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Multi-quark hadrons from Heavy Ion Collisions
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Identifying hadronic molecular states and/or hadrons with multi-quark components either with
or without exotic quantum numbers is a long standing challenge in hadronic physics. We suggest
that studying the production of these hadrons in relativistic heavy ion collisions offer a promising
resolution to this problem as yields of exotic hadrons are expected to be strongly affected by their
structures. Using the coalescence model for hadron production, we find that compared to the case
of a non-exotic hadron with normal quark numbers, the yield of an exotic hadron is typically an
order of magnitude smaller when it is a compact multi-quark state and a factor of two or more
larger when it is a loosely bound hadronic molecule. We further find that due to the appreciable
numbers of charm and bottom quarks produced in heavy ion collisions at RHIC and even larger
numbers expected at LHC, some of the newly proposed heavy exotic states could be produced and

realistically measured in these experiments.

PACS numbers: 14.40.Rt,24.10.Pa,25.75.Dw

Finding hadrons with configurations other than the
usual ¢¢ configuration for a meson and gqq for a baryon is
a long standing challenge in hadronic physics. In 1970’s,
the tetraquark picture ﬂ] was suggested as an attempt
to understand the inverted mass spectrum of the scalar
nonet. At the same time, the exotic H dibaryon E] was
proposed on the basis of the color-spin interaction. While
results from the long search for the H dibaryon in various
experiments turned out to be negative, we are witness-
ing a renewed interest in this subject as the properties of
several newly observed heavy states cannot be properly
explained within the simple quark model. These states
include D;;(2317) and X (3872) discovered, respectively,
by the BaBar collaboration E] and the Belle collabora-
tion [4].

An important aspect in understanding a multi-quark
hadron involves the discrimination between a compact
multi-quark configuration and a loosely bound molecu-
lar configuration with or without exotic quantum num-
bers. In a loosely bound molecular configuration, the
wave function is dominantly composed of a bound state
of well separated hadrons. On the other hand, in a
compact multi-quark configuration, the dominant Fock
component is a compact quark configuration typically
of a hadron size, with little if any separable color sin-
glet components. For a crypto-exotic state, one further
has to distinguish it from a normal quark configuration.

For example, f5(980) and a(980) could be either normal
quark-antiquark states ﬂa], compact tetra-quark states ﬂ]
or weakly bound K K molecules ﬂa]

Previously, discriminating between different configu-
rations for a hadron relied on information about the de-
tailed properties of the hadron and its decay or reaction
rate ﬂﬂ] Moreover, searches for exotic hadrons have usu-
ally been pursued in reactions between elementary par-
ticles. In this letter, we will show that measurements
from heavy ion collisions at ultrarelativistic energies can
provide new insights into the problem and give answers
to some of the fundamental questions raised above ﬂéf

]. In particular, we focus on the yields of multi-quark

hadrons in heavy ion collisions. To carry out the task,
we first use the statistical model ﬂﬂ], which is known
to describe the relative yields of normal hadrons very
well, to normalize the expected yields. We then use
the coalescence model, which has successfully explained
the enhanced production of baryons at midrapidity in
the intermediate transverse momentum region and the
quark number scaling of the elliptic flow of identified
hadrons [12, [13], to take into account the effects of the
inner structure of hadrons, such as angular momentum
and the multiplicity of quarks ﬂQ, ]

In the statistical model, the number of produced
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hadrons of a given type h is given by ﬂﬂ]
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with gp being the degeneracy of the hadron, and
Vi (Tw) the volume (temperature) of the source when
statistical production occurs. The fugacity is v, =
ypetnee(psBtrsS)/Tu where B and S are the baryon and
strangeness numbers of the hadron with corresponding
chemical potentials up and pg, and n.(nz) the number
of (anti-)charm quarks. For central Au+Au (Pb+Pb)
collisions at /syn = 200 GeV (5.5 TeV) at RHIC
(LHC), values for these parameters have been determined
in Refs. B, |E] for an expanding fire-cylinder model:
Vi = 1908 (5152) fm?, Ty = 175 MeV, ps = 10 (0) MeV,
and pp = 20 (0) MeV. We fix 7. = 6.40 (15.8) by requir-
ing the expected total charm quark number N, = 3 (20)
extracted from initial hard scattering at RHIC (LHC) to
be equal to the sum of the yields of D, D*, Dy and A,
estimated in the statistical model.

The coalescence model for particle production HE] has
been extensively used to study both light nucleus pro-
duction in nuclear reactions |17, @] and hadron produc-
tion from the quark-gluon plasma produced in relativistic
heavy ion collisions ﬂﬂ, @, @, @] We use the non-
relativistic approximation and consider only the central
rapidity region of unit rapidity as in Refs. B, @] The
number of hadrons of type h produced from the coales-
cence of n constituents using a Gaussian wave function
is then given by
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Here, g; is the degeneracy of the ith constituent and N;
its number, which is taken to be 245 (662) and 150 (405)
for N, = Ny and Ny, respectively, for RHIC (LHC) [§];
li is 0 (1) for a s(p)-wave constituent; and o; = 1/,/fw
with w being the oscillator frequency and p; the reduced

mass defined by p; ' = m| + (ZJ ym;)~t Eq. @)
shows that the addition of a s-wave or p-wave quark leads
to the coalescence factor

, 3/2
i%& ~0.13 (3)

or

1N;2 (40 2)3/22p;,To?
g V3 (1+2uTc?)?
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Hadrons with more constituents are hence generally sup-
pressed, and the p-wave coalescence is more suppressed
than the s-wave coalescence ﬂﬂ]

In applying the coalescence model to multi-quark
hadron production, we fix the oscillator frequencies by

requiring the coalescence model to reproduce the ref-
erence normal hadron yields in the statistical model.
This leads to w = 550 MeV for hadrons composed
of light quarks. For hadrons composed of light and
strange(charm) quarks, we fix ws (w.) to reproduce the
yields of A(1115) (A.(2286)) in the statistical model. For

the A.(2286) yield, we include the feed-down contribu—

tions according to Nita(gggéa)l = Ny=t A(o2s6) T N (2455) +

N“‘*(t%zo) + 0.67 x th“(t%,%) Fitting this yield to that
calculated in the coalescence model, we obtain w. = 385
MeV with charm quark mass m. = 1500 MeV. Similarly,
we get ws = 519 MeV from the A(1115) yield after in-

cluding the feed-down from the octet and decuplet states.

The yields for weakly bound hadronic molecules are
estimated using the coalescence of hadrons at the ki-
netic freezeout point (Tp = 125 MeV). If the radius for
hadronic molecules is known, w in the hadron coales-
cence can be fixed by w = 3/(2ugr(r?)) for the 2-body
s-wave states. If only the binding energy is given, we use
the relation B.E. ~ h?/(2ua2) and (r?) ~ a2 /2, with ag
being the s—wave scattering length, between the binding
energy and the rms radius to obtain w = 6 x B.E.. For ex-
ample, for f0(980), Wio(980) = 6 x B.Efo(ggo) = 67.8 MeV
Wlth B'Efo(980) = MKi + MKO,K() — Mfo(980) = 113
MeV. Table [l summarizes the parameters and possible
decay modes for a selection of multi-quark candidates.
We also include proposed states KKN[21], KNN[22],
DN and DNN [23).

The yields of states listed in Table [l are summarized
in Table [l For example, possible configurations of the
f0(980) could be a s5 or a @i and dd state in addition to
crypto-exotic configurations discussed before. For most
of the states considered here, the coalescence yield from
the compact multi-quark state is an order of magnitude
smaller than that from the usual quark configuration;
this is so because coalescence of additional quarks are
suppressed as seen from Egs. @) and ). Moreover, for
the same hadronic state, the coalescence yield from the
molecular configuration is similar to or larger than that
from the statistical model prediction in contrast to the
case in high energy pp collisions, where molecular config-
urations with small binding energy are hard to produce
at high pp ﬂﬂ] The similarity in the yields from the sta-
tistical model and the coalescence model prediction for
a molecular configuration, despite the difference in the
production temperatures T and T, can be attributed
to the larger size of the molecular configuration forming
at lower temperature but at a larger volume; hence the
ratio of volumes o} /V appearing in Eq. (@) is similar.
We note that results from the statistical model do not
change significantly if only one unit of rapidity in the
central rapidity region is considered as in the coalescence
model.

Our results also indicate that the yields of many multi-
quark hadrons are large enough to be measurable in



TABLE I: List of multi-quark states discussed in this paper. For hadron molecules, the oscillator frequency wuor. is fixed based
on the binding energy of hadrons (w ~ 6 x B.E., marked (B)) or the inter-hadron distances (w ~ 3/2u (r*), marked (R)). For
the last two states, we adopt the same wuio1. as for the corresponding two-body system (marked (T)).

Pariticle (M’ZV) 9 1 Jr | 24/3q/6q 4q/54/8q Mol. (ﬁ;%) iifiﬁ
D,(2317) | 2317 1 0 0+ s (L=1) qqcs DK 273(B) D7 (strong decay)
X(3872) | 3872 3 0 1+ - qqcc DD* 3.6(B) J/yrm (strong decay)
f0(980) 980 1 0 0+ q7 (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)
A(1405) | 1405 2 0 1/2—| qqs (L=1) qqqsq KN |20.5(R)—174(B) w3 (strong decay)
KKN 1920 4 1/2 1/2+ - qqqss (L=1)| KKN 42(R) K7n¥, mnN (strong decay)
DN 2790 2 0 1/2— - qqqqé DN 6.48(R) Ktn~r~ +p
KNN 2352 2 1/2 0— |qqqqqs (L =1)| qqqqqq sq KNN |20.5(T)-174(T) AN (strong decay)
DNN | 3734 2 1/2 0— - 499999 q¢ DNN 6.48(T) Ktn=4+d, Ktn n~ +p+p

TABLE II: Hadron yields at RHIC and LHC with oscillator frequencies w = 550MeV, ws = 519MeV and w. = 385MeV.

RHIC LHC
2q/3q/6q | 49/5q/8q Mol. Stat. 2q/3q/6q | 4q/5q/8q Mol. Stat.
Ds(2317)| 1.3 x 1072 2.1 x 1073 1.6 x 1072 [5.6 x 1072| 8.7 x 1072 |1.4 x 1072 0.10 0.35
X (3872) — 40%x107°|7.8 x107* (2.9 x 107* — 6.6 x 107 1.3 x 1072 4.7 x 1073
f0(980) |3.8, 0.73(s5)|  0.10 13 5.6 10, 2.0 (s3)|  0.28 36 15
a0(980) 11 0.31 40 17 31 0.83 1.1 x 10? 46
A(1405) 0.81 0.11 1.8-8.3 1.7 2.2 0.29 4.7-21 4.2
KKN — 0.019 1.7 0.28 — 5.2 x 1072 4.2 0.67
DN — 2.9x10734.6 x 1072 |1.0 x 102 — 2.0 x 1072 0.28 6.1 x 1072
KNN | 50x1072 |51 x 1074/0.011-0.24{1.6 x 1072| 1.3 x 1072 |1.4 x 1073|0.026 — 0.54|3.7 x 102
DNN — 29x107°/1.8x107%|7.9 x 1075 — 2.0x107* 9.8 x 1073 [42x 1074
experiments. In particular, the heavy exotic hadrons mostly above the normal band (R, > 2). Moreover, we

containing charm or strange quarks can be produced at
RHIC with appreciable abundance and even more so at
LHC. Moreover, since the newly proposed states with
charm quark are below the strong decay threshold, the
background of their weak hadronic decays could be sub-
stantially reduced through vertex reconstruction. There-
fore, relativistic heavy ion collisions provide good oppor-
tunity to search for multi-quark hadrons. In particular,
it may lead to the first observation of new multi-quark
hadrons.

In Fig. [l we show the ratio Ry of the yields calcu-
lated in the coalescence model Nﬁoal to those of the sta-
tistical model N;*** for the hadrons given in Table I.
The grey zone within the range of 0.2 < Rj < 2 de-
notes the range of the ratios for normal hadrons with
2q and 3¢; these are denoted by open triangles inside
the grey band. The ratios for the crypto-exotic hadrons
with usual 2¢/3¢ configurations also fall inside the grey
band. The circles indicate the ratios obtained by assum-
ing hadronic molecular configurations and are found to lie

find that these ratios depend on the size of the hadronic
molecule; loosely bound extended molecules with larger
size would be formed more abundantly. One typical ex-
ample is A(1405). Using the previous relation between
the binding energy and the oscillator frequency w, we
find a small size for A(1405) (w = 174 MeV) and a ratio
Ry = 1.1. On the other hand, a coupled channel anal-
ysis M] gives a larger (r?), leading thus to a larger
Ry, =4.9.

As shown by diamonds in Fig. [l the ratio of the coa-
lescence model prediction to that of the statistical model
is below the normal band (R;, < 0.2) when a hadron is
considered to have a compact multi-quark configuration.
In particular, for light quark configurations, these ratios
are an order of magnitude smaller than those of normal
hadrons or molecular configurations. This is consistent
with the naive expectation that the probability to com-
bine n-quarks into a compact region is suppressed as n
increases. The tetraquark state of f((980) and ag(980)
are typical examples. This suppression also applies to 5q
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FIG. 1: (Color online) Multi-quark hadron production at
RHIC in the coalescence model relative to the statistical
model. The patterns also holds for LHC as freezeout con-
ditions are similar to that of RHIC.

states in multi-quark hadrons (A(1405) and KK N) and
the 8¢ state in KNN.

We conclude from the above discussions that the yield
of a hadron in relativistic heavy ion collisions reflects
its structure and thus can be used as a new method to
discriminate the different pictures for the structures of
multi-quark hadrons. As a specific example, we consider
f0(980). So far STAR has a preliminary measurement
of fo(980)/7 and p°/7 from which we find fo(980)/p° ~
0.2 ég] Using the statistical model prediction for the
yield of p? = 42 leads to fo(980) ~ 8. Comparing this
number to the numbers predicted for f;(980) in Table II,
we find the data to be consistent with the KK picture.
Therefore, the STAR data can be taken as an evidence
that the f;(980) has substantial K K components, and
a pure tetraquark configuration can be ruled out for its
structure. However, there are still large error bars in the
STAR data. To put an end to this highly controversial
issue, further experimental effort to reduce the error bar
is therefore highly desirable. Similarly, efforts to measure
the yields of other hadrons and newly proposed exotic
states listed in Table I will provide new insights to a long
standing challenge in hadron physics.
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