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Plan of the presentation

NICA accelerator complex
Bound states in nuclear matter: different approaches

Freeze-out and Moft effect: the necessity of accounting for light clusters in
the formation of hadrons. QCD phase diagrams.

Event generator THESEUS: short description

Tests of generator: production of pions, protons in Au+Au collisions at NICA
energies and comparison with 3FD-model and existing experimental data

Light clusters production: rapidity distributions and experimental data
Future tasks



Specific scope elements of the project
NICA/MPD facility are expected to include:

Injection complex,

new superconducting Booster
synchrotron (that will be located inside
the yoke of the decommissioned
Synchrophasotron),

the existing superconducting heavy ion
synchrotron Nuclotfron (being developed
presently to match the project
specifications), collider having two new
superconducting storage rings,

new beam transfer channels.
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QCD phase diagram, beam energy scan

programs, chemical freeze-out
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Clusters In nuclear matter

Chemical picture: mass action law Physical picture: interacting “elementary’
constituents of nuclear matter: p and n
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Interaction between components of
Interaction between components of nuclear matter is determined quantum
nuclear matter is determined by excluded stafistics, quasiparticles approach, virial
volume (Pauli blocking) expansion



Dependence of binding energies on

temperature and density
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Vanishing binding energies indicate Mott
effect for the light clusters!

— Mott lines in the T-p plane (phase
diagram)

S. Typel, G. Ropke, T. Klahn, D. Blaschke, H. Wolter,
PRC 81, 015803 (2010)



energies. Paull blocking
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Mott dissociation at low momenta — clusters do
not form because of the Pauli exclusion
principle.

At large momenta, beyond the Mot momentum
(depending on temperature and density)
binding energies become positive again, so that
clusters are bound since they do not “see” the
neutrons and protons of the medium (Fermi
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Mott lines in the QCD phase diagram

Mott lines .

Protons and neutrons can form clusters
(deuterons, tritons, He3, a or He4)

on the left of the lines (lower densities)
and exist separately on the right of the
Mott lines (at higher densities)

Quark-hadron coexistence:

different estimations: inside the violet
and orange regions there is matter of
coexisting quarks and hadrons,

at the left — hadrons,

at the right — quarks, quark-gluon plasma
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Mott lines and chemical freeze-out In

the QCD phase diagram

Chemical freeze-out lines: the bounding lines of
existing hadron states on parameters T and n
taken into account. [Randrup & Cleymans,
EPJA (2016)]

Intersection of Moftt lines with freeze-out lines
— light clusters can be formed when forming
hadrons

ldeal gas (point particles, radius ¢ =0): light
brown bounding line

Parficle system with hard core interaction,
radius of hard core: ¢ =0.3 fm (gray) and ¢ =0.3
fm (violet)
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... Including quark deconfinement
(two example models)

¥, liquid-gas coexistence
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THESEUS event generator

An event generator based on the three-fluid hydrodynamics approach (3FD) for the
early stage of the collision, followed by a parficlization at the hydrodynamic
decoupling surface.

Joins microscopic transport model, ultrarelativistic guantum molecular dynamics
(UrQMD) to account for hadronic final-state interactions.

Can be applied for two model equations of state, one with a first-order phase
transition (1PT) and the other with a crossover-type softening at high densities.

The new simulation program has the unique feature that it can describe a hadron-to-
quark matter transition which proceeds in the baryon stopping regime that is not
accessible to previous simulation programs designed for higher energies.

One of the main goals of the generator THESEUS is to obtain final states of Au+Au
collisions, at NICA energies:

Generation of light clusters
Three-fluid hydrodynamics (3FH): Yu. B. Ivanov et al., THESEUS (3FH+Particlization+UrQMD):
PHYSICAL REVIEW C 73, 044904 (2006) P. Batyuk et al., PHYSICAL REVIEW C 94, 044917 (2016)



Hydrodynamic modelling of nuclear
collisions for NICA / FAIR

time

taken from: MADALus

Initial hydrodynamic particlization hadronic detector

—— S
state evolution cascade response

'

. adapt the procedure (optionally) UrQMD, etc GEANT
3-fluid hydro, from existing hybrid model (lu. Karpenko, MPD, BM @N
(Yu. Ivanov) (lu. Karpenko) H. Elfner) (O. Rogachevsky,

P. Batyuk,

L]

L]

'

S. Merts, et al.
P. Batyuk et al., Phys. Rev. C 94, 044917 (2016) [THESEUS project] erts, etal.)



Comparison of different EoS

Three types of EoS for the 3FH simulafion:

Hadronic EoS: Hadron resonance gas model

2-phase EoS: Maxwell construction with density-functional
approach to quark-gluon plasma i
Crossover EoS: Smooth inferpolation between HRG and 5
QGP o

A. Khvorostukhin, V.V. Skokov, V.D. Toneey, K. Redlich, EPJ C48, 531 (2006)
Yu. B. Ivanov, D. Blaschke, PRC 92, 024916 (2015)
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Rapidity distributions of protons, with UrQMD
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Comparison of results on rapidity of
protons of THESEUS and 3FD-model.

Green dots — THESEUS with set of
decaying resonances (as a table) taken
from 3FD-model.

Red dots — THESEUS with its own set
(table) of decaying resonances,
extended in comparison of 3FD.

Black dashed curve — 3FD-model.

3FD and THESEUS give very similar results
with a single set of decaying resonances!
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dN/dy

Au+Au, mixed EoS, pions-, 4 AGeV, b=2 fm Au+Au, mixed EoS, pions-, 6 AGeV, b=2 fm

Au+Au, mixed EoS, pions-, 8 AGeV, b=2 fm
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dN/dy

Au+Au, mixed EoS, pions+, 4 AGeV, b=2 fm
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Rapidity distributions for deuterons in
Pb+Pb collisions at energies 20 AGeV
and 30 AGeV, b =3 fm

The scalar (S) and vector (V) self
energies (SE) corrections to the mass
and chemical potential are included
as rough estimations.

S-correction is positive and increases
the clusters production, V is negative
and reduces clusters production

Comparison with experimental data:
NA49
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Deutrons, crossover EoS, b =3 fm
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Light clusters: tritons

Rapidity distributions for tritons in Pb+Pb
collisions at energies 20 AGeV and 30
AGeV, b =3fm

The scalar (S) and vector (V) self
energies (SE) corrections to the mass
and chemical potential are
included as rough estimations.

S-correction is positive and increases
the clusters production, V is negative
and reduces clusters production

Comparison with experimental data
for He3: NA49
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Light clusters at low energies, HADES data

Deutrons Tritons
crossover (mixed phase) EoS, Elab =2 AGeV,b =2fm
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Comparison of THESEUS results
with preliminary HADES datq,

THESEUS: 2 AGeV, b =2 fm,
two-phase EoS

HADES: 2.4 GeV, b=5fm
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Coalescence of clusters in 3FD-model

Au+Au, b=4 fm, 2 AGeV
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for your attention!



NICA (addifionally)

Physics tasks of the NICA heavy-ion program

(to be studied for different ions (from p to Au) by scanning in b and energy (in the range from 3to 11A GeV)
event-by-event fluctuation in hadron productions (multiplicity, Pt etc.);
femtoscopic correlation;

directed and elliptic flows for various hadrons;

multi-strange hyperon production (including hypernuclei): yield and spectra (the probes of nuclear media
phases);

photon and electron probes

charge asymmetry



