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T SERRA S MBUACIY  High-energy nuclear collisionsrecreate the

Gloos extreme condition of temperature and density

RHIC@BNL Plasma required to form the Quark-Gluon Plasma (QGP)
1 Tf\ e QGP initially expected only in Heawon Collisions (HICs)
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SIGNATURES OF COLLECTIVE FLOW IN SMALL SYST
In high-multiplicity eventsof

p/d/ *He+Auat RHIC, p+p, p+Pbat LHC
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Electromagnetic fields effects

Many interesting phenomena irhigh-energy nuclear collisionsdriven by the intense EMF

o chiral magneticeffect and relatedtransport phenomena
KharzeeyMcLerran and Warringa, Nucl. Phys. A 803, 227 (2008); Fukushim&harzeevand Warringa,
Phys. Rev. D 7874033 (2008); Huang Rept.Prog. Phys. 79, 0763022016); Kharzeey Liao, Voloshin
and Wang Prog. Part.Nucl. Phys 88, 1 (2016)

o0 polarization of hadrons
Becattini, Karpenko, Lisa,Upsaland Voloshin, Phys. RevC95, 054902 2017); Han and Xy Phys. Lett.
B 786, 255 018); Sheng Wang andWang,Phys. Rev. D 102, 056013 (2020)

o early-time emission of photons andlileptons
Fukushima andMameda Phys. Rev. D 86, 071501(R) (20)2Basat Kharzeevand Skokoy Phys. Rev.
Lett. 109, 202303 (2012); Basar Kharzeevand Shuryak Phys. Rev. C 9014905 (2014); Tuchin, Int. J.
Mod. Phys. E 23, 1430001 (2024 Jia Liu, Oliva, Huang, Fukushima arfduggieri., in preparation

o0 Schwinger particleproduction
Sheng Fang Wang, Rischke Phys. Rev. D 9956004 (2019)

0 CHARGEDEPENDENT DIRECTED FLOW

Gursoy Kharzeevand Rajagopa) Phys Rev. C 89, 054905 (2014)/oronyuk, Toneey Voloshinand
CassingPhys. Rev. @0, 064903 (2014); Toneey Voronyuk, Kolomeitsevand CassingPhys Rev. C 95,
034911 (2017); Das Plumari, Chatterjee, Alam, Scardina artérecq Phys Lett. B 768, 260 (2017;
Gursoy Kharzeey Marcus,Rajagopaland Shen Phys.Rev.®8, 055201 (2018); Chatterjee andBozek,
Phys. Lett. B798134955 (2019); Oliva, Moreau, Voronyuk and Bratkovskaya , Phys. Rev. C 101,
014917 (2020 ); Oliva, Plumari and Greco, 2009.11066 ; Oliva Eur. Phys J. A 56, 2552020); Dubla,
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Transport Kinetic equations

Evolution of the fireball described at a microscopic level by théransport equations

(0" + gQF"p,0y) | =Clf]

collision integral
Field interaction

changeof f due to collisionprocesses

changeof f due to interactions of responsiblefor deviations from ideal hydro
the plasmawith a field (e.g.color (ht O YE

and electromagnetic fields )

Generalization to off-shell dynamics
Parton-Hadron String Dynamics (PHSD)
iInstead of Boltzmannegs. °

KadanoffBaymeqgs.
instead ofparticle distribution function f° Green functions with

complex selfenergies

: Cassingand Bratkovskaya, Nucl. Phys. A 831, 215 (2009)
AL gn_d Sl Phys REAIC 79, QIaBIR JEUTE) Bratkovskaya, et al, Nucl Phys. A 856, 162 (2011)
Ferini, Colonna, Di Toro and Grec®hys Lett. B 670, 325 (2009)

Ruggieri, Scardina, Plumari and Grec®hys Rev. C 89, 054914 (2014)
Lucia Oliva
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Vorticity and directed flow

Hugeorbital angular momentum (* T-®W%0 g

T= 1.0 fm/c

of the colliding system

) i dominated by the y component

2 U partly transferred to the plasmageneratingan

o . asymmetry in local participant density from
forward and backward goingnuclei

-2

y The hugeangular momentum and the tilt of the
fireball induce in the QGP a DIRECTED FLOW

3 -2 -1 0 1 2 3

(ATe® (Nin)

L] STAR 5-40%
STAR 40-80%
— My = 11

collective sidewards deflection of
particles alongthe x direction

The tilt of the fireball induce a negativeslopein

Exp. Data: STAR Coll., . f
PRL 101(2008) 252301 the hdependenceof the v of bulk particles

Au+Au @ RHIC 200 GeV, b =9fm : ] ! ) ;
v, Is zero if the fireball is not tilted
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Vorticity and directed flow

T 10 fmc Are HEAVY QUARKSQ9 affectedby theinitial

tilt of the fireball and the v of bulk medium?

a4

2 ' u mc,b" I—QCD,mc,b" THICs

i HQ produced inpQCDinitial hard scatterings,

0 A negligible thermal production of HQ

) HQ production much earlier than QGP formation
U t,HRUtRCPUS5-10fm/c =~ t,,QCP

3 -2 -1 0 1 2 3

HQthermalization time comparable to QGP lifetime
U production points of HQssymmetric in the
¢ O' D STAR 10:80% forward -backward hemispheres

_ 7]m:1.1

——— =12

Thedirected flow of neutral D mesonsis
20-30 times larger than that of light hadrons

Chatterjeeand Bozek Phys. Rev. Lett. 120, 192301 (2018
STAR CollaborationPhys Revlett. 123, 162301 (2019)

v, (HQs) ™ v, (QGP)
origin of the large directed flow of HQs
different from the one of light particles
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Origin of D meson directed flow

the longitudinal asymmetry between bulk and HQ initial Greco,Nucl. Phys A 967, 200(2017)
profiles leads to a pressurgush of the bulkon the HQs ey L
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T T e e e I AdDS/CFT ]

Ll A Pt Sl i L It S A El O I0OCD [Kaczmarek (2014)] 1

- Au+Au @ RHIC 200 GeV + n,=1 1 O  1QCD [Banerjee et al ] 4

2r QGP, tilted 1 QGP, tilted LO pQCD, o =0.4
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¢ D° D° STAR 10-80%
— QPM
pQCD

D% D°, STAR 10-80%
charm NOT tilted
— — charm tilted

the transverse pressuregradient is effective because

the HQ interaction in QGP ifargely non-perturbative
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Electromagnetic fields in HICs

Hugemagnetic field in the overlapping area of thecollision
U in ultrarelatvistic HICs eB B5-50 m 2~ 1018-10%° G

U dominated by the y component

U mainly produced by spectatorsprotons

U intenseelectric field generatedby Faradayinduction

KharzeeyMcLerran and Warringa, Nucl. Phys. A 803, 2272008)
Skokoy Illarionov and Toneey, Int. J. Mod. Phys. A 24, 5925 (2009

Voronyuk, Toneey CassingBratkovskaya Konchakovskiand VVoloshin
(HSD),Phys Rev. C 83, 054911 (2011)

Au+Au@ 200GeV b =10fm

In a nuclearcollision the t=0.01 fm/c
EMF are a superposition
of the fields produced
by all moving charges
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