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• Motivation –subjecting our (hydro) paradigm to scrutiny

• Strong magnetic fields and chiral magnetic effect

• Fluid vorticity and polarization probes
– Barnett- Einstein-de Haas effects / fluid spintronics

• Hyperon polarization in Beam Energy Scan I

• Extraction of ω & B
– broader context & comparison with predictions

• Outlook & Summary

2M. Šumbera NPI CAS



2000–2012: RHIC+LHC

Top energy program

Discovery of sQGP

- QCD Critical Point?

- Chiral effects?

2010–2017: RHIC BES-I
7.7, 11.5, 14.5, 19.6, 27, 39, 54.4 GeV

2019–2020: RHIC BES-II
7.7, 9.1, 11.5, 14.5, 19.6 GeV

FXT*:    3.0, 3.5, 3.9, 4.5, 7.7 GeV

2022 – : RHIC+FAIR BES-III
Fixed-target programs

5000 200          20                    2      √sNN (GeV) 

31
Large E

LHC, RHIC
2 RHIC

SPS

Large μB

FAIR (2025) 

NICA (2020)

J-PARC (?)

RHIC(FXT)
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MTDMagnet BEMCEEMC EPDTOF iTPCTPC

HFT

- Powerhouse at RHIC

- Needs upgrades for

the future of RHIC

1) Turn-off of 
sQGP signatures

2) Search for the 
signals of phase 
boundary

3) Search for the 
QCD critical point

http://arxiv.org/abs/1007.2613
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Geometric acceptance @ collider mode remains the same, 
track density gets lower.
Detector performance generally improves at lower energies.

√sNN

[GeV]
events(106) Year

200 350 2010

62.4 67 2010

54.4 300 2017

39 130 2010

27 70 2011

19.6 36 2011

14.5 20 2014

11.5 12 2010

7.7 5 2010

4.9 (FXT) 3.4 2015

4.5 (FXT) 1.3 2015

Largest data sets versus collision energy!!!
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STAR: Phys.Rev. C 96 (2017)  044904

Excellent particle identification capabilities. 
Large and homogeneous acceptance. 
Especially important for fluctuation analysis
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The Early Universe, Kolb & Turner

QCD Transition

Higgs

QCD

Fundamental understanding of the Strong Interaction
• confines color
• generates ~95% of visible mass

*) Many references, including those to other reviews can be 

found in R. Pasechnik, M. Šumbera: Phenomenological Review

on Quark–Gluon Plasma: Concepts vs. Observations,

Universe 3 (2017) no.1, 7, arXiv:1611.01533
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Lattice QCD: 
weakly-interacting parton gas 

Credit: NASA
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S. Borsanyi, G. Endrodi, Z. Fodor et al., JHEP 1011, 077 (2010)
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Lattice QCD: 
weakly-interacting parton gas 

M. Šumbera NPI CAS

ideal non-interacting gas?

𝑝

𝑇4

S. Borsanyi, G. Endrodi, Z. Fodor et al., JHEP 1011, 077 (2010)
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Lattice QCD: 
weakly-interacting parton gas 
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QCD Transition

1) Quenching
All hard hadronic process are strongly quenched

2) Flow
Panta rhei: All soft particles emerge from the common flow field 

• The lattice calculations were not wrong.  Our physical understanding based on 
them was wrong (weakly vs strongly coupled).

• detailed experimental probes dislodged our misconceptions

• Hydro treatment is now a crucial element of H.I.C. Standard Model*

• Access to Equation of State, transport coefficients, time evolution

• We must continue to subject our new paradigm to detailed experimental scrutiny

• Even assuming hydro: Do we sufficiently understand the fluid structure?

*) All hard hadronic process are strongly quenched, all soft particles emerge from the common flow field 

M. Šumbera NPI CAS

Edward Shuryak, Strongly coupled quark-gluon plasma in heavy ion collisions,  Rev.Mod.Phys. 89 (2017) 03500
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& many more terms...

From a (lumpy) initial state, solve hydro equations:

movies by Bjorn Schenke

M. Šumbera NPI CAS

*) For recent reviews of new theories of relativistic hydrodynamics see: 
P. Romatschke, U. Romatschke, arXiv:1712.05815
W. Florkowski, M.P. Heller and M. Spalinski, arXiv:1707.02282    

𝜕𝜇𝑇
𝜇𝜈=0 ;   𝑇𝜇𝜈= 𝜖𝑢𝜇𝑢𝜈 − 𝑝 + Π Δ𝜇𝜈 + 𝜋𝜇𝜈

∆𝜇𝜈=𝑔𝜇𝜈 − 𝑢𝜇𝑢𝜈; 𝜖 = 𝑢𝜇 𝑇𝜇𝜈 𝑢𝜈

𝑝 = 𝑝𝑠 + Π = −
1

3
Δ𝜇𝜈 𝑇

𝜇𝜈 ; Π = −𝜁𝜕𝜇 𝑢
𝜇

𝑢𝜇 𝜕𝜇 Π =
1

𝜏Π
Π + 𝜁𝜃 −

1

2
Π
𝜁Τ

𝜏Π
𝜕𝜇

𝜏Π

𝜁Τ
𝑢𝜇

𝑑𝜖

𝑑𝜏
= −

𝜖+𝑝𝑠

𝜏
1 −

4

𝜏Τ

𝜂

𝑠
−

1

𝜏Τ

𝜁

𝑠

N.B. For Bjorken flow 𝑢𝜇= 𝑥𝜇/ 𝜏:

Modern approach*:
Fluid dynamics is a long-wavelength
effective theory based on knowledge of
the effective degrees of freedom, and 
the symmetries of the system under
consideration.
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movies by Bjorn Schenke

System cools & expands  Freeze-out

• Cooper-Frye prescription* – “physics-free”.

• Emitted hadrons reflect properties of their parent 
hydro cell (chemical potentials, thermal and 
collective velocities).

*)
QGP fluid:
colored quarks deconfined

emitted hadron
(color confined)

fluid cell at
freeze-out

M. Šumbera NPI CAS



26

PRC 73, 034905 (2006)

NPA 834, 237c (2010)

PRC 73, 034905 (2006)

NPA 834, 237c (2010)

STAR: Phys.Rev. C 96 (2017)  044904
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P. Romatschke, U. Romatschke, arXiv:1712.05815

Radial Flow Elliptic Flow

Vn=⟨cos[n(f-YRP)]⟩
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p+Au d+Au 3He+Au

B. Schenke, Nucl.Phys. A967(2017)105
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PHENIX, Phys.Rev.Lett. 115 (2015)142301
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PHENIX, arXiv:1710.09736

sQGP ⇒ FSI dominates momentum space correlations ⇒ final 
state is very sensitive to the initial shape of the collision system. 
⇒ Using varying small projectiles (p, d, or 3He)  to modify the
average geometry one expects modification of the measured
ellipticity and triangularity coefficients v2 and  v3.

Vn=⟨cos[n(f-YRP)]⟩
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R.D. Weller, P. Romatschke, Phys.Lett. B 774 (2017) 351

Using initial conditions that allow for nucleon substructure in the form of three valence quarks
all collision systems can be described simultaneously with a single set of fluid parameters.

p+p p+Pb Pb+Pb
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V2<0: shadowing
by spectators
(squeeze-out)

V2>0: strongly interacting matter
V2>0: (rotating) compound nucleus formation

V2>0: in-plane

V2<0: out-of-plane



• Non-central heavy ion collisions:  J ~ 105 ħ ≈ Npart × (√sNN/2) × b) 

• N.B. Calculations behind the “perfect fuid” story neglect angular 
momentum altogether.

• Effect on hydrodynamic system? 

• What is the experimental probe?

22M. Šumbera NPI CAS

P. Carruthers, Nuclear Physic A 418(1984)501c – Proc. Quark Matter II

…note that if the excitations are  energized 
in a nucleus-nucleus collision, considerable 
angular momentum is likely to be 
concentrated in vorticle eddies, which could 
decay as coherent blasts of vector particles …



• Non-central collision:  J ~ 105 ħ

• In a hydrodynamic picture, relevant quantity is vorticity

• How would this manifest experimentally?

23M. Šumbera NPI CAS
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Irrotational Vortex (e.g. tub drain): vµ1/ rRotational Vortex (e.g. rigid body): vµ r

M. Šumbera NPI CAS
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In collision c.m. frame In local frame of fluid cell

More natural structure for plasma 
from nuclear collision:

Localized vortex generation via baryon stopping

Viscosity dissipates vorticity to fluid at larger scale



B » gZe
b

RA

3

g = sNN / 2mN

g =100, Z = 79, 

b » RA = 7fm

Þ eB » m2

p ~ 1018Gauss

Biot-Savarat law: Kharzeev, McLerran, Warringa,

Nucl PhysA803(2008)227

eB ~
1

t 3

Au+Au collisions at √sNN= 200 GeV 

M. Šumbera NPI CAS 26
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The time-evolution and the strength of
magnetic field are strongly affected by the
electrical conductivity s(t) of the plasma.

M. Šumbera NPI CAS

K. Tuchin: Phys.Rev. C93 (2016) no.1, 014905

Magnetic field in units of m2
p/e . s = 5.8 MeV, z = 0.2 fm t0 = 0.2 fm. Solid, dashed and dotted lines stand for B , Binit and Bval. 

g= 100 (RHIC) g = 2000 (LHC).

mp

2 / e»1014  T

27
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… lots of them

Kharzeev, McLerran, and Warringa arXiv:0711.0950  
and Nucl. Phys. A803 (2008) 227:
“The consequences and magnitude of these effects 
are subject to experimental study and verification”

• Gauge theories with compact

symmetry groups possess

topologically nontrivial configurations

of gauge field.

• Dramatic implications for the vacuum

structure of QCD at high T*.

• Moving from one vacuum state to 

another results  in changing the 

topological charge Qw of the system.

• Qw flips helicity and thus counts the 

difference between the number of right 

and left handed quarks.

• Qw changing transitions also violate 

local P and CP conservation.

instantons

sphaleronsGround State

D.E. Kharzeev et al. Prog. Part. Nucl. Phys. 88 (2016) 1

*) N.B. deconfinement transition is accompanied by a rapid change
in the rate and nature of topological transitions connecting
different topological sectors.
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To observe in the lab
- add massless fermions (chiral quarks and 
anti-quarks)
- apply a magnetic field

CME task force report: arXiv: 1608.00982

A required set of Extraordinary Phenomena:
QCD Topological Charge + Chiral Symmetry Restoration 
+ Strong Magnetic Field ⇒ Chiral Magnetic Effect = 
QCD anomaly driven chirality imbalance leading to 
current along B-field
Observable:
Chirally restored quarks separated 
along magnetic field

Experimental strategy: 
Measure 2 particle correlations 
(++,--,+-) WRT reaction plane

Charge separation 7.7-2760 GeV

STAR: Phys.Rev. Lett. 
113 (2014) 052302

Necessary but not sufficient condition for
the CME (other explanation not ruled out)http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/QCDvacuum/su3b600s24t36cool30action.gif

M. Šumbera NPI CAS 31



32

uncharged metal object:
mechanical rotation magnetization

Barnett Effect (1915) Einstein-de Haas Effect (1915) 

unmagnetized metal object:
introduce B-field mechanical rotation

spin alignment spin alignment
M. Šumbera NPI CAS

S. J. Barnett, Rev. Mod. Phys. 7 (1935) 129

M=cw/g

M – magnetization
g – gyromagnetic ratio

c – magnetic susceptibility

𝐵 = 𝜔/𝛾
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This is the only experimental result Einstein published

(* N.B. electron spin discovered in 1925)

M. Šumbera NPI CAS
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1. Hg flowing down a channel
• viscous forces with walls  fluid vorticity

1

M. Šumbera NPI CAS

Takahashi, et al. : Spin hydrodynamic generation, Nature Physics 12, 52–56 (2016)
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1. Hg flowing down a channel
• viscous forces with walls ⇒ fluid vorticity

2. mechanical fluid vorticity ⇒ e- polarization

μS = spin chemical potential

2

M. Šumbera NPI CAS

Takahashi, et al. : Spin hydrodynamic generation, Nature Physics 12, 52–56 (2016)
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1. Hg flowing down a channel
• viscous forces with walls ⇒ fluid vorticity

2. Mechanical fluid vorticity ⇒ e- polarization

3. Gradient across channel ⇒ spin voltage

4. ... can be transformed into electrical voltage, 
generators, etc. without magnets

“This opens a door to the new field of fluid spintronics”

3

M. Šumbera NPI CAS

Takahashi, et al. : Spin hydrodynamic generation, Nature Physics 12, 52–56 (2016)
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• Fine-scale vorticity at the “point” cell  is reflected in 
the spin of emitted particles

first suggested by

M. Šumbera NPI CAS

Betz et al., Phys.Rev. C76 
(2007) 044901
Becattini et al., Phys.Rev. C77 
(2008) 024906
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Barnett, Einstein-de Haas, Takahashi 
straightforward to measure both

Our experimental situation is a little tougher...
1. how to measure polarization?
2. what is the direction of the vorticity?

...but we benefit from their validation of the 
connection

M. Šumbera NPI CAS
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p -

p

L® p +p -

M. Šumbera NPI CAS
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Lambdas are “self-analyzing”

• reveal polarization by preferentially emitting 
daughter proton in spin direction of L

q *

p -

p

L® p +p -

M. Šumbera NPI ASCR



41

Ĵsys

Ĵsys  (& B̂)

M. Šumbera NPI CAS

• LS coupling can generate a 

spin alignment, or

polarization, along the

direction of the vorticity in 

the local fluid cell, which, 

when averaged over the

entire system, is parallel to 

Jsys. 

⇒ Polarization measurements

of hadrons emitted from the

fluid can be used to 

determine w ≡ |𝛚|.
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Ĵsys

L

L

M. Šumbera NPI CAS
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L

L

Both effects may be active

M. Šumbera NPI CAS

N.B. mL = −0.613 ± 0.04 mN
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L, L reconstructed in TPC+TOF for y <1

M. Šumbera NPI CAS
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L, L reconstructed in TPC+TOF for y <1

M. Šumbera NPI ASCR

Lambdas are found topologically using 

identified protons and pions
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Ev
en

t 
p

la
n

e 
re

so
lu

ti
o

n

Event-plane resolution 𝑅𝐸𝑃
(1)

• obtained from correlation of two event
plane vectors of two random sub-events

• best for mid-central collisions
• significantly worse at higher energy
• errorbars dPH µ REP

(1) # L( )
-1

M. Šumbera NPI CAS
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• Systematic uncertainty (dominated by 
combinatorial background) small relative 
to statistical uncertainty

• vortical coupling dominant

• tantalizing suggestion (but no claim!) of 
additional magnetic coupling

• Signal falls with energy (large errorbars...)
• previous “null” result in line with the 

trend

PL » P
L

> 0

P
L

> PL   ???

M. Šumbera NPI CAS

STAR Collaboration, Nature 548 62 (2017)
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• Systematic uncertainty (dominated by 
combinatorial background) small relative 
to statistical uncertainty

• vortical coupling dominant

• tantalizing suggestion (but no claim!) of 
additional magnetic coupling

• Signal falls with energy (large errorbars...)
• previous “null” result in line with the 

trend

PL » P
L

> 0

P
L

> PL   ???

M. Šumbera NPI CAS

STAR 

preliminary
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Pb–Pb@2.76 TeV:

All available  ALICE Pb–Pb@2.76 TeV  data was analyzed.

The measured polarizations of Λ and Λ̄ hyperons are  

compatible with expectations and are consistent with zero  

within the precision of the measurement.

Expected significance of the combined Λ+ Λ̄result is at 1s

level.

3s significance requires  10 x more data.

Pb–Pb@5.02TeV:

Assuming  same  ZDC event plane  resolution and  same feed-

down:

Polarization is expected to decrease very slowly with collision  

energy.

The measurement becomes more feasible at higher collision  

energies  due  to a  faster increase  of the hyperon yield*.

*)up to ∼ √2 better significance due to ×2 more  hyperons

with similar amount of events.

M. Šumbera NPI CAS

Maxim Konyushikhin @ Quark Matter 2017

mailto:Pb%E2%80%93Pb@2.76
mailto:Pb@2.76
mailto:Pb%E2%80%93Pb@5.02
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Magneto-hydro equilibrium interpretation

w

T
= PL + P

L

PL »
1

2

w

T
-

mLB

T
           P

L
»

1

2

w

T
+

mLB

T

B

T
=

1

2mL

P
L

- PL( )

for small
polarization:

vorticity from sum:

B-field from difference:

(here mL = mL )

M. Šumbera NPI CAS

Becattini, Karpenko, Lisa, Upsal, Voloshin Phys. Rev. C95 (2017) 054902
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Significant vorticity signal

•

• (probably) falling with collision energy,
despite increasing Jsys

PLprimary
=

w

2T
» 5%

Magnetic field

• positive value would be expected

• 2σ above zero, averaged over all BES energies

• Higher statistics dataset for 27 GeV
in run 2018 ⇒ hope for 5σ measurement

M. Šumbera NPI CAS
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Ocean surface vorticity (NOAA)
http://sos.noaa.gov/Datasets/dataset.php?id=604

scale: w ~10-4  s-1

zero

• ocean flows: ω ~ 10-5 s-1

• terrestrial atmosphere: ω ~ 10-4 s-1

Praha

vorticity as of 10:00 31 Jan 2018
http://tropic.ssec.wisc.edu/real-time/europe/winds/wm1vor.GIF

M. Šumbera NPI CAS

http://sos.noaa.gov/Datasets/dataset.php?id=604
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Doppler radar measurement of supercell tornado system tornado, 
21 May 1998, Bridgeport, Nebraska
J. Wurman et al., Mon. Weather Rev. 135, 2392 (2007) 

• ocean flows: ω ~ 10-5 s-1

• terrestrial atmosphere: ω ~ 10-4 s-1

• core of supercell tornado: ω ~ 10-1 s-1

M. Šumbera NPI CAS
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D. Choi et al, Icarus 188 (2007) 35

solar subsurface vorticity, 2002 R. Komm et al., Astrophys. J. 667, 571 (2007)

• ocean flows: ω ~ 10-5 s-1

• terrestrial atmosphere: ω ~ 10-4 s-1

• core of supercell tornado: ω ~ 10-1 s-1

• solar subsurface flow: ω ~ 10-6 s-1

• “Collar” of Jupiter’s Great Red Spot: ω ~ 10-4 s-1

M. Šumbera NPI CAS
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• ocean flows: ω ~ 10-5 s-1

• terrestrial atmosphere: ω ~ 10-4 s-1

• core of supercell tornado: ω ~ 10-1 s-1

• solar subsurface flow: ω ~ 10-6 s-1

• “Collar” of Jupiter’s Great Red Spot: ω ~ 10-4 s-1

• Heated, rotating soap bubbles: ω ~ 102 s-1

Intensity of vortices: from soap bubbles to hurricanes
T. Meuel, et al, (Nature) Scientific Reports 3 3455 (2013)

M. Šumbera NPI CAS
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• ocean flows: ω ~ 10-5 s-1

• terrestrial atmosphere: ω ~ 10-4 s-1

• core of supercell tornado: ω ~ 10-1 s-1

• solar subsurface flow: ω ~ 10-6 s-1

• “Collar” of Jupiter’s Great Red Spot: ω ~ 10-4 s-1

• Heated, rotating soap bubbles: ω ~ 102 s-1

• Max vorticity in bulk superfluid He-II: ω ~ 150 s-1

R. Donnelly, Ann. Rev. Fluid Mech. 25, 325 (1993)

• Max vorticity in nanodroplets of superfluid He-II: 106 s-1

Gomez et al, Science 345 (2014) 903

M. Šumbera NPI CAS
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Thermal vorticity ω/T = 2-10%
 ω = 0.02-0.09 fm-1

 Magnitude, √s-dep in range of transport &
3D viscous hydro calculations with rotation

M. Šumbera NPI CAS

Y. Jiang, Z.W. Lin and J. Liao, Phys. Rev.C 94, 044910 (2016)

Tassume=160 MeV

L. Csernai et al., Phys. Rev. C90, 021904(R) (2014)
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• UrQMD (lumpy conditions) + hydro

• matching & evolution parameters tuned to 
reproduce dN/dη, dN/dpT, v2 (but not ω!)

• strong dependence on lumpiness of initial 
conditions given by UrQMD

M. Šumbera NPI CAS

Theory: Becattini, Karpenko, EPJ C77(2017)213
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This is a stunning success and validation of the hydro paradigm underlying our understanding of heavy ion 
collisions.  The substructure of the prediction is being tested at a much finer level than “just” anisotropy of the 
momentum distribution

M. Šumbera NPI CAS
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• Statistical uncertainties preclude claim

• B should change with energy, but...

• Highest fields in the known universe:

Magnetars ~ 1010-1011 T

B
s

= 6.0 ± 5.5 ´1013  T

McGill Online Magnetar Catalog: ApJS 212 (2014)
http://www.physics.mcgill.ca/~pulsar/magnetar/main.html

M. Šumbera NPI CAS
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• ω & B : of very high interest to the field
• model substructure
• dedicated workshops
• novel QCD effects (CME, CVE)

• Based on this discovery, BNL approved 
2 weeks dedicated running in 2018

• further exploration in 2019+

• STAR upgrade detector – EPD

• project led & built by OSU (M. Lisa)

• significant improvement on     resolutionĴ

M. Šumbera NPI CAS

25.1.2018
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BES-I: 67x106 min. bias events with BBC

Expect fields ~ 5x1013 T (for how long?) 2x BBC RP resolution 

2018 : 109 events & detector upgrade

M. Šumbera NPI CAS

P
L

- PL

uncertainty
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Expect fields ~ 5x1013 T (for how long?)

M. Šumbera NPI CAS

40

96Zr + 40

96Zr    vs.   44

96Ru+ 44

96Ru

Zr and Ru same geometry and mass;
charge different by 10% (20% signal difference)
5s effect with 20% (signal)+80% (background)

V. Skokov et al., arXiv:1608.00982

Blind analyses of CME studies of Run-18 isobar data:
• “Frequent” switching of isobar collision species
• Interleave isobar data samples from each species
• Respect the time-variation of running conditions



• First observation of global polarization by STAR@RHIC

• Interpretation in magnetic-vortical model:
– clear vortical component of expected sign & magnitude for BES energies

– magnetic component consistent with zero, but tantalizing hint that STAR pursues in 2018 & BES-II

• stunning success/validation of hydro picture
– subjected to unique probe of substructure considerably finer than previously achieved

– much more can be done to probe substructure of the substructure 

• non-central H.I. collisions create most vortical fluid observed to date

– generated by early shear viscosity, persists through low viscosity

• Vorticity & B-field crucial elements to validate/calibrate high-profile CME & CVE 
measurements @ RHIC

66M. Šumbera NPI CAS



THANKS FOR YOUR ATTENTION
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National High
Magnetic Field Lab

sun spot

with explosive charges

pulsars

M. Šumbera NPI CAS



Direct calculations of Liénard-Wiechert potentials 
using coordinates and velocities of incoming 
protons* from HIJING

*Contributions from the produced partons to the generation of the EM field is neglected.

The electromagnetic fields at t = 0  and r = 0  as functions of the impact parameter b
Due to EbyE fluctuations <|Ex|>≈<|Ex|>≈<|Bx|>≠0 

M. Šumbera NPI CAS

Wei-Tian Deng  and Xu-Guang Huang, Phys.Rev. C85 (2012) 044907
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Separation of Charge wrt the 
reaction plane

• If a chirally restored bubble is 

created in a heavy ion collision, 

the positively charged quarks 

will go up … then hadronize … 

and yield an excess of positive 

pions above the plane

• Unfortunately, it could be just 

the opposite in the next event 

depending on the topological 

charge in the bubble

• The signal is manifestly 

parity odd                                     

x  -x ,  p  -p         

but the observable will be even

• The charge-flow asymmetry is too small 

to be seen in a single event but may be 

observable with correlation techniques

+
++

- --

++ +

- --

+
+ +
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• Most of our Lambdas are not emitted directly from the plasma.

• Significant feed-down from (polarized) parents complicates the picture

• Still a linear relationship (for small polarization)

fLR =  fraction of Ls that originate from parent R® L

CLR =  coefficient of spin transfer from parent R to daughter L

f
S0R

=  fraction of Ls that originate from parent R® S0 ® L

C
S0R

=  coefficient of spin transfer from parent R to daughter S0

overall, ~15% effect

Becattini, Karpenko, Lisa, Upsal, Voloshin PRC95 (2017) 054902
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