AMPT at the High Baryon Density Region

Z1-Wei Lin
East Carolina University (ECU)

(
(
[
1 Science

¥/~ Foundation

Ak
. §3 National

RHIC-BES on-line seminar (Series II), June 29, 2021



Outline

Overview of the AMPT model

Importance of nuclear thickness at lower energies
Improved parton cascade and extraction of parton 77/s
Future developments for high baryon density physics

Summary

Based on arXiv:1704.08418, 2001.10140,
2012.13825,2102.06937, 2103.10815

(in collaboration with Todd Mendenhall,
Xinli Zhao, Guo-Liang Ma, Yu-Gang Ma,
Han-Sheng Wang, Wei-jie Fu,

Chao Zhang, Liang Zheng, Shusu Shi)



A Multi-Phase Transport (AMPT)

was constructed as a self-contained kinetic description of heavy ion collisions:

* evolves the system from initial condition to final observables;

* particle productions of different flavours at different Pt & y;

* non-equilibrium initial condition & dynamics (e.g. fluctuations & correlations).

Final particle spectra

Source codes at the ECU website
http://myweb.ecu.edu/linz/ampt/

ZWL, Ko, Li, Zhang & Pal, PRC (2005);
ZWL & Zheng, NST (in press, 2021)


http://myweb.ecu.edu/linz/ampt/

Transport versus hydrodynamics for finite systems
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* Escape mechanism dominatgs v, for small systems
& even semi-central AuAu'@RHIC.
* At very large opacity glérge system/energy/o),

hydrodynamic collective flow will dominate v,

Heiselberg and Levy, PRC (1999), Borghini, Feld and Kersting, EPJC (2018),

Kurkela, Wiedemann and Wu, PLB (2018) & EPJC (2019)
* It 1s important to develop transport model/kinetic theory & compare with
hydrodynamics to understand physics/collectivity of finite size systems.

* Transport model (non-equilibrium, microscopic picture) &
hydrodynamics (EoS, transport coefficients) nicely complement each other.



String Melting version of AMPT (AMPT-SM)

From the Bjorken formula for initial energy density in central AA collisions:

(1) = (™ ~5 12 40 GeV/fm?
TAr dy SPS RHIC LHC
. Transverse arca >> critical energy density
Proper formation time, for QCD phase transition:
taken as 0.5 fm/c g.~ O(1/2) GeV/fm®

=>» At high-enough energies,
hadronic matter such as strings cannot exist at early times,
the initial matter should be represented by a high density partonic matter

=>» the string melting version of AMPT ZWL & Ko, PRC (2002)



AMPT codes are available online since 2004

&~ g @ © & myweb.ecu.edu/linz/ampt/ 133% oe ww

AMPT source codes

(updated December 25, 2018):

A Multi-Phase Transport (AMPT) model is a Monte Carlo transport model for nuclear collisions at relativistic energies.
Each of the following versions contains:

the source codes, an example input file, a Makefile, a readme, a required subdirectory for storing output files, and a script to run the code.

1. ampt-v1.11-v2.11 .tgz (11/2004)

2. ampt-v1.21-v2.21.tgz (10/2008)

w

. Other older versions inbetween

. ampt-v1.26t5-v2.26t5.zip (4/2015)

. ampt-v1.26t7-v2.26t7.zip (10/2016)

String Melting AMPT since 4/2015 can reasonably describe

SEEEH e (0LD) the bulk matter at high energies at RHIC and LHC.
7. ampt-v1.26t9-v2.2619.zip (9/2018)

AN W B

8. ampt-v1.26t9b-v2.26t9b.zip (12/2018)

This readme file lists the main changes up to version v1.26t9b-v2.26t9b ("t" means a version under test):

AMPT Users' Guide

FLTTLLTLLITLLLTTLITTLLTTLLITT9TTLTTLTTL93TTTTTL9222938893%%%
12/2018 test version v1.26t9b/v2.26t9b:
* Fixed bugs that can cause segmentation fault (especially for default
AMPT at high energies):
exclude endpoints of 0. and 1. in random values from RANART()
in amptsub.f in order to avoid crash in case of 0 branching ratio,
resample random value from RLU(0) when TEVB in PYSSPA does not change
(this may happen when RLU(0)>-0.9999 and thus
ex==|LOG(RLU(0))*B0/(5.*WTSUM) |<~3e-8 and thus EXP(ex)=1.00000000,
which may cause IS(2) to be undefined and be >10"8 (out of bound)).
The above modification can be found by searching "clin-12/2018".


http://myweb.ecu.edu/linz/ampt/

A central Au+Au event at 200AGeV from the AMPT-SM
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Higher baryon densities / lower energies

* For lower energies such as BES,
particular interests are in high
baryon density physics including
the QCD critical end point (CEP).

* Before addressing possible effects
of the critical point,
one needs to know trajectory
of nuclear collisions on

0 500 750 (Mjm
. Baryon Chemical Potential 1,
the QCD phase diagram,
: . . : from STAR arXiv:1007.2613
including time evolutions
of energy density ¢ &

net-baryon density ng
(or T & )



dN_,/dn (ml<0.5)

<p_> (GeV/c)

Results from AMPT-SM at different energies

String melting AMPT can now reasonably describe both large and small systems,
including their centrality dependence after we apply local nuclear scaling on
2 key input parameters (Lund b parameter & minijet pT cutoff p,):

Chao Zhang et al. 2103.10815
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Centrality dependence of <pT>

is now much better than public AMPT

However, finite nuclear thickness 1s neglected in AMPT-SM
as 1t was constructed for high energy nuclear collisions.



Importance of nuclear thickness at lower energies

* Effects of nuclear thickness at low
energies are big on energy density
¢ & net-baryon density ng
(consequently on T & 1)

ZWL, 1704.08418,
Mendenhall & ZWL, 2012.13825,
H.S. Wang et al. 2102.06937

* For hydrodynamics models:
dynamical initialization scheme

1s needed instead of initial condition
at a fixed proper time.

Okai et al. 1702.07541,
Shen et al. 1704.04109

0 500 750 1000

Baryon Chemical Potential 1, (MeV)

from STAR arXiv:1007.2613
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Effect of nuclear thickness on initial energy density

For central A+A collisions in CM frame
with the hard sphere model for nucleus:

crossing time is 2R, 2R, t=0

d, = =
" sinhyey  ¥B

For central Au+Au collisions:

VEaw (GeV) 35 115 2750 200,

d, (fm/c) 105 53 22 091 049 0.12

1 dEr(7)

— the Bjorken formula e(7) =
TAr dy

is only valid when d, << 71
or v/sSyny > ~50 GeV for 1= 0.5 fm/c
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Effect of nuclear thickness on initial energy density

A schematic picture:

The shaded area

1s the primary collision region
that can contribute to &(?),

after considering formation time
tr = Tp cosh(y).

At late t (> di+tp),

&(t) comes from the full primary
collision region (the big diamond area).

In these semi-analytical studies,
we only consider the central region (1,~0)

t

“ /7 Kajantie et al.

s s
AV
, Ve

<"~"  NPB (1983)

Fig. 5. An alternative description of the A + A collision. In addition to the pairwise N + N collisions on
the time axis (crosses), the secondaries may further interact with the incoming nucleons (circles). This

& neglect secondary scatterings or transverse expansion.

would enhance the energy density in the central region.

Time x

Bd. ] 2

0 Bd. ] 2
Z

Mendenhall & ZWL 2012.13825
X. production time, € [0, d]
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Extension of Bjorken € formula with nuclear thickness: 2)

A

1) Without finite t or z:
the Bjorken ¢ formula

Bjorken, PRD (1983)

-d\ld

as d-0

0

2) With finite t
(but not finite z-width)

ZWL 1704.08418

We first use this simpler method
to illustrate the qualitative effect
of nuclear thickness on initial &(z)

N N I A L L I S T T T T T Tr T T I

Bd. /2 0 Bd. /2
z

3) With both finite t & z
Mendenhall & ZWL 2012.13825
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Extension of the Bjorken ¢ formula: the uniform time profile

1 L=1F dx dzET

e(t) = Ag 0 (t —x) dyydx

, , ZWL 1704.08418
For the simplest uniform profile,

initial energy (at n,~yy~0) 5
1s produced uniformly 3/dr|
from time ¢, to ¢, :
2/d;

dZET 1 dET

dyodx t21 dyo

1/d;}

for x € [tq,t,], 0
with 1, =t,— 1 Circles: AMPT results

dE/dy(y=0) parameterization from PHENIX PRC (2005)
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Extension of the Bjorken ¢ formula: the uniform time profile

luti (t) ! dETlnt_tl if t €[ty + 7y, ta + 7]
. €unill) = ; Tes Te 3
— SO1ution. € Aty dy T 1 2
1 dE t— 1y
— T ift>1 :
ATtgl dy n(t—tg) ! = 2 —I_TF
* At high energies
e(t) (thin nuclei, or t,; /tz — 0):
. 1 Euni(t) — &Bj (t)
l Bjorken formula analytically
| * At lower energies:
\ very different from Bjorken.
R Uniform formula

\~~
-~
-
h—-
=
———-—-—-——-—_

time
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Extension of the Bjorken ¢ formula: the uniform time profile

' 1 dE ¢
Peak energy density €7%% = e (¢t + 7)) = ' (1 N 2)
A tor dy T.
: : Eani T t
— ratio over Bjorken: = —1In (1 + ﬂ) . <1 always.
Cp; (TF) 21 Tg

At very low energies (t,, /tp >>1):

e(t) ratio over Bjorken — 0;
1 1
-Bjorken formula Eunr o In (T—F) not —

So the peak energy density
¢ << Bjorken value

‘ . °
\ Eyni * much less sensitive to 7
Uniform formula

Rt - FWHM width in t >> Bjorken
t1-|—‘EF t2+1:F t time
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Nuclear thickness effects from AMPT-SM
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We incorporated nuclear thickness in AMPT initial condition in a test version;
the results show:

* Same qualitative features as our semi-analytical studies.

* Effect of nuclear thickness could be very important at low/BES energies.

* Peak energy density e™%* increases with /sy much faster than Bjorken.



Extension of Bjorken € formula with nuclear thickness: 3)

3) With both finite t & z
3
£(t) = ALT f J (C?iéiz) - ;lo Z;sz ch3y, Midel\ahau .& ZWL 20I12.13fgif
:é ................................................ i
S: integration area (shaded), :;’ 0 5

has 2 or 3 pieces depending on t:

3mT

dyg dxdz

Depends on : initial dm/dy production density in x-z plane:

assumed to be uniform in x-z plane
(similar to triangular time profile of earlier study ZWL 1704.08418).

dmyp/dy 1s based on improving dE/dy(y=0) parameterization from PHENIX PRC (2005)
by including net-baryon contribution (important at low energies).
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Extension of Bjorken € formula with nuclear thickness: 3)

3) With both finite t & z
Mendenhall & ZWL 2012.13825

102:| T T T T T T T T 17

10t F T

gmax (GeV/fm3)

—— z-width ]
—-— Triangular ]

7+ =0.1,0.3,09 fm/c v Bjorken |
-o- TF=0fm/c
-10L . . . . P | . . . . . P |
10 5 ot T

Vsun (GeV)

* Qualitatively similar to earlier study zwL 1704.08418
gM* << Bjorken value at low energies, =Bjorken value at high energies;
eMM¥ & g(t) depend on 7 more weakly than Bjorken at lower energies.

* Surprise finding: £™%* is finite at 7= 0 at any colliding energy.



Extension of Bjorken € formula with nuclear thickness: 3)

Todd Mendenhall has written a web interface 3) With both finite t & z
to calculate the initial energy density &(t) Mendenhall & ZWL 2012.13825
 (Can be accessed at bottom of the AMPT webpage

* Takes input from user:

Atomic Mass Number (for projectile as well as target): 197

Center-of-Mass Energy per Nucleon Pair (AGeV): 77

Formation time (fm/c): | 0.3 |

Number of times to sample time evolution: 100

Submit
Vsun = 7.7 GeV, A = 197, 1 = 0.3 fm/c
35 dessasassssasasassananananannnnn - ...................................................................
3.0 A
2.5+
O 1 E 2.0 —e— Semi-analytical result
° = 5ot N - S (——— £max = 3.51 GeV/fm3
utputs £(2) plot, 0 I A A,
user can download data file: | *
1.0 1
0.5:9
0.0 T
0 1 2 3 4 5 6 7 8
t (fm/c)

Download Data File


https://toddmmendenhall.pythonanywhere.com/
http://myweb.ecu.edu/linz/ampt/

Nuclear thickness effects from AMPT-SM on 4

0 8 16 0 4 8

ol (a) 2.7 GeV _»\(b) 7.7 GeV Lot Han-Sheng Wang et al.
‘\ - — wi/o finite t&z 2102.06937,

ol A T withfinite t8z | - preliminary

\
\

\

107} 1107

\
(c) 19.6 GeV

ng (fm)

107 102

10 110’

10%} 110°

107" 10"

10

o=

t (fm/c)

Qualitatively similar to &(#) results ZWL 1704.08418, Mendenhall & ZWL 2012.13825:

ng™** decreases drastically at very low energies (after including thickness);
smaller change at higher energies.
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Nuclear thickness effects from AMPT-SM on 7~

AMPT, Au+Au, b<3 fm, |n|<0.5
(Central cell) 1
- - - wi/o finite t&z
T - —— with finite t&z ]
_ ~ CEP
—— 200 GeV 62.4 GeV 39 GeV |
2 27 GeV 19.6 GeV —11.5 GeV
B — 7.7 GeV 49 GeV —— 2.7 GeV
0 500 1000 1500 2000
pg (MeV)

Han-Sheng Wang et al.

2102.06937,
preliminary

 Trajectory is plotted from t™“* (time of reaching £™%") to t=10 fm/c.

little change at high energies.

T & w5 both decrease significantly at very low energies (after including thickness);
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Improved parton cascade and extraction of parton 77/s

Flows like v, & v; of large systems
mostly come from parton cascade in AMPT.

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

Parton subdivision can resolve this problem:
but is very CPU-consuming

& alters e-by-e fluctuation/correlation.

We study

— how accurate ZPC is under expected densities/opacities

— how to accurately solve Boltzmann equation w/o subdivision
— extract parton 7 or n/s

Xinli Zhao et al. 2001.10140, Mendenhall & ZWL (ongoing)
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Improved parton cascade and extraction of parton 77/s

ZPC in AMPT numerically solves the Boltzmann equation for 2-body collisions:

PP oufr, p,t) = CIIMP fi(ri, py, 1) fo(r2, pa, 1)]

(98]

10

10

10
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| IIIIIIIl | IIIIIIIl | IIIIIII' 'I.UQ&

10

| | | | |
A <a> dNJdp,

- =+ |nitial state \
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— — Subdivision I=10°
Thermal distribution

*{ﬁ‘
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|
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|
5
t

We have found a new scheme to perform parton collisions:
it almost eliminates causality violation
& 1s more accurate than default ZPC collision scheme

L B Ly L B B A R
(b) <p>/T (c) <p, variance>/T":

Gluons 1n a box: 4 —:2-8
T=0.5 GeV ] .

& c=2.6mb T —2.6

~ 4 T T G,

:_ Theory _:_ _:2.2

C 1 | | LT —20
1 2 3 4 O 1 2 3 4 5 6

(fm/c) Xinli Zhao et al. 2001.10140
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Improved parton cascade and extraction of parton 77/s

We calculate 77 with the Green-Kubo relation:

n= . /oodt (@@ +1t)av ()
T Jo

Xinli Zhao et al. 2001.10140

1

New scheme i
~ Subdivision results i e

. : : <L =—= New scheme
(for 1sotropic scatterings): = 0.1F o o pefault scheme E
- —— Subdivision I=10° :
Navier-Stokes N \\o\
[ Gluons ina box:  [sotropic scattering
[ T=0.5GeV
=2.6 mb, ¥=2.0
0.01 =2 A2 ] S
0.1 1 10 50
X
_ 3 .
Opacity parameter y = \/i [Ampp =1 j 7 Next step: extract parton 7/s
T T

f a 3-d expandin m
Bin Zhang, Gyulassy and Pang, PRC (1998) of a 3-d expanding syste
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Future developments for high baryon density physics

Above developments of the AMPT model
lay a good foundation for studies of nuclear collisions
at low energies /high baryon densities.

Still, much important work needs to be done:

1) realistic Equation of State of the dense matter (including QCD critical end point)
2) 1inelastic parton reactions of different flavors (QGP chemical composition)

3) link parton cross sections with 1/s and other transport coefficients

4) hadronization (parton recombination/quark coalescence/fragmentation)

5) potentials (partonic and hadronic)

+more
better hadron cascade
kinetics of spin polarizations
transport under electromagnetic fields
better model maintenance & integration to experiments
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Future developments for high baryon density physics

String Melting AMPT

HIJING1.0: Important work to be done:

minijet partons, excited strin

A+B

spectator nucleons
I

) Strings melt to q & .
Generate parton space-time " gbar via intermediate - 1) QCD equation of state & CEP
hadrons : (FRG / dynamical parton mass / NJL)

2) inelastic parton reactions

with flavor-dependent cross sections
3) link ¢ with /s
5a) parton potentials (FRG / NJL)

ZPC (parton cascade)

Partons freeze out

4a) impri)ve coalescence with energy conservation
4b) fragmentation of partons w/o coalescing partners

Hadronization (Quark Coalescence)

v

Extended ART (hadron cascade) 5b) hadron potentials

Final particle spectra

27



Future developments for high baryon density physics

From Wei-Jie Fu
180

ire
160 Bl e 8
g € - . & 4 .
TR -
140 | cl SRS — i
".I.". &l ~ ‘.""t, -
O *

120 | : g
; === FRG: N;—211
[ 100 [|ZzZZZZ2 FRG: inhom é ]
2 Lattice: WB @
=, 80H Lattice: HotQCD -
Bq = + = DSE: Fischer et al. s ©
; ® - o
60 Hoveee DSE: Gao et al. & 4
@ freezeout: STAR 3¢
40 < freezeout: Alba et al. © |
@  freezeout: Andronic et al.
B freezeout: Becattini et al.
20 K @ freezeout: Vovchenko et al. 7
0 @ freezeout: Sagun et al.
s 1 1
0 200 400 600 800 1000

pp [MeV]

FRG i1s applicable at high 15
and well suited for search of CEP.

Fu, Pawlowski and Rennecke, PRD (2020)

One direction 1s to couple AMPT with FRG
since they complement each other:

AMPT: a dynamical non-equilibrium model,
can be directly compared with experimental data.

FRG (functional renormalization group):
A non-perturbative but static QCD approach,
consistent with lattice QCD.

With the coupling of AMPT with FRG:

 first-principle QCD EoS from FRG
provides information to improve EoS in AMPT.

e it enables calculation of dynamical evolution
of fluctuations and possible effects of CEP.
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Future developments for high baryon density physics

From Wei-Jie Fu

QCD strong couplings among quarks and gluons from FRG:

2.5

=

2.0}

Ay
2 |
S Aata
81, - _ _ /I \\\ + ;_. .."
fod =

+ (permutations of the regulator insertions)

0.0
10t

FRG could provide proper treatment of
QCD interactions in AMPT

00 1001
k[MeV]

Fu, Pawlowski and Rennecke, PRD (2020)
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Summary

The string melting AMPT can now reasonably describe bulk observables
of both large and small systems, including the centrality dependence

At low energies like the BES, finite nuclear thickness has big effects on
energy density ¢ & net-baryon density ny ,

and consequently on event trajectories and relation to CEP

We have incorporated finite nuclear thickness into AMPT
to provide a better foundation for further studies at high baryon densities

We have found a more accurate new collision scheme that almost eliminates
causality violation in parton cascade and gives correct parton 77 values

Much important work needs to be done, especially on
realistic Equation of State of the dense matter including the CEP
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