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» The study of nuclear structure in high-energy heavy ion collisions uniquely
reveals how nuclear properties affect collision dynamics and QGP formation.
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» Clusters play an extremely important role at all levels of matter.

» Understanding and describing cluster structure are an important scientific problem.
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» Understanding and describing cluster structure are an important scientific problem.



Collective Flow & Nuclear Structure
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» Image the shape and radial profile of nuclei using the hydrodynamic response.




Motivation of Transport Models for Small Systems

Pb + Pb p + Pb p+p
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> Near side ridges are indication of collectivity
in small systems.

1) Are they real signals from collectivity?
2) Is a parton matter formed in small systems?

3) Is the matter far off equilibrium or close to
equilibrium?
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Motivation of Transport Models for Small Systems
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Near side ridges are indication of collectivity
in small systems.

1) Are they real signals from collectivity?

2)
3)

N\ Vv

\ Vv

Is a parton matter formed in small systems?

Is the matter far off equilibrium or close to
equilibrium?

For large systems

Transport models are similar to hydrodynamics
and work very well.

2) For finite/small systems

Non-equilibrium effects are expected to be
important.

e.g. Parton escape mechanism: interaction-
induced response from kinetic theory to the
anisotropic spatial geometry.

» To study the properties of parton matter in small systems, transport models are crucial as they address

non-equilibrium dynamics.
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A Multi-Phase Transport Model (AMPT)

A+B

» A transport model for non-equilibrium. HIJING energy in nucleon
excited strings and minijet partons  spectators

. . . [ int 4
» AMPT is designed to be a self-contained fécelﬁé?aetg arton space fime

kinetic description of nuclear collisions. ZPC (Zhang’s Parton Cascade)
till parton freezeout

Quark Coalescence

ART (A Relativistic Transport model for hadrons)

Hadrons freeze out + strong decays

Final particles
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A+B

» A transport model for non-equilibrium. HIJING energy in nucleon
excited strings and minijet partons  spectators

. . . [ int 4
» AMPT is designed to be a self-contained fécelﬁé?aetg artont space fime

kinetic description of nuclear collisions. ZPC (Zhang’s Parton Cascade)
till parton freezeout

Quark Coalescence

ART (A Relativistic Transport model for hadrons)

Hadrons freeze out + strong decays

» Evolves the system from initial state to
final observables.

» Automatically includes 3D productions of
all flavours & conserved charges.

» Automatically includes non-equilibrium
initial state & dynamics/evolution.

Final particles




A Multi-Phase Transport Model (AMPT)

Default AMPT String-Melting AMPT
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recombine with parent sirings

Lund string fragmentation
ART (A Relativistic Transport model for hadrons)
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ZPC (Zhang’s Parton Cascade)
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ART (A Relativistic Transport model for hadrons)

Final particles Final particles y
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1. Discovery of v3
PRC 81, 054905 (2010)

A Test-bed for New Ideas in AMPT

2. Flow in small systems
_PRL113, 252301 (2014)

3.Non-equilibrium parton escape

PLB 753 (2016) 506 510
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Some Major Improvements in AMPT

Z.\W. Lin, et al., NUCL SCI TECH (2021) 32:113
ZW. Lin, PRC 99 (2019); PRC 101 (2020)

1. Modern nPDFs & spatially-dependent nuclear shadowing

v" Modern nPDFs are important for pQCD observables
such as heavy flavor & high pr:
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» AMPT can reasonably describe central A+A data. o



1. Modern nPDFs & spatially-dependent nuclear shadowing 2. Heavy flavor
v" Modern nPDFs are important for pQCD observables

Some Major Improvements in AMPT

such as heavy flavor & high pr:
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gg — gg cross section in pQCD is divergent for massless
g, so HIJING uses a minijet cutoff py:

do 9ma?

~

dt  2t?
But due to heavy quark mass, heavy flavor production

has a finite cross section and does not need a cutoff
g+g—-0Q+Q, q+g-Q+0Q,

v’ remove p, .
v" include heavy ion in Gje;: Tjet= Ojet O
v correct factor of 1/2 in certaino et Channels

2 T T T T £ 1.5

£ r ] I T T T
mcx [ () D’ +EO, p-Pb +l:cb 1 r:'ém I ®) +Ia~flSCh
[ MSNI:I]-(_) > 02;58\, Db from % fit 23<y<d0 Dﬁ from %’ fit |
LSf <y< 1 [li6=0 B
1+_+_+++—'}‘—¢“—1>-&+j‘ ]
1 | 1 | 1
0.5 4 5 10 % 2 1 6 8 10
P, [GeV.’c] p, [GeVic]

» To propose the Cronin effect as a possible solution
to the Dy Rpa/v, puzzle. 1



Some Major Improvements in AMPT

3. Local nuclear scaling ¢ zhang, zw. Lin, et al, PrC 104 (2021)

v' Propose a more general scaling by using local nuclear densities:
bﬁp
[V/Ta(sa)T5(s)/ TP

br(sa, sB,s) =

po(sa, s, 8) = P ()Y Ta(sa) Ti(s8)/T*"

v’ Fit charged hadrons in pp to determine bfp = 0.7, then use
central Au+Au/Pb+Pb data to fit a(s), £(s).
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» Self-consistently describe the system size dependence.



3. Local nuclear scaling

v" Propose a more general scaling by using local nuclear densities:

Some Major Improvements in AMPT

CZhang, Z.W. Lin, et al.,, PRC 104 (2021)

bﬁl’
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[V/Ta(sa)Tp(sB)/T,1P®

po(sa, 58, ) = PP () Ta(sa)Ta(s8)/Tp]*.

v’ Fit charged hadrons in pp to determine bfp = 0.7, then use

central Au+Au/Pb+Pb data to fit a(s), £(s).
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» Self-consistently describe the system size dependence.
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4. Include subnucleon structure of proton

v" Proton su bstructu re
—'.r'fR

plr) = 8:rrR3 1
v’ Constituent quark method

Glauber modeling with 3 quark participants

Collision criteria d < \/o../m

XL Zhao, ZWL, L Zheng & GL Ma, PLB 839 (2023)

(a) Normal AMPT (b) 3-quark AMPT
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» 3-quark AMPT gives similar results as data.
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3. Local nuclear scaling

Some Major Improvements in AMPT

v" Propose a more general scaling by using local nuclear densities:
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v’ Fit charged hadrons in pp to determine bfp = 0.7, then use

central Au+Au/Pb+Pb data to fit a(s), £(s).
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» Self-consistently describe the system size dependence.

4.

Include subnucleon structure of proton

v" Proton substructure

1 .
E—'.rfR

8T R3 ’I
v’ Constituent quark method

p(r) =

Glauber modeling with 3 quark participants

Collision criteria d < \/o../m

XL Zhao, ZWL, L Zheng & GL Ma, PLB 839 (2023)

x10° ‘ . x1073
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Normal AMPT (b) 3-quark AMPT
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I 3mb

~ ATLAS

........

50 100 150 50 100
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» 3-quark AMPT gives similar results as data.

5. Improvement of quark coalescence
6. Implementation of electric charge conservation
7. ..
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Nuclear Structure for 1°0 in AMPT

1) New quark coalescence model
2) Improved heavy quark productions

3) Modern PDFs, nuclear shadowing
and Local nuclear scaling

A+B

HIJING energy in nucleon
excited strings and minijet partons — spectators

fragment into partons

ZPC (Zhang’s Parton Cascade)
lill parton freezeout

parton cross section o

Quark Coalescence
ART (A Relativistic Transport model for hadrons)

Final particle spectra
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Nuclear Structure for 1°0 in AMPT

A+B

HUING — energy in mycleon Constraint: (r2)"/? = 2.6991 fm
excited strings and minijet partons secta

1) New quark coalescence model

2) Improved heavy quark productions I

3) Modern PDFs, nuclear shadowing
and Local nuclear scaling

fragment info partons 1. Woods-Saxon

ZPC (Zhang’s Parton Cascade)
lill parton freezeout

2. Tetrahedron |

parton cross section o

Quark Coalescence

3. Square =:=

4. ab initio method (NLEFT)

N. Summerfield, B.-N. Lu, C. Plumberg, D. Lee,
J. Noronha-Hostler, and A. Timmins, Phys. Rev. C
104, L041901 (2021), 2103.03345.

\

ART (A Relativistic Transport model for hadrons)

Final particle spectra
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7o Effect on v, for 1°0+1°0 in Improved AMPT

» (pr) is reasonable in improved AMPT.

» The parton cross section dependence of v,
is significant.
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7o Effect on v, for 1°0+1°0 in Improved AMPT

» (pr) is reasonable in improved AMPT.

» The parton cross section dependence of v,

is significant.
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» The formation time dependence of €, & v, is

significant in AMPT.

> v, at T, = 6T is close to data.

The formation time for each parton: Ty = const - E/m%, 1, = E /m#
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V5 & V3 Results for 1°0+1°0 in Improved AMPT
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0_2(}7 r LA B
L O+0 @ 200 GeV, 0-10% (@ J
[ hi<1.5,0.2<p <2 GeV IAni>1,z,=6.0r, |
0.15 *Ws s
[ = Tetrahedron b
| + Square i
~“~~ | = Abinitio
£ 0.10 *sTAR
™ L
> [ -
0.05[- n
L A i
- Ir/'/ -
O-OG L L L | L 1
1 2
0_207 T — T
L 0O+0 @ 200 GeV, 10-20% (b)
i Ini<1.5, 0.2<p <2 GeV 1Ani>17 '=6.0t,
0.15— = Ws
= Tetrahedron
| = Square
“~ | = Abinitio
& 0.10 *sTaRr
™ L
> |-
0.05[-
000 V/ . | L 1
1 2
0.20—— S —
L O+0 @ 200 GeV, 20-40% () |
i Ii<1.5, 0.2<p <2 GeV lAni>1 ,ro'=6.0c0j
0.15- = WS .
= Tetrahedron
| = Square
- L = Abinitio
£ 0.10 *sTAR -
> L ]
0.051- N
O 00_ //‘» | | ]

» v, (pr) results are close to data at low pr.
» v3(pr) results are close to data.

26



V5 & V3 Results for 1°0+1°0 in Improved AMPT

X.L. Zhao, Y. Zhou, et al., arXiv: 2404.09780
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£,{4}/e,{21& v,{4}/v,{2} Results for 10+ 1°0 in Improved AMPT
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X.L. Zhao, Y. Zhou, et al., arXiv: 2404.09780
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82 {4}/82{2}& v,{4}/v,{2} Results for 1°0+ 190 in Improved AMPT
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Nuclear Structure for 1°0 & 2°Ne in AMPT

1) New quark coalescence model
2) Improved heavy quark productions

3) Modern PDFs, nuclear shadowing
and Local nuclear scaling

A+B

nucleon
spectators

HIJING energy in
excited strings and minijet partons

fragment into partons To = 6T

ZPC (Zhang’s Parton Cascade)
lill parton freezeout

parton cross section o

Quark Coalescence

Final particle spectra

1. NLEFT (1°0 & 2°Ne)
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Vo & V3 Results for1*0+1°0 & °Ne+2°Ne in Improved AMPT
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» Using the same initial nucleon distributions, AMPT has the different results with hydro.

» Some improvements are needed. .
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Vo & V3 Results for1*0+1°0 & °Ne+2°Ne in Improved AMPT

J T
(a) Il<0.5, p,<10 GeVic
PGCM

NLEFT Ne+Ne 0+0
- - - AMPT
m] O Hydro
0]

[ Ne+Ne/O+O PGCM NLEFT
- AMPT

-
O O Hydro

10 20 30
Centrality (%)

I (d) 0.5<mni<0.8, [}.2<pT<SGeWc

0.08 - PGCM

v{2,mi>1}
o
3
(2] Wx|
(a]
[x]

0.06— —

B NLEFT .

0.08— —

L g o [u] _

= L ]

A ]

£ 0.07 =

E\lﬂ = -

G il

Ne+MNe O+0 ]

0.06}< - - AMPT _|

B O O Hydro .

1ol Ne+NelO+O PGCM NLEFT 1

=l = = AMPT ]

o O O  Hydro

T
o

Centrality (%)

vA2,mi>1}

Ratio

v{2,ni>1}

[ (e) 0.5<ln/<0.8, 0.2<p <3 GeVic

0.04 .

PGCM i

0.03 .

i g 8 $ ]

0.02H -~

0.01 ]

0.04:_ NLEFT  Ne+Ne 0+0 _

r = - AMPT ]

I O O Hydro ]

0.03}; 5 % .

02} -

0.01 -
MNe+Ne/O+0 PGCM i‘~lLEFT I '

- -- AMPT b

1.2 O O Hydro 7]

10 = e e e Y [, Y g ey gy ey -
0 10 20 30 20 50

Centrality (%)

» Using the same initial nucleon distributions, AMPT has the different results with hydro.
» Some improvements are needed.
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Problems for 120+ 160 / 2°Ne+2°Ne in Improved AMPT

» Same inputs: initial nucleon distributions are consistent with hydro.

» Different £,: the initial condition is different from hydro.

To keep the same ¢,, 1) T, = T, for partons.

2) change the reduced thickness in AMPT.

reduced thickness

f =Tr(p; Ta,Tp) = (

[ max(Ty,Ts),

(T4 + T3)/2,

v TyTp,
2T4Tg/(Ty + Tp),

| min(T}, T5),

ﬁ+ﬁym

2

p — +00

p = +1 (arithmetic)
p = 0 (geometric)
p = —1 (harmonic)
p —> —o0.

5?’1

0.8

0.6

+ hydro

I

0+0 @ 6.8 TeV, PGCM
-=— partons w/ 1,
- partons w/ 671,

1 1 1 l 1 1 1 l Il | 1 I 1 1 1

0.4 o

prmnee
0.2

| I | 1 |
0'00 20 40 60
Centrality (%)
0.6
0.4+
0.2 _ ’ yd ——- Arithmetic: p=1
// — Geometric: p=0
—-— Harmonic: p=—1

00 1 I 1 1

0 25 50 75 100
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Problems for 120+ 160 / 2°Ne+2°Ne in Improved AMPT
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Problems for 120+ 160 / 2°Ne+2°Ne in Improved AMPT

T | T T ] T
U Hisw BubliicAKET Au+Au @ 200 GeV, IAnl>1] i . "
0.04_— . & tum off ZBC Ini<1.5, 0.2<p <2 GeV T 0.04 2 . -
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i j :New Public AMPT 0O+0 @ 200 GeV, |AnI>1 i
0.03- a5 0.03 « =tmoffzPC Ini<1.5, 0.2<p <2 GeV
L il - e = turn off ZPC+ART Tetrahedron .
i - ° & = [ ASTAR Omb ]
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0.01- = 0.01- ~
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10 10,
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» For Au+Au collisions in public and improved AMPT, the hadronic effect of v, are almost zero.
» For O+0 collisions in improved AMPT, the hadronic effect of v, is not zero.

» Hadronic effects of v, are different in O+O & Au+Au collisions.

» A simple method to solve this problem is the additional formation time for hadrons.
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YV VY

Summary & Outlook

Improved AMPT roughly reproduce the STAR data for O+O collisions.
Different nuclear structures have obviously effect on v, & v; in AMPT.

The studies of O+0O & Ne+Ne collisions help explore the limit of QGP
collectivity.

Studying the same collision system with AMPT and hydro helps us to
understand the properties of the QGP in small system collisions. But, it is
necessary to ensure that the same initial conditions are available.

AMPT is especially suitable for studies of non-equilibrium dynamics

Recent developments have made the model more versatile and accurate.
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YV VY

Summary & Outlook

0.06———7

,\ (a) 0+0 @ 200 GeV, IAni>1 -

e T, ~
0.04 s N .

Improved AMPT roughly reproduce the STAR data for O+O collisions.

F Ty'=6.07,
r <15, 0.2<pT<2GeV

Different nuclear structures have obviously effect on v, & v; in AMPT. 2T Faser ]
The studies of O+0O & Ne+Ne collisions help explore the limit of QGP O
collectivity. [ verostzaan _
Studying the same collision system with AMPT and hydro helps us to M
understand the properties of the QGP in small system collisions. But, it is oo ° "]
necessary to ensure that the same initial conditions are available. o ]

. . . . —_ . faofle o 2 e
AMPT is especially suitable for studies of non-equilibrium dynamics m
Recent developments have made the model more versatile and accurate. af o ot

0 10 20 30 %0 50
Centrality (%)

Thank you for your attention!



String Melting Version of A Multi-Phase Transport Model (AMPT)

HIJING1.0 (parton PDFs & nuclear shadowing):

minijet partons (hard), excited strings (soft), spectator nucleons

' Strings melt to q & qbar :

) . |
via intermediate hadrons

ZPC (elastic parton cascade)

Partons freeze out

Hadronization (spatial quark coalescence)

» A transport model for non-equilibrium. AfB ’
(nuclear profile)

Generate parton

» AMPT is designed to be a self-contained space-time

kinetic description of nuclear collisions.

» Evolves the system from initial state to
final observables.

» Automatically includes 3D productions of
all flavours & conserved charges.

» Automatically includes non-equilibrium
initial state & dynamics/evolution.

Extended ART (hadron cascade)

Hadrons freeze out + strong decays
Final particles
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0.06

='0.04

0.02

Additional Formation Time for Hadrons in Improved AMPT

0O+0 @ 200 GeV in improved AMPT w/ 1.5 mb, tetrahedron

t =t+1,, ni1.5, O.2<pT<2 GeV

hadron
- 7,=0
= 7,=1.0
—& "Co=1.5
STAR I

Lol

10
Centrality(%)

> An additional formation time for hadrons can solve

the hadronic effects for O+0 collisions.
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