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‘Nntroduction

« Quark-gluon plasma (QGP) Is a new phase state of
Matter produced at ultrahigh temperatures and energy
densities

o [Ne experimental stuady of the QGP Is carried out at
Nigh-energy colliders and accelerators.

* [Ne theoretical study of the QGP is carried out Using
computer modeling, including Monte Carlo methods.




Azimutnal anisotropy in collisions of
neavy Nnuclel

N non-central collisions of heavy nuclel,
an anisotropic volume of QGP is formed.

After the hadronization of the QGP,
thousands of charged particles are born,
the initial momentum of which depends

on the pressure gradient in the volume
of the QGCP

The generated particles will be
distributed unevenly in the azimuthal
olane, which generates azimuthal
anisotropy.




Azimutnal flows of chargedo
Darticles

Information about the azimuthal The coefficients of this expansion are called
anisotropy of particles is directly related to

narmonics of the azimuthal flow or simply
the evolution of the "droplet" of the QGP, so  elliptical (v, ) triangular (vs), etc. flows.
its study is of scientific interest.

To numerically describe azimuthal
anisotropy, we can use the Fourier
decomposition of the distribution of the

Nnumber of particles over the azimuthal
angle.
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Experimental study of azimuthal anisotropy

QOGP studies were carried out by: STAR, PHENIX,
BRAHMS, PHOBOS, CMS, ATLAS, ALICE.
Detector CMS (Compact Muon Solenoid)

« Tracking detector In| < 2.4

« EM calorimeter | < 2.0

 Hardon calorimeter || < 3.0

« Muon chambers Iq| < 2.4
 Forward-calorimeters 50 <n| <52

« Solenoid fielduptos. 8T
o Trigger L1 up to 100 kHz
 High level trigger (HLT) up to 1 kiHz




Monte Carlo generator HYDJET++

HYDJET HYDJET++
Hybrid Monte Carlo generator of core- Further development of the generator
nuclear collisions. It includes a soft (improved soft component based on FAST
hydrodynamic part and hard multiparton MC + PYQUEN hard component identical
processes. to HYDJET)
http://lav01.sinp.msu.ru/~igor/hydro/ http://lav01.sinp.msu.ru/~igor/hydjet++/
(HYDRO + PYQUEN) (standard version 2.4)
I. Lokhtin, A. Snigirev, 2006, I.Lokhtin, L.Malinina, S.Petrushanko, A.Snigirev, I.Arsene,

K.Tywoniuk, Comp.Phys.Comm. 180 (2009) 779

EPJC, 45, 211



http://lav01.sinp.msu.ru/~igor/hydjet++/

Methods for calculating azimutnal flows

The true Reaction plane The method of calculating the
Mmethod reaction plane
e |INnthe generator, the reaction plane * INnthis method, the angle of the
s set by an internal code and is reaction plane is calculated from two
considered known. independent groups of particles.
. Thus', the Ca\cu\aton of ﬂovvs S oy = (tan‘l Y w; sin(ncl)i))/n
oossible immediately using the X wi cos(néy)
formula: « Knowing the angle of the reaction
o v, = {cos[n(¢p — p,,)]), where P, — plane, it is possible to calculate the

flows using the well-known formula

azimuthal angle of the reaction
olane




Methods of 2 and 4 partial cumulants

« TWwoO-and four-particle correlations in the cumulant method can
be described as follows:

. ((2)) = <(ein(<p1—<pz))> ((4)) = <(ein(<p1+<pz—<p3—<p4)>>, here, double angle
orackets mean averaging by particles and by events.
« Cumulants of the second and fourth orders:

{2} = ((2))  cufd} = ((4)) — 2+ ((2))°

 Then the flow can be calculated using the formula:

a2} = [((eer=00)) wanv,(2) = eal2) 11 val4} = Y=culd)




Cumulant methods and scalar product
Method

From a computational point of view, it is easier to calculate azimuthal fluxes through the so-
called Q-vector of the flow:

|Qnl® — M\ (4) = (1Qul*) + (1Qnl?) — 2(Re(Q2nQnQn) . 2(M — 2){|Qu|*) — M(M - 3)
MM —1)” ™Y T MM - DM - 2)(M - 3) MM — 1)(M — 2)(M — 3)

Cn{z} — <
Q-vector is defined as: Q,, = yzlei"‘Pf, M — multiplicity

N turn, the scalar product method in terms of Q-vectors:

A B
v, {SP} = (04 or) ~where Q4 and Q2 mean Q-vectors of independent subevents

J(esof)eRen)




The dependences of the coefficients v, on the transverse momentum pg for collisions
Pb-Pb (left) and Xe-Xe (right), calculated by the methods of the second cumulant and
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« When comparing the results of the HYDJET++ generator with the CMS experiment
calculated by the same methods, the greatest data consistency is observed.

« An important difference is the convergence of data in the small ppregion for central
collisions between Xe-Xe and Pb-Pb. This is a signal of the importance of taking into
account the initial geometry.




The dependences of the ratios of the coefficients of elliptical flows v, in Po-Pb collisions
to the coefficients in Xe-Xe collisions of py calculated using the 274 Cumulant method
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The dependences of the coefficients v, on the transverse momentum pg for collisions Pb-
Pb (left) and Xe-Xe (right), calculated by the methods of the 41" Cumulant and TRPM
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« Thevaluesobtained by the fourth cumulative method, as expected, are systematically lower
than the values obtained by TRPM

« Comparison with experimental data (for Xe) shows good convergence in the semi-central
region, in the region of low pr




The dependences of the coefficients v, on the transverse momentum py for collisions Pb-
Pb (Left) and Xe-Xe (right), calculated by the methods of scalar product (SPM) and TRPM
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« Theresults obtained by the scalar product method are systematically higher than those for
TRPM,

« Comparison with experimental data shows satisfactory convergence in the field of small pr




Nntegral values of azimuthal Tlows

The integral coefficients of azimuthal anisotropy are the spectral-averaged values of the
differential coefficients v_2 (discussed earlier)

Integral flows, unlike differential flows, are more resistant to initial fluctuations and serve
as a reliable source of information about the global parameters of hydrodynamic models
and, in particular, about the influence of the initial geometry.

N this work, in order to accurately compare the results with CMS data, integral values
obtained intherange 0.3 <py < 3.0IB/c are used. in addition, the previously entered
condition |n| < 2.4 continues to apply




Integral distributions of elliptical flows v, calculated by 4 different methods for Pb-Pb
collisions at /syy = 5.36 TeV (left) and collisions Xe-Xe at \/syy = 5.44 TeV (right)
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« [he mutual hierarchy of methods established earlier remains in place.

« T[he absolute values of the integral fluxes for such nuclear systems differ little, despite
the difference in mass numlber of almost 1.5 times.




Integral values of elliptical flows in Xe—Xe and Pb—Pb collisions calculated using the 2nd
cumulant method in HYJDET++ (right) and comparison with the CMS experiment (left)
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Integral values of elliptical flows in Xe—Xe and Pb—Pb collisions, calculated using the 4th
cumulant method (left) and the scalar product method (right) in HYJDET++
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v,{4}v A2, |IAnl > 2}

Ratio of XeXe/PbPb

Comparison of the relations of integral elliptical flows v, {4}/v, {2} depending on the
centrality of the collisions, calculated in the HYDJET++ (right) and CMS experiment (left)
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Pregictions tor O-O collisions at LHC
energles

The planned collisions of oxygen (O-0O) nuclel at the Large Hadron Collider represent a
unigue opportunity to study the transition regime petween small and large systems in
nuclear collisions.

The oxygen core is doubly magical with a proposed cluster structure (packing 4 alpha
oarticles), which makes it interesting for research.

A numbper of theoretical studies predict a strong influence of the choice of the initial
configuration of the system (cluster model or "drop") on the distributions typical for heavy
lon collisions: pseudo-velocity, pr and v, distributions




Dependences of the elliptical flow coefficient v, on the transverse momentum pr of the

generated charged particles for O-O collisions at energy 4/ (syy) = 6.8 TeV, calculated by the
methods of the true reaction plane (TRPM), the second and fourth cumulants, as well as
the scalar product (SPM) method
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* The behavior of the v_2 distributions for O-O differs greatly from those for heavy nuclear
systems, which may indicate a weak hydrodynamic response of the O-O system.
« Despite the differences in behavior, the global hierarchy of methods remains.




Integral distributions of elliptical flows v, as a function of centrality in O-O collisions at
energy +fsyy = 6.8 TeV, calculated using the methods of the true reaction plane (TRPM),
scalar product (SPM), 2nd and 4th cumulants in HYDJET++
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o The hierarchy of methods is preserved : v,{4} < v,{TRPM} < v,{2} < v,{SP}

« The absolute values of integral guantities in O-O collisions are noticeably lower than
those for heavy nuclear systemes.




Modification of the HYDJET++
generator

AS a result of the conducted research, areas of insufficiently good description of
experimental data by the HYDJET++ generator were identified. The discrepancies were

often caused by the lack of consideration in HYDJET++ of the deformation structure of
colliding nuclel.

Currently, the HYDJET++ generator uses the
simplest formalism, with the representation
of nuclel in the form of spheres, with a
uniform distribution of nuclear density. See
Nttps//arxiv.org/pdf/hep-ph/00041/6 |.P.
Loknhtin A.M. Snigirev

't is also worth noting the features of
Integration over the nuclear volume — it is
oerformed along the "cylinder", and not
along the body of rotation.



https://arxiv.org/pdf/hep-ph/0004176

N the future, it is planned to introduce into HYDJET++ an apparatus for accounting for
nuclear deformation in the following formalism:

Po
r,0) = , R(8) = Ryl1 + B,Y50(0) + LaYao(6
,0( ) 1+exp[(r —R(Q))/CLO] ( ) 0[ :BZ 20( ) :84 40( )]
Where B, and B, are the deformation parameters for the quadrupole and hexadecapole
modes, and Y, IS a spherical function in the usual sense . The left expression represents

the nuclear density in the Woods-Saxon potential
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Conclusions

1. Using a Monte Carlo HYDJET++ generator, particle generation in Xe—Xe and Pb-PD
collisions was simulated as part of the study of azimuthal anisotropy at LHC collider
energies and compared with experimental data from the CMS experiment. 4 methods
were used to calculate integral and differential values of v,

2. The analysis of the differences and agreement of these methods with each other at the
level of generated events of the HYDJET++ model, as well as when comparing with
experimental data, is carried out. The areas of the best description for each method are

identified, as well as their mutual hierarchy.

3. It has been shown that HYDJET++ well describes the benhavior of elliptical and
triangular azimuthal fluxes in heavy ion collisions in semi-central collisions. At the same
time, peripheral interactions are not described well enough due to the known
limitations of their description within the framework of the hydrodynamic model.




Conclusions

4. It is shown that for central collisions, the difference between the simulation results and
the experimental data is caused by the influence of the deformation structure of the
nuclei. Thus, the importance of taking into account the deformation of the nuclel is

established.

5. Also, using the HYDJET++ generator, O-O events were simulated as a prediction for
future data at the LHC collider. A number of features characteristic of small nuclear

systems have been identified.

6. A plan has been developed for further modification of the HYDJET++ generator, which
will take into account the deformation features of various nuclei for a more accurate
description of existing and future experimental data at the LHC, RHIC and NICA

colliders.




Thank for yvour attention!




OCHOBbI TEOPETMYECKOro ONMCaHga a3nMyTabHOW
AHMN3OTROMUK 38PIKEHHBIX YaCTML

D330BbIV Mepexod K HOBOMY COCTOAHMIO
BelleCTBa BO3MOXeH Moc/e npeogoneHing
nopora NIOTHOCTY sHePr K ~1 MaB\GM?

CymTaeTcd, yto KI'TT obnanaeT CBOMCTBaAMM
MOYTK MOEaNbHOM XUMOAKOCTU,
XapaKTepnsyemMow HabopoMm
rMOPOAVMHAMMYECKIMX MapaMeTPOB:

TeM ﬂ@paTyDOM, BA3IKOCTbIO, XMM. TTOTeHLMaJTOM.
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JKCnepmMeHTalbHble O3
10 a3MMYTabHOM aHM30"

Hble CMS

OO TV

B paboTre ncnonb3yioTca TpW Habopa OaHHbIX Konnadopallim CMS:

e Pb-Pb cobblmTna +/syy = 5.02 T2B, HabpaHHble Bo Bpema Run2 8 2015 1. (26 ub™1)
Sirunyan A.M. et al. Azimuthal anisotropy of charged particles with transverse
momentum up to 100 GeV/c in PbPb collisions at «/syy = 5.02 TeV // Physics Letters B. —

2018, —Jan. — Vol 776 — P. 195216,

e Xe-Xe cobblTUA +/Syy = 5.44 T2B, HabparHHble Bo Bpema Run2 B 2017 1. (3.42 ub™1)
Sirunyan A. M. et al. Charged-particle angular correlations in XeXe collisions at +/Syn
= 5.44 TeV // Physical Review C. — 2019. — OxT. — Vol. 100, no. 4.

« Pb-Pb cobblTna +/syy = 5.36 T83, HabpaHHble Bo BpemMa Runs 8 2023 1. (2 nb™1)
Characterizing the Initial State in XeXe and PoPp Collisions using Multiparticle

Cumulants: Rep./ CERN. — Geneva : 2025.

[1na Bcex HabopoB crnpaBea/IMBbl Cedyrolle YCNoBUd 0149 PermcTpupyemMblX
3apKeHHbIx YacTumL [nl < 24103 <ppr <10.0I'3B/c




A3VIMYTalIbHblIE TTOTOKM B
CTONMKHOBeHMax Xe-Xe v Pp-Pp

[loropopunmcg, 4to ganee, OyayT paccMaTPMBaTbCA TONMBKO M30paHHbIe PervoHbl
LLeHTpanbHOCTM: 5-10% (UeHTpanbHble CTONKHOBeHWA), 20-25% (NonyueHTpa lbHble
CTOMKHOBEHWMdI) 1 40-50% (Mepndepryeckie CTONKHOBEHMA.

[1na KaXkaoro pernora ueHTpanbHocT 8 HYDJET++ Obl1o creHepurpoBaHHO OKOMO |
MNTMOHa COOBITUM

Pe3ybTaTbl CreHepumpoBaHbl N9 CpaBHEeHMA C | 1 2 rpynnamMil JaHHblXx CMS, a MMeHHO:
CTONIKHOBeHWE Pb-Po mpun sHeprin «fsyny = 5.02 ToB 1 cToNkHOBEHMA Xe-Xe Mpu aHepr

VSNN = 5.44 5B




3aBNCUMOCTIM KOSPPULIMEHTA SMTUMNTUYECKOrO MNOTOKAE Vo OT MOMepeYHOro MMnynsca pr
OOXKOAOLLMXCHA 33RIKEHHBIX HaCTULL ANF CTONKHOBEHWM Po-Pb npn sHeprin 4/Syy = 5.02
3B, BblUMCNeHHbBIX MeTodaMU NCTUMHHOW MIOCKOCT W peakunn (TRPM), MeToaoM ¢
0acyYeTOM MNOCKOCTM peakunm (RPM), BTOPOro 1M 4eTBepToro KyMyIaHToB (219 11 410
Cumulant), a Takke MeTOAOM CKaNapHOro npovsseneHa (SPM) B reHepatope HYDJET++
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3aBNCUMOCTIM KOSPPULIMEHTA SMTUMNTUYECKOrO MNOTOKAE Vo OT MOMepeYHOro MMnynsca pr
OOXKASOULMXCA 3aPHKEeHHbBIX YacTWL, AN CTONKHOBEHWN Xe—Xe MPK SHEPIM N /Syy = 5.44
3B, BblUMCNeHHbBIX MeTodaMU NCTUMHHOW MIOCKOCT W peakunn (TRPM), MeToaoM ¢
0acyYeTOM MNOCKOCTM peakunm (RPM), BTOPOro 1M 4eTBepToro KyMyIaHToB (219 11 410
Cumulant), a Takke MeTOAOM CKaNapHOro npovsseneHa (SPM) B reHepatope HYDJET++
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38BUCUMOCTM KOSDDNUMEHTA SMANUNTNYECKOro NoTOKa vy OT MOMNEepeYHOro MMMy bCca pr
DOXKASKOLIMXCA 3aPIKEHHbBIX YaCTUL, 019 CTONKHOBEeHUMIM Pob—Pb npuw aHeprun /syy = 5.02
13B (cheBa) n Xe=Xe npu aHeprun /syy = 5.44 128 (cnpasa), BolYMCEHHDBIX METOLaM

M1IOCKOCT W peakun (RPM) 1 MCTUHHOWM MIOCKOCTUM peakumm (TRPM)
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« BHeaopeHume BblHNCIeH M yIa rMioCKOCT DeaKLUVV MPAKTYEeCK He MoBANASIO Ha
De3y/1bTaTbl BblYMCNeHMA SANMMNTMYECKOro NoToKa B reHepatope HYDJET++ Kak a9
CTONKHOBEHWMW CBMHLA, TaK 1 019 CTONKHOBEH W KCEHOHA

« B odepenHon pas noarBepaeHb obnacty yaoBNeTBOPUTENBHOIO OMMCaH NG
reHEePaTOPOM 3KCMNEPUMEHTalbHbIX AaHHbBIX (LeHTPallbHble W MONyLUeHTPallbHble PErMOHDI)




38BUCUMOCTM KOSDDNUMEHTA TOUAHTYTADHOIO NMOTOKAE V3 OT MOMNepeYHOro MMMy nbca pr
DOXKASKOLIMXCA 3aPIKEHHbBIX YaCTUL, 019 CTONKHOBEeHUMIM Pob—Pb npuw aHeprun /syy = 5.02
13B (cheBa) n Xe=Xe npu aHeprun /syy = 5.44 128 (cnpasa), BolYMCEHHDBIX METOLaM

M1IOCKOCT W peakun (RPM) 1 MCTUHHOWM MIOCKOCTUM peakumm (TRPM)
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e Pe3ynbTaTbl BHYMCNEHUMA TRWAHTYAAPRHbBIX MOTOKOB B reHepaTope HYDJET++ oka3anmch
BOCMDWMMYMBBLI K BHEOPREHIO DACYHETa Y13 MITOCKOCTI DEaK LI,

* OTO CBA3GHO C OCOOEHHOCTLIO BblYMCIEeHUS U3 BHYTPUW FreHeParopoa




38BVCUMOCT M OTHOLWEHUW KODDPUULMEHTOB SNMUMTUYECK X MOTOKOB v, (C1eBa) 1
TOVMAHIYNAPHBIX MOTOKOB V5 (CMpaBa) OT MornepeyHoro MMNyNbCa pr POXOA0UIMXCS
3aPMKEHHDBIX 4YaCTUL, 019 CTONKHOBEHUW PD-PD K KOO O MUMEHTAM B CTONTKOBEHMAX Xe—
Xe, BblUNCIEeHHbBIX MeToAaM MIIOCKOCTY peakum (RPM) 11 UCTUHHOW MIOCKOCTU
oeakunm (TRPM)
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o J1Na OTHOWEHMW SANUNTUYECKMX U TPUAHIMYTAPRHbBIX MOTOKOB HabtoaaeTca Manoe
DaCXOX[OeHne pesynbraTtoB Mexay Metodami RPM i TRPM B conactu pr < 6.0 I'3B/c,
OHaKO MPW yBEUYEHUW P M3MEHEHWA CTAHOBATCH BCe DOMee 3aMeTHbIMM

* ’_‘DMHMHE& TaKOro noBegeHd Bbl3BaHa Masliol CTaTVCTUMKOW B «XBOCTaX» D@Cﬂp@ﬂ@ﬂeHl/Wl




VIHTerpanbHble pacrpegeneHma N1MNTUYeCKMxX MNoTOKOB vy B 3aBUCUMOCT M OT
LEeHTPaNbHOCTM B CTONKHOBEHMAX Po-Pb npu sHeprv /syy = 5.02 158, BblUnceHHble C
MOMOLWLbIO METOAOB MCTUHHOW MOCKOCT W DEaKLMKM, CKaNARHOIo nporisBegeHund, 2-ro u
4-rO KYyMyNnaHToB B HYDJET++ 1 METOO0OM BTOPROIO KYMYJ/IAHTA B aKCnepnmMeHTe CMS
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