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D meson spectrum  (c − 𝑞)) 

𝑱 𝝍⁄ spectrum          (c − 𝑐̅)        flows 𝒗𝟏,𝟐,𝟑
𝑩𝒄 production         (c − 𝑏))

X(3872) as a tetraquark:    c + 𝑐̅ + 𝑞 + 𝑞) → 𝑋(3872) in QGP
as a meson molecule: c + 𝑞) → 𝐷, 𝐷< + 𝐷=∗< → 𝑋(3872) in hadronic gas
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heavy ion collisions   &  charmed hadrons



lDifferent from	pp	collisions,	AA	collisions	produce	an	extremely	hot	
de-confined	medium:	
significant		color	screening			+ parton inelastic	scatterings
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1. introduction

𝐽 𝜓⁄
𝑐𝑐̅

c + 𝑐̅ ↔ 𝐽 𝜓⁄ + 𝑔

@ C. Shen

Satz.	2005

Light	hadrons:	produced	at	the	boundaries	of	QGP	phase	transition	T=Tc	

Charmonium/bottomonium:		primordial	production	+	coalescence	inside	QGP	(T>Tc)
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(1) For	D	mesons,		 produced	at		𝑻 = 𝑻𝒄
(2)	For	𝐽 𝜓⁄ or	bottomonium,	

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

Tsinghua	Group,		Chin.Phys.C 44 (2020) 8, 084101
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BYC,	Zhao,	
Phys.Lett.B 772 (2017) 819-824

1. Properties of  charmed mesons

(3)	For	𝑩𝒄

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
𝑑𝑝
𝑑𝑡

= −𝜂𝑝 + 𝜉

𝜂 = 𝜅/(2𝑇𝐸) 𝜅𝐷R = 2𝑇S

𝐷R 2𝜋𝑇 = 5

𝐷R, 𝜅:	
Spatial	and	Momentum	Diffusion	coefficients

He,	Rapp,	et	al	PRL	2012
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D	meson	diffusions
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(ICM)	

(ICM)	

Molecule	𝑿(𝟑𝟖𝟕𝟐)
𝑇 _``a`bcde

(ICM)	
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𝒄𝒃= → 𝑩𝒄𝒈
𝒄𝒄)𝒒𝒒= → 𝑿(𝟑𝟖𝟕𝟐)

𝑻𝒄



randomly	generate	heavy	quarks	in	Pb-Pb collisions		

𝑑𝑁e`Re
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final pT-spectrum, Ds(2�T)=2
final pT-spectrum, Ds(2�T)=1

charm	initial	spectrum:	5.02	TeV pp	collisions	in	
central	rapidity	|y|<0.9	via	FONLL model	
Final	spectrum:	obtained	via	Langevin equations	
in	Pb-Pb collisions

Charm	initial	positions:		
produced	in	parton hard	scatterings,
Proportional	to	the	𝑁Wcnn(𝑥⃗j)

Nucleus-A Nucleus-B
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2. Heavy quark dynamical evolution
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coalescence	via	ICM	model

l Charmonium coalescence	at	the	hadronization temperature

ΡWpW→̅q 𝑥⃗r, 𝑝r = 𝑔r s𝑑𝑥⃗t𝑑𝑥⃗S
𝑑𝑝t
2𝜋 u

�

�

𝑑𝑝S
2𝜋 u

𝑑S𝑁t
𝑑𝑥⃗t𝑑𝑝t

𝑑S𝑁S
𝑑𝑥⃗S𝑑𝑝S

𝑓rx 𝑥⃗_, 𝑞⃗_

×𝛿 u (𝑝r − 𝑝t − 𝑝S)𝛿 u (𝑥⃗r −
{⃗|p{⃗}
S
)

Ø 𝑔r = 1/12 Vector	meson	degeneracy	factor	from	color	and	spin

Ø
�}�|
�{⃗|��⃗|

:		one	test	particle	distribution	(represent	charm);			 �
}�}

�{⃗}��⃗}
:	anti-charm

Ø 𝑐 + 𝑐̅ → 𝜓+g,		the	gluon	momentum	has	been	neglected	to	get	the	relation	
𝑝r = 𝑝t + 𝑝S

Ø 𝑓rx 𝑥⃗_, 𝑞⃗_ :			Wigner	function.			(𝑥⃗_, 𝑞⃗_)	in	the	center	of	mass	frame	of		𝑐 − 𝑐̅

Ø Wigner	function:			the	Weyl	transform	of	the	hadron	wave	function
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2. Heavy quark dynamical evolution
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𝑓� q⁄
x 𝑥⃗_, 𝑞⃗_ = 8exp[−

𝑥_S

𝜎S
− 𝜎S𝑞_S]

𝑥⃗_ = 𝑥⃗tG� − 𝑥⃗SG�

𝑞⃗_ =
𝐸tW�𝑝⃗tW� − 𝐸SW�𝑝⃗SW�

𝐸tW� + 𝐸tW�

𝜎S =
4
3
(𝑚t + 𝑚S)S

𝑚t
S + 𝑚S

S < 𝑟S >r

The width	𝜎 in	the	Wigner	function	determined	by	the	wave	function
Wave	function	plays	a	crucial	role.

Give	consistent	formation	conditions	on	the	
relative	distance	and
relative	momentum of	two	particles.< 𝑟S >� q⁄ = 0.54	𝑓𝑚S

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

Hadron	Spectrum in	heavy-ion	collisions
𝑑S𝑁q
𝑑𝑦r𝑑𝑝⃗j

= s𝑑𝑥⃗r
𝑑𝑝a
2𝜋

< ΡWpW→̅q 𝑥⃗r, 𝑝⃗r >`�`�eR

�

�

×
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𝑏
2
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𝑏
2
)
𝑑𝜎��WW̅

𝑑𝑦
	𝑅�(𝑏, 𝑥⃗j)Δ𝑦WW̅

�

�
Shadowing	factor.	It	reduce	around	30% of	charm	pairs	
at	5.02	TeV Pb-Pb collisions

5.02	TeV:		
������

��
= 1.165	𝑚𝑏



l D	meson coalescence

ΡW�)→�  𝑝r = 𝐻W→�  s
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= s
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2𝜋
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�

�

×
Δ𝑁WW̅ll

Δ𝑦r

Ø 𝐻W→�  = 9.5% (20%)	:		Charm turning	into	direct 𝐷< (𝐷∗<) at	Tc	
Ø

��|
��⃗|

:		charmmomentum	distribution

Ø
��}
��⃗}

:		light	quarkmomentum	distribution:	Fermi.
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Cent.0-10%
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Cent.60-80% l We	take	the	ratio	of	prompt	𝐷< over	charm:		

𝑵(𝑫𝟎) 𝑵𝒄𝒄) = 𝟑𝟗%⁄ 	
ALICE pp, arXiv:2105.06335

l Different	thermalization:		𝑫𝒔 𝟐𝝅𝑻 = 𝟓 (solid	line)		
and	𝑫𝒔 𝟐𝝅𝑻 = 𝟐 (dotted-dashed	line)		

BYC, Jiang,Liu,Liu, Zhao, PRC 105,	054901	(2022)

3. charmed hadron production:  D meson 
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Experimental	data:
inclusive	production	=				primordial	+					B-decay			+	 c − 𝑐̅ coalescence	

Theoretical	calculation: c − 𝑐̅ coalescence	

Dominate	𝐽 𝜓⁄ production	at	high	pT

Dominate	at	low	pT and	total	yield

Theoretical	bands:
With/without										

the	shadowing	effect.
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3. charmed hadron production:   𝑱 𝝍⁄
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Ø 𝑔ª(u«¬S) = 1/432 with		X(3872)	spin	J=1
Ø Root-mean-square	radius	of	tetraquark:< 𝑟S 	>ª= 0.30 − 0.54	𝑓𝑚S
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Ø Tetraquark	yield	is	around
40	times	smaller	than	𝐽 𝜓⁄

Ø Tetraquark yield	is	controlled	by	
both	spatial and	momentum	part	
of	the	Wigner	function
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3. charmed hadron production:  X(3872)

Molecule state with	potential	model

tetraquark

molecule

Bands:	Volume	dependence	in	freeze-out	temperature
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3. charmed hadron production:  X(3872)

Molecule state with	potential	model
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3. charmed hadron production:  X(3872)

Molecule state with	potential	model
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l Our	tetraquark yield	~10bu is	qualitatively	consistent	with Cho.	Prog.Part.Nucl.Phys.	

95,279-322	(2017);					our	molecule	production	is	a	few	times	smaller.

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)	;

àmaybe	due	to	its	different	formation conditions.	 5fm <  relative distance <  7fm
𝟐𝑴𝑫 < 𝒑𝒂𝒊𝒓	𝒎𝒂𝒔𝒔 < 𝟐𝑴𝑫∗



3. charmed hadron production:  X(3872)
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Ø In	pp	collisions:					𝑵𝒑𝒑
𝑿 𝟑𝟖𝟕𝟐 /𝑵𝒑𝒑

𝝍 𝟐𝒔 ≈ 𝟎. 𝟏

l Estimate	the		𝑹𝑨𝑨 of		𝑿 𝟑𝟖𝟕𝟐 at	low	𝒑𝑻

𝑵𝑨𝑨
𝑿 𝟑𝟖𝟕𝟐 /𝑵𝑨𝑨

𝝍 𝟐𝒔 ≈ 𝟎. 𝟑

With	tetraquark	scenario	
and	< 𝑟S 	>ª= 0.54 fm	

at	low	multiplicity	pp	8TeV	collisions,	
LHCb:		PRL	126,	092001	(2021)

𝑵𝒑𝒑
𝑿 𝟑𝟖𝟕𝟐 /𝑵𝒑𝒑

𝑱/𝝍 ≈ 𝟖×𝟏𝟎b𝟑

𝑹𝑨𝑨
𝑿 𝟑𝟖𝟕𝟐 /𝑹𝑨𝑨

𝑱/𝝍 ≈ 𝟐. 𝟖
in	central	Pb-Pb 5.02	TeV

Enhanced	compared	with	pp

l 𝑿 𝟑𝟖𝟕𝟐 at	high	𝒑𝑻

We	can	also	extend	above	calculation	to	
the	𝑻𝒄𝒄 production:				in	progress…



3. charmed hadron production:  𝑩𝒄

BYC,	Wen,	Liu,		PLB 834, (2022) 137448

𝑑𝜎��mW

dy = (151.9 − 79.3)	𝑛𝑏

𝑑𝜎��WW

dy = 1.165	𝑚𝑏

𝑑𝜎��ºº

dy = 47.5	𝜇𝑏

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

𝒄 + 𝒃= → 𝑩𝒄 + 𝒈

Geometry size
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fig:	𝑩𝒄(1s)+	𝑩𝒄(2s->1s)	States;	
all	spin	states	are	included	
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Event-by-event		c(b)	quark	
realistic	Brownian	motion	

+	coalescence



3. charmed hadron production:  𝑩𝒄

BYC,	Wen,	Liu,		PLB 834, (2022) 137448
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QGP	signal

RAA<1	at	peripheral	collisions:	
absence	of	initial	production
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Geometry size
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fig:	𝑩𝒄(1s)+	𝑩𝒄(2s->1s)	States;	
all	spin	states	are	included	

Different	thermalization	
of	charm	and	bottom	quarks	on	𝑩𝒄 production,	

By		taking		spatial	diffusion	coefficient	𝐷R 2𝜋𝑇 = 4 and	7



3. charmed hadron flows:  𝑱 𝝍⁄ 			𝒗𝟏				𝒗𝟐
Input:	
Different	initial	energy	density

𝒗𝟑

17

Due	to	the	fluctuation	of	nucleon	positions	in	event-
by-event	collisions,	
Triangularity	is	include	via	a	deformation	factor

Longitudinal	
rotated	medium

Transport	model	for	charmonium +	hydro	for	QGP

With	𝑥¼ = (𝑥j 1 + 𝜖u cos 3 𝜙 − Ψu
� , 𝜙, 𝜂)

The	reference	angle	
Ψu = 0 is	taken

Alver,et  PRC 82 (2010) 034913

Zhao,	BYC,	Zhuang,	PRC	2022

Rapidity-odd	distribution
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3. charmed hadron flows:  𝑱 𝝍⁄ 			𝒗𝟏				𝒗𝟐 𝒗𝟑

18

Boltzmann-type	transport	model	
from	Tsinghua	Group

Developed	by	:
Pengfei Zhuang,	Xianglei Zhu,
Li	Yan,	Kai	Zhou,	Yunpeng Liu,	
BYC, et	al	….

Color	screeing
+	gluon	dissociation

Charm	dynamical	evolution	
in	the	anisotropic	hot	medium
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3. charmed hadron flows:  𝑱 𝝍⁄ 			𝒗𝟏				𝒗𝟐

Directed	flow:	 PLB 802 (2020) 135271									Elliptic flow	and	triangular flow:	PRC 105 (2022) , 034902

l Longitudinal	tilted	distribution:																					medium	rotation
l Elliptic	shape	of	initial	energy	density:	 geometry	overlap	
l Triangular	shape	of	initial	energy	density:			event-by-event	fluctuations.

𝒗𝟑

19

Weak	cent.-dependence

𝒗𝟏	 𝒗𝟐 𝒗𝟑
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l We study	the	formation	of	charmed	hadrons	in	the	QGP.	

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

Ø 𝑩𝒄 meson	is	firstly	observed	in	AA	collisions,	evident	
enhancement	of	𝑹𝑨𝑨.	
Besides,	collective	flows	of	X(3872)	and	Bc are	also	expected.	

4. Summary
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Thank you’very much for your attention!


