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𝚯!(1530) production at RHIC

§ Include reactions 𝐾𝑁 ↔ Θ (~ 1 mb), 𝐾𝑁 ↔ 𝜋Θ (~ 0.3 mb), and 𝜋𝑁 ↔ &𝐾Θ
(1- 3 𝜇b) during hadronic evolution.

§ Final Θ yield is sensitive to its width and also its initial number produced 
from QGP by quark coalescence.

Chen, Greco, Ko, Lee & Liu, PLB 601, 34 (2004) 
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DsJ(2317) production at RHIC

§ Cross sections for strangeness-exchange reactions are for four-quark state and    
are larger by ~9 for two-quark state. 

§ Final yield is sensitive to the quark structure of DsJ(2317).

Chen, Liu, Nielsen & Ko, PRC 76, 064903 (2007) 
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Exotic mesons, baryons and dibaryons
Cho, Furumoto, Hyodo, Jido, Ko, Lee, Nielsen, Ohnishi, Sekihara, Yasui, and Yazaki [ExHIC Collaboration], PRL 106, 212001 
(2011); PRC 84, 064910 (2011); PPNP 95, 279 (2017)
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Ratio of exotic hadron yields from coalescence and 
statistical models 

Multiquark hadrons are suppressed while hadronic molecules are enhanced  in 
coalescence model, compared to the statistical model predictions.

SUNGTAE CHO et al. PHYSICAL REVIEW C 84, 064910 (2011)
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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.

more abundant production of !(1405). However, for the larger
ω value, which corresponds to the case that the pole position
of the S-matrix for the two-hadron interaction is around
1405 MeV, the !(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 indicated
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 [20,21].
For example, we have mentioned in Sec. IV A that as possible
configurations for f0(980), quark-antiquark pairs (∼ss̄, uū,
and dd̄), a tetraquark state, and a KK̄ hadronic molecule have
been proposed. To confirm its structure, we refer to preliminary
data from the STAR Collaboration for the production yield
ratios of f0(980), π , and ρ0 [133]. From these results we
find that the measured yield of f0(980) is close to 8, which
means that it is more probable for the f0(980) to be produced
as a hadronic molecule state than a tetraquark state (see
the order-of-magnitude difference between the yield in the
4q/5q/8q column and that in the Mol. column in Table V).
Therefore, we conclude that the STAR data seem to rule out
a dominant tetraquark configuration for the f0(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 TC and
TF . This can be attributed to the larger size of the molecular
configuration. Assuming other factors are similar, the s-wave
factors involved in the coalescence at TF are similar to those
at TC as long as the relevant molecular size is related to the
hadron size as σC = (VC/VF )1/3σF as can be inferred from
Eq. (25) after neglecting the temperature dependence in the
denominator. If we additionally assume that the volume scales
as V ∝ T −3, we find that the condition for the molecular
coalescence to be similar to two-quark coalescence is that
the molecular size scales as σF = σCTC/TF , which is more or
less satisfied by some exotic hadrons considered here, such as
the Ds(2317).

Our study also shows the interesting result that the ratio RCS
h

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 temperature and the common volume
ratio VC/VH . In the nonrelativistic approximation shown in
Eq. (3), it is possible to rewrite the statistical model yield in
the coalescencelike form,

N stat
h = ghVH (mhTH )3/2

(2π )3/2
eB/TH

∏

i

Ni,H (2π )3/2

giVH (miTH )3/2
, (31)

where we consider the hadron h to be composed of several
constituents, B =

∑
i mi − mh is the binding energy, and Ni,H

represents the yield of the ith constituent at the volume VH .
This relation holds because the fugacity of a particle is equal
to the product of the constituent fugacities, and the particle

064910-12
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Coalescence model for hadron production

with the constituent number Ni given by

Wigner functions of hadrons are approximated by 

For uniform source of size much larger than hadron size, i.e., 𝑅 ≫ 𝜎, only spatially
integrated Wigner function is needed, i.e., 
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𝑋 3872
𝜓 2𝑆

≈ 1

which is a factor of ten
larger than in p+p collisions
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Charm quark and meson spectra
S. Plumari et al., Eur. Phys. J. C 78, 348 (2018); ALICE Collaboration, 1509.06888

Can be well parametrized by At 𝑇! ≫ 𝑃"~ 5 GeV, it can be approximated by
<latexit sha1_base64="o5egPadGGBVYnDS77z0xi8ZWPXE="></latexit>
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Coalescence production of high momentum hadrons
<latexit sha1_base64="nRdDco7gc7PuIF5jr3qQtrAhjVU="></latexit>
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standing the observed NX/N (2S) ⇡ 1 at pT ⇡ 30 GeV is thus challenging and

interesting.
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X(3872) production in HIC
Cho & Lee, PRC 88, 054901 (2013) Abreu et al., PLB 761, 303 (2016) 

Hui Zhang et al, PRL 136, 
012301 (2021)

Wu, Du, Sibila & Rapp, EPJA 57, 
122 (2021) 

Au+Au @ 200 GeV

Au+Au @ 200 GeV, !𝑞𝑞 ̅𝑐𝑐

Tetraquark 

Pb+Pb@ 5 TeV

§ Cho & Lee use kinetic approach with initial  numbers 
from coalescence model and include 𝜋 𝜌 𝑋 ↔ 𝐷*𝐷,𝐷∗*𝐷,𝐷∗*𝐷∗
reactions. 

§ Abreu et al. include anomalous vertices in 𝜋𝑋 ↔
𝐷*𝐷,𝐷∗*𝐷,𝐷∗*𝐷∗, resulting in larger cross sections.

§ Wu et al. use thermal model for initial number and assume 
smaller cross sections for tetraquark scenario.  Molecular 
X(3872)  is produced from hadronic reactions. 

§ Zhang et al. use 𝐷*𝐷 coalescence for molecular scenario and 
diquark-diquark coalescence for tetraquark scenario based 
only on their spatial distributions from AMPT.
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IEBE-VISHNU hybrid model with AMPT initial conditions     PRC 98, 054905 (2018)

Elliptic flow of deuteron measured by ALICE  is also satisfactorily described.  

Coalescence production of light nuclei in HIC
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Deuteron production from an extended ART model 

§ Include deuteron production 
(n+p → d+π) and annihilation 
(d+π → n+p) as well as its 
elastic scattering      

§ Similar emission time 
distributions for protons 
and deuterons in 
coalescence model

§ Slightly different deuteron 
emission time distribution in 
transport and coalescence 
models  

13

Oh & Ko, PRC 76, 054910 (2007); Oh, Lin & Ko, PRC 80, 064902 (2009)
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Deuteron production in SMASH Oliinychekov, Pang, Elfner & Koch, 
PRC 99, 044907 (2019)  

§ Using a large 
𝜋𝑁𝑁 ↔ 𝜋𝑑 cross
section of about
100 mb.

§ Deuteron number
essentially remains 
unchanged during 
hadronic evolution  
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Light nuclei production from non-local many-body scattering
Sun, Wang, Ko, Ma & Shen, arXiv:2106.12742 [nucl-th]
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Hadronic rescatterings reduce the triton yields by about a factor of 2. 

Collision energy dependence of light nuclei production
Kaijia Sun et al., arXiv:2207.12532 [nucl-th]
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Binding energies of light nuclei in hot nuclear matter
Typel, Roepke, Klahn, Blaschke & Wolter, PRC 81, 015803 (2010)

§ Microscopic quantum
statistical approach 
with relativistic 
mean-field model.

§ Mott effect due to 
Pauli blocking can 
lead to bound light 
nuclei in denser nuclear 
matter as temperature 
increases.

§ Are light nuclei 
bounded in hot pion
gas?



Deuteron formation time in 𝑵𝑵 → 𝝅𝒅 and 𝛑𝑵𝑵 → 𝝅𝒅
§ Energy-time uncertainty: Danielewicz & Bertsch, NPA 531, 712 (1991)

1) NN at rest: 𝜏 ≈ ℏ
+,!

≈ -./012345
+×+.+01238 ≈ 50 fm/𝑐

2) In hot medium: 𝜏 ≈ ℏ
+ "#

$ 9,!
≈ 4.5 fm/𝑐 𝑇 ≈ 20MeV

≈ 0.5 fm/𝑐 (𝑇 ≈ 140MeV)

§ Time delay: Danielewicz & Pratt, PRC 53, 249 (1996) 

1) 𝜏 ≈ 100 fm/𝑐
(anonymous) , more
likely ∞ because of 
forming a bound state

2) 𝜏 ≈ #
$!

+ #
%"
≈ 3 &'

"
(K. J. Sun & R. Wang)

𝜏 ≈
𝑅
𝑣 +
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§ Time-dependent perturbation theory

Take the interaction volume
to have a radius of the 
inverse of pion mass

<latexit sha1_base64="pooVro8p4KdG4slorE1IIJHdy5E="></latexit>
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Summary

§ Relativistic heavy ion collisions provide a unique opportunity to study exotic 
hadrons because of the many produced heavy quark pairs.

§ The large  =((*+,-)
/(-0)~1 at 𝑃!~ 30 GeV measured by CMS can only be 

described by the  coalescence model for a ratio =1#
1$~ ⁄# *.3 .

§ Predictions for the 𝑋 3872 yield in relativistic HIC vary appreciably among 
models.  Measuring 𝑋 3872 at lower momentum is needed to constrain 
models and to understand the structure of 𝑋 3872 .

§ All kinetic descriptions of 𝑋 3872 evolution in the hadronic stage of HIC are at 
present schematic. 

§ Realistic transport approach to light nuclei production has recently been 
developed and successfully used to describe experimental data.

§ Besides detecting known exotic hadrons in HIC, discovering new exotic hadrons 
and developing realistic transport approaches to study their production opens a 
new page in the physics of heavy ion collisions.
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