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Which observables are suitable for the study of the chiral symmetry
restoration and of the quark gluon plasma in the NICA energy regime?
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Parton-Hadron-String Dynamics (PHSD)
H Chiral Symmetry Restoration (CSR) in PHSD

Observables of CSR and QGP in heavy-ion collisions
m Rapidity and transverse mass spectra
m Particle ratios and abundances
m Sensitivity to the system size
m Centrality dependence

B Directed flow
m Proton and pion flow
m Excitation functions of the directed flow slopes

H Summary
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® Dynamical many-body transport
approach.

m Consistently describes the full time
evolution of a heavy-ion collision.

m Explicit parton-parton interactions,
explicit phase transition from
hadronic to partonic degrees of
freedom.
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® Dynamical many-body transport
approach.

m Consistently describes the full time
evolution of a heavy-ion collision.

m Explicit parton-parton interactions,
explicit phase transition from
hadronic to partonic degrees of
freedom.

m Model applicable out-of equilibrium and in
agreement with the lattice results in
equilibrium as well as with the nuclear physics
input.

m Transport theory: off-shell transport equations
in phase-space representation based on
Kadanoff-Baym equations for the partonic
and hadronic phase.

W.Cassing, E.Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W.Cassing, EPJ ST 168 (2009) 3.
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ical Quasi-Particle Model (DQPM)

The QGP phase is described in terms of VLG?VJ] oht quark /

interacting quasi-particles with Lorentzian ' :

u=0
spectral functions: 1 ’ ‘ N
4T ;(T) -] .

pilw, T) = (i=9,3.8) -~ s>

(@2 =92 = MA(T)) + 4TX(T) .

1

Masses and widths of partons depend
on the temperature T and chemical

potential ;14 of the medium:
200 4 2.0

Properties of quasi-particles are
fitted to the lattice QCD results:

:
200 400 600 800
T [MeV]

Peshier, Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007) .
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Stages of Parton Hadron String Dynamics (PHSD)

Alessia Palmese

String formation in primary
NN Collisions.

String decays to pre-hadrons
(baryons and mesons).

Formation of a QGP state if ¢ > ec ~ 0.5 GeVfm ™.
Dissolution of newly produced secondary hadrons into
massive colored quarks/antiquarks and mean-field
energy Uy

B —qqq(q39) M—q3 + U,

DQPM defines the properties (masses and widths) of
partons and mean-field potential at a given local
energy density e.

Hadronization through a local covariant off-shell
transition rate which conserves 4-momentum and
quantum numbers.

Hadron-string interactions — off-shell HSD.
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Chiral Symmetry Restoration (CSR)

Lattice QCD predicts two transitions of the strong matter at high
temperature:

) . m Chiral Symmetry Restoration
m Deconfinement phase transition

10—
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I~ S. Borsanyi et al. — 15 Continuum W
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e
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The scalar quark condensate (qq) is viewed as an order parameter for the
restoration of chiral symmetry.

(Gq) = # 0 chiral non-symmetric phase;
997= 1 =0 chiral symmetric phase.
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String dynamics in PHSD

In PHSD the flavor chemistry of the final hadrons is defined by the LUND
string model.

m Chemistry determined by the Schwinger

formula:
P(s3)  P(s3 mg — mj,
A color flux connects the rapidly (s3) — (Sf) = = exp(—7r hd ”7")
receding string-ends. P(uz)  P(dd) 2k

e 0e oo

with k& ~ 0.176GeV? and my d,s as constituent masses.

o—e oOe . B
o0 The relative production factors in
1 B PHSD/HSD are:

‘ cdis gy~ 1:1:03:0.07 atSPS to RHIC;
. . _ __ . uodss:u= 1:1:0.4:0.07 at AGS energies.
Production of virtual qg or qqgqg pairs

which break the color field tube. . . . .
m Kinematics determined by the Fragmentation

‘ Function f(x, mt)
Creation of mesons or
baryon-antibaryon pairs with f(x,mr) =
Tr &~ 0.8fm/c.

%(1 — x?)exp(—bm> /x).
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String dynamics in PHSD

In the Schwinger-formula, m, 4 s are the constituent ('dressed’) masses due to
the coupling to the scalar quark condensate.

2 2
mg; — mu,d )
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String dynamics in PHSD

In the Schwinger-formula, m, 4 s are the constituent ('dressed’) masses due to

the coupling to the scalar quark condensate.
mg — mu.d2
Ys = exp(fwi')

2K

In vacuum (e.g. p+p collisions) the
dressing of the bare quark masses
follows:

v

mg = mj — &s(qq)v,

with mJ ; =~ 7MeV, m{ ~ 100 MeV and
(3q)y ~ —3.2fm~3.

\

For m, ¢ = 0.33 GeV and ms = 0.5 GeV:

2 2
my; —m
Vs = eXp(_ﬂsTM) =0.3.
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String dynamics in PHSD

In the Schwinger-formula, m, 4 s are the constituent ('dressed’) masses due to
the coupling to the scalar quark condensate.

2 2
mg; — mu,d )

In vacuum (e.g. p+p collisions) the

dressing of the bare quark masses In medium (e.g. A+A collisions) the
follows: dressing of the bare quark masses
mt‘,/ = mg —g:(gq)v, follows:
* 0 =
with m0 4 & 7MeV, m ~ 100 MeV and mg = mg — gs(aq),

(3q)y ~ —3.2fm~3.

—m° mY — m° (qq)
‘ - q + ( q Cl) (EICI)V .

For m, ¢ = 0.33 GeV and ms = 0.5 GeV: '

m? — m?
vs = eXp(_ﬂsi“vd) —0.3. We need to evaluate the scalar
2 quark condensate in the medium!
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Chiral Symmetry restoration in PHSD

An estimate for (Gq) is given by Friman et al., Eur. Phys. J. A 3, 165, 1998:

@) _, Ex 720;7/)’5’
@y~ Zm S 2w

with X as the pion-nucleon X-term, o), as the o —commutator of the meson h, ps as scalar density which can be
obtained within the non-linear & — w model and f; and m, are the pion decay constant and pion mass, given by
the Gell-Mann-Oakes-Renner relation.
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Chiral Symmetry restoration in PHSD

An estimate for (Gq) is given by Friman et al., Eur. Phys. J. A 3, 165, 1998:

= h
(da) P P OhPg
— =1= S — E )
(@a)v f2m2 f2mZ
with X as the pion-nucleon X-term, o), as the o —commutator of the meson h, ps as scalar density which can be

obtained within the non-linear & — w model and f; and m, are the pion decay constant and pion mass, given by
the Gell-Mann-Oakes-Renner relation.

We adopt X = 45 MeV. The scalar density ps is obtained within the
Modifications on the value of X have non-linear & — w model solving locally the
no essential effect on our results. gap equation for the o-field.
Phenom. —&— GLs ot
e, ¥
A Alarcon et al 12
A Shanahan et al 12
. A Alvarez ?15‘ |F3H 3 ) R ; .
. ;“J“-EES,:"‘;F” We investigate different parametrizations for
——— JL 08, FH - B .
v e the hadronic EoS to estimate the uncertainty
.- on our results.
o BMWc 15, FH
- This work, ME NL1 NL3
0 002 004 006 008 01 012 014 6.91 9.50
oan (GeV)

gs
K (MeV) | 380 | 380

Yi-Bo Yang et al., Phys. Rev. D 94, 054503 (2016). m*/m 0.83 0.70
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: Dependence on the Hadronic EoS (at 7 = 0)

/<qq>y

<qq>
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NL3 — ~
\\ 1
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e[GeV/m’]

m*[GeV]

m There is a moderate
sensitivity related to the
hadronic EoS.

m NL1 parameter set for the
EoS is associated to lower

values for (gq)/(qq)v-

0 0.1 0.2 0.3 0.4 0.5
e[GeV/fm®]
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Chiral Symmetry restoration in PHSD

Considering effective quark masses my , in The ratio s/u increases with decreasing
the Schwinger formula. (gq) and increasing e.

L0 T T T T T T T 0.9 ——
sl N, T my/my 08
- - 0.7

= <qQ>/<qq>,
2 0.6[ /m°® i 2 0.6
g e m/m, £ 05
= ol el 1 £ 04
""""""""""" 03
02 . 4 0.2
S 0.1 L T/
0.0 L 1 ! ! ! L L N " n n n n 1
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
& [GeV/im'] e[GeV/im’]
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Chiral Symmetry restoration in PHSD

Considering effective quark masses my , in

the Schwinger formula.
1.0

T T T T T T T
sl N T my/my
= <qQ>/<qq>,
2 0.6 0
=} - R— -
& . mq/mu
= N
04) Sl 4
02] 4
<
= -
0.0 . . 1 . 1 L .
00 01 02 03 04 05 06 07
3.
£ [GeV/fm’]

In the QGP phase, the string decay
doesn't occur anymore and this effect
is therefore suppressed.

\

A "Horn” feature emerges in the
energy dependence of the s/u ratio!
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=

The ratio s/u increases with decreasing
(gq) and increasing e.
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Observables from heavy-ion collisions in the NICA energy regime



Scalar quark condensate in HIC

e
<qq>y
t=1.48 fm/c t=2.61 fm/c 1.0
5 0.8
5 06 . . (qa)
s os  Time evolution of the ratio 7= for
Vv
—5| 0.2
" Au+Au©@30AGeV.
t=3.64 fm/c t=4.56 fm/c 1.0
5 0.8
— " 06 (dq) = # 0  chiral non-symmetric phase;
é 0 ‘g 0'4 q9) = =0 chiral symmetric phase.
—5 0.2
0
t=5.63 fm/c t=7.59 fm/c 1.0
3 o8 The scalar quark condensate (qq) is
= 0.6 .
£ 04 not a direct observable.
-5 0.2
0 l
t=9.62 fm/c t = 12.62 fm/c 1.0
5 0.8 . . .
7 4 ‘ 06 Can we find manifestations of the
E 0 . . . .
e ' o4 chiral symmetry restoration indirectly
- 0.2 . .
5 o in hadronic observables?
-5 0 5 -5 0 5
z [fm] z [fm]

W. Cassing et al., Phys. Rev. C93 (2016) 014902.
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Rapidity spectra |

Au+Au @ 8 AGeV

120 ‘ "AutAu @ S8AGeV "0 " HSD w/o CSR 15
u+Au € w/o
p 5% central A+E wlo gi];
Z 80t I 10
~
zZ
T 40 [ + 1s
0 + t t t 1 + 0
A i
of T . E 1 60
z .
~ - + -
> 40 40
=
20 Ed 12
0 et ] SRR, S )
8 F 3 F T
§‘ 6F + 103
Z a4t + {02
2 F £ 101
0 . . . 0
3 2 3 2 2 3

Vanishing contribution from QGP.
=» HIC at low NICA energies are suited to isolate the role of CSR in the hadronic medium.
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Rapidity spectra Il

Pb+Pb @ 30 AGeV in comparison to data at SPS

100 T T T T T T
SPS - Pb+Pb @ 30AGeV
p 5% central § A+X

w/o CSR e
L.

T T 20
0 NA49 o
415
410

15

0
4 125
4 100
175
450
425
0
4 10
175
15
425
0

A. P. et al.,, Phys. Rev. C94 (2016) 044912.
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Rapidity spectra IlI

dN/dy

dN/dy

60

40

20

100

Au+Au © 60 AGeV

Au+Au @ 60AGeV 0 HSD w/o CSR
p 5% central A+X wlo CSR ==+
L 1 NL3 — |
NL1 ——
n* T
i I / ]
7
\ AN
1/ et 1/: pressterbee e
i I ' ]
[,
— L s o ol L s
3 4 3 2 1 0 1 2 3

Finite contributions from both CSR and QGP.
=> NICA energy scan is optimal to study the “interplay” between CSR and QGP.

0.5
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Transverse mass spectra |

Au+Au collisions in comparison to data at AGS

104 T T T T T T T T 104
= 3 Au+Au @ 4AGeV, midrapidity Au+Au @ 6AGeV, midrapidity 3
% 10° | 5% central 7 5% central ] 10
< 2
= 10° F ¢
T o
g 100 F
2
= 0L
% 10
‘= 10" [ E866/E917 = w7 PHSD w/ CSR — "3 107
E E895 «© PHSD w/o CSR
10* : : : : : : : : 10*
I~y 10% b Au+Au @ 8AGeV, midrapidity T Au+Au @ 10.7AGeV, midrapidity; 103
?‘: 5% central 5% central
)
=
=
=
£
S
Z
= 10!
£ 10
I I I I 10-3

10-3 ! ! ! !
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1
myp-m, [GeV] myp-m, [GeV]
A. P. et al.,, Phys. Rev. C94 (2016) 044912.
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Transverse mass spectra |l

Pb+Pb collisions in comparison to data at SPS
104 T T T T T T 10

T T
= 10° Pb+Pb @ 20AGeV, midrapidity {s Pb+Pb @ 30AGeV, midrapidity 1 10°
% 7% central 7% central
<) 110
S R T e FEwee. [ KT 1
-;h ’ 10
= 0
= 100 F g0 1 "o 2 e KFO AL 4. T 10
Z
= 10 107!
EF 102k 1 PHSDw/ CSR — 1102
] e PHSDwio CSR - .
10 T T T T T T T T 10
& 3 Pb+Pb @ 40AGeV, midrapidity Pb+Pb @ 158AGeV, midrapidity 3
?‘: 10° F 7% central T o~ 5% central ] 10
)
=
=
=
£
2
=
Z
=
'
g
10-2 ! ! ! ! ! ! 10-2

Il Il
0 0.2 04 0.6 0.8 0 0.2 04 0.6 0.8 1
myp-m, [GeV] myp-m, [GeV]
A. P. et al., Phys. Rev. C94 (2016) 044912.
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“Horn” in the K* /7™ ratio

m Strangeness enhancement at low /syy
related to CSR.

m Drop of the s/u ratio due to the
appearance of a QGP.

=» A “horn”-structure emerges.

l 0.08

0.07 b A+A 0-5% central lyl<0.5 }
0.06 F i PHSD w/o CSR - - -4

2 4 PHSD w/ CSR —
=005F / HSDw/ CSR — ]

=} . s AGS (E877) e
$0.04 HEEN SPS (NA49) = 3

< LS
=0.03 | ~ E
o2 0 TTTTY=s 1
0.01 F E
0 TR T TV T IO

2 4 6 8 10 12 14 16 18 20

0.9 x
0.8 gg: al
0.7
=
& 06
0.5
hadrons QGP
04
0.3
0 01 02 03 04 05 06 07 08
e[GeV/im®]
T
03 F A+A 0-5% central lyl<0.5 J
025 F
+
e 02 F
=
015 F PHSD w/o CSR - -+ ]
PHSD w/ CSR —
01k HSDw/ CSR E
AGS (E895-E896) ®
SPS (NA49) =
0.05 [ RHIC (STAR) * 7
RHIC (BES) 4
0 TR T T T
2 4 6 8 10 12 14 16 18 20
Vsyn [GeV]

Vsan [GeV]

A. P. et al.,, Phys. Rev. C94 (2016) 044912.
What is the sensitivity to the equation of state?
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Strange to non-strange particle ratios

03 F
0.25 F

+ L

E 0.2

h

M0.15 F
0.1F
0.05

A+A 0-5% central IIyI<(i‘S ]

w/oCSR --- 1
NL3

NL1
AGS (E895-E896)

L]

SPS (NA49) =
RHIC (STAR) * 1

RHIC (BES) 4

1

4 6 8 10 12 14 16 18 20
sy [GeV]

0.14 £
0.12 |

53

~

A4 0.08
0.06
0.04
0.02

A+A I0-5170 clentrlal Ilyl<d‘5

w/o CSR -
NL3 — 1
NL1 —--—

AGS (E895-E896) e

SPS (NA49) =
RHIC (STAR) * ]

RHIC (BES) 4

1
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4 6 8 10 12 14 16 18 20
Vsyn [GeV]
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0.08 AI AI0 ;7 T III 6
+A 0-5% central lyl<0.5
007F - © YI<Es
)
E /o CSR - - -]
o 006 woCSR - -
=0.05 | IS
= AGS (E877) o
30.0 4 | SPS (NA49)
~0.03 F
002f T
0.01
0 TR

m There is a moderate sensitivity
related to the hadronic EoS in
our results.

m NL1 parameter set for the EoS
shows a sharper peak in the
K™ /7" ratio in good agreement
with the data.
A. P. et al., Phys. Rev. C94 (2016) 044912.
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Strangeness production

140 f 7 Pb+Pb @ 30AGeV, b=1fm 7
120 ¢ m s—quarks mostly form hyperons,
\ 100 £ E e.g. Nand .
% 80 F E
60 E E m s—quarks mostly form
4 F w/ CSR — K= (K", K).
20 F w/o CSR — E
0 1 1 1
0 5 10 15 20
t -t o [fm/c]
N 120 T T T T N 120 T T T T
s w/ CSR mm El w/ CSR ==
100 w/o CSR mm 00 w/o CSR mm
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Strangeness production

140 £ Pb+Pb @ 30AGeV, b=1fm 1 m The increase of K due to CSR is

120 E ~ 10%.

100 3 )
19 g E m The increase of A and X due to
4 e~ 200,

o0 b CSR is ~ 32%.

40 F w/ CSR — 1 m The increase of K due to CSR is

20 E wio CSR — ~ 28%.

0 1 1 1
0 5 10 15 20
t -t oy [fm/c]
(N.¥/ CSR_\ Wlo CSR  wlo CSR [, 1 (N2 CSR N wio CSRy  wlo CSR) ¢,
100 T T T T 100 T T T T
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Hyperon abundances

Excitation function of the hyperons A and =™.

[
=

A+A 0-5% central lyl<0.5 A+A 0-5% central lyl<0.5 ]

-
wn
T

yield (A+2")
=

=
2 s
> g e
5T N 0.5 |
AGS (E895-E896) @
SPS (NA49) = % SPS (NA49) =
o M 0 bl
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20

Vsan [GeV] Vs [GeV]

A. P.et al, Phys. Rev. C94 (2016) 044912.

They show analogous peaks as the K™ /7" and (A + ¥o)/ ratios due to CSR.

There is a small sensitivity on the parametrizations for the hadronic EoS.
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Sensitivity to the system size: A+A collisions

03k A+A 0-5% central lyl<0.5 |
0.25 1
+
B 0.2
i
2 0.15
0.1
0.05
0 RTT
2 4 6 8 10 12 14 16 18 20
sy [GeV]
0.14 b A+A 0-5% central lyl<0.5 }
R N I
(o 01 E
~
M0.08
0.06 /
ol Aut+tAu —
0.04 | w/o CSR - --
NLI —
0.02 F Ca+Ca —
C+C —
0 TR TR TR T T

2 4 6 8§ 10 12 14 16
Vsyn [GeV]

If the system size is smaller:
m the peak of K™ /7" disappears;
m the peak of (A + X°)/7 remains

in the same position in energy.

A. P. et al., Phys. Rev. C94 (2016) 044912.

A+A I0-5;72: clentlial Ilyl<6.5 3

2 4 6 8§ 10 12 14 16 18 20
Vs [GeV]
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Sensitivity to the system size: p+A collisions

In p+A collisions strange to non-strange particle ratios show no peaks.

AAASAAAILs sanas st sasis iasns ane
03 F A+A 0-5% central lyl<0.5 J AurAn —
p+p (4m) —
0.25 p+C (dm)
+ p+Ca (4n) —
8 02 p+Au (dn) —
+ AGS (E895-E896) o
M 0.15 SPS (NA49) =
RHIC (STAR) *
0.1 RHIC (BES) 4
(p+p) WORLD ©
0.05 (p+p) SPS (NAGI/SHINE) O
0 TRV TV T T T
2 4 6 8 10 12 14 16 18 20
Vsan [GeV]
AAARAAAILs sanas uadad sasie sy ane AAASA LA sanas aaad sasie sy sane
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012 F
. 01F
= 0.08 F
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0.04 F
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0 T TR TR T T 0 TR TR TV TR T T
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Centrality dependence

Particles abundances and ratios as a function of the number of participants
in Au+Au @ 7.7 GeV

0.3
Au+Au@ 7.7GeV, lyl<0.5 Au+Au@ 7.7GeV, lyl<0.5
10% 0.25
w/o CSR — .+
0.2 w/ CSR — K'/n

-

-

g 0.1 K/

yield
5.—
o
ratio
e
@

) wlo CSR — 0.05
10 w/ CSR — L]
10? 0.2
Au+Au@ 7.7GeV, lyl<0.5 Au+Au@ 7.7GeV, lyl<0.5
0
ot b) A+X 05t O
T = so0r_
= 10 [
(E/m)*10
107! 0.05 /
10 0
50 100 150 200 250 300 350 50 100 150 200 250 300 350
<Npare® <Npar?>

A. P. et al., Phys. Rev. CO4 (2016) 044912.

CSR occurs in central collisions as well as in moderately peripheral collisions.
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Centrality dependence

Strangeness enhancement in relation to the strange particle production in p+p

collisions:
ield ield

Y y ] (1)

<Npart> ALA (Npart>
g Au+Au@ 7.7GevV T Au+Au@ 7.7 GeV
8 2 L PHSDw/ CSR — | 2 L ]
k4 10 PHSD w/o CSR — g 10
g PHSDpp 4 f
£ . 2
A 10t | = ; s 10t} Ein :
] — 2 _
] A+Y)) £ T
g ( 3 AIT
2 10" ] 100 @ T 1
- N N N N N N N N N N N N

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
<Npart> <Npart>

The enhancement in A+A collisions with respect to the p+p collisions is larger
for the =~ than for (A + X°).
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Directed flow v;

First type of collective motion to be identified among fragments of HIC.
It represents the deflection of the produced particles in the reaction plane.

ZIZ ( +22yncos[n(s0 "/’n)]) Vi = <&>

pT

with v, = (cos[n(p — 1p)]) for n =1,2,3...
Interaction between constituents

Pressure gradient

Spatial asymmetry

s

Asymmetry in momentum space

¥

Collective transverse motion
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Directed flow v;: slope F and time evolution

<p,> or directed flow

A

The directed flow is approximately
linear at midrapidity:
vi~F-.y

rapidity m F > 0 normal flow

m F < 0 antiflow

0.15

3 m Protons:

v1 is established in the early stage of the
collision and marginally distorted during
the evolution.

0.1
0.05

<p,> [GeV]
>

-0.05
ok ] m Pions:
ousk N mesons are sensitive to rescattering of
hadrons; v; is positive at small values of
A T s e s w0 time and becomes negative later on.
t-toy [fm/c]
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Directed flow v;: bar

The particles propagating in a medium are sensitive to mean-field potentials.
The nucleon potential is defined in terms of the Schrédinger-equivalent
potential:

1
Usep(Eiin) = Us + Uo + W(Ué — U3) 4+ — Ekin.

An explicit-momentum dependence is
included for the potential components Us
and Up:

. 1 fo— 1
1+pre/7 v 1+P2 /1'77

rel

fs

in agreement with previous transport calculations (e.g. P. -0.1 . L .
K. Sahu et al., NPA 712 (2002) 357.) and with 0 0.5 1 L5 2 25
Dirac-Brueckner calculations (e.g. T. Gross-Boelting et Pra [GeV]
al, NPA 648 (1999) 105.).

Each line refers to a fixed baryon density, from pg /2
(lowest line) to 3pg (highest line) with steps of pg /2.

In PHSD the potentials are incorporated in the baryonic sector (weighted according to
the light quark content of the baryon).

What is the sensitivity of v; to the baryon potentials?
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Proton flow in Au+Au collisions at RHIC energies in comparison to STAR data

The proton v; has a normal flow behavior at small energies and an antiflow behavior
at high energies. The PHSD (CSR included) results show the same trend as the data,
though there is not a perfect agreement.

0.02 p Au+Au @ 3.6GeV 0.02 p\Au-&Au‘@ilg.ﬁGeV
. / ' o

L) L]
PHSD w/o pot — PHSD — \

- -0.02
a) PHSD w/ pot e) STAR @

ozt p AurAu @ y 002 AutAu @ 27GeV
E ) )-\o__:\
-0.02 -0.02
) // )

p 0.02 » Au+Au @ 7.7GeV . 0.02 Au+Au @ 39GeV

/\/"\.—/

S0 =0 i ¢ e
/—.\J\/
0.02 STAR ® 0.02
ro® )
002 » AutAu @ 11.5GeV 002 - AutAu @ 62.4GeV
- T ———e. L) - o..2 °
=0 P D S =0 LR o .
LG 002 f
1 0.5 0 0.5 1 -1 0.5 0 0.5 1
y Yy

Data from: L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 112 (2014) 162301.

Alessia Palmese Observables from heavy-ion collisions in the NICA energy regii



PiOI’l fIOW in Au+Au collisions at RHIC energies in comparison to STAR data

The pions are characterized by an antiflow behavior in the whole investigated energy
range. The PHSD (CSR included) results are in good agreement with the data at high
energies, while at small energies the PHSD antiflow is too large.

0.02 AutAu @ 3.6GeV 0.02 f AutAu @ 19.6GeV .
- PHSD 7" —
b PHSD " ==
=0
-0.02 >
)
0,02 feus AutAu @ 4.7GeV 002 AutAu @ 27GeV
PHSD w/ pot — = STARz" ©
PHSD w/o pot — e = START ©
] E .
S o, = o
-0.02 -0.02
b) f

; I oz} g AutAu @ 7.7GeV 002 AutAu @ 39GeV
e e START" O
F) START ® = ~
0 e =0 e ®
. . M
-0.02 -0.02
9] i )
002 b &I AutAu @ 11.5GeV 0.02 AutAu @ 62.4GeV
[
] '-.---‘....
50 50 I A S NP
o =
-0.02 See. ® -0.02
) \Q B

y y
Data from: L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 112 (2014) 162301.
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Excitation functions of the directed flow slopes

proton, Au+Au, 0-40% centrality

0.15F T PHSD 33w/ CSR e 1 m The proton F is positive at small
PHSD 3.3 0] COR o ot energies and negative at higher
0.1 P HSD33w/ CSR 7 energies.
UrQMD
o 0.05F 9% e \.7 ] m The pion slopes are negative in the
Naddaa OO whole energy range.
0 fr ] i
m CSR does not modify F.
-0.05 ¢ 1 m vj is sensitive to potentials at low
10 100 energies.
Vsan(GeV)
n*, Au+Au, 0-40% centrality T, Au+Au, 0-40% centrality
0 T 0
.

-0.02 b -0.02 B

= -0.04 b = -0.04 b
PHSD 33w/ CSR W PHSD 3.3 w/ CSR mmmmm
-0.06 - msppffaf'css‘;flf:ﬁ — -0.06 - PHsnng?v/aésvlvzl‘:v/L;: —
HSD 33w/ CSR HSD 33w/ CSR
0 08 ) STAR data [ ] 0 08 ) STAR data [ ]
! 10 100 : 10 100
Vsyn(GeV) Vsyn(GeV)

UrQMD and data from: L. Adamczyk et al. (STAR Coll.), Phys. Rev. Lett. 112 (2004) 162301; Y. Pandit (STAR
Coll.), J. Phys. Conf. Ser. 636 (2015) 012001; V. P. Konchakovski et al., Phys. Rev. C 90 (2014) 014903.

Alessia Palmese Observables from heavy-ion collisions in the NICA energy regime



Excitation functions of the directed flow slopes

proton, Au+Au, 0-40% centrality

0.15 - " PHSD33w/ CSR mmm— ]
PHSD 3.3 w/o CSR
0.1 p T m ' con ] PHSD reproduces the trend of the data
A, with some discrepancy for p at high
m 005¢ ¥ energies and for 7 at small energies.
0p— B More experimental information are
20.05 [ ] needed at low energies.
10 100
Vsan(GeV)
n*, Au+Au, 0-40% centrality T, Au+Au, 0-40% centrality
0 T 0
.
-0.02 b -0.02 B
= -0.04 b = -0.04 b
PHSD 33w/ CSR W PHSD 3.3 w/ CSR mmmmm
-0.06 - pusmaf'gs‘ﬂfﬁ.ﬁ — -0.06 - PHSDP::f?vla(;vlvl/‘:vfs: —
HSD 33w/ CSR HSD 33w/ CSR
0 08 ) STAR data [ ] 0 08 ) STAR data [ ]
! 10 100 : 10 100
Vsyn(GeV) Vsyn(GeV)

UrQMD and data from: L. Adamczyk et al. (STAR Coll.), Phys. Rev. Lett. 112 (2004) 162301; Y. Pandit (STAR
Coll.), J. Phys. Conf. Ser. 636 (2015) 012001; V. P. Konchakovski et al., Phys. Rev. C 90 (2014) 014903.
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Summary

The NICA energy scan is optimal to study CSR in the hadronic
medium and its “interplay” with the QGP phase.

m Particle abundances and rapidity spectra are suitable probes to extract
information about CSR.

m The 'horn’-structure in the strange to non-strange particle ratios is due to
CSR and QGP.

m The 'horn’-structure disappears in the K* /7" ratio as the system size
decreases, while it remains in the (A + £°)/7 ratio.

m CSR occurs in central collisions and in moderately peripheral collisions.

m The directed flow of protons is sensitive to baryon potentials at low
energies.

m PHSD reproduces the experimental trend of the proton and pion flows
with some discrepancy for p at high energies and for 7 at small energies.
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A production rate in Pb+Pb collision at 30AGeV

12 T 12 T
Pb+Pb @ 30AGeV, b=1fm : Pb+Pb @ 30AGeV, b=1fm
10 F 3 10 F E
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= z f
zZ 4 Z 4 F E
= = E
2 2 F B
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K™ production rate in Pb+Pb collision at 30AGeV
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K~ production rate in Pb+Pb collision at 30AGeV
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Chiral Symmetry Restoration (CSR) in PHSD

H In a hot and dense medium, the hadrons undergo modifications of their
properties, e.g. the mass!

miy(x) = my — gso(x),

where the scalar field o(x) mediates the scalar interaction with the
surrounding medium through the coupling gs.

B The value of o(x) for nucleons is determined locally by the non-linear gap
equation:

dp  my(x)
(271')3 /p2 + m;kVQ

® Within the non-linear 0 — m model for nuclear matter, the parameters
gs, mg, B, C can be fixed in order to reproduce the values of the main
nuclear matter quantities at saturation,
i.e. saturation density, binding energy per nucleon, compression modulus and

the effective nucleon mass.
(Actually there are different sets for the values of the parameters, due to the large experimental
uncertainties on their values.)

M (x) + Bo%(x) + Co*(x) = gops = gxd | fu(x,p)
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Chiral Symmetry restoration in PHSD

An estimate for the quark scalar condensate is given by Friman et al., Eur.
Phys. J. A 3, 165, 1998:

<‘_7Q> —1_ P ps — Uhpg
Gaw - m T 2 em

with X ~ 45MeV (reduced in case of hyperons according to the light quark content),
op as the o—commutator of the meson h (= my /2 for mesons made of light quarks,
= my /4 for mesons composed of (anti-)strange quarks).

m The vacuum scalar condensate (qg)v is fixed by the
Gell-Mann-Oakes-Renner relation:

1 _ _ _
fomy = —>(my+mg)@a)y > (Gq)v~-32fm"°

for the bare quark masses md = my ~ 7TMeV.

m The nucleon scalar density ps is obtained after solving the gap equation
for the field o(x).
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CSR: Dependence on the Hadronic EoS

The sensitivity to the nuclear EoS is dominantly driven by the
effective mass of the nucleons.
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Chiral Symmetry restoration: Basic Principles

B The QCD Lagrangian for massless quarks is chirally symmetric, i.e. invariant
under a transformation of the symmetry group SU(2), x SU(2)g. The

associated transformation for the quark field is:
' with P g=3(1F7s).

oo = e—i%eaPLe—i%ebPR
B This transformation can be rewritten in terms of transformation Ay x A4 of the
group SU(2)y x SU(2) a:
e—i%eaPLe—i%ebPRw N e—igéve—i%gé;\%
If the Chiral Symmetry holds, the vector and axial currents are equal.
B In case of massive quarks, the Chiral Symmetry is explicitly broken:

o~ 7
Aa: m(@p) = m(@p) — 2imO - (G =v5¢).

For energies larger than the particle masses, Ay may be treated as an
approximate symmetry.
B The chiral condensate is adopted as an order parameter of the transition
between the chiral non-symmetric and the chiral symmetric phase:
0gZ — { #0 for T < T, (chiral non-symmetric phase)
=0 for T > T, (chiral symmetric phase).

(@) T 0 p

PP = 1, a0
V omq
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