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1. Introduction

4. Summary
2

heavy ion collisions   &  charmed hadrons

3. Production of charmed hadrons: D, X(3872), !",  ⁄$ %
D meson spectrum  (c − ()) 

⁄$ % spectrum          (c − ̅+)
!" production         (c − (,)

X(3872) as a tetraquark:    c + ̅+ + ) + () → /(3872) in QGP

as a meson molecule: c + () → 6, 68 + 96∗8 → /(3872) in hadronic gas

;"" as a meson molecule 686∗8, 686∗<, 6<6∗8

2.  Heavy quark polarization



v ∼ 0.9999&
RHIC energy:
~ 100 GeV

nucleus velo.

1. introduction

' + )* ↔ ⁄- . + /

Expansion of Quark-Gluon Plasma

Hot medium effects:  
screening  +   inelastic coll.
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(1) For D mesons,  produced at  ! = !#
(2) For ⁄% & or bottomonium, 

they can be produced inside QGP with T > T) due to larger binding energies

Tsinghua Group,  Chin.Phys.C 44 (2020) 8, 084101

4

BYC, Zhao, 
Phys.Lett.B 772 (2017) 819-824

1. introduction:Properties of  charmed mesons

(3) For *#

Liu, Carsten, etal, Phys.Rev.C 87 (2013) 1, 014910

(4) For X(3872)
tightly bound tetraquark/charmonium-like(2P) states ?     Molecular states?
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2. Heavy quark dynamical evolution
!#⃗
!$

= −'#⃗ + )⃗ + *+
' = ,/(201) ,34 = 205

34 260 = 5

34, ,: 
Spatial and Momentum Diffusion coefficients

He, Rapp, et al PRL 2012
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Langevin + Instantaneous coalescence model ( LICM ) 
08(98)

Charm
(Langevin equation)0 > 0;

<=< → ⁄@ AB

free streaming

C<
<DE → F

D meson diffusions
in hadronic medium

(Langevin) 

(ICM) 

(ICM) 

Molecule G(HIJK)

0LMNNONPQRS

(ICM) 
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<DT → U<V
<=<EDE → G(HIJK)

C<
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charm initial spectrum� FONLL model Charm initial positions:  
Proportional to the "3455('⃗()�
Corrected by shadowing effect (EPS09)

Nucleus-A Nucleus-B
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2. Heavy quark dynamical evolution

Ρ37 ̅3→: '⃗;, =⃗; = ?; @!'⃗A!'⃗B
!=⃗A
2C D

!=⃗B
2C D

!B"A
!'⃗A!=⃗A

!B"B
!'⃗B!=⃗B

E;
F '⃗G, H⃗G

×J D (=⃗; − =⃗A − =⃗B)J D ('⃗; −
K⃗L7K⃗M
B
)

(2) Charmonium coalescence at the hadronization temperature

Ø ?; = 1/12 Vector meson degeneracy factor from color and spin
Ø E;

F '⃗G, H⃗G :   Wigner function.   ('⃗G , H⃗G) in the center of mass frame of  P − ̅P



! ⁄# $
% '⃗(, *⃗( = 8exp[−

'(2

32
− 32*(2]

32 =
4
3
(89 + 82)2

89
2 + 82

2 < =2 >?

The width 3 in the Wigner function
is connected with the internal structure of the formed state 

Give consistent formation conditions on the 
relative distance and
relative momentum of two particles.< =2 > ⁄# $= 0.54 !8

Wigner function:  encodes the information of formed states
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3. charmed hadron production 

Hadron Spectrum in heavy-ion collisions
C2D$
CE?CF⃗G

= HC'⃗?
CFI
2K

< ΡMN ̅M→$ '⃗?, F⃗? >QRQSTU ×
(ΔDM ̅M

XX )2

ΔE?

ΔDM ̅M
XX = HC'⃗GYX('⃗G −

Z
2
)Y[('⃗G +

Z
2
)
C3\\M

̅M

CE
]^(Z, '⃗G)ΔEM ̅M

Shadowing factor



l Landau-Lifshitz-Gilbert (LLG)   equation

!"
!# = − &

' + )* ["×(. + .#/)] −
)&

' + )* "×["×(. + .#/)]

3. Heavy quark polarization in magnetic field
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Polarization of heavy quark is induced by: 
spin-magnetic field interaction 
+ particle-particle interaction

& = 2 3
256

)= 0.1

< .#/(#) > = 9
< .#/,; # .#/,< #= > = >)?

&* @;,<@(# − #=)

stochastic dynamics of a spin in the 
medium with magnetic field 

arXiv:1805.01776   (2018)

Electric charge

" = A/|A|
Unit vector

Damping factor
(to be determined later)

noise term
gyromagnetic ratio



3. Heavy quark polarization in magnetic field
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Compare with the reference (PRB 83, 134418, 2011)
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https://link.aps.org/doi/10.1103/PhysRevB.83.134418


3. Heavy quark polarization in magnetic field
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Ø Damping factor alpha do not affect the equilibrium value, only affect the rate.
Ø Higher temperature   à smaller polarization

Polarization rate:
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Zhiwei, Anping, Baoyi,   in progress
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3. Heavy quark polarization in magnetic field
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Mass dependence: B dependence:
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Ø Larger Quark mass      à smaller polarization
Ø Higher B field               à larger polarization

Zhiwei, Anping, Baoyi,   in progress

!" = !"$
%& ⁄( (" ) ,*+!,! (" = 0.6 fm/c , "$ = )-./

01)
PRB Volume 737, 7 October 
2014, Pages 262-266

https://www.sciencedirect.com/journal/physics-letters-b/vol/737/suppl/C


3. Heavy quark polarization in magnetic field
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Magnetic field induced polarization & 
thermal particle random collisions

In the changing systems:

0 2 4 6 8 10
0.00

0.05

0.10

0.15

0.20

Time (fm/c)

〈S
·H

〉/S
H

b = 4.2

b = 9.0

b = 10.2

Mass = 1.5GeV
T = 0.2GeV
α = 0.1
q = (2/3)e

eB =
eB0

1+ (t / tB)2 Preliminary

Heavy quarks may hadronized in this time 
scale (where LLG equation stops)

The polarization of HQ may be partially 
preserved in charmed hadron. 

Further improvement:
LLG + Spin-coalescence-model

!" =
$%&'
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l D meson coalescence

Ρ" #$→&' )⃗* = ,"→&' -
.)⃗/
21 2

.)⃗3
21 2

.4/

.)⃗/
.43
.)⃗3

5&6 7⃗8 ×: 2 ()⃗* − )⃗/ − )⃗3)

.34&
.>*.)⃗?

= -
.)@
21

< Ρ" #$→&' )⃗* >CDCEFG ×
Δ4" ̅"

JJ

Δ>*

Ø ,"→&' = 9.5% (20%) :  Charm turning into direct OP (O∗P) at Tc 
Ø

RST
RU⃗T

:  charm momentum distribution

Ø
RSV
RU⃗V

:  light quark momentum distribution: Fermi.
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BYC, Jiang,Liu,Liu, Zhao, Phys. Rev. C 105, 054901 (2022)

4. charmed hadron production:  D meson 
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4. charmed hadron production:   ⁄( )



Ø !"($%&') = 1/432 with  X(3872) spin J=1
Ø Root-mean-square radius of tetraquark:< 0' >"= 0.30 − 0.54 56'

Ø diquark (7q ) is formed firstly,  then two diquarks form a tetraquark state. 
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4. charmed hadron production:  X(3872)

Molecule state with potential model

tetraquark

molecule
Bands:
Volume dependence in freeze-out

<=>?@ = <A + <C + <D + <E
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4. charmed hadron production:  X(3872)

Molecule state with potential model

tetraquark

molecule

BYC, Jiang,Liu,Liu, Zhao,
Phys. Rev. C 105, 054901 (2022)

Pt-spectrum

Bands:
Volume dependence in freeze-out

$%&'( = $* + $, + $- + $.

Ø /0(2345) = 1/432 with  X(3872) spin J=1
Ø Root-mean-square radius of tetraquark:< =5 >0= 0.30 − 0.54 BC5

Ø diquark (Dq ) is formed firstly,  then two diquarks form a tetraquark state. 
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4. charmed hadron production:  X(3872)

Molecule state with potential model

tetraquark

molecule
Bands:
Volume dependence in hadronization

BYC, Jiang,Liu,Liu, Zhao,
Phys. Rev. C 105, 054901 (2022)

l Our tetraquark yield ~10'( is consistent with Cho. Prog.Part.Nucl.Phys. 95,279-322 (2017);    
when taking same coalescence temperature

l Relations between tetraquark and molecule production:     
ours  is consistent with rate equation model  Rapp  EPJA 57 , 122 (2021) ;

different from AMPT model: Zhang PRL 126, 012301 (2021) ;

à maybe due to its different formation conditions. 
5fm <  relative distance <  7fm
)*+ < -./01.22 < )*+∗

Ø 45((789) = 1/432 with  X(3872) spin J=1
Ø Root-mean-square radius of tetraquark:< @9 >5= 0.30 − 0.54 DE9

Ø diquark (Fq ) is formed firstly,  then two diquarks form a tetraquark state. 



Ø !"" includes!##$ , !##& , !##&& '( − '∗(, '(/& − '∗&/(, '& − '∗&
Ø Wigner function is determined by the < -. >0

4. Mesonic molecule production:  !""

l 1 → '(, '∗(
l Shadow factor =0.65
l Molecules are produced at 

T=0.12 GeV

l 3"" large: 3""(5 = $)~9: per rapidity at  5.02 TeV Pb-Pb,    (;< ̅<). &  ;< ̅<(;< ̅<-1)/2   

l 3"" small:    !"" is more suppressed than X(3872),  like at peripheral collisions. 

Three states are included in the results.

in preparation…
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Ø !"": $% − $∗%, $% − $∗(, $( − $∗%
Ø Wigner function is determined by the < *+ >-

4. Mesonic molecule production:  !""

Coalescence probability per one . and .∗ /0 2⃗3, 5⃗3 = 8exp[− 23
+

<+ − <
+53+]

<+ = 4
3
(AB + A+)+
AB
+ + A+

+ < *+ >E

2309.02987
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https://arxiv.org/abs/2309.02987


4. charmed hadron production:  !"

BYC, Wen, Liu, arXiv: 2111.08490

#$%%&'
dy = (151.9 − 79.3) 45

#$%%''
dy = 1.165 75
#$%%88
dy = 47.5 :5

1) Bc final production is evidently enhanced, 
due to a large number of c and b quarks in QGP. 

2) RAA>1 at central collisions: 
QGP signal

RAA<1 at peripheral collisions: 
absence of initial production

" + <= → !" + ?

Geometry size

20

!": spin 0
fig: !"(1s)+ !"(2s->1s) 



4. charmed hadron production:  !"

BYC, Wen, Liu, arXiv: 2111.08490

#$%%&'
dy = (151.9 − 79.3) 45

#$%%''
dy = 1.165 75
#$%%88
dy = 47.5 :5

1) Bc final production is evidently enhanced, 
due to a large number of c and b quarks in QGP. 

2) RAA>1 at central collisions: 
QGP signal

RAA<1 at peripheral collisions: 
absence of initial production

" + <= → !" + ?

Geometry size

Different thermalization 
of charm and bottom quarks on !" production, 

By  taking  spatial diffusion coefficient @A 2CD = 4 and 7
21
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l We study the heavy quark polarization in magnetic field. 

Ø X(3872) as a tightly bound tetraquark and a hadronic molecule, 
is formed via different processes. 
Their production depends on the wave function of X(3872).       
Therefore, heavy-ion collisions provide a new opportunity to 
study the nature of X(3872), and Tcc

Ø !" meson is firstly observed in AA collisions, 
evident enhancement of #$$:      a very clear signal of QGP

5. Summary
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l We study the heavy quark polarization in magnetic field. 

Ø X(3872) as a tightly bound tetraquark and a hadronic molecule, 
is formed via different processes. 
Their production depends on the wave function of X(3872).       
Therefore, heavy-ion collisions provide a new opportunity to 
study the nature of X(3872). 

Ø !" meson is firstly observed in AA collisions, 
evident enhancement of #$$:      a very clear signal of QGP

5. Summary

Thank you’very much for your 
attention!



Binding energy of X(3872)

Ø Molecule state based on potential model
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arXiv: 2107.00969



1. Properties of  charmed mesons

! !"# ⟶ ⁄& ' (#) = (2.37 − 4.54)%
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l Landau-Lifshitz-Gilbert (LLG)   equation

!"
!# = − &

' + )* ["×(. + .#/)] −
)&

' + )* "×["×(. + .#/)]

3. Heavy quark polarization in magnetic field

27

Polarization of heavy quark is induced by: 
spin-magnetic field interaction 
+ particle-particle interaction

& = 2
*3… .

)= 0.1
< .#/(#) > = 8

< .#/,: # .#/,; #< > = *&= >:,;>(# − #<)

stochastic dynamics of a spin in the 
medium with magnetic field 

PRB 83, 134418 (2011)

Electric charge

" = ?/|?|
Unit vector

Damping factor
(to be determined later)

noise term



l D meson coalescence

Ρ" #$→&' )⃗* = ,"→&' -
.)⃗/
21 2

.)⃗3
21 2

.4/

.)⃗/
.43
.)⃗3

5&6 7⃗8 ×: 2 ()⃗* − )⃗/ − )⃗3)

.34&
.>*.)⃗?

= -
.)@
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< Ρ" #$→&' )⃗* >CDCEFG ×
Δ4" ̅"

JJ

Δ>*

Ø ,"→&' = 9.5% :  Charm quarks turning into direct OP at the phase transition
Ø

QRS
QT⃗S

:  charm momentum distribution

Ø
QRU
QT⃗U

:  light quark momentum distribution.    See below.

Ø Assume all V → OP via the coalescence process,  neglect the fragmentation.
This simplification works well in low or moderate )? region.

Light quark momentum
(local rest frame) 5 ) =

4P

W
XY
UZTU/?

+ 1

In event-by-event Simulations:
Randomly generate a light quark 
at the hadronization of charm quark^_ = 0.3 bWc

After coalescence at Tc, 
D meson continues diffusion in hadronic medium via Langevin,  

(with OG 21d = 8)
Until kinetic freeze-out T=0.14 GeV
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