann distribution of temperature 7" only for
the transverse momentum p; 7, while the strong Bjorken
correlation of equal spatial (n;) and momentum (Y;) ra-
pidities is imposed for the longitudinal momentum, i.e.,

P?,T
Fi(pj) o 8(Yj —mj)exp | =5 | (11)
J

with 7; = log[(t; + z;)/(t; — 2;)]/2 and Y; = log[(E; +

pj.2)/(E;—pj.~)]/2 being the space-time and momentum-
energy rapidities, respectively. From the relation

n p2T P2 n—1
_ — __T £l
jl:[leXp< Qij> eXp< 2MT>i1:[1fz(kz)u (12)




with Pr and M denoting the total transverse momentum
and the total mass, respectively, we then obtain the 2-
dimensional momentum distribution function of the con-
stituents in Jacobi coordinates, f;(k;),

- 2
fi(k;) o< exp <_2/]ZT> , (13)

where the reduced constituent masses p; are defined by

1 1 1
— = + = ) (14)

E;:l m;j

or explicitly
o mama ~ mg(my +ma)
= ——F—" M2= — """
m1 + mo mi1 + mo + mg
m4(m1 + mo + m3)
mi —I—mg—1-777,3—1-77147
ms(mi 4+ mo + m3 4+ my)

= , etc. 15
Ha mi + mo + ms + myg + ms ( )

M3 =

In the non-relativistic limit, the rapidity variables are
simplified at midrapidities (Y =n ~ 0) as ; ~ z;/t; and
Y; ~ p;./m;. We can thus omit the contribution from
the longitudinal momentum in the Wigner function f"
as long as the time where the coalescence takes place af-
ter the collision is large compared with the internal time
scale of the hadron, t; > 1/w, where w is the oscillator
frequency. In this case, the 3-dimensional momentum in-
tegrations in Eq.(I0) reduces to 2-dimensional ones over
f;(kl) and the Wigner functions in transverse momentum
k;. The latter are given explicitly as

2
£ (i ki) =8 exp <__ By 2) ,
g

K2

2
X exp Y242
0_12 3 K3

16 yi y? 2,2 474
f (i, ki) = 304 —20¥ L+ 15— 2007k7 + 4o}k

2
Yi 2 2
_Q_kigi )
g,

i (16)

’L

+16y2k2 — 8(7; - Ky )? ] exp ( -

for the s-wave, p-wave, and d-wave, respectively, with
the parameters o; = 1/ V/Hiw related to the oscillator fre-
quency w and the reduced constituent masses p;. In Ap-
pendix A, we derive the Wigner function for the d—wave
state from the harmonic oscillator wave functions.
Carrying out the phase-space integrals in Eq. (IQ) as
shown in Appendix B, we obtain the coalescence factor

for each relative coordinate,

fdgydek fZ( )fw(yu ki)
fkoZfl ki)

(4mo2)3/2 (2U)!)

1+ 2u;To? (21; + 1)!! [

F(O.’L) :LLZ7 lZ) T)

20, To? b
1+ 2/14de1-2
(17)

where [; is the angular momentum of the wave function
associated with the relative coordinate y;. Combining
these results, we obtain the following simple expression
for the yield of hadrons from the coalescence model:

n—1

Ncoal _gVH N HF O'l,/lq,lz,T)
i 19] i=1

e (4mo?)3/?
=9V H II 1+ 2u, TO'
y (2zi)!! [ (2u:To?) ]“
(2L + DI [ (1 +2u;To?)
gV (Mw)3/? (2T Jw)*
= (47T)3/2 (1+2T/w)””f1
n 3/2 n—1

XH 3/2 H 21 +1 "’ (18)

where [; is 0 for an s-wave, 1 for a p-wave and 2 for a
d-wave constituent, L = """ l;; and M = 7", my.
Here we have used the relation p;0? = 1/w to convert
the main dependence on [; into the form of the orbital
angular momentum sum L. For L > 2, the last factor
in Eq.(I8) depends on the way L is decomposed into ;.
For example, for L = 2 and n = 3, the combination
(I1,12) = (1,1) gives a factor 4/9, while (I1,12) = (2,0)
leads to a factor 8/15.

1. Quark coalescence

To apply the coalescence model to hadron production
from the QGP at the critical temperature 7, when the
volume is Vi, we need to fix the oscillator frequency ap-
propriately. This is done by choosing the oscillator fre-
quencies for light, strange, charmed, and bottom hadrons
(w,ws,we and wp) in the quark coalescence to reproduce
the yields of reference normal hadrons in the statistical
model. These values are then used to predict the yields
of exotic hadrons.

For hadrons composed of light (up and down) quarks,
we take the oscillator frequency w = 550 MeV to obtain
in the coalescence model similar w and p yields as in the
statistical model as shown in Table. [I1l

For hadrons composed of light and strange quarks, the
parameter wg in the coalescence model is determined by
fitting the statistical model prediction for A(1115) in-
cluding the contribution from resonance decays. Taking



TABLE III: Yields of normal hadrons at RHIC and LHC
in the coalescence and statistical models with oscillator fre-
quencies w = 550 MeV,ws = 519 MeV,w. = 385 MeV, and
wp = 338 MeV are determined by fitting the statistical model
results for A(1115), A.(2286), and A,(5620) marked with (*)
at RHIC after taking account of resonance decays. Numbers
in the parentheses are those without the decay contribution.

config.| particle RHIC LHC
coal. stat. coal. stat.
w(782) 44.2 40.2 119 108
da (770) 132 127 358 342
K*(892) 41.2 47.2 111 135
K*(892) 41.2 52.9 111 135
s A(1115) | 29.8 (%) 29.8 80.5 77.5
(3.0) (6.5) (8.1) (16.5)
A(1520) 1.6 1.9 44 48
Q Ac(2286)|  0.60 (*) 0.60 40 36
4 (0.058) 0.14) | (0.39) (0.83)
Ap(5620)(3.6 x 1073(*) 3.6 x107* | 0.14 0.13
(3.6 x 107%) (9.2 x 107%)|(0.014) 0.033

into account states in the octet and decuplet representa-
tions that decay dominantly to A(1115), we obtain the
following result for heavy ion collisions at RHIC:

1

stat,total st st ste
Ny = NiGs) + 3Nzt(dlt192) + N1

A(1115)

0.11 St
+ (087+ T) N%t(1t385)

+NZ{550) + Nssztfzwn)

1
= 6.46 + 3 x 13.57 +4.73

0.11
+ (0.87+ T) % 10.91 + 3.42 + 0.81
= 29.8. (19)

In the above formula, 0.87 and 0.11/3 in the bracket rep-
resent, respectively, the branching ratios of X(1385) —
A + 7 and $(1385) — X0 + 7 in the 3(1385) decay. All
numbers are calculated at Ty and Vi with pus = 10 MeV
and pp = 20 MeV for RHIC. To reproduce the total yield
within the coalescence model with the constituent quark
masses My,q = 300 MeV and mg = 500 MeV, we need
ws = 519 MeV after taking into account the same feed-
down contributions as in Eq. ([I3). Specifically, we have
from the coalescence model

Nf\‘g‘f]lf;;&l =3.01+ 2 > 9.0342.20

0.11
+ (O.87+ T) x 18.07 4 4.40 4 0.78

=29.8. (20)

We will use this parameter to estimate the yield of other
hadrons that are composed of light quarks and strange
quarks. As shown in Table [[TI} this value leads to a yield
of A(1520), which has the s quark in the p-wave state,
in the coalescence model that is smaller than that in the
statistical model as first pointed out in Ref. M]

The oscillator frequency for charmed hadrons is fixed
to reproduce the A.(2286) yield including the feed-down
contribution [36] but without taking into consideration
the effect of the diquarks [37]. For the A.(2286) yield, we
consider only the contribution from X.(2455), ¥.(2520)
and A.(2625) decays as states of higher masses are neg-
ligible, that is,

tat,total
N ,S\f(g’zgS = N zsxtca(t2286) + N gca(t2455) + N, Etca(t2520)
+0.67 x N300

= 0.139 + 0.177 4 0.254 + 0.67 x 0.048
= 0.602 (21)

at RHIC. Fitting again the total yield of A.(2286) calcu-
lated in the statistical model to that in the coalescence
model for the same resonances as given in Eq. (21,

Nyaes! =0.058 + 0173 + 0.346 + 0.67 x 0.037
=0.602, (22)

we obtain w. = 385 MeV for the charm quark mass m, =
1500 MeV.

The oscillator frequency for bottom hadrons w, =
338 MeV is obtained by fitting the sum of the statisti-
cal model results for A,(5620) and the contribution from
¥,(5810) and X7 (5830) decays at RHIC,

N tha(gégg?l = 7&%620) + V. %tba(%slo) + V. %tba(t5830)
=92x10744+9.7x 10744+ 1.73 x 1073
=3.62 x 1072, (23)

Nyotsso) =362 x 1074 4+ 1.085 x 1077 4+ 2.170 x 1077
=3.62 x 1073 . (24)

with the bottom quark mass m; = 4700 MeV.

Since the oscillator frequencies are related to the sizes
of hadrons ﬂﬂ, ], same values as determined at RHIC
are used in the coalescence calculations for heavy ion col-
lisions at LHC. Using the same w values as those for nor-
mal hadrons, we then see from Eq. ([I8) that the addition
of a s-wave, p-wave, or d-wave quark leads to, respec-
tively, a coalescence factor

1 N; (4mo?)3/?
————— ~0.360
i V (1+2p,To?)
1 N; 2 (4n02)3/22p,To?
gi V3 (1 + 2/LiTO'Z-2)2
1 N; 8 (4m02)3/2(2u;To?)?

GV 15 (Lt uTol)

~0.093

~0.029. (25)



The production of multiquark hadrons involves more s-
, p- and d-wave coalescence factors and is hence gen-
erally suppressed. Moreover, the d-wave coalescence is
suppressed in comparison with the p-wave coalescence,
which is further suppressed relative to the s—wave coa-
lescence [31].

2. Hadron coalescence

For the yields of weakly bound hadronic molecules
from the coalescence of hadrons, they are evaluated at
the kinetic freeze-out temperature Tr and volume V.
The oscillator frequencies needed for hadronic molecules
in the hadron coalescence is related to their mean square
distances (r?) between the two constituent hadrons. For
a hadronic molecule in the relative s-wave state, the os-
cillator frequency is given by

3

Ww=—
2R (r?)

(26)

where pup = mimsa/(my + ms) is the reduce mass. The
mean square distance of the hadronic molecule can be
further related to its binding energy B via the scattering
length ag of the two interacting constituent hadrons, i.e.,

h2
" 2upad

, (PP~ 2 (27)

|5

These relations are valid when the binding energy is small
and the scattering length is large compared to the range
of the hadronic interaction, and they can be easily ob-
tained as follows. Using the relation k cot dg(k) = —1/ag
for the relative momentum k& — 0 between the s-wave
scattering phase shift dp and the scattering length ayg,
the S matrix for two interacting hadrons at low energies
can be approximated as

_ 2i60(k) ~ __ @0
S=e Ni—aio—ik’ (28)
which has a pole at k = i/ag, corresponding to a bound
state with the binding energy given by the first equation
in Eq. ([Z7) and the radial wave function outside the inter-
action range uy(r) ~ e~"/%. Assuming that ag is much
larger than the interaction range and using the above
form of the wave function for the whole region, we obtain
the mean square distance given by the second equation
in Eq. 7). For a weakly bound two-body states, we
thus obtain from Eqgs. (26) and 7)) the simple relation
w = 6B. We note that (r?) is the mean square distance
in the relative coordinate, and it is not the squared mean
radius from the center-of-mass.

For example, the oscillator frequency for f,(980) can
be obtained from Wfo(ggo) =6x Bfo(980) = 67.8 MeV with
Bfo(980) - MK+ +Mf(0 —Mfo(ggo) = 4937+4976—980 -
11.3 MeV. As another example, the oscillator frequency

waq for the diomega (Q€Q)y+ predicted by the chiral
quark model [38] can be calculated from Eq. (28],

3
2p00(r?) oo
3 197.32

=3 — 988 MeV (29
21672.45/2 x 0.842 eV (29)

woo =

where /(r?),, = 0.84 fm [39] has been used. By the
same token, we can calculate the oscillator frequencies
for all the hadronic molecules, and the results are sum-
marized in Table [Vl

III. EXOTIC HADRONS

In this Section, we briefly discuss the properties, such
as the quantum numbers and possible decay modes, and
the current theoretical and experimental status of the
exotic hadrons included in the present study. For conve-
nience, we classify these hadrons into exotic mesons (Sub-
sec. A), exotic baryons (Subsec. B) and exotic dibaryons
(Subsec. C) as shown in Table [[V]

A. Exotic mesons

For exotic mesons, we include the following:

1. f0(980): This I = 0 scalar particle together with
the I =1 ao(980) are members of the scalar nonet
that has been thought to be composed of multi-
quark configurations |6, [7]. If fo(980) is a mem-
ber of the multiquark configurations, its wave func-
tion then has a hidden §s component. Assuming
that they are composed of quark-antiquark pair,
their wave functions would be f((980) ~ s5 and
ao(980) ~ (utt — dd)//2. An early QCD sum rule
analysis suggested, on the other hand, that f;(980)
and ao(980) were just the I = 0 and 1 combinations
of uti and dd @] There are also models in which
f0(980) is a K K molecule. While there seems to be
consensus from lattice calculations that this parti-
cle is a tetraquark state, the situation is not at all
clear because of the treatment of disconnected dia-
grams [40].

2. K(1460): This is an exited state of kaon with
JP = 07 on the particle list of the Particle Data
Group (PDG) but is omitted from the summary
table Nﬁ] It was observed in the partial wave

analysis of the K7m final state in elementary re-

actions. Recently, this resonance has been stud-
ied theoretically in the context of the meson dy-
namics. In Ref. [42] this kaon was obtained from
the K-f((980) s-wave two-body dynamics with the

f0(980) dynamically generated in the KK and 77

coupled channels. A later study in Ref. @] con-

sidered the three-body coupled-channel dynamics



TABLE IV: List of exotic hadrons discussed in this paper. Shown are the mass (m), degeneracy (g), isospin (I), spin and parity
(JT), the quark structure (2¢/3/q/6q and 4q/5q/8q), molecular configuration (Mol.) and corresponding oscillator frequency
(wmMol.), and decay mode of a hadron. For the wwol., it is fixed by the binding energies B of hadrons (w ~ 6 x B, marked (B))
or their mean square distances (r*) (w ~ 3/2u (r?), marked (R)). In the case of three-body molecular configurations for exotic

dibaryons, we adopt the wwmol. as that for the subsystem, as marked (T). Further marked by *) are undetermined quantum
numbers of existing particles, by ¥ particles which are not yet established, and by ) particles which are newly predicted by
theoretical models.

similar kaonic excitation. A non-relativistic poten-
tial model for the KKK system was also used in
Ref. @], and a quasi-bound state of binding energy
21 MeV and root mean square radius 1.6 fm was
obtained. Thus, the K (1460) could be understood
as a K K K hadronic molecular state.

. Dsy(2317): This state was first observed by the
BaBar Collaboration ﬂj] through the D 7% channel
in inclusive ete™ annihilation. Its measured mass
is approximately 160 MeV below the prediction of
the very successful quark model for the charmed
meson @] Due to its low mass, the structure of
D, 5(2317) has been under extensive debate. It has
been interpreted as a c§ state , two-meson

molecular state
quark state ﬂﬁ

four-quark states

9

b1], D — K mixing [52], four-

or a mixture of two-meson and

Particle (Mn;V) g r Jr 2q/3q4/6q | 4q/5q/3q¢ | Mol. (ﬁfﬂ%) i‘fggz
Mesons
f0(980) 980 1 0 0" qq,ss (L =1) qqss KK 67.8(B) 7 (strong decay)
a0(980) 980 3 1 0" qq (L=1) qqss KK 67.8(B) n7 (strong decay)
K (1460) 1460 2 1/2 0~ qs qqqs KKK 69.0(R) Knr (strong decay)
D,(2317) | 2317 1 0 ot s (L=1) qqcs DK 273(B) D7 (strong decay)
7L 3797 3 0 1t — qqée DD* 476(B) Kte +Ktn™ 47~
X(3872) | 3872 3 0 17,27 7| ce(L=2) qqce DD 3.6(B) J/yrm (strong decay)
Z7(4430) V| 4430 3 1 0" ¥ — qgce (L =1) | D1 D* 13.5(B) J/im (strong decay)
T " 7123 1 0 0t — qqcb DB 128(B) Ktn +K'n~
Baryons
A(1405) 1405 2 0 1/27 qqs (L =1) qqqsq KN |20.5(R)-174(B) Y% (strong decay)
o+(1530) ¥| 1530 2 0 1727 — qqqqs (L=1)] — — KN (strong decay)
KKND | 1920 4 1/2 1/2* — qqqss (L=1)| KKN 42(R) Kn¥, mnN (strong decay)
DN D 2790 2 0 1/27 — qqqqc DN 6.48(R) Kfo~n +p
D*N P 2919 4 0 3/2” — qqqqc (L =2)| D*N 6.48(R) D + N (strong decay)
Ocs P 2980 4 1/2 1/2F — qqqsé (L=1)| — — A+ Ktr™
BN 1 6200 2 0  1/2 — qqqqb BN 25.4(R) Kra~n~+7" +p
B*N 1) 6226 4 0 3/2” — qqqqb (L =2)| B*N 25.4(R) B + N (strong decay)
Dibaryons
HD 2245 1 0 0" qqqqss — EN 73.2(B) AA (strong decay)
KNN Y 2352 2 1/2 0~ % |qqqqqs (L=1)| qqqqqqsq | KNN |20.5(T)-174(T) AN (strong decay)
oo b 3228 1 0 0t 555555 — Q0 98.8(R) AK™ + AK~
HIt1D | 3377 3 1 ot qqqqsc — E.N 187(B) AK ntat +p
DNN D | 3734 2 1/2 0 — qqqqqqqé | DNN 6.48(7T) Ktn~+d, KY'n n~ +p+p
BNN D | 7147 2 1/2 0~ — qqqqqqqb | BNN 25.4(7T) Ktn~+d, Ktn~+p+p
of KKK in a Faddeev approach and found a very . TL (udee): The set of tetraquarks with two heavy

quarks were first considered in Ref. [58]. The struc-
ture with [ud] diquark is expected to be particu-
larly stable @, @ and could be bound against the
strong decay into D1 D. The quantum number is
JP =11 with I = 0; hence the decay into DD is
forbidden due to the angular momentum conserva-
tion. Estimates based on the simple color-spin in-
teraction suggest the mass to be 3796 MeV ﬂﬁ, @]
The hadronic decay mode of T, is D*~ DY if its
mass is above the threshold and D°D°r~ if be-
low. If the T,. is strongly bound, it can then decay
weakly to D*~ KT~ with a lifetime similar to that
of the D meson. A molecular state with the same
quantum number was also predicted to exist within
the pion-exchange model ﬂ@] The production of
doubly charmed hadrons in heavy ion collisions at
RHIC was discussed in Ref. [62], and also estimated



for LHC [13]. This state could also be searched for
at Belle. In particular, the search should be simi-
lar to that for the doubly charmed baryon such as
the Z... Here are the two possibilities. The first
one is through the decay of the B meson. Unfor-
tunately the search at Belle was not successful ﬂ@]
as the dominant subprocess was the weak decay
of the b quark into a & by emitting a W+ (— ¢3).
Therefore, while the c¢ is produced, the cc creation
might be highly suppressed. On the other hand,
another more feasible search is in the continuum
background where two c¢ pairs are known to be
produced in the reaction ete™ — .J/1 X (3940) [64).

. X(3872): The Belle collaboration found this par-
ticle in the BT — X(3872)K+ — J/¢ynta K+
decay [3]. CDF, D0, and BaBar have confirmed its
existence, and the current world average mass is
3871.24+0.39 MeV. Although the new BaBar result
favors the J©'¢ = 2=+ assignment ﬂ@], the estab-
lished properties of the X (3872) are in conflict with
this assignment @, @] Therefore, the favored
quantum numbers are J©¢ = 1+ with the isospin
violating decay modes. This particle was predicted
in Ref. ﬂ@] as a DD* bound state within a meson-
exchange model. It was shown in this study that in
the DD* sector the one-pion exchange interaction
alone is strong enough to form a molecular state
that is bound by approximately 50 MeV. In this
case, other molecular states of D*D*, D1 D*, D1 D
and Dy D are also expected to exist as the pion ex-
change is allowed in these channels as well. In other
studies, it has been claimed that the X (3872) has
the admixture of the ¢c component and is thus a
tetraquark hadron ﬂa] Its dominant decay modes
include J/yrtn~, J/rtm~, and D°Dx°.

. Z1(4430): The Belle collaboration observed this
charged state in BY — K1/nt through its decay
into 1t M] The reported mass and width are
M = 4433 MeV and T' = 45715739 MeV, respec-
tively. The reported mass is close to the D;D*
threshold and hence the possible structure for this
state is either a molecular or a tetraquark state
[5]. As commented in the discussion on X (3872),
the one-pion exchange interaction could bound a
D1 D* molecular state. So far, no other experiment
has confirmed this finding. In particular, BaBar
[69] also searched the Z~(4430) signature in four
decay modes: B — ¢n~ K, where ¢ = J/1¢ or
Y and K = Kg or K. No significant evidence
for a signal peak was found in any of the investi-
gated processes. After the failure of the BaBar col-
laboration in confirming the Z~(4430) mass peak,
Belle has performed a reanalysis of their data that
took detailed account of possible reflections from
the K7~ channel. From a full Dalitz plot reanaly-
sis of their data, Belle has confirmed the observa-
tion of the Z1(4430) signal with a 6.40 peak sig-

nificance. The updated Z7(4430) parameters are:
M = (44337151 15)MeV and T = (109757728 )MeV
[70). If confirmed, the Z(4430) is the first prime
candidate for an exotic particle. Considering the
Z+(4430) as a loosely bound s-wave Dy D* molecu-
lar state, the allowed angular momentum and par-
ity are J© = 07,17,27, although the 2~ assign-
ment is probably suppressed in the Bt — ZTK
decay by the small phase space. Among the re-
maining possible 0~ and 1~ states, the former will
be more stable as the latter can also decay to DD
in s-wave. Hence the 0~ quantum number is fa-
vored.

Very recently the BELLE collaboration [71] re-
ported the observation of two narrow charged
structures in the hidden-bottom decay channels
7EY(nS) (n = 1,2,3) and 7T hy(mP) (m = 1,2)
of T(5S5). The measured masses (widths) of these
two structures are, in units of MeV, Mz, = 10610
(Tz, = 15.6 £ 2.5) and Mz = 10650 (Fzg =
14.4 £ 3.2), respectively. The analysis of the Z;
states decay in the channel Zbi — Y(28)n*t fa-
vors the I9(JF) = 17(1%) assignment. Since
the masses of these two states are very close to
the BB*(10604.6 MeV) and B*B*(10650.2 MeV)
thresholds, they are ideal candidates for these
molecular states. It is interesting to notice that the
decay channels of the Z ;[ states are very similar to
the decay channel of ZT(4430).

. TY (udeb): Both the light diquark and heavy anti-

diquark are scalar diquarks so that J¥ = 0T with
I = 0. This particle could be strongly bound with
a mass of 7149 MeV[14]. As it has the D°B° com-
ponent, it can decay weakly via T — KTn~ +
Ktr.

B. Exotic baryons

For exotic baryons, we consider the following:

1. A(1405): This resonant state with I = 0, JX =

1/27, mass 1406+4 MeV, and width 50+2 MeV ]
has been considered as a quasi-bound state of the
KN system [d], even before the establishment of
the QCD. The modern theoretical approach based
on the chiral dynamics within the unitary frame-
work (the chiral unitary approach) [L(, [72-[76]
also suggests that this resonant state is dynamically
generated in the meson-baryon scattering includ-
ing the KN and ¥ channels, and is dominated by
the meson-baryon molecular component ﬂﬂ] The
mean square distance between K and N in the
A(1405) is evaluated to be (r?) = 2.7 fm? in the
chiral unitary approach [7§], in which the A(1405)
peak appears around 1420 MeV in the KN channel.
This value leads to a smaller oscillator frequency



for the bound state (wyo1. = 20.5 MeV) than that
fixed by the binding energy with the A(1405) mass
of 1405 MeV. Its dominant decay mode is 7% in the
I = 0 channel, but there may be the possibility of
observing it in the yA decay mode.

. ©T(uudds):  This flavor exotic baryon with
strangeness S = +1, J¥ = 1/27 and I = 0 was
predicted in the chiral soliton model m] The in-
triguing features are its light mass of 1540 MeV
and narrow width, which partly motivated the first
experimental observation by LEPS ﬂﬂ] Although
the LEPS result was confirmed by several other
experiments, it was subsequently followed by neg-
ative results with high statistics such as in the
high energy collision experiment by PHENIX @]
and the low energy photoproduction experiment by
CLAS [81]. On the other hand, the recent LEPS
result maintains a positive signal @] The most
suitable hadronic decay mode for its identification
in an inclusive experiment is @ — K%. The pro-
duction rate in heavy ion collisions has been esti-
mated in the statistical model @@] and in the
coalescence model ﬂﬂ] In the quark model, the
spin-parity of O is 1/27 if all five quarks are in the
s-wave orbit but is 1/27F after including the strong
diquark correlation @] The possibility of a 3/2~
state has also been proposed to explain its narrow
width [87]. A recent comprehensive QCD sum rule
study favors, however, the 3/21 assignment [8§].

. KKN: The quasibound state of KKN was pre-
dicted to be a hadronic molecular state of N* with
a mass of 1910 MeV, JF = 1/27 and I = 1/2 in
the variational calculation using a hadronic two-
body potential @] This state was confirmed by
a coupled-channels Faddeev calculation @] It
has been interpreted as a coexistence state of the
A(1405)K and ag(980)N clusters, and its main de-
cay modes are thus the K7¥ from the A(1405) de-
cay and the N from the a((980) decay. Since the
K KN is a hadronic molecular state, it has a large
spatial distribution. The root mean square radius
is found to be 1.7 fm and the interhadron distances
are larger than 2 fm [8).

. DN(D*N) and BN(B*N): The quark contents of
these hadron molecular states are similar to the
O, but with the different quantum numbers of
JP = 1/27 and I = 0. Recently, based on the
heavy quark symmetry, a pion induced bound DN-
D*N molecular state was predicted to exist with a
binding energy of a few MeV below the threshold of
2806 MeV [15]. This is a shallow bound state com-
pared to the deeply bound O, of about 100 MeV
below the threshold. An easily identifiable decay
mode is K7~ 7~p. The BN molecule would be
more stable, because the heavy quark symmetry
amplifies the strong mixing between BN and B* N
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and thus suppresses the kinetic energy. The mass
of the BN molecule was predicted to be a few tens
MeV below the threshold of 6218 MeV, and the
possible weak decay mode is KTn~ 7~ + 7+ + p.
In a more recent study [16], the DN (BN) was
also predicted to have a resonance state between
the DN (BN) and D*N (B*N) thresholds, with
the mass 2929 (6226) MeV and quantum numbers
JP =3/27 and I = 0. Similar to the DN (BN)
bound states, this resonance state is induced by
the pion exchange within the heavy quark symme-
try. This resonance state can also be regarded as
a bound state of D* (B*) and N with respect to
the D*N (B*N) threshold like that of the Fesh-
bach resonance. Its decay width of 19 (0.12) MeV
to the DN (BN) via the strong interaction is very
narrow as a result of the suppression by the d-wave
centrifugal barrier in the final DN (BN) state. We
have fixed the oscillator frequency w from the root
mean square distance, 1/ (r2) = 3.8(1.7) fm for the
DN (BN) molecular state ], and the same w is
used for its excited state, D*N (B*N).

. ©.(uudde) and Oy(uuddb): The bound Skyrmion

approach predicted the bound exotic hadron O,
with the mass of 2650 MeV and quantum num-
bers JP = 1/2% and I = 0 [91]. There was one
experiment reporting a positive signal @] at a
mass around 3.1 GeV, but no confirmation exists
so far @] An easily identifiable decay mode is
K7~ 7~ p if the state is strongly bound and D*~p
if it is a resonant state. Similarly, the ©, mass was
predicted to be 5207 MeV with the same quantum
numbers J¥ = 1/2% and I = 0. The possible weak
decay mode is KTn—n~ + 7+ + p.

. Ocs(udusé): In the quark model including the

color-spin interaction, the J* = 1/2~ and I = 0
five-quark state can be bound and becomes sta-
ble against the strong decay @, @] The mass
is predicted to be 2920-2930 MeV, depending on
the model parameters. This state was searched for
in the Fermilab E791 experiment through the ¢mp
mode [96] and the K*°K ~p mode [97], and the re-
sults are so far negative.

C. Exotic dibaryons

The exotic dibaryons included in the present study are:

1. H dibaryon: This particle was first predicted in

Ref. [d] as a deeply bound state below the AA
threshold. Despite extensive searches such as in
the BNL-E885 experiments @], deeply bound H
dibaryons have not been observed. The discovery
of the double-A hypernucleus ({ yHe) in the Nagara
event @] finally excluded the possibility of deeply
bound H dibaryon, as the two A particles can decay



strongly into the core nucleus and the H dibaryon if
the H mass is below the AA threshold by more than
the AA separation energy (Baa = 7.25 £ 0.1970 1%
MeV) [99]. As a result, we now have only a
narrow window for the H particle to be bound,
0 < By < 7 MeV, where By is the binding en-
ergy of H from the AA threshold. The reason why
the H particle does not strongly bound may be due
to the instanton-induced determinant (Kobayashi-
Maskawa-"t Hooft) [100] interaction, which acts re-
pulsively in the H channel and may cancel the
strong color-spin attraction, as demonstrated in the
quark-cluster model M] There is, however, still a
possibility that the H particle exists as a resonance.
In the KEK-E522 experiment, an enhancement in
the AA invariant mass spectrum is observed at 10-
20 MeV above the threshold m, while the signif-
icance as a peak is only around 20. This peak-like
enhancement cannot be explained by the final-state
interaction ﬂ@] Recent lattice calculations have
suggested that a bound state pole exists around the
SU(3) limit [104]. With the realistic SU(3) break-
ing, this bound state pole would be shifted to a
weakly bound state or a resonant state between the
AA and =N thresholds. If we apply the low energy
scattering formula (Eq. (21))), the rms radius of the
H resonance as a bound state of ZN may be
evaluated to be 0.9 — 1.3 fm.

. KNN: Motivated by the existence of the A(1405)
resonance below the KN threshold, the possibil-
ity of bound K-nuclear systems was proposed in
Ref. M] based on a phenomenological KN po-
tential. Since then the simplest K NN system
has been intensively studied both theoretically and
experimentally. While the experiment by FIN-
UDA M] indicates a peak structure at 2255 MeV
in the AN invariant mass spectrum, the interpre-
tation of the peak as the K NN state is still con-
troversial M] Recent rigorous few-body calcula-
tions for the K NN system indicate that the sys-
tem bounds in the J” = 0~ and I = 1/2 chan-
nel [108 [111]. With a suitable treatment of the en-
ergy dependence of the KN interaction, the mass
of the KNN system is predicted to be about 2350
MeV m In heavy ion collisions, this state
can be observed in the AN or 73N invariant mass
spectrum.

. (QQ)g+: This is a deeply bound six-quark state pre-
dicted by the chiral quark model @, m] It has a
large binding energy of about 116 MeV and a small
root mean square distance of 0.84 fm between the
two Qs. Because of its large strangeness content,
it is stable against strong hadronic decays and pos-
sesses the weak decays (QQ)g+ — 7~ +Z°+Q~ and
(QQ)g+ — 7+ =7+ Q™ with a mean lifetime esti-
mated to be about four times longer than the free
Q lifetime of 0.822 x 107!% sec. Apart from these
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conventional decay modes, the nonmesonic decay
(QQ)o+ — =7 + Q7 is also possible; and the esti-
mated lifetime of (202)g+ for this process is twice
the free Q lifetime. Thus, instead of direct observa-
tion, the (Q€Q)p+ may also be detected in the =~ Q~
invariant mass distribution.

4. Hf*: This dibaryon with J¥ = 0% and I = 1 is
predicted in Ref.[14]. It is expected to be strongly
bound as it is composed of [ud], [us], and [uc] scalar
diquarks, and one of which has to break in order for
HI* to fall apart and to decay to p+Z=*. The life-
time is expected to be similar to that of =2, and the
dominant hadronic weak decay mode is expected to
bep+ AK ntaT.

5. DNN and BNN: The attractive DN and BN in-
teractions would lead to bound D and B mesons
in the nuclear medium as their binding energies in-
crease with increasing nuclear density. The DN N
and BNN molecular states predicted in Ref. ﬂﬂ]
are thus nuclei with minimum baryon number. The
quantum numbers can be J© = 07 or 1~ and
I = 0 with different types of weak decay mode. The
DN N states have the decay modes Ktn~n~ +p+p
for 07 and K7~ + d for 1~ with all charged par-
ticles in the final state, while the BN N states have
the decay modes KT™n~ + a7t +p+ p for 0~ and
Ktr~ +xt +d for 17. Therefore, the experimen-
tal observation of these decays makes it possible
to determine both the spins and parities of these
hadronic molecular states.

IV. YIELDS OF EXOTIC HADRONS IN HEAVY
ION COLLISIONS

We show in this Section the expected yields of exotic
hadrons described in the previous Section from central
Au+Au collisions at /syy = 200 GeV at RHIC and cen-
tral Pb+PDb collisions at \/syy = 5.5 TeV at LHC. They
include results for all possible structure configurations,
e.g. multiquark hadrons and hadronic molecules, calcu-
lated from the coalescence model in addition to those
estimated from the statistical model. These results are
shown in Table[V1 We also give some discussions on the
obtained results.

Comparisons of the yields in the 2¢/3¢/6¢ column to
those in the 4¢/5¢/8¢ column in Table [Vl show that for
most of the hadronic states considered here, the yield
from the coalescence model for the compact multiquark
state is smaller than that for the usual quark configura-
tion as a result of the suppression due to the coalescence
of additional quarks indicated in Eq. [28). For the same
state, the yield from the coalescence model for the molec-
ular configuration is, however, larger than that from the
statistical model prediction as seen from comparing the
yields in the Mol. column to those in the Stat. column
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TABLE V: Exotic hadron yields in central Au+Au collisions at /sy~ = 200 GeV at RHIC and in central Pb+Pb collisions at
VSnn = 5.5 TeV at LHC from the quark coalescence (2¢/3¢q/6q and 4¢/5¢q/8¢) and the hadron coalescence (Mol.) as well as

from the statistical

model (Stat.)

RHIC LHC
2q/3q/6q | 4q/5q/8q Mol. Stat. 2q/3q/6q | 4q/5q/8q Mol. Stat.
Mesons
f0(980) [3.8,0.73(s5)| 0.10 13 5.6 10, 2.0 (s5)| 0.28 36 15
a0(980) 11 0.31 40 17 31 0.83 1.1 x 10? 46
K (1460) — 0.59 3.6 1.3 — 1.6 9.3 3.2
Ds(2317) | 1.3 x 1072 |21 x 1072 1.6 x 1072 |5.6 x 1072| 8.7 x 1072 |1.4 x 1072 0.10 0.35
7L — 4.0x107%(2.4 x 1075 [4.3 x 1074 — 6.6 x 107%| 4.1 x 107 |7.1 x 1073
X(3872) | 1.0x107* |40 x1075|7.8 x 1074 (2.9 x 107*| 1.7 x 1073 |6.6 x 107*| 1.3 x 1072 |4.7 x 103
Z1(4430) — 1.3x107°[2.0 x 107° [ 1.4 x 107° — 21 %107 34x107* |24 x 107*
79 D — 6.1 x107%[1.8 x 1077 (6.9 x 1077 — 6.1 x107%| 1.9 x 107° 6.8 x 107°
Baryons
A(1405) 0.81 0.11 1.8—8.3 1.7 2.2 0.29 4.7-21 4.2
et ¥ — 2.9 x 1072 — 1.0 — 7.8 x 1072 — 2.3
KKN D — 1.9 x 1072 1.7 0.28 — 5.2 x 1072 4.2 0.67
DN D — 2.9 %x107314.6 x 1072 |1.0 x 1072 — 2.0 x 1072 0.28 6.1 x 1072
D*N P — 71x107*4.5 x 1072 |1.0 x 1072 — 4.7 x 1073 0.27 6.2 x 1072
Ocs P — 5.9 x 1074 — 7.2 %1073 — 3.9 %1073 — 4.5 x 1072
BN D — 1.9x107°|8.0 x 107° (3.9 x 107° — 7T7x107%] 2.8 x 1073 [1.4 x 1073
B*N P — 5.3x107%/1.2x107* (6.6 x 107 — 2.1 x107% 44 %1073 2.4 x 1073
Dibaryons
HP 3.0x 1073 — 1.6 x 1072 [1.3 x 107282 x 1073 — 3.8x 1072 3.2 x 102
ENN®D | 50x107% [5.1 x107%]0.011—0.24|1.6 x 1072 1.3 x 1072 {1.4 x 107%|0.026 — 0.54|3.7 x 102
Q0P 3.2x107° — 1.5 x 1075 6.4 x 1075 8.6 x 1075 — 4.4 %107 |1.9 x 107*
HftD | 30x107* — 3.3x107*|7.5x 1074 2.0 x 1073 — 1.9x 1073 4.2 x 1073
DNN D — 29x107°/1.8x107%|7.9 x 107 — 2.0x107% 9.8 x 1073 [4.2 x 107*
BNN P — 23x1077[1.2x107% (2.4 x 1077 — 9.2 x107%| 3.7 x 107° [7.6 x 1076

in Table [Vl This is in contrast to high energy pp colli-
sions, where molecular configurations with small binding
energies are hard to be produced at high pr HE]

To see more clearly the effect of the structure of a
hadron on its production in heavy ion collisions, we show
in Fig. [ the ratio of the coalescence model results to
those from the statistical model,

RjS = Npo¥ /Nptat (30)

Generally, the ratios for the 2¢ and 3¢ configurations are
within the range of 0.2 < Rj < 2 for normal hadrons,
which is shown by the grey zone. This also applies to
exotic hadrons with most of the 2¢/3¢ configurations,
as shown by the triangles. We observe that the coales-
cence yield for an exotic multiquark hadron (diamond) is
smaller than those for the usual quark configuration and
from the statistical model predictions. This is consistent
with the naive expectation that the multiquark coales-
cence becomes suppressed as the quark number increases.

The tetraquark states f,(980) and a(980) are typical ex-
amples. In these hadrons, tetraquark configurations nec-
essarily involve strange quarks, and they are thus more
suppressed. This suppression also applies to the 5g states
in exotic baryons (A(1405),©%(1530), KK N, and ©.,)
and the 8¢ state in the KNN.

The yields of hadronic moleculars from the hadron coa-
lescence (circles) depend strongly on the sizes of hadrons.
For deeply bound and compact hadronic molecules, their
yields are comparable to or smaller than the predictions
of the statistical model. On the other hand, the loosely
bound extended molecules would be formed abundantly.
One typical example is A(1405) that are shown in Ta-
ble [V] for the two cases of w = 20.5 and 174 MeV. The
smaller value, corresponding to a small binding m7 @]7
gives a larger size for the A(1405). As a result, antikaons
produced in heavy ion collisions have larger probabili-
ties of coalescing with nucleons, resulting in more abun-
dant production of A(1405). On the other hand, for the
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FIG. 1: (Color online) Ratio of the yield of an exotic hadron in the coalescence model to that of the statistical model.

larger w value, which corresponds to the case that the
pole position of the S-matrix for the two-hadron interac-
tion is around 1405 MeV, the A(1405) can be regarded
as a deeply bound state and thus has a smaller size, and
hence its yield becomes smaller.

V. DISCUSSIONS

Our results based on the coalescence model for hadron
production in relativistic heavy ion collisions have indi-
cated that their yields are strongly dependent on their
structures. Therefore, measuring the yields of exotic
hadrons allows us to infer the internal configuration of
exotic hadrons ﬂﬁ, @] For example, we have mentioned
in Sec. [[V] A that as possible configurations for f(980),
quark-antiquark pairs (~ s3, ui, and dd), a tetraquark
state, and a K K hadronic molecule have been proposed.
To confirm its structure, we refer to preliminary data
from the STAR Collaboration for the production yield
ratios of fo(980), m, and p°[117]. From these results we
find that the measured yield of f((980) is close to 8, which
means that it is more probable for the f;(980) to be pro-
duced as a hadronic molecule state than a tetraquark
state (See the order of magnitude difference between the
yield in the 4¢/5¢/8q column and that in the Mol. col-

umn in Table[V]). Therefore, we conclude that the STAR
data seem to rule out a dominant tetraquark configu-
ration for the fy(980). Further experimental efforts to
reduce the error bar are thus highly desirable.

For some exotic hadrons, our results show that the
yields are similar for the hadronic and the molecular
configuration, despite the difference in the coalescence
temperatures T and Tr. This can be attributed to
the larger size of the molecular configuration. Assum-
ing other factors are similar, the s-wave factors involved
in the coalescence at T are similar to those at T as long
as the relevant molecular size is related to the hadron size
as oc = (Vo /Vr)Y/30F as can be inferred from Eq. (25)
after neglecting the temperature dependence in the de-
nominator. If we additionally assume that the volume
scales as V oc T—3, we find that the condition for the
molecular coalescence to be similar to two-quark coales-
cence is that the molecular size scales as op = ocT¢o /Tr,
which is more or less satisfied by some exotic hadrons
considered here, such as the D(2317).

Our study also shows the interesting result that the
ratio Rgs of the yield in the coalescence model to that
in the statistical model is almost the same at RHIC and
LHC. This similarity comes from the universal feature of
the QCD phase transition; the common critical temper-
ature and the common volume ratio Vi /Vy. In the non-



@)
Q
Q.

[ Stat. ratio at RHIC

14

~233 §%§ g -~ 3
S XXS A== S = =
$88%32=F7 2 § s =
& = =
102 - SZZEx fgxgo*o go 2 & & 1
© 1 @/ C/
1] - ]
z 10 L§<U |
2408 Y S
3, 107 [y St e
o A5 oW 1 A g aoa, S®
U)” L i ‘ Ry s 5 l D } ©
-1 [ \ I \ i
<5 10 1 !

102}/ f '
Sy Normal -
8889858 § £ § 2936 -
SEOFFFE ® 3w+ 40/50/8q ¢

2 xpx-° Mol o

3

o
[EEY
N

4 5 6 7 8

Mass (GeV)

FIG. 2: (Color online) Ratio of hadron yields at RHIC in the coalescence model to those in the statistical model as a function

of mass.

relativistic approximation shown in Eq. @), it is possible
to rewrite the statistical model yield in the coalescence-
like form,

B/TH H 27T 3/2
ngH m;Tg)3/2 "’

(31)

91V (mp T )3/

Nstdt
(271-)3/2

where we consider the hadron h to be composed of several
constituents, B = )", m; — my, is the binding energy,
and N; g represents the yield of the i-th constituent at
the volume Vp. This relation holds since the fugacity
of a particle is equal to the product of the constituent
fugacities, and the particle fugacity is related to the yield
according to

NZ H emn/Tu

32
9n Ve (32)

| o )2
Yi = — .

By using Eqs. BI)) and (1), the ratio RS® is found to

be approximately given as

o~ B/T M3/2(2Ty Jw)* = D/2 (2T, Jw)*
m3?(1 4 2T, Jw)n—1+L
n—1

Vo Ni/Ve (21,
XWHMWWEWﬁmr

Since T and Ty are the same at small baryon chemical
potential, the particle density N;/Ve, N; i /Vy and the
volume ratio Vo /Vy would be common at RHIC and
LHC. As a result, the ratio of the production yield of
hadrons in the coalescence model to that in the statistical
model becomes the same at RHIC and LHC.

In Fig. 2l we show the hadron mass dependence of the
ratio RSS in heavy ion collisions at RHIC. The results
are similar in heavy ion collisions at LHC as discussed
in the above. It is seen that the effect of the internal
structures of exotic hadrons on Rgs is particularly large
for light exotic hadrons. We also show the ratio for nor-
mal hadrons. Here we have included the resonance decay
contribution to pseudoscalar mesons such as p — 27 in
evaluating the ratio. This estimate would be closer to
the observational condition. As already mentioned, the
ratios for normal hadrons are found to be in the range of
0.2 —2.

R} =

(33)




It should be noted that the coalescence model may
overestimate the yield of very loosely bound molecules.
Since the average hadron distance is around 2 fm and the
temperature is T = 125 MeV at the thermal freeze-out,
the loosely bound and spatially extended hadrons would
dissociate easily through the final-state interactions with
other hadrons. For example, the deuteron yield is calcu-
lated to be around 1.4 per unit rapidity, which is larger
than the statistical model prediction (~ 0.3). Experi-
mental data seems to be consistent with the statistical
model result, suggesting the possibility of later coales-
cence of loosely bound particles with a few MeV binding
energies [118].

VI. SUMMARY

In this article, we have proposed a new approach of
studying exotic hadrons in relativistic heavy ion colli-
sions at RHIC and LHC. We have considered the yields
of proposed exotic hadrons; f,(980), ao(980), K (1460),
Dy(2317), TL, X (3872), Z1(4430), and T9 for exotic
mesons, A(1405), ©1(1530), KKN, DN, D*N, O.,, BN
and B* N for exotic baryons, H, K NN, QQ, H}* DNN
and BN N for exotic dibaryons. To obtain the yields of
these exotic multiquark hadrons or hadronic molecular
states, we have used the coalescence model based on ei-
ther the quark degrees of freedom or the hadronic degrees
of freedom.

Our results indicate that the yields of many exotic
hadrons are large enough to be measurable in experi-
ments. In particular, heavy exotic hadrons containing
charm and bottom quarks as well as strange quarks can
be possibly observed at RHIC and especially at LHC.
Therefore, relativistic heavy ion collisions will provide a
good opportunity to search for exotic hadrons. In par-
ticular, it may lead to the first observation of new ex-
otic hadrons. Also, we have found that the structure
of light exotic hadrons has a significant effect on their
yields in heavy ion collisions. For a hadron of normal
quark structure, its production yield relative to the sta-
tistical model prediction Ry = Nj/N;** is found in the
range of 0.2 — 2. The yield ratio is smaller (R, < 0.2) if
a hadron has a compact multiquark configuration. For a
hadron of molecular configuration with an extended size,
its yield is, on the other hand, larger than the normal val-
ues (Rp > 2). Therefore, the ratios of measured yields
from experiments on heavy ion collisions to those pre-
dicted by the statistical model provides a new method to
discriminate the different pictures for the structures of
exotic hadrons. The study of exotic hadrons in relativis-
tic heavy ion collisions thus will help answer longstand-
ing problems on the existence and structure of exotic
hadrons.
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Appendix A: d-wave Wigner function

In this Appendix, we extend the calculation shown in
Ref. @] to construct the d-wave Wigner function from
the harmonic oscillator wave functions. For this, we need
the wave function of the second excited state, in addition
to those of the ground and the first excited state, as the
basis functions for the Wigner function,

o) =(75) <
o) =(55) e

where b = h/(mw). The M-state wave functions of the
L = 2 state in Cartesian coordinates, are then
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By replacing b with o(= 1/,/uw), we obtain the d-wave
coalescence factor using Eqs. (I0) and (A4) as

{72009 =3 | (020)000) — dn(o)n (1))
+iv2¢1 ()1 (y)} $o(2)
TGRS f( 61(2)0(y) + 9o ()61 (1) )61 (2)

—o(7) = 7 (2%( )oo(y)b2(2)

- ¢2<x>¢o (1)60(=) — B0 (@) (4)d0 (=) )
K2 (7) =k ()"
() =k

From the density matrix of the L = 2 state, which is
defined by averaging over the M states,

(A2)

= (F)* + o (M dir= ()
P (Mer=—1 ()
(A3)

P2 ) = ;( ek
2 (M of2o (™) + ¢
,,2@% (7)),

we obtain the M-averaged L. = 2 harmonic oscillator
Wigner function,

) = [

_16 4T—4 — 20— ’ + 15 — 200%k2 + 4 k2
30| bt b2

ﬁ N3

- r2
+ 16022 — 8(F- k)2] e UL (Ad)

J EydkfE) Y @G F)

(4m02)2 8 94 T'o?
[ Pydkf(R) e

T V(1 +2uTa?)? 15
(A5)

Appendix B: Coalescence factor for the general
angular momentum |

We derive in this Appendix the coalescence factor for a
general angular momentum [-state given by Eq. (). For
constituents that are uniformly distributed in space, we
can integrate the Wigner functions over space to obtain
the momentum distribution of the constituents in the
hadron. For the harmonic oscillator wave function of the
lowest energy state with a given [, it is given by

—o2k?

0.2 2\1
(k) = <4m2>3/2%e (B1)

with the normalization [ P,(k)d®k/(2m)® = 1. The coa-
lescence factor is then given by

F(o,u,1,T) :/d2kPl 2uT//d2ke %

_ (4ma?)*2 (2)
1+ 2uTo? (20 + 1) {

2uTo? !
1+ 2uTo?
(B2)
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