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Heavy-Ion Collisions: Equilibrium

Energy-Momentum ‘T'ensor Baryon Current N \+ 4
™ =T1"+1I1+ =z 0 00 Strangeness Current N/ q"
0 0
HU .
Equation of State 1" =10 0 Electric Charge Current N + gt
(EOS) 0 0
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Heavy-Ion Collisions: Equilibrium vs Out-of-Equilibrium

Energy-Momentum Tensor Baryon Current N = q"
" =T1"+1+ =" 0 0 0 Strangeness Current N = q"
0 0O
. T = -
Equation of State 0 0 0 Electric Charge Current », +q)
(EOS) 0 0
° ° ° ° KBB KBS KBQ
Contains diffusion matrix
. — | K K K
and gradients of u/T =78 ™5 730
KoB Xos *o0

Bulk Pressure
I =7Tr [T”‘” _ Tg”]

Shear stress tensor z#* = 7+ — T(’)“‘” — 11
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NuclearConfectionery FRAMEWORK + MUSES EOS

Grefa et al PRD 104 3, 034002
Yang et al arxiv 2601.07987 =
Plumberg et al PRC 111 4, 044905 CCAKE

Bin Zhang et al PRC 61 067901

Baochi Fu et al PRC 103 2, 024903 Weil et al PRC 94 054905

SMEARED AMPT m BASSAMPLER m
INITIAL PRE
CONDITIONS EQUILIBRIUM HYDRODYNAMICS PARTICLIZATION DECAYS

P. Pala, I. Danhoni et al arxiv2511.22852

Plumberg et al PRC 111 4, 044905
P. Pala, . Danhoni et al arxiv2511.22852

P
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NuclearConfectionery FRAMEWORK + MUSES EOS

A

®
Grefa et al PRD 104 3, 034002 I
Yang et al arxiv 2601.07987 AL
Plumberg et al PRC 111 4, 044905 CCAKE
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Muses Equation of State

* Lower beam energies:

10 7
Holography + QvdW-HRG pg. = 1000 MeV

Holography + QvdW-HRG ug. = 598 MeV
Holography + QvdW-HRG ug. = 200 MeV

System explores regions
higher baryon chemical

pOtential (//tB) 8 — AD-TEXS
4D-Taylor
T 6l
c |
= |
EoS tables have s
limited coverage -
2 L
* We plot the range of validity in terms of s, np of |
all MUSES EoSs made available (yg = 1, = 0) 0.0 0.2 0.4 0.6 0.8 1.0
. . -3
and we ensure causality and stability. ng [fm™-]

[MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine"

Soon to appear!
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Muses Equation of State

* Lower beam energies:

10 7
System explores regions - —— Holography + QudW-HRG pgc = 1000 MeV
higher baryon Chemical —— Holography + QvdW-HRG pug. = 598 MeV
—— Holography + QvdW-HRG ug. = 200 MeV
potential (1) 8 — 4pTExs
| — 4D-Taylor

How does the limited range of the EOS
affect hydro observables?
EoS tables have -

o 7

* We plot the range of validity in terms of s, np of : :
all MUSES EoSs made available (yg = 1, = 0) 0.0 0.2 0.4 0.6 0.8 1.0
and we ensure causality and stability. ng [fm~]

[MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine"

S Soon to appear!
mm
Jm
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Muses Equation of State

Natural Hydrodynamic Variahles

Hydrodynamical simulations require a mapping
of the EoS in the 7, g - plane into s, ny - plane:

T 4 § 4

First-order phase
transition

First-order phase
transition

Hp Np

* First-order phase transitions
cause a gap in the s, ng- plane

H"}F’l Isabella Danhoni (UIUC)

For the inversion algorithm: [arXiv:2405.09648 [nucl-th]]

This mapping is in general highly non-linear!

(a) O 4D-TEXS table

Backup EOS

.....
.....
ooooo

[ J [ J © 0 0 000000000
[ J [ J ®© © 0 0000000000
°

[ J

¢ .-?I{."? :‘..8..’:.'.: :: ..... :.:. F

WERILITO IR R R I 3':'- o
UL mlw)w"""%*.'-:? £ 3o
ool % °o o%F § .:{’}Q.‘f{]!w:{":’. R
10—1 — . . P Ji_l . . e 0 ] ] 1 L8P 4 1
10 10 10 0 100 200 300 400
np [fm ] pp [MeV]

[MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”

Soon to appear!

* In this region, hydro simulations either rely on backup
(conformal) EoS tables or uncontrolled extrapolations, to
ensure that every fluid cells has an EoS.

o muses 8



Muses Equation of State

Natural Hydrodynamic Variables

Hydrodynamical simulations require a mapping
of the EoS in the 7, g - plane into s, ny - plane:

102

10!

—

(2]

E

S

Hp np

A
i

Isabella Danhoni (UIUC)

* First-order phase transitions
cause a gap in the s, ng- plane

For the inversion algorithm: [arXiv:2405.09648 [nucl-th]]

This mapping is in general highly non-linear!

(a) O 4D-TEXS table

° ° ® 0 0 000000000
4 ° ° ®© 0 0 000000000
p ° ° ®© 0 0 000000000
4 ° ° ®© 0 0 000000000
)
. o o ®© © 0 000000000
b o o ® 0 0 000000000
] ° ° ®© 0 0 000000000
4 ° ° © 0 0 000000000

Backup EOS

.....
.....

00000

.....
.....
00000

MUSES Calculation Engine now provides an efficient numerical procedure to build e
the inverted table through the newly introduced EoS Inverter module! 100

..................
R 22222 | e o o e o ©o e o o o o o o o o o

.....

00000
...............

[MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”

o muses

Soon to appear!

* In this region, hydro simulations either rely on backup
(conformal) EoS tables or uncontrolled extrapolations, to
ensure that every fluid cells has an EoS.



MUSES EOS and Backup EOS

UB = 0 MeV UB = 300 MeV
Al —— Merged f | —— Merged
| —--- QvdW-HRG | ——- QvdW-HRG
3-_ ...... EMD 3'_ ......
-t LQCD '

" Holographic correspondence for QCD

g Lattlce at //t B — O (Slngle Charge) _(') 100 260T [Me\?;?o 400 5(')0- _(') 100 '261(; e V?](')o 400 560_
.......... pp=58MeV pp = 750 MeV
* Merged with QudW-HRG — 7 € [0,300] T G |
1y € [—1000, 1000] e |
" Moving critical point Sl
1 . : -- QvdW-HRG |
; : _ S N EMD |
BaCkup EOS 0 0 o200 e V?]oo 400 500 0 0 100 '262 ['1\4;\‘/?]60' 400 500
B

TANH- CONFORMAL
3 CONFORMAL CONFORMAL DIAGONAL

Uﬂﬁh’ Isabella Danhoni (UIUC)
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MUSES EOS and Backup EOS

KB = 0 MeV ' ,uB = 300 MeV

af . | I
Merged f : Merged
| ——— QvdW-HRG

pe

Merged EoS
P = (1-p) Pipg + P Photo ) 2

" Holographic correspo >

Mixed (metastable) _ - Proio

g Lattlce at //t B — O (Slng | (O"'<€9pi0<n : ’ — 500- 0 100 2(')1(; e Vg’](')() 400 5(')0-

i
Hadronic 5 = 750 MeV

(p = 0)

~ Merged with QvdW-HF

" Moving critical point

Unstable
region ' Holographic :
(p~1) --- QvdW-HRG |
I ‘_-' ...... EMD
n 0_ lllllllllllllllllllllllllllllll
) 500 0 100 200 300 400 500

Backup EoS

T [MeV]
T (at fixed uB)

CONFORMAL

TANH-
CONFORMAL DIAGONAL

CONFORMAL

9.0

Hﬂm Isabella Danhoni (UIUC)
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MUSES EOS and Backup EOS

Plumberg et al PRC 111 4, 044905

" Based on lattice

" Taylor series expansion
up to O(u4)

" Hp, Mg and i,

" Not Merged

Backup EoS

9.0

0

N4 N Isabella Danhoni (UIUC)

Abuali et al Phys. Rev. D 112, no.5, 054502

" Based on lattice

" Alternative expansion

scheme

" Mg, Hsand [

" Not Merged

TANH-
CONFORMAL

CONFORMAL

o muses
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Muses Equation of State

o Spatial rapidity distribution of fluid cells within the EoS validity range, where trajectories are tracked until freeze-out.

* The iy range explored by the trajectories is strongly correlated with the fluid-cell rapidity.

100r 100
— 80f BOF Schematically:
O '
% 60 i 60 -
= | Lower i — mid-rapidity
< 40 B (0] \ 40 B = =
o | AutAu 0-5% - Au +Au 0-5% Larger ;i — forward/backward rapidity
0 - vSwv = 19.6 GeV | ! vsyn = 19.6 GeV
2 20 ] 20 -
ol ol
AD-TEXS (B) AD-Taylor (B) — Initial T B Holo + QudW-HRG M 4D-Taylor (B) —-- FO surface
B 4D-TEXS (BS) B 4D-Taylor (BS) ——== FO surface B 4D-TExS (B) — |nitial T
Bl 4D-TEXxS (BSQ) B 4D-Taylor (BSQ)
Backu p EOS [MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”

Soon to appear!

TANH-

CONFORMAL
CONFORMAL CONFORMAL

DIAGONAL

FSE hs Isabella Danhoni (UIUC)
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Muses Equation of State

What about , /sy = /.7 GeV? ol

S
— 80_
_ |
9 :
e Same plot for the Holography+QvdW-HRG EoS in a s 60r
svv = 1.7 GeV event. n |
NN § 40_-
g L
* The percentage of fluid cells covered by the table is E 20:_
lower — larger pi5/ T ratios. |
_ A N S R
- This Indicates that one must be careful when using n
the Holography+QvdW-HRG EoS at lower energies. mE L, =508 MeV  —— Initial T ——- FO surface
Backu p EOS [MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”

Soon to appear!

TANH-

CONFORMAL
CONFORMAL CONFORMAL

DIAGONAL

9.0

IPH"‘M Isabella Danhoni (UIUC)

15



Holography + QvdW-HRG



Muses Equation of State

Holography + QvdW-HRG 4.0
Grefa et al PRD 104 3, 034002 3.5 Unstable
Yang et al arxiv 2601.07987
3.0
. . — 2.5 Metastable
° ,ugp = 598 MeV in natural hydrodynamic ™
variables. é 2.0
» Table of fixed T, uy for the stable QGP and HRG N 1.5 QGP
hases. Z
P
* Within the first-order phase transition we show R
also the metastable and unstable regions. 0.5
* An example freeze-out line Is shown assuming a 08001 02 03 04
constant energy-density at freeze-out. ng [fm=3]
=== Hadronic branch * Critical point
=== QGP branch = Freeze-out (e = 0.2567 GeV/fm?3)
:,m\/ [MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”
Fﬁm\, Soon to appear!
B
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Muses Equation of State

Holography + QvdW-HRG

Grefa et al PRD 104 3, 034002

Yang et al arxiv 2601.07987

° /41§P=598 MeV in natural hydrodynamic
variables.

» Table of fixed T,y for the stable QGP and HRG
phases.

* Within the first-order phase transition we show
also the metastable and unstable regions.

* An example freeze-out line Is shown assuming a
constant energy-density at freeze-out.

Unstable

Metastable

QGP

HRG

We finally found the CP!

=== QGP branch = Freeze-out (e =0.2567 GeV/fm?3)
|.m\/ [MUSES] “Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine"
Fﬁm\, Soon to appear!
B
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NuclearConfectionery FRAMEWORK + MUSES EOS

HYDRODYNAMICS

Plumberg et al PRC 111 4, 044905
P. Pala, I. Danhoni et al arxiv2511.22852

\Jﬁm\/
FH'I‘IFT Isabella Danhoni (UIUC) F@ muses



CCAKE 2.0

Follow each particle evolution

Initial condition

¢ Smoothed Particle Hydrodynamics
® Performance portability (CPUs and GPUS)

® Source terms

L -
° BSQ Charges and (3+1 )D Discretize into particies Smooth fields in space

=t Denicol et al PRD 85 114047 A(I’) — Z A(ri) W(ri — I, h)A‘/l

V ”NC’]’ =] Denicol et al PRD 91 039902

q .
=1
SPH Kernel
T, AZ; Dz + g =2not —6_ a"* @ + DNME
xDITA Tl = — (; +5m1) © + DNV V,A(r) = ) A(r)V,W(r;— r,)AV,
=1
Tgb A, Dq, + g = Kb V”('M—;) — Tc‘;b g, ©®
}lin% W(r, h) = 6(r) Smoothing scale

M
"M
N
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CCAKE 2.0

It can run on both CPUs and GPUs!

2+1 D CPU Performance 2+1 D CPU Performance
x0 98

Gubser Test with conserved charges:

o
o]

D0

Semi-analytical 1

Efficiency
s

8 32 4

3+1 D CPU Performance

7 [GeV /fm?]

arXiv:2503.20021v3 [nucl-th]

I’ [INF Isabella Danhoni (UIUC) J¥d muses
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CCAKE 2.0

Gubser Test with conserved charac

i @ 5]
6 i Semi-analytical )
].0 B .o
s S e o
O | | ‘
“ 05F &
21 C
0; 0.0,
r [fm] )
| ; OOO ‘l ‘< \(.,. ;o
g ' &
' & —0.05}
[ISS) [
1>
] @O
1O, [
> —0.10r
| & [
—0.15}
0
r
arXiv:2%

N4 Isabella Danhoni (UIUC)

dN/(2npr) dprdy [GeV 2]

Al [%] 5 o o

o)
o
o

| |
w N —

It can run on both CPUs and GPUs!

We have performed several convergence tests!

Au+Au 5-10%
Vsww =19.6 GeV

ow
L1 1

e TR

.. A
§23 O i SREAANRC A mhm“&fii%?.-\.

,,,,,,,,,,,,,,,,,,,,,,,,,,,

1.5
pr [GeV]

0.5 1.0 1.5 2.0 1.0

pr [GeV]

1.5 2.0

pr [GeV]

0.5 1.0

o muses




CCAKE 2.0

Gubser

We have performed convergence tests on integrated flow!

nce tests!

Au+Au 5-10%
Vsyny =19.6 GeV

@ h=0.3 fm O Axx: 0.075Ax, = 0.1 h=0.4 fm 02 <pr=3[GeV] h=0.5fm Au+Au 5-10%
0.010- O Axx 0.1Axp=0.1 In|<0.5_ /Sy =19.6 GeV
A Axx: 0.2 Axp = 0.1
e & Axy: 0.3 Ax, = 0.1
>
0.005 - - -
& & g
) 8 &
0.000 = 2 8
§ 60- = 0O -
= 30 & 8 A - -
_ O - S Q- @1 r oo Qe et F & ““““““““ $ ““““““““ s
; 2 3 4 5 4 5 4 5
a n n
B h=0.3 fm O Axy: 0.1 AX,-, = 0.05 h=0.4 fm 02 < pr< 3 [GeV] h=0.5fm Au+Au 5-10%
; 0.010- O Ax:01Ax=0.1 _ Inl <0.5_ /Snn =19.6 GeV
- A Dxy: 0.1 Ax, = 0.2
: N & Axy: 0.1 Ax, = 0.3
: S > Axy: 0.1 Ax, = 0.4
! 0.005+ = =
T 8 8 &
0 2
r [fm] 8 & g
0.000 ? B—
% 50+ il o O -
= 25+ - > & 8
“Todmo > S— o T S P g - Lo — - S R o
2 3 4 5 3 4 5 4 5
n n
Isabella Danhoni (UIUC) F@ muses
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CCAKE 2.0

Gubser

“

Isabella Danhoni (UIUC)

Even comparisons with MUS

2+1D PbPb 0-5% single event

- CCAKE 2.0 + BQSSampler
m— MUSIC+ISS
= MUSIC+ISS (Analytical)

o muses

10%
GeV

10%
eV

IC! m

nce tests!

Au+Au 5-10%
Vsww =19.6 GeV

24



Simulation Setup - Holography

e Take the partons at desired x (7 or f) and smear them

THY (xl,xz, x3) _ Z p; f))i &, (xl,xz, x3)

i=partons !

p  3+1D, cartesian or hyperbolic
Di  BSQ charges and initial currents
N¥ (x!, x%, x3%) = — . (x, x* x> 9
X ( ) Z Ox 0¢‘( ) * Full energy momentum tensor

i=partons !

Somevi > B S G M G
K 20

2
¢i (xl,xZ’x3) - 1

- ‘ e

AMPT+SMEARING
MUSES EOS .
Stochastic

\Can be added dynamically

Stochastic

:’}ﬁv Deterministic
H'I}F’ Isabella Danhoni (UIUC) F@ muses



Simulation Setup - Holography

e Take the partons at desired x (7 or f) and smear them

U U

THY (xl 2 x3) Z Pi Pi & (xl,xz x3)
i=partons =1 « 3+1D, cartesian or hyperbolic

N);(w xl x2, x3 Z Qx xl X2, x3)  BSQ charges and initial currents

* Full energy momentum tensor

AMPT-+SMEARING

\Can be added dynamically

i=partons

200 400 600 800 1000
ug [MeV]

¢i (xl’x‘z’x_?) — — K ‘ .
(2m)%2/-goto,3

o muses
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Simulation Setup - Holography

N Not physical
3 CP positions (148,200)
' Hippert et al PRD 110 9 094006

Expected
(126,600)

MUSES EQS
HOLOGRAPHY

(85,1000)
400 600 800
Hg [MeV]

BASSAMPLER

Decays only

2000 samples

FH% Isabella Danhoni (UIUC) fGimuses



CCAKE 2.0- Critical scaling

Bulk ViSCOS“‘y T A’;; Dz’ + nt* = 2n o" — Il O

[T = —AC +5I1) ©

— CS on ==+ CS off B =0 MeV ug =600 MeV

Holography + QvdW-HRG Bl 5 =200 MeV ug = 800 MeV
CP: (T, ug) =(126, 600) MeV

B Lz =400 MeV

5 o ™~ \/ (XBB) table

&~ \/Tom

100 120 140 G _ :
T [MeV] For the case of no charge diffusion!

IPH% Isabella Danhoni (UIUC) fGimuses



Holography + QvdW-HRG

e Critical point at (126, 598) MeV

* Probability distribution function (PDF) of 1" (left panel) and i (right panel) at freeze-out, for a single event!
[MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”

[ —— Vsyn =7.7 GeV
0.20 [ VSWN T 19.6 GeV
- —— VSuw =39 GeV
0.15|
=
E A
Q 0.10}
0.05|
0.00f
110 120 130 140 150 160 170 180
T [MeV]

Soon to appear!

0.005 ]

400 =200 O 200 400 600
ug [MeV]

» Comparing to thermal fit data from the STAR, the average thermal fit values for 0 — 5 % central are {{;5°)) ~ 100 MeV

M

wﬂl\’l Isabella Danhoni (UIUC)

at  /syv = 39 GeV, ((ub?)) ~ 190 MeV at /sy > 19.6 GeV, and ((u5°)) ~ 400 MeV at , /sy = 7.7 GeV

L. Adamczyk et al. (STAR), Phys. Rev. C 96, 044904 (2017)

o muses

29



Trajectories and Critical Lensing

From M. Stephanov’s talk on Monday!

® non-trivial deformation of
trajectories

Isentropic trajectories with and without criticality:

A

Same Region, .
No Criticali T |Critical

/ Regio

AT \ ‘ <<‘ .

300 350 400 450 500 300 350 400 450 500 300 350 400 450 500
us [MeV] Ug [MeV] Ug [MeV]

Dore et all, Phys. Rev. D 106 (2022) no.9, 094024

A ll; | Critical regions that extend farther along the T direction have
-_— a more of a kink near the CP than along the ¢z direction
I-ﬁL, Dore et all, Phys. Rev. D 106 (2022) no.9, 094024
v
B

Hﬂlﬁ Isabella Danhoni (UIUC) b muses 30



Trajectories in SPH Formalism

* Individual particles are not on a fixed grid. T

e We can track from the initial time 7, how the SPH
particles cool and expand in time until their final

time step 7.

}NO 9z99a44

. . Follow each particle evolution
Initial condition

-
......

Smooth fields in space

w% Isabella Danhoni (UIUC) b muses
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Trajectories
Holography + QvdW-HRG o[ SONSEAN Sing trajeCte

] g 1st-order line
. @ CP (598, 126.5)

* Individual particles are not on a fixed grid. 200

» We can track from the initial time 7, how the SPH 1801

particles cool and expand in time until their final
time step 7.

—
o))
o

T [MeV]
i
NS
o

Follow each particle evolution 120 ) ////f
Initial condition - |
100

400 | 600 800 1000
U [MeV]

0. ®
o ©
‘.‘ 0‘0.00
oo 0%

O —>
‘o egoee®
o ® :0'

[MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”
Smooth fields in space Soon to appear!

__ * |sentropes emulate the path that an ideal fluid would
T}F‘.lv travel along across the QCD phase diagram.

FH% Isabella Danhoni (UIUC) o muses 32



Trajectories on CCAKE 2.0

Holography + QvdW-HRG

* For fixed, single initial condition at each
\/Syn = {39,19.6,7.7} GeV, we plot the SPH

trajectories across the T, 5 plane for 5,000 SPH

particles
* Three different critical point positions at

Hp,. = {200,598,1()()()} MeV (here the metastable
and unstable are included in the simulations).

4.0
3.5 Unstable
3.0
— 2.5 -+ Metastable
T
e 2
!
9. 1 QGP
1.08
0.5 1“HRG

080 01 02 03 0.4
ng [fm=3]

SN
I I === Hadronic branch ¥ Critical point
bl === QGP branch m— Freeze-out (e = 0.2567 GeV/fm?3)

R [N Isabella Danhoni (UIUC)

Ugc =200 MeV, T.=149 MeV

Au+Au
240 BB

N /Sun =77 GeV

T [MeV]

120

Au+Au
240 LR il

_ ey
220 vsyny = 19.6 GeV., |

T [MeV]
e

120 [RSIS

Au+Au
240 BB

220 vVsyny = 39 GeV

T [MeV]
=

120

—-450-250 0 250 500 700
Mg [MeV]

Ugc =598 MeV, T.=126 MeV

Au+Au
0-5%
vsyn = 7.7 GeV

Au+Au
0-5% 1|
VS = 19.6 GeV/[l ik

| |

Au+Au
0-5% ik
vVSyn = 39 GeV N 'I

—-450-250 0 250 500 700
Hs [MeV]

Ugc =1000 MeV, T.=85 MeV

Au+Au
0-5%
vsyy = 7.7 GeV

Au+Au
0-5%

Au+Au
0-5%
Vsyn =39 GeV

—450-250

01, (A
Vsyv =19.6 GeV./|/ g

0 250 500 700
Hs [MeV]

T [fm/c]

[MUSES] "“Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”

o muses

Soon to appear!
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Trajectories on CCAKE 2.0

240F Au + Au 0-5% . :
220 :_\/ syy = 7.7 GeV }

2500

* Fixed, single initial condition at each ; S - _
_ 7 7G V ; 200 N . "___.'-'--" & __._:: - - 2000
Sy = 1. 1Qaev. é 1802— il o 1500 <
* Heat map over all SPH particles across all ~ 160} = | [ 1000
time steps (including the metastable and 140F 8 [ o0
unstable regime). 120} o
* Two critical point positions at 2500 —250 0 250 500 750  —500 —250 0 250 500 750
(MeV) (MeV)
pup. = {598,1000 } MeV. He -
* The critical point is indicated by a star. .- F -
:_ g 1-':;'-:-'.- 103
IUnstabIe _ _:._ 102 Zo
| . o
. . O
41 Metastable I -7
[ 10!
1QGP i
L e A T T 100
IHRG 0.0 02 04 0.6 0.8 1.0
ng (fm=3)
0.4
\ﬁ\, —— Hadronic branch Yk Critical point [MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine"”
:} —— QGPbranch = Freeze-out (e = 0.2567 GeV/fm?) Soon to appear!
Il& e —
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Trajectories on CCAKE 2.0

4D'TEXS E OS 4D-TEXS (B) 4D-TExS (B+S) 4D-TEXS (B+5+0Q)
2401 T o ce 3 = - T e 3 i I S

[ VS, =19.6 GeV ¥
220 - table EoS only ok S

[arXiv:2504.01881 [hep-lat]]

—~ 200F

» For fixed, single initial condition at 2 ;5! : f. 00
each /sy = 19.6 GeV, ~160F @ “
140 o - e | |
* We only include regimes of the 120k : T
simulation above freeze-out. 400 —200 0 200 400  —400 -200 0 _ 200 400  —400 -200 0 _ 200 400

C . Mg (MeV) ug (MeV) ug (MeV)
* The top row shows the distribution in

the 7, iz plane and the bottom row ; 104
shows the distribution in the s, np |
[ 103
plane. | =
102 g’
f 101
o oo o5 1o oo o5 1o @
ng (fm=3) ng (fm~3)
I\/ﬂ\, [MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”

M Soon to appear!
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How does BSQ charge diffusion

affect hydrodynamic simulations?




BSQ Charge Diffusion

In Israel-Stewart hydrodynamics, diffusion currents respond to
gradients of chemical potentials:

H = H — —
']q va aQ’ qu T

with multiple conserved charges, this leads to coupled diffusion:

' U

JB Keg Kpo Kps) [ Viop

778 I

Jo| = |¥oB Koo Xos|| Viag

: K K K U couples charges diagonal (no couplin
Js s %so  fss )\ VFag p g gonal pling)

T )+ =Ky Via — =L dia (0.2,0.2,0.2)
Clb a Clb b Clb T g 7 7 ) Fotakis, Greif, Greiner, Denicol and Niemi, Phys. Rev. D

\JI“'IL, 101, no.7, 076007 (2020)

FH’I}FT Isabella Danhoni (UIUC) 37



BSQ Charge Diffusion

BSQ fluctuations ran with ideal BSQ
currents compared different scenarios for
the BSQ diffusion matrix:

Kpp Kps Kpo
Ksp  Kss Kso
Ko Kos Koo

K =

 Diffusion matrix that has constant
values of qu,/ T2

» Diagonal: self-diffusion

__ +Off-diagonal: charge mixing
bl
B

FH% Isabella Danhoni (UIUC)

trento+iccing+ccake simulations with the same initial condition.
38

T=0.60 fm/c T=1.60 fm/c T=2.60 fm/c T=3.60 fm/c ‘ ' |
[
. o e
_ ‘ -
-
v,
_ Y
1 1 1 1 .
T=0.60 fm/c T=1.60 fm/c T=2.60 fm/c T=3.60 fm/c
”
T=0.60 fm/c T=1.60 fm/c T=2.60 fm/c T=3.60 fm/c
4
.
arXw:2511.2285
_5 0 -5 -5 -5 0 5
X [fm] X [fm] X [fm] X [fm]

I0.2

- 0.0

—0.2

Mg [GeV]

Hs [GeV]



BSQ Charge Diffusion

uSP =200 MeV, TP =149 MeV uS® = 600 MeV, T =126 MeV uSP = 1000 MeV, T =85 MeV

Au+Au In] <0.5 Au+Au Au+Au

BSQ fluctuations ran with ideal BSQ 0-5% 0-5% iy

vsuy = 7.7 GeV vsyy = 7.7 GeV vsyn = 7.7 GeV

currents compared different scenarios for
the BSQ diffusion matrix:

KBB KBS KBQ Au+Au Y | - Au+Au i/ ——— Au+Au

0-5% it 0-5% . 0-5%
Vsnn =19.6 GeV S G/ - Vsww =19.6 GeV UG Vsny =19.6 GeV (8

K= | Ksp Kss Kso
Ko Xgs Koo

|

- Diffusion matrix that has constant A o - Au+Au o » Aur -

Vsuw =39 GeY, \
values of K // T2 i
q4d ;\

z\ i '

» Diagonal: self-diffusion

-Oﬁ—dlagonal: Charge Mixing —450-250 0 250 500 700 —450-250 O _ 250 500 700 —450-250 O _ 250 500 700
m" g [MeV] ug [MeV] ug [MeV]
.0
v B i

N2 NE Isabella Danhoni (UIUC) 39




CCAKE 2.0- Critical scaling

CS on == (S off Bl Uz =0 MeV Ug =600 MeV

Holography + QvdW-HRG B s =200 MeV ug =800 MeV
CP: (T, ug) =(126, 600) MeV BN ;s = 400 MeV

60 80 100 120 140
T [MeV]

Same critical scaling for bulk!

Holography + QvdW-HRG
CP: (T, ug) =(126, 600) MeV

0.0 B 5 =400 MeV
380

N7

ug =600 MeV
us =800 MeV

100

120 140

H
78 A", Dgl + g =KV 7b - 17,"q4 ©
1 (T - Tc)2 (1p — M§)2
k=Kky| | —exp |—— |
2 0% o

I[pfﬂl'l‘hk’ Isabella Danhoni (UIUC) J¥d muses
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NuclearConfectionery FRAMEWORK + MUSES EOS

BASSAMPLER

PARTICLIZATION

P. Pala, Danhoni et al arxiv2511.22852

N R Isabella Danhoni (UIUC) 3rg muses
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Conserved Charge Sampling

New code to sample at finite densities!

Regular sampling
d°N, .
E— (k) = [ k*d’o, (fo(x¥, k) + Sfi(x*, k*))
o q
8i 1

- (271')3 exp ( u(x) - k;biﬂb(x) ) ¥ 1

f

Freeze-out Surface X Freeze-out Surface X

Cooper-Frye Monte Carlo
(continuous) sampling
'\}ﬁ\, Al generated

IPH"‘M Isabella Danhoni (UIUC)

Sampling algorithm from iS3D

extended to finite yp, 1, 1]

42



Conserved Charge Sampling

New code to sample at finite densities! P. Pala, Danhoni et al anxiv 2511.22852

Algorithm to conserve charge event
by event (and sample by sample):

[s,ev} net,{ev) {s,ev} _ ar{s.ev} _ net,{ev}
N+1,a,a > NB N—l,a,a - N+1,a,a NB

Freeze-out Surface X Freeze-out Surface X

N{S,ev}

{s,ev} __ net,{s,ev} _ aris,evy net,{ev}
0,—1,a NO,+1,a = N NO,—I,a N

Cooper-Frye Monte Carlo
(continuous) sampling
{s,ev} net,{ev) {s,ev) _ aNet {s.ev) net,(sev) {s,ev} _ anet {ev)
m/ Noo+1ZNg Noo—1=Npo +Novo +Noo+1 N
\J'”'L» Al generated

mﬁ}.ﬁﬁmﬁ‘h&a Isabella Danhoni (UIUC) 43



NuclearConfectionery FRAMEWORK + MUSES EOS

Grefa et al PRD 104 3, 034002
Yang et al arxiv 2601.07987 =
Plumberg et al PRC 111 4, 044905 CCAKE

Bin Zhang et al PRC 61 067901

Baochi Fu et al PRC 103 2, 024903 Weil et al PRC 94 054905

SMEARED AMPT m BASSAMPLER m
INITIAL PRE
CONDITIONS EQUILIBRIUM HYDRODYNAMICS PARTICLIZATION DECAYS

P|umberg et al PRC 111 4’ 044905 P. Pala, . Danhoni et a| arxiv 2511.22852

P. Pala, I. Danhoni et al arxiv2511.22852

M
Fwﬁ}?’ Isabella Danhoni (UIUC) o muses 44



NucClearConfectionery FRAMEWORK + MUSES EOS

Preliminary Results!

N
.
N‘Mh'}:ql abella Danhoni (UIUC) bd muses
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Critical scaling for bulk with no

diffusion

[MUSES] "Studying the QCD Matter produced in Heavy-lon
Collisions using the MUSES Calculation Engine"”

Soon to appear!



Multiplicity

Holography + QvdW-HRG

* dN/dy at mid-rapidity for positive pions!

* The choice of critical point location has only a small

effect on the total pion yield

* Normalization is mostly insensitive to details of the

phase structure in the EoS.

/5N~ [GeV]
Description Symbol | 39 19.6 7.7
Initial time T0 1.0 1.3 2.0
Smearing radius oiando,| 0.8 1.0 1.2
Normalization N 1.43 1.6 1.11
Freeze-out energy ero |€(T =150, ux = 0)
Shear viscosity nT /w 0.08
Bulk viscosity magnitude A 1.67552
Bulk viscosity scaling P 2
Diffusion KX X 0
Dynamical initialization OFF
Hadron List PDG21
N
"M
N

'-ﬁ',.y Isabella Danhoni (UIUC)

Ugc =200 MeV

MBc = 598 MeV

- Ugc=1000 MeV
STAR PRC 96 044904

120
1001 Au+Au
007 0-5%
: ly| <0.1
80= ] . . . ] . . . . . . ] Jd
1.7 19.6 39

v sy [GeV]

» The critical point located at yp = 1000 MeV

yields a somewhat larger multiplicity of pions in
this setup.

g muses 47



I

Multiplicity

» We show the dN/dn for all charged particles at AuAu 4 /syy = 19.6 GeV compared to PHOBOS data for 0 — 6 %

Holography + QvdW-HRG

centralities.

o +/Snvy = 39,7.7 GeV for 0 — 5 % centrality class.

B. B. Back et al., Phys. Rev. Lett. 91, 052303 (2003).

i Au + Au Au + Au
4007 0-5% ) 0-5%
: VS =17.7 GeV Jil A\ VS =39 GeV
300} 1
- - 3
S }
S~
S 200 F f }
2 "‘ .ﬁ
A I \
100 \ ; ‘
I X\\ \\
i ‘\\ 2 ‘\.
OF el Bt T L
4 —4 =2
Ugc =598 MeV  ----- Ugc = 1000 MeV A PHOBOS 0-6% (PRC 83 024913)

* The width of this distribution is strongly dependent on the choice of the smearing

length in AMPT.

mml'mﬁﬁ Isabella Danhoni (UIUC)

[MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”

o muses

T\} 1v- Smaller o decreases the width of the distribution and large o broaden it.

Soon to appear!

c= 1.2 fm for
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Quantitying out-of-bound fluid cell contamination

» CCAKE simulation for a single event:

Holography+QvdW-HRG
with 157 = 1000 MeV

VS
cut off at u,/T < 3.5

* Even for the full EoS there are still of out-of-bound
fluid cells that are concentrated in the low s, large
np regime.

* Out-of-bound — limitations of the QvdW-HRG
EoS in terms of its range in n.

* Fluid cells that switch to the backup EoS continue
and complete their hydrodynamic evolution using
the backup table.

This can affect observables
L

.0

Hﬂm Isabella Danhoni (UIUC)

Full EoS Cut ug/T < 3.5

17.5 Table —e>¢r0 ® Backup
e Table —e<e¢pp

15.0
12.5

_3]

10.0
£
o 7.5
5.0
2.5
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
ng [fm=3] ng [fm=3]
Full EoS Cut ug/T < 3.5

—-500 -250 0 250 500 /750 =500 -=250 0 250 500 750
up [MeV] upg [MeV]

[MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine”

Soon to appear!
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Quantitying out-of-bound fluid cell contamination

» CCAKE simulation for a single event:

Holography+QvdW-HRG
with 157 = 1000 MeV

VS
cut off at u,/T < 3.5

* Even for the full EoS there are still of out-of-bound
fluid cells that are concentrated in the low s, large

np regime.

* Out-of-bound — limitations of the QvdW-HRG
EoS in terms of its range in n.

* Fluid cells that switch to the backup EoS:
complete their hydrodynamic
evolution using the backup table!

Isabella Danhoni (UIUC)

A

N

=
-
N

=
-
=

% Error on ug/T < 3.5
=
o

3 —O— Multiplicity
: —m— (pr) (GeV)
= A v2{EP}
.\

\.\ A
] A
. Au+Au
 0-5%
. 0.4<pr<2.0GeV
- |n| < 0.5
77 196 39

Vsny (GeV)

[MUSES] "Studying the QCD Matter produced in Heavy-lon Collisions using the MUSES Calculation Engine"

Soon to appear!

Total multiplicity, average transverse momentum and
elliptical flow using STAR's rapidity cuts of || < 0.5

o muses
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Critical scaling for bulk and diffusion



Au + Au collisions with BSQ conservation

- Shear + Bulk
- =  Shear + Bulk + Diffusion
-+ Shear + Bulk + Diffusion (Critical Scaling)

;-Au + Au
[ VSyn = 19.6 GeV

Au + Au
VSyn = 19.6 GeV

-
-
N

; 10' ¢ e Rapidity distribution largely
=°F i unchanged by diffusion
S 40F
% 305 e\We can see effects of diffusion in

spectra at large p,

-

9
—
1

e Critical scaling enhances

dN/(2nprdprdy) [GeV~?]
o

ob Prelimina . Prelimina o on deviations at large p
50 -25 00 25 5.0 10 0.5 1.0 15 3.0
1 pr [GeV/c]

Diffusion has a small impact on bulk
observables but becomes visible In

differential spectra!
P Remember the critical
__ scaling for diffusion!

H'ﬂhﬁ/ Isabella Danhoni (UIUC) F@ muses

s = 600 MeV
s = 800 MeV

0.0 B 5 =400 MeV

40 60 80 100 120 140 160 180 200
T [MeV]




Au + Au collisions with BSQ conservation

10°

Preliminary Au + Au —— :2:::1 gg:t + Diffusion

('\l_' VSyn = 19.6 GeV | --+ Shear + Bulk + Diffusion (Critical Scaling)

| 101 40-50% | * STAR PRC 96 044904

> -

q) Bm K'Y x0.6

Bl p x0.3

O 10° o= 5 x0.
% 10-1 - Identified spectra: 77, K, p, p

I~
% , » Overall good agreement with STAR measurements!

10~

I~

Q. » Diffusion induces species-dependent modifications
= -3 Vs

~ 10 w5 . . . .

g x - Effects become visible at intermediate and high p

-4
% 1077k, pr<3 GeV/c J » Baryons show slightly stronger sensitivity than mesons
In| <0.1
PR R TR T T TN N TR TR TN T N T
0.5 1.0 1.5 2.0
pr [GeV/c]
These results are obtained with a minimal, out-of-the-box setup!
o
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Au + Au collisions with BSQ conservation

| — Vsw=19.6GeV ot Plot with BSQ diffusion on!
| e /Syv = 7.7 GeV

BT 3 . This affects the baryon stopping

- AutAu 0-5% .}

L

O NA49 ysyy =17.3 GeV Pb+Pb
% NA49 E,,, = 30 AGeV Pb+Pb

Same IC as a function of the
longitudinal smearing lenght
We are working on an analysis of how these
- parameter of the IC affect the distribution!
M
\ﬁﬁ'\/
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Summary

» Nuclear Confectionery Framework: 3+1D Relativistic viscous hydrodynamics with (B, O, )
diffusion in hydrodynamic + sampling framework!

> Even at intermediate energies full rapidity coverage requires an EoS with a very large range of u!

> We observe potential limitations of lattice-QCD-based EoS models in More statistics

dynamical frameworks at ,/syy S 19.6 GeV and below, with possible BSQ + critical point

implications for QCD critical point searches.

> No significant effects of{ BSQ diffusion)but more statistics is necessary

> Interplay between rapidity, beam energy and critical point position

CCAKE

Importance of forward/backward rapidity Pala, Kaur Virk, Almaalol, Danhoni, Yao, L.ong, Serenone, Salinas San
Martin, Yared, Plumberg, Gardim, JNH, "NuclearConfectionery: Multi-stage

simulation framework for modeling relativistic heavy-ion collisions,"

arXw:2511.2285
github.com/the-nuclear-confectionery/confectionery_chain

A Isabella Danhoni (UIUC) o muses 55







Merging Procedure

EoS generators

EoS module 1 EoS module 2

Merged EoS

(

Unstable phase

* Occurs in the mixed region where
oP/dp|, . <O.

e Small fluctuations lower the free energy, /
so the system spontaneously separates

¢ P = (1-p) Pypg + P Proio ) into the two stable phases. ;
. P A b \ o4
Synthesis
| |
o : Mixed (metastable) | = Pholo
: i region : e~
' < Merged P
Hadronic : O<p<i) A g
Merged EoS e , .
| // i ,,,,, Prre Metastable phase
I - < - - £E. . . .
--------- | * Occurs in the mixed region where |
Inverted EoS i I i oP/dp|. >0,
| | , B
: Unstable | e The phase is locally stable (small A
: region : Holographic fluctuations cost free energy)
: : (p=1) but not the global minimum.
| |
71 ,1: < » The system can stay in this state ;
1 T (at fixed u6) 2 for a long time (nucleation barrier)
before transitioning.
Backup EoS :

TANH-
CONFORMAL

Isabella Danhoni (UIUC)

CONFORMAL

CONFORMAL
DIAGONAL
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Critical Scaling for Bulk

Critical Point at 7 = 128 MeV, up = 600 MeV

T [MeV]

400

350

300

250

150

100

50

200

400

Isabella Danhoni (UIUC)

Hg [MeV]

600

800

1000

50000

- 40000

30000

Xsg [MeV?

20000

10000

(/s

Dashed lines are regular {/s with cS2 — () at CP of the EoS

Solid lines have critical scaling

0.35

0.30 -

0.25 -

0.20 A

0.15 A

0.10 -

0.05

0.00

muB=1 MeV
muB=200 MeV
muB=400 MeV
MuB=600 MeV
muB=800 MeV
muB=1000 MeV

40

60
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Collective tflow

Identified particle flow v, {2} for n = 2,3 in Au+Au collisions at

0.06[ n=2 praliminary
. OD
0.04} %} ﬁ; ;;
. |
N[ @ |
§0.02'
OOO B 02<pr<2 GeV/c
Inl<1
S e S

EOS: Holography + HRG

BQS Sampler

Isabella Danhoni (UIUC)

To appear soon in the MUSES collaboration HIC paper!

 Diffusion
modifications
species

Au + Au
n=23 —
VSyn = 19.6 GeV
A
| @ Shear + Bulk
B Shear + Bulk + Diffusion
~ A Shear + Bulk + Diffusion (Critical Scaling)
! O
4 O
l 1 L l l B 1 1 L l A 1 I l 4 1 4 l L |
n* n- K* K- p p

*Critical sca
deviations In f

Clear species dependence:
baryons vs mesons

iInduces moderate

across particle

- Effects seem to be larger for v,
than for v,

iIng increases the
ow, especially for

Higher-order flow (v;) seems to be more sensitive to conserved-charge dynamics!
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HOLOGRAPHY+QVDW-HRG

200

150

100

T [MeV]

50

_ 0.00 0.25 0.50 0.75 1.00 —-500 0 500 1000
I\}"‘v pg [fm~3] g [MeV]
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