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Chemical freezeout (T, < T,): inelastic scattering ceases
Kinetic freeze-out (T, < T,): elastic scattering ceases




Definitions. Non-central Collisions (b>0 ) \
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Modern analysis:
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Distributions
Rapidity dependence
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Centrality dependence
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Motivation:
connection to
Equation of State




DISAPPEARANCE OF DIRECTED FLOW
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V, OF NUCLEONS AND FRAGMENTS AT LOWER ENERGIES

~ o Plastic Ball Collaboration
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v/ve and fragments has linear
Figure 1 Average in-plane transverse momentum versus normalized rapidity i the reaction
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SOFTENING OF DIRECTED FLOW
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Wiggle structure: The effect is more
pronounced in peripheral and light-ion
collisions, therefore, it cannot be ex-
plained by the softening of the EOS
because of the formation of strings



Models at our

disposal:
UrQMD, DCM, QGSM...
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BES/FAIR/NICA




Beam energy scan results for v, (STAR)

S. Singha et al. (STAR Collab.), PoS CPOD2017 (2018) 004
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Figure 1: (Color online) Rapidity dependence of directed flow (v;) for A, A, K. K_.fﬂ K~ and ¢ in 10-40%
and 40-80% Au+Au collisions at ,/syy = 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4 and 200 GeV.




V, (y) for protons  QGSM

11.6 GeV |
1

& Softening and development of antiflow at midrapidity with increasing
impact parameter
« In central events — “normal” flow almost for all bombarding energies



V; (y) for protons DCM
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& Softening and development of antiflow at midrapidity with increasing impact parameter

« In central events — “normal” flow with decreasing CM energy

« Softening of v, at midrapidity is stronger for small colliding systems, whereas in case of
QGP formation the effect should be opposite



V; (y) for protons  UrQMD
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« Softening and development of antiflow at midrapidity with increasing impact parameter
« In central events — always “normal” flow
« Almost no difference between Xe+Xe and Au+Au
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V, (y,py) for protons
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& Spectra for protons with P; > 0.2 GeV/c and P > 0.9 GeV/c
& Almost no difference, especially, at midrapidity



V, (y,py) for protons DCM
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& Spectra have spiky structure
¢ Clear difference between different parts of P; - spectra



V1 (y,py) for protons  UrQMD
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& No difference for both, Au+Au and Xe+Xe, @11.6 GeV
& Clear difference for collisions @ 5.5 GeV
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V, (y) for pions QGSM

11.6 GeV

Y/Ymax

¢ Pions always have antiflow

& Stronger effect for more peripheral collisions



V; (y) for pions DCM
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& The same conclusions: Pions always have antiflow
& Stronger effect for more peripheral collisions
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V; (y) for pions UrQMD

b
2
|
4
<
O
Il:Illlllllﬂlllllllllllllll b
)
<
©

=}
-
n

8 3
i

04
04
(4
\-jillllllllllll
(4

4

4
I O
+ 40

o
O
v

'
i
4olllllllllllllllllll
LI L
i

R‘?I! !ll
9)
0
4

v

)

|
|
|
|
|
|
|
|
llIllllllllllllllllllllllll“llﬂ(}IlllIIll!lllllIlllIlIIl-.lIllllIl‘l)lllllllllllllllllll.
|
|
|
|
|

wler b b bl
L e e

L

~
\/

-‘\

-4

v 3
QQ o

-08 06 04 Q=2 o oz o0s Q&O.& 1

0.5
-1 08 06 0402 0 02 082 08 08 1T 08 06 04 02 o o2 04 OS5 08 1 08 06 04 02 o o2 04 OS5 08

- IIIlIIlIllllll!llll||lll|lI:hl Illl|l||l|llll!lllllllr
0
04
4

“ The same conclusions: Pions always have antiflow
& Stronger effect for more peripheral collisions



V1 (y,py) for pions QGSM
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¢ Drastic difference: high-P; pions have almost zero V, at
midrapidity at 11.5 GeV
¢ and normal flow at 3.5 GeV
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V1 (y,py) for pions DCM
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V1 (y,py) for pions UrQMD
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¢ Directed flow of high-P; pions has normal slope only for
central collisions at 3.5 GeV
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V, (y) for kaons QGSM

11.6 GeV

& Kaons have antiflow at higher energies and normal flow — at lower ones

& Stronger effect for more peripheral collisions



V; (y) for kaons DCM
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Stable antiflow behavior for all energies and centralities



V; (y) for kaons UrQMD

4
4
K}
1
RARLIRN o1 RALRI RAALI LALL
S
4 ]
(
4
QD
4
4
E
<

Ll

11.6 GeV 0-10%': 77GeV

5.5 GeVv

35GeV

IIIII
lllll

AR EEREEER I T FE NI CE NI RN SRR SN FN
lllllllllll]l RN RERE LN LR Illllllllllll

v 1 1 1 1 1 1 1 1 1
0»‘5_'II[Ill|'I'|IIl]"'[l'lli"lillli"['li lllllll]llllIllllllllll]ll Illllllll]lll lllllllllll]ll lllllllllllll[lllllllllll

>
FIZw e D ]
TRl OQOQGU”

_‘<
g
ke
g
g
4
()
.!:Q::
',
€ |
K|
o
alll!lllllllllllll
™
'y

D E Fy :
3 + - ol :
o . 5 - ¥ :

10-40°5 o
015 1 1 1 M ETEE N 1 1 [FETE T I Lisal 1 1 11 | | 1 1 Lisal 11 1 1 11 | 1 . 1 1 1 1 1 1 1 1 1 "
T T 1 bl RAA R | 1 | Ll RN By LI | | 1 ot | I | 1 1 | I | ot I 1 ot | I | 1 e 1 1 1 1 ot 1 1 1 1 hE
oI —::' m ‘::- ':
oosf - OQQ'

@QQ@EQVQ E "Q‘ ; D

llll|IIII|IllIIIIIHIIIIIIIII"IlllllllIllIllIllC’llllllllll

IR T IR FTHY FET FETE FTEE FET] PP FEwS FETe salosslovalonalonolonalonsTooalonslonalooulonslonualonolonolonalonsTuoalonslovalonalonslonalonslonalonalusy
-1 08060402 0 02 042 0s OB 1 -08 06 04 02 0 o2 04 Os 08 1 08 06 04 02 o0 o2 04 OS5 08 1 08 06 04 02 O oz o= ohos

¢ Antiflow for all but peripheral collisions at 3.5 GeV ?!



V, (y,py) for kaons QGSM

& Transition from antiflow to normal flow — at lower energies
and especially for high-P; kaons
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V, (y,py) for kaons DCM

¢ High-P; kaons develop normal flow
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vV, (¥;py)

for kaons UrQMD
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& Normal flow for kaons at 3.5 GeV
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¢ At 11.6 GeV - significant softening of V, for high-P; kaons
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V, (y) for Lambdas QGSM

11.6 GeV
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¢ Behavior of Lambda’s V, is similar to that of protons



V; (y) for Lambdas DCM
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¢ Transition from antiflow to normal flow with decreasing

energy



V; (y) for Lambdas UrQMD
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& Normal flow in central collisions at higher energies and
(weak) antiflow at low energies



V, (y,py) for Lambdas QGSM
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¢ Small difference between V, of low-P; and high-P; Lambdas
¢ Very similar to V, of protons



Vi (y,py) for Lambdas DCM
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V1 (Y,pp) for Lambdas UrQMD
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¢ High-P; Lambdas develop normal directed flow



Directed flow in HI collisions at FAIR/NICA energies

v‘1’, S+8, 0-10% centrality, Ys=11.6,7.7, 3.5 GeV
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Directed flow in HI collisions at FAIR/NICA energies
Comparison between UrQMD and QGSM
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“Directed flow = Normal flow — Antiflow in all transport models




Time development of directed flow
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¢ It appears that V, of both pions and protons at midrapidity
is formed not earlier than 5 — 6 fm/c




Time development of directed flow, QGSM

Protons, Au+Au, Ys=11.6 GeV b=6 fm Pions, Au+Au, ¥s=11.6 GeV b=6 fm
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e V, of mesons and baryons at midrapidity is formed at approximately 6 — 10 fm/c



Time development of directed flow, UrQMD
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I V, of mesons and baryons at midrapidity is formed at approximately 6 — 10 fm/c



Influence of resonances on the development of V,

Protons, Au+Au, Vs=11.6, b=6, no resonance decays Pions, Au+Au, Ys=11.6, b=6, no resonance decays
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"« Difference is seen only for Lambdas and for protons (not so distinct) at t = 5 fm/c



Directed flow of hadrons in 3-fluid hydro THESEUS
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Remarkable is the effect of
turning pion flow to antiflow
due to hadronic rescattering
in the dense baryonic
medium.

P. Batyuk, ... Yu. Ivanov et al,, 1711, 07959



Directed flow of hadrons in 3-fluid hydro THESEUS
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Figure 6. Same as in Fig. 5

wit for Egh = 30 A GeV.



Directed flow
and freeze-out




Sequential freeze-out of hadrons at NICA energies
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¢ There is no sharp freeze-out for different hadrons
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& The order of freeze-out is as follows: mesons (kaons and
pions), nucleons and lambdas




Freeze-out of hadrons at NICA energies

Au+Au @ 4 GeV ; 0 - 10%

UrQMD Au+Au Vs=4GeV 0-10% centrality
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Freeze-out of hadrons at NICA energies

Aut+Au @ 11 GeV ;0 - 10%

UrQMD Au+Au Vs=1 1Ge10f% centrality
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‘& Baryons with small R; are not emitted earlier than 5 fm/c



CONCLUSIONS

€ Directed flow = Normal Flow — Antiflow

Normal Flow = Antiflow (except of the midrapidity range)

@ The softening of the flow can be misinterpreted as the softening
of EOS due to formation of the QGP, but:

QGP =» the effect is stronger for semi-central collisions

Cascade =» the effect is stronger for semi-peripheral and

peripheral ones

€ At energies about few GeV: normal directed flow of protons at
midrapidity in central collisions and antitflow in peripheral ones.
Mesons — antiflow for all centralities.

@ The directed flow of high-P.. is elongated in normal direction

€ Development of directed flow of hadrons at midrapidity in
transport models takes about 6-8 fm/c (or longer)

@ Three transport models give different predictions of magnitude
and (sometimes) elongation of V, of hadrons at lower energies
Exp. data are needed for tuning of the models
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