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#2 : Why rare particles in HIC
7% : Multi-charmed hadrons
# . True muonium

4-: Hunting down Q... and (u;u_) in HIC

Pengfei Zhuang, ExHIC-d 2025, Jeju, 20251115-17



Rare Particle Enhancement in HIC

In comparison with pp collisions,

1) the off-diagonal interaction among heavy quarks from different binary
collisions leads to a strong enhancement of multi-charmed hadrons (J/y, Y,
B., Q.., cccc,...),

2) and the thermal production of dileptons in QGP results in a significant
enhancement of true muonium (u*u~) state!
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N-body Schroedinger + Coalescence
H.He, Y.Liu and PZ, PLB746, 59(2015)
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Lattice QCD potential: V5(|7;.T),  V5(|%;]) = pe ¥uls; . 5;

The coalescence probability (Wigner function):

W, p) = f By PV + 72V (7 - 7/2)
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The coalescence region is determined The heavy quark distribution is controlled by
by hydrodynamics a transport equation or simply an equilibrium

distribution
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Wave Functions
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0000 in Vacuum

J.Zhao, S.Shi and PZ, PRD102, 114001 (2020)
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Wigner Functions
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Off-diagonal interactions !

J.Zhao, S.Shi and PZ, PRD102, 114001 (2020)
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J.Zhao and PZ, Eur.Phys.J.A61, 41(2025)
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....as a Borromean Ring and an Efimov State

J.Zhao and PZ, PLB775,84(2017)

Question: Is it possible to realize Efimov state at quark level?

Answer:

In vacuum, no, because of the long range interaction.

At finite temperature, probably yes, due to the screened quark potential.
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(utu™) in Vacuum

mA pure QED system

mLifetime: 0O(1) ps, 6 decades smaller than the life time of u
mDecay channel: (utu™) » e*te™, 98%

mBinding energy: &,~ — 1.4/n* KeV

mMass: m,~2m, = 211 MeV

mMean radius: rn~(muen)1/2 =512 n fm
mFormation time: t,,~71,, = 1.72 x 10~ 4!s
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(u*u~) in QGP

mQGP temperature: Tygp~hundreds of MeV
mQGP lifetime: 7y;p~10 fm ~0(107%°) s K 1,
mQGP radius: ryp~10 fm < 7,

m The interaction between u* and u~ is Coulomb-like outside
the QGP and Yukawa-like with photon screening radius
rp~2.11/T Inside the QGP.

mQGP serves as a source of u* and u~,while not interfering
with the formation and decay of the bound state (u*u™).
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Parton Mass and Coupling in QGP

Extracted from Lattice QCD:

(T 1
m2(T) = J ( ) (N{_. - EN‘f) T2,

7 6
m2(T) = Ne =L 2y
)= TN, Y !

ms(T) = mg(T) + 0.045 GeV,

4872 N
T =T,
11IN.—2Ny) log A2( A —0.56 217 T '
gE(TJ — ( _f* P—’%[l (Tf_. ) }
g*(T") (T?) : T < T,

where T, = 158 MeV., T = 1.197T,. and A = 2.42.

The process (u*tu™) - qq is kinematically forbidden due to
the thermal quark mass.
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(ut ™) Production Process

mLO: qg -» (u*u™) is kinematically forbidden.
mNLO: qg » (u™u)g and qg —» (" pu7)q

Y.Chen and PZ, 1204.4389
Z.Liang, Q.Yang, H.Zhang, J.Zhao and PZ, 2505.10070

m Coulomb resummation
+ M/@v» +_ ..

mPhoton-(u*u™) vertex
a’ \/ mam,,
’FZ-H — “.
T n?
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Transport in QGP

m(utu)is not thermalized with the QGP.
mNeglecting the dissociation in QGP, the Boltzmann equation
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Yield

Z.liang, Q.Yang, H.Zhang, J.Zhao and PZ, 2505.10070

m(utu™) distribution
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In a billion central Pb+Pb collisions,
there are approximately 10* and 10°
(u™u~) at RHIC and LHC energy !
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Time Dependence

mLike e*e™ production which is usually used to measure the
medium temperature, (u™u™) is sensitive to the initial condition
of the QGP: it Is produced mainly in the initial stage.
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Conclusions

m Rare particle enhancement in HIC Is a unique signal of QGP
formation.

m HIC may offer the most promising opportunity for the first
observation of Q... and (u™u™).
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Difficulty for detecting Q... Cascade decay

Nonleptonic cascade decay mode
Qrt 5 QF . 4+ 7"
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Semi-leptonic decay mode

Qfr— Qo +3u + 3u,



Difficulty for detecting (u*u~): Background
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