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Exploring the phases of QCD

200 GeV

Temperature (MeV)

Hadronic Gas

Baryon Chemical Potential ji; (MeV)



Exploring the phases of QCD

200 GeV

* Event-by-event
fluctuating initial
conditions

e (3+1)-d dissipative
hydrodynamic
modelling of the
QGP

Temperature (MeV)

* Microscopic
description for
hadronic phase

Hadronic Gas

0 250 500 750 1000
Baryon Chemical Potential ji; (MeV)

T —— 2




Exploring the phases of QCD

200 GeV

Temperature (MeV)

Hadronic Gas
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* Event-by-event

fluctuating initial

conditions
(AMPT, UrQMD,
MCGIb*, ...)

e (3+1)-d dissipative

hydrodynamic
modelling of the
QGP

MUSIC

* Microscopic

description for
hadronic phase

UrQMD/JAM



Compass for the QCD phase diagram
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Compass for the QCD phase diagram
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Initialize MUSIC with net baryon density

In every event, the net baryon number is

/T()d"]s /dQXJ_/)B (XJ_a 77.9) — Npart-

For Glauber initial conditions, we assume
pB(xX1,Ms) = fr(ns)Ta(x1)+ frR(ns)TB(x1)

0.5

S '\\ /ﬂ
fram) = (15 ) f@n.) oo Al /|8
ybeam / \\ /
0.3 \ /
/; \\\ // \
/TOdnst,R(ns) =1 o2 / \V/ \
0.1 | \
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When to start hydrodynamics?

~; —> Two nuclel
Y overlapping time

2R
Tz

Participants

before collision after collision

e Nuclel overlapping

4.0 time Is large at low

zz collision energy
=27 e Pre-equilibrium
o dynamics can play
1.0 an Important role
0.5 .
(2R
00 To = max< —,0.6 p fm
Vs (GeV) \ YUz y




Dissipative hydrodynamics

Energy momentum tensor
TH=eulu”—(P4+11) AP 471"
0, T"" =T, =0

AHY = gt — uFu”

Conserved currents D =u"0,
JP =nut+q" VE = AFY0,
a,UJJ'u' — O 9 — auuu
Dissipative part: G. S. Denicol et al., Phys. Rev. D 89, 074005 (2014)
1 571'77 TUTT
AggDWO‘B = —— (7" = 2not?) g — T M) A\
T T T
_|_ﬁ7-‘-(<x/iﬂ-V>Oé
T
1 0 A
AM Dq, = —— (¢ — kVHER) 200y Zaa, Gu



Transport coefticients

Dissipative part:

]- 57’(’7’(’ T
AggDﬂ_aﬁ — __(7.‘.#1/ _ 2770-#'/) _ T aHry T_7T>\<MO-V> N+ ﬁﬂ-éﬂﬂ-wa
7_7-(- 7_71' 7—71' TT('
1 0 A
A" Dq, = ——(g¢" = kV"ED) — Tghg — Zlg, ot
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Transport coefticients

Dissipative part:

]- 57'('7'(' TCTT
AggDﬂ_aﬁ — __(7.‘.#1/ _ 2770-#'/) _ T aHry T_7T>\<HO-V> N+ ﬁﬂ-éﬂﬂ-wa
7_7-(- 7_71' 7—71' TT('
1 0 A
A" D, = ——(q" — rV* ) — gy — Zq 0t
Tq Tq Tq
N o1 0.4

= 0.08 7 = —

With non-zero y, we choose c 1P et P T



Transport coefticients

Dissipative part:

A%Dwaﬁ _ _i(ﬁuv — 2ot — 577_7T7TW(9 _ T7T_7T7T>\<MUV> \ -+ ﬁﬁ&uWV>a
7_7-(- 7_71' 7—71' TT('
1 0 A
A" Dq, = ——(g¢" = kV"ED) — Tghg — Zlg, ot
Tq T Tq Tq
. nd’ o1 0.4
_ = 0.08 7 = = —
With non-zero y, we choose ———— cx P T

In the relaxation time approximation, the net baryon ditfusion
constant can be related to shear viscosity as,

(in the massless and small p/T limits)

5 nl npg ng
R = — :C— T, — —
3e+Pup 1B !

To study the eftects of diffusion, we choose the constant C

independent of n 5. — o\ 3
49 — 4 99 — £ '4q
3

G. S. Denicol et al., Phys. Rev. D 89, 074005 (2014)
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Convert to particles

Freeze-out hyper surface is determined
using Cornelius freeze-out algorithm

UL -~ P Huovinen and H. Petersen, Eur. Phys. J. A 48, 171 (2012)

dN; gi

fol@,P) = “m @ 11

From the relaxation time approximation,

5i(2.p) = fi(w.p)(1 £ (D)) ( g bi) P-4

e+P E) &
Rk =K/,
~(T, up) is calculated using hadron resonance gas model



Diffusion of is essential

dN; 9 w13
© %y = e | e 4650

fo(@:P) = “mi e 1
. . . b .
5£ian) = fie ) £ fitep) (25— ) P

e+P K K

N = NP = [0, 3 s | o () = 5+ 05 = 07 )
:/dSJM(nBu“—I—q“) '
ﬁﬂ(nBu“ + C]M) = 0

« With diffusion, 0 f is essential to ensure net baryon number
conservation

NB _ NB
IS conserved




Diffusion 6f Is essential

dN; 9 w13
B = o [ 10, @) (olw.p) + 0 (2.p)

i 1
fO(w7p) - e(E=bipp(x))/T(x) 4+ 1

. . . b\ p-
5£ian) = fie ) £ fitep) (25— ) P

- N” = / o)) (2‘3:)3 /p P (7 (fU»P Conservation laws  }7))
. (net baryon number |
= /dSUu(anu“ +q") | and total energy) |
—— are checked at
v Y — ()
Ou(npul +q") | every time step; the |

+ With diffusion, 0 f is essential to ef relative violation is
conservation | below 1x10-



Switching to hadronic cascade

Afterburner toolkit:

Particle
sampler
(1SS)
.’ finite U ’l’
fshear
fbulk
5fd1ﬂ-‘us1on

e Efficient, well-tested, and open source

O https://github.com/chunshen1987/HBTcorrelation MCafterburner



https://github.com/chunshen1987/HBTcorrelation_MCafterburner

Results



Effects of hadronic afterburner on particle yields

\/ SNN — 196 GeV

500 x x x x x 50 x x y
—  full UrQMD —  full UrQMD np
-+ UrQMD feed down only 0_5% -+ UrQMD feed downonly KB = 0.4—
4001 4 & PHOBOS sy =19.6 A GeV 40
L = i
§ 3% ] S
< I
Z, / =
< 200| ; < 20}
100| 1 I 10!
% =
i ",
73 =2 =T 0 1 2 3 a4 22
7 y

e Hadronic afterburner has little effects on charged hadron
pseudo-rapidity distribution

e Net proton rapidity profile is slightly flatter after hadronic
scatterings

more sensitive to early stage dynamics
10



Effects of net baryon diffusion on particle yields
\/ﬁ = 19.6 GeV

500 x x x x x x x 50
— /ﬂ)B:0.0 B K’,B:O.4Z—§
ce kp=0.2%

200! KB e ® ® PHOBOS data 40
S 300¢ § 30¢
~— B
% I
Z Q,
< 200} ; < 20}

i (@) | i

100 " 0_5 A) . 10

j [ |
] '.i

| o

e Net baryon ditfusion has little effects on charged hadron
pseudo-rapidity distribution

e More net baryon numbers are transported to mid-rapidity
with a larger diffusion constant

Constraints on net baryon diffusion?
11



Effects of net baryon diffusion on particle yields

ANP =P /dy

On the switching hyper-surtace,

col — full of VSnN = 19.6 GeV|
- - no diffusion §f
-+ no shear & diffusion ¢ f 143320.42—; Kg = OO kg = O.Qn_B kg = 0.477’_3

- A
Vs S M B KB
4 ' / "\
gy N\
"\

0.076 0.062 0.06

‘2 -3 -2 -1 o0 1 2 3 4
Yy

e The diffusion § f changes net proton number

e | arger diffusion constant results a ~20 MeV larger averaged
chemical potential on the switching hyper-surface; It reduces the
standard deviation of us by ~15%

mapping the QCD phase diagram in precision
12



103 A/ SNN = 19.6 GeV
o+
|
_10%} 0-5%
% |
1
> 10}
S |
0
= 107}
T
=107
s
S 192
=107 — funuramp
~ 103 --- UrQMD feed down only DN
. ..« hydro feed down e, =0.3 GeV/fm3 °
-4 | 1 1 1 1 1 7
10 0.0 0.5 1.0 1.5 2.0 2.5 3.0
pr (GeV)

Effects of hadronic afterburner on pid spectra

e Hadronic afterburner harden pion spectra at high pr

13



Effects of hadronic afterburner on pid spectra

103, T | |
xt
|
-~ 0-5% |_
R N E
E 10 E
N 0 L |
s 5
= 15
T E
2102} 15
=  — full UrQMD =
= 10731 - UrQMD feed down only SN[
. -- hydro feed down e, =0.3 GeV/fm? °
4| | | | | | |
1090 05 10 15 20 25 3.
pr (GeV)

02, | \[/SNNT: ].96 GeV
D o
10" | —=s 0-9%
100 |
1071
107}
35 — full UrQMD . |
10° . UrQMD feed down only \¢ 9
. ..., hydro feed down e, =0.3 GeV/fm? \\
-4 1 1 1 1 L .
1090 05 10 15 20 25 3.
pr (GeV)

e Hadronic afterburner harden pion spectra at high pr
e Heavy baryon spectra are largely affected

hadronic afterburner is essential for baryon spectra

13



Effects of hadronic afterburner on pid spectra
m‘: 19.6 Gey

10°
S 4 o f
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:CT _ RN
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18 - Y,
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~
15
[T 10
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1005 o5 1o 15 2 annihilation 5o 1615 30 25 30

pr (GeV) pr (GeV)

e Hadronic afterburner harden pion spectra at high pr
* Heavy baryon spectra are largely affected

hadronic afterburner is essential for baryon spectra
13



Effects of hadronic afterburner on pid spectra
102F— ) | \‘/SNNY: 19:6 GeV
0-5%

1
1S
1=
=S
1 &~
15
13
. I &
= 10" il urgMD /|
Z i it r | — full UrQMD
103 " UrQMD feed down only BB - -+ UrQMD feed down only AN
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1005 o5 1o 15 2 annihilation s—oes 1o 15 30 | 25 30
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e Hadronic afterburner harden pion spectra ai hadronic
rescatterings
* Heavy baryon spectra are largely affected

hadronic afterburner is essential for baryon spectra

13



Effects of net baryon diffusion on pid spectra

oure hydro

dN/(2rdyprdpr) (GeV~2)

K,B:0.0

— npg

e = 0.3 GeV /fm®

15 2.0 2.5

pr (GeV)

05 1.0

hydro + UrQMD

107, x
. p - /{B:0.0
10"} ===ee ng
/13:0.2#% ;
1000 N kp=0.422
107" .
107 |
. V/SNN — 19.6 GeV
1073}
- 0-9%
1074 x x x x x
00 05 10 15 2.0 25 3.0
pr (GeV)

e Hadronic scatterings erase the ditfusion effects at high pr

14



dN/(2rdyprdpr) (GeV~2)

Effects of net baryon diffusion on pid spectra
hydro + UrQMD

oo P — k=00 | p —  kp=0.0

pure hydro

_ np

10°F N 5320,4% _

/5N = 19.6GeV
1 0-5%

ey = 0.3 Gre\/'/fm3 A

00 05 1.0 15 20 25 3.0 00 05 1.0 15 20 25 3.0
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dN/(2rdyprdpr) (GeV~2)

Effects of net baryon diffusion on pid spectra

oure hydro hydro + UrQMD
10° . . . . . . 107 . . . . .
s P — kp=0.0 1 p —  k5=0.0
10*| o 107 e = 0.2
| >
100 Frm e~ N e @ 1000 N
107 —;/@ElO'l -------
1072 §10-2 !
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103 3 |~ 107 o
e = 0.3GeV /fm _ 0-5%
100605 1o 15 20 25 30 %00 05 10 15 20 25 30
g0 T -
° H . (\5’&‘3\ \ 5\0“8 erase the diffusion effects at high pr
"— GO T ng

kg = 0.0 kp = 0.2— Kp = ().4n_B
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Effects of hadronic afterburner on pid vz

0.15 w 0.15
—  full UrQMD A
- UrQMD feed down only |
0.12 - hydro feed down ¢, =0.3 GeV
ity
10-40% / \\\\\\\\ ,
o '
0.09| 0.09|
7-‘-+ J —_‘ _____ ’ \"
‘\‘;‘/ g
0.06/ = 0.06/
0.03} 1 0.03¢}
g VSNN = 19.6 GeV
2-98% 0.5 1.0 1.5 2.0 980
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0.12} ..
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““““ ;p.—.....-......",\_l_‘.‘
10-40%
0 0.5 1.0 1.5
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2.0

* Momentum anisotropy keeps developing in the UrQMD

phase

hadronic afterburner is essential

15



Effects of hadronic afterburner on pid vz

0.15 x 0.15 x
— full UrQMD A — full UrQMD
- UrQMD feed down only / --+ UrQMD feed down
0.12¢ ... hydro feed down e, =0.3 GeV 4 0.12¢ ... hydro feed down ¢, =0.3 GeV /
WA B e L /
0.09} 10-40 /‘i Y L AN 0.09} p 4
T \/ _______ ) -
>
0.06+ o6y 7 =0
0.03} { 0.03} WA -
v SNN = 19.6 GeV - 10-40%
0085 0.5 1.0 1.5 2.0 998% 0.5 1.0 1.5 2.0
pr (GeV) pr (GeV)

e Momentum anisotropy keeps developing in the UrQMD
phase

e | ow pr proton vz is blue shifted because of the pion
“wind”
hadronic afterburner is essential
15



Effects of net baryon diffusion on pid vo

oure hydro hydro + UrQMD
0.15 . . . 0.15 . . .
o “B:O°0n VSnN = 19.6 GeV — kp=0.0
0.12f T rE=Vm | 012} --- kp=o0.2%=
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e Hadronic scatterings wash out most of the diffusion
effects on pid vo

10



Effects of net baryon diffusion on pid vo

poure hydro hydro + UrQMD
0.15 x x o 0.15 x x ‘
R . 10-40%
0.12} — Y m . 1012} _
e Rp=0.472 - e v/ SNN — 19.6 GeV
| \:\;‘—"’/
0.09! m B STAR data “‘\;’;,; 0.00!
. 10-40% * == .
SO T
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0.03} 1 0.03} epm0. 41
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0.0 x hf x 0.0l & _ x x
085 0.5 1.0 1.5 2.0 2980 0.5 1.0 1.5 2.0
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e Hadronic scatterings wash out most of the diffusion
effects on pid vo

e Splitting between mand p vz in the STAR measurement
IS better reproduced with hylbrid simulations

10



va(p) vs  wa(p)

0.20 hydro + UI’QMD | AMPT arXiv:1509.08397
— P o . 002l 27 GeV 10%-40% . -

pd I 10-40% 1 oot A T _
0.12 C

12| =

& IiB:O 2
0.08|
o V5N = 19.6GeV
! €SW—03G6V/fm . 1 B

298 0.4 0.8 1.2 1.6 2.0 02 04 06 08 1.2 14

pr (GeV) P, (GeV/c)

e Theory simulations give v2(p) > va(p), which is
opposite compared to the STAR data

S
mean field effects in the hadronic phase” d

17




V2 (p) — v2(P)

va(p) VS

v2 (D)
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- @ B STAR data
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v2(p) — v2(P)

va(p) VS

v2(p)

0.06

0.05¢
0.04¢

0.03f '~

0.02}
0.01}

0.00

—0.01;
—0.02}

—0.08

e Hydrodynamic simulations with initial flow and a lower
decoupling energy density can give positive vs(p) — va(p)

sensitive to pre-equilibrium flow and late stage dynamics

1
L
’
L,

. no initial flow e4.. =0.3 GeV/fm?

Ny
.....
1]

.I s
L 4 ! o
I./
v,
L,
L 4

_ ng e,

pure hydro vsnx = 19.6 GeV

no initial flow eg4.. =0.1 GeV/fm?

with initial flow eg.. =0.1 GeV/fm?
with initial flow eg.. = 0.3 GeV/fm?
STAR data u

" I J
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0.5 1.0 15 2.0
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v2(p) — v2(P)

va(p) vs w2(p)

oure hydro hydro + UrQI\/ID
0.06 x x x 0.15
005 — Mo |n|t|a:::ow edeczgégezﬁmz | «/SNN — 19. 6 Ge?;\/
-« no initial flow eg.. =0.3 GeV/fm _ —0.1 GeV/fm
0.04F ——  with initial flow e, = 0.1 GeV/fm? | 012 Cow
0.03l -+ with initial flow e = 0.3 GeV/fm3 kp=0. 45
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—0.083 0.5 1.0 15 50 9980 04 08 1.2 16 2.0
pr (GeV) pr (GeV)

e Hydrodynamic simulations with initial flow and a lower
decoupling energy density can give positive vs(p) — va(p)

e Current statistics is still not enough for anti-proton in
the hybrid approach

sensitive to pre-equilibrium flow and late stage dynamics '



Explore the pre-equilibrium dynamics

A transport approach:

19



Explore the pre-equilibrium dynamics

A/ SNN — 19.6 GeV

t=0.52 fm

41 T
< \

2 J
r— §)
3o
\./—2" 5

4.1 4l t=0.52 fm

E \
1 =

_4 - 3

=,
_— 2»
N 1| \. 7 --- 7=0.5fm |
>2__ -y - r=15fm

4 0

6 -4 -2 0 2 4 6
—6 z (fm)

Elastic scatterings with a constant cross section
20



s hadronic cascade under control?




Quantity uncertainties in hadronic cascade

.o Charged hadrons ~ Net protons
I s — " /snN = 19.6 GeV

400} & & PHOBOS /5y =19.6 A GeV

300

dN" /dn

200

100

0-5% 0-5%
O =3 =3 =1 0 1 2 3 4 073 =3 =1 0 1 2 3 4
T Yy

e UrQMD and JAM produce very close results for particle
rapidity distributions

e Only some small noticeable differences in net proton
rapidity distribution

differences in cross sections/resonances?
02



Quantify uncertainties in hadronic cascade

107, | | | | | 102, | | \/SNN : 196 GeV
| T — UrQMD | ? P — UrQMD |
104} |

COAM 10t == o JAM

? o
- 0-5% | |
10 x x x x x 10 x x x x x

00 05 1.0 15 20 25 3.0 00 05 1.0 15 20 25 3.0

pr (GeV) pr (GeV)

e | ight meson spectra are very close from the two cascade
simulations

e Baryon spectra have some small noticeable differences

differences in cross sections/resonances?
23



Quantify uncertainties in hadronic cascade
\/SNN = 196 GeV

0.15 x x x 0.15 |
— UrQMD L — UrQMD
Tr 1 - JAM p
0.12} 0.12}
0.09} 0.09}
S S
0.06} 0.06}
0.03} | 0.03} -
| 10-40% 10-40%
00875~ 0.5 1.0 1.5 2.0 99850 0.5 1.0 1.5 2.0
pr (GeV) pr (GeV)

e Pid vo from the two hadronic cascade simulations are
close to each other

differences in cross sections/resonances?
24



Quantify uncertainties in hadronic cascade

|[dentical pion HBT radii:
9.0 . . .

8.0f
7.0}
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E
— 5.0t
g
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1.0

—
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L

------------
1 L ]
v - ]
L 4 .,

-—
- wm mm =
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differences in cross sections/resonances?
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Conclusions

We present prelmmary study of the collectivity in RHIC
BES program using hybrid hydrodynamics + hadronic
cascade simulations

full (3+1)-d simulations with net baryon diffusion

Including a hadronic cascade phase Is indispensable
for the BES energy collisions; UrQMD vs JAM provides
some ideas about the current theoretical uncertainties

|[dentify a few experiment observables that could
constrain the net baryon diffusion

ANP™P [dy (pL)P — (pL)?

The ordering between v, (p) and vq(p) are sensitive to
ore-equilibrium flow as well as late stage dynamics



Coming soon

Implement more conserved currents
net strangeness and net electric charge
need Equation of State

Study the second order non-linear couplings between

shear, bulk, and diffusions need transport coefficients

go beyond the relaxation time approximation?

Explore initial state fluctuations and the effects from a
pre-equilibrium stage .
1

?
dy

baryon doped Glasma, thermalization,

Evolve critical and non-critical fluctuations

Couple to EM fields for studying the Chiral Magnetic
Effects

27
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Preliminary results for v+
\/‘ SNN : 196 GGV

0.010 x x x x x x x 0.010 x x
— e, =0.1 GeV/fm?
10-40% --+ egy =0.3 GeV/fm?
0.005 - 0.005¢ esw = 0.5 GeV/fm?

o
o
=)
=)
1

—0.005 % —  full UrQMD | —0.005pf:
- UrQMD feed down only
— hydro eg.. =0.3 GeV/fm?3

"4 -3 -2 -1 0 1 2 3 a4 “ia 32 1 o0 1 2 3 a
n 7

* Hadronic afterburner does not affect charged hadron
v1(y) much

* A lower switching energy density results a larger v+
signal



Preliminary results for v+
\/‘ SNN : 196 GGV

— no pre-equilibrium flow
- with pre-equilibrium flow K
hydro eg.. =0.1 GeV/fm? ,/ SN

0010 —— 0.010

0.005/: 0.005} "

,/\ .
5 0.000f------mmmmmmn VA &

~0.005/ ~0.005[)&% a7

* Baryon diffusion does not affect the charge hadron v

 Charged hadron vi shows little sensitivity to pre-
equilibrium flow



Will a lower decoupling temperature fix this?

By evolving the fireball with hydrodynamics to a lower energy

densny
107,
+ §
10°}
T E
o 10 Tk, 19
o X, | O
of N, ~
=100 XX, 1=
S E
é‘b 10- _ IIIIIIIIIIII _ "%
E | — fulurQMD X, | T
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= 1073 hydro feed down e, =0.3 GeV/f' """"""" =
------- hydro feed down e, =0.1 GeV/fm3 °
4 - L L L L L !
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® DION spect

e hadronic C

‘um Is too flat

nemistry change
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.. D
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107 - -+~ hydro feed down ey, =0.3 GeV/fm3 "'“
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s a lot — need PCE EoS

hadronic afterburner is essential



Will a lower decoupling temperature fix this?

By evolving the fireball with hydrodynamics to a lower energy

density,

0.15 0.15

0.12¢

0.09¢ 0.09¢

S
0.06¢ 0.06¢
full UrQMD
0.03¢ - - UrQMD feed down only 0.03}
- hydro feed down ey, =0.3 GeV

------ hydro feed down ¢, =0.1 GeV

0085 0.5 1.0 1.5 2.0 9985
pr (GeV)

0.12+ °

— full UrQMD

- - UrQMD feed down
hydro feed down ¢y, =0.3 GeV
hydro feed down ey, =0.1 GeV

)
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.
.
3
\
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.
N
\

O

W
.
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>
\
W
Y

S -
--

1.5

* The blue shift in proton v2 can not be reproduced with

hydro

hadronic afterburner is essential

2.0



Will a lower decoupling temperature fix this?

By evolving the fireball with hydrodynamics to a lower energy

density,
0.15

0.12}

esw = 0.1 GeV/fims3

0.083 0.5 1.0 1.5 2.0
pr (GeV)



Will a lower decoupling temperature fix this?

0.15 | | | 0.15 | | .
esw = 0.3 GeV/fm?;: esw = 0.1 Ge\//fmiv: f-/*
0.12; . 0.12} :/ |
g
0.09| 0.09| Vad
= 3 .
0.06] 0.06} T ' v
~"*0“ £
0.03/ 0.03/ l :E p g4
- § # STAR data a4 § # STAR data
0085 05 1.0 1.5 5.0 2985 03 1.0 1.5
pr (GeV) pr (GeV)

* A more viscous phase from UrQMD compared to
hydro

2.0



When to switch from hydro to cascade?
\/m : 19.6‘(}6\/'

500 x x x x x x x 50 x x
— ey =0.1 GeV = ey =0.5 GeV — e =0.1 GeV = ey =0.5 GeV
- - e =0.3 GeV ® ® PHOBOS data - - eq=0.3 GeV
400+ - .
~ 300
=
~
g
2,
< 200
100}

O

* Different switching energy density can result different
chemical contents in hadronic phase

Hadronic chemistry determines the ésv



When to switch from hydro to cascade?

103 T
i +
102} d
R
1
% 10
S
0
= 107}
T
=107
=
ST
210 - — e, =0.1GeV/fm?
103 - ew=0.3 GeV/fm’
| esw = 0.5 GeV/fm?
1074

00 05 1.0 1.5

pr (GeV)

llllllllll
- o )

 — ¢, —0.1 GeV/fm?

| \/SNN : 196 GeV

1
.,.

- ey, =0.3 GeV/fm?
e =0.5 GeV/fm?

05 1.0 15 20 25 3.0
pr (GeV)

* Different switching energy density can result different

chemical contents in hadronic phase

 Hydrodynamics generates more radial flow than

hadronic cascade

Hadronic chemistry determines the ésv



Effects of net baryon diffusion on pid spectra

103 A/ SNN — 19.6 GeV
2? Tt — fullsf
1 10% . no diffusion &f |
% 101 no shear & diffusion 671
|9
| = 10°
E
{ 510"
13
I & 5
1 =3
1073
107 x x x x x I 104l x x x x x |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

pr (GeV) pr (GeV)

* Net baryon diffusion has negligible ettects on light
meson spectra



Effects of net baryon diffusion on pid spectra

dN/(dyprdpr) (GeV?)

hydro + UrQMD

P — full éf
--- no diffusion éf
no shear & diffusion 4 f

: nydro 2
10 , | 10
P —  full 6f
101} --+ nodiffusiondf | 101!
’."Il
>
OF | © 0]
10 § 10
10} % 107!
S
10 | & 107
107} = 1073
104 ‘ ‘ , N 1074
0.0 05 1.0 1.5 2.0 25 3.0 0

pr (GeV)

.0 0.5 1.0 1.5 2.0 2.5 3.0

pr (GeV)

A/ SNN — 19.6 GeV

* Ditfusion of shows larger effects on proton and anti-

proton spectra than shear of



of effects on pid vo

0.20

0.15}

5§ 0.10¢

0.05}

0.08_

\T/ SNNT: 196 GeV

y 0.20 x
— full 6f — full 6f
- no diffusion §f 016l ~°° Mo diffusion ¢ f

---- no shear & diffusion §f ' .-+ no shear & diffusion §f
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0.08¢
0.04¢

_ RB = 0. 4Z—§

0 0.5 1.0 1.5 2.0 298G 0.4 0.8 1.2 1.6 2.0
pr (GeV) pr (GeV)

* Net baryon diffusion of has negligible effects on pid

V2



of effects on pid vo

\/SNNT: 196 GeV

0.20 x x x 0.20 x y

— full UrQMD with §f ,:' — full UrQMD with §f

-~ full UrQMD no 6 | 016l --- full UrQMD no éf (
0.15} — feed down with §f V7 ' — feed down with §f R

- feed down no §f D --- feed down no 47 l-'
ARy 0.12} {
+ ) ,
5 0.10} T | o
0.08|
0.05¢ 7 |
0.04} )
0'08.0 0.5 1.0 1.5 2.0 0'08.0 0.4 0.8 1.2 1.6 2.0
pr (GeV) pr (GeV)

* [he shear of corrections to pid vz are smaller once

hadronic scatterings are included



Quantify uncertainties in hadronic cascade

|dentical plon HBT radii: out direction
1.0,

0.2-0.4 GeV.

0.1 -0.05 0.0 0.05 0.1 -0.1 -0.05 0.0 0.05 0.1
q; (GeV) q; (GeV)



HBT correlation functions (UrQMD)
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HBT correlation functions (JAM)

1.0

0.1}

0.01}4
1.0
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HBT correlation functions (UrQMD vs JAM)

Out direction:

ﬁ N UrQMD I

0.8} 5 &AM 0-0.2 GeV | . 0.2-0.4 GeV |
i 0.6} menm 1 "=
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Code Check

141D cross check:

2
107 ¢
1 ._._.--.—.-.-...
10 |
O [ A_‘.-"“"'A"A-,"
A" '
0

pp (1/fm?)

— MUSIC 1+1D
= ® Akihiko

— MUSIC 1+1D
m m Akihiko

MUSIC results agree very well with Akihiko’s results



Code Check

T

7=0.40 fm/c
7=1.00 fm/c
7=1.60 fm/c
7=2.20 fm/c
7=2.80 fm/c
7=3.40 fm/c
7=4.00 fm/c

10

10° |
10"
107
10_3 ............
-4
10 x x x
—10 —5 0 5
z (fm)
— 7=0.40 fm/c
4} -- 7=1.00 fm/c
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------ 7=2.20 fm/c
2 — 7=2.80 fm/c
- - 7=3.40 fm/c
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—10

10

10%,

T T T

7=0.40 fm/c
-=- 7=1.00 fm/c

7=1.60 fm/c
------ 7=2.20 fm/c
7=2.80 fm/c
- -  7=3.40 fm/c
7=4.00 fm/c

z (fm)

e MUSIC with baryon

propagation passed
ideal Gubser flow test
for the transverse
dynamics



Dynamic evolution of net baryon current with diffusion

10t . | \/g — QOOAGEZV
Ns = 3.0

7=0.60 fm — 7=8.60 fm
107 7=2.60 fm —  7=10.60 fm
: 7=4.60 fm — 7=12.60 fm
o r=6.60 fm | |
101 5 0 5 10
z (fm)

solid: with diffusion dashed: no diffusion

* With diffusion, pPBis larger in the center of the transverse
plane



Dynamic evolution of net baryon current with diffusion

10t . | \/g — 200AG6V
Ns = 3.0

7=0.60 fm — 7=8.60fm
107 7=2.60 fm — 7=10.60 fm
: 7=4.60 fm — 7=12.60 fm
o r=6.60 fm | | | | | | |
1027 _5 0 5 10 10 _5 0 5 10
z (fm) z (fm)

solid: with diffusion dashed: no diffusion

* With diffusion, pPBis larger in the center of the transverse
plane

 The dynamics of pp is driven by the evolution of u* and

1B
vrEE
1



Dynamic evolution of net baryon current with diffusion

102 ; | \/_ — 200 A G@V

7=0.60 fm — 7=8.60 fm

107 7=2.60 fm —  7=10.60 fm
7=4.60 fm — 7=12.60 fm
= 7=6.60 fm |
10216 5 0 5
z (fm)

solid: with diffusion dashed: no diffusion

* With diffusion, pPBis larger in the center of the transverse
plane

 The dynamics of pp is driven by the evolution of u* and

1B
vrEE
1



Dynamic evolution of net baryon current with diffusion
. W5 = QOOAGGV

7=0.60 fm — 7=4.60 fm
7=2.60 fm

7=0.60 fm — 7=8.60 fm

107 7=2.60 fm —  7=10.60 fm
7=4.60 fm — 7=12.60 fm
= 7=6.60 fm |
10216 5 0 5
z (fm)

solid: with diffusion dashed: no diffusion

* With diffusion, pPBis larger in the center of the transverse
plane

 The dynamics of pp is driven by the evolution of u* and

1B
vrEE
1



Dynamic evolution of net baryon current with diffusion
. W5 = QOOAGGV

7=0.60 fm 7=4.60 fm
7=2.60 fm — 7=6.60 fm

7=0.60 fm — 7=8.60 fm

107 7=2.60 fm —  7=10.60 fm
7=4.60 fm — 7=12.60 fm
= 7=6.60 fm |
10216 5 0 5
z (fm)

solid: with diffusion dashed: no diffusion

* With diffusion, pPBis larger in the center of the transverse
plane

 The dynamics of pp is driven by the evolution of u* and

1B
vrEE
1



Dynamic evolution of net baryon current with diffusion
1ot W5 = QOOAGGV

10°§ ; 7=0.60 fm 7=6.60 fm
' 3 ' r=260fm = — 7=860fm

7=4.60 fm

7=0.60 fm — 7=8.60 fm

107 7=2.60 fm — 7=10.60 fm |
7=4.60 fm — 7=12.60 fm :
= | 7=6.60 fm | i
10216 _5 0 5 5 10
z (fm)

solid: with diffusion dashed: no diffusion

* With diffusion, pPBis larger in the center of the transverse
plane

 The dynamics of pp is driven by the evolution of u* and

1B
vrEE
1



Dynamic evolution of net baryon current with diffusion
1ot W5 = QOOAGGV

10°§ ; 7=0.60 fm 7=6.60 fm
' 3 ' 7=2.60 fm =8.60 fm

7=4.60 fm — 71=10.60 fm

7=0.60 fm — 7=8.60 fm

107 7=2.60 fm — 7=10.60 fm
7=4.60 fm — 7=12.60 fm
= | 7=6.60 fm ‘ , |
10216 _5 0 5 10 ~10 5 0 5 10
z (fm) z (fm)

solid: with diffusion dashed: no diffusion

* With diffusion, pPBis larger in the center of the transverse
plane

 The dynamics of pp is driven by the evolution of u* and

1B
vrEE
1



Dynamic evolution of net baryon current with diffusion

10' | \/_ 200 A G@V | | |
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solid: with diffusion dashed: no diffusion

* With diffusion, pPBis larger in the center of the transverse
plane

 The dynamics of pp is driven by the evolution of u* and

1B
vrEE
1



Dynamic evolution of net baryon current with diffusion
/s =200 AGeV

10" ;
| Tls — 30 — 7=060fm — 7=8.60fm
10° | ? — 7=260fm  — 7=10.60 fm
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— 7=6.60 fm
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W\ Y \ 7

7=0.60 fm  — 7=8.60 fm '\ AR — — //’i |

10 7=2.60fm  — 7=10.60 fm k R EEEE T =/ |

r=460fm  — 7=12.60 fm ) | AN —— |

5 | T:6.60 fm | | : | ‘:.:--w—"‘_ -------- | ‘
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solid: with diffusion dashed: no diffusion

* With diffusion, pPBis larger in the center of the transverse
plane

 The dynamics of pp is driven by the evolution of u* and

1B
vrEE
1



Stabilizing MUSIC with diffusion

We implement quest_revert for ¢" to stabilize the hydro
evolution with diffusion,

B wigt
uq, =0 q q° = 5

The size of ¢"

¢ = VI 1
9 — pp| prefactor x tanh(e/egec)

prefactor = 300

gmax = (.1

I &g > &,




Stabilizing MUSIC with diffusion

We implement quest_revert for ¢" to stabilize the hydro
evolution with diffusion,

0.008 ; ; ; 0.002
0.006¢ 0001l
0.004¢ |
—~ 0.002 ~ 0.000F—4&\- - =l4 bty S S e o a0 |
E E
= 0.000 = —0.001} r=0.4 fm
o ~ 7=1fm
"~ —0.002 | “ r=1.5fm
‘ —0.002 7=2fm
—0.004} \ =25 fm
U\ — i =3 fm
—0.006! | 0.003
‘\/

most of the modifications are at the edges of the fireball



