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Anisotropic collective flow

Anisotropy of the initial spatial geometry Momentum anisotropy of the final-state particles

Multiple scattering in ©

Reacti the overlap region
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v, - directed flow, v, - elliptic flow, V, -triangular flow

Initial eccentricity (and its attendant fluctuations) €_
drives momentum anisotropy v _ with specific
viscous modulation
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Anisotropic flow at LHC/top RHIC
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v_at BES and v"" scaling

Petr Parfenov, J.Phys.Conf. Ser 1690 (2020) 1, 012128 PRC 88 (2013) 14902
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Scaling relatlons at RHIC/LHC NCQ (KEr/n,) scaling

Phys Rev. Lett 98, 162301 (2007)
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Significant part of flow at RHIC
developed at partonic level

Scaling provides an additional
constraint for the mechanism for
hadronization at RHIC
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Breaking of NCQ scaling
around 3.2 GeV might

“imply the vanishing of
partonic collectivity and
a new EOS, likely
dominated by baryonic
interactions in the high
baryon density region”

However...

1 NCQ scaling at 4.5 GeV
| holds even in hadronic
| cascade models

we need to be careful



Scaling relations at SIS — scaling with

Nucl. Phys A 876 (2012) 1-60
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Anisotropic flow at Nuclotron-NICA energies

Phys. Rev. C 97, 064913 (2018)
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| Strong energy dependence of dv, /dy and v, at \/syy=2-11 GeV

| Anisotropic flow at Nuclotron-NICA energies is a delicate balance between:
11 The ability of pressure developed early in the reaction zone

Il. The passage time for removal of the shadowing by spectators
(tpass = 2R/YcmBcm)



Anisotropic flow at Nuclotron-NICA: 2.5-3.5 GeV

v, analysis at the BM@N experiment was done by:

Protons: M. Mamaev
Deutrons: |. Zhavoronkova
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> Solve the issue with discrepancies between v_from different
experiments (E895 vs STAR; FOPI vs HADES, ...)

> Map beam energy region 2.5-3 GeV which lacks experimental data

> Add system size scan to the physical program on top of BES
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Summary

Anisotropic flow can be used to extract information about properties of the strongly

interacting matter:

o Equation of state (EoS), speed of sound (c,), specific shear viscosity (n/s), specific bulk viscosity ({/s), ...
Scaling with the integral anisotropic flow:

o  Holds up for a wide energy range for different particle species, colliding systems and centrality classes

o  Breaks nearv =0 (for v, its near \/sNN = 3.3 GeV)

NCQ scaling:
o  Holds up for energies \/sNN > 4 GeV and can signify a partonic degree of freedom during flow formation
o  Scaling at around \/SNN = 4.5 GeV in the experimental data and pure string/hadronic cascade models can be accidental-
more thorough study should be performed (different energies, colliding systems, etc.)

Scaling with the passage time:

o Holds up for energies Vs, = 2-2.7 GeV and breaks around Vs, 2 3 GeV

o  Shows that at this energy range, vz(\/sNN) changes predominantly due to tpass

Scaling relations provide a useful tool to:

>

>

perform comparison between results from different experiments with different system size, beam
energy, centrality definition, etc.

constrain existing models and distinguish between different mechanisms contributing to the flow
formation

11



Backup slides

12



Relativistic heavy-ion collisions

HADRON QGP
Bevalac —— AGS RHIC LHC
~1 GeV ~5 GeVe ~100 GeV ~5000 GeV

FAIR; NICA

QGP is produced in high energy collisions
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Critical ¢+ Plasma_ '/ z" ®
point? SPS b LA " 00

RHIC-BES

Ssian1un Auey

Nuclotron-M e Hi ~
ot High T, ugp = 0
Quarkyonic phase " #

IS-100

. Color Super-
stars conductor

baryon density n/ n,

Rl ile e star mergers

Compact Stars

» High beam energies (,/syy>100 GeV):

* Evolution of the early Universe

» Low beam energies (2.4<./syy<11 GeV):

* Intermediate T, high ug
* Inner structure of the compact stars, neutron

1970s-2000s — nuclear equation of state (EoS), search

for the quark-gluon plasma (QGP)
2005s — QGP formation was observed at RHIC and it

behaves as almost perfect liquid
2005-2010s — LQCD predicts crossover phase transition

at top RHIC and LHC (high T, ug = 0)

Since 2010s — Beam energy scans to study QCD phase
diagram: search for the 1st order phase transition and
CEP at Intermediate T, high up

a— ions, electrons

= olectrons, neutrons, nuclei

F neutron-proton Fermi liquid
few % electron Fermi gas

quark gluon plasma?
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STAR, PRL90 032301 (2003)

Anisotropic ﬂOW v, -dijtj:‘cted flow; v2-elli?tic flow; 16 |
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QCD Phase Diagram

2. .9 0
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TR sl  regions of the QCD phase diagram

Temperature T [MeV]

> Top RHIC/LHC energies: access to high T and small uB

> RHIC-BES/SPS/NICA/Nuclotron: access to different systems and a

N broad domain of the (T, uy)-plane

o Equation of state (EoS), speed of sound (c), specific shear
viscosity (n/s), specific bulk viscosity ({/s), ...
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. Color Super-
stars conductor
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EoS for high baryon density matter

The binding energy per nucleon: EA(P; 5) X EA(p, 0) +
Isospin asymmetry: dE
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A. Sorensen et. al., Prog.Part.Nucl.Phys. 134 (2024) 104080
New data is needed to further constrain transport models with hadronic d.o.f.




EoS for high baryon density matter

The binding energy per nucleon:
Isospin asymmetry:

0 = (pn

100

Ebir E/A ‘V)

pp)/pl

50

' 'DBHF (BonnA)

| s BHF AV, ,+3-BF
-------------- var AV +3-BF
[ —— NL3

p/p,

Ch. Fuchs and H.H. Wolter, EPJA 30 (2006) 5

EA(P, 5) — EA(p7 O)

Esym(p)(sz + 0(54)

—

Symmetric matter

e Being extensively studied
nowadays

e Using observables (flow,
meson yields, etc.) to find
incompressibility K,

e One of the main sources of
uncertainty: discrepancy
between experimental data

82EA

KO :9p 8,0

\

Symmetry energy

No experimental data for beam
energies Vs, >0.8 GeV

One of the main parameter to
study is the E . Slope L

One needs to establish
observables sensitive to L and
obtain new experimental data

dE ym

L =3p dp

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

New data is needed to further constrain transport models with hadronic d.o.f.



Sensitivity of the collective flow to the EOS

P. Danielewicz, R. Lacey, W.G. Lynch, Science 298 (2002)
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Anisotropic flow sensitive to the EoS
EoS extraction: define incompressibility
2 az(EA)

dp?
Discrepancy in the interpretation:
* v, suggests soft EoS (Ky=210 MeV)
* v, suggests hard EoS (K;=380 MeV)

Ko =9p

New measurements using new data and
modern analysis techniques might
address this discrepancy

Additional measurements are essential to clarify the previous results
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Anisotropic flow at Nuclotron-NICA energies
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