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Exploring the QCD phase diagram

A e Want to study the properties of nuclear matter
T . : at different densities and temperature

o
@
.
[}

Hybrid approaches, combining hadronic trans-

Sty o port and hydrodynamic evolution, describe dy-
. . namics of heavy-ion collisions well

e Input: EoS and transport coefficients

RHIC/LHC

Sedliemn e Flow measurements: almost perfect fluid, but

Gas

also evidence for small but non-zero shear vis-
cosity =S

3 © Evaluation of =5 in lattice QCD is challenging

KB due to numerical problems
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Non-constant shear viscosity

Denicol et al.: PRC 88 (2013)

14— ——
3 case (1) )
121, =-ee- n=0 - e All known fluids have a temperature de-
TN == =500 MeV 1 pendent =s, and a minimum of =s is
L | %, w(T)in phase transition | predicted near transition
0.8 T . e Theoretical predictions for the hadron gas

phase favour strong g dependence

e Does non-constant =S have a strong
impact on the evolution and observ-

ables?
0 L | 1 L | 1 1 L
100 110 120 130 140 150
T(MeV)
Csernai et al.: Phys. Rev. Lett. 97 (2006) Ikatura et al.: PRD 77 (2008) Gorenstein et al.: PRC 88 (2008)
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Parameterize =s (T; g) using available constraints

Study the qualitative effect on bulk observables, especially elliptic flow, in comparison
with constant =s or =S(T) in a hybrid approach

Compare for low to intermediate energies, where impact of g is significant

Study the generation of elliptic flow in a hybrid approach
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SMASH-vHLLE-hybrid

* Modular hybrid approach for the de-

scription of intermediate and high en- .
P € e Hadronic transport approach

ergy heavy-ion collisions e Initial conditions

+
VHLLE

e 3+1D viscous hydrodynamics
e CORNELIUS routine to determine freezeout surface
data across a wide range of collision J

* Open-source and public

e Available on Github

* In good agreement with experimental

energies

smash-hadron-sampler
« Conserves all charges (B;Q:S)

e Cooper-Frye sampler
e Particlization of uid elements

+
e Hadronic transport approach
e Evolution of the late hadronic rescattering stage
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https://github.com/smash-transport/smash-vhlle-hybrid

SMASH-vHLLE-hybrid

e Initial Conditions: Particles propagate
and interact until hypersurface of constant

0.18
sy =177 Gev proper time (= passing time of nuclei) is
0.17 1  P—_——
4+ Vsuy = 17.3 GeV e —
ned 4+ VSun = 39.0 GeV . . ]
_ e Fireball evolution: QGP phase is evolved
> I
8 0151 —— according to chiral model EoS and given
[ . . .
msad transport coefficients until hypersurface
with constant energy density  is reached
0.13 1
e Particlization: At  according to SMASH
*¥6o o1 oz 03 o4 o5 os HRG EoS

[GeV] . . .
Hee e Afterburner: Final propagation and inter-

actions. Collisions can be turned off

Steinheimer et al.: J.Phys.G 38 (2011) Schafer et al.: 2112.08724 Karpenko et al.: PRC 91 (2015)
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Results of SMASH-vHLLE-hybrid

Schafer et al.: 2112.08724
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SMASH-vHLLE-hybrid reproduces rapidity and my spectra at different energies well

Poster presentation 3 T11-4

Exploring the high baryon-density regime of the QCD phase diagram within a novel hybrid
approach - Anna Schifer
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Parameterization of 7/s

e Parameterization in (; ) instead of (T; g), as those quantities are evolved in
hydrodynamic evolution

e Linear dependence on and assumed

e =S as approximation for T=( + p) at finite g

S. ink) +S < i
=s = max (0;( =8 )kink + { i k) kmk)

S .of kink) + S > Link

e Even for S == 0: implicit g dependence

Niklas Gotz T and g dependence of =s in a hybrid approach 7



Parameterization of 7/s

e Link is set to the critical energy density of 1 GeV/fm?®

* ( =S)kink is set to the KSS bound
* S .o is set to match the (N)LO-pQCD limit at T = 400 MeV

® S .4 is set to match =S from box calculations in SMASH at ¢cand g =0

0.6
— p=0fm~3
—- p=0.5fm=3
0.4 — p=1fm3
R —- p=1.5fm>3
=
02 = =i
00 - — —
0.5 10.0 20.0 30.0
e [GeV fm~3]
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Parameterizations for comparison

2. comparison:
=s(T) from Bayesian inference

1. comparison
effective, constant =S

0.25
== n/s(T)
0.20
N
0.15 . 4
2 \.\ P
= N, -
0.10 > ]
'~
0.05
am 0.5 1.0 15 2.0
T[T

based on results of the JETSCAPE collab-
originally used in SMASH-vHLLE-hybrid oration
JETSCAPE Phys. Rev. Lett. 126 (2021)
JETSCAPE PRC 103 (2021)
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Effective shear viscosity

Mean /s at 0-5% centrality
n/s(T)
0.3 w/ste)

=== 1/s const.

Mean 7/s at 20-30% centrality
1/s(T)
1/s(e)

1/s const.

10 20 30 40
SNV

Mean /s at 20-30% centrality

Comparison 2,02
parameterizations: o1
10 20 30 40
SNN
Mean 7/s at 0-5% centrality
03
{0.2
-dependence: =
01
10 20 30 40
SNN

Niklas Gotz g dependence of

10 20 30 40
Snn

New parameterization gives Iarger values for shear viscosity, which reduce with increasing energy
and =s in a hybrid approach



Time evolution of shear viscosity

Comparison

parameterizations:

-dependence:

Energy density weighted mean shear viscosity changes significantly during the evolution. Differ-
ences due to -dependence are most significant in the beginning of the evolution.

Niklas Gotz

T and

05 AuAu @ /sy = 39.0 GeV at 0-5% centrality
ib)
n/s(T)
st e
040 __ wseonst.
30.3 """"
2
02 g
01—
00 4 8 10 12
7[fm]
05 AuAu @ /swy = 39.0 GeV at 0-5% centrality
I5)
5, =005
5,=0
047 . S, =-005
=08
g
=0.2
0.1
00 4 6 8 10 12 14

g dependence of

7[fm]

=s in a hybrid approach
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Impact on bulk observables

Comparison
parameterizations:

-dependence:

Midrapidity yield shows stronger differences at higher energies. Mean pt is sensitive to -
dependence, elliptic flow not.
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Comparison to data

dN/dy|,— in central collisions, < pr >y in central collisions, charged hadrons v, at 20-30% centrality,
=03 =03 0.08 =03
60 s original configuration
o + i 1.00 * _____________ ‘E’ 0,061 ¥ n/s(e) with S, = 0.0
= s e A 20 A STAR {2} +
40 507515 s 1} !
P4 N S 00411 I S
© W Vv RS R
c e — A| 050 £ S
L e E— E—— 2 3
g e o - : $0.02
Q original configuration A Star o 0.25 original configuration A Star a
------ n/s(€) with S, = 0.0 W NA49 s n/s(e) with S, = 0.0 H NAd9 | G
0 0.00 0.00
10 20 30 40 10 20 30 40 10 20 30 40
V/suw [GeV] Vs [GeV] /s [GeV]

Parameterisation in  reproduces experimental results up to a similar degree than tuned effective

=S
STAR PRC 86 (2012) STAR PRC 96 (2017) NA49 Phys.Rev. Lett. 80 (1998) NA49 Phys.Rev. Lett. 73 (1994)
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Flow contribution and response

Similar to earlier analysis in UrQMD hybrid (Auvinen et al.: PRC 88 (2013)) Using the constant, e ective =s

a)  Charged hadrons, b=0- 3.4 fm

Evont plano analysis

b)  Charged hadrons, b=8.2-9.4 fm
Event pono anaysis oS

0.025 o 0.07 . M
P = o
3 0.02
F oo
©0.015 & |
g oot 1
£ oot . 1 .
1
ing
100 100
swx [GeV] Vs [GeV)

0.3 v/€; in collisions at 20-30% centrality

v/
0.2
S
0.1
00 10 30 40

20

Vs [GeV]
Significant contribution from non-equilibrium SMASH to elliptic flow
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Flow contributions depending on ¢,

Using the constant, effective =S

c =05 GeV/fm3 s = 08 GeV/fm3 s = 08l GeV/fm3

charged hadrons v; in collisions
at 20-30% centrality, ¢, = 0.1

charged hadrons v; in collisions
at 20-30% centrality, ¢, = 0.5

« Before Hydro o

>_ 0.06 —— Without Rescattering > 0.06
E —— With Rescattering E

©0.04 ©0.04 Before Hydro
B B —— Without Rescattering
< < —— With Rescattering
3 3

0.02 0.02

© ©

5 5

00077 % 30 i) 000735 % 30 i)
/sun [GeV] V/sw [GeV]

Impact of =S parameterization becomes more dominant when switching to transport at later

time
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Impact on flow results

Elliptic Flow at the end of the hybrid evolution

¢ = 0:5 GeV/fm?® ¢ = 0:3 GeV/fm?® ¢ = 0:1 GeV/fm?®
charged hadrons v, at 20-30% centrality, charged hadrons v, at 20-30% centrality,
008 L0 0.08 Ll
IS n/s(T) &
b n/s(e) = -
Z 0.06 e /s const. ; 0.06
1 <] o
Comparison £o04 S0t
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o o
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-dependence:
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¥ Cells with signi cant do hardly contribute to ow
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Flow for varying ¢,

Elliptic Flow at the end of the hybrid evolution

20-30% centrality

charged hadrons v; in collisions at

o
o
IS

0.06 = i

n/s(e)
1/s const.
=05
e.=03
e.=0.1

charged hadrons integrated v,

0.04

0.021

0.00—75 20 30
Vs [GeV]

vy for =s( ) does not change as function of o ¥ =s( )
simulation

40

close to shear viscosity in transport
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Conclusions

 In the hybrid approach SMASH-vHLLE-hybrid, a parameterization =s( ; ) based on known
constraints was tested

e The dependence on was shown to have no significant impact on elliptic flow, it increases

however the yield.

* Based on the virtually unchanged values of Vo> when changing ¢, the proposed parameteri-
zation could be a good proxy for =S in the non-equilibrium hadronic transport stage

Further investigations from here on

* Include a parameterization of =S and study interaction of both

* Increase range of studied energies
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More about SMASH

SMASH and SMASH-vVHLLE-hybrid are available at https://github.com/smash-transport.
More information can be also found at https://smash-transport.github.io/.
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Parameterization in ¢

10 1 1
1 1 1s=0 GeV
.IL ! — . =015 GeV
o5 TS — ;15=0.3 GeV
=0. T N

PN

1 L.M

1 1

o 0.5 1.0 15 2.0
T[Tl
10 n/s(e p), S, = 0.05 10 n/s(e, p), S, = —0.05
: : 15=0 GeV : : 15=0 GeV
I I —- 15=0.15 GeV I I —- 15=0.15 GeV
Y LT Si——
205 \JP \]I — - 1p=0.3 GeV {0_5\,\.* \1| — - 115=0.3 GeV
it .~ S ™
: 1A I Do tic : A =
00 H L= 00 L R e Tk
’ 0.5 1.0 15 2.0 ’ 0.5 1.0 15 2.0
T[T T[T

The conversion (; ) ¥ (T; g) is performed using the same EoS as in the hydrodynamic

evolution, a chiral hardon-quark EoS (Steinheimer et al.: J.Phys.G 38 (2011)).
Niklas Gotz T and g dependence of =s in a hybrid approach



Parameterization in T

0.6 - oy 0.6
JETSCAPE
0.5 -
0.4 1 0.4
2031 %

e 0.2

0.1 | \/
0.0 { 0.0

015 020 025 030 0.35 0.2 0.3

Chosen =s(T) parameterization lies inside the 90% confidence interval of Bayesian inference.
JETSCAPE Phys. Rev. Lett. 126 (2021)
JETSCAPE PRC 103 (2021)
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Input used for fixing the steepness of =s( )

10 . . 1/s in SMASH box calculations

2.0

@ 1.5

= 1} =
peeep=2.7T 1.0
LO —

il NLO w. gain — 05

T02 1 10 100 1000 0.10 s

T [GeV]
T [GeV]

pQCD constraint from
Ghiglieri et al.: JHEP 1803 (2018)
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Parameters

Parameters used for non-constant =S

Parameterization | -dependent | -dependent | T-dependent | ink [ $5¥] /Tuink [GeV] | ( =5)kink/( =S)min | S =1m [%]/[Gev 11S-10 [%]/[Gev s [fm
=() Y N N 1 0.08 £0.7/-0.54/-0.53 0.0047 0
=(; )" Y Y N 1 0.08 -0.7/-0.54/-0.53 0.0047 0.03
=00 ) Y Y N 1 0.08 20.7/-0.54/-0.53 0.0047 20.03
=s(T) N N Y 0.205 0.08 0.05 04 0

Parameters used for constant =S as well as chosen smearing parameters (both from Karpenko et al.:
PRC 91 (2015))

system S =s R, | R
Au + Au | 7.7 0.2 14 | 1.2
Pb+Pb 173 | 0.15 | 1.4 | 0.7
Au+ Au | 39.0 | 0.08 | 1.0 | 0.3
Niklas Gotz T and g dependence of =s in a hybrid approach



¢.: Impact on midrapidity yield

charged hadrons dN/dy|, in central collisions, charged hadrons dN/dy|, in central collisions,
i “ i “
> >
5600 3600
5 5
@ @
§ 400 § 400
© °
B £
= 200 /s(T) 5 200 n/s(T)
&.’, — s QE,’ — u/sle)
& —— /s const. E] — /s const.
S 0 S 0
10 20 30 40 10 20 30 40
Vs [GeV] Vs [GeV]

charged hadrons dN/dy|, ., in central collisions, charged hadrons dN/dy|, ., in central collisions,
i =05 i e =0.
§' 600 ﬁ‘ 600
3 3
@« @
5 400 s 400 ﬁ’
° °
£ £
5 200 5= 005 5 200 5,005
8’ —L i Ooas 8’ L i ’ 005
< — Sp=- < — S=-
50 CI

10 20 30 40 10 20 30 40
V/sun [GeV] Vswv [GeV]

Longer hydro reduces yield. A positive -dependence reduces this effect.
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¢.: Impact on mean transverse momentum

charged hadrons < pr >, in central collisions, charged hadrons < pr >, in central collisions,
70.657 =05 20.65 =
A 1 0/s(T) A
§0.601 /el £0.60
v i === /s const. v
20.55 20.55
S | S
g 0.50{ 050
= = /s(m
el i el
g 0‘45? I3 0.45
‘!B 1 ‘«-, === 1/s const.
< E=4
504073 20 EQ 0 5040y 2 0 @0

/sun [GeV] /5w [GeV]

charged hadrons < pr >, in central collisions, charged hadrons < pr >, in central collisions,
70.65 L 05 20.65 e
A S, =005 A
£0.60 e S=0 £0.60
v -== 5,=-005 v
20.55 20.55
S S

S, =005
B 045 8045 =0
E E === 5 0.05
= E=4
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Longer hydro increases < pt =>. For high p§, this effect is increased for negative -dependence
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