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Introduction




Brief review

The Phases of QCD

The main goal of nuclear collision research is to study the 250 (AN
QCD phase diagram. An increased yield of light nuclei is | |
expected near the critical point and in the region of
spinodal instability,

Temperature (MeV)
Z

At moderately relativistic energies light nuclei make a
significant contribution to the total baryon charge. It is ety
necessary to describe them correctly. O T e o 1200

Baryon Chemical Potential pi,(MeV)

lllllllllllllq

1400 1600

Most popular approaches: various 3D dynamical models A J—
with coalescence mechanism of the light-nuclei 3 |
production, microscopic dynamical approaches — PHQMD ¢ i
and SMASH and thermodynamical approach S i

2 o
Modeling allows us to understand the physics of g e |
processes occurring in nuclear matter. Experiments: BES- ® | 5o |~ csmen gmosoro neperoas «poccosep
RHIC, SPS, NICA and FAIR. i
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Modelling

method




3FD (3-fluid dynamics) model

fireball

distribution function

momentum along beam

The 3FD approximation simulate the early,
nonequilibrium stage of the strongly-interacting
matter until the freeze-out.

® Two baryon-rich fluids: nucleons of the
projectile (p) and the target (t) nuclei;

® Fireball fluid (f): newly produced particles
which dominantly populate the midrapidity region
during the evolution process.

Fig.: A system of colliding nuclei and associated fluids (top panel)

and distribution functions depending of momentum along the
beam (bottom panel)



3FD model

Target-like fluid: Oudt =0

Leading particles carry bar. charge

8uTrW :_F;;:;JF Fi

exchange/emission

Projectile-like fluid:  3,J; =0,

9, TE =

_F)gt+

Fireball fluid:  J}" =0,

Baryon-free fluid Source term

The source term is delayed due to a formation time =

B, T =F% + Fy—Fp, — Fy,

Exchange

Total energy-momentum conservation:
OulTp” + ¥+ 1) =0

@ 3FD: Yu.B. Ivanov, V.N. Russkikh, V.D. Toneev,
PHYSICAL REVIEW C 73, 044904 (2006)

3FD model properties:

® [nitial conditions: two spherical nuclei
with sharp edge and initial baryon
density of ng = 0.15 fm~3, without
fluctuations

® Finite stopping power of nuclear matter
® Equation of state (EoS)

® Hydrodynamical equations with friction
terms to modelling of the interactions
between fluids

® Freeze-out at energy density of &, =
0.4 GeV/fm3.
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® In 2016 the THESEUS event generator (Three-fluid Hydrodynamics-based Event

Simulator Extended by UrQMD final State interactions) was introduced: P. Batyuk et al.,
PHYSICAL REVIEW C 94, 044917 (2016).

® The generator is based on the 3FD model. This model describes the hydrodynamic
stage of the system evolution.

® THESEUS describes the next stage after freeze-out: particlization, that allows to move
from the description of a liquid to a kinetic description;

® The kinetic stage is modeled using the UrQMD (Ultrarelativistic Quantum Molecular
Dynamics) model, which describes hadronic rescattering (or afterburning) processes.

Ve



THESEUS-v2: new version

® |n the initial version of THESEUS no light nuclei were
included. In the present one (THESEUS-v2) light nuclei and
hypernuclei are produces at the same basis as other
particles — thermodynamically without fitting;

® To include light nuclei in thermodynamics we recalculate
the baryon chemical potential taking into account light
nuclei production, proceeding from the local baryon
number conservation:

Nprimordial N (:L HEB, T) + Z T (:ﬂ; HB, s, T)

hadrons

= TNobservable N (T fif;B} T) + Z T ('E.. :U:;Ba HS, T)

hadrons

+ Z ne(x; 1y, ps, T).

nuclei

Nucleus(E[MeV])| J decay modes, in %
d 1 Stable
t 1/2 Stable

*He 1/2 Stable

‘He 0 Stable
*He(20.21) 0 p = 100
*He(21.01) 0 n=24,p="76
1He(21.84) 2 n =37, p=63
*He(23.33) 2 n =47, p = 53
1He(23.64) 1 n =45 p =55
1He(24.25) 1| n=47,p=50,d =3
‘He(25.28) 0 n =48, p = 52
‘He(25.95) 1 n =48, p = 52
‘He(27.42) 2| n=3p=3,d=94
*He(28.31) 1| n=47,p=48,d=5
*He(28.37) 1 n=2p=2 d=96
*He(28.39) 2 n=02p=02d=996
‘He(28.64) 0 d = 100
1He(28.67) 2 d = 100
1He(29.89) 2 n=204p=04d=99.2

2H 1/2 Stable

1He 0 Stable




. TH ESEus-vz Nucleus(E[MeV])| J decay modes, in %

d 1 Stable
t 1/2 Stable
*He 1/2 Stable
® Unstable species decay and contribute to the distributions "He 0 Stable
of stable light nuclei. ‘He(20.21) | 0 p = 100
*He(21.01) 0 n=24,p="76
® No afterburner for light nuclei, because UrQMD does not ‘He(21.84) 2 n=37p=63
process them. We simulate afterburner stage by the late "He(23.33) | 2 n =47, p =53
freeze-out with parameter &, = 0.2 GeV/fm3, which is :H°(23-64) 1 n =45 p =55
suitable for many species of light nuclei, which is the same 4?(3‘:'3? é n=An 58: °0 ;‘“'2: 3
for all collision energies, centralities and combinations of 4H2E2‘5'95§ X 2 s i .,
colliding nuclei, see: 4He(27:42) o| n=3p—3d—o
M. Kozhevnikova, Yu.B. lvanov Phys.Rev.C 107 (2023) 2, :Ezgzgg 1 "';:_427’;’_:2481; d_:965
024903 “He(28.39) 2 |n= 0.2,’;) = O.é, d = 99.6
‘He(28.64) 0 d = 100
1He(28.67) 2 d = 100
1He(29.89) 2 n=204p=04d=99.2
2H 1/2 Stable
1He 0 Stable

Code is available here:
https://github.com/marinakozh/3fd_generator/tree/urgmd_recalc_muB



Hydrodynamic modelling of nuclear collisions
for NICA / FAIR

hadrons {x,y,z, E,px,py,pz, etc.}

baryon density (ng/ng) in reaction plane of Au+Au collision at \sy, = 6.4 GeV, b = 6 fm I|ght huclei
1or : £ '!=0.'51ml'c“ ! ' ' "."'l'r\lcl 1 ' : :Hrmc‘ T Ii!fn:\lc : ' : . 1Gf'1'|'|l-cl ‘ l 10 e
_ :
£ o i
- 08
04
101 01
A0 5 0 5 10 40 5 0 5 10 0 5 0 5 10 40 5 0 & 15 0 5 0 5 100
z [fm] z [fm] z [fm] z [fim] z [fm]
Initial state =, hydrodynamic _— particlization ~———=om  afterburner ————=mm. detector response
evolution
I I THESEUS generator (optionally) UrQMD, etc.  GEANT, MPD,BM@N
3-fluid hydrodynamical model (lu. Karpenko, H.Elfner)  (O.Rogachevsky,

(Y.lvanov et al.) P.Batuyk, S.Merts et al.)



Results of light

nuclei modelling
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dN/dy

Rapldlty dlstrlbutlons m Pb+Pb colllsmns

dN/dy

d I I 1 ' Crossover EoS
1 T T EI b= 80A GeV —THESEUS, EﬁZ:O.Z GeV/im®] |
al
b=3fm 1 3FD coalescence
NA49 0-7% ) anads
ik £ St e ¥ 2 Ejyp = 158A GeV
1 B 1 '-:.: 1 .::.'."‘u.'“". A , 0 ] "-...:4'."',.‘:' ‘ . ab = 4.6 fm
- | E,, = 20A GeV E,=30AGeV 1I E,=40AGev iF [/ & & o A490-12%
b=31fm b=3fm b=3fm /o
NA49 0-7% NA49 0-7% _ NA49 0-7%
1 | | 1 N | 1 1 1 1
-2 0 2 -2 0 2 2 0 2 2 0 2
' ' ' ' ' ' ' ' ' ' ' ' Crossover EoS ]
I-THESEUS, ¢, 0.2 Geviim®] ~ THESEUS-v2: Kozhevnikova M., lvanov
Emg - %0; GeV 1 5D coatescence 1 Y.B.Phys.Rev.C.—2023.— Vol. 107,
107'F £3 NA;,9 0.79 ¥ A4 1 no.2.—P.024903.
% 1 3FD:Ivanov Y. B., Soldatov A. A. Eur.
1 lab = eV ]
- . 1t D 46 fm Phys. J. A. — 2017. — Vol. 53, no. 11. —
(o2 RN N ] Nmgo-12% P. 218
3 E] £3 E i NA49: Anticic T. [et al.]. Phys. Rev. C. —
Ela%==230f/?n GeV. 11 Ela%jof"'r\n GeV 4 E'agi‘g"f’in GeV 2016. — Vol. 94, no. 4. — P. 044906.
- NA49 0-7% i\ NA49 0-7% 1 NA49 0-7%
10—3 | " L | " " N 1 : 1 L N 1 " N N 1 1 " N 1 |
-2 0 2 -2 0 2 -2 0 2
y y y

Modelling with late freeze-out gives generally reasonable result, but it is getting worse with increasing of the collision energy.
For 3He the result is even better than for deuterons, which have a lower mass.



Particle ratios

Particle ratios

: - — CirosusoéerlE(IJé _ — Cmss;n:er EoS
10 'F S A 0.8 — _ 1PT Eos
o = t%p L[] NA49
i \‘\i\'_\.A t/d x 0.2 - ® STAR (0-10%)
1 Z e 7 e e
10 °F A E x U.Or *
0 ; ol VO e ¥ ¢
i i ]
104k . - 05- | ¢ *+
5 O ] L 1
<[ STAR, Au+Au,0-10% ™ my ] -
10_ =) oo . . L1 = 04 1

10 |
V'S [GeV]

4 6 810 20 40 60
\'Syn [GeV

Protons coming from weak decays strongly affect on ratio N(t) x N(p)/N2(d).

An excess of the predicted value, 0.29, is observed (Shuryak E., Torres-Rincon J. M// Eur. Phys. J. A. — 2020. — Vol.
56, no. 9. — P. 241), because there is a contribution from near-central sources, and not just from central ones.

Anticic T. [et al.]. Production of deuterium, tritium, and He3 in central Pb +
Pb collisions at 20A,30A,40A,80A , and 158A GeV at the CERN Super Proton
Synchrotron // Phys. Rev. C. — 2016. — Vol. 94, no. 4. — P. 044906. — arXiv:
1606.04234 [nucl-ex].

Zhang D. Light Nuclei (d,t) Production in Au + Au Collisions at VenNy = 1.7-
200GeV // Nucl. Phys. A /ed. by F. Liu, E. Wang, X.-N. Wang, N. Xu, B.-W.
Zhang, — 2021, — Vol. 1005. —P. 121825, — arXiv: 2002. 10677 [nucl-ex]|

STAR: NA49:

THESEUS-v2: Kozhevnikova M., lvanov Y. B. Phys. Rev. C. — 2023. — Vol. 107, no.2. — P. 024903.



3 GeV° rapldlty dlstrlbutlons

e L LR N L
STAR 20-40% b=8fm STAR 20-40%

dN/dy

1072 — Crossover
i =w1PT
E. L .S.T'L}Rlo-jo./o. .1 . \} — Hadronic .
-1 0 1 -1 1 —1 0 1
y y

THESEUS-v2: Kozhevnikova M., Ivanov Y. B. Phys. Rev. C 109 (2024) 1, 014913, STAR: Phys.Rev.C 110 (2024) 5, 054911.

« Modelling with the late freeze-out gives reasonable result and better than at the standard freeze-out.

» No dependence on EoS - evolution of matter performs in hadronic phase.

» The difference in the shapes of the distributions of protons and light nuclei depending on the centrality is well described. The results for
b =7 fmand b = 8 fm illustrate the uncertainty of the choice of the impact parameter. Result with b = 7 fm gives in general the better
result.

« Ford, tand 3He the late freeze-out (g, = 0.2 GeV/fm3) is more suitable, but for “He the standard one (&¢., = 0.4 GeV/fm3) is better.

*He survives better at the afterburning stage, since it is a more spatially compact and strongly bound object.



3 GeV: directed flow

Au+AL_|, 3 GeV, Iq=6 fm

0-6 I _I 1 y 1

Fig.: THESEUS results on directed flow v, of protons and 04l ~hadronic ¥ STAR 10-40% _
. 3l g . . | —crossover 1
light nuclei (d, °He, *He) in comparison with STAR

. _ 02r=--1PT .
experiment: . ]
Abdallah M. S. [et al.]. // Phys. Lett. B. —2022.—V0l.827. — O ==m=mmmmmoggpoommommmmmmos poomomooomo oo gfoo oo oo oo )
P.136941; 0.2k v -
Abdallah M. S. [et al.]. // Phys. Lett. B. —2022.—V0l.827. — 0 4'_ protons Y d )
P.1570043. | -

0.8
Good description of protonic v, except regions of .

forward/backward rapidities.

= Agreement with STAR data worsens with increasing of
atomic mass.

= Choice of EoS do not affect on result— hadronic phase
dominate in dynamics




3 GeV: decays of unstable light nuclei

STAR: Phys.Rev.C 110 (2024) 5, 054911

= |tis found (Phys. Rev. C 107, no.2, 024903 (2023), Particles 6, no.1,
440-450), that yto contributions of decays of *He* in deuterons is
negligible, but essential for tritons and 3He nuclei at energies of
J/Syy > 6 GeV at forward/backward rapidities.

= At./syy = 3 GeV predictions (V. Vovchenko, et al., Phys. Lett. B,
135746 (2020)) predictions have been made, contributions ~60%
for tritons and 3He nuclei at y=0. Our calculation confirms
contribution ~20% for deuterons and 50-100% (depending on
rapidity) for 3He.

= Directed flow v, of deuterons, tritons and *He nuclei turned out to
be insensitive to contributions from *He* .

dN/dy

3GeV,b=3fm STAR 0-10%

— Crossover
---- Crossover w/o “He* decays

1 0 1
y



Results of light

hypernuclei
modelling
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Midrapidity transverse

momentum
For modeling of p and A the standard _
freeze-out parameter &, = 0.4 GeV/fm? is ->‘:’
used with subsequent UrQMD afterburner; 8
For d, t and 3He the late one with parameter :F_
&y = 0.2 GeV/fm3 is used:; Q
=
For *He and jHe the standard parameter is 5
used: &, = 0.4 GeV/fm3. S
s | —e— crossover
N —e 1PT
. . 3 — e—- hadronic
Results are in good agreement with | P
experimental data, even small deviations from ' 10 15 20 25 30 35 4.0
straight line are reproduced. 5
Mass [GeV/c]
STAR:

M. I. Abdulhamid et al. PhysRevC.110.054911(2024)
JiY. // EPJ Web Conf. — 2023. — Vol. 276. — P. 04003.




Particle ratio

= Forpand A the standard freeze-out parameter with
gz = 0.4 GeV/fm3 used and UrQMD afterburner;

= For t and ;He the late one is used: &x, = 0.2GeV/fm3;

= For *He and jHe standard freeze-out: &, = 0.4 GeV/fm3
is used ;

= Prediction for fHe with the standard freeze-out and late
IS made;

The slight overestimation of the t/p ratio is because of
underestimation of the proton yield (see Kozhevnikova,
lvanov, Phys. Rev. C 109, no.1, 014913 (2024)). Almost
without difference of EoS -> collision process develops in
the hadronic phase.

Au+Au, \/syy =3 GeV, b =3fm

-k
<
W

1=,
+—
(T
oC
e,
O
g =
(T
o

late frz ™.

= e S

® tp

d 4

A "Help _ _ 1PT
- n

-1.0

crossover |

it SHIN  —-—- hadronic
-1.5

STAR: y
M. I. Abdulhamid et al. PhysRevC.110.054911 (2024)
Ji Y. // talk at Quark Matter 2023

05 00 05 10
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Directed flow

= Forpand A the standard freeze-out is used
with &, = 0.4 GeV/fm3 with consequent
UrQMD afterburner;

= Fort, He 3H and yHe the standard freeze-out
with &g, = 0.2 GeV/fm?3 is used;

= Good agreement for p and A, especially in
central rapidities.

= No dependence on EoS for (hyper)nuclei

For hypernuclei results are in agreement with
experiment in frame of statistical uncertainties.

crossover
1PT
- hadronic

protons
B STAR 10-40%

tritons
€& STAR 10-40%

4
H
N
B STAR 5-40% ® STAR 5-40%
0.0 0.5 10 -1.0 -0.5 0.0 0.5 1.0

y y

Abdallah M. S. [et al.]. // Phys. Lett. B. — 2022. — Vol. 827. — P. 136941,
Abdallah M. S. [et al.]. //Phys. Lett. B. —2022. —V0l.827. —P.137003,
Aboona B. [et al.]. // Phys. Rev. Lett. — 2023. — Vol. 130, no. 21. — P. 212301.







Conclusions

= A new approach to the modelling of light (hyper)nuclei is presented, in which the production of light
(hyper)nuclei and hadrons is considered in a equal basis. This approach is implemented in the new version of
the THESEUS-v2 generator. It is a more economical way to describe the light (hyper)nuclei production
compared to coalescence and has a higher predictive power.

= |In new THESEUS-v2 the yields of light nuclei (rapidity distributions) in Au+Au and Pb+Pb collisions at collision
energies \/syy = 3 — 19.6 GeV and at different collision centralities, as well as p; and mr—spectra, collective
flows were obtained. Deuterons, tritons and 3He nuclei are better described with late freeze-out, and *He
nuclei — with standard freeze-out, which reflects the difference in their binding energies. In general,
THESEUS-Vv2 gives a reasonable description of the data.

= At the energies \/syy > 6 GeV the contribution from the decays of unstable nuclei “He* is negligible for
deuterons at central rapidities, but is significant for tritons and 3He nuclei. At forward/backward rapidities it is
more significant. At energies +/syy = 3 GeV, such a contribution is more significant: ~20% for deuterons and
50-100% (depending on rapidity) for *He.

= Simulations of light hypernuclei in Au+Au collisions at \/syy = 3 GeV showed that THESEUS—Vv2 gives a good
description of the hypernuclei data.
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v Mopaenu Aana onMcaHma nerkux (runep)apep
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U KoanecueHums U TepMmoaMHaAMMKa

MOLESb TREXXMOKOCTHOM rMAPOAMHAMUKM CtaTtucTtmdeckas Mmofesnb, Blast-Wave. AnpoHbl u
(3FD), nByxxmaokocTHaa Moaesb, JAM, nerkue aapa MogenmpyroTca eanMHoobpasHo, HO
urQMD TepMomMHaMm4eckme BenndmMHbl (TeMnepaTypa,

XUMUYECKMIM MoTeHUnan) ouTnpyroTcs.

0 MMKpPOCKONMUYECKMM d TepmoanHamuka B THESEUS

AMHaAMMYEeCKMM noaxon ALPOHbI M Nerkue aapa MoaenmpyroTCa Ha 0aHOM
OCHOBE, TepMoanHaMnyeckme BenMImnHbI
SMASH, PHQMD, LQMD,

. . (TeMnepaTypa, XMMUYecKnm noTeHLuman)
CTOXaCTUHECKNM KMHETVHECKIN BblumcnatoTed B 3FD. He HyXHbl 0OMOSTHUTESbHbIE
noaxon napameTpbil



3FD vz THESEUS ‘

® Ha BbIXOOe Mbl MMeeM JlarpaHxesbi ® THESEUS = 3FD + npouenypa MoHTe-
TecToBble YacTuLbl (kannu) onga kaxoom Kapno + goxur UrQMD;

xmokocTth a(=p, t or f).
® //Icnonb3ytoTCa rMMNepnoBepPXHOCTM MpU

® Kannga = a/1eMeHT rMneprnoBepXHOCTH 3aMopaxmBaHum 13 3FD (T, , ) ong
NpW 3aMopaxmBaHmm reHepauum Yactuy (., );

® HabnrogaemMble = MHTerpasibl OT adPOHHbIX ® Ha Bbixoge: nepeBo B ROOT-hawnne,
doyHKLIMIM pacripenenieHnsa no cojfiepxallee BCe CreHepMpoBaHHble
FMNEeProOBEPXHOCTU MPU 3aMOpPaxXmBaHUN. YyacTULbI.

® Takue BeNMYMHbI He y06HbI 0J11 ® MOXHO NMPUMEHATb akCenTaHC.
NPUMEHEeHNA aKCNepuMeHTanbHbIX
akcenTaHcos!

N\



Mopenob 3FD: ypaBHEeHMAI COCTOSIHUSA

Mishustin I. N., Russkikh V. N.,
Satarov L. M., Sov. J. Nucl.
Phys. Vol. 54. P. 260-314
(1991)

A. Khvorostukhin, V.V. Skokov,

V.D. Toneey, K. Redlich,
EPJ C48, 531 (2006)

C KpoccoBepOM: aipOHHbIE

cocToaHmsa + KI'T1 ¢ cocylecTBoBaHMNEM ,
V.D. Toneev, K. Redlich,

EPJ C48, 531(2006)

das (kpoccoBepoM) B LUMPOKOM
ovanasoHe TemMnepaTyp M 6apUOHHbIX
MNIOTHOCTEN

A. Khvorostukhin, V.V. Skokov,

2“ 1 1. [ . 1.1 1 1T 117 11 1 1 1.1
T=10, 100, 200 MeV
- = hadr. EoS ,-"",-
= = 2-phase EoS 4
15 | === crossover EoS “, -
R .
R
p— 2~ i
= » s .
= P
—3 10 / "_.i"' - -
= o ":L:f Z s g
= i _3,_ > - ]
#
5 i
T i
|] I N (N T TN N N T N
i) 4 8 12 16 20

n/n,

Puc. 3: PasnunyHble ypaBHEHWA COCTOAHMS Ha
npmMepe 3aBNCUMOCTU faBNEHUSA OT baPMOHHOW
MNOTHOCTW MPW PasfiIMYHbIX TEeMMNepaTypax.



THESEUS-v2: nozaHee 3aMopaXXuBaHue

[Ona nerkmx aoep moaenb UrQMD He cnocobHa MoenMpoBaTb CTaamto foxumra. NosaToMy Mbl MOLENMPYEM
3Ty CTaduio NO3QHUM 3aMOpaxmBaHUEM.

Camoe noaxofsiliee 3Ha4eHme, Kak BUOHO 13 PEe3yJibTaTOB OJ1d NMPOTOHOB: .

VICI‘IOJ’IbSyI-OTC?l MPOTOHDI, T.K. OHN TEeCHO CBA3aHbl C J1Ier'KNMMIN d40paMN.

e ettt p— L L
Crossover EoS “
- | E
c\;l 50 frz=0-4 Gerfm no UrQMD o 197 €,=0 grg:\s,?f;er ngSUrQMD i
® frz_o 2 GeV/fm,no UQMD | O, — 6,02 GeV/fm’, no UrQMD
I I = ]
O, irz=0-4 GeV/im’, with UrQMD| — ¢;=0.4 GeV/im’, with UrQMD
=100 ""E ‘0 1 GeV/fm’,noUrQMD | 3 10k 81 °20.1 GeV/im®, no UrQMD _|
s N O NAdg o+ — O NA49
N Ep=20AGeV | T | —X
‘C5|_ ~~~~~ b=24fm o N E,op = 198A GeV
2 50 B 5 |
> o
= —
[ ] = p — |
© & e o
L = © - .
0 0.5 1.5 0 0.5 1 1.5 2
p, [GeV] p, [GeV]

Puc.: CnekTpbl Mo nonepedHbiM MMMyfibcaM A9 MPOTOHOB B LIEHTPallbHbIX CTONTIKHOBEHMAX Au+Au.



BbICTPOTHbIE pacnpeneneHms (noapo6Hee)

' U U —— r—r——— Y W ———
] } Crossover EoS
d I _THESEUS, €, 0.2 GeV/im®
1 i T Eap = 80A GeV 1—no *He*, ¢, =0.2 GeV/fm® 1
1 b=3fm 1 THESEUS, ¢, =0.4 GeV/fm"
NA49 0-7% -~ 3FD coalescence
- e v X mNA49
k) A R -\ E,., = 158A GeV
P / ! W LA =
51 4/ {4 b=46fm i
| Ej=20A GeV I g,-30acev {1 E,-408Gev o DAEDATN
b=3fm : b=3fm | b=3fm 1 [ \ j J
NA49 0-7% i NA49 0-7% NA49 0-7% ) Y ) ]
; AN/ T E
L PR 1\ PRI (R VR M v i PR :
-2 0 2 2 0 2
y y
T T T :E | T T EE T T 1 S» Ll || Ll EE || cr<)ssolver Eos
1 1 1 1 —THESEUS. E'{fzoé <\3/e;w3fm3
- —no “He*, g,_=0.2 GeV/fm
7|\ Eiw=80AGeV THESEUS, ¢, ,=0.4 GeV/fm®
107"k b=3fm $..3FD coalescence .
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Puc.: BoicTpoTHble pacnpeaeneHus nerkmx anep. MNpmseneHbl pesynbTaTbl CO CTaHAaPTHbIM 3aMopaxmBaHmeM (61eaHo-ronyésie MUHUK) K1
NO3OHUM (CUHWME NHKK), 6e3 BKafa BO36YXAEeHHbIX H/U3KoNexXallx pe3oHaHCcoB * (YepHble NMHUKM), aKCcnepuMeHTanbHble aaHHble NA49 n

pesynbTaT 4YmncTom 3FD.
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[TonepeyHas Macca:

mf =m? +pg +py

lvanov Y. B., Soldatov A. A. Eur. Phys. J.
A.—2017.—Vol. 53, no. 11. — P. 218

Anticic T. [et al.]. Phys. Rev. C. — 2016. —
Vol. 94, no. 4. — P. 044906.

Puc.: CnekTpbl MO NonepeYHbliM MaccaM 419 AenTPOoHOB (BEPXHMI paa) U (HUXHUIA paf) B LLIeHTPabHbIX CTONKHOBeHMAX Pb+Pb npu pasnnyHbix
SHeprmax, paccyMTaHHble C ypaBHEHMEM COCTOSHUA C KPOCCOBEPOM. [TokasaHbl pesyibTaThl, paCCHYMUTaHHble CO CTaHAaPTHbIM 3aMOpaxmMBaHMEM
(6nenHo-ronyéble NMMHUK) 1 NO3AHUM (CUHWE NHWK), pesynbTaTbl 3FD (drMoneToBble MYHKTUPHbBIE MUHMK) U 9KCNepuMeHTasnbHble faHHble NA4Q.



OTHOLUEeHMSA BbIXOAOB YacTUl
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PuC.: 3aBUCMMOCTb OT 9HEPI MM OTHOLLEHWI BbIXOLOB Puc.: 3aBUCUMOCTb OT 3HEeprum oTHoleHua N(t) x N(p)/N?(d) B 06nacTu LeHTpasnbHbIX
d/p. t/p, nt/d B 061acT LeHTPanbHbIX GbICTPOT 4Ms 6bICTPOT ANA LLeHTPasibHbIX CTOSIKHOBEHWM Au+Au 1 Pb+Pb. MogenunposaHve npu b = 4
LleHTpanbHbix (0-10%) Au+AU CTONKHOBEHUI. ™M ona Au+Au, npn b = 3 oM (/syy < 17.4T3B) n npn b = 4.6 O™ (\/syy = 17.4 dm) ona
MogenupoBaHue NposeaeHo npu b = 4 oM ana Au+Au Pb+Pb B é1He no ébicTpoTe |y| < 0.5. N(p) BKntoYaeT MpoTOHbI, MOMyYeHHble 6e3 BKnana
Mnpub =3 dMaona Pb+Pb B 6uHe no ébicTpoTe 0T cnabblx pacnanos (OABe BepxHMe TIMHUK, MOMEeYeHHble KpecTamu) 1 6e3 aToro Bkfaaa
ly| < 0.5. (aBE HUXHWE NUHUK)

MokasaHo, YTo Ha OTHoLWeHWe N(t) x N(p)/N?(d) CUNbHO BAMAKOT NPOTOHbI, MONy4eHHbIe OT crabbix pacrnanos. BbluMCNeHHbIN
pesynbTaT Cc NPOTOHaMK ée3 Bknaaa oT cnabbix pacnafoB NpeBbilaeT NpeackasaHHoe sHadeHue: 0.29 (Shuryak E., Torres-
Rincon J. M// Eur. Phys. J. A. — 2020. — Vol. 56, no. 9. — P. 241), T.K. eCTb BKNlaf OT OKOJIOLIEHTPasIbHbIX NCTOYHMKOB, a He
TOJSIbKO LieHTpasbHbIX. He06Xx0aMMo KOPPEKTHO Y4UTbIBaTb craéble pacnagbl, a UrQMD He aBnseTca 0OCTaTOMHO TOYHOM AN
3TOro.



KonnekKkruBHbIe NOTOKMU: onpepeneHume

OOHOYaCTUYHOE pacrnpeeneHme 4acTuL, pasoxeHHoe B paf
dypbe No asuMyTarbHOMY Yriy MMMNyfbca YacTuubl :

roe, a ycpeaHeHme npomcxoamT rno BCEM PpacCMaTPUBAEMbBIM
YyacTMLAaM BO BCEX COObITUAX.

30eCb NepBbiv KOSPDULMEHT HarpaBieHHbIM NOTOK, a BTOPOU
SNNUNTUYECKMIM MOTOK.

B THESEUS noTokuM paccymMTbiBakOTCA Yepes CyMMY Mo afpoHam.

Puc.: CxeMa cTankmBarowmxcs anep.
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Puc.: HanpaBneHHbiM MOTOK ANa NeNTPOHOB (BEpXHNM
pPAn) M NPOTOHOB (HUXHWI PAR) B 3aBUCKMMOCTM OT
6bICTPOThI B MONyLIEHTPaNbHbIX CTONKHOBEHMAX (b =
6 M) CTONKHOBEHMM Au+AU, MONyYeHHbIN ons
Pa3fINYHbIX SHEPI UM U IBYX YPaBHEHUWM COCTOAHUSA: C
da30BbIM MepexonoM 1-ro pofa 1 C KPOCCOBEPOM.

[na cpaBHeHUs NpmBeneHbl gaHHble STAR:

Adam J. [et al.]. // Phys. Rev. C. — 2020. — Vol. 102,
no. 4. — P. 044906.

Adamczyk L. [et al.]. // Phys. Rev. Lett. — 2014. —
Vol. 112, no. 16. — P. 162301.

Mogenb He cMorna AonxHbiM 06pa3oM OnmMcaTb MOTOKU
nNa 0eNTPOHOB.

MoxeT 6biTb , 3TO CBA3aHO C KPUTUHECKON TOYKOM
KX dhaszoBon auarpamMmbl B 9ToM 061acTu aHEprum

STAR preliminary data: Pandav, plenary talk at CPOD 2024,
https://conferences.lbl.gov/event/1376/contributions/8772/




3 raB: crlel('rpbl no nonepeql-louy qulynbcy
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Puc.: PesynbtaTtbhl THESEUS cnekTpbl Mo nonepe4HoMy UMMynbCy AN NPOTOHOB M Nerkux anep (1emTpoHoB, TPUTOHOB,
, ) B 61He B cpaBHeHWM ¢ JaHHbiMM STAR (arXiv: 231111020 [nucl-ex]). PacueTbl BbiNOMHEHbI AN TPEX PasnmnYHbIX
ypaBHEHWI COCTOAHMA M NPUX NO3aHEM 3amMopaxmBaHmm (). [1na cpaBHeHWA NokasaHbl pesynbTaThl NPU CTaHoapTHOM
3aMopaxmBaHuu () 4ng ypaBHeHMUs COCTOAHUA C KPOCCOBEPOM.

MonenupoBaHue C NO3AHUM 3aMOpPaxVBaHMEM 1IaeT pasyMHbI U, B LIENOM, NyYliMiA pesynbTaT, YeM CO CTaHAapTHbLIM 3aMopa-
XMBaHMeM. HeT 3aBUCMMOCTU OT YpaBHEHWNA COCTOAHWUA — BELLIECTBO 9BOJIFOLIMOHUPYET B aipOHHOM dhase.
3aBbilleHne CneKTPoB NPW 60MblIKMX 3Ta HETOYHOCTb CBASaHa C 0CobeHHOCTbo Moaenu 3FD.



3 I'sB: HanpaB/IeHHbIM NOTOK

Puc.: PesynbTtatol THESEUS no npoTtoHoB v nerkux anep (d., |, )

019 PasfiMyHbIX BapMaHTOB afpOHHOM0 YPaBHEHUA COCTOAHMUS:
cTaHgapTHoro (K =190 MaB), o4eHb «Markorox» (K =130 MaB) u

«xecTkoro» (K = 380 MaB).

= [1N9 nerkmx anep 1Ucrofib3yeTca rnosaHee saMmopaxmsarme ()
n cTaHpapTHoe ().

= [lokasaH MoToK MPOTOHOB, MOSyYEeHHbIN N3 YncTom 3FD-
Mogenu (6es goxura).

= XeCTKOCTb xapakTepmsyeTca KoagopnMUMEeHTOM
HECXMMAEMOCTU A0epPHOV MaTEPUMU:

roe MNNOTHOCTb 3HEPrUM ANEPHOW MaTepun NPU HopMasibHas
anepHas NNOoTHOCTb. CTaHOapTHOE 3HaYeHMe 119 aapPOHHOro
ypaBHeHua cocToaHma: K = 190 MaB (0oBOIbHO «MArKoe»).

= CTaHpapTHoe 3HadeHue K = 190 MaB kaxeTcsa Hanbonee
OMNTUManbHbIM.

6 Au+Au 3 GeV b Gfm hadronic EoS

— 3FD K= 190 MeV
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SANnNMnNnTUYecKunm
NMOTOK

Au+Au, 3 GeV, b=6 fm
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Puc. 26: DnHANTAYECKUI MOTOK MPOTOHOB M JIETKUX SJIEP B 3aBUCUMOCTH OT OBICTPOTHI
B HOJIYUEHTPaJIbHBIX (b = 6 (hM) CTOJNIKHOBEHUSAX Au+Au 1pu sHeprum /sy y = 3 I5B.
[Tpeacrasiiensl pe3yabTaTel U1 TPEX pa3JIMUHBIX YPaBHEHUH cocTosHMA. [Lst neidTpo-
HOB 1 “He Mcrons3yeTcs no3/Hee 3aMopakuBanme, a ns “He — crangaprroe. Takxke
J1JIs1 HUX TIPUBEJIEH PAacuér ¢ nepexoaoM 1-ro poaa co cTaHJIapTHBIM 3aMOpaKMBaHHEM.
[TpoToHsl paccunTaHbl CO CTAHJAPTHRIM 3aMopaxkuBanueM U jJoxurom UrQMD. Takxe
JUISL HAX TIOKa3aH pesysbrat Oe3 goxura. [lanueie STAR B3sTel 3 pabotsr [33;[152].
KCIIepUMEeHTAbHBIE TOYKH 0003HAYEHBI 3aKpallleHHBIMH CUMBOJIAMH, a OTPakKeHHbIe
CUMMETPHYHO HYJIEBOI OBICTPOTHI — HE3aKpAIIEHHBIMH.
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SANnNMnNnTUYecKunm
NMOTOK

Au+Au, 3 GeV, b=6 fm, hadronic EoS
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Puc. 27 To xe, uto 1 Ha PHcyHKe HO 1)1 Pa3JIMYHBIX BAPUAHTOB aIPOHHOTO YPaBHE-
HU S COCTOSIHUSL. Pe3ynbTaThl 1151 CTAHAAPTHOTO a/IPOHHOTO YPABHEHU S COCTOSIHUA ([ =
190 M»3B) nokasaHsel JUIs MO3/IHEro 3aMOpaKkUBaHUsA JUIS BCEX JIETKHUX sjiep KUPHOMH
IITPUXITYHKTUPHOMR JIMHUEl M Ui CTAHAAPTHOrO 3amMopaxupanusa ans “He — ToHKoi
IITPUXITYHKTUPHOU JIMHKUEH. TaK/Ke MoKa3aHbl pe3yJIbTaThl /15 ' KECTKOro" ypaBHEHHU
coctossHus (A = 380 M3B): nis neidiTpoHOB U SHe MIPU MO3JHEM 3aMOPAKUBAHUN U [T
BCEX JIETKMX s/iep NP CTAH1apTHOM 3aMOpakMBaHWU. PacdeT 11 IPOTOHOB BBINOJIHEH
[PU CTaHAPTHOM 3aMOPaKUBAHUU U noceayoiiem joxure UrQMD, a takxe nokasax
MPOTOHHBIH IMOTOK JI1s1 "KeCcTKOro" ypaBHeHus coctosiuus (X = 380 M»3B) o noxura
(crumonHag JTMHUS).



HanpaBneHHbIM NOTOK
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Puc.: HanpaBneHHbi MOTOK O rMnepanep B cpaBHeHMM ¢ faHHbiM STAR. MIcnonb3yoTca Tpu
Pa3NNYHbIX YPaBHEHWA COCTOAHMS.

» [lcnofib3yeTca cTaHdapTHOE 3aMOpaxmBaHKMe C .

= HeT CyLWeCTBEeHHOro OT/IMYMA MO CPABHEHUIO C pe3yfibTaTaMu C Mo3gHUM 3aMOopaxmBaHMEM —
6apWOHHbIN HanpaBneHHbIM NOTOK OPMUPYETCHA Ha paHHEN CTaaMmv 3BOSHOLIMK CUCTEMDI.




