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Mo#va#on	

AMPT2017 

Light	nuclei	produc#on	has	been	studied	at	RHIC	and	LHC,	

² Search	for	nuclei	that	do	not	exist	in	nature	in	order	to	
study	if	nuclei	and	an#nuclei	have	same	proper#es	and	to	
discover	the	stability	of	hypernuclei	and	its	an#nuclei,	such	
as						,	which	was	discovered	by	STAR	Collabora#on.		

² Use	light	nuclei	to	study	the	space-#me	structure	of	the	
emission	source	in	heavy-ion	collisions,	complemen#ng	the	
method	using	the	(HBT)	interferometry	of	par#cles	emiIed	
at	freeze-out.	

		Λ
3H
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Mo#va#on	

Produc#on	of	light	nuclei	is	typically	discussed	within	two	
approaches:	
① Thermal-sta#s#cal	model	
② Coalescence	model	

Light	nuclei	produc#on	has	been	studied	at	RHIC	and	LHC,	

² Search	for	nuclei	that	do	not	exist	in	nature	in	order	to	
study	if	nuclei	and	an#nuclei	have	same	proper#es	and	to	
discover	the	stability	of	hypernuclei	and	its	an#nuclei,	such	
as						,	which	was	discovered	by	STAR	Collabora#on.		

² Use	light	nuclei	to	study	the	space-#me	structure	of	the	
emission	source	in	heavy-ion	collisions,	complemen#ng	the	
method	using	the	(HBT)	interferometry	of	par#cles	emiIed	
at	freeze-out.	

4 AMPT2017 

		Λ
3H



Deuteron	pT	spectrum	and	ellip#c	flow@RHIC	

Oh,	Lin	&	Ko	et	al,	PRC80,	(2009)	

BW+ART 

AMPT+coalecence 

²  	Similar	pT	spectra	are	obtained	from	transport	and	coalescence	
models	

²  Transport	model	can	descirbe	the	experimental	ellip#c	flow	well	
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Experimental	results	at	LHC	

10-20% 30-40% 

R. Lea, NPA956, 264(2016) 

simple coalescence 
model  

We	try	to	understand	if	a	more	realis#c	coalescence	model	could	also	
describe	the	experimental	data	at	LHC.	

At	LHC,	the	simple	coalescence	model	can	not	describe	deuteron	v2,	
while	the	blast-Wave	model	gives	a	good	descrip#on.	
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Coalescence	model		
Nuclei	are	produced	by	recombina#on	of	nucleons	at	freeze-out	
using	the	sudden	approxima#on	in	the	coalescence	model.		
The	momentum	distribu#on	
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d3NA

dpA
3 = gA
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Z

Π∫ pi
µd3σ iµ

d3!pi
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fp(
!xi ,
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N

Π∫ pj
µd3σ jµ

d3!pj
E j

fn(
!x j ,
!pj ,t j )

!! × fA (x1′ ,!,xZ ′ ;x1′ ,!,xN ′ ;p1′ ,!,pZ ′ ;p1′ ,!,pN ′ ; ′t )

		 
×δ (3) !PA −

!pi
i=1
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∑ − !pj
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∑
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⎞

⎠⎟

the phase-space distribution 
functions for protons and 
neutrons at freeze-out 

Wigner function of nuclei 

		 
!xi ,
!pi(
!′xi ,
!′pi )     : the coordinate and momentum of the i-th nucleon in the   
       center of mass frame (rest frame of nuclei) of all emitted  
       particles 

		
gA =

2JA +1
2A : statistical factor 
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Wigner	func#ons	of	d	and	3He	

In	this	study,	we	approximate	the	wave	func#ons	of	deuteron	and	
Helium-3	by	those	of	the	ground	state	of	a	harmonic	oscillator.	
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Deuteron	

Helium-3	

with	
		 
!ρ =

′!x1 −
!′x2
2

, !pρ =
!′p1 −
!′p2
2		 

f2 (
!ρ , !pρ )=8g2exp(−

!ρ2

σ ρ
2 −
!pρ
2σ ρ

2 )

		 
f3 (
!ρ ,
!
λ , !pρ ,

!pλ )=82 g3exp(−
!ρ2

σ ρ
2 −
!
λ2

σ λ
2 −
!pρ
2σ ρ

2 ) with	 		 

!
λ =

′!x1 +
!′x2 −2

!′x3
6

		 
!pλ =
!′p1 +
!′p2 −2

!′p3
6

σ ρ = 1/ µ1ω

µ1 = 2 / (1 /m1 +1/m2 )
−1

the width parameter ω is the oscillator frequency in 
the harmonic wave function  

		 
f2 (
!ρ , !pρ )= d3∫ !yφ *( !ρ −

!y
2 )φ(

!ρ +
!y
2 )e

− i !ρi!pρ
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Since	the	nucleon	phase-space	distribu#on	
could	be	from	different	models,	we	have	
adopted	two	approaches	to	inves#gate	the	
light	nuclei	produc#on:			
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Since	the	nucleon	phase-space	distribu#on	
could	be	from	different	models,	we	have	
adopted	two	approaches	to	inves#gate	the	
light	nuclei	produc#on:			



Blast-wave	model	

In	the	blast	wave	model,	all	produced	par#cles	are	assumed	in	thermal	
equilibrium	and	undergo	collec#ve	expansion.	
The	invariant	momentum	distribu#on	

!! 
E d

3N
d3!p

=
2ξτ 0
(2π )3 dηrdrdφmT cosh(η− y)exp

Σµ∫ −
coshρ(mT cosh ycoshη− !pT i

!
β −mT sinh ysinhη)

TK

⎡

⎣
⎢

⎤

⎦
⎥

!! 
E d

3N
d3!p

= d3N
pTdpTdydφp

= d3
Σµ∫ σ µp

µ f (x ,p)

!!
f (x ,p)= 2ξ

(2π )3 exp(−p
µuµ /TK )

Neglect	the	effect	of	quantum	
sta#s#cs	at	high	temperature	

f(x,	p):	the	Lorentz-invariant	thermal		
													distribu#on	of	nucleons	

four	momentum	

flow	four-velocity	

!! p
µ = (p0 , !p)= (mT cosh y ,pT cosφp ,pT sinφp ,mT sinh y)

!!u
µ = coshρ(coshη ,tanhρcosφb ,tanhρsinφb ,sinhη)

the	azimuthal	angle	of	the	
transverse	flow	velocity	with	
respect	to	x	axis	

the	azimuthal	angle	of	the	nucleon	
momentum	with	respect	to	x	axis	

ρ:	transverse	flow	rapidity	
! 
ρ = 12ln

1+|
!
β |

1−|
!
β |
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Parametriza#on	

The	invariant	momentum	distribu#on	

The	transverse	flow	velocity:	

Parametriza#on:	

All	parameters	are	determined	by	fi[ng	the	proton	transverse	
spectrum	and	ellip#c	flow.	Results	for	light	nuclei	are	then	
obtained	by	replacing	the	mass	and	introducing	the	fugacity.	

The	spa#al	distribu#on	of	nucleon:					r ≤R0 1+ s2cos(2φs )⎡⎣ ⎤⎦

The	radial	flow	velocity:	
!!
β(r)= β0[ (

x
A
)2 +( y

B
)2 ]

!!β = β(r) 1+ ε(pT )cos(2φb)⎡⎣ ⎤⎦

!!ε(pT )= c1 exp(−pT /c2)
!! 
E d

3N
d3!p

=
2ξτ 0
(2π )3 dηrdrdφmT cosh(η− y)exp

Σµ∫ −
coshρ(mT cosh ycoshη− !pT i

!
β −mT sinh ysinhη)

TK

⎡

⎣
⎢

⎤

⎦
⎥

 s

 b

event
plane

	φb

	φs
	A

	B
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Preliminary	results	for	Pb+Pb@	2.76	TeV	

Transverse	momentum	spectra		

Our result from coalescence model 

Zhu, Zheng, Ko et al, in preparation 

10-20% 30-40% 

TK=0.12 GeV, Β0=0.84 TK=0.12 GeV, Β0=0.825 

²  Both	the	blast-wave	and	coalescence	models	can	describe	
measured	transverse	momentum	spectra	very	well	at	LHC.	

² We	have	also	predicted	the	spectrum	and	ellip#c	flow	of	Helium-3.		
It	is	of	interest	to	compare	it	with	future	experimental	data.	
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Introduce	a	space-momentum	correla2on	to	reduce	the	coalescence	
probability	of	nucleons	moving	along	the	reac#on	plane.	

For	in-plane	(																	)	nucleons,	the	spa#al	distribu#on	of	
high	momentum	nucleons	(pT>0.9	GeV)	has	a	larger	radius	
parameter																										.	!!R0 =10e

rb(pT−0.9)

	
pTx > pTy
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Zhu, Zheng, Ko et al, in preparation 

Elliptic flow (preliminary)        
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Since	the	nucleon	phase-space	distribu#on	
could	be	from	different	models,	we	have	
adopted	two	approaches	to	inves#gate	the	
light	nuclei	produc#on:			



The	AMPT	model	

Lin,	Ko,	et	al,	PRC72	(2005)	

16 

²  Ini#al	par#cle	distribu#on	is	generated	by	HIJING.	
²  In	default	AMPT	model,	the	jet	quenching	is	replaced	by	taking	into	account	

the	scaIering	of	minijet	partons	via	ZPC	model.		
²  In	SM	AMPT	model,	all	minijets	are	converted	to	the	valence	quarks	and	

an#quarks,	which	are	converted	to	hadrons	via	a	spa2al	coalescence	model	
AMPT2017 



Transverse momentum spectra  

Our result from coalescence model 
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b=8	fm	

Zhu,	Ko	&	Yin	PRC(2015)	

²  Both	default	and	string-mel#ng	AMPT	model	cannot	describe	the	
experimental	data.		

²  Baryons	are	not	properly	described	by	AMPT	with	string	mel#ng,	
which	gives	a	larger	deuteron	number	and	a	son	pT	spectrum	at	
midrapidity.	
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space-time structure of nucleons at kinetic freeze-out 

The	nucleon	number	density	distribu#on	in	the	transverse	plane	

²  In	default	AMPT,	the	nucleon	number	density	at	freeze-out	peaks	
approximately	at	a	circle	with	a	radius	of	about	6	fm	in	the	transverse	plane.		

²  In	string	mel#ng	AMPT,	freeze-out	nucleons	has	a	sharp	peak	at	origin,	which	
seems	unreasonable.			
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Elliptic flow at Pb+Pb collisions@2.76 TeV 

The	momentum	distribu#on	of	nucleus	A	produced	in	a	heavy-ion	
collision	event	can	be	wriIen	as	

!!
fA(pT ,φ , y)=

NA(pT , y)
2π 1+2 vn(pT , y)cos n(φ −Ψn)⎡⎣ ⎤⎦

n
∑⎧

⎨
⎩

⎫
⎬
⎭

Neglec#ng	the	fluctua#on	of	
event	plane	angle,	the	ellip#c	
flow	can	be	calculated	by:		

!!
v2(pT )=

px
2 − py

2

px
2 + py

2

²  As	the	nuclei	get	heavier,	their	
ellip#c	flows	become	smaller,	
similar	to	the	mass	ordering	of	
ellip#c	flow	seen	in	hydrodynamic	
descrip#on	of	collec#ve	flow.	

²  Due	to	the	strong	partonic	
scaIering,	the	ellip#c	flow	of	nuclei	
are	larger	in	the	SM	AMPT	model.	
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Elliptic flow at Pb+Pb collisions@2.76 TeV 

The	momentum	distribu#on	of	nucleus	A	produced	in	a	heavy-ion	
collision	event	can	be	wriIen	as	

!!
fA(pT ,φ , y)=

NA(pT , y)
2π 1+2 vn(pT , y)cos n(φ −Ψn)⎡⎣ ⎤⎦

n
∑⎧

⎨
⎩

⎫
⎬
⎭

Neglec#ng	the	fluctua#on	of	
event	plane	angle,	the	ellip#c	
flow	can	be	calculated	by:		

!!
v2(pT )=

px
2 − py

2

px
2 + py

2

²  As	the	nuclei	get	heavier,	their	
ellip#c	flows	become	smaller,	
similar	to	the	mass	ordering	of	
ellip#c	flow	seen	in	hydrodynamic	
descrip#on	of	collec#ve	flow.	

²  Due	to	the	strong	partonic	
scaIering,	the	ellip#c	flow	of	nuclei	
are	larger	in	the	SM	AMPT	model.	
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Scaled Elliptic flows 

²  A	unique	feature	of	the	coalescence	model	is	its	predic#on	of	an	approximate	
cons#tuent	nucleon	number	scaling	of	the	ellip#c	flows	of	nuclei.	

²  The	scaled	v2	of	all	light	nuclei	are	similar	in	the	default	AMPT,	while	there	are	
some	devia#ons	in	the	string	mel#ng	AMPT,	which	may	again	be	related	to	its	
baryon	problem.	
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Coalescence parameter 
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EA

d3NA

d!pA
3 = BA Ep

d3Np

d!pp
3

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

A

In	coalescence	model,	the	spectral	distribu#on	of	the	composite	nuclei	is	
related	to	the	one	of	the	primordial	nucleons	by,	

				:	coalescence	parameter		for	nuclei	A		
							with	mass	number	A	and	momentum				
							of	pi=App.	

!BA

²  Both	B2	and	B3	increase	with	
increasing	transverse	
momentum	in	both	the	default	
and	the	SM	AMPT	models.	

²  Except	B3	from	SM	AMPT	
model,	others	from	both	AMPT	
models	can	not	give	a	
quan#ta#ve	descrip#on	of	data. 
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Summary	and	outlook	

✓  The	coalescence	model	based	on	the	nucleon	phase-space	distribu#on	
from	the	blast-wave	model	can	describe	both	the	transverse	momentum	
spectra	and	ellip#c	flows	of	light	nuclei	in	heavy	ion	collisions	at	LHC.	

✓  The	coalescene	model	based	on	nucleons	from	AMPT	model	can’t	give	a	
quan#ta#ve	descrip#on	of	the	experimental	data.	

✓  We	have	also	predicted	the	spectrum	and	ellip#c	flow	of	Helium-3	
(triton).	

◆  Since	the	baryon	problem	has	recently	been	solved	by	Lin	and	He,		it	is	
very	interes#ng	to	reinves#gate	light	nuclei	produc#on	from	the	
colaescence	model	using	nucleons	from	the	updated	AMPT	model.	

◆  It’s	also	of	interest	to	use	the	nucleons	from	hydro+URQMD	model.	In	
this	case,	we	don’t	need	to	include	the	space-momentum	correla#on	by	
hand.	
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Thanks 
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Spectrum	and	ellip#c	flow@	RHIC	

25 

Yin, et al, PRC95, 054913(2017) 

✓  Phase-space	distribu#ons	of	protons	and	neutrons	at	freeze-out	are	
obtained	from	the	blast-wave	model,	which	are	treated	as	the	input	
for	the	coalescence	model.		

✓  The	coalescence	model	with	the	spa#al	distribu#on	of	nucleons	
independent	of	their	momenta	fails	to	describe	experimentally	
measured	ellip#c	flows	of	light	nuclei.	
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Introduce	a	space-momentum	correla2on	to	reduce	the	coalescence	
probability	of	nucleons	moving	along	the	reac#on	plane.	

For	in-plane	(																	)	nucleons,	the	spa#al	distribu#on	of	
high	momentum	nucleons	(pT>0.9	GeV)	has	a	larger	radius	
parameter																										.	!!R0 =10e

rb(pT−0.9)

rb=0.23 

Extended	blast-wave	model	

	
pTx > pTy
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