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QCD phase structure
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Transport model simulations of
Intermediate-energy heavy-ion collisions

Heavy-ion
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Main approaches:
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A multiphase transport (AMPT) model
with string melting

Structure of AMPT model with string melfing

A+B
Lund string fragmentation function

b(In2 + pf)

V4

HLJING energy in nhucleon

excited strings and minijet partohs spectators

)

f(z)=z'(1—2z)"exp {_

r PR z : light-cone momentum fraction
ragment RO PArions

ZPC (Zhang's Parton Cascade)
till parton freezeout
Quark Coalescence

ART (A Relativistic Transport model for hadrons)

Parton scattering cross section

do _9ma’( )1 ; 9o’
= + . g =
dt 2s” s \t—u’ 2u’

a: strong coupling constant
K: screening mass

a, b: particle multiplicity
o, |L: partonic interaction




A multiphase transport (AMPT) model
with string melting

Structure of AMPT model with string melfing

A+B
Lund string fragmentation function

b(In2 + pf)

V4

HLJING energy in nhucleon

. : f(z)=z"'"(1—2z)"exp|—
excited strings and minijet partons spectators (2) ( ) p{

)

r PR z : light-cone momentum fraction
ragment RO PArions

ZPC (Zhang's Parton Cascade)
till parton freezeout
Quark Coalescence

"ART (A Relativistic Transport model for hadrons
— el

Parton scattering cross section

do _9ma’( )1 ; 9o’
= + . g =
dt 2s” s \t—u’ 2u’

a: strong coupling constant
K: screening mass

a, b: particle multiplicity
o, |L: partonic interaction

Turn on hadronic mean-field potentials



hadronic potentials for particles and antiparticles

Nucleon and antinucleon potential
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hadronic potentials for particles and antiparticles

Incorporated via

_ _ test-particle method
« Baryon potential: weakly attractive ]_Sub threshold

In baryon-rich and neutron-rich matter:

particle production

Antibaryon potential: deeply attractive
K* potential: weakly repulsive™
K- potential: deeply attractive
n* potential: weakly attractive
n potential: weakly repulsive |

— Chiral perturbation theory




Effects of mean-field potentials on elliptic flow
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Effects of hadronlc mean- fleld potentlals on elliptic flow splitting
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Effects of mean-field potentials on HBT correlation

Two-particle correlation function:
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Effects of hadronic mean-field potentials on HBT correlation
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A multiphase transport (AMPT) model
with string melting

Structure of AMPT model with string melfing
A+B

Lund string fragmentation function
b(In2 + pf)

V4

HLJING energy in nhucleon
excited strings and minijet partons spectators

Incorporatq partonic mean-field potentials

Quark Coalescence

"ART (A Relativistic Transport model for hadrons
— el

f(z)=z'(1—2z)"exp {_

z : light-cone momentum fraction

fragment into partons

Parton scattering cross section

do _9ma’( )1 ; 9o’
= + . g =
dt 2s” s \t—u’ 2u’

ZPC (Zhang's Parton Cascade)

till parton freeceout

a: strong coupling constant
K: screening mass

a, b: particle multiplicity
o, |L: partonic interaction

Turn on hadronic mean-field potentials



3-flavor Nambu-Jona-Lasinio transport model

Lagrangian:

2 scalar pseudoscalar vector Gpseudovector
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v, right after hadronization
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Quark mass/condensate  Polyakov loop
(chiral transition) (deconfinement transition)
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EQOS effects on the directed flow
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Isovector couplings in NJL model
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Phase dlagram from (p)NJL model
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Susceptibility from splittings
of u-d chiral phase transition

n 3 4
S ) XY XY = —0.293 - 0.02645 (MeV)
X o 25! T 2
Npx /T x(2) x (2 «*(B)
240 A -
(b) —--098 (d) —-=0.98
; - =095 --095
200 i - .- 090 ) 0.90 |
' " h
(i 3
i )
;! e
P .o
g o > 3
I /' \ ,.,:L.— B IS, -
¥ e ) 7
% _'_--‘.’.é'-\-l.&r - J 7 .\,'/
40 80 120 160 200 &0 750 900 1050 1200 "0 40 80 120 180 200
#, (MeV) T(MeV) #, (MeV) T(MeV)
H. Liu and JX, arXiv: 1709.05178
S6(Q) ko (Q)
240 | [ 240
—-—-098
- =085
200 0.90 200
- 5- B
160 - ; 160}
— £ 0.6 —— 4—.;"_\ Py
B 120 0 % Of = ='7 N 3
< 0690 [1 ! =
- \ I - o
& % |
\ 4o}
\’
%0 750 900 1050 1200 1020 80 120 160 200 00 750 900 1050 1200

u, (MeV) T(MeV) u, (MeV) T(MeV)



Chiral magnetic wave effect on pion v, splitting
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Dirac equation for massless particles
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Results from chiral dynamics

Chiral kinetic equations of motion

JG ‘;—: —Kec 2’;12 Bc 2’;3 E xK M.A. Stephenov and Y. Yin, PRL (2012)
i o J.W. Chen, S. Pu, Q. Wang, and X.N. Wang, PRL (2013)
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Simulating chiral magnetlc wave in a box spectator protons |

£
é @ A @ A Effectlverromx's

t=0fm/c t= Sfm/c t=5fm/c t Sim/c t IOtm/c

(=]

0.05F" i vector potential ¢
0.00f \/\\/\ . 1 PR/ 0
882 \/\ ot \/\/ N
0.00 /\//\//\/’\/’\/ pL/n. Z(fm}
005k Nt L B N 6.0
L] T4t FOUDTowir FORDPINURT FNUPRIINT TIDIPRINE e i
0.0 TN TN AN o/ - Naw i | |
—0.1 A R v R Aand A d
: i M e
{ pspolarization spllttmgg 6 M el

0’1 i e + T ¥
oI et eyl frOmsands W\//"’wﬁ
y (fm) / depends on both |\ _ |
Electric quadruple moment real B and effective B /
W.H. Zhao and JX, PRC (2018) B

CMW in HIC from real B and effective B in progressvz.z. Han and JX, PLB (2018)

2 u




Event Counts

Event counts

_ 3
P+ P

12.0k

10.0k

8.0k

6.0k

4.0k

2.0k

8.0k

6.0k

4.0k

2.0k

pion v, splitting from mean-field potentials
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Concluding remarks

Original structure of AMPT Structure of AMPT after improvement
A+B AiB
HIJING energy in nucleon HILJING energy in nucleon
excited strings and minijet partons spectators excited strings and minijet parfons spectators
' ' Parton transport with
| Partqn casc ade | » | NJL mean-field potential |
I Quark Coaleseencel [ Mix event coalescence I
i % 3 v
. . Hadronic transport with mean-field potential, I
Hadronic rescatterlng correct charoe violation
Suitable for top RHIC and LHC Suitable for RHIC-BES and FAIR-CBM
RHIC-BES, Mean-field
FAIR-CBM, etc potential

Flow, HBT, an extended AMPT model
Fluctuation, etc| |with NJL Lagrangian ‘

QM EOS, QCD
phase diagram
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Hanbury-Brown and Twiss (HBT) Correlation

‘Two-particle correlation function:

2
[ s xn)|wSH )| atre

C(k )_ [ S(r*k*) d*r*

where r*=x; — X, and K* = qjny/2 = (p1 — P2 )/2

R.H. Brown and R.Q. Twiss, Nature (1956)

S. Pratt, PRD (1986)
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| I
0 0.005 0.01

‘?‘ q One Dimension :
2 2
. C(anv):(l-l) + AKCOU] (qinv) (1 + e_qianinV)

Three Dimension:
C@)=(1-2) + AK o1 (Qiny) X (1 + e—q%R%—qERE—qulz—Zqoqu%s—Zqoquﬁl)

the Bertsch-Pratt, out-side-long system:
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Effects of hadronic mean-field potentials on HBT correlation

Affect correlation for indentified particles
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Fit AMPT parameters at RHIC-BES energies
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=> electric quadrupole moment

Explanations for v, splitting

Chiral magnetic wave
; Vo) < v, (i)

Y. Burnier, D. E. Kharzeey, J. F. Liao, and H. U. Yee, PRL (2011) —_— i

Different v, of transported and produced partons
J. C. Dunlop, M. A. Lisa, and P. Sorensen, PRC (2011)

Different rapidity distributions of quarks and antiquarks
V. Greco, M. Mitrovski, and G. Torrieri, PRC (2012)

Conservation of baryon charge, strangeness, and isospin
J. Steinheimer, V. Koch, and M. Bleicher, PRC (2012)

Different mean-field potentials for particles and their antiparticles
JX, L. W. Chen, C. M Ko, and Z. W. Lin, PRC (2012);
T. Song, S. Plumari, V. Greco, C. M. Ko, and F. Li, arXiv:1211.5511 [nucl-th];
JX, T. Song, C. M. Ko, and F. Li, PRL (2014)

Different radial flows of protons and antiprotons

X. Sun, H. Masui, A.M. Poskanzer, and A. Schmach, PRC (2015)

Hydrodyanmics at finite baryon chemical potential
Y. Hatta, A. Monnai, and B.W. Xiao, arXiv: 1505.04226 [nucl-th]; 1507.04909 [nucl-th]



Quark condensate:
- _ A3k | _
(Giqi) = —2M;N / On3E, 11— fi(k) — fi(k)],

Quark 4-dimensional density:

" T ck ’
< ﬁ; _ _2’\ Z / 3’E JE.’L fz“']_fl“']]

1=u,d,s

M, = my — 2G(au) + 2K (dd) (5s).
My = mg—2G{dd) 4+ 2K (3s)(@iv),  iteration needed
M, = mg —2G(3s) + 2K (au){dd).

test particle method:

f(X,k —ZQ(X %)9'(k —k;)

test |



Fit the parton scattering 20 1 | . | . A
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h d ticl 20-30%
Charged-particie v, 15 (~ |y|<1 charged particle .- * -
B ) *.-'- _,.-li—-i_
—— RL” — (_T'L;" .rIG . - i'—r/
. . :SE { . *,_,/'
Hadronization happens < 10 |- A '/.l —
hen chiral symmetr > e 5

YV enc "‘5.\ Y Y - +.' i;_; “m~ —m— STAR data i
is broken, i.e., M*>M_ /2 5 L A2 -e- g=1mb,R,=05_
K‘ A 5=10mb,R,=0.5
.2 ~v=o=1mb,R, =11

0 | & | | ! | |

0.0 0.5 1.0 1.5 2.0
(global hadronization, p. (GeVic)

can be improved by local hadronization)

Fierz transformation: R, = 0.5 Total v, is less sensitive to Ry

Vector meson-mass spectrum: R, = 1.1



EOS of quark phase from NJL

A aﬂ i
Q. = —2N, Y P [E; + Tn(1 + ¢ PE#))
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—4Ko,040, _%Gv (P +Pa+05)°

P=-Q NIL Pressure in the temperature-density (T-n) plane
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100 -

- r r T r T rr 1T T T T* 1
0.0 0.2 04 0.6 0.8 1.0 1.2



Phase diagram from NJL model



Lagrangian:

8

: & 3 lar, 2af + (@, 720

a=0

| — C_I(iﬂ/ﬂ@y - M)q +%i[(c—waq)2 + (C_Ii7/5)La )2]
~K[det (@1 +75)q)+ det, (G2~ 7°))]

After mean-field approximation:
= > 0(r"i0, =M )+ Ly,

g=u,d,s

M, =m, —2G¢, + 2K, Quark condensate ¢, = {({q)
M, =m, —2Gg, +2Kg,4,
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10, =10 —gva

den :_G(¢ +¢d +¢ )+4K¢ ¢d¢ __G\/,O

Quark density Py = <Q7/”CI>

0 0 0
Net quark density 2 =Py t Py + P



Free Fermions:

L=w(r'io,-my  H=zY L __ 0
ot ooy /at)

Z _ Tr[e—ﬂ(H—E‘W 2 ] converse baryon charge

Partition function:
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) S P
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NJL model with polyakov loop
Polyakov loop:

L(x) = P6xp[_ g dx,A (x X4)} A,: gauge field

| = NiTr[L]

C

Thermal potential
Q= Qcond + Qquark + Q) + Q)

Zero polyakov

Qi =-2T Y j P lindet(@+ Le S P) + Indet(L+ L'e "))

g=u,d,s )

_ T {54e—a”|l 61T =311 f +4(° +1°)

polyakov

@)

Taken from Kenji Fukushima, PRD (2008)
0 _Q_0_,
og, o al




Polyakov loop: order parameter of deconfinement

The expectation value of the Polyakov loop and its
correlation in the pure gluonic theory can be written as [65—67]

= (l(x)) = E_’qu, b = (51(;13)) — e_ﬁfﬁ! (4)
(7 () £(y)) = e P, (5)

Here, the constant f, ( f3) independent of z 1s the excess free
energy for a static quark (anti-quark) in a hot gluon medium?’.
Also, fgq(x — ) 1s the excess free energy for an anti-quark at
x and a quark at y.*

Kenji Fukushima and Tetsuo Hatsuda, Rep. Prog. Phys. 2011

Table 1. Behaviour of the expectation value and the correlation of

the Polyakov loop in the confined and deconfined phases in the pure
gluonic theory.

Confined Deconfined
(disordered) phase  (ordered) phase

Free energy fq =00 fq =00
, _ _ _ —mMr
faq ~or fag ™~ fqt+ fata
Polyakov loop (£} =0 £y £ 0

(r = o0) (LT (r)e(0)) = 0 (T () E0)) = [ #£0
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Symmetry energy from NJL model
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Isospin effect on susceptibility from pNJL
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What if the chemical potential line is very close to
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What if the chemical potential line is very close
to the phase boundary (0.98)
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Dynamical coalescence with Wigner function
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