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PRL 49, 989 (1982)

First experiment on strangeness production in HIC

a) Randrup & Ko, NPA 343, 519     
(1980); 411, 537  (1983); 
Randrup, PLB 99, 9 (1981)

b) Ko, PRC  23, 2760 (1981)
c) Asai, Sato & Sano, PLB 98, 

19 (1981)
d) Asai, NPA 365, 519 (1981)

Importance of multiple
scattering, strangeness
conservation (canonical 
suppression), and final-state
intersactions.T* = K+ kinetic energy in NN center of mass
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Subthreshold kaon production in high-energy HIC
Aichelin & Ko, PRL 55, 2661 (1985) Fuchs, PRL 86, 1974 (2001)

Kaon production at subthreshold energy in HI collisions in BUU models 
is sensitive to nuclear EOS, and data are consistent with a soft one.

Nb+Nb @ 700 AMeV



Near-threshold pion production

π- yield in IBUU is sensitive to the symmetry energy Esym(ρ) since they are mostly 
produced in the neutron-rich region, with softer one giving more π- than stiffer one. 
Difference between ⁄!!

!" from super soft (x = 1) and super stiff (x = -1) Esym(ρ) is, 
however, only about 30%, which makes it very challenging to determine Esym(ρ) 
from data using transport models.

stiff soft

B. A. Li, PRL 88, 192701 (2002) 
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Pion production in 132𝐒𝐧 + 𝟏𝟐𝟒𝐒𝐧 and 𝟏𝟏𝟐𝐒𝐧 + 𝟏𝟎𝟖𝐒𝐧 at 
270A MeV and b = 3 fm

Although no transport models can perfectly describe the data yet, the symmetry 
energy effect in some models is larger than the experimental errors. 

G. Jhang et al. [SπRIT & TMEP], PLB 813, 136016 (2021); H. Wolter et al. [TMEP], PPNP 125, 
103962 (2022)
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Correlation contours between L and 
⁄∆𝑚"#

∗ 𝛿 extracted from the single spectral
ratio of the neutron rich 132Sn+124Sn and 
near symmetric 108Sn+112Sn reactions using 
dcQMD (Dan Cozma). The green shaded region 
lies withing 68% confidence level for data 
with pT > 200 MeV/c.  The dotted blue lines 
denote contours corresponding to the 95% 
confidence level.

→ 𝑆0 = 38.3 ± 4.7 MeV, 𝐿 = 106 ± 37 MeV.

et al. [S𝜋RIT]

§ Consistent with S0= (38.29 ±4.66) MeV and L= (109.56 ± 36.41) MeV extracted from the 
PREX-II experiment on neutron skin thickness of Pb, Rskin =Rn −Rp =(0.29±0.07) fm, using the 
relativistic mean-field model [Reed, Fattoyev, Horowitz & Piekarewicz, PRL 126, 172503 
(2021). 

§ Inconsistent with S0 = 34.3 ± 3 MeV and L = 58± 19 MeV based on constraints from 
neutron star properties (mass, radius, and tidal deformability) and chiral effective theory   
[Essick, Tews, Landry & Schwenk, PRL 127, 192701 (2021); Yuenhwan Lim & Jeremy Holt, 
PRL 121, 062701 (2018)].   
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Godbey, Zhang, Ko & Holt, PLB 829, 137134 (2022)

RVUU with in-medium 𝑵𝑵 ↔ 𝑵𝚫 cross sections

Larionov & Mosel, NPA 728, 
135 (2003); Li & Li, PLB 773, 
557 (2017); Cui et al., IJMP 
E30, 2150069 (2021)

[EPJA 56, 256 (2020)]
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Deep subthreshold production of Cascade (Ξ)

§ Using RVUU with cross sections 
calculated from meson-exchange model
[Li & Ko, NPA 712, 110 (2002)] 

σ(Κbar Λ→πΞ) ~  5-10 mb
σ(Κbar Σ→πΞ) ~  5-10 mb
σ(ΛΛ→NΞ) ~  40 mb
σ(ΛΣ→NΞ) ~ 40-60 mb
σ(ΣΣ→NΞ) ~ 15-30 mb
σ(KN→Kbar Ξ) ~ 0.2 mb

→ Ξ-/(Λ+Σ0) ~ 3.4x10-3

compared with HADES data of 5.6x10-3
[Agakishiev et al., PRL 103, 132301 (2009)]

§ Similar conclusions from UrQMD
[Graef, Steiheimer, Li & Bleicher, PRC 90,
064909 (2014)]

Li, Chen, Ko & Lee, PRC 85, 064902 (2012)



Role of heavy baryonic resonances 
J. Steiheimer and M. Bleicher, J. Phys. G43, 015104 (2016)

Good agreement with data after including in UrQMD decays of 
N*(1990), N*(2080), N*(2190), N*(2220), and N*(2250) to ΞKK 
with a branching ratio of 10% and to Nφ with a BR of 0.2%. 9
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Oh et al., PRC  79, 044905 (2009)

Au+Au @ 200 GeV
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He & Rapp, PRL 124,
042301 (2020)Plumari et al., EPJC 78, 348 (2018) Cao et al., PLB 807, 135561 (2020); 

Cho et al.,  PRC 101, 024909 (2020)

Coalescence model
with contribution 
from known 
resonances and 
including the flow 
effect.

Energy conserving 
coalescence model 
with contributions 
from known and also 
missing resonances. 

Coalescence model with 
contribution of known  
resonances and renormalized
coalescence probability of unity
for zero momentum charm 
quarks.

𝚲𝒄 𝐭𝐨 𝐃𝟎 𝐫𝐚𝐭𝐢𝐨 𝐢𝐧 𝐞𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐬 𝐚𝐧𝐝𝐦𝐨𝐝𝐞𝐥𝐬

No evidence for diquarks in QGP!



Λ polarization in relativistic heavy ion collisions
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§ First suggested by Z. T. Liang & X. N. Wang, PRL 94, 102301 (2005) 

Abelev (STAR), PRC 76, 024915 (2007) Adam (STAR), PRC 98, 14910 (2018)

Filled circles: 200 GeV
Open squares: 62.4 GeV

§ Studies based on fluid dynamics 
[Cernai, Becatiini, Karpenko, Voloshin] 
and transport models [Wang et al.] assuming
Λ in thermal equilibrium in the rotating fireball at chemical freeze 
out of HIC both predict Λ polarizations comparable to the STAR data.
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Evolution of 𝜦 global polarization during hadronic expansion 
Yifeng Sun, Zhen Zhang, Wenbin Zhao & Ko, PRC 105, 034911 (2022) 

MUSIC+UrQMD: Lambda global polarization due to thermal vorticity 
decreases with decreasing spin decoupling temperature, and that due 
to thermal shear is less important. 
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Spin polarization vector of a fermion
• Shuai Liu & Yi Yin,  JHEP 07, 188 (2021)
• F. Becattini, M. Buzzegoli & A. Palermo, PLB  820, 136519 (2021)
• Cong Yi, Shi Pu & Di-Lun Yang, PRC 104, 064901 (2021) 
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where p is the 4-momentum of the fermion, nF is the Fermi-Dirac 
distribution function, n is a unit four vector that specifies the frame 
of reference, and

where 𝛽 = ⁄2 3 with u being the flow field.
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Effects of thermal shear on local spin polarizations
Baochi Fu,  Shuai Y. F. Liu,  Longgang Pang, Huichao Song , and Yi Yin, PRL 127, 142301 (2021) 

§ 3+1 MUSIC: including the thermal shear contribution, s quarks show similar local 
spin polarization as in experiments for Λ, but not Λs.

§ Will Λ have same local spin polarization as s quark if it is produced from quark 
coalescence? 
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F. Becattini , M. Buzzegoli , and A. Palermo, G. Inghirami, and  I. Karpenko, PRL 127, 
272302 (2021) 

3+1 viscos hydro (eHLLE & EVHO-QGP): Data is consistent with 
“isothermal local equilibrium” (𝜕𝛽 → 4

3!"#
𝜕𝑢) of Λ spin polarization 

in thermal vorticity and shear fields at temperature of 150 MeV . 

Local polarization and isothermal local equilibrium in HIC



Kinetic approach to Lambda polariztion in heavy ion collisions

ẋ =
1 + �!

p

1 + 3�!
p · p̂

ṗ = 0

! =
1

2
r⇥ v

� : helicity = ±1

v : velocity field

§ Quarks follow chiral vortical
equations of motion

Yifeng Sun and CMK, PRC 96, 
024906 (2017)

§ Quarks and antiquarks of opposite helicities undergo helicity flip scattering.
§ Polarized Lambda formed from polarized quarks via coalescence.
§ Lambda polarization decreases with energy due to decreasing vorticity.
§ Similar to results based on statistical model based on vorticity from hydro or 

transport model at 𝑇0 .
§ Seemingly larger Lambda than anti-Lambda polarizations in data is not understood. 17
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§ Azimuthal angle dependence of longitudinal spin polarization

§ Similar to that from preliminary STAR data [Niida, NPA (2018)].
§ Opposite sign from those based on thermal-vorticity [Becattini & 

Karpenko, PRL 120, 012302 (2018); Xia et al., PRC 98, 024905 (2018)]. 
§ Similar results are obtained from a covariant angular-momentum 

conserved transport approach via side jumps in quark-quark scatterings 
to take into account the spin-orbit interactions (Shuai Liu, Yiefeng Sun & 
CMK, PRL 125, 062301 (2020).

Yifeng Sun &CMK, PRC 99, 011903 (R) (2019)
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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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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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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 on 
those from AMPT. 

§
" #$%&
' &(

≈ 1 in CMS data from Pb+Pb @ 5.02 TeV favors X(3872) 

to be a large hadronic molecule.



Summary

§ Charged pion ratio measured by S𝜋RIT Collaboration → 𝑆0 = 38.3 ± 4.7 MeV,
𝐿 = 106 ± 37 MeV, consistent with PREX-II but not chiral EFT + neutron stars. 

§ Reduced in-medium 𝑁𝑁 ↔ 𝑁Δ cross sections are needed to describe HADES 
pion data.

§ Heavy baryonic resonances are needed for deep subthreshold Ξ production in 
HADES experiments.

§ Enhanced  ?1*
2& at RHIC and LHC can be explained by heavy baryon resonances 

or flow effect or charm conservation → no evidence for diquarks in QGP.

§ Λ polarization freezes out early from the hadronic matter; thermal shear is 
important for Λ local polarization, which is automatically included in chiral 
kinetic approach. 

§ CMS data favors X(3872) to be a large hadronic molecule. 
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→ Studying hadron production in HIC allows to learn the nuclear equation of state, 
in-medium properties of hadrons and their interactions, decay modes of  heavy 
baryonic resonances, spin transport in QGP, structures of exotic hadrons,  and etc.


