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The QCD phase diagram: what do we know?
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The QCD phase diagram: what do we know?

LQCD EOS: T, (up = 0) % 155 MeV
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The QCD phase diagram: what do we know?

LQCD EOS: T, (up = 0) % 155 MeV
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The QCD phase diagram: what do we know?

LQCD EOS: T, (up = 0) % 155 MeV
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The QCD phase diagram: what do we know?

LQCD EOS: T, (up = 0) % 155 MeV
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Recent EOS constraint using SMASH with flexible potentials
directed flow vl(y) slope dv/dy(y =~ 0)
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Recent EOS constraint using SMASH with flexible potentials
directed flow v(y), slope dv,/dy(y = 0) 02 1025 109 Ky (GeV)
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Recent EOS constraint using SMASH with flexible potentials

directed flow v(y), slope dv,/dy(y = 0) 02 1025 109 Ey, (Ge
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Recent EOS constraint using SMASH with flexible potentials

directed flow v(y), slope dv,/dy(y = 0)
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The QCD critical point: recent theoretical developments
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The QCD critical point: recent theoretical developments
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AdS/CFT [Hippert et al., 2309.00579]

s=const contours [Shah et al., 2410.16206]
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HADES [2202.12750]

parametrization [Cleymans et al., hep-ph/0511094]
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STAR experiment’s search for the QCD CP
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What observables are sensitive to the CP?

Baryon number susceptibilities: @) x1 =n (b) x2 = dn/du (©) x3 = Ox2/3u (d) x4 = dx3/0p
© o*P
Op

T

Related to cumulants of Np:
-1,k
Ck — VTk 1 X é )

Cumulants scale with the

correlation length: , ; ; ;
C,~ &, GEP, G~ s D
M.A. Stephanov, Phys.Rev.Lett. 102 . ?
(2009) 032301, arXiv:0809.3450 o

H b " M

A. Bzdak, S. Esumi, V. Koch, J. Liao, M. Stephanov, N. Xu,
Phys.Rept. 853 (2020) 1-87, arXiv:1906.00936
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What observables are sensitive to the CP?

Baryon number susceptibilities:
0P
Opf

k) —
1y =

T

Related to cumulants of Np:

Ck — VTk— l)fék)

Cumulants scale with the
correlation length:

2 9/2 7
Cz ~ ¢, Cs ~ g, C4 ~ g
M.A. Stephanov, Phys.Rev.Lett. 102
(2009) 032301, arXiv:0809.3450
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(@) y1 =n

Pl ~ - . SR <o
S =~ .

N

(b) x2 = dn/du (€) x3 = Ox2/0u (d) x4 = Ox3/0u

7 17 : 17
A. Bzdak, S. Esumi, V. Koch, J. Liao, M. Stephanov, N. Xu,
Phys.Rept. 853 (2020) 1-87, arXiv:1906.00936



High-order cumulants are a difficult and non-trivial measurement

e higher-order cumulants, by definition, measure the tails of the distribution:
extremely difficult measurement, susceptible to detector, binning effects etc.
e critical slowing down: higher-order cumulants equilibrate at a slower rate

e still not enough statistics in C,
e while C, has excellent statistics, there is no sign of a peak...

e how to compare cumulants measured with specific momentum cuts to

infinite-matter expectations from theory???

Agnieszka Sorensen

(b) x2 = 0n/du (€) x3 = Ox2/0u

(d) x4 = Ox3/ou
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High-order cumulants are a difficult and non-trivial measurement

e higher-order cumulants, by definition, measure the tails of the distribution:
extremely difficult measurement, susceptible to detector, binning effects etc.
e critical slowing down: higher-order cumulants equilibrate at a slower rate

e still not enough statistics in C,
e while C, has excellent statistics, there is no sign of a peak...

e how to compare cumulants measured with specific momentum cuts to

infinite-matter expectations from theory???

Possible approach: finite-size scaling?

e doesn’t require measuring a peak

e leverages the universal scaling behavior

e explicitly uses the finite rapidity acceptance

Agnieszka Sorensen
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Finite-size scaling

A. Sorensen, P. Sorensen, arXiv:2405.10278
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Universal scaling behavior

What the system “looks like”
doesn’t depend on the

individual scales &, L,

but on their ratio x = %
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Universal scaling behavior

What the system “looks like”
doesn’t depend on the

individual scales &, L,

but on their ratio x = %

Usually: & constrained by finite range of the interaction, not thermodynamic conditions.
Near the CP: changing T or up leads to appreciable changes in ¢ (diverging when 7'~ T_.and ug ~ ug )

L alL L
i.e., if at 7| we have (7)) = L/2, there exists T, such that for L, = aL, one again has &(75) = —= = aly) = g— = aé(T)

2 2 2
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Universal scaling behavior
T—T, |

~ :l‘_y
S = | 7]

C

|#]7"
L

scale which controls the system’s behavior: x =

convenient to use the scaling variable u = x~ """ = || L'

plotting observables at different 7 and L against u:
systems which “look the same” will have the same position on the u-axis
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Universal scaling behavior

T—T. |

~ :l‘_y
S = | 7]

C

|#]7"
L

scale which controls the system’s behavior: x =

convenient to use the scaling variable u = x~ """ = || L'

plotting observables at different 7 and L against u:
systems which “look the same” will have the same position on the u-axis

Can we also align observables measured at different 7 and L? Yes!

susceptibility: y ~ |¢|77 ~ " = (xL)"" = u~ 7L

plotting 7 = yL """ at different T and L against u:

systems which “look the same” will have the same position on the u-axis and the same value on the y-axis
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Universal scaling behavior

T—-T.|"
&~ -1 =1l
TC
: b o ‘ tl_y
scale which controls the system’s behavior: x = 3

convenient to use the scaling variable u = x~ """ = || L'

plotting observables at different 7 and L against u:
systems which “look the same” will have the same position on the u-axis
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Can we also align observables measured at different 7 and L? Yes! # value of u = we know 7,
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susceptibility: y ~ |¢|77 ~ " = (xL)"" = u~ 7L

plotting 7 = yL """ at different T and L against u:
systems which “look the same” will have the same position on the u-axis and the same value on the y-axis
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Universal scaling behavior

T—T. |

~ :l‘_y
S = 7]

C

|#]7"
L

scale which controls the system’s behavior: x =

convenient to use the scaling variable u = x~ """ = || L'

plotting observables at different 7 and L against u:
systems which “look the same” will have the same position on the u-axis
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susceptibility: y ~ |¢|77 ~ " = (xL)"" = u~ 7L

one can find T, by plotting:

& test different 7. until things align! $

), 23
. &

plotting 7 = yL """ at different T and L against u: k i RGN
systems which “look the same” will have the same position on the u-axis and the same value on the y-axis
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Universal scaling behavior

L =49
L =65
L =81
L =097

X.-J. Yu, S. Yang, J. Xu, J.-B. Xu, L. Xu, Fidelity susceptibility as a diagnostic of
the commensurate-incommensurate transition: A revisit of the programmable
Rydberg chain, Phys. Rev. B 106, 165124 (2022), arXiv:2207.08337

susceptibility: y ~ |¢|77 ~ " = (xL)"" = u~ 7L

plotting 7 = yL ™" at different T and L against u: B NN SR AN
systems which “look the same” will have the same position on the u-axis and the same value on the y-axis
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Finite size vs. window size

o 1
! ¢(t v
inite-size scaling: change the size of the system, calculate y(7, L), repeat

owever, changing SIZE is not always possible or doesn’t probe the same system:
ird flocks, heavy-ion collisions, ...

Agnieszka Sorensen
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Finite size vs. window size

_c 1
yL™v = Q(tLv)
Finite-size scaling: change the size of the system, calculate y(7, L), repeat

However, changing SIZE is not always possible or doesn’t probe the same system:
bird flocks, heavy-ion collisions, ...
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Finite-size scaling: change the size of the system, calculate y(7, L), repeat

However, changing SIZE is not always possible or doesn’t probe the same system:
bird flocks, heavy-ion collisions, ...

! What are the scales relevant to the problem?
, . o Yo . . .
system size = rapidity window W, temperature, chemical potential
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Finite-size scaling analysis of cumulants in a periodic box

e framework: hadronic transport with a known EOS (calculate «,/k; “on paper”)

e simulation: box with periodic boundary conditions at chosen (75, T')
e uniform initialization at # = O, development of fluctuations in response to the EOS
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e framework: hadronic transport with a known EOS (calculate «,/k; “on paper”)
e simulation: box with periodic boundary conditions at chosen (75, T')
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Finite-size scaling analysis of cumulants in a periodic box

e framework: hadronic transport with a known EOS (calculate k,/x; “on paper”)
e simulation: box with periodic boundary conditions at chosen (75, T')
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e framework: hadronic transport with a known EOS (calculate k,/x; “on paper”)
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Finite-size scaling analysis of cumulants in a periodic box
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Finite-size scaling analysis of cumulants in a periodic box

L., =24 fm,z, ;=50 fm/c correcting for effects of baryon number y
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Finite-size scaling analysis of cumulants in a periodic box
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Finite-size scaling analysis of cumulants in a periodic box
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Scaling experimental data requires the thermal model

Observable: second-order susceptibility y, :  y..(%,0) ~ ||

Cumulants: Susceptibilities:
S i ) = 0"(P/T -
" Mg ) BT /Ty = = VT

A. Sorensen, P. Sorensen, arXiv:2405.10278
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Scaling experimental data requires the thermal model

Observable: second-order susceptibility y, :

Cumulants: Susceptibilities:
¢, =vr1(ZL) 4= TEIT) C,=VT
: oy ) T gy T T
C, C (W, ug )
Yy = — W, — ‘

e We use rapidity bin width W as the subsystem size
» We use published thermal model fits for 75, and p ¢,

A. Sorensen, P. Sorensen, arXiv:2405.10278
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Xoo(,0) ~ | 2]

v/ SNN Ybeam Hfo Tfo d‘/fo/dy
3)(](9”) (GeV) (GeV) (GeV) (fm®)
2.4 0.73 0.77/6  0.050 17157
3.0 1.05  0.720  0.080 4850
7.7 2.09 0.398 0.144 1044
11.5 2.00  0.287 0.149 1047
14.5 2.73 0.204 0.152 1080
19.6 3.04 0.188 0.154 1137
27 3.30 0.144  0.155 1218
39 3.73 0.103 0.156 1341
54.4 4.06 0.083 0.160 1487

J. Adamczewski-Musch et al. (HADES), Phys. Rev. C 102, 024914 (2020)
M. Abdallah et al. (STAR), Phys. Rev. C 104, 024902 (2021)
M. Abdallah et al. (STAR), Phys. Rev. C 107, 024908 (2023)
A. Andronic et al., Acta Phys. Polon. B 40, 1005-1012 (2009)
(2021)
(2015)

A. Motornenko et al., Phys. Lett. B 822, 136703 (2021

S. Chatterjee et al., Adv. High Energy Phys. 2015, 349013 (2015
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Scaling experimental data requires the thermal model

Observable: second-order susceptibility y, :  y..(%,0) ~ ||

Cumulants: Susceptibilities:
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e We use rapidity bin width W as the subsystem size 27 3.6 O'j"44 O';“55 1-218
39 3.73 0.103 0.156 1341
» We use published thermal model fits for 75, and p ¢, 54.4  4.06 0.083 0.160 1487

o We parametrize dV;,/dy from several publications. For 2.4J. Adamczewski-Musch et al. (HADES), Phys. Rev. C 102, 024914 (2020
3rre 1. : ) M. Abdallah et al. (STAR), Phys. Rev. C 104, 024902 (2021
GeV, TfoV is highly uncertain, ranging from about 65 to 650 M. Abdallah et al. (STAR), Phys. Rev. C 107, 024908 (2023

(2020)

(2021)

(2023)

A. Andronic et al., Acta Phys. Polon. B 40, 1005-1012 (2009)

A. Motornenko et al., Phys. Lett. B 822, 136703 (2021)

S. Chatterjee et al., Adv. High Energy Phys. 2015, 349013 (2015)

A. Sorensen, P. Sorensen, arXiv:2405.10278
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Scaling experimental data requires the thermal model

Observable: second-order susceptibility y, :  y..(%,0) ~ ||

Cumulants: Susceptibilities:
[ 9P ) _ d"(P/ T4) VSnn Ybeam [fo Tk dVio /dy

C,=VI o Ap = 01/ T)" > (, = VT3)(g‘) (GeV) (GeV) (GeV)  (fm?)
B/ b 24 073 0.776  0.050 17157
3.0 1.05 0.720 0.080 4850
7.7 2.09 0.398 0.144 1044
¥, = . > (W) = CW, ip o) 11.5 250 0.287 0.149 1047
> T3y 2R T s Wy Tdy 145 273 0264 0.152 1080
O 196 3.04 0.188 0.154 1137
e We use rapidity bin width W as the subsystem size 27 3.6 O'j"44 O';“55 1-218
39 3.73 0.103 0.156 1341
» We use published thermal model fits for 75, and p ¢, 54.4  4.06 0.083 0.160 1487

We parametrize dV;,/dy from several publications. For 2.4 J. Adamczewski-Musch et al. (HADES), Phys. Rev. C 102, 024914 (2020

(2020)

3xre 1 : . M. Abdallah et al. (STAR), Phys. Rev. C 104, 024902 (2021)

GeV, TfOV 1s highly uncertain, ranging from about 65 to 650 M. Abdallah et al. (STAR), Phys. Rev. C 107, 024908 (2023)
. . . A. Andronic et al., Acta Phys. Polon. B 40, 1005-1012 (2009)
Experiments can help by pubhshlng deO / dy, TfO and U fo A. Motornenko et al., Phys. Lett. B 822, 136703 22021;

. o foo S. Chatterjee et al., Adv. High Energy Phys. 2015, 349013 (2015
from thermal model fits for specific W

A. Sorensen, P. Sorensen, arXiv:2405.10278
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Susceptibility as a function of rapidity bin W

C2(W9 //tB,fO) §

X Z(W’ lufO) — 3 d d O

S
gﬁ
e Grey band shows uncertainty from freeze-out oGl\—:)
ambiguities for the 2.4 GeV data am

[

e Data do indicate a change in slope at higher pj &

and at small W:

X, decreases with increasing W for 7.7—54.4 GeV

but changes slope at 2.4 GeV
(3.0 GeV 1s ~flat)

A. Sorensen, P. Sorensen, arXiv:2405.10278
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Where can we expect scaling behavior?

o The system is scale-free if the data follows Taylor’s law : 6% = aA”

= 3.0 GeV
& 7.7 GeV
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Where can we expect scaling behavior?

o The system is scale-free if the data follows Taylor’s law : 6% = aA”

o = 14
O = 3.0 GeV
- =77 GeV Following Taylor’s law means
.05 " oo aey it’s scale-free:
—®-14.5 GeV
| L e o awe
= 3.0 GeV : j ] . _ p — PYAJP — ~'YX/P
.77 GeV 1—--@5—9@-;- @Mhﬁ -------------------------- Cz — a(XW) = ax" W8 =aW
©-11.5 GeV i %] 0
@145 GeV C; « Win this energy range
~—-19.6 GeV 0.95—
== 27.0 GeV 1 . .
+39.0 GeV i " Scale invariance supports the
| ~ 54.4 GeV 0.9 Statlistical Elrrors Olnly | | | apph(}ablhty ()f FSS
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What to scale with?

E(1,0) ~ |t]™"
E(0,h) ~ | h| ™"

Agnieszka Sorensen
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What to scale with?

AL™F = L)

one can find CP by plotting

E(0) ~ |t f 4
£ (0,h) ~ |h| ™ '

T—T.
[ =
TC
H
h =
kpT
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What to scale with?

_o 1 300
yL™v = ¢Lv)

one can find CP by plotting

N
Q1
o

N
o
o

Temperature (MeV)
2

E(,0) ~ |t]™" [ 4 100
E(0,h) ~ | h| ™% ”
0
T-T.
[ =
TC
H
h =
kT
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What to scale with?

o 1
7L 5 = pUL?)
one can find CP by plotting 250
>
= 200
@
2 150
©
()
o,0) ~ [ 2] t A 5 100
: —
Eo(0h) ~ || N
0
I'—T
t = -
TC
H
h =
kT
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The Phases of QCD
Quark-Gluon Plas ma
C " /‘e :
- (F.):I'I.thal )NOS/%)
C oint 7)
:_ v Nuclear
B acuum Matter o
% | | | | | | | | | | | | | | \I | | |
0 200 400 600 800 1000 1200 1400 1600

Baryon Chemical Potential p (MeV)

cos ;AT + sina;Au

hu, T) =
. 1) wT.sin(a; — o)

coS o, AT + sin a, Ay

t(u, T) = .
. 1) pwT . sin(a; — ay)

M.S. Pradeep, M. Stephanov, Phys. Rev. D 100 5,
056003 (2019) arXiv:1905.13247
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Scaling in 2-D

. 5\0.25
cos AT + si o Au S
hp, T) = . ~ on.
wT . sin(a; — ) |
. T) cos a, AT + sin a, A 015 %ee o i
Sl pwT . sin(a; — a) T *
0.1—
M.S. Pradeep, M. Stephanov, Phys. Rev. D 100 5, : .
056003 (2019) arXiv:1905.13247 0.05- .
We map Aupz vs AT onto t and h with a; determined from a straight line L
0 .
between the candidate CP (u5 ., T,) and the 7.7 GeV freeze-out point. : ey
O * ——————— e --# o0 -
| | | | |
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Scaling in 2-D

cos ;AT + sina; Ap &

h(u, T) = Q
. 1) wT . sin(a; — a,) "

coS A, AT + sin o, Ap

t(//l, T) — 0.15_—

pwT . sin(a; — ay)
0.1

M.S. Pradeep, M. Stephanov, Phys. Rev. D 100 5,

056003 (2019) arXiv:1905.13247 0.05

We map Auy vs AT onto t and h with a; determined from a straight line
between the candidate CP (pp ., 1,) and the 7.7 GeV freeze-out point.

We checked that scaling in 1-D (only with x5) works well. 1

To make the 2-D scaling as similar to 1-D as possible, for the other
parameters we take a, = a; + #/2,w = 1,and p = pug /1.

0.5

With this, mapping of scaling fields simplifies to 0

cos ;AT + sin a; Ay

h(u,T) = 00

I

C

coS A, AT + sin o, Ap g
HBc

t(u, T) =
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Scaled susceptibility: 2D fit w/ mean-field exponents

ZL™% = p(L)

one can find CP by plotting

cos ;AT + sina; Ay
T

C

h(p,T) =

coS A, AT + sin o, Ap
HBc

t(u, T) =
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Scaled susceptibility: 2D fit w/ mean-field exponents

ZL™% = p(L)

one can find CP by plotting

cos ;AT + sina; Ay
T

C

h(p,T) =

coS A, AT + sin o, Ap
HBc

t(u, T) =

a; 1s usually small:
Hp — /’tB,c

/’tB,c

[ X
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Scaled susceptibility: 2D fit w/ mean-field exponents

o 1
xL™v = ¢p(tLv) S

one can find CP by plotting ;

u =580 MeV; T_=133MeV

(QV

x

cos AT + sinaApu

h( 9T) — = [ =
: I, -
- |
cos o, AT + sin o, A -
1, T) = —2 22
HBc i
10‘1:—
a; 1s usually small: i
— I ] TN
¢ HB ~ HB.c | y=c (tW"+chW"'™) ™ »2NDF =058,
| | | | H | | | | | | | | | "
HB ¢ 04 -02 0 02 04 06 0.8

A. Sorensen, P. Sorensen, arXiv:2405.10278
With mean-field exponents, we find scaling for 555 < up . < 610 MeV;

I only constrained by “plausibility” (below 7, =0 and above T%,)

C,U
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Scaled susceptibility: 2D fit w/ mean-field exponents

XL—% B ¢(tL%) find CP by plotti \;
yp & ;N

>

cos ;AT + sina; Ay
I, T) = 1

TC
coS 0, AT + sin o, Ay
(u, T) =
HBc

107"

a; 1s usually small:
Hp — /’tB,c

/’tB,c

ny/
mny/

[

With mean-field exponents, we find scaling for 555 < up . < 610 MeV;
I only constrained by “plausibility” (below 7,

Chi-square contours identity an allowed region in the phase diagram: yp .
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Scaled susceptibility: 2D fit w/ mean-field exponents

[ 1
yL™v = L) S

one can find CP by plotting

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran, QN
Phys. Rev. C 108, 3, 034908 (2023), arXiv:2208.11996
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With mean-field exponents, we find scaling for 555 < up . < 610 MeV;
I only constrained by “plausibility” (below 7,

Chi-square contours identity an allowed region in the phase diagram: yp .
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But is the scaling we see unique to CP physics?

Agnieszka Sorensen
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Dynamic baseline
Let’s compare to the simplest theory of QCD without a CP: the hadron resonance gas (HRG).

What about the dynamics? Simulations in SMASH transport code without mean-fields ~ HRG.

300
The Phases of QCD
250
< Quark-Gluon Plasma
S 200 fi1.53
= 150 [ge® e o  JY
8_ . aS@ 7}
e 100 = Critical SN ‘9’7@,;.
(D) | . /O
— B Point 7
50 —
C Nuclear
_)/Vacuum Matter o
4 | | | I | | | I | | | I | | | I | | | I | |
0 0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p_(MeV)
L. Du, A. Sorensen, M. Stephanov, Int.J.Mod.Phys.E 33 (2024) 07, 2430008, J. Well et al., Phys.Rev.C 94 (2016) 5, 054905,
arXiv:2402.10183 arXiv:1606.06642
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Unscaled plots: y,/L vs. ug

STAR result SMASH result
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Unscaled plots: y,/L vs. ug

STAR result SMASH result
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Unscaled plots: y,/L vs. ug

STAR result SMASH result
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Scaled plots: y, W " vs. |t| W/

STAR result

STAR_scaling_plot_gamma=1.000000_nu=0.500000_muBc=0.568000
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Scaled plots: y, W " vs. |t| W/

STAR result
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Scaled plots: y, W " vs. |t| W/
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Scaled plots: y, W " vs. |t| W/

STAR result
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Scaled plots: y, W " vs. |t| W/

STAR result SMASH result
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Remains to be done for SMASH results:

e Centrality bin width correction
e Freeze-out parameters from thermal fits (now: parametrization from Andronic et al.)

e Effects of baryon stopping / shape of multiplicity distribution

Agnieszka Sorensen
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Still: two QCD CP extractions in the same region of the phase diagram
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Still: two QCD CP extractions in the same region of the phase diagram
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e Theory studies
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Scaled plots: y, W divided by a fit vs. 1| W™

STAR result SMASH result
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Divergence of second-order cumulant

Baryon number susceptibilities: Related to cumulants of Np:

L (akp) C, = VT 1y ®

(k) —
ok
HEB -

oP
X = =np because dP =Tds| + ngdug

Opp T Hp s

| ~1
(%) (%)‘1 0 OF 2z
Then p, = = = =
a:MB T anB T anB (d_P)
T dng T
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Divergence of second-order cumulant

Baryon number susceptibilities:
k _ k-1, Kk
0P C, = VI !y

oP
X = ( ) =np because dP =Tds| + ngdug
Opp T Hp s

Related to cumulants of Np: | ,,
FO=((N-(M)) =0
G = (N=(W))")

t measured in experiment!

e o (%) _ (%)‘1_ el .
en Y, = = — —
a:MB T anB T anB (d_P)
T
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Universal scaling behavior

Scaling: any relationship in which one quantity goes like a power law of the other.

Agnieszka Sorensen
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Universal scaling behavior

Scaling: any relationship in which one quantity goes like a power law of the other.

Example:
. 1
Random walk: the root-mean-square distance traveled by a random walker after N steps: R ~ N2
T
4 7
N ~ 10% 55 5hanee
i

image source: Wikipedia
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Universal scaling behavior

Scaling: any relationship in which one quantity goes like a power law of the other.

Example:

Random walk: the root-mean-square distance traveled by a random walker after N steps: R ~ N 7

(1

ail
_1m' =
_l:_= [—1"_
N ~ 102 . :_4F =
E_i = .:
TR
b T
=

self-similarity

Agnieszka Sorensen

image source: Wikipedia
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Universal scaling behavior

Scaling: any relationship in which one quantity goes like a power law of the other.

Example:
‘ 1
Random walk: the root-mean-square distance traveled by a random walker after N steps: R ~ N2
e
Al
N ~ 10? &%
E
o
il
AE
- =:'r
self Similarity image source: Wikipedia
Example 2:

Self-avoiding random walk (SAW) - a minimal model for a polymer chain in a solution: R ~ N{-2860-004

Apparently, various interaction energies or the molecular structure do not influence the scaling behavior!
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Universal scaling behavior near the CP

Example 3:
Liquid-gas phase transition:
T one phase
T, coexistence curve
gas liquid
two phase

fe

image source: N. Goldenfeld, Lectures on Phase
Transitions and the Renormalization Group
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Universal scaling behavior near the CP

Example 3: You can assume that the curve is a parabola:
Liquid-gas phase transition: fip)=ap*+bp+c=T
T one phase Apply conditions
T, coexistence curve df
) f(p.) =1, 2) d_ =0
gas liquid Pl p=p,
Obtain: |
fwo phase T-T,=alp-p) = |p=p|~IT=T.

fe

image source: N. Goldenfeld, Lectures on Phase
Transitions and the Renormalization Group
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Universal scaling behavior near the CP

Example 3: You can assume that the curve is a parabola:
Liquid-gas phase transition: fip)=ap*+bp+c=T
T one phase Apply conditions
T, coexistence curve df
1) f(p.) =T, 2) — =0
L dp | _
gas liquid P=Pc
Obtain: |
two phase _ ) 1
wop T_Tc_a(p_pc) = ‘p_pc‘N‘T_Tc‘z
r: P
c It turns out that
image source: N. Goldenfeld, Lectures on Phase fOI‘ sulphurhexaﬂuoride ‘ p+ _ p_ ‘ ~ ‘ T _ Tc |O.327i().006

Transitions and the Renormalization Group
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Universal scaling behavior near the CP

Example 3: You can assume that the curve is a parabola:
Liquid-gas phase transition: fip)=ap*+bp+c=T
T one phase Apply conditions
T, coexistence curve df
1) f(p.) =T, 2) — =0
L dp | _
gas liquid P=Pc
Obtain: |
two phase _ ) 1
wop T_Tc_a(p_pc) = ‘p_pc‘N‘T_Tc‘z
r: P
c It turns out that
image source: N. Goldenfeld, Lectures on Phase fOI‘ sulphurhexaﬂuoride p+ _ p_ ‘ ~ T _ Tc 0.327x0.006

Transitions and the Renormalization Group

for He: |p, — p_| ~ | T — T,|*321%0006
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Universal scaling behavior near the CP

Example 3: You can assume that the curve is a parabola:
Liquid-gas phase transition: fip)=ap*+bp+c=T
T one phase Apply conditions
T, coexistence curve df
1) fp,) =T, 2) — = (
L dp | _
gas liquid P=Pc
Obtain:
two phase 2 .
wo P T-T.=alp-p) = |p=p|~IT-T.|
: P
c It turns out that
image source: N. Goldenfeld, Lectures on Phase for sulphurhexafluoride _ ‘ ~|T—=T 0.327£0.006
Transitions and the Renormalization Group b P T P- ¢
3174 0.321%0.006
" for°’He: |p,—p_| ~|T—-T,
for onset of magnetization in an Ising ferromagnet: M ~ |T — T, 0-31120.005

e ——
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Universal scaling behavior near the CP

Example 3: You can assume that the curve is a parabola:
Liquid-gas phase transition: fip)=ap*+bp+c=T
T one phase Apply conditions
T, coexistence curve df
Dflp) =T, 2)—| =0
L dp | _
gas liquid P=Pc
Obtain:
two phase 2 .
wo P T-T.=alp-p) = |p=p|~IT-T.|
: P
c It turns out that
image source: N. Goldenfeld, Lectures on Phase for sulphurhexafluoride _ ‘ ~|T—=T 0.327£0.006
Transitions and the Renormalization Group b P T P- ¢
3174 0.321%0.006
" for°’He: |p,—p_| ~|T—-T,
for onset of magnetization in an Ising ferromagnet: M ~ |T — T, 0-31120.005

universality = different systems exhibit the same scaling

e ——
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Finite-size scaling: use the limits to universal behavior to find the CP

The important question for scaling is: what is the scale relevant to the problem?

Near CP: Zo(1,0) ~ |77 E(,0) ~ |t]™" T—-T

For a thermodynamic quantity Q ~ |#|™°: Q_(¢) ~ |t|° ~ [goo(t)]%
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Finite-size scaling: use the limits to universal behavior to find the CP

The important question for scaling is: what is the scale relevant to the problem?

Near CP: Zo(1,0) ~ |77 E(,0) ~ |t]™" T—-T

For a thermodynamic quantity Q ~ |#|™°: Q_(¢) ~ |t|° ~ [goo(t)]%

CP: infinite volume concept
In the real world & does not go to infinity = thermodynamic functions do not exhibit singularities

¢ 1s bound by the size of the system L
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Finite-size scaling: use the limits to universal behavior to find the CP

The important question for scaling is: what is the scale relevant to the problem?

Near CP: Zo(1,0) ~ |77 E(,0) ~ |t]™" T—-T

For a thermodynamic quantity Q ~ |#|™°: Q_(¢) ~ |t|° ~ [goo(t)]%

CP: infinite volume concept
In the real world & does not go to infinity = thermodynamic functions do not exhibit singularities

£ is bound by the size of the system L = Q;(#;) ~ Lv

Agnieszka Sorensen

35



Finite-size scaling: use the limits to universal behavior to find the CP

The important question for scaling is: what is the scale relevant to the problem?

Near CP: Zo(1,0) ~ |77 E(,0) ~ |t]™" T—-T

For a thermodynamic quantity Q ~ |#|™°: Q_(¢) ~ |t|° ~ [goo(t)]%

CP: infinite volume concept
In the real world & does not go to infinity = thermodynamic functions do not exhibit singularities

£ is bound by the size of the system L = Q;(#;) ~ Lv

= Q,(1)) = Lvgp(t,L) = L%¢(fL%)
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Finite-size scaling: use the limits to universal behavior to find the CP

The important question for scaling is: what is the scale relevant to the problem?

Near CP: Zo(1,0) ~ |77 E(,0) ~ |t]™" T—-T

For a thermodynamic quantity Q ~ |#|™°: Q_(¢) ~ |t|° ~ [goo(t)]%

CP: infinite volume concept
In the real world & does not go to infinity = thermodynamic functions do not exhibit singularities
¢ 1s bound by the size of the system L. = QL(t L) ~ L7

=> Q1) =Lt L) = L¢p(tL7)

= Q;(y)L™ = H(LY)
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Finite-size scaling: use the limits to universal behavior to find the CP

The important question for scaling is: what is the scale relevant to the problem?

Near CP: Zo(1,0) ~ |77 E(,0) ~ |t]™" T—-T

For a thermodynamic quantity Q ~ |#|™°: Q_(¢) ~ |t|° ~ [goo(t)]%

CP: infinite volume concept
In the real world & does not go to infinity = thermodynamic functions do not exhibit singularities

£ is bound by the size of the system L = Q;(#;) ~ Lv

= Q,(1)) = Lvgp(t,L) = L%¢(fL%)

_g 1
= O (1)L = ¢(tL¥)
one can find CP by plotting
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Modern EOS constraint from HICs
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Flow observables in HICs

Flow v, = <COS(’1¢)>

cos(q§) =0
cos(2g/)) =—1

cos(¢) = —1
cos(qu) =+ 1
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Flow observables in HICs

Flow v, = <cos(ngb)> directed flow vl(y) slope dv/dy(y =~ 0)
<COS
cos(q§) =0
cos(2g/)) = —
X2

top view ‘ —%\\

transverse plane

cos(¢) =—1
cos(2q§) =

illustrations from a presentation by B. Kardan (HADES)
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Flow observables in HICs

Flow v, = <cos(ngb)> directed flow vl(y) slope dv/dy(y =~ 0)
<COS
cos(q§) =0
cos(2g/)) = —
X2

transverse plane

top view ‘ —%\\

elliptic flow v,(y), at midrapidity v,(y = 0)
COS(¢) = -1 3 COS<¢> =+1 v, = <cos(2¢)>

cos(qu) =+ 1 cos(ZqI)) =+ 1 A
front view M
cos(¢) =0 v

COS(2¢) =—1 in-plane out-of-plane

illustrations from a presentation by B. Kardan (HADES)
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Flow observables in HICs
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Flow observables in HICs
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Flow observables in HICs
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New approach to the EOS: piecewise parametrization of CS2

: : : : o) .
Piecewise parametrization of c¢; (np):

c?(Skyrme), np < n; = 2ng

Cl, n1 < npgp < (%)
2 _ 2
CS(TLB) = 4 C5, Nno < nNp < N3
2
Cr, s nNm < NRB

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
Phys. Rev. C 108, 3, 034908 (2023), arXiv:2208.11996
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New approach to the EOS: piecewise parametrization of CS2

Piecewlse parametrization of csz(nB):
c?(Skyrme), np < n; = 2ng .
C%) n]_ < nB < nQ ozs\/l— ; 0.6 -
2
cs(np) = q c3, ng <np < N3 Q" o0 B o+-
-0.25 - D

Cz n < n -0.50 -

m m B .
P/ Po P/Po

1-to-1 relation to the single-particle potential U(ny):
Ug (ng)  ng<ny =2n,
U(nB) — Ul(nB) nl < nB < n2

Uk(nB) nk < nB < nk_|_1

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
Phys. Rev. C 108, 3, 034908 (2023), arXiv:2208.11996
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New approach to the EOS: piecewise parametrization of CS2

: : : : o) .
Piecewise parametrization of c¢; (np):

c?(Skyrme), np < n; = 2ng

C7, ny < np < ny
2 _ 2
CS(TLB) = 4 C5, Nno < nNp < N3
2
Cr, s nNm < NRB

1-to-1 relation to the single-particle potential U(ny):

Uq (1p) ng < ny = 2n,

Ung) = l.jl.(nB) ng <ng<n

Uk(nB) nk < nB < nk_|_1

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
Phys. Rev. C 108, 3, 034908 (2023), arXiv:2208.11996
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New approach to the EOS: piecewise parametrization of CS2

: : : : o) .
Piecewise parametrization of c¢; (np):

c?(Skyrme), np < n; = 2ng

C7, ny < np < ny
2 _ 2
CS(TLB) = 4 C5, Nno < nNp < N3

Cr, s nNm < NRB

1-to-1 relation to the single-particle potential U(ny):

Uq (1p) ng < ny = 2n,

Ung) = l.jl.(nB) ng <ng<n

Uk(nB) nk < nB < nk_|_1

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
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New approach to the EOS: piecewise parametrization of CS2

Piecewlse parametrization of csz(nB):
c?(Skyrme), np < n; = 2ng o o
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1-to-1 relation to the single-particle potential U(ny):

Uq (1p) ng < ny = 2n,

0.9
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o1l
0.1

1 2 4 8 16 32
E., [GeV/nucleon]

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
Phys. Rev. C 108, 3, 034908 (2023), arXiv:2208.11996
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Bayesian analysis of STAR flow data with varying K|, 6[22,3] o’ o
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The maximum a posteriori probability (MAP) parameters are
K() — 285 i 67 MeV, C[22 3]n0 o 049 i 013, - — 003 i 015 D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,

C13.41n
’ 0 Phys. Rev. C 108, 3, 034908 (2023), arXiv:2208.11996
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Bayesian analysis of STAR flow data with varying K|, 6[22,3]%, Ci3.41n,
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Bayesian analysis of STAR flow data with varying K|, 6[22,3]710, C[23, Aln,
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Bayesian analysis of STAR flow data with varying K|, c[22,3]n0, Ci3.41n,
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Still needed: momentum-dependence of nuclear matter interactions
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Still needed: momentum-dependence of nuclear matter interactions
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Still needed: momentum-dependence of nuclear matter interactions
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Objective: the EOS and the phase diagram

Use heavy-ion collisions to study the QCD EOS = extract equilibrium bulk properties
from an extremely small (~10~!* m across)

and extremely short-lived (~107% s) system
using phenomenological simulations

Is it even possible???

Agnieszka Sorensen
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Objective: the EOS and the phase diagram

Use heavy-ion collisions to study the QCD EOS = extract equilibrium bulk properties
from an extremely small (~10~!* m across)

and extremely short-lived (~1

0~%% s) system

using phenomenological simulations

Is it even possible??? What we learned at top RHIC energies suggests YES!
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Lattice: Hot QCD / BW

upper/lower ranges (arXiv:1407.6387)

|
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T (MeV)
S. Pratt, E. Sangaline, P. Sorensen, H. Wang,

Phys. Rev. Lett. 114 202301 (2015), arXiv:1501.04042

Agnieszka Sorensen

200 250 300 350

EOS constrained by Bayesian analysis of
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Objective: the EOS and the phase diagram

Use heavy-ion collisions to study the QCD EOS = extract equilibrium bulk properties
from an extremely small (~10~!* m across)

and extremely short-lived (~107% s) system
using phenomenological simulations

Is it even possible??? What we learned at top RHIC energies suggests YES!

Lattice: Hot QICI_DI/ BW | EOS constrained by Bayesian analysis of
upper/lower ranges (arXiv:1407.6387) heavy—i()n co]lisi()ns at t()p RHIC energy
(1 =~ 0) agrees with LQCD
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o1 |- \\\ UNCONSTRAINED - _ Unique occasion to guide theory and
bt b b1 I ypderstanding of QCD by extracting the
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T (MeV) EOS from new experimental data

S. Pratt, E. Sangaline, P. Sorensen, H. Wang,
Phys. Rev. Lett. 114 202301 (2015), arXiv:1501.04042

Agnieszka Sorensen

42



Part 2: Historical constraints on the EOS from HICs
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Constraints on the EOS come from comparisons to transport models

197Au+197Au @ 0.4—1.5 GeV/u

(1 /SNN — 207 - 252 GeV)

observables: proton flow (FOPI)
model used: isospin QMD (IQMD) w/

nucleons, A, N*(1440), deuterons, tritons;
EOS parametrized by Ko;

momentum dependence

A. Le Fevre, Y. Leifels, W. Reisdorf, J.
Aichelin, C. Hartnack, Nucl. Phys. A 945,
112 (2016), arXiv:1501.05246

197Au+197Au & 12C+12C @ < 1.5 GeV/u

(\/Snn < 2.5 GeV)

observables: subthreshold kaon production
(KaoS)

model used: QMD w/ nucleons, A,
N*(1440), pions, kaons;

EOS parametrized by Ko;

kaon potentials, momentum dependence
C. Fuchs et al., Prog. Part. Nucl. Phys. 53,

113-124 (2004) arXiv:nucl-th/0312052
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pressure [MeV/fm’]

| Symmetric nuclear matter

Il

y &/
y &/ .
Y o / /8
N A

o /DL W
O IOGEEAVW

w [/ /[ L

YEFT Drischler et al. 68% CI |
Le Fevre et al. :
Lynch et al. from Fuchs ef al.
Danielewicz et al. _

baryon density ng/n,

A. Sorensen et al., Prog. Part. Nucl. Phys. 134, 104080 (2024)
arXiv:2301.13253

C. Drischler et al., Phys. Rev. C 102 5, 054315 (2020)
arxiv:2004.0/805

Walecka model
Fermi gas
3 4 5

197Au+197Au @ 0.15—10 GeV/u
(\/Snn = 1.95 — 4.72 GeV)

observables: proton flow
(Plastic Ball, EOS, E877, E895)

model used: pBUU w/ nucleons, A,

N*(1440), pions;

EOS parametrized by Ko;

momentum dependence

P. Danielewicz, R. Lacey, W. G. Lynch,
Science 298,1592-1596 (2002)
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Standard way of modeling the EOS: Skyrme potential

The most common form of the EOS is the “Skyrme potential”: U(ng) = A
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Standard way of modeling the EOS: Skyrme potential

P. Danielewicz, R. Lacey, W. G. Lynch,
Science 298, 1592-1596 (2002), arXiv:nucl-th/0208016
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Standard way of modeling the EOS: Skyrme potential
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EOS of symmetric nuclear matter: selected (few) results

197Au+197Au @ 0.4—1.5 GeV/u

(1 /SNN — 207 - 252 GeV)

observables: proton flow (FOPI)
model used: isospin QMD (IQMD) w/

nucleons, A, N*(1440), deuterons, tritons;
EOS parametrized by Ko;

momentum dependence

A. Le Fevre, Y. Leifels, W. Reisdorf, J.
Aichelin, C. Hartnack, Nucl. Phys. A 945,
112 (2016), arXiv:1501.05246

197Au+197Au & 12C+12C @ < 1.5 GeV/u

(\/Snn < 2.5 GeV)

observables: subthreshold kaon production
(KaoS)

model used: QMD w/ nucleons, A,
N*(1440), pions, kaons;

EOS parametrized by Ko;

kaon potentials, momentum dependence
C. Fuchs et al., Prog. Part. Nucl. Phys. 53,

113-124 (2004) arXiv:nucl-th/0312052
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C. Drischler et al., Phys. Rev. C 102 5, 054315 (2020)
arxiv:2004.0/805

Walecka model
Fermi gas
3 4 5

197Au+197Au @ 0.15—10 GeV/u
(\/Snn = 1.95 — 4.72 GeV)

observables: proton flow
(Plastic Ball, EOS, E877, E895)

model used: pBUU w/ nucleons, A,

N*(1440), pions;

EOS parametrized by Ko;

momentum dependence

P. Danielewicz, R. Lacey, W. G. Lynch,
Science 298,1592-1596 (2002)
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model used: pBUU w/ nucleons, A,
N*(1440), pions;

EOS parametrized by Ko;

momentum dependence
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197Au+197Au @ 2.9—9 GeV/u

(/Snny =3 — 4.5 GeV)

observables: proton flow (STAR)

model used: SMASH w/ over 120 hadronic

species, including deuterons;

relativistic EOS parametrized independently in

different density regions;
NO momentum dependence
D. Oliinychenko, A. Sorensen, V. Koch,

L. McLerran, Phys. Rev. C 108, 3, 034908
(2023), arXiv:2208.11996

46



The way forward for EOS constraints

Calculations with momentum dependence are extremely computationally expensive:
by far, access to HPC is not enough.

The path forward will rely heavily on AI/ML: 1) emulators, 2) active learning, 3) transfer learning, ...
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Exciting opportunities for constraining the isospin-dependence of the EOS with
1) experiments at GSI (ASY-EOS II has just taken data!),

2) experiments at FRIB (later this year!),
3) multi-messenger astronomy (LVK Observing Run 4, Einstein Telescope/Cosmic Explorer).
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Part 4.2: Results using data from BES-I
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The idea to probe the QCD phase diagram with heavy-ions 1s not new...

PHASE DIAGRAM OF NUCLEAR MATTER #
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The EOS of dense nuclear matter in heavy-ion collisions

Models predict a 1st order phase transition
at large up ~ large nj

Agnieszka Sorensen
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The EOS of dense nuclear matter in heavy-ion collisions

Relativistic viscous hydrodynamic simulations with LQCD EOS:
amazing agreement with data from high-energy collisions
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P. Tribedy, R. Venugopalan,
Phys. Rev. Lett. 110 (2013) 1,
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The EOS of dense nuclear matter in heavy-ion collisions

Relativistic viscous hydrodynamic simulations with LQCD EOS:
amazing agreement with data from high-energy collisions
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Stages of a heavy-ion collision: rich physics to explore

collision evolution particle P. Sorensen, Quark-gluon plasma 4, 323-374 (2010) arXiv:0905.0174
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lumpy initial hadronization distributions and
correlations of

energy density ced particles

QGP phase

quark and gluon
degrees of freedom

collision quantum
overlap zone fluctuations

t ~ 0 fm/c To~1 fm/c t ~ 10 fm/c

i 4
.’?f’.“,b-d> a
P 5 e
- <5 et ..’...‘. -
-* "o . "

MADAI collaboration, http://madai.us

Agnieszka Sorensen



Stages of a heavy-ion collision: ric

collision evolution particle
expansion and cooling detectors

kinetic
freeze-out

lumpy initial hadronization | distributions and
correlations of

\ energy den5|ty - ¢ produced particles
— R
-

D
X

.

O GP phase
‘. : P

J quark and gluon

—

collision ©# quantum
overlap zone fluctuations

t ~ 0 fm/c To~1 fm/c t ~ 10 fm/c

Agnieszka Sorensen

h physics to explore

P. Sorensen, Quark-gluon plasma 4, 323-374 (2010) arXiv:0905.0174

MADAI collaboration, http://madai.us

o1



Stages of a heavy-ion collision: ric

lumpy initial
3 energy density

— R

-

D
X

.

<
!
—_— .

collision ' #

quantum
overlap zone

fluctuations

1 ~ 0 fm/c 10~1 fm/c

Agnieszka Sorensen

collision evolution
expansion and cooling

kinetic
freeze-out

hadronization

1 ~ 10 fm/c

particle
detectors

distributions and
correlations of
produced particles

h physics to explore

P. Sorensen, Quark-gluon plasma 4, 323-374 (2010) arXiv:0905.0174

MADAI collaboration, http://madai.us

o1



Stages of a heavy-ion collision: rich physics to explore

collision evolution particle P. Sorensen, Quark-gluon plasma 4, 323-374 (2010) arXiv:0905.0174

expansion and cooling detectors
kinetic
freeze-out
lumpy initial hadronization ‘ distributions and

d ) correlations of
energy density ~ produced particles

— R

-

y
)

-

e, g

-
=

.

N

'b
.

-~

o 2
»-o'&;fi’*‘:?

4

.-
= ool
gy g o

—

N
'_:’;.‘- {‘J o '_
B 9oy v

collision # quantum

overiap gone s e A \ : hadronization (if applicable)

1t ~ 0 fm/c 1o~1 fm/c

i 4
".*f:‘"...' s

I 3 mer

o "~ .’. .-%5‘. ) .

-* " . "

MADAI collaboration, http://madai.us

Agnieszka Sorensen



Stages of a heavy-ion collision: rich physics to explore

collision evolution particle P. Sorensen, Quark-gluon plasma 4, 323-374 (2010) arXiv:0905.0174

expansion and cooling detectors

kinetic

reeze-out impact ~ initial state

lumpy initial hadronizatibn ‘ | distributions and
‘ correlations of

energy density g AN - i ced particles

collision quantum

overiap gone s e y i | ? hadronization (if applicable)

t ~ 0 fm/c To~1 fm/c t ~ 10 fm/c

hadronic evolution & freeze-out

MADAI collaboration, http://madai.us

Agnieszka Sorensen



Stages of a heavy-ion collision: rich physics to explore

collision evolution particle
expansion and cooling

P. Sorensen, Quark-gluon plasma 4, 323-374 (2010) arXiv:0905.0174
detectors
kinetic
freeze-out \ collision geometry
lumpy initial hadronizatton ‘ | distributions and
energy density I A :

— R

correlations of

collision energy
ced particles
nuclear structure

N

y
2

~

'b
.

~ . . » .

N tp e s <
- 4 . v P - =

= V¥ - -, R e

=

-~

v
v

—

- I\ -
B i s
g ol C

N

.".5'-:- %
35"R {“%
AR B I

collision ' #

quantum
overlap zone

fluctuations

hadronization (if applicable)

1 ~ 0 fm/c

1o~1 fm/c t ~ 10 fm/c

hadronic evolution & freeze-out

MADAI collaboration, http://madai.us
Agnieszka Sorensen

o1



Stages of a heavy-ion collision: rich physics to explore

collision evolution
expansion and cooling

particle
detectors

kinetic
freeze-out
hadronizatton distributions and
correlations of
ced particles

lumpy initial
2 energy density N

-

D
2
s

B¥juark and gluon

" Jidgrees of freedom

.3
o o )

collision ©# quantum
overlap zone fluctuations

t ~ 0 fm/c To~1 fm/c t ~ 10 fm/c

Agnieszka Sorensen

P. Sorensen, Quark-gluon plasma 4, 323-374 (2010) arXiv:0905.0174

collision geometry
collision energy
nuclear structure

high energy: hydrodynamics

(driven by the EOS & transport coefficients)

low energy: transport
(driven by the EOS & scatterings)

hadronization (if applicable)

hadronic evolution & freeze-out

MADAI collaboration, http://madai.us

o1



Stages of a heavy-ion collision: rich physics to explore

collision evolution
expansion and cooling

particle
detectors

kinetic
freeze-out

umpy initial hadronizatin distributions and

d ) : correlations of
energy density I / ced particles

— R

-

D
2
s

»

PB¥juark and gluon 387 ¢
-~ y

) Jidgrees of freedom

-
;

collision quantum
overlap zone fluctuations

t ~ 0 fm/c To~1 fm/c t ~ 10 fm/c

Agnieszka Sorensen

P. Sorensen, Quark-gluon plasma 4, 323-374 (2010) arXiv:0905.0174

collision geometry
collision energy
nuclear structure

high energy: hydrodynamics
(driven by the EOS & transport coefficients)

low energy: transport
(driven by the EOS & scatterings)

hadronization (if applicable)

loss of information?

hadronic evolution & freeze-out

MADAI collaboration, http://madai.us

o1



Stages of a heavy-ion collision: rich physics to explore

collision evolution
expansion and cooling

particle
detectors

kinetic
freeze-out
hadronizatton distributions and
correlations of
ced particles

lumpy initial
energy density e

— R

-

D
2
s

»

P&juark and gluon 387 ¢
~» y

) Jidgrees of freedom

.
;

collision quantum
overlap zone fluctuations

t ~ 0 fm/c To~1 fm/c t ~ 10 fm/c

Agnieszka Sorensen

P. Sorensen, Quark-gluon plasma 4, 323-374 (2010) arXiv:0905.0174

collision geometry
collision energy
nuclear structure

high energy: hydrodynamics
(driven by the EOS & transport coefficients)

low energy: transport
(driven by the EOS & scatterings)

hadronization (if applicable)
loss of information?

hadronic evolution & freeze-out
essential to reproduce spectra

MADAI collaboration, http://madai.us

o1
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VDF model: relativistic potentials with two 1st order phase transitions

A. Sorensen, V. Koch, Phys. Rev. C 104 (2021) 3, 034904, arXiv:2011.06635
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VDF model: relativistic potentials with two 1st order phase transitions

A. Sorensen, V. Koch, Phys. Rev. C 104 (2021) 3, 034904, arXiv:2011.06635

120
200 F -
1007 175 j—g .
150 - ﬁ@i -
- RHIC g
e 804 125¢ SPS %& .
= 100 - AGS ;
= ;
= 60| ° _
[ .
<”: S0 SISEM -
~ 25F ]
8 40 \ |
% 0 200 400 600 800 1000  120C
Z baryon chemical potential pg [MeV]
o 20
al
e ———
-20

W \\\\‘ NN
b 4 \ . W __\_\ '\_\\\\ -

\
\

N\

Q ‘ \ ‘-_ \
A t\\\\\\\\\\

I

o 4 - — —

S P e
2 e ; 7 l.-l"lll//l/l/
-~ = e G A sy,

.-' ylj/,/ ¢l 7% ' ‘
— Z

e
e -

o AN -—— —
e
e ———

COLLABORATION

Agnieszka Sorensen

4 5 6

92



VDF model: relativistic potentials with two 1st order phase transitions

A. Sorensen, V. Koch, Phys. Rev. C 104 (2021) 3, 034904, arXiv:2011.06635
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Lattice QCD EOS at finite uj

Analytical continuation on N; = 12 raw data
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Lattice QCD EOS at finite uj

Analytical continuation on N; = 12 raw data S. Borsanyi et al., Phys. Rev. Lett. 126 (23) (2021) 232001, arXiv:2102.06660
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EOS 1is only one of many aspects of hydrodynamics

low collision energy = prolonged 1n1t1a1 stage:
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EOS 1is only one of many aspects of hydrodynamics

low collision energy = prolonged 1n1t1a1 stage: multiple conserved charges initialized with ICCING
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EOS 1is only one of many aspects of hydrodynamics

low collision energy = prolonged 1n1t1al stage:
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Intriguing results from analyses of astrophysical observations

Recent astrophysical measurements suggest NS EOS may have a nontrivial density-dependence
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Which of the allowed NS EOSs are compatible with heavy-ion collision measurements?
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EOS from neutron stars to heavy-ion collisions m muses

: N. Yao, A. S , V. Dexheimer,
Use symmetry energy parameters exploring the allowed parameter space: J. Noronha- Houtlar amiv-2311 18819
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EOS from neutron stars to heavy-ion collisions

“Minimal” and “maximal” EOSs from each family tested against heavy-ion measurements:
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35 muses

“Minimal” and “maximal” EOSs from each family tested against heavy-ion measurements:

EOS from neutron stars to heavy-ion collisions
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EOS from neutron stars to heavy-ion collisions

35 muses

“Minimal” and “maximal” EOSs from each family tested against heavy-ion measurements:
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The QCD CP from finite-size scaling: Where can we expect scaling?

e For fluids far from the critical region, a mean-field treatment is good enough.
The transition between the critical scaling region, intermediate scaling region, and extended scaling region has

been studied: for fluids, the extended scaling region essentially covers the entire phase diagram where fluctuation

M.A. Anisimov, S.B. Kiseley, J.V. Sengers, S.Tang, Crossover approach
to global critical phenomena in fluids, Physica A 188, 4 (1992)

contributions are small but finite.

e In the region of the phase diagram where the bulk of the evolution is well described by a scale free
theory (hydrodynamics), the data follows Taylor’s Law: 6 = al? (scale free)
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Results from UrQMD with (non-relativistic) VDF

J. Steinheimer, A. Motornenko, A. Sorensen, Y. Nara, V. Koch, M. Bleicher,
Eur. Phys. J. C 82, 10, 911 (2022) arXiv:2208.12091
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Results from UrQMD with (non-relativistic) VDF

J. Steinheimer, A. Motornenko, A. Sorensen, Y. Nara, V. Koch, M. Bleicher,
Eur. Phys. J. C 82, 10, 911 (2022) arXiv:2208.12091

—
" —— Skryme hard
= — Skyrme soft '
450 '
S ~ —— VDF EoS1 I
) - — VDF Eo0S2 ’ >
=300l T VDF EoS3 ‘o o)
Q - £
()] A
5 150 - =
\"
(/p)
(/p)
O o0 _
2 9 2 6 8
Density n; [n]
EoS TN MeV] | n89Mmo] | L9 MeV] | Ko[MeV]
VDF1 18 3.0 100 261
VDF?2 18 4.0 50 279 N
VDF3 22 6.0 50 356 0
gC)
AI—
£
\"

Agnieszka Sorensen

protons
Cascade

—— Skyrme - hard
1— Skyrme - soft

{1 Data:

Q

< protons

Simulation (protons):

Cascade

—— Skyrme hard
—— Skyrme soft

|]|— VDFEos1
0.40+- — - VDF EoS2
T VDF EoS3

5fm<b<8.3fm

Simulation (protons): -

VDF EoS1

— — -VDF EoS2

VDF EoS3

0.05 -

L il I
- e e e

-0.054 _

K Simulations (protons):

l — — Cascade

—— Skyrme hard

1l —— Skyrme soft
-0.10 +—/——"——— SERESE—

2 6 8
0.05 - -
0.00 -

-0.05+1

-0.10+

<{> protons
<> charged particles

Simulations (protons):
VDF EoS1
— = VDF EoS2
----- VDF EoS3

2

\/snn [GeV]

10

62
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Results from UrQMD with (non-relativistic) VDF
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Sensitivity of HIC observables to the EOS at different beam energies

. ; . . 9) D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
Mean-tield piecewise-parametrized by values of ¢; for n; < ng < n;: Phys. Rev. C 108, 3, 034908 (2023), arXiv:2208.11996
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Sensitivity of HIC observables to the EOS at different beam energies
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Sketch of a heavy-1on collision evolution and development of flow

* the sketch is informative

but not highly realistic
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Sketch of a heavy-1on collision evolution and development of flow

* the sketch is informative
but not highly realistic
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Sketch of a heavy-ion collision evolution and development of flow

* the sketch is informative
but not highly realistic

L. Du, A. Sorensen, M. Stephanov, {
Int. J. Mod. Phys. E (available online),
arXiv: 2402.10183
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Sketch of a heavy-1on collision evolution and development of flow

* the sketch is informative
but not highly realistic

v, = directed flow

stiffer EOS

more pushing
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SLone v, = elliptic flow
L. Du, A. Sorensen, M. Stephanov, ¢
Int. J. Mod. Phys. E (available online),

arXiv: 2402.10183

Agnieszka Sorensen



Sketch of a heavy-1on collision evolution and development of flow

* the sketch is informative
but not highly realistic
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J. Adamczewski-Musch et al. (HADES),
Eur.Phys.J.A 59 (2023) 4, 80,
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more pushing

v, = elliptic flow

0.2

1.0 2.5 10.9

(GeV)

IIIII|E1aIb

HADES (auAu) Protons (10-30%)

® FOPI (auu) Protons (b =0.25-0.45)

FOPI (auau) z=1 (b=2-5.5fm)
Plastic Ball (auau) z-=1
INDRA (AuAu) z=1 (b=2-5.5fm)
E877 (auau) Protons

E877 (auAun:
Star FXT (auau
Star FXT (auau

rotons (10-40%)

P
P

rotons (10-25%)

Star BES (AuAu) Protons (10-40%)

NA49 (pbpb) Protons (12.5-33.5%)

NAG1/SHINE (rorb) Protons (15-35%)

IIII|III_E,I:,F_I'_|__II|III_1,3:II|IIII|IIII|IIII|IIII|IIII|IIII|

out-of-plane

HADES (auAu) Protons (10-30%)
FOPI (auAu) Protons (15-29%)

FOPI (auAu) z=1 (20-30%)
INDRA (AuAu) =1 (b=5.5-7.5fm)
EOS (AuAu) Protons

in-plane

E895 (auAu) Protons (12-25%)
E877 (AuAu) Protons

E877 (auaun

Star FXT (auau) Protons (10-40%)
Star FXT (auau) Protons (0-30%)
Star BES (auau) Protons (10-40%)
Star BES (auau) v (10-20%)
Star (auau) b (0-60%)
PHOBOS (auAu) h* (0-60%)
NA49 (PbPb) Protons (12.5-33.5%)
WAO9S8 (pbpb) h* (10-30%)
CERES (Poau) h*

107"

1

10

10°

\'San-2my (GeV)




Sketch of a heavy-1on collision evolution and development of flow

J. Adamczewski-Musch et al. (HADES), 02 1025 109  Ep (GeV)
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STAR and E895 data cannot be simultaneously described
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STAR and E895 data cannot be simultaneously described
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2

Bayesian analysis of STAR flow data with varying K|, 6[22,3]710, Ci3.41n,

temperature T [MeV]

250 z
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The maximum a posteriori probability (MAP) parameters are

Ky =300 £ 60MeV, cf 5, =047 £0.12,
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2 _
CI3.41n, —

—0.08 =£0.14

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
Phys. Rev. C 108, 3, 034908 (2023), arXiv:2208.11996

66



Describing proton flow is not enough

| |
® p (0.4 <pr<2.0GeV/c) : -  Au+Au collisions : i
M d(0.8<pr<2.0GeVi) | :

sy = 3 GeV 10-40%

O X
K

L 0.4<pr<1.6GeV/c

| | | |
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| | | | | | | | | | | | | | | | | | |
—1 —0.5 0 -1 —0.5 0 —1 —0.5 0 —1 —0.5 0
Y- Yem Y- Yem Y- Ym Y- Ym

STAR, Phys. Lett. B 827, 137003 (2022) arXiv:2108.00908
D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran, Phys. Rev. C 108, 3, 034908 (2023), arXiv:2208.11996
A. Sorensen et al., arXiv:2301.13253, to appear in JPPNP
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Describing proton flow is not enough

—0.08 |-

STAR, Phys. Lett. B § ’
D. Oliinychenko, A.
A. Sorensen et al., a

p (0.4 <pr<2.0GeV/c)
d (0.8 <pr<2.0GeV/c)

| ' |
- Au+Au collisions

sy = 3 GeV 10-40%

d Other p0351b1e (and easier to address) sources of dlscrepanmes

—1

o centrality determination (impact parameter ranges are affected by the EOS)

Note: simulations are numerically costly & this will increase that cost

Agnieszka Sorensen

e method of calculating flow (event plane vs. two- partlcle correlations)
(are experlment experlment and experlment theory comparlsons rehable'?)




