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Outline

• Motivation
– angular momentum and plasma substructure

– CME / CVE – the need for quantitative “non-chiral” input

• First observation of global hyperon polarization 
– arxiv:1701.06657, accepted by Nature

• Equilibrium-based estimate of B-field and plasma vorticity
– Phys. Rev. C95, 054902 (2017). 1610.02506

• Larger perspective
– relationship to other vortical fluids; Barnett effect

• More detail (requires more statistics, detector upgrade...)
– azimuthal dependence, magnetic splitting?

• Summary & Outlook
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• Central concept in RHI: hydrodynamics

• do we know the full fluid substructure?

• Is angular momentum distributed thermally? “spinning QGP?” 

• How would it manifest itself in data?

• Relevance to novel phenomena?

Fluid substructure in non-central collisions –J ~ 103-4 ħ
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Rigid-body-like vortex

Vorticity – local rotational fluid substructure
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vµr

Shear vorticity
• generated thru viscosity in early stage
• maintained by low viscosity later



Connection to experiment
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Local OAM (vorticity) transferred to
spin degree of freedom of final-state hadrons

(Such transfer is rare – discussed later)

also Voloshin’04; Betz/Gyulassy/Torrieri’07;  Gao‘08,’12; Becattini’13,’15; Csernai’13; Jiang/Lin/Liao’16; many others



Contributors to Global Polarization
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• Vortical: 

• fluid cell emits polarized particles

• Becattini, Csernai, Gyulassy, Gao, Liang, Torrieri, Sorin, Wang,...

L

L

Pµw



Contributors to Global Polarization
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• Vortical: 

• fluid cell emits polarized particles

• Becattini, Csernai, Gyulassy, Gao, Liang, Torrieri, Sorin, Wang,...

• Magnetic coupling

• particles polarized according to magnetic moment

• Becattini, Karpenko, MAL, Upsal, Voloshin

Pµw
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q *

Lambdas are “self-analyzing”

• reveal polarization by preferentially emitting daughter 
proton in the spin direction

E. Cummins, Weak Interactions (McGraw-Hill, 1973)

L® p+p -
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STAR BES energies 7.7, 11.5 14.5, 19.6, 27, 39 GeV Au+Au collisions

Also compare to previously published 62.4, 200 GeV analysis, which used ZDC for Reaction Plane

q *

Ĵsys

L, L reconstructed in TPC+TOF for y <1
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q *

Ĵsys

[1] STAR, PRC76 024915 (2007)

Event-plane resolution
• best for mid-central collisions
• significantly worse at higher energy

• errorbars dPH µ REP
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Results – corrected for RP + combinatorics
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First signal of global polarization in heavy 

ion collisions!
• systematic errors small rel statistical errors

• mostly from combinatoric bkgd

√sNN (GeV) 7.7 11.5 14.5 19.6 27 39

Λ 3.6σ 3.5σ 2.4σ 3.1σ 3.5σ 1.1σ

anti-Λ 2.2σ 2.1σ 1.1σ 2.4σ 2.9σ 1.6σ

Marginal significance for one energy.
Ensemble & trend adds confidence.



Preliminary results – corrected for RP + combinatorics
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First signal of global polarization in heavy 

ion collisions!
• systematic errors small rel statistical errors

• mostly from combinatoric bkgd

• : vorticity mechanism dominant

• : suggests additional magnetic effect

• Signal falls with energy (maybe...)

• previous “null result” in line with trend

• Transport models predict falling vorticity

√sNN (GeV) 7.7 11.5 14.5 19.6 27 39

Λ 3.6σ 3.5σ 2.4σ 3.1σ 3.5σ 1.1σ

anti-Λ 2.2σ 2.1σ 1.1σ 2.4σ 2.9σ 1.6σ

BES average

Λ 6.8σ

anti-Λ 3.7σ

PL > 0 , P
L

> 0

P
L

>  PL



Extracting Vortical and Magnetic Contributions
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• The data reveal a dominant common component 
and suggest a small splitting

• Magneto-hydro equilibrium interpretation

* coupling to μB may produce similar [Becattini, Wang, Sorin...]Becattini, Karpenko, ML, Upsal, Voloshin PRC95, 054902 (2017). 1610.02506



Extracting Vortical and Magnetic Contributions
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• The data reveal a dominant common component 
and suggest a small splitting

• Magneto-hydro equilibrium interpretation

• for small polarization:

• vorticity from the average:

• B-field from the difference*:
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* coupling to μB may produce similar [Becattini, Wang, Sorin...]

But  even with topological cuts, significant feeddown from S0 , X0/- ,S*±/0...

... which themselves will be polarized...
Becattini, Karpenko, ML, Upsal, Voloshin PRC95, 054902 (2017). 1610.02506



Extracting Vortical and Magnetic Contributions
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But  even with topological cuts, significant feeddown from S0 , X0/- ,S*±/0...

... which themselves will be polarized...

S0 ®L

S* ®L

X®L

S* ®S0 ®L

L(1450),  L(1520)...®L

Becattini, Karpenko, ML, Upsal, Voloshin PRC95, 054902 (2017). 1610.02506



From THERMUS

Feed-down effects
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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

Becattini, Karpenko, ML, Upsal, Voloshin PRC95, 054902 (2017). 1610.02506



Extracted Physical Parameters

• Significant vorticity signal

– (probably) falling with energy, despite 
increasing Jcollision

–

• Magnetic field

– positive value as expected, but...
consistent with zero for all energies

– (2σ effect for average of BES energies)

– Higher statistics dataset for 27 GeV
in run 2018  hope for 5σ measurement
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√sNN 7.7 11.5 14.5 19.6 27 39 62.4

PV 2.7σ 3.0σ 1.9σ 3.5σ 4.5σ 2.1σ 1.6σ

PLprimary
=

w

2T
» 5%

BES ave

5.4σ
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NATURE

Quark-gluon plasma sets vorticity record

Tiny whirling fluids

https://www.sciencenews.org/article/whirlpools-might-have-stirred-baby-universes-soup
https://www.sciencenews.org/article/smashing-gold-ions-creates-most-swirly-fluid-ever

https://www.sciencenews.org/article/whirlpools-might-have-stirred-baby-universes-soup
https://www.sciencenews.org/article/smashing-gold-ions-creates-most-swirly-fluid-ever


Relevance to Chiral Phenomena
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Kharzeev & Son PRL106 062301 (2011)

If chiral symmetry is restored, μ5

characterizes the fluctuation into a 
QCD vacuum with different 
topological (Chern-Simons) number



Chiral Vortical Effect
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• (Some) effect observed (preliminary)  - Magnitude, sign fluctuates event-to-event, 
according to μ5 .

B B B B B 

B B B B B

B B B

B B B

Liwen Wen – Chirality workshop UCLA 2016

STAR Preliminary



Chiral Vortical Effect
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• Effect observed (preliminary)  - Magnitude, sign fluctuates according to μ5 .

• Connection w/ underlying physics uncalibrated

• Interpretation of STAR result: ω~0.02-0.09 fm-1

• in expected range (see also Csernai 2014)

Jiang et al,1602.06580



Chiral Magnetic Effect
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STAR PRC81 54908 (2010)

+ +

- -

+ + + + +

- - - - -

• (Some) effect observed: Magnitude, sign fluctuates event-to-event, according to μ5 .



Gursoy, Kharzeev & Rajagopal PRC89 054905 (2014)

Chiral Magnetic Effect
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• (Some) effect observed: Magnitude, sign fluctuates event-to-event, according to μ5 .

• Connection with underlying physics complicated by orders-of-magnitude 
uncertainty in B-field & time-dependence

• STAR result: consistent with B=0

• reducing error bars may be interesting!  (B~1013-14 T?)

effect of QGP 
electrical conductivity

mp

2 = 2 ×104  MeV2  = 1014  T

1 fm-2 = 2mp

2

1014 T



Magnetic splitting? Higher-statistics run at 27 GeV
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BES-I: 67x106 min. bias events

• Fields on order 1013-1014 T expected (for how long...?)
• Increased statistics and RP resolution could allow clear measurement of magnetic splitting

P
L

- PL

uncertainty
BBC RP resolution 



Magnetic splitting? Higher-statistics run at 27 GeV
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• Fields on order 1013-1014 T expected (for how long...?)
• Increased statistics and RP resolution could allow clear measurement of magnetic splitting

BES-I: 67x106 min. bias events

2018 proposal: 109 min. bias events
and EPD upgrade detector (talk Friday)

P
L

- PL

uncertainty
2x BBC RP resolution 



BROADER CONTEXT...
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World records
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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

• high vorticity (10-4 s-1) in the “collar” 
of Jupiter’s Great Red Spot

• Heated, rotating soap bubbles (102 s-1)

Heated soap bubble

Atmospheric vorticity as of 5:00 today

http://tropic.ssec.wisc.edu/real-time/windmain.php?&basin=europe&sat=wm7&prod=vor&zoom=&time=



World records
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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

• high vorticity (10-4 s-1) in the “collar” 
of Jupiter’s Great Red Spot

• Heated, rotating soap bubbles (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

RHIC produces the least viscous fluid.
RHIC produces the most vortical fluid!



2016 - Birth of fluid spintronics

Recent discovery in flowing Hg:

• vorticity generation in flowing fluid 
due to anisotropy and viscosity

• transfer of macroscopic fluid vorticity 
to quantum spin

 spin voltage and spin current across 
channel (sim Hall effect)

 voltage & power generation
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Takahashi et al, Nature Physics 12 (2016) 52
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Takahashi et al, Nature Physics 12 (2016) 52



Macroscopic rotation to quantum alignment
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• Transfer of macro-rotation to (quantum) spin alignment, quite rare!

• First observation: S. J. Barnett, Magnetization by Rotation



Recent investigations
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Recent investigations
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Summary

• Non-central heavy ion collisions create QGP with high vorticity

– fundamental feature of any fluid, unmeasured until now

• Huge and rapidly-changing B-field in non-central collisions

– theoretical predictions vary by orders of magnitude

• Global hyperon polarization: unique probe of vorticity & B-field

–non-exotic, non-chiral

• STAR has made the first observation of global Λ polarization

• ~5-6 sigma effect energy-averaged

• Interpretation in statistical magnetic-vortical model:

– clear vortical component of expected sign, magnitude for  √sNN< 30 GeV

–magnetic component of expected sign, magnitude hinted at, but ~0

• Fluid at RHIC
– highest vorticity fluid

– rare example of macro-quantum rotation transfer
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Thanks for your attention



END
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Next steps – experimental: BES II
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BES-II  ~ 2019-2020

• Dedicated high-statistics running

• Collider (e-cooling) & detector upgrades

• Finer-grained measurements

• Better control on initial conditions (RP)

• Forward tracking/PID

• fixed-target mode – full coverage of FAIR energies

• Detector upgrades

dPH µ REP

(1) # L( )
-1



World record?
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Scaled by Temperature (thermal vorticity)

system vorticity (/s) size (m) product (m/s)

ocean 1.00E-05 1.00E+06 1.00E+01

atmosphere 1.00E-04 1.00E+06 1.00E+02

solar subsurface 1.00E-06 1.00E+08 1.00E+02

Jupiter collar 1.00E-04 1.00E+07 1.00E+03

hot soap 1.00E+02 1.00E-02 1.00E+00

nanodroplets 1.00E+06 1.00E-09 1.00E-03

QGP 1.00E+21 1.00E-15 1.00E+06

Scaled by spatial scale
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Off-mass check:
• statistics challenged
• dominant source of systematic uncertainty

•  syst. errors should go down with stats
• several other tests done (“cleaner/dirtier cuts, etc.)



Accounting for polarized feeddown
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Accounting for polarized feeddown

M.A. Lisa - WPCF - Amsterdam, June 2017 43Becattini, Karpenko, ML, Upsal, Voloshin PRC95, 054902 (2017). 1610.02506



Accounting for polarized feeddown
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Contributors to Global Polarization
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• Vortical: 

• Magnetic coupling:

• Polarization w/ production plane:

• No integrated effect at midrapidity for Lambda

• no effect at all for AntiLambdas

p p

L

Known effect in p+p collisions  [e.g. Bunce et al, PRL 36 1113 (1976)]

• Lambda polarization at forward rapidity relative to production plane



Topologically-dependent efficiency
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Spin-orientation-dependent efficiency (!)

In Lambda frame, proton & pion have equal-magnitude momentum, but not in STAR frame

pion emitted backward in Lambda c.m.,  tight curl, large DCA (distance to collision vertex)
much-reduced efficiency
 higher efficiency to find negative-helicity Lambdas



Topologically-dependent efficiency
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Spin-orientation-dependent efficiency (!)

• Same effect seen in embedding/GEANT simulations
• pT-dependent
• not correlated with RP
• explicitly cancels when summing regions separated by 180 degrees

p̂proton × p̂L

effect does not affect PH

HIJING events through simulated STAR detector & tracking

input

output



Effect of baryochemical potential
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1- 1
R < 1%

root(s) P Lambda P anti Lambda 1-1/R

15 1.167 1.42 20%

19 0.955 1.45 50%

27 1.03 1.41 40%

Fang, Pang, Wang, Wang, PRC 94 (2016) 024904



Splitting effect of finite μB

M.A. Lisa - WPCF - Amsterdam, June 2017 49

PL

P
L

mB
T

=
1

2

mB
T

= 1

mB
T

= 2

mL

T

Fang et al, arxiv:1604.0403


