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Femtoscopyq

... the method to probe geometric and dynamic properties of the source
(emission region, range of correlations-interactions, phase-space cloud, ...)

Femtoscopy does not measure the whole source, but homogeneity length.
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- Classic femtoscopy

Femtoscopy (originating from HBT): B
- the method to probe geometric and dynamic properties of the source

Space-time properties (107°m, 107*3s) determined
P thanks to two-particle correlations:
e ds Quantum Statistics (Fermi-Dirac, Bose-Einstein);

Final State Interactions (Coulomb, strong)

determined assumed measured
> 1 Sgnl(k*) k* - momentum of the first particle in
C(k*,r*) = ‘AS(F*) | P&, r*) |[“d°r * = Beka (k™) the Pair Rest Frame reference
5 — —
) P
St - source function 4 ‘ »

Y(k*, r*) - two-particle wave function (includes e.g. FSI interactions)

Sgnl(k*)
Bckg(k*)

- correlation function



‘Gateway to study interactions

- If we assume we know the source function, measured correlatlons
- are used to determine nteractions in the final state.

| )

Space-time properties (107'°m, 1072%s) determined
thanks to two-particle correlations:
Quantum Statistics (Fermi-Dirac, Bose-Einstein);

Final State Interactions (Coulomb, strong)

assumed determined measured
Sonl(k* k* - momentum of the first particle in
C(k*,r*) = [S(r*) | Wk, r¥) |* d3r * = ) the Pair Rest Frame reference
Bckg(k*) o
P1
S(r*) - source function —Pp

(e, ) = two-particle wave function (includes e.g. FSI interactions)

Sgnl(k*)
Bekg(cr) — correlation function




Quark-Gluon Plasma

Critical Point

Scanning various g

.. to study strongly interacting matter
.. to explore unknown QCD territory



Neutron stars

Exploration of unknown QCD territory: high pg
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Temperature
T<10 MeV

Density
n < 10n,

Lifetime
t ~ long



Neutron stars

Exploration of unknown QCD territory: high pg
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Temperature
T<10 MeV

Density
n < 3ng

Lifetime
t ~ long



Neutron star puzzle

* Hyperons: expected in the core of neutron stars;
conversion of N into Y energetically favorable.

e Appearance of Y: The relieve of Fermi pressure — softer
EoS — mass reduction (incompatible with observation).

The solution requires a mechanism that could provide the
additional pressure at high densities needed to make the EoS
stiffer.

A few possible mechanisms, one of them:

Two-body YN & YY interactions

The existence of hypernuclei (confirmed by attractive
YN interaction) — indicates the possibility to bind Y to N.

The measurement of the YN and YY interactions leads
to important implications for the possible formation of
YN or YY bound states.

Mys = 12 Mg
R = 10-12 km
P=3+5po
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“soft” EoS

Gravitational mass M, [solar mass units|

— N+free Y
— N+Y

O 1 l | 1 }

0 0.5 1 145
Central baryon number density [fm 3]

o= 2.8 x 101 g/cms




Lednicky-Lyuboshitz model (pA example)

The normalized pair separation distribution (source function) S(r*) is assumed to be Gaussian,

7‘*2

” _3 o 4r2 Ref : Lednicky, Richard & Lyuboshits, V.L.. (1982). Sov.
S(’]" ) — (ZﬁTO ) (A o ] J. Nucl. Phys. (Engl. Transl.); (United States). 35:5.

The correlated function can be calculated analytically by averaging Ws over the total spin S and the
distribution of the relative distances S(r*)

Sk* dg S (1. ~ S (1%
Clk') =1+ ps LT P 1 ) + 2L B (@ro) - L Fy(@ro)
S

2\/7_'('7"0 ﬁ’f’o 0
with Fy(z) = [ dze® % |z and Fy(z) = (1 —e %) /2

Decomposition for C ( o ) —
spin channels :

(1+AC(k*,s =0)) + 2(1+ AC(k*,s = 1))

| =

fo and do - parameters of strong interaction.
Theoretical correlation function (k*) depends on: R, fop and do.

fo - the scattering length, determines low-energy scattering.

The elastic cross section, o., (at low energies) determined by
the scattering length, ]11_1% o = 4 f§

do - the effective range, corresponds to the range of the potential
(simplified scenario - the square well potential. )



YN (pA) correlations at HADES
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YN correlations at STAR (4 /syy = 3 GeV)

S : -l STAR Preliminary
| Singlet State " S, (S) | [ p-A Au+Au Vsy = 3 GeV |
| Triplet State  °S; (M) | ﬁ '
TTTTT T ! 10-20%
QT 5T I X
I Doublet State  “S;,, (D) | o |
! 4 ' 1.5 -©- Data
| Quartet State  "S3,,  (Q) | : — L-L fit (total)
. 1 3 1 """"""""""
p-A: Y k) - 2 [ Po(T, k)?> + 20T, k)|?
. ) , ) , | .
d-A: @ k)2 - §|¢1/2(7‘; K|+ §|1I)3/2(7‘»k)| o d-A L&
g4 L
+» Different spin states with different f, and d, parameters 1 °
* 1 ;
< n- ion* istics i < [ D [ ]|
* p-A correlation: current statistics is not enough to S 10 N it VO P é 3 151106, s
i — spin-averaged fi i T b :
separate two spin states — spin-averaged fit n B VeV _
** d-A correlation: very different f,, for (D) and (Q) are 5F N
predicted — Spin-separated fit -
5 . .
0 50 100 150

k* (MeV/c)

Different spin states with different FSI
parameters
p-A correlation: currently spin-averaged fit

d-A correlation: spin-separated fit
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YN (pA) correlations at STAR

3 ~ STAR Preliminary " STAR Preliminary " STAR Preliminary
Au+Au Vsyy = 3 GeV Au+Au Vsyy = 3 GeV | Au+Au Vsp = 3 GeV
2.5 | A - | |
p-A -0.5<y<0 _ , :
L-L fit (spin-av
p: 0.5<pr<2(GeV/c) ik =(1 pin-: 9)
T 2 + A: 0.5<pr<2(GeVic) ¢ 0
o o o 0
1.5 %, 0-10% » 10-20% %o 20-60%
® @ ® @
[ TR Pe-0-0000000000F------------- Roogeoeveoceef-----------c- ©.0-8600-60-00060©
0.5 ‘ . \ , | | |
0 50 100 150 0 50 100 150 0 50 100 150
k* (MeV/c) k* (MeV/c) k* (MeV/c)

e Simultaneous fit to data in
different centralities and

rapidities;

e Source size R and parameters
of SI: f, and d,, with Lednicky-

Lyuboshitz approach;

* Spin-averaged scattering .

length and effective range:

fo =232
dy = 3.517;

12
1M

fm.
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spin-averaged d/fm
ey

D
LI LA

STAR Preliminary

[ Au+Au@|'S,,=3GeV

0.12
fo=2.32'212 fm

d,=3.54"22 fm

— X°%=X°4+1
.......... X2=X2+22958

spin-averaged fo/fm'

X2 contour of spin-averaged d, and f, for pA (-1<y<0)

Source size
extracted from the
source assuming
Gaussian shape;

Separation of
emission source
from the parameters
of the final state
interaction; 12



C(k*)

Effective Range dj (fm)

YN (dA) correlations at STAR

j '~ STAR Prelliminary I | " STAR Prelliminary 1 | ~ STAR Pre}:'minary
20 | Au+AuVsyy =3 GeV | Au+Ausyy =3 GeV | Au+Au Vsyn = 3 GeV'
ﬁ d-A -1<y<0 I : : |
I ] =3 L-L fit (spin-se il
15 | d: 0.6 <pr <3 (GeVrc) H e (spin-sep) | H
| A: 0.4 <pr<2.2(GeV/o) i
10 |7 e 'H ¢
;+H§ 0-10% [ @ 10-20% e 20-60%
5 I8 . @ |
' ’. e I ’.
o | e | ©
o LT 000000000000000000000000000000 - - - - - -~ 00000000000000000000000000000 - - - - - - - . 900000000000000000000000000¢
0 50 100 150 0 50 100 150 0 50 100 150
k* (MeV/c) k* (MeV/c) k* (MeV/c)
T T o gV e Simultaneous fit to data in different centralities and
: ! e . qe .
i AAAAAAAAAAAAAAAAAAA §Ié rapidities;
S| yiows | Source size R and parameters of SI: f, and d,, with
.| NEEHS Lednicky-Lyuboshitz approach;
[ | m'a v N ' . . .
N N o ' | * Spin-separated scattering length and effective range:
E | s | ] — A3 firr. 242 o
Lo R fD) =207 fms dy(D) = 375 i
| s & e — 1642 £ _ n+1
1F 5 S SeraR fO(Q) B 16_1fm’ dO(Q) B 2_1fm‘
\ Pre!im;j'naryf
"% 20 A0 o0 10 2 30

Scattering Length f; (fm)
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A. Cobis, et al. J. Phys. G 23 (1997) 401

J. Haidenbauer, Phys.Rev.C 102 (2020) 3, 034001

M. Schdfer, et al. Phys.Lett.B 808 (2020) 135614

G. Alexander, et al. Phys. Rev. 173 (1968) 1452 1 3
J. Haidenbauer, et al. Nucl. Phys. A 915 (2013) 24

F. Wang, et al. Phys.Rev.Lett. 83 (1999) 3138



YN (dA) correlations at STAR, binding energy

| | | e

- o 20
_ N _
o« -
_ o8 _
- Weighted Avg = 0.1710.06 (S=1.6) :

02 0 02 04 06

3H B, (MeV)

Estimated from

| STAR Preliminary  Bethe formula from Effective Range Expansion

d-A Correlation

(ERE) parameters f,(D) and dy(D).

ALICE 2022
STAR 2020 1 A
_ZY_EdOV AT 2paa
NPB52 1973 —fo :
% Uqa: reduced mass
PRD1 1970 <+ ¥: binding momentum
NPB4 1968

NPB1 1967 X XH B, = [0.04,0.33] (MeV) @ 95% CL
Consistent with the world average

«» A new way to constrain the yH structure

14



nght nuclei productlon at STAR

*First measurement of proton-
deuteron and deuteron-

deuteron correlation functions
from STAR

eProton-deuteron and deuteron-

'l deuteron correlations

qualitatively described by theory;

eDeuteron-deuteron correlations

described better by the model
including coalescence. Light
nuclei are likely to be formed via

iS5 " T 7 T T T T T T T T T T
I Au+Au collisions Proton-Deuteron CF 0.4<p <20 GeVic STAR Preliminary
[ @ s, =3 GeV . [
= = 7 7 =000~ — — T — _GmOOO=O0=O0—07" — T T — G 0m0=0mO=O0—0T" T T T L GOOmO~O=0~0r
— L -O= . -0 L -
© I I [
0.5 ep-d CF - ' + >
g 1® - [
I 0-10% 10-20% 40-60%
g SRS NS S S S ¥ SN S SN ST S T ST SN ST S S ¥ W ST ST S S SUST SHT ST S WA S 1 SN S S S S B S S S S |
0 100 200 0 100 200 0 200 0 100 200
k* (MeV/c) First measurement of p-d CF at STAR
WSogr—————T"——"—""T7T " " T T T[T T T[T T T
[ Au+Au collisions Deuteron-Deuteron CF 0.4<p_<2.0GeVlc STAR Preliminary
[ @ \s,,, =3 GeV ] ]
—-—-=--- rO=O~O=O0=O1— — — — — — OO — — — — — — — OO — — — — — — —0-" =0~
— s 0-.6 E ‘0-0- > _0:0.
o I &
- <
O L i 4 -O= - ~
o5 o ed-d CF T = o -
L e 1 _o_ O o]
[0~ 0-10% ] 10-20% 40-60%
L ] - _¢_
ol | IR | U S TN S N SN T S S SN U S § S S S S N S T 1 1 1
0 100 200 0 100 200 0 0 100 200
k* (MeV/c) First measurement of d-d CF at STAR
o | QUARKMATTER
* KRAKOW
° 207272
15—y ¥F 77— 77—
[ Au+Au collisions Deuteron-Deuteron CF 0.4<p_<2.0GeV/c STAR Preliminary
@ \s,, =3 GeV ] [
—----- O O=O~O=O=OF— — — — — — OO — — — — — — = == — — — — — — —~0-"O=O0~000-
~ > 1 o> > [ ps-
::_c, < 1 Ped - >
O 7o 5 ) <
o
05F -0 ed-d CF e & oS
- o 4 SMASH(Direct) + CRAB L 4 === SMASH(Coal.) + CRAB
< 0-10% 10-20% [ 40-60%
o 4
c 1 | PSR RPN | S ST S SN S S SN S U SN SN T S | NS T S S S S S S S S i " 1 M i 1 M
0 100 200 100 200 0 0 100 200
k* (MeV/c)

coalescence.
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E-M probes at HADES

time

Mid Rapidity

Hydrodynamic

What if: 2 2 (_Q ZR -)
Non-interacting bosons — assuming 2 sources CF(Qiny) =1+ ,118(,—0{,11- ‘R1") + A, e\ ¥inv "2

double gaussian or gaussian + some background N )
( | J J ) CF(Qinv) =1+ Ael~QinyR') (1+ (a1'Qiny)“?)

' .

— 1 .3 L | L I L ‘ L l LI l L — 1 .3 L | L I L I L | L I L
> Vb i > Vb i
z [ . ] z [ _ ]
g‘ - Ag+Ag VSNN=2'55 GeV 0-40% Yy - N g“ [ Ag+Ag %:2.55 GeV 0-40% Yy al ]
LL'1.25- HADES work in progress correfation LL'1.251- HADES work in progress coffeiavon -
* " merging corrected ] [ merging corrected ]
1.2[— purity corrected ] 1.2[— purity corrected ]
/ [ fit range: 12-250 MeV/c ] | fit range: 12-250 MeV/c i HADES
Tf 1 15- B gata;)l i . 1 15- e data . 1 k .
° 19 o ouble gaussian ] B oo gaussian + it ]
L ¢ gaussian, fit i N ¢ gaussian fit i WOIK 1n
B e ° gaussian, fit ] B e ° background ]
1.1 ° P DG fit extrapolation _| 1.1 ° o e G+BG fit extrapolation] p ro gre SS
N o. : - e .. * ]
1.056 \¥ s ° — 1.05 \\ S ‘. -
1_:.‘ ....... S .%L‘gn— vow : 1._.. ....... Srvevoret® .!""'v_-n-— tetyste :
n° peak (80-180 MeV/c) excluded from fitting - 7° peak (80-180 MeV/c) excluded from fitting
C 1 1 1 1 I 1 | 1 1 I Il | 1 1 ‘ 1 1 1 1 | L 1 1 L | 1 1 1 1 ] [ 1 1 1 1 I 1 1 1 1 I | 1 1 1 I L 1 1 L | L | | 1 I L | L 1 N
0'950 50 100 150 200 250 300 0'950 50 100 150 200 250 300

Q,,, [MeV/c] Q,,, [MeV/c]

Evolution

Pre-Equilibrium

Phase (< 1)

a) without QGP //

A/

Direct

Prompt

QGP

{ard scatt.
Pre-equilib.

b) with QGP

E-M probes signal various stages of the

i : - system’s evolution;
== _ Information about early stages
T (inaccessible for hadrons);
Thesma! M_mm““‘“ Fragm. Access before freeze-out era; \
R - paal | A way to hunt for direct photons.
s
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Neutron star mergers

Exploration of unknown QCD territory: still high pp

Temperature
T<50 MeV

Neutron Star Merger || Density
n<2-—6n,

Reaction time
t~ 10 ms

17



Neutron star mergers
CBM and HADES future

Temperature
T<50 MeV

. Density
- n<2-—6n,

| Reaction time

t ~ 10 ms

Temperature
T<10 MeV

Density
n < 10n,

Lifetime
t ~ infinity

18



CBM and HADES future

Temperature
T<50 MeV

Density
n<2-—06mn,

Reaction time

£ t ~ 10 .ms
©
V]
Q
L
Q
o
@ | HADES 25° Temperature
2]
& | 18° T<10 MeV
': -
I — CBM 30
' > Density
Beam direction
“ n < 10n,
Lifetime
t ~ infinity
S15-100:  Temperature Density Reaction time
T<120 MeV

n < 8ny t ~107%s 0



Phase transitions

Exploration of unknown QCD territory: moderate pig

e —— s 7,
‘
I
|
! Searching
| for phase
| transitions
| signatures
|
|
|
l
|
1
|
it
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Temperature

Beam Energy Scan at STAR

RHIC energies, species combinations and luminosities (Run-1 to 22)
\ \\k \ \“ t\ " \‘ | ‘ | / /

Quark-Gluon
Plasma

%
9

Baryon Chemical Potential p, 8 9 12 15 17 20 23 27 39 54 56 62 130193200410500510

Center-of-mass energy Vsxn [GeV] (scale not linear)

O oy Bt Bor | r( 'Beam Energy Scan: Au+Au 3-62.4 GeV
' 1. Search for turn-off of QGP signatures
2. Search for signals of the first-order phase
transition

3. Search for QCD critical point

Fixed-Target Program: Au+Au: 3.0-13.7 GeV

21



(fm?)

o N OB~ OO 0 O

lllllll[l

2 2
out'Rside

R

Looking for phase transition

0.9

IIIIIIIIIIIIIIII

IIII

I

1

1 Lllllll

Maximum
duration time
of the source

X

Central Collisions

¢

HADES

E895

STAR Fixed Target
E866

STAR Collider

1

1 lllllll L L 1

10

10°

VSy (GeV)

> R .. spatial source evolution in the transverse direction

> R related to spatial and time components

> R__/R_ . signature of phase transition

=R _2-R
ou

2 — 2 2. . . . R
2- R, 2= At2 2; At - emission time

> Ry, temperature of kinetic freeze-out and source lifetime

System evolves faster in the reaction plane

0.4 = m  EB895(-0.6<y<0.6, 7.4-29.7%) —— UrQMD
w - ¢  CERES (-1<y<-0.5, 10-25%) (2+1)D hydro EOS-Q
0.35F *  STAR (-0.5<y<05,10-30%)  ='='= (2+1)D hydro EOS-H
= *x  STAR (-1<y<-05,10-30%) =" (2+1)D hydro EOS-I
0.3F- STAR (0.5<y<1, 10-30%) — (2+1)D hydro MC-KLN
~E —— — (2+1)D hydro MC-GLB
| n
0.25— 71 = |  Tteell. _—
e D mt-mt
0.2|— \
- =N
0.15—
0.1—
0.05—
] S—
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How to measure phase transition?

~\{Syy = 11.5 GeV

_VSNN =19.6 GeV [

- \Spn = 27 GeV

VsNN = 39 GeV

\(sNN =62.4 GeV

-E . Sy = 7.7 GeV
= 6 a)f of o (m)— @F
& 3&%& E éﬁ& "E éééé - éééé - 556 - 556
i I L :n A B | :n :|| T BT | :u :
e - - - = -
—_ =3 = = i n = Q nE ﬁ N
é‘EQin”éiiia”;W”wm”; o PR R P ;Qi“
lllllllll :1 l 1 1 1 I 1 1 l :1 I 1 1 1 l 1 1 ll :l l 1 1 1 l 11 I :l l 1 L 1 I 1 1 l :l ILI 1 l L 1 1 I 1
— 8 — — — n — X
£ 3 - X P 4 e
= 6
> W ©F ry @fF SF ®WE ~'H ©F & (®)F - (W)
Ig 4E l 1 F.i w MI I 5 I 1 lmi Fl m I ; I 1 1 1 F Enl I Ei_ I 1 1 1 iﬁl Enl I Ei_l 1 L 1 ;ii Enl I ; I 1 1 1 :gl Egl I 1
g1 o Yy Yy vy = vV v —vY Y — vy ¥
LoTRIp TR e LN
~ 12— (d)— (h)— ()= (P)= (t) = (%)
3T S ¢¢¢ TR0 UE D3SO b O Vb
9304 06 032 0% 0% 02 04 06 02 04 05 03 07 06 03 04 0%
m, [GeV/c]

Pre-thermal — Hydrodynamical phase — Hydronic cascades
UrQMD

UrQMD

vHLEE

vHLEE +UrQMD model verify sensitivity of HBT measurements to the
first-order phase transition

J. Phys.

STAR Data
A 1st order Phase Tr.
A Cross-over Tr.

vHLLE (3+1)-D viscous
hydrodynamics:
Karpenko, P. Huovinen, H.
Petersen, M. Bleicher;
Phys.Rev. C 91, 064901
(2015), arXiv:1502.01978,
1509.3751

Tu.

HadronGas + Bag Model —

U order PT ; PE Kolb, et
al, PR C 62, 054909 (2000)

Chiral EoS — crossover PT
(XPT); J. Steinheimer, et al,
G 38, 035001
(2011)
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How to measure a phase transition? CP?

Levy-stability index
a = 2 - Gauss

1 - Cauchy

a = 0.5 - expected near the CP

o 2.4 )\/(“
o+ e 005 2

o8 LILY B

F o] +

a

08—

0.6 —

04— ¢ Be+Be, 0-20%, arXiv:2302.04593
02— Y Ar+Sc, 0-10%, Prelim.

ob—~— v v v b b b
0.1 0.2 03 04 0.5 0.6

m, (GeV)

Levy-stability index
Far away from the CP

~ 2 A\
5'; i ®)(% — - Fit to data
B &
1.8 , , 2023 ----- Extrapolation
i S<-INE
6L / / Be+Be at 150A GeV/c 0-20%
i K;=0.00-0.10 GeV/c
L A=0.67
. "7 4049
;.,.hl R=292 f{)nl 0_0.35 fm
E _ +0.
. | }w a=1.00 ¥
T x%/NDF = 136/106
H N Confidence }evel = 2{.7{% |
gy i st o o L
| Fit functioln: N-(1-7»+(1+le_(qR) ) A 'chul(Q))
0'8 L L L 1 1 1 1 1 1 1 1 1
0 0.2 04 0.6 0.8
q (GeV/c)
61.8-_—® )\/( 2
- E ’_ . ig¢—R=2tm.(x=O.8 R« 8im a«08
ON17:'__ i ‘.‘\ 2023 cece R=21m, a=1.1 R« 8im, a=1.1
1.65—5" -.‘.‘."“.\.\ erer R=21iMm, a=15 Re 8ima«15
: ? \":' wiem R=2im a=19 Re 8ima«19
1.5: ‘ —— R=5im, =08 =——Rallima=08
1.4: === R=5iMm a=1.1 seseRallimas1l
- - R=5im a=15 «:«-Rallima«15s
1.3 «11im,a =
1.2
TAHE SN, S s e
1 ey TP SOietded T
|

1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 L l 1 1
0.05 0.1 0.15 0.2 0.25
Q [GeV/c]

03 035
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Early Universe

Exploration of yfiknown from lattice QCD: vanishing pp

S —— — —— S —— .):?

| |
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Early Universe

Exploration of )xﬁknown from lattice QCD: vanishing g

l Early Universe

|
| “

N l
,A " .

\1\@ S AR Studies of
| Early
| Universe
|
|
[
|
|
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Early Universe, vanishing pp

* Probe the condition ~Early Universe,
 Very high abundances of particles produced,
e Statistical heaven to study exotic particles,
e Studies of heavy-flavor,
* Incredible laboratory of anti-matter.
CATS: EPJA 78 (2018)
Projector: EPJC 82 (2022)

* P Review 1: ProgPart.Nucl. Phys. 112 (2020)
SH' Mo ] ; o Review 2:Ann.Rev.Nucl.Part.Sci. 71 (2021)

Couonb + p= HAL QCD ] e — = p-¢ bound state: arXiv:2212.12690

B s oo e e _
B nrs el p-K: PRL 124 (2020) 092301
t oy p-K: PLB 822 (2021), EPJC (2022
1 g Eommvisromn niom p-p, p-A, A-A: PRC 99 (2019) 024001
' : A-A: PLB 797 (2019) 134822
oot : p-Z-: PRL. 123 (2019)
B “E®) et mizsare P R p-Z, p-Q: Nature 588 (2020) 232-238

g ,,j* Moeers _ : L 0-Ci7iE 0 e p-2% PLB 805 (2020) 135419

A e E . e g p-¢: PRL 127 (2021)

o i} : 5] i p—-p,A—A,p—A: PLB 829 (2022)
wevera Tk b . TN - i = p-A: PLB 832 (2022) 137272

: ~ ] | SR | A — E: PLB 137223 (2022)

oz D-p: PRD 106, 052010 (2022)

g ——— ppp, ppA: arXiv:2206.03344

® ALICE internal
Coulomb
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Summary



Collisions of (heavy) ions give us access to:

High T, low pp
* Cross-over to QGP — Investigations of properties of QGP

* LQCD: no CP indication for ug/T < 3

"~ Copyright: Dana Berry, SkyWorks Digital, Inc

Lower T, high pp

* Phase structure?

« first-order phase transition?

« CP?

« New phases of QCD?
« Characterization of dense matter,
« EOS?

 Properties of hadrons?
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NSM and HIC

Top row: simulation of neutron stars mergers
2 neutron stars of 1.35 M® each,

merging into a single object (2R ~ 10 km, n =~ 5ny, T' < 20 MeV).
Overlap region: t ~ 20ms, n =~ 2n,, T ~ 75 MeV
A\ - max. temperature
- max. density

Bottom row: non-central-collision Au+Au at 4 /syy = 2.42 GeV
n =~ 3ny T ~ 80 MeV

15

Similar densities and
temperatures are
achieved.
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Lednicky-Lyuboshitz model

3
Model f37" (fm) f3=" (fm) dy = (fm) dy=" (fm) Ng o 25+ Phys. Rev. C 94, 025201 -
ND [77] 1.77 2.06 3.78 3.18 Tl = A Published 4 August 2016
NE [78] 718 1.03 3.19 3358 T x 7
NSC89 [79] 273 1.48 787 3.04 0.9 O 15
a 071 218 5.36 276 1.0 ) S - _
b 0.9 213 392 284 1.0 :
c 12 2.08 411 2.92 1.0 oL
NSCITI801 = 171 1.05 3.46 3.08 1.0 ’ > K [IV}(:VIC] 0 0
e 21 1.86 3.19 3.19 I
f 251 175 3.03 332 1.0
ESCO8 [81] 2.7 1.65 2.97 3.63 0.9 Parame- p-Nb p-Nb
LO [25] 191 1.23 14 213 13
XEFT NLO[26] | 2.91 154 278 272 5 A (LO) (NLO)
AT82] 1.56 1.59 143 3.16 1.0
Jiilich J04[83] | 2.56 1.66 375 7.93 T4 fos 1.91 fm 2.91 fm
J04c [83] | 2.66 157 267 3.08 T
dos 140 fm 2.78 fm
S. Acharya et al. Phys. Rev. C 99, 024001 - Published 13 Feb 2019
https://doi.org/10.1103/PhysRevC.99.024001 for 1.23 fm  1.54fm
parameter scan boundaries : f, [0.01, 5.0], d,, [0.01, 2.0] and d,, [0.01, 5.0] dOt 2.13 fm 2.72fm
r, 1.71+  1.62+

0.10 0.02
32
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Results: centrality dependence
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C(k*)

C(k*)

C(k*)

Results: k- dependence
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YN (d — A) correlations at STAR

AHop+7n +d; _ |
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Simulation based on STAR ?\H yield measurement:

4 - 8% of d — A entries come from ?\H decay for low k*;

140

Contamination subtracted from inclusive d — A correlations;

Correlations of f\H fromd— Aandd—(p—7n")
are not experimentally distinguishable.
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Various nuclear densities

temperature [MeV]

A. Sorensen, HZ et al.

arXiv:2301.13253 [nucl-th]

[u—

S
| —

density ng/n

e(n,, n,) = egyp(n) + S(n)6?
egni(n) - energy per nucleon of symmetric nuclear matter

o > (0.8 - neutron stars

HIC (asym): < 600 AMeV
HIC (sym): broad range of energy, including high-energies
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