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He nanodroplets
~ 107Ó

tornado cores
~ 10-1Ó

High-energy nuclear collisions recreate the 
extreme condition of temperature and density 
required to form the Quark-Gluon Plasma (QGP)

QGP initially expected only in Heavy-Ion Collisions (HICs)

SIGNATURES OF COLLECTIVE FLOW IN SMALL SYSTEMS
in high-multiplicity eventsof

p/d/ 3He+Au at RHIC,  p+p, p+Pbat LHC
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STRONGFIELDS: INTENSE VORTICITY AND ELECTROMAGNETIC FIELDS (EMF)



Many interesting phenomena in high-energy nuclear collisions driven by the intense EMF

o chiral magnetic effect and related transport phenomena
Kharzeev, McLerran and Warringa, Nucl. Phys. A 803, 227 (2008); Fukushima, Kharzeevand Warringa, 
Phys. Rev. D 78, 074033 (2008); Huang, Rept. Prog. Phys. 79, 076302 (2016); Kharzeev, Liao, Voloshin
and Wang, Prog. Part. Nucl. Phys. 88, 1 (2016)

o polarization of hadrons
Becattini, Karpenko, Lisa, Upsaland Voloshin, Phys. Rev. C 95, 054902 (2017); Han and Xu, Phys. Lett. 
B 786, 255 (2018); Sheng, Wang and Wang, Phys. Rev. D 102, 056013 (2020)

o early-time emission of photons and dileptons
Fukushima and Mameda, Phys. Rev. D 86, 071501(R) (2012); Basar, Kharzeevand Skokov, Phys. Rev. 
Lett. 109, 202303 (2012); Basar, Kharzeevand Shuryak, Phys. Rev. C 90, 014905 (2014); Tuchin, Int. J. 
Mod. Phys. E 23, 1430001 (2014); Jia, Liu, Oliva, Huang, Fukushima and Ruggieri., in preparation

o Schwinger particle production
Sheng, Fang, Wang, Rischke, Phys. Rev. D 99, 056004 (2019)

o CHARGE-DEPENDENT DIRECTED FLOW
Gursoy, Kharzeevand Rajagopal, Phys. Rev. C 89, 054905 (2014); Voronyuk, Toneev, Voloshinand 
Cassing, Phys. Rev. C 90, 064903 (2014); Toneev, Voronyuk, Kolomeitsevand Cassing, Phys. Rev. C 95, 
034911 (2017); Das, Plumari, Chatterjee, Alam, Scardina and Greco, Phys. Lett. B 768, 260 (2017); 
Gursoy, Kharzeev, Marcus, Rajagopaland Shen, Phys.Rev.C98, 055201 (2018); Chatterjee and Bozek, 
Phys. Lett. B798, 134955 (2019); Oliva, Moreau, Voronyuk and Bratkovskaya , Phys. Rev. C 101, 
014917 (2020 ); Oliva , Plumari and Greco, 2009.11066 ; Oliva, Eur. Phys. J. A 56, 255 (2020); Dubla, 
Gursoyand Snellings, 2009.09727 22.10.2020Lucia Oliva 3



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

Field interaction
collision integral

change of f due to interactions of 
the plasma with a field (e.g.color 

and electromagnetic fields )

change of f due to collision processes    
responsible for deviations from ideal hydro 

(hȾÓ Ё π)

Free streaming

Xuand Greiner, Phys. Rev. C 79, 014904 (2009)
Ferini, Colonna, Di Toro and Greco, Phys. Lett. B 670, 325 (2009)
Ruggieri, Scardina, Plumari and Greco, Phys. Rev. C 89, 054914 (2014)
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Cassingand Bratkovskaya, Nucl. Phys. A 831, 215 (2009)
Bratkovskaya, et al., Nucl Phys. A 856, 162 (2011)

Generalization to off -shell dynamics
Parton-Hadron String Dynamics (PHSD)

instead of Boltzmann eqs. º Kadanoff-Baymeqs.
instead of particle distribution function fº Green functions with 

complex self-energies 

22.10.2020Lucia Oliva



collective sidewards deflection of 
particles alongthe x direction

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

The tilt of the fireball induce a negative slopein 
the hdependenceof theὺ of bulk particles

v1 is zero if the fireball is not tilted
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DIRECTED FLOW OF CHARGED PARTICLES

ὺ ÃÏÓ• ϳὴ ὴ

Oliva, Plumari and Greco, 2009.11066

Exp. Data: STAR Coll.,
PRL 101(2008) 252301

Hugeorbital angular momentum (* Ђ ρπ5 - 106üɊ
of the colliding system

ü dominated by the y component

ü partly transferred to the plasma generatingan 
asymmetry in local participant density from 
forward and backward going nuclei



Are HEAVY QUARKS (HQs) affectedby the initial
tilt of the fireball and the v1 of bulk medium?

ü mc,b¨LQCD, mc,b¨ THICs

HQ produced in pQCDinitial hard scatterings, 
negligible thermal production of HQ

üt0
HQ<0.1 fm/c §t0

QGP

HQ production much earlier than QGP formation

ütth
HQÜtQGPÜ5-10 fm/c ¨tth

QGP

HQ thermalization time comparable to QGP lifetime
ü production points of HQs symmetric in the 

forward -backward hemispheres
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DIRECTED FLOW OF NEUTRAL D MESONS

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

Chatterjee and Bozek, Phys. Rev. Lett. 120, 192301 (2018)
STAR Collaboration, Phys. Rev. Lett. 123, 162301 (2019)

v1 (HQs) ̈ v1 (QGP)

origin of the large directed flow of HQs 
different from the one of light particles

Oliva, Plumari and Greco, 2009.11066
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the transverse pressure gradient is effective because 
the HQ interaction in QGP is largely non-perturbative

Greco, Nucl. Phys. A 967, 200 (2017)the longitudinal asymmetry between bulk and HQ initial 
profiles leads to a pressure push of the bulk on the HQs

Oliva, Plumari and Greco, 2009.11066



Hugemagnetic field in the overlapping area of the collision

ü in ultrarelatvistic HICs eBЂ 5-50 mp
2~1018-1019 G

ü dominated by the y component

ü mainly produced by spectatorsprotons

ü intense electric field generatedby Faraday induction

By

single charge
Au+Au@ 200 GeV�� b = 10 fm 

t=0.01 fm/c

By

in a nuclear collision the 
EMF are a superposition 

of the fields produced 
by all moving charges

Kharzeev, McLerran and Warringa, Nucl. Phys. A 803, 227 (2008)
Skokov, Illarionov and Toneev, Int. J. Mod. Phys. A 24, 5925 (2009)
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Voronyuk, Toneev, Cassing, Bratkovskaya, Konchakovskiand Voloshin
(HSD), Phys. Rev. C 83, 054911 (2011)


