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Outline

2. Stochastic Schrodinger equation : (hot medium effect)
stochastic potential    (open quantum system)

charm wave function evolution with SSE,  Diffusion coefficient  Ds
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transitions between 1S and 2S states

3. Schrodinger equation for charmonium:

1. Vector meson photoproduction from EM fields



Different 𝑃" physics

0.1𝒑𝑻 ∼ 𝟏 𝑹𝑨⁄

(1)Photoproduction
Low	𝑃"
semi-central	(peripheral)

(3)Correlated	𝐜𝒄,
𝑱 𝝍⁄ ,𝝍(𝟐𝑺)	 transition

(2)Charm	thermalize

(Cornell	potential)
𝐉 𝛙⁄ QGP	evolution time
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Photoproduction from	EM	fields



Equivalent Photon Approximation

charges	moves	at	nearly	speed	of	light		à produce	E-B	fields

Strong	Lorentz-contracted	Electromagnetic	field
approximated	as		longitudinally	moving	photons

Equivalent-Photon-Approximation
Fermi,	1924’

𝜸 + 𝑨 → 𝑱 𝝍⁄ + 𝑨

𝜸𝜸 → 𝐜𝒄,(𝒍�̅�)

Prog.Part.Nucl.Phys.	39,503-564,	1997
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eB ∼ 𝒎𝝅
𝟐 ∼ 𝟏𝟎𝟏𝟖𝑮

Ultra-peripheral	
collisions



J. Zhao, B. Chen,   Phys.Lett. B776 (2018) 17-21

𝒑𝑻 dependence
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Ø Compare	the	𝒑𝑻 dependence	of	
coherent	photoproduction and	hadroproduction

𝐝𝛔𝐩𝐩
𝐉 𝛙⁄

𝟐𝛑𝐩𝐓𝐝𝐩𝐓
=

𝟐(𝐧 − 𝟏)

𝟐𝛑 𝐧 − 𝟐 < 𝐩𝐓𝟐 >𝐩𝐩
𝐉 𝛙⁄ [𝟏 +

𝐩𝐓𝟐

𝐧 − 𝟐 < 𝐩𝐓𝟐 >𝐩𝐩
𝐉 𝛙⁄ ]O𝐧Normalized	

distribution

Ø 2.76	TeV forward	rapidity	2.5<y<4,	

< 𝐩𝐓𝟐 >𝐩𝐩
𝐉 𝛙⁄ = 𝟕. 𝟖（𝑮𝒆𝑽 𝒄⁄ )𝟐 𝒏 ∼ 𝟒. 𝟎

At	𝒑𝑻 → 𝟎,			
𝐝𝛔𝐩𝐩

𝐉 𝛙⁄

𝐝𝐩𝐓
∝ 𝒑𝑻

Hadronic cross	section	drops	to	zero	at	𝒑𝑻 → 𝟎

Baoyi Chen																								HENPIC																				2018.01.18



𝒑𝑻 dependence
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𝑵𝑨𝑨
𝑱 𝝍⁄ = 𝝈𝒑𝒑

𝑱 𝝍⁄ Y𝒅𝟐𝒙𝑻𝑻𝑨 𝒙𝑻 𝑻𝑩 𝒙𝑻 − 𝒃
�

�

b=10.2	fm Hadroproduction
𝟐. 𝟓 < 𝒚 < 𝟒

photoproduction

0 < p" < 0.04	
GeV/c

𝟎. 𝟒𝟕×𝟏𝟎O𝟓 5.54×10Ok

0 < p" < 0.1	 𝟐. 𝟒×𝟏𝟎O𝟓 𝟏𝟓. 𝟕×𝟏𝟎O𝟓

0 < p" < 0.5 𝟓𝟎×𝟏𝟎O𝟓 ~𝟏𝟔×𝟏𝟎O𝟓

0 < p" < 1 𝟏𝟕𝟗×𝟏𝟎O𝟓

0 < p" < 3 𝟕𝟕𝟐×𝟏𝟎O𝟓

From	impact	parameter	b~10	fm to	more	central	
collisions,			hadroproduction increase	significantly.

At 𝒃 ∼ 𝑹𝑨,	they	are	at	the	same	order	in	pT<0.1	GeV/c

Coherent	photoproduction:				Photons	interact	with	entire	nucleus,	
𝑝" ∼ 1 𝑅s⁄ ∼ 0.03	GeV/c Exp.	< 𝒑𝑻>= 𝟎. 𝟎𝟓𝟓	𝐆𝐞𝐕/𝐜

PRL	116,	222301	(2016)	



hadro- and	photo- production

Heavy	quarks	(quarkonium)	
+ light	partons (QGP)
Produced	in	the	overlap	area.

𝐛 < 𝟐𝑹𝑨

𝐛 < 𝟐𝑹𝑨	𝒐𝒓	𝒃 ≥ 𝟐𝑹𝑨

𝐠𝐠(𝐪𝒒~) → 𝑱 𝝍⁄ + 𝒈
→ 𝒄 + 𝒄,

Transport model (heavy	quarkonium)

Hydrodynamics	(light	partons)

Produced	in	the	entire	nucleus	
surface

𝝏𝒇𝝍
𝝏𝒕
+ 𝒑𝝍

𝑬
� 𝜵𝒙𝒇𝝍=	-𝜶𝝍𝒇𝝍 + 𝜷𝝍

𝝏𝝁𝑻𝝁𝝂 = 𝟎

𝑵𝝍
𝜸𝑨 ∝ Y𝒅𝒘

𝒅𝑵𝜸
𝒅𝒘

𝝈𝜸𝑨→𝑱 𝝍⁄ 𝑨

�

�

𝚪𝑸𝑮𝑷
𝒅𝒆𝒄𝒂𝒚

𝜸𝑨 → 𝑱 𝝍⁄ 𝑨

𝐑𝐀𝐀 =
𝐍𝛄𝐀 + 𝐍𝐡𝐚𝐝𝐫𝐨

𝐍𝐡𝐚𝐝𝐫𝐨 8

Shi, Zha, BC,  Phys.Lett. B777 (2018) 399-405
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𝑱 𝝍⁄ from	EM	field
Mainly		ingredients:	 𝑵𝝍

𝜸𝑨 ∝ Y𝒅𝒘
𝒅𝑵𝜸
𝒅𝒘

𝝈𝜸𝑨→𝑱 𝝍⁄ 𝑨

�

�

𝚪𝑸𝑮𝑷
𝒅𝒆𝒄𝒂𝒚

From	transport	model

Poynting vector

l Photon	density	
𝒅𝑵𝜸
𝒅𝒘
	 emitted	by	one	nucleus

Energy	flux	of	the	fields Energy	flux	of	equivalent	photons

Nuclear	charge	form	
factor	is	the	Fourier	
transform	of	Woods-Saxon	
distribution.
For	point	particle,	it’s	1

Photon	density

l Photon-nucleus	cross	section	𝝈𝜸𝑨→𝑱 𝝍⁄ 𝑨
Widely	studied	in	UPC	

S.R.Klein,	J.	Nystrand,	PRC,	1999
Physics	Roports,	G.Baur,	et	al,	2002
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Total	𝑱 𝝍⁄ from	EM	field		+	QGP

𝑹𝑨𝑨 decreases,	 then	increases	with	pT
photoproductionà rege.	à init.

RHIC

LHC
0.1

𝑹𝑨𝑨 =
𝑵𝜸𝑨 + 𝑵𝑨𝑨𝒊𝒏𝒊𝒕𝒊𝒂𝒍 + 𝑵𝑨𝑨

𝒓𝒆𝒈𝒆

𝑵𝒑𝒑∗𝒏𝒄𝒐𝒍𝒍
𝑱/𝝍

At	Np~	100,	 𝑇�
��� ∼ 2𝑇�
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Total	𝑱 𝝍⁄ from	EM	field		+	QGP

Ø Also	significant	enhancement	at	𝐍𝐩 ≈ 𝟏𝟎𝟎,	
where	𝑻𝟎

𝑸𝑮𝑷 = 𝟐𝑻𝒄,	similar	with	T	at	RHIC	200	GeV	Au-Au	(most	central)	

Ø When 𝑵𝒑𝒂𝒓𝒕 à 0 (𝐛 > 𝟐𝐑𝐀),			
hadroproductionà 0,				photoproductionà nonzero,				𝑹𝑨𝑨à infinity

Baoyi Chen																								HENPIC																				2018.01.18

𝑹𝑨𝑨 =
𝑵𝜸𝑨 + 𝑵𝑨𝑨𝒊𝒏𝒊𝒕𝒊𝒂𝒍 + 𝑵𝑨𝑨

𝒓𝒆𝒈𝒆

𝑵𝒑𝒑∗𝒏𝒄𝒐𝒍𝒍
𝑱/𝝍

Shi, Zha, BC,  Phys.Lett. B777 (2018) 399-405



Hadro- 𝐉/𝝍	

Photo- 𝐉/𝝍	

QGP

Photoproduced 2S/1S

Suppression:	QGP effect.

Enhancement:	
additional	photoproduction on	
both	1S	and	2S

12

Baoyi Chen																								HENPIC																				2018.01.18

Hadroproduction:	
in	the	overlap	area	of	two	nuclei
Photoproduction:
over	the	entire	nuclear	region

B.Chen,	P.	Zhuang,	et	al,			arXiv:1801.01677
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SSE	and Stochastic	potential



- Generalized	Langevin approach										J.	P.	Blaizot,	et	al
- pNRQCD X.	Yao,	B.	Muller
- Stochastic	Schrodinger	equation			(our	approach)

Quantum	approach	(open	quantum	system):
-Lindblad	equation

-Solid	theoretical	foundation	for	open	quantum	system,	
-Evolving	density	matrices,	computationally-intensive,	
approx.	needed

-Schrödinger-Langevin equation
-Originates	from	Heisenberg-Langevin	equation
-Nonlinear	in	|𝜙⟩

Thermal	medium	effect

14

[Lindblad	et	al,	1976,	…]

[Gossiaux et	al,	2016,	…]

Can	be	employed	in	
Spin	thermal	theory,
Bose-Einstein	conden.
Thermalization process, et	al.
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𝑖
𝑑
𝑑𝑡

Ψ = 𝐻|Ψ⟩

𝐻 = 𝐻� + 𝐻µ + 𝐻¶
𝐻�:	HQ,			𝐻¶:	medium,	
𝐻µ:	interactions	between	HQ	and	the	medium

Ignore	medium	part

Switch	to	interaction	picture	

𝑖
𝑑
𝑑𝑡
|𝜓⟩ = 𝑉µ¹|𝜓⟩

𝑖 º
º»
𝜓 𝑝, 𝑡 𝑒

½¾
¿À	 = ΣÂÃ(𝐻µ + 𝐻�)𝜓 𝑝′, 𝑡 𝑒

½¾‘
¿À 	

Framework of SSE

HQ:	sub-system
QGP:	thermal	bath(environment)

𝐸»Ç»:	entire	system	(constant)
𝐸Â = 𝑝È + 𝑚È� :	heavy	quark	energy

|𝑀 >= ∑ ÌÍ½Î À⁄

ÏÎ

�
|𝑛 >Ñ

𝑍¶: partition	function	of	thermal	bath

𝑉µ¹ = 𝐻µ𝑒
Ô¾‘OÔ¾
È" 	𝑒Õ Ô¾OÔ¾‘ »

Ψ ≈ 𝜓 ⨂ 𝑀 ≈ 𝑒O
Ô×Ø×OÔ¾
È" 	 𝜓

Wavefunction :	heavy	quark	+	medium



• We	model	the	medium	with	gluon	field:
𝐻µ = ∫𝑑Ú�

� 𝑥𝑔𝜓,𝛾Þ𝜓𝐴Þ
• Take	non-relativistic	approximation	and	keep	only	zeroth	component:

𝐻µ = ∫𝑑Ú�
� 𝑥𝑔𝜓,𝛾�𝜓𝐴�

• 𝐴� in	momentum	space

• Based	on	Boltzmann	distribution:	 𝑎 𝑝á
È = 	𝜌(𝑝á) = 𝑑á𝑉𝑒OãÔä,		we	

conjecture	

𝑎 �⃗� =
ºäæ

ÌÍç½ä
�

𝑒OÕè¾éê 𝑒OÕè¾ë
ê
𝑒OÕè¾ìê

where	𝜃ÂÂî ≡ 𝜃Â − 𝜃Âî is	a	random	phase	with	𝜃ÂÂî = − 𝜃ÂîÂ (Hermiticity)
as		𝑎 −�⃗� 	=𝑎∗ �⃗� , 											 𝜃OÂ¹ = −𝜃Â¹

16

𝐴�(�⃗�)=∫
ºðÂä
(Èñ)ð
�
�

È
Ô¾ä

� 𝑎 �⃗� 𝑒OÕÂ⃗�ò⃗

Heavy quark-Medium interaction
Like	QED

Numerical	results	show	that 𝑨𝟎(x)𝟐s’	mean	value	are	intensive,	not	extensive



< 𝑐 Ηµ 𝑐î >=
2

𝐸ÂöÃOÂö

�
𝑎(𝑝÷Ã − 𝑝÷)
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𝑖
𝑑
𝑑𝑡
𝜓 𝑝, 𝑡 = ΣÂÃ

𝑑á𝑉
𝑒ãÔä

�
𝑒Õ Ô¾OÔ¾Ã »/È𝑒Õè¾¾Ã𝑒ã(Ô¾ÃOÔ¾)/È𝜓 𝑝′, 𝑡

Square	root	of	
distribution	of	
gluon	field

“damping”	factor:	from	ensemble	average;	
weighting	transition	matrix	elements	with	
number	of	microscopic	states	of	the	medium

𝐸ÂÃ − 𝐸Â lead	to	non-Hermitian Hamiltonian

𝜃ÂÂî is	time-dependent,	updating	period	is	a	parameter,	currently	is	taken	at	1/𝑇.	

Stochastic Schrodinger Equation (SSE)
𝑖
𝑑
𝑑𝑡
|𝜓⟩ = 𝑉µ¹|𝜓⟩

SSE	in	momentum	space	and	interaction	picture	

𝐸á~|𝐸Â − 𝐸ÂÃ|

𝑐, 𝑐î: 	𝑝, 𝑝î



Wave function in momentum space
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𝜏� = 0.03	fm/𝑐, 𝑝� = 0.3	GeV, L = 64fm/c

narrow	->	equili.
broad	->	equili.

Like	’jet’
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Wave function in spatial space



Wave function in momentum space
𝜏� = 0.03	fm/𝑐, 𝑝� = 0.3	GeV, L = 64fm/c
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compare
Our SSE

𝑖
𝑑
𝑑𝑡
|𝜓⟩ = 𝑉µý»Ç�þÿý»Õ�|𝜓⟩

Other SSE
J.Phys.Condens.Matter,	24(2012)	273201

𝑖
𝑑
𝑑𝑡
|𝜓⟩ = (𝐻� + 𝜆𝐻µ)|𝜓⟩

(1)	Equation	(interaction	picture)	

(2)	ingredients
Taylor	expansion	of	𝜆

External	field	𝑨𝟎 for	QGP
(with	random	phase	𝑒Õè)	

damping	factor	𝑒OÔ¾/"
(from	the	information	of	environment)	

Detailed	balance

environment	wave	function
(with	random	phase	𝑒Õè)	

lim
»→#

𝑑𝜌�
Ì$ 𝑡
𝑑𝑡

= 0

sub-system	equilibrium	condition:

Detailed	balance
With	a	term	𝑒O%/"

(3)	properties	of	random	phase	term
Introduce	𝝉𝒄,	 𝒑𝒄 for	its	correlation	in	
momentum	and	time.

Random	phase	term	satisfies	a	
correlation	function	(not	delta-function)



Properties of noise & Ds
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T=	0.1	GeVBased	on	classical	Langevin equation:
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Preliminary:	𝟐 < 𝑫𝑺 𝟐𝝅𝑻 < 𝟑
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Wavefunction evol.

Diffusion	in	coordinate	
space

Diffusion	in	momentum	
space
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Charmonium (two-body)
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Charmonium with	color	screened	potential	in	QGP,
treated	as	an	isolated	system	temporarily.	
Lack	of	stochastic	potential	(particle	scattering).	
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What is Experimentally Measured   𝐉/𝛙 and 𝝍(𝟐𝑺) ? 

color	screened	potential
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𝑖
𝑑
𝑑𝑡

𝜓 = (𝐻'ÕÑÌ»Õ� + 𝑉ý�¹ÌÌÑÌº)|𝜓⟩

Baoyi,	Xiaojian,	Carsten,	Ralf,		in	preparation (Cornell	potential)
𝐉 𝛙⁄

QGP	evolution time

Wave-function	evolve
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Transport	model	
With	dissociations,	No	transitions.

𝑐𝑐̅ evolutions	in	Bjorken hydro,	
With	only	transition	mechanism.

Transitions between charmonia

Chen,	Zhuang,	 PLB	765	(2017)	323-327

V.S.
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(b)collN

p-Pb   V= F

c(b=0)= 1.5TQGP
0T

= 0.2 TeV, |y|<0.35NNsd-Au 

<3.53
cms

= 5.02 TeV, 2.03<yNNsp-Pb 

<-2.96
cms

= 5.02 TeV, -4.46<yNNsp-Pb 

P-Pb system:	
More	suitable	to	study	the	internal	evolutions	of	ccbar system.
Such	as	1S-2S	transition	mechanism

Baoyi,	Xiaojian,	Carsten,	Ralf,		in	preparation

Its	suppression	is	mainly	due	to	the	internal	evolution	of	wavefunction,	
Particle	inelastic	dissociation	is	now	absent.

Transitions between charmonia
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If without Transitions
Transport,	Ralf,	et	al,	2018

Only	anti-shadowing

anti-shadowing	+	QGP

Only	anti-shadowing

anti-shadowing	+	QGP

Always	R_(pA)	<	1	
from	
Tsinghua	transport
TAMU	transport	
Comover model.

Comover model,	Ferreiro,	2015

(60%,	30%,10%	)	of	total	J/psi	from					direct	J/psi,			decay	of		(1P,	2S)
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Summary
l Photoproduction from	EM	fields
charmonium photo-production from	strong			electromagnetic	fields	
and	hadro-production

l Stochastic-Schrodinger-Equation	(SSE)
We	construct	the	Stochastic	Schrodinger	Equation	
(SSE)	and	stochastic	potential	to	study	the	wave	function	evolutions	
of	heavy	quark.

SSE	can	provide	a	way	to	include	both	particle	collision	process	
and	color	screening	in	Schrodinger	equation	for	charm	and		𝜓.	

l Charmonium transition	within	Schrodinger
Charmonium (1S,	2S)	transitions	based	on	Schrodinger	equation	are	
also	studied	in	small	systems	(p-Pb)
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More slides



l Significant	enhancement	of	𝑱 𝝍⁄ yield	in	low	𝒑𝑻 < 𝟎. 𝟏 GeV/c,
and	peripheral and	semi-central	collisions

30

Photoproduction contribution	

LHC RHIC

l At	Np=100,	 𝑻𝟎
𝑸𝑮𝑷 = 𝟐𝑻1

QGP	effect	important	!
Photoproduction important	!

𝒑2 < 𝟎.𝟑Enhanced	by	
EB	fields



𝑱 𝝍⁄ from	electromagnetic	field

l Our	formula	for	𝑱 𝝍⁄ photo-production	with	QGP	effect

QGPshadowing

Hadro- 𝐉/𝝍	

Photo- 𝐉/𝝍	

QGP



𝐴�(�⃗�) field is intensive

32Numerical	results	show	that 𝑨𝟎(x)𝟐s’	mean	value	are	intensive,	not	extensive

L fm L fm L fm

D𝑝 =
2𝜋
𝐿

Fittings
11.87	𝑇7
10.78	𝑇7
10.58	𝑇7

2000	averages	of	 𝛻𝐴�(x) ÈGeV7

𝑑á = 16

(	Choose	the	point	𝑥 = 0 )

E 𝛻𝐴�(x) È is	independent	of	x

𝐴�(�⃗�)=∑ 2 Èºä
|Â⃗|:

� exp − Â⃗
È"

cos(𝑝ò𝑥 − 𝜃Âé)
�
Â=�	

U	=∫𝑑Ú𝑥�
�

÷
È
(𝛻𝐴�(x))È	= ∫ ºðÂ

(Èñ)ð
�
� 𝐸Â 𝑎È(�⃗�) =

Úºäæ"?

ñ¿

Field	energy Gluon	gas	energy
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Compare with master equation

Thermalization process	from	SSE	and	master	equation	of	density	matrix	
are	diefferent.

J.Phys.Condens.Matter,	24(2012)	273201



Classical Theoretical Models 
Boltzmann	transport	models

𝐜 + 𝒄, ↔ 𝑱 𝝍⁄ + 𝒈

Primordial	production

Recombination	of		𝐜𝒄, during	QGP	expansion

Transport	two-component	model
Tsinghua	Group:	

Chen,	Zhuang,	Phys.Lett.	B726	(2013)	725-728
Chen,	Zhuang,	Phys.Lett.	B765	(2017)	323-327

TAMU	group:	
Xingbo,	Ralf,	Nucl.Phys.	A859	(2011)	114-125

Che-ming	Ko,	Ralf	Rapp,	R.	L.	Thews,	P.	Braun-Munzinger
Jiaxing	Zhao,	Baoyi	Chen

Ø Large	uncertainties	of		(𝑵𝒄𝒄,)
theoretical	calculations	and	experimental		
data	

arXiv: 1710.05678

dominates	in	AA
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𝑵𝑱 𝝍⁄ ∝ 𝑵𝑵𝒄𝒄,
𝟐


