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Bbicokue aHeprum

Dark Energy

—— Huskue aHeprum (\/SNN= 2.3-3.5 GeV)

Pattern  Dark Ages Development of
380,000 yrs. / Galaxies, Planets, etc.

" ions, electrons

Inflation

~4—— electrons, neutrons, nuclei

néutron-proton Fermi liquid
few % electron Fermi gas

1st Stars I .
about 400 million yrs. quark gluon plasma?

Big Bang Expansion B 2

= M. Hanauske et al., J. Phys.: Conf. Ser. 878 012031
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DBOJIIOLUA CUCTEMDI B CTOJIKHOBEHUSAX TAXKEJbIX MOHOB

e e e final detected
Relativistic Heavy-Ion Collisions particle distributions

Kinetic
freeze-out
Hadronization
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viscous hydrqdynamlcs I

collision evolution ~
t~0fm/c t~1fm/c t ~10 fm/c t ~ 1015 fm/c

B SKCNnepnMMmeHTax Mmbl MOXXEM U3MEPUTb YaCTULbl TOJIbKO B KOHEYHOM COCTOAHUN
BbiBOg 0 cBOMCTBAX paHHEro CoOCToAHNA CTOSIKHOBEHUI OefiaeTca Ha OCHOBE CpaBHEHNA
pe3ynbratoB |/|3|V|epeH|/||7| Ha6J'II-OD,aeMbIX BeINnM4nH ¢ MoagesyibHbIMU NMPOrHO03amMu.



CurHan KI'M: l'aweHue ctpym (jet quenching)
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e B p-p ctonkHoBeHMAx obpasytoTcsa ase «back-to-back» ctpym
e B A-A CTONKHOBEHUAX BTOpasi CTPyS NogaBnseTcsa Nnpu NpoxoxaeHun Yyepes nioTHY cpeay 3a

CYET CUNbHbIX B3aMMOOENCTBUN

J.D.Bjorken, FERMILAB-PUB-82-059-THY (1982)



CurHan KI'M: ycuneHue Bbixoaa CTpaHHbIX YacTUL,

C cepeguHbl 80-x rogoB ycuneHne CTpaHHOCTM cunTaeTca npusHakom obpasosaHms KITl

(Phys. Rev. Lett. 48, 1066)

OKCNepMMeHTanbHO HabMOAaeTCs B CTONKHOBEHUAX TSXKENbIX MOHOB Npu aHepruax AGS, SPS,
RHIC n LHC.
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KI'T: runepsagpa
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e Oxunpaetcs yBENNYEHHbIN BbIXOA rMnepsiaep Npu HA3KUX SHEPTUSAX
e [lpeacraBnsieT MHTEpPEC ANs SAEePHOM acTPOU3NKL: OXMOAETCs, YTO rmnepsiapa oyayT
CyLLLeCTBOBaTb BO BHYTPEHHEM S4pe HEMTPOHHbIX 3BE3[



CurHan KI'Tl: konnekTuBHbIE NOTOKU (BbICOKUE IHEPrumn)

e CpaBHMBasd aKCnepuMeHTarnbHble JaHHblE C TMAPOAMHAMNYECKMMIN NPOrHo3amMu, Obifno yCTaHOBMNEHO,
yTto QGM Beget cebsa kak ngeanbHas XUOKOCTb.

e NCQ-cKennuHr -> KonnekTnBHble addeKkTbl 3apoXaarTca Ha cTagum AekoHanHMeHTa

Gale, Jeon et al., Phys. Rev. Lett. 110, 012302
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KonnekKkTuBHbIE MOTOKM

Spatial anisotropy of the Azimuthal distribution of produced particles wrt

nuclear overlap region to reaction plane (Wn)
Reaction 2/ /B / \
plan N
] n=2 n=3 n=4
e
dN
%oc 1+2 z vpcos[n(e — Y,)]
n
. - \/(r" cos ng) + (r" sin ng) Collective flow: v, = (cos[n(p-y,)]))
= (r)

v, is called directed and v, is called elliptic flow



|off plane squeeze-out|

KonnekTtueHble NOTokU (HU3KUe aHeprumn)

Mpn 6onee HM3KMX SHEPIUSX, NOTOKM YYBCTBUTENbHLI K pacLUMpEHno obnacTtu
B3aUMOOENCTBUS 1 K B3aMMOAENCTBUIO C CNEKTaTopamu:

e RHIC @ 200 GeV (2R/y) ~ 0.1 fm/c

e AGS @ 3-4.5GeV (2R/y) ~9-5 fm/c
V, UV, IEMOHCTPUPYIOT CUITbHYHO 3aBUCHMOCTb OT LIEHTPaNbHOCTH, SHepru
CTOSIKHOBEHMSA U TUNa YacTul,.

bounce off

[off plane squeeze-out|

Phys.Rev.Lett. 112 (2014) 16, 162301
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The BM@N experiment

O Magnet SP-41(0)
B Vacuum Beam Pipe (1)
Data: m BC1, VC, BC2 (2-4)
| A A M SiBT, SiProf (5, 6)
e run8 Xe-Csl @3.8A GeV Run Id: @ Triggers: BD + SiMD (%)
m FSD, GEM (8, 9)
o 6600-8300 (February) \ @ CSC 1x1 m’ (10)
@ TOF 400 (11)
@) 7200-8300 (May, Runs O DCH (12)
O TOF 700 (13)
6900-7200 are in progress) 3> ) 0 Scwall (14)
® FD (15)
e VF tracking was used 2 = Ensll CEN He)
1 N @ CSC 2x15 m* (17)
QA Run-by-Run: ’ ' B Beam Profilometer (18)
. B FQH (19)
e Tracking system GEM+FSD, O FHCal (20)
@ HGN (21)
e BC,FD
e FHCal
e FQH

e TOF-400, TOF-700
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Interpretation of the previous flow data

v, suggests K=~210 MeV

P. DANIELEWICZ, R. LACEY, W. LYNCH
10.1126/science.1078070

v, suggests K=310+380 MeV
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[ononHuTenbHble N3MepeHUs HeobxoanMbI ANSA YTOYHEHUSA NPpeabIaYLLINX N3MEPEHU.
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Methods for A measurements

e Sub-event 2-particle Q-cumulants v2{2}: An=0.1 is applied between 2 sub-events A, B to suppress

non-flow
M 0 .
— ing _ Ng ¥n,
Qn ; e (2)app MM, ox 5
0 {2} = (2 ;
e 4-particle Q-cumulants v2{4}

_ ‘Qn|2 - M
2= M(M —-1) A
) = 1Qul* + |Qon? = 2R(Q2n Q2 Q7] — A(M — 2)|Qu|* — 2M (M - 3) . =

- M(M —1)(M - 2)(M - 3) , :

v {4} = {/2.((2))° — ((4))

Method’s details described in PRC 83 (2011), 044913 , EP method: Phys.Rev.C 77 (2008) 034904



Sensitivity of v_{QCl} to flow fluctuations and non-flow

Non-flow contribution for k-particle cumulants:

O ~ 1/Mk_1

Elliptic flow fluctuations: 0'12,2 = <’U§> — <’U2>2

Assuming Oy,<< (vy), fluctuations enhance

v,{2} and suppress v {2k k>1} compared to (vq)

v2{2} ~ (v2) + 575
vo{d} ~ (vy) — % <,:22>

Assuming a Gaussian form of fluctuations

Va14} = {6} = 1,{8} = ,{10]

ol

Ratio to v, {4}

0.l S L . LT T T
i @ AMPT SM Op:1.5 mb 7
[ i 5 il ]
008 A v.{6) Au+Au m =11GeV -
[ e v,{8) X
- ) 10} -
0.06f © V2t v v "
! . 5 £ A
¥ v,{2.2-sub} I g .
0.04+— & -
0.02 '—' 5 .
E Va{4}/Vva{2} = 1: small v, fluctuations ]
o~ 'L Va{4}/va{2} « 1: large v, fluctuations 7]
B (TR T FEAR U P S ] [ ey e [V N I O DA S [N 7 it TIE I J A

12 _l 1 lv l | 5 5 5 l I=l= 1= I | R L I | R L L) I | 5 G L
— v
— g v v v ¥ ]
| = S ®--omomeee ®---oememony R s
0'8__| | S R | | | S O [ | | | S | | | e [ KX | L1 11 | 111 I_

0 10 20 30 40 50 60

Centrality, %

V2{2} > V2{4} =~ V2{6} ~ \)2{8} <t L1
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Motivation: study of v, fluctuation

v {4}/v,{2} =1: small v, fluctuations
v.{4}/v.{2} < 1: large v, fluctuations

—~ S O I UL SN SO AN O S S |
N 1 2- (a) STAR, Au+Au, Charged Hadrons -
\;” i Data points: PRC 86, 054908 (2012) -
rn i i
h:] l_ ............................................................................ il
~ L _
i I & @ & + 1
08 &  o39Gev -
i s 27 GeV i
i v 19.6 GeV E
0.6_— e 11.5GeV ~

l L L L l

@0 20

v, fluctuations at ,/syy = 11.5 — 39 GeV

observed in STAR:

e \Weak dependence on collision energy

1 J 1 A A1 l
40 60

Centrality, %

V2 = k2£2

Indicate a dominated initial state
driven fluctuations o¢,

Provide constraints for IS models and
shear viscosity n(T/s)

How about v2 fluctuations at NICA energies?
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vV, fluctuations at

Au+Au, charged hadrons, nl < 1

\v/SNN = 7.7 - 39 GeV

Particles 2023, 6(1), 17-29;

a) Swq =77 GeV Jb) {5 = 115GeV o fim=196Gev — THo) iy £27GeV' He) s 239 GeV' )
L2r VAMPT, 0,=1.5mb 1 2 STAR data ¢ UrQMD
A DAMPT o, -0 8mb O vHLLE+UrQMD g SMASH
S é_ """" !i R T T T .
Z 1 . 9 ¥ g ® 3 B *
Sr1,0.8 1 * + & # T g g %1 4% -
> 4
| ~ o 19
0.6F + + 1 + 1
1 1 1 1 1 1 1 1 | 1 1 1 1 | | 1 1 1 1 1
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Centrality, %
0.2 | ' ; ' ' . :
[ O 3 o e At SNN>7.7 GeV pure string/cascade models without QGP
0.15 | —— wow oy 1] phase underestimate v,
o e od e v, fluctuations observed in STAR can be reproduced by model
0.1 E = either with or without partonic phase description
F e ] . . H
;— . s o v, fluctuations dominated by ¢, fluctuations
0.05 g =1 . . ey .
i ¢ * AutAY, | /Sy = 7.7 GeV o v,{4}/v {2} direct probe for the initial state conditions
oLt . 10:40% protons ]
0 0.5 1 1:5 2 25

P, GeV/c

What about v2 fluctuations at lower energies?



vV, fluctuations at

\v/SNN = 7.7 - 39 GeV

Particles 2023, 6(1), 17-29;

Au+Au, charged hadrons, nl < 1

5 (@) s = 7.7 GeV " Hb) Yo = 11.5 GeV ' 1(0) Yo = 19.6 GeV " 1(d) Y =27 GeV' " 1(e) Y5 =39 GeV' '
“1 VAMPT, 0,=1 5mb X STAR data % UrQMD
= CIAMPT, 6,=0.8mb O VHLLE+UrQMD s SMASH
S T e T s s :
2 | / 3 ® ¥ 2 Q
= é*ﬂi § ¥ 24 gﬁsgg e vHY
==, 0.8} T T + & T g T x 1
S| ] + Q
0.6F + + + + 1
1 1 1 1 ] 1 1 L 1 1 1 1 1 1 1 | | 1 1 L 1 1 1
0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
Centrality, %
13 T T T R L o A PR I e I M P o PR R T T T ™
12F UrQMD, Au+Au, h* o o= 4 50Gev BOGV ) T p @ 3
&  F 0.2<p.<3.0GeVic 3 T TGN @ ILsGey ¥ E
S5 1AE T o = -
i F A i i E
e AU B B B S S B S B R S A
;7“ 0.9F . i f 1 = % . E g e ° ¢ E
Z osf ¢ I ¥ = 3
<t E - = |
= 0TE E3 £, E
0.6F = + 3
| s b b v by by by Lol P PRSI ST P RTINS = 2 ol by by by by a a1 d
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Centrality, (%)

v2 fluctuations decrease with decreasing energy at NICA energy range at /Snn=4-11.5 GeV
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vV, {4t/ v,{2, 2-subj
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Centrality, (%)

v, fluctuations decrease with decreasing energy at NICA energy range at /syy = 4-11.5 GeV

The ratio v {4}/v,{2} has particle dependence

Gl
o
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Motivation for centrality determination

Evolution of matter produced in heavy-ion collisions depends on its initial geometry

Goal of centrality determination:
map (on average) the collision geometry parameters
to experimental observables (centrality estimators)

(projectile)
participants spectators

Centrality class S,-S,: group of events corresponding to
a given fraction (in %) of the total cross section:

1 52 do
CS — —UAA : "d—S“dS
inel ¥ °1 (target)

spectators
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MC Glauber model

MC Glauber model provides a description of the initial state of a heavy-ion collision

o Independent straight line trajectories of the nucleons
o A-Acaollision is treated as a sequence of independent binary NN collisions

o Monte-Carlo sampling of nucleons position for individual collisions

Main model parameters
- Colliding nuclei
Inelastic nucleon-nucleon cross section ( o"N

(depends on collision energy)
- Nuclear charge densities (Wood-Saxon distribution)

1+ w(r/R)?
1 +exp (%)

p(r) = po-

Geometry parameters

b
N

part

N
N

spec

coll

— impact parameter

— number of nucleons participating in the collision
— number of spectator nucleons in the collision

— number of binary NN collisions

inel

Glauber Modeling in High Energy Nuclear Collisions:
ARNPS57:205-243,2007
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