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A Multi-Phase Transport (AMPT) Model

AMPT aims to provide a self-contained kinetic description
of essential stages of high energy heavy ion collisions:

* Event-by-event from initial condition to final observables

* (Can address non-equilibrium dynamics

(e.g. partial equilibration and thermalization, initial flow)
e Self-consistent Chemical and kinetic freeze-out

* Publicly available since 2004 and often updated:
source codes at http.//myweb.ecu.edu/linz/ampt/

It 1s also a test-bed of differentideas & may lead to new discoveries:
* the discovery of v; by Alver & Roland

* v, & v; may be dominated by anisotropic parton escape
instead of hydrodynamics flow, due to low/modest opacity
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String melting version of AMPT

Initial transverse positions
130 GeV, b=7.5fm

10
. String Melting AMPT:
% "**‘*’ .................. e — | we convert strings into partonic matter;
S| ** % X ek ey ﬁ: oo ~# | should be more realistic at high energies;
Ko g0 & iﬁ% o ¥ Ko * )
iy, Lokl B R " | this enabled AMPT to produced enough v2

RN AL @f «. « 4 athigh energies using pQCD-like small
| parton cross section.
ZWL and Ko, PRC 65 (2002)

Initial condition in default AMPT:
T soft (strings) & hard (minijets)

O

Beam axis

Zi-Wei Lin

) 0 5 10

Strings are in high density
overlap area,
but not in parton cascade.

» quark from N—strings

= diguark from N-strings
+ gluons minijets
* nucleons
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Structure of String Melting AMPT

HIJINGI1.0:
A+B* minijet partons, excited strings, spectator nucleons

Generate parton space-time " Strings melt to q & qbar

via intermediate hadrons

/ZPC (parton cascade)

Partons kinetic freezeout

Hadronization (Quark Coalescence)

Extended ART (hadron cascade)

Hadrons freeze out (at a global cut-off time);
then strong-decay most remaining resonances
Final particle spectra

ZWL etal. PRC72 (2005)
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String melting AMPT : 1 central Au+Au event at 200AGeV

Zi-Wei Lin

t=0.20 fm

box range: +-—30.00fm
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AMPT: default (Def) versus string melting (SM)

Lund string a 0.55 for RHIC,
0.30 for LHC
Lund string b(GeV?) 0.5 0.5 0.9 0.15, also limit
P(s)/P(q)< 04

o, 1n parton cascade  0.47 0.47 0.33 0.33
Parton cross section ~3 mb ~ 6 mb 1.5 mb 3 mb
Model describes dN/dy, pt v2 & HBT dN/dy, v2 (LHC) dN/dy, pr& v2

not v2 or HBT not dN/dy or pr not pr (t, K@RHIC, LHC)

[1] ZWL et al. PRC64 (2001).
[2] ZWL and Ko, PRC 65 (2002); ZWL et al. PRC 72 (2005).
[3] Xuand Ko, PRC 83 (2011).

[4] ZWL, PRC 90 (2014): AMPT-SM can be tuned to reasonably reproduce simultaneously
dN/dy, pr—spectra & v2 of low-p (<2GeV/c) n & K data
for central (0-5%) and mid-central (20-30%) 2004AGeV Au+Au collisions (RHIC)
or 2.76AGeV Pb+Pb collisions (LHC).

Predictions for 5.02ATeV Pb+Pb collisionsin Ma and Lin, PRC(2016)
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String melting version of AMPT at RHIC/LHC energies

dN/dy of m & K:
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pr-spectra of m & K (central collisions):
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ZWL, PRC 90 (2014)

v2 of m & K (mid-central collisions):
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Application of string melting AMPT to lower energies

» At lower energies, trajectory of
nuclear collisions 1s important for
potential effects from the QCD
critical point.

SAUVLAIEISe The Phases of QCD

Future LHC Experiments

o
3
©
8
=
@

* Trajectory depends on the time
evolution of energy density € or T
& net-baryon density ng or ug

* Before studying these effects, Critical Point

the model first needs to describe NadronGas ¢

. .. .. Superconductor
the initial densities, Pt /
including the peak value Matter oon s,

. . 900 MeV

and time dependence' Baryon Chemical Potential
gmaX, g(t), . from bnl.gov
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t=0.40 fm

box range: +—30.00fm

1000
Multiplicity

t=1.00 fm

<

box range: +—30.00fm

Zi-Wei Lin CBM Symposium, GSI

String melting AMPT
was implemented for high energies:
finite nucleus width was neglected.

‘ At lower energies,
: finite width may have important effects.

So we have recently included finite width
to string melting AMPT.

ZWL &Y. He, in progress

£=2.00 fm

I central Aut+Au event
at 200AGeV

box range: +-30.00fm
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Incorporation of finite nuclear thickness for string melting AMPT

. :l I I I | I I I | I I I |::| I LI I | LI LI | I I LI a

E F T ]

> F Central Au+Au + .

Effect of finite thickness G [ central spacetime-rapidity] :
(filled circles): 210 -+ 10!

] w N T ]

* 1s large at low energy, S T i
gives much lower ¢max S || 484AGeV o 200A GeV -
and different shape oo T 1

en 0
5 10°F) E 410
: = - T .
* small effect at high energy ;D I T ]
as expected S r T -
j% = 4 ]
10_1 I | | | | I I | 11 | | 11 11 | | | 11 10—1
0 3 6 90 0.5 1 1.5
t (fm/c)

What about analytical understanding?
— extension of the Bjorken € formula to lower energies
ZWL, arXiv:1704.08418v2/PRC(2018)
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Extension of the Bjorken ¢ formula

A common model is (1) 1 dE7(7)
. T) =
the Bjorken formula: TAr dy
At high energies, initial particles are produced , T YRS -
from a pancake (at z=0) at t=0. ?/ir:?é?:s?f
For partons 1n a thin slab of thickness -d<z<d P 75 NN - emerging
. . qe . : > from collision poin
in central rapidity (y~0) at time t : - [ or'seeedot lght
d _ i 6. o
v, = ltanh () | ~ Iy] < £ s
Lo . ——receding
Energy within the slab 1s then S~V ] pcear
;d(E) d(E) 1 |2d o
E=NLZlppy_ N2l 21220 (3)
dy dy X t [ ot I o
, 8 > Z
It follows that the central energy density € is FIG. 2. Geometry for the initial state of centrally pro-
duced plasma in nucleus-nucleus collisions.
e N d(E) 1 @)
T dy u Bjorken, PRD 27 (1983)
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Extension of the Bjorken ¢ formula

Bjorken, PRD 27 (1983)

P

In spite of Fig.1, |
the Bjorken formula neglects -

Vs —-‘\\\ N\ o
} \ ( ; =
finite thickness of (boosted) nuclei _ ,/
- 1t 1s only valid at high energies . ,
FIG. 1. Schematic of the evolution of a compressed

where CI'OSSiIlg time << Tp “baryon fireball” in nucleus-nucleus collisions, according

to the mechanism of Anishetty, Koehler, and McLerran
(Ref. 8).

From PHENIX NPA757 (2005):

Eq. (5) here is essentially identical® to Eq. (4) of B jorken’s result [74], and so is usually
referred to as the Bjorken energy density ¢gj. It should be valid as a measure of peak
energy density in created particles, on very general grounds and in all frames, as long as
two conditions are satisfied: (1) A finite formation time tgym can meaningfully be defined
for the created secondaries; and (2) The thickness/“crossing time” of the source disk 1s
small compared t0 Tgoyy, that 1S, Tronm > 2R /y . In particular, the validity of Eq. (5) is
completely independent of the shape of the d E7 (trorm)/dy distribution to the extent that

> A (well-known) factor of 2 error appears in the original.
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Extension of the Bjorken € formula

Considering central A+A collisions
in the center-of-mass frame

& using the hard sphere model for nucleus:

crossing time 2R, 2R,

d, = = —
" sinhyey VP

For central Au+Au collisions:

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

Need crossing time << Tp
—> the Bjorken formula is only valid for

VSyn > ~50 GeV for 1= 0.5 fm/c.

Zi-Wei Lin CBM Symposium, GSI
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Extension of the Bjorken € formula

Goal: fix this problem SO0 Kajantie et al
& derive a Bjorken-type formula SO PR (1983) |
that s also valid at lower energies /? B ,
( SNN< ~50 GQV)

Consider a schematic picture: o il S o e i T“‘E“::f‘l‘i‘.?‘;h“’:mﬁ’m

two nucle1 come into contact at time 0

and pass each other at time d ;-

The shaded area

1s the primary collision region,
so 1nitial energy production takes place
over a finite duration of t & z.

We shall neglect secondary scatterings
& only consider the central region (n, ~0)

Zi-Wei Lin
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Extension of the Bjorken € formula

Picture for the Bjorken formula:

(a) for all rapidities: (b) for centrality rapidity n=y~0:
as d=>0

A

[

0

collision point collision point
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Extension of the Bjorken € formula

Method:

Picture with finite thickness: introduce the finite time duration
in the 1nitial energy production
(but neglect the finite z-width)

(a) for all rapidities: (b) for centrality rapidity n=y~0:
. A , A as d—-0
’\§'\. ! _ /‘/ [
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Extension of the Bjorken € formula

(b) for centrality rapidity n=y~0:
~ as d=>0

Ny,

Average energy density € within the slab [
divergesas t - 0, |
like the Bjorken formula.

So we assume a finite formation time Tg
for initial particles, then at any time t > tg:

ft—TF dzET dx

1
e(t) = a7 J0 dy dx (t—x)

This applies even during the crossing time.

d°Er
dy dx

To proceed, we now take a specific form for the time profile
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Extension of the Bjorken € formula: the uniform profile

ft—TF dzET dx

1
e(t) = ArJ0 dy dx (t—x)

The simplest (uniform) profile:
initial energy (at y~0) 1s produced
uniformly from time ¢, to ¢, :

/'“‘\
3/ d t 'I' ‘\‘

d°Er 1 dEr
dy dx B trq dy

2/d; ¢

1/d,+
for x € [tl,tz],
Witht215t2_t]
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Extension of the Bjorken € formula: the uniform profile

— solution: ey,i(t) = ATltzl dCZT In (t TFt1> Jif t € [ty + 7o, to + T
_ AT1?521 dC;EyT In C — t;) Aft >t + T
ZWL, arXiv:1704.08418v2/PRC(2018)

e(t) * At high energies:
 Bjorken formula (thin nuclei, t,, /1 — 0):
l'| guni(t) — gBj(t)

'\ analytically
‘\ o At lower energies:

very different
from Bjorken

dE/dy parameterization
time  from PHENIX PRC 71 (2005)

4+ Tp 6T
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Extension of the Bjorken € formula: the uniform profile

. 1 dFE t21
. et = uni t — - I 1 -
Peak energy density: ¢ €uni(t2 + 74) A tor dy n( + TF>
, , ea T t
— ratio over Bjorken: —=— = —1n (1 + ﬂ) . <1 always.
Cp; (TF) t21 T

ZWL, arXiv:1704.08418v2/PRC(2018 .
e(t) T V = 1) For #,; /z7g — 0 (high energy):

~ Bjorken formula ratio— 1  (— Bjorken)

'1‘ 2) For t,, /7 >>1 (low energy):
\ ratio — 0;
‘ M o 1n (i) not —
unt Tp > TR )

so the peak energy density
¢ << Bjorken value

time

t, Tk tz;LTF - FWHM width in t >> Bjorken
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Extension of the Bjorken € formula: beta or triangular profiles

A more realistic profile:
~0 energy 1s produced atx =0 & d,,
most energy 1s produced around x = d,/2 :

d°E dE
R dﬁc = a,[x(d; — x)]"d—yT (beta profile)
or a symmetric triangular profile
3/d,!

2/d; ¢

1/d;+

‘,,

Circles: time profile of initial partons within mid-»,
from string melting AMPT for central Au+Au @I11.5 GeV.

Zi-Wei Lin CBM Symposium, GSI
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Applying extended formula to central Au+Au collisions

We compare 1) the uniform time profile (with ¢, = 0 & ¢, = d,),
2) the beta time profile (n = 4).

= =
-} Ul
AL L LA DAL RL I

I
Ul

Formed energy density €(t) (GeV/ fmg)
)
o

3)

the Bjorken formula:

(a) 4.84 GeV
- Bjorken
o Euni(t)

Ebeta(t)

! LI | | | L | |

(b) 200 GeV

1.=0.1, 0.3, 0.9 fm/c

60

—40

4 6 8
At low energy:

gMa* << Bjorken value,
1s much less sensitive to Tp:

factor of 2.1 or 2.5 change (not factor of 9) when v changes from 0.1 to 0.9 fm/c.

Zi-Wei Lin

CBM Symposium, GSI
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t (fm/c)

1 1.5
At high energy,

2

solution ~ Bjorken.

October 3, 2018
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Applying extended formula to central Au+Au collisions

At lower energies:
gMax << Bjorken value (at the same 75),
but increases with /Sy much faster than the Bjorken formula

100 - ! ! ! ! ! ! ! | ! ! ! ! ! ! ! ! |
Peak energy density averaged E Central Aut+Au e e
over the nucleus transversearea | __--"" = |
“q 10F , =l
I N
S P e
A G o
b L, A L b
O ;.
< Iy
aw 1 | K 1.=0.1, 0.3, 0.9 fm/c -
; :/I - —- Bjorken ]
: I'I' // — Uniform profile -
ZWL, arXiv:1704.08418v2/ - :,' e Triangular profile T
PRC(2018) 01 :,II ! ! ! Lo |
2 10 100
V Sy (GeV)
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Comparison of extended Bjorken formula with AMPT results

e B B = B B B
Overall: qﬁ A == €niV T i
« AMPT with F.T. E €O T ]
(filled circles) — | 1
~ our extension TV E| T=0.1,03fm/c¥ } : 310
> [ T e
c7:> - T ] .
e AMPT w/o E.T. S ril 4.84AGeV 4 1 | 200A GeV -
ircl I N .
B evheai I | iE ],
jorken formula, 5 10” = 110
5 L N :
*  Small effect %o i B _
of finite thickness 5| B |
at 200 GeV, Z N
10—1 | EETEETERAT ¥ B N | AT A T i B R R 10—1
o . 0 3 6 9 0 0.5 1 1.5
F.T.=finite thickness t (fm/c)

8um-(f) ~ gbem(t)’ since here we set t; & t, of the uniform profile
so that it has the same mean & standard deviation as the beta profile.
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Average energy density €(t) (GeV/ fm3)

Comparison of extended Bjorken formula with AMPT results

0 3 6 90 1.5 3 4.5
E | | | | | | | | | | | | |EE | | | | | | | | | | | | | | | E
- (a) 4.84 GeV + (b) 11.5 GeV 1
I -= €m® T T.=0.1, 0.3 fm/c ~
uni F J .
101 ? ebeta(t) —E? —§ 101 NOtC AMPT haS
- — e 0 Foo - variable 1,
" Bjorken - T Woods-Saxon,
100 :—i’ ~ — .. — 100 .
2 Tl TS TR secondary scatterings,
- ~ +:H) transverse expansion,
_ e L . te width in z.
10 1 EI IS R I I N B N N |EEI N N N B B L B B = 10 1 ﬁnlte Wldth inz
- (c) 27 GeV + = (d) 200 GeV 1
10" £ = Al T =10’
E E : Here we set t; & t; of
s N : AMPT with _ 10 the uniform profile
: =0 finite t&z 3 and triangular profile
- Z : : o—o ﬁrl\ﬁfg t"&‘iéo ] so that they each have the same
- L 7 mean & standard deviation
- | I | I ST T NN N M W -1 ~ _
107} 10~ as the beta profile (n=4).
1 2 30 0.5 1 1.5 profile (n=4)
t (fm/c)
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Our analytical results include finite width in t but not the finite width in z.

Average energy density €(t) (GeV/ fmg)

—
o))

—
No

oo

-

Results from string melting AMPT

[T T T[T T T [T T T[T I 7
AMPT Au+Au
(a) 4.84 GeV

6—o w/o finite t&z

o—e with finite t&z |

_ with finite t
but w/o finite z

AMPT-SM results show:

» Effect of finite z-width is small, once finite t-width 1s included.

(b) 11.5 GeV

» Effect of finite t-width 1s very important at low energies
 Peak energy density e™%* increases with /Sy much faster than Bjorken.

Zi-Wei Lin
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Summary

Thank you!

Effect of finite nuclear thickness 1s important at lower energies

* We have incorporated finite nuclear thickness into string melting AMPT,

to lay a better foundation for further studies of dense matter effects
when parton matter is expected to be formed.

* We have analytically extended the Bjorken € formula:
now valid at low energies (as well as high energies)

AMPT results confirm key features of the extended formula.
At low energies (compared to the Bjorken formula):
 the maximum energy density £*%*
1s much lower,
but increases with /Sy much faster,
1s much less sensitive to the formation time ty.
* the initial energy density £(t) decreases much slower with time.
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