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Initial conditions

Parton Interactions

Hadron Cascade

A+B

Final particle spectra

Hadronization

A Multi-Phase Transport (AMPT) 
serves as a comprehensive event generator for heavy ion collisions.

So it aims to   
evolve the system from initial condition to final observables;
include particle productions of different flavours at different PT & y;
keep non-equilibrium features and dynamics 

(e.g. intrinsic fluctuations and correlations).

Long paper: ZWL, Ko, Li, Zhang 
& Pal, PRC 72 (2005);
source codes at the ECU website 
http://myweb.ecu.edu/linz/ampt/



Anisotropic particle escape
is dominant contribution of v2 for small systems
& even for semi-central AuAu at RHIC

At very large σ or opacity,
hydrodynamic collective flow 
will be the dominant contribution of v2 

v2 Ratio

L He et al. PLB 753 (2016)
ZWL et al. NPA 956 (2016)

The escape mechanism:
anisotropic escape as 

interaction-induced response
to anisotropic geometry

Difference between transport and hydro for finite systems



v2 from the escape mechanism
has strong flavor dependence

ZWL at SQM2017
HL Li et al., PRC 99 (2019)

• This reflects the difference between kinetic theory/transport model
& hydrodynamics for finite opacity/size
• It is important to develop transport model/kinetic theory &
compare with hydro to understand the physics of different systems

Heiselberg and Levy 1999; Borghini and Gombeaud 2011; 
Borghini et al. 2018; Kurkela et al. 2018

pPb (b = 0 fm) AuAu (b = 6.6-8.1 fm) PbPb (b = 8 fm)

Quark flavor u,d s c u,d s c u,d s c

hNcolli 2.02 2.54 4.23 4.58 5.45 8.68 9.82 11.14 15.48

��� 0.86 0.55 0.20 1.04 0.70 0.27 1.00 0.70 0.26

��� ·
p
hNcolli 1.22 0.87 0.41 2.23 1.63 0.80 3.13 2.34 1.02

hv2iRandom 2.39% 1.89% 1.21% 2.93% 2.27% 0.85% 3.21% 2.23% 0.67%

hv2iNormal 3.28% 3.20% 2.14% 4.47% 4.78% 3.89% 7.56% 8.42% 7.92%

hv2iRandom/hv2iNormal 73% 59% 57% 66% 47% 22% 43% 27% 8.5%

TABLE I: hNcolli, ���, ��� ·
p
hNcolli, hv2iRandom, hv2iNormal and the ratio of hv2i from �-

randomized AMPT over that from normal AMPT for final partons of di↵erent flavors within

|⌘| < 1 in three collision systems.

hydrodynamic contribution to the final quark hv2i is more important for charm quarks. This

result suggests that the charm v2 better reflects the hydrodynamic properties of the quark-

gluon plasma, especially for large systems at high energies. This is consistent with several

recent findings [27, 28].

UNDERSTANDING WITH A TOY MODEL

For parton scatterings, a main di↵erence between light and heavy quarks is their masses.

In the AMPT model used for the current study, the mass di↵erence leads to a di↵erence

in the average deflection angle in a 2!2 scattering. Figure 4(a) shows the root-mean-

square (rms) change of the azimuth angle from each parton scattering as a function of Ncoll,

���(Ncoll), for di↵erent quark flavors in Au+Au collisions. The results are similar for p+Pb

and Pb+Pb collisions [25]. The ��� does not depend on Ncoll much as expected because ���

is mainly determined by the scattering kinematics. The rms change of the azimuthal angle

is much smaller for heavier quarks [29]. We also show in Table I the average rms change

of the azimuthal angle of a parton from each scattering (���) and the average total rms

change of the azimuthal angle of a parton as estimated by ��� ·
q
hNcolli. An average total

change much bigger than ⇡/2 may be considered as evidence of strong thermalization, while

a value much smaller than ⇡/2 indicates weak thermalization. We can see that light quarks

7

Escape fraction ~



History: difference between transport model, 
thermal model, and kinetic equation for finite systems

Transport model described the kaon yield in low energy collisions.
But thermal model yield is much higher / wrong.

Why?



Canonical suppression is proposed
& thermal model yield is corrected when Nk is small.

Kinetic equation is 
corrected for small systems,
analytical understanding of 
transport model results 
& canonical suppression



Only resolved recently

From Denes Molnar



Results from AMPT & MPC are consistent
From Denes Molnar



AMPT is also a test-bed of different ideas for the community
• Discovery of the triangular flow v3

• Longitudinal (de)correlations of flows

• v2 may be dominated by anisotropic escape
but has strong flavor dependence

• CME signal and background

• Vorticity & polarization observables

L He et al. PLB 753 (2016)
ZWL et al. NPA 956 (2016)
ZWL at SQM2017
HL Li et al. PRC 99 (2019)

Alver & Roland, PRC 81 (2010)

Pang et al. PRC 91 (2015) 
& EPJA52 (2016)

Shou, Ma & Ma, PRC 90 (2014)
Huang, Ma & Ma, PRC 97 (2018)
HJ Xu et al. PRL 121 (2018), CPC 42 (2018)
Zhao, Ma & Ma, PRC 97 (2018),          

PRC 99 (2019) & PLB 792 (2019)

Jiang et al. PRC 94 (2016)
H Li et al. PRC 96 (2017)
Lan et al. PLB 780 (2018)

We need to further develop AMPT model with better & new physics
in order to more accurately describe the dense matter evolution

(including non-equilibrium effects) and extract its properties



AMPT codes are available online since 2004

String Melting AMPT since 4/2015 can reasonably describe
the bulk matter at high energies at RHIC and LHC. 
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Recent efforts to improve the AMPT model include

• Improvement of quark coalescence

• Correction of hadron cascade for charge conservation

• Include finite nuclear thickness in string-melting AMPT

• Implement modern PDF and nuclear shadowing

& improvements of heavy flavor productions

• Benchmark and improve ZPC parton cascade

• Extension with chiral dynamics & potentials

He & ZWL, PRC 96 (2017)

ZWL, PRC 98 (2018)
ZWL & Mendenhall

ZWL & CCNU/Liu, 
Shi, Zhang & Zheng

J Xu et al.

ZWL & GL Ma

X Zhao & ZWL



Improve AMPT with Modern PDFs of Nuclei

Incorporation of modern nPDFs
should improve AMPT on 
heavy flavor & high 𝑝" observables: We now use 

CTEQ6.1M PDFs for free nucleon
EPS09s: Spatial-dependent nuclear 
shadowing, has Q2 evolution

arXiv:1903.03292 Based on Chao Zhang’s talk



Ø 𝜋 and K productions 
from the new AMPT 
model are consistent
with data. 

Ø AMPT underestimates 
anti-proton yields and 
overestimates the proton 
yields at low colliding 
energies. 

𝜋/K/p productions in pp
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Based on Chao Zhang’s talk



Nuclear scaling of 𝐦𝐢𝐧𝐢𝐣𝐞𝐭	𝐜𝐮𝐭𝐨𝐟𝐟	p0

ØA significant increase 
of 𝑝0

11 leads to big 
suppression of 𝜎345

Motivated by Qs of saturation models.
q(s): starts from 0 at 200AGeV,

~0.16 at ~107AGeV Based on Chao Zhang’s talk
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Ø String melting AMPT reasonably reproduce bulk data 
for central AA collisions at RHIC and LHC energies

Based on Chao Zhang’s talk

𝜋/K/p productions in AA



Improve Heavy Flavor (HF) Productions

Based on Liang Zheng’s talk

cross section 
in leading-order pQCD:

is divergent for massless g,
so HIJING uses a 
𝐦𝐢𝐧𝐢𝐣𝐞𝐭	𝐜𝐮𝐭𝐨𝐟𝐟	p0
for minijets of all flavors.

gg→ gg

But heavy flavor production should not be subject to this cutoff
due to the heavy quark mass >> ΛQCD , e.g. in FONLL

So we now remove the p0 cut on HF productions 



• Old AMPT charm yield << data
• Removing p0 greatly enhances charm yield
• Updated AMPT model well describes world data

Charm quark productions in pp

Based on Liang Zheng’s talk



Charm hadron productions in pp

• Reasonable agreement with data 
for various open charm particles

pp at 7 TeV

Based on Liang Zheng’s talk



• D0 yield roughly consistent with STAR data
• D0 spectrum is softer than data,     but depends on parton cross 

section and flavor excitation process (not explored yet)

AuAu 200 GeV
Charm hadron productions in AA

Based on Liang Zheng’s talk



AMPT is modified to take in arbitrary p & n density profiles:
HJ Xu et al. PRL 121 (2018), CPC 42 (2018)

From Hanlin Li



From Jun Xu



From Jun Xu



t = 0

z

0

t = dt /2

t = dt

5 11.5 27 50 200
5.3 2.2 0.91 0.49 0.12

𝑠77� 	(𝐺𝑒𝑉)
𝑑5	(𝑓𝑚/𝑐)

For central Au+Au collisions:

→ the Bjorken formula is only valid for
for τF = 0.5 fm/c𝑠77� ≫ 50𝐺𝑒𝑉

Crossing time 𝑑5 =
2𝑅I

sinh 𝑦OP
=
2𝑅I
γ	𝛽

𝜖 𝜏 =
1

𝜏V	𝐴"
𝑑𝐸"(𝜏)
𝑑𝑦The Bjorken formula 

neglects 
the finite thickness of (boosted) nuclei
→ it is only valid at high energies 
where       crossing time dt <<  τF

Improve String Melting AMPT 
by Including Finite Nuclear Thickness



time

eUniform

Extension of the Bjorken formula: the uniform profile:
initial energy (at y~0) is produced uniformly from time t1 to t2

2

pseudo-rapidity) needs to satisfy

| tanh y| ⇡ |y| 
d

t� x

at y ⇠ 0. Note that the right-hand-side above can al-
ways be made small with small-enough d. Therefore the
average energy density in this region at time t is

E

2dAT

=
1

AT

Z dt

0

d2ET

dy dx

dx

(t� x)
.

From now on we shall study the formed energy density
by assuming a finite formation time ⌧F for the produced
particles. A similar analysis gives the following average
formed energy density at any time t � ⌧F as

✏(t) =
1

AT

Z t�⌧
F

0

d2ET

dy dx

dx

(t� x)
.

As in the Bjorken formula, ✏(t < ⌧F) = 0. However, an
important feature of the above formula is that it applies
to early times when the two nuclei are still crossing each
other (i.e. t  dt + ⌧F). To proceed further, we will
next take specific forms for the time profile of the initial
energy production d2ET/dy/dx.

III. Results. For simplicity, we first assume that the
initial energy is produced uniformly from time t1 to t2
(with t21 ⌘ t2 � t1):

d2ET

dy dx
=

1

t21

dET

dy
, if x 2 [t1, t2].

Note that we only need the above assumption to apply
at y ⇠ 0. Also, we have not related t1 and t2 to dt for
the sake of generality. An illustration of this time profile
is shown as the dashed curve in Fig. 2. Equation (1)
then gives the following solution for the formed energy
density:

✏uni(t) =
1

ATt21

dET

dy
ln

✓
t� t1
⌧F

◆
, if t 2 [t1 + ⌧F , t2 + ⌧F ];

=
1

ATt21

dET

dy
ln

✓
t� t1
t� t2

◆
, if t � t2 + ⌧F .

One can easily verify that, for t1 = 0 and t2/⌧F ! 0, this
solution reduces to the Bjorken formula of Eq.(1).

FIG. 2: Time profiles for the initial energy production at mid-
rapidity: a uniform profile (dashed curve), beta profiles with
integer powers n = 1 to 5 (solid curves), and a triangular pro-
file (dot-dashed). Circles represent the time profile of partons
within mid-spacetime-rapidity from the string melting AMPT
model for central Au+Au collisions at

p
sNN = 11.5 GeV.

Qualitatively, this energy density starts from 0 at time
t1 + ⌧F , grows smoothly to the following maximum value
✏max at time t2 + ⌧F , and then decreases abruptly after
the energy production stops:

✏max
uni = ✏uni(t2 + ⌧F) =

1

ATt21

dET

dy
ln

✓
1 +

t21
⌧F

◆
.

Compared to the maximum energy density ✏Bj(⌧F) given
by the Bjorken formula, we have

✏max
uni

✏Bj(⌧F)
=

⌧F
t21

ln

✓
1 +

t21
⌧F

◆
.

Therefore the ✏max value above is always smaller than
the Bjorken initial energy density: ✏max

⌧ ✏Bj(⌧F) at
low energies where ⌧F/t21 is small, while at high energies
✏max

⇡ ✏Bj(⌧F). Furthermore, as ⌧F/t21 ! 0, the peak
energy density ✏max grows as ln(1/⌧F), much slower than
the 1/⌧F growth of the Bjorken formula. This means
that, after taking into account the finite crossing time,
the maximum energy density achieved will be much less
sensitive to the uncertainty of ⌧F , especially at lower en-
ergies where t21 ⇠ O(dt) is bigger. In addition, Eq.(1)
shows that the initial energy density at time later than
t2 + ⌧F is independent of ⌧F . We shall see that these fea-
tures are general and also apply to the other time profiles.
Due to the typical spherical shape of a nucleus, there

will be few primary nucleon-nucleon interactions when
the two nuclei barely touch or almost pass each other,
while there will be many such interactions when the two
nuclei fully overlap (around time dt/2). We thus expect
the time profile of the initial energy production to peak
around time dt/2 while diminish at time 0 and dt. There-
fore we can choose the following time profile based on the
probability density function of the beta distribution with
equal shape parameters:

d2ET

dy dx
= an [x(dt � x)]n

dET

dy
, if x 2 [0, dt].

In the above, power n does not need to be an integer, and
an = 1/d2n+1

t /B(n+1, n+1) is the normalization factor
with B(↵,�) being the Beta function. This smooth beta
profile reduces to a uniform profile when n = 0; with an
appropriate value of n it can also well describe the trans-
port model time profile, as shown in Fig. 2. We obtain
the following solution for the formed energy density:

✏beta(t) =
1

AT

dET

dy

[(t� ⌧F)/dt]
n+1

(n+ 1)B(n+ 1, n+ 1) t

⇤F1


n+ 1,�n, 1, n+ 2,

t� ⌧F
dt

,
t� ⌧F

t

�
,

if t 2 [⌧F , dt + ⌧F ];

=
1

AT

dET

dy

1

t
⇤2F1


1, n+ 1, 2n+ 2,

dt
t

�
,

if t � dt + ⌧F .

F1 above is the Appell hypergeometric function of two
variables, and 2F1 is the Gaussian hypergeometric func-
tion. One can verify that for n = 0 the above solution
reduces to Eq.(1) for t1 = 0 & t2 = dt.
We now apply these solutions to central Au+Au colli-

sions. The nuclear transverse area is taken as

AT = ⇡R2
A, with RA = 1.12A1/3 fm,

t1+τF t2+τF

Bjorken formula

Uniform formula

• When t >> (t2+τF):
𝜀Z[\(𝑡) → 𝜀_3(𝑡)

Central Au+Au@11.5GeV

𝜀(𝑡)
At low energy: t21 /τF >>1:
Peak energy density: 
• << Bjorken value
• much less sensitive to τF
FWHM width in t >> Bjorken

For t21 /τF → 0  (high energy):
our result → Bjorken

t21 ≡ t2 − t1

𝜀Z[\`ab

ZWL, PRC 98 (2018)



• AMPT with F.T.
~analytical extension 
of Bjorken formiula

• AMPT w/o F.T.
~ Bjorken formula.

• Small F.T. effect 
at high energy.

F.T.=finite thickness

<< Bjorken value,
is much less sensitive to τF :
factor of 2.1 or 2.5 change (not factor of 9) when τF changes from 0.1 to 0.9 fm/c.

𝜀`ab
At low energy: At high energy,

solution ~ Bjorken.

We are incorporating finite thickness into string melting 
AMPT that has the improved quark coalescence. Ongoing with Yuncun He

ZWL, PRC 98 (2018)
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Couple AMPT with FRG to explore effects of QCD critical point

Further studies of heavy flavour observables

Validation and improvement of parton cascade



From Wei-Jie Fu



From Wei-Jie Fu



Further Studies of Heavy Flavor Observables
with CCNU/Shusu Shi et al.

Updated AMPT with modern nPDFs and removal of p0 cutoff
provides a good transport model foundation for open heavy flavour.
We can study
• HF hadrons together with light hadrons
• ratios like Λc/D to study quark coalescence picture
• both HF flows and RAA to extract HF transport property

(below the pT scale where elastic dE/dx dominates)

each other as expected because the mass di↵erence becomes less important. We also see that

the escape mechanism contributes less to the charm v2 than to the light quark v2, therefore

the hydrodynamic flow contributes more to the charm v2 than to the light quark v2; this is

especially clear for Au+Au and Pb+Pb collisions. Since the escape mechanism dominates

more the v2 of small systems [12, 13], the percentage contribution from the hydrodynamic

flow to the charm v2 is larger in Pb+Pb collisions than p+Pb collisions.
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FIG. 3: (Color online) Parton v2 as a function of p? at freezeout for di↵erent quark flavors: light

quarks (thin), strange quarks (medium), and charm quarks (thick) in normal (solid curves) and

�-randomized (dashed curves) AMPT for three di↵erent collision systems.

Table I lists the values of hNcolli, hv2i, and the ratios of hv2i from azimuth-randomized

AMPT to that from normal AMPT in Au+Au, p+Pb and Pb+Pb collisions. The hNcolli

value of freezeout partons of a given flavor increases with the collision system size and

beam energy as expected. Note that we also find that the hNcolli values are larger in the

randomized case compared to normal AMPT; this is because the randomization tends to

destroy the preferred outward direction of partons. We see in Table I that the hv2i values

of freezeout partons of di↵erent flavors are not very di↵erent in normal AMPT calculations.

However, the hv2i values of freezeout partons in the azimuth-randomized AMPT strongly

depend on the quark flavor: the light quark hv2i is higher than charm quark hv2i for the

same collision system.

The ratio of hv2i from �-randomized AMPT to that from normal AMPT represents

the fraction of v2 that comes from the escape mechanism. Table I shows that the escape

mechanism contribution to final quark hv2i is smaller for charm quarks. Consequently, the

6

HL Li, ZWL, F Wang, PRC 99 (2019)



¾ The figures show the 𝑑𝑁
𝑝2𝑑𝑝

distributions of 

massless partons in a box and are from ZPC 

with ran3.

¾ The results are consistent with the results 

from ZPC with ran1.

¾ Previous work of energy density has also 

verified that ZPC with ran3 has no problem.

𝒅𝑵
𝒑𝟐𝒅𝒑

distributions in ZPC with ran3Validation and Improvement of Parton Cascade
Flows like v2 & v3 at high energies 
mostly comes from
the parton cascade in AMPT.

But ZPC/MPC cascade solution 
of the Boltzmann equation is
well known to have causality violation.

Parton subdivision can resolve this problem:
but is very CPU-consuming 
& affects/removes e-by-e fluctuation/correlation.

Zhao Xinli & ZWL

We can
→ study how accurate ZPC is 

under expected densities from AMPT
→ explore better ways to 

numerically solve Boltzmann equation
→ Then incorporate into AMPT

ZPC cannot keep exact 
thermal equilibrium



Challenges and Opportunities for AMPT
Outstanding physics problems for AMPT:
1) equation of state of the dense/partonic matter
2) initial gluons & inelastic parton reactions (QGP chemical composition),

including jet radiative energy loss
3) hadronization (parton recombination/quark coalescence/fragmentation)
4) potentials (partonic and hadronic)
5) coupling with vorticity
6) coupling with the QCD critical end point
*) other

è Outstanding problems for AMPT applications/data comparisons:
o extraction of QGP properties like η/s and transport coefficients
o RAA & flow at high pT, heavy flavor observables
o modern programming for better maintenance & integration to experiments
o how to distinguish escape mechanism/kinetic theory from hydro?
o v2 splitting at low energies, v1
o prediction of polarization observables
o fluctuations from the QCD critical point such as net-baryon cumulants
…



Challenges and Opportunities for the AMPT Model

• Some are more relevant for
lower energies / BES energies

• Some are more relevant for
higher energies / top RHIC & LHC energies

• It will be beneficial to have coordinated efforts 
to improve AMPT in one or multiple major areas



A+B

Final particle spectra

Hadronization (Quark Coalescence)

ZPC (parton cascade)

Strings melt to q & 
qbar via intermediate 
hadrons

HIJING1.0:
minijet partons, excited strings,  spectator nucleons

Extended ART (hadron cascade)

Partons freeze out

Generate parton space-time

String Melting AMPT

3a) improved coalescence/hadronization
3b) hadronization at PT boundary
3c) gluons in hadronization
3d) independent fragmentation

Challenges and possible future directions

*) new PDF & shadowing 
2a) gluons in initial condition

1) QCD equation of state 
(dynamical parton mass / NJL / FRG?)

2b) 2çè2 inelastic parton reactions
2c) 2 çè 3 parton reactions
2d) high-PT energy loss & HF 
4a) parton potentials (NJL/FRG?)
5) coupling with vorticity
6) coupling with CEP

4b) hadron potentials
*) need more resonances
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3a) improved coalescence/hadronization
3b) hadronization at PT boundary
3c) gluons in hadronization
3d) independent fragmentation
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Challenges and future directions 2: top RHIC & LHC
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3b) hadronization at PT boundary
3c) gluons in hadronization
3d) independent fragmentation
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qbar via intermediate 
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String Melting AMPT
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1) QCD equation of state 
(dynamical parton mass / NJL / FRG?)
2b) 2çè2 inelastic parton reactions
2c) 2 çè 3 parton reactions
2d) high-PT energy loss & HF 
4a) parton potentials (NJL/FRG?)
5) coupling with vorticity
6) coupling with CEP

4b) hadron potentials
*) need more resonances

Hadronization (Quark Coalescence)

3a) improved coalescence/hadronization
3b) hadronization at PT boundary
3c) gluons in hadronization
3d) independent fragmentation



Discussions:

Your insights and suggestions 

will be greatly appreciated


