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X Quark Gluon Plasma (QGP) initially expected
only in high energy Heavy Ion Collisions (HICs)

*
1<__ COLLECTIVITY IN SMALL SYSTEMS

ne AS SIGN OF QGP DROPLETS?

Signatures of collective flow found in small systems
} E p+Pb collisions at LHC, p/d/*He+Au at RHIC
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X Quark Gluon Plasma (QGP) initially expected
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Signatures of collective flow found in small systems
p+Pb collisions at LHC, p/d/3He+Au at RHIC
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Pre-equilibrium stage ~%-=w- Intense ElectroMagnetic Fields (EMF) in HICs
B e eB, up to 5-50 m,2 ~ 1013-10" G

‘ Kharzeev, McLerran and Warringa, NPA 803 (2008) 227
phase |8 NN Skokov, Illarionov and Toneev, IIMPA 24 (2009) 5925

eeze-out
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TRACES OF EMF VISIBLE IN Earth laboratory magnetar
PROTON-INDUCED COLLISIONS? o HE ~10° G ~ 1041015 G
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PHSD: Parton-Hadron-String Dynamics

Au+Au b=22fm

< - 200 Gev A consistent non-equilibrium transport approach
VSNN =

o to describe large and small colliding systems
Baryons
. Antibaryons

e To study the phase transition from hadronic to partonic
® Quarks matter and QGP properties from a microscopic origin

@® Gluons

EE » INITIAL A+A COLLISIONS: nucleon-nucleon collisions lead to the
‘| formation of strings that decay to pre-hadrons

» FORMATION OF QGP: if the energy density 1s above €. pre-hadrons
dissolve in massive quarks and gluons + mean-field potential

» QGP STAGE: evolution based on off-shell transport egs. derived by
Kadanoff-Baym egs. with the Dynamical Quasi-Particle Model
(DQPM) defining parton spectral functions, 1.e. masses and widths

» HADRONIZATION: massive off-shell partons with broad spectral
functions hadronize to off-shell baryon and mesons

» HADRONIC PHASE: evolution based on the off-shell transport
equations with hadron-hadron interactions

Cassing and Bratkovskaya, PRC 78 (2008) 034919; NPAS&31 (2009) 215
Cassing, EPJ ST 168 (2009) 3; NPA856 (2011) 162
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PHSD + electromagnetic fields

PHSD includes the dynamical formation and evolution of the retarded
electomagnetic field (EMF) and its influence on quasi-particle dynamics
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PHSD + electromagnetic fields

PHSD includes the dynamical formation and evolution of the retarded
electomagnetic field (EMF) and its influence on quasi-particle dynamics
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electromagnetic fields in HICs

in a nuclear collision the magnetic field i1s a superposition
of solenoidal fields from different moving charges

Au+Au @RHIC 200 GeV — b =10 fin
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electromagnetic fields in HICs

in a nuclear collision the magnetic field i1s a superposition
of solenoidal fields from different moving charges

e B,( x.,\-'=0.z)s"m,[2

t=0.01 fm/c

Do W oA

MAGNETIC FIELD
dominated by the y-component

maximal strength reached during
nuclear overlapping time

only due to spectatorsup tor~ 1 fm/c

drops down by three orders of
magnitude and become comparable
with that from participants

Au+Au @RHIC 200 GeV — b =10 fm

HSD AL b=10 fm
HSD Spect, b=10 fm
Kharzeev, b= 8 fm
Kharzeev, b=12 fm

le B(0,0,0)] [MeV?]

Voronyuk et al. (HSD), PRC 83 (2011) 054911



electromagnetic fields in HICs

RHIC 200 GeV - b=7fm

v' SYMMETRIC SYSTEMS (e.g. Au+Au)
transverse momentum increments due to electric
and magnetic fields compensate each other

v ASYMMETRIC SYSTEMS (e.g. Cu+Au)
an intense electric fields directed from the heavy
nuclei to light one appears in the overlap region

= ¢ B, [CuAu]
= ¢ B, [CuAu]
e B [AuAu]
e B, [AuAu]

U
=
z
Q
|3

ELECTRIC

t [fm/c]

Voronyuk et al. (PHSD), PRC 90, 064903 (2014)



electromagnetic fields in HICs

RHIC 200 GeV - b=7fm

v' SYMMETRIC SYSTEMS (e.g. Au+Au)
transverse momentum increments due to electric
and magnetic fields compensate each other

v ASYMMETRIC SYSTEMS (e.g. Cu+Au)
an intense electric fields directed from the heavy
nuclei to light one appears in the overlap region

= ¢ B, [CuAu]
= ¢ B, [CuAu]
e B [AuAu]
e B, [AuAu]

U
=
z
Q
3

X
Q SMALL SYSTEMS
e.g. p+Au)?
;E) (e.g.p ) 3
= — O] A 4
= - —
§ <—
_ collision *
t [fm/c] overlap zone 1
Voronyuk ez al. (PHSD), PRC 90, 064903 (2014)
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p+Au collisions @RHIC 200GeV b=4 fm
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Centrality in small systems

In heavy ion collisions centrality characterizes the amount
of overlap or size of the fireball in the collision region

L B Y7 Ty "V'W"A":'

20000 Glauber-MC
[ Pb-Pb {s,, =2.76 TeV,

Multiplicity

200 200 400
N,

ALICE, NPA 932 (2014) 399

Correlation between participant number and
charged particle multiplicity at midrapidity



Centrality in small systems

In heavy ion collisions centrality characterizes the amount
of overlap or size of the fireball in the collision region

p+Au @ RHIC 200GeV
AVERAGE

SALJNLANLA A e S b B B A o o M M B e b
A5
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Correlation between participant number and
charged particle multiplicity at midrapidity



Centrality in small systems

In heavy ion collisions centrality characterizes the amount
of overlap or size of the fireball in the collision region

p+Au @ RHIC 200GeV

SIS A S S b b B A S S o B M A e e e e 2
A5

20000 Glauber-MC ,
[ Pb-Pb s, =2.76 TeVl

ity

-

Multiplic

15000/

ALICE, NPA 932 (2014) 399

Correlation between participant number and large dispersion in both quantities
in p+A respect to A+A collisions
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charged particle multiplicity at midrapidity




probability

probability

Centrality in small systems

Miller et al., ARNPS 57 (2007) 205
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p+Au collisions (@ RHIC 200 GeV

X

Exp. Data: PHENIX Collaboration, PRL 121 (2018) 222301

collision
PSEUDORAPIDITY DISTRIBUTION overlap zone
OF CHARGED PARTICLES |
RHIC 200 GeV 0-5% > @

P+ Au 510% SE—
minimum bias ‘

PHENIX
PHSD
— — PHSD + EMF

S T P

» enhanced particle
production in the
Au-going directions

» asymmetry increases
with centrality of
the collision
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p+Au collisions (@ RHIC 200 GeV
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Anisotropic radial flow

A DEEPER INSIGHT...INITIAL-STATE FLUCTUATIONS

» odd harmonics =0

n=l1

Not a simple almond shape i d:N 1 d’N {

N _ 1 &N 149 0 v . j J} oS _..H o LIJ? :
&’p 27 p.dp,dy 2Py costily ))]

But a ‘“‘lumpy’’ profile
due to fluctuations

of nucleon position

in the overlap region

» odd harmonics # 0

Plumari et al., PRC 92 (2015) 054902 TRIANGULARITY
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p+Au collisions (@ RHIC 200 GeV

(cos[2(p(pr) — ¥2)])
Res(¥,)

v (pr) =

0-1 4 I I I I I Ll Ll Ll Ll Ll L] L]
I | | | Event-plane angle
040l ™ PHENIX,|nj<035 RHIC 200 GeV | in-3<n<-1:
' — PHSD p+Au 0-5% PHSDY _

N " ——- PHSD, {cos[2(¢-%¥,)]) Res (Lpz ) = 0.175
>* 0.1F Res(WHPHENIXY = 0,171
E =
S 0.08
3 0,06 i > magnitude correlated
| with the determination
£ 004l of the reaction plane

» comparable to that
_____ found 1n collisions
—————————————— . between heavy nuclei

» 1ndicate the formation

of short-lived droplets

of quark-gluon plasma
Exp. data: Aidala et al. (PHENIX Collaboration), PRC 95 (2017) 034910 14



p+Au collisions (@ RHIC 200 GeV

PHENIX, PRL 91 (2003) 182301
RHIC ZOOGeV Au+Au
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Exp. data: Aidala et al. (PHENIX Collaboration), PRC 95 (2017) 034910



p+Au collisions (@ RHIC 200 GeV

FRELIMINARY

Event-plane angle
in—4<n<-3:

PHSDY _—
— uso Res(W7HSP) = 0.397
PHSD + EMF

— — PHSD, {(cos[¢-¥,])

o
N

o
O
(&)

» magnitude correlated
with the determination
of the reaction plane

o
Y

» dominated by
initial-state fluctuations

charged particles v,

RHIC 200 GeV
p+Au 0-5%
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p+Au collisions (@ RHIC 200 GeV

PHSD + EMF —

PREL iy |
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charged particles v,
e
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0.25

= PHSD
PHSD + EMF
— — PHSD, (cos[o-¥,]) ]

RHIC 200 GeV ST
p+Au 0-5%

I-2IIII

RHIC 200 GeV
p+Au 0-5%

» splitting of positively and
negatively charged particles
induced by the
electromagnetic field?

» NO visible splitting in v,(y) in
0-5% most central collisions




p+Au collisions (@ RHIC 200 GeV

PRELIMINARy | (RO IR

from QGP

Splitting of n* and n~
induced by electric
and magnetic field

increasing magnitude . |6
Wlth impact parameter 215 <10 -5 0 5 10

x [fm]




p+Au collisions (@ RHIC 200 GeV

PRELMINARY v1(y) = (cos[p(¥)])

**************** *\*\ e S

from QGP

Splitting of n™ and n~
induced by electric
and magnetic field

increasing magnitude
with impact parameter




p+Au collisions (@ RHIC 200 GeV

Splitting of K* and K~
induced by electric
and magnetic field

increasing magnitude
with impact parameter




CONCLUDING....

The Parton-Hadron-String-Dynamics (PHSD) describes the entire

dynamical evolution of heavy ion collisions within one single
theoretical framework

PHSD includes in a consistent way the intense electromagnetic
fields produced in the very early stage of the collision

Study of p+Au collisions at top RHIC energy: 7
v' the electric field is strongly asymmetric inside the overlap region

v asymmetry of charged-particle rapidity distributions increasing

-

—>

z
with centrality —>
e : : )~
v" collectivity as signal of quark-gluon plasma formation ol X
overlap zone 1
v effect of electromagnetic fields in directed flow of mesons: J

splitting between positively and negatively charged particle

20
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DQPM: Dynamical QuasiParticle Model

The QGP phase is described in terms of interacting quasiparticle: massive quarks
and gluons (g, g, g) with Lorentzian spectral functions

light quark

" T=2T,

p [G?Vg] /
10 1 J
|

* quarks " gluons:

D .Nr(l.-) - l 92 m2 1;- ()’2
mass: m°(7)=——y¢" (l' = M?(T) ((N.. '
(S.\, ne 6 p

. 5 N2-1g’T ¢
width: - (1) = N ar g7

(=]

running coupling: og(T) = gXT)/(4n)

92

487~

g*(T/T. - : -
W te) = AN, 22N, MO (T/T, — T./T.)2

» fit to lattice (IQCD) results (e.g. entropy density)

with 3 parameters: T/T,=0.46; ¢=28.8; A=2.42

400 Gl
T [MeV]

Peshier, PRD 70 (2004) 034016
Peshier and Cassing, PRL 94 (2005) 172301
Cassing, NPA 791 (2007) 365; NPA 793 (2007)




retarded electromagnetic fields

L (i’ t)o(t—t' —|r—1"|/c) 5 ,.,
Alr.t) = — / e R E— 37! dt

_, 1 o(r/ ') o(t —t — |r—r
O(r.t) = — /”‘-- ) o T =T g
T Am Ir — 1’|

@ el = S|P

ret: evaluated at the times ¢’

Voronyuk et al., PRC 83 (2011) 054911



retarded electromagnetic fields

Retarded electric and magnetic fields for a moving point-like charge

B(r,?) = [n x E(r.t)],,,

magnetic field created by a
single freely moving charge

)
)
=
>
m

B xR
' - e 0

s

/9
0.5

[(R B)°+ R?(1 - 3)] < ]

Voronyuk et al., PRC 83 (2011) 054911



p+Au collisions (@RHIC 200GeV b=4 fm
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p+Au collisions (@ RHIC 200 GeV

Exp. Data: PHENIX Collaboration, PRL 121 (2018) 222 i
[ ® PHENIX
PSEUDORAPIDITY DISTRIBUTIO] i —— PHSD, [n|<2

. OF CHARGED PARTICLES el A
L B L B L LR LR B LR N )

RHIC 200 GeV
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RHIC 200 GeV
p + Au

5% central
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» enhanced particle
production in the
Au-going directions

» asymmetry increases
with centrality of
the collision




Anisotropic radial flow

A DEEPER INSIGHT...FINITE EVENT MULTIPLICITY

Since the finite number of particles produces
limited resolution in the determination of ¥,
the v,, must be corrected up to what they
would be relative to the real reaction plane

Poskanzer and Voloshin,

PRC 58 (1998) 1671 ELLIPTICITY

Important especially for small
colliding system, e.g. ptA

TRIANGULARITY




p+Au collisions (@ RHIC 200 GeV
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STAR Collaboration, PRL 101 (2008) 252301
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