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= What can we learn?

= Azimuthal anisotropy

= Yields and distributions of light particles
= Pion-proton pairs

= Global spin polarization
C O n t e n t S - Large-scale correlations?

Strangeness scaling

Event-by-event fluctuations

- Electromagnetic probes:
Tool to study the phase structure of QCD
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Strong interaction matter
at extreme conditions

Statistical Hadronization Model of particle production
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Chemical potential is always related to net density:
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What can we learn?

Microscopic properties of baryon-dominated matter
Equation-of-State

First-order phase transition?

QCD critical point?

Observables:
E-b-e correlations and fluctuations

Flavor production
Collective effects

Dileptons
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Chiral effective field theory
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Multi-messenger astrophysics
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Azimuthal anisotropy (“flow”)

with respect to the reaction plane (RP)

Fourier coefficients of the particle emission:

dN o g e
<1+ 2 z vy, cos(n(¢p — Ygp)) A

v, antisymmetric around y = 0 Intermediate energy, v, <0 High energy, v, > 0

HADES, arXiv:2208.02740 [nucl-ex]
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Constraining the EoS with v,
and transport models

HADES Au+AU Sy = 2.4 GeV HADES Au+AU Syn = 2.4 GeV
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Centrality (%)

JAM (NS3) hard, momentum-independent
JAM (MD1) hard, momentum-dependent

JAM (MD4) soft momentum-dependent
UrQMD “hard EoS” (UrQMD 3.4)

GiBUU “soft EoS” (GiBUU 2019, Skyrme 12)

Nuclear potential in transport models

Usually implemented as a mean-field Skyrme potential:

Vo = a (55) + 6 ()

which can have “harder” or “softer” energy dependence

Currently, parameters are partly fixed by requiring NM to be stable
around p,

Problem with relativistic treatment
Higher harmonic order - higher discriminating power

Consistent description of all v, for different phase-space regions and
centrality classes is not yet there (but is necessary!)
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Pion anisotropy in Au+Au collisions

= Good statistics to constrain
models and equation of state
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= colliding systems
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Pion yields and distributions

HADES Collaboration, EPJA 56 10, 259 (2020)

Example for 7, the same holds for nt https://www.hepdata.net/record/ins1796710
HADES Au+Au |s, = 2.4 GeV HADES AutAu (5 =24CeV S
Different calculations consistently fail ™ | Convay o0 § i g
to describe experimental data j g S
i SMASH 5 &
Note high net baryon density: o = T -
= Influence of long-range EM interaction EE _ [e]
with the positively charged fireball ! 1o
= Most pions come from decays N g % . . zj‘cfm‘ml‘w‘oﬁ%‘ .
of baryonic resonances : T £ o5 == £
= Proper implementation of the in-medium “%0 100 180 200 20 a0 350 3 o : P e
spectral function of resonances is needed (A e 08 y:m 08 119 C ey
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Shift of the pion energy
by the Coulomb potential

HADES Au+Au \s,, =2.4 GeV
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HADES Collaboration, arXiv:2202.12750
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More accurate extrapolation to low p/m;

Extracting the average value of the

Coulomb potential energy

= Improved formalism compared to
previous works

Translating it to the fireball size at the

freeze-out — density — ug

= Method independent from SHM fits

= Result in good agreement
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Correlated pion-proton pairs

Analysis of t*p and T p pairs
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dN/dy

dN/dy

HADES Collaboration, PLB 819, 136421 (2021)
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The dominant source of particle

production at SIS18

High statistics allows multi-

differential analysis

Understanding of “kinematical”
mass shift with S-matrix formalism

Fix in-medium cross-sections and

spectral functions

Sensitivity to the shape
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Phase shift: P. M. Lo, B.Friman, M. Marczenko,

K. Redlich, C. Sasaki, PRC 96, 015207 (2017)

SHM parameters: A. Motornenko, J. Steinheimer,
V. Vovchenko, R. Stock, H. Stoecker, PLB 822, 136703 (2021)

Event generator: M.Cojnacki, A.Kisiel, W.Florkowski,
W.Broniowski, Comput.Phys.Comm 181, 746-773 (2012)

Adapting to HADES energies: SH et al., PRC 102, 054903 (2020)

10



QNP2022 | Szymon Harabasz

Global spin polarization

'03 8 - _ PRC103 (2021) 3, L031903, HADES p_€[0.2,1.5] GeV/c y[-0.5,0.3]
'—<' - Au+Au, b=6fm, lyl<0.5 Au+Au: Ag+Ag:
. n : L = - == hadronic EoS -40% -40%
First observed at RHIC: "most vortical fluid &7  crossover 08 e
_ _ _ R 20 5 f_ il PRC 104To4 119';; :EZ%SZ ). STAR 20-50% p_ €[0.5,6.0] GeV/c i<t
What is the mechanism of converting L to S = Auvhu, b-sim, yi<l, p d0.420] A PROT6 024915 (2007
. . : . - s AMPT model *  Nature548 62 (2017)
= Do we see hydrodynamic fluid with spin? 5; ¥ v PRC98 014910 (2018)
= Hydrodynamics description requires (local) thermal equilibrium A ALICE 15-50% p, d0.5,5.0] GeVic ly1<0.5
- 4 PRC101 044611 (2020)
. 3 .
Now: thorough systematics study and support from Ag+Ag data = STAR 20-50% p, 0.7,20] GeVie ye-0.2.1]
Y= | + PRC104 6, L061901 (2021)
Note that |L| is substantially lower in Ag+Ag than in Au+Au: E L,}.jr T
1 E
Ly ~ 24b 51— ZM/5)? N S t o R
_1__IIIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | |
1 10 10° 10°

VS - 2y [GeV]

08.09.2022 11



QNP2022 | Szymon Harabasz

System with Multi-Particle
Correlations?

Au+Au Ag+Ag

HADES Collaboration, PLB 793 457 (2019)
https://www.hepdata.net/record/ins170976
T T
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Long-range correlations

- Study event-by-event distributions of conserved charges (like baryon number) in a selected phase-space window

= Quantified by moments or cumulants well known from statistics

Direct link to EoS: Lgkn ==
vT

Will deviate from the Poisson baseline if the matter is in the vicinity of the phase transition/critical point
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Cumulants k,, hold information on multi-particle correlators C,

Investigate C, vs. (N,) to isolate relevant physics, C, (N,
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a=n - signature of multi-
particle correlations (4y o > 1)
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Electromagnetic
probes

= Photons (virtual and real):
= Don’t undergo strong interaction
= Probe all the stages of heavy-ion
collisions

Radiation from hot and dense matter is
Isolated by subtracting:

= First-chance NN collisions

= Meson decays at the freeze-out

08.09.2022

T<6fm/c

T <20 fm/c
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Electromagnetic spectral function

= In vacuum, it is measured in e*e™ anihilation experiments:

Low mass region LMR

EM spectral function is saturated by

light vector mesons - with JP = 1,

same as for (virtual) photon, mainly p°

e o T
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Thermal dileptons at high pg

L Au+Au, |5y, = 2.4 GeV
0-40% centrality
NN ref., n subtracted
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Vacuum p: ]
—— HSD _
—— SMASH E
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Role of medium effects -
coupling of p to resonances
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= Thermal dilepton production rates

L. D. McLerran, T. Toimela, PRD 31 545 (1985)
2 2
lel _ Oem L(M )
d*qd*x M?

7T3

= Melting of p clearly visible

= Collisional broadening

fB (CIOJ T

NImIl, (M, q,T, ug)

Spectral function

Is not sufficient to account for that

p melting handled properly by the local
thermal equilibrium approach (CG)
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Thermal di

leptons at high pg
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lel . agmL(MZ
d*qd*x w3 M?

Boltzmann factor

_fB (qOJ T)'rmnem (M, q, T, IlB)

= Boltzmann factor dominates the exponential
shape of the spectrum if ImITgy/M? does not
change much with M

= Slope of the invariant mass not affected by the
fireball expansion

- True (average) source temperature - not
affected by the blue shift
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Discovering the QCD “caloric curve”

< 400 5 el
B[ e {) Temperature vs. energy density (collision energy as a proxy)
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https://github.com/tgalatyuk/QCD_caloric_curve
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Lifetime of the fireball

= Thermal radiation is emitted during the

whole lifetime of the system

= The integrated yield in 0.3 < Mee / (GeV/c2)

< 0.7 is the most sensitive to measure the
lifetime

= At a phase transition “production” of the

latent heat would increase the lifetime
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Summary

= A comprehensive comparison of flow harmonics between experiment and transport models is a great tool
to contrain the EoS

= More work must be done to get good agreement of phase-space distributions
= Coulomb effect

= Description of resonances

= Interactions in the system:
= Global hyperon polarization keeps growing with decreasing collision energy

= Common power-law scaling for all strange particles (in a given collision system)

= Proton number cumulants consistent with long-range multi-particle correlations

- Electromagnetic probes:
= Measurement of temperature and lifetime of the fireball

= Structures in the excitation functon will signify a phase transition
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