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2003 first ideas/discussions 
        (STAR meeting in Prague) 
 
2004  Idea goes “on-shell” 

            first publications 

 
 
 

2007  Fist measurements 
 
 
         
          

         First ideas on local vorticity      

2013   ALICE Physics Week in Padova 

      idea of thermodynamical equilibrium 

2017  STAR measurements in BES 

            first “non-zero” measurements

Authors: Zuo-Tang Liang (Shandong U), Xin-Nian Wang (LBNL)
(Submitted on 18 Oct 2004 (v1), last revised 7 Dec 2005 (this version, v5))

[nucl-th/0410079] Globally Polarized Quark-gluon Plasma in Non-central A+A Collisions

[nucl-th/0410089] Polarized secondary particles in unpolarized high energy hadron-hadro...

Authors: Sergei A. Voloshin
(Submitted on 21 Oct 2004) ρ
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 global polarization < 2%�

[12] STAR Collaboration, L. Adamczyk et al., “Global
Λ hyperon polarization in nuclear collisions: evidence
for the most vortical fluid”, Nature 548 (2017) 62–65,

[15] F. Becattini, V. Chandra, L. Del Zanna, and E. Grossi, Rel-

ativistic distribution function for particles with spin at local

thermodynamical equilibrium, Annals Phys. 338, 32 (2013).

[16] S. J. Barnett, Magnetization by rotation, Phys. Rev. 6, 239

[13] B. Betz, M. Gyulassy, and G. Torrieri, Polarization probes of

vorticity in heavy ion collisions, Phys. Rev. C 76, 044901

(2007).

[14] F. Becattini and F. Piccinini, The ideal relativistic spinning gas:

[11] B. I. Abelev et al. (STAR Collaboration), Global polarization

measurement in Au+Au collisions, Phys. Rev. C 76, 024915

(2007); 95, 039906(E) (2017).
I. Selyuzhenkov, S.V.

I. Upsal, M. Lisa, S.V.

665 citations

~10M events

276 

or 

(cos 0) = ~- ~p. 

It is related to the fact that the parent particle is 

polarized (p + 0) and that parity is violated in the de- 

cay (~ + 0). 

We now consider a cascade decay of the type 

E --+ A rc, A -~ N rE. 

Parity violation in E decay will induce a non-vanish- 

ing longitudinal polarization of the A (p~)=c~ z. Any 

transverse polarization of the E in its production pro- 

cess would be averaged away in its contribution to 

PA (15), taking E produced to the right and to the 

left of the incident beam. The acceptance of the experi- 

ment can be assumed not to favour one of the sides, 

even if it is not fully symmetric in azimuth. The even- 

tual decay of the A will thus show an average up- 

- down asymmetry 

up-down 1 
0~ A (X~. 

up + down 2 

The asymmetry parameters are known to be ~A = 0.64 

and ez= --0.44 respectively. One is therefore consid- 

ering a 15% effect. 

Using PC invariance, the asymmetry parameters 

change sign going from particle to antiparticle. Rela- 

tion (18) therefore also applies as such to the E---, A re, 

A ~N~ cascade. Only such a cascade process could 

lead to an up-down asymmetry in A(A) decay. It 

therefore tests the relative abundance of E(E) daugh- 

ters among the A (7) sample. 

This can provide a test for the formation of a 

quark-gluon plasma in nucleus-nucleus collisions, 

which has the advantage of providing a straight yes 

or no answer [1]. 

The formation of a quark-gluon plasma is indeed 

expected to result in a strong abundance of s g pairs, 

due to the thermalization of a gluon-quark system 

above T~, with a chemical potential of u and d quarks 

imposed by the squashing nuclei [-11]. In the follow- 

ing hadronization the production of ff (3), involving 

two s quarks, should not be greatly suppressed as 

compared to that of A (7) involving only one s quark, 

as is the case in typical hadronic processes. 

If 7 is the ratio between the number of E produced 

to that of the number of antihyperons, Z and A, the 

mean up-down asymmetry in 3 decay should be 

[10] 

up- down 1 7 
- -- C~A C~z. (19) 

(17) up+down 2  89 

One could expect 7 to be as high as 0.5 in events 

with large transverse energy where a quark-gluon 

plasma could have been formed 1-11]. The measure- 

ment should be done with 3 and with A. One expects 

the asymmetry to be more pronounced in the former 

case, since, in the latter, many of the A's should be 

mere fragments of nucleons into AK systems. 

A sizeable asymmetry would indicate a relatively 

large abundance of Z with respect to A. This would 

be an unambiguous test of the formation of a quark- 

gluon plasma. 

One can translate the test into an effective lifetime 

test, measuring the effective lifetime of 3 and A 

through the time required (after Lorentz correction) 

for the formation of a V. If a good fraction of the 

//'s originate from ~ decays, the effective lifetime 

should be longer, since part of the A's are only gradu- 

ally produced through E decay. Here again we have 

(t8) 'a yes or no answer. Different effective lifetimes would 

be a signature of the formation of a quark-gluon plas- 

ma. 

In the 1987 run, a new experiment in the f2' detec- 

tor will attempt to detect such a difference in effective 

lifetime. 

References 

1. M. Jacob, J. Rafelski: Phys. Lett. 190B (1987) 173 

2. W discovery: G. Arnison et al.: Phys. Lett. 122B (1983) 103; 

M. Banner et al.: Phys. Lett. t22 B (1983) 476 

Z discovery: G. Arnison et al.: Phys. Lett. 126B (1983) 391; 

P. Bagnaia et al.: Phys. Lett. 129 B (1983) 130 

3. C. Rubbia: Proceedings IX Topical Conference on Particle Phys- 

ics, Honolulu (1983); See also C. Rubbia: In: Old and new prob- 

lems in fundamental physics. Meeting in honour of G.C. Wick 

(1984), Scuola Normale Superiore Quaderni, Pisa (1986) 

4. C. Rubbia: Nobel Prize Address, Stockholm (1984) 

5. M. Davier: In LEP Summer Study. Les Houches and CERN 

(1978), CERN Report 794)1 (1979) 

6. M. Jacob: Nuovo Cimento 9 (1958) 826 

7. M. Jacob, G.C. Wick: Ann. Phys. 7 (1959) 404 

8. A. Parker: Invited Talk, Rencontres de Physique de la Vall6e 

d'Aoste, La Thuile (1987) 

9. W. Scott: Invited Talk, Rencontres de Physique de la Vall+e 

d'Aoste, La Thuile (1987) 

10. T.D. Lee, C.N. Yang: Phys. Rev. 106 (1958) 1645; T.D. Lee, 

J. Steinberger, P. Kabir, C.N. Yang: Phys. Rev. 105 (1957) 1367 

11. J. Rafelski: Phys. Rep. 88 (1982); Quark matter formation and 

heavy ion collisions. Proceedings of the Bielefeld Workshop 

(1982). M. Jacob, H. Satz (eds.). Singapore: World Scientific 1982 

Volume 190, number 1,2 PHYSICS LETTERS B 21 May 1987 

LONGITUDINAL A POLARIZATION, .~ ABUNDANCE 

AND QUARK-GLUON PLASMA FORMATION 
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The relatively large abundance of ~ expected to be a peculiar feature for the quark-gluon plasma formed in relativistic nuclear 
collisions can be readily observed by measuring the longitudinal polarization of.~ into which ~ cascades. This characteristic ~- 
signature of the quark-gluon plasma is discussed. 

In hot and dense regions of nuclear matter there 

should be a high density of strange particles, leading, 

inter alia, to an abundant formation of multi-strange 

baryons and antibaryons. This should be the case 

when the quark-gluon plasma phase expected for hot 

hadronic matter is formed. It has been argued [ 1 ] 

that the relative abundance of multi-strange 

antibaryons would then provide a key information 

about the formation of a quark-gluon plasma. In 

particular, recent detailed calculations [2] suggest 

that the abundance of anticascades ~ (~Cl) is enriched 

to about half the abundance of antihyperons Y(g~l~l). 

This prediction may be compared to the ~/Y ratio 

seen in standard hadronic reactions, which, at 

x/~= 63 GeV is only 0.06 _+ 0.02 in the central rapid- 

ity region [ 3]. Thus the quark-gluon plasma state 

would yield a ratio up to ten times greater. This ratio 

would be a rather characteristic feature of this new 

state of matter and it is very desirable to measure its 

value in central nuclear collisions as a function of 

rapidity (and transverse momentum). The parallel 

ratio ~r/lq is 0.27 _+ 0.02 when measured in the same 

experiment at ISR [ 3 ], while detailed quark-gluon 

plasma calculations [2] predict ?/lql p, .... ~ 1 + 0.2. 

We thus see that the ~./~i" ratio is even a more specific 

observable than the Y/lq ratio. We argue that it pro- 

On leave from University of Cape Town, Rondebosch 7700, 
South Africa. 

:~ The different experiments presently using the oxygen beam 
provided by the SPS are presented in ref. [5]. NA35 is better 
suited for hyperon study. 

0370-2693/87/$ 03.50 © Elsevier Science Publishers B.V. 

(North-HoUand Physics Publishing Division) 

vides a simple signature and the more so since the 

ISR ratios are certainly upper limits for those at 

x/~= 20 GeV, relevant to the oxygen run at CERN 

[4] ~j. However, the -~/Y ratio seems more difficult 

to establish experimentally. We show in this paper 

how the measurement of the longitudinal A polari- 

zation should easily allow one to establish the ratio 

of-~/Y abundances. We also give prescriptions for its 

measurement as well as predictions concerning the 

magnitude of the expected effect. We assume that the 

detector permits the observation and measurement 

of the charged decay "V"s of the neutral A particles. 

The decaying A particles originate in part in the 

(rapid) electromagnetic decays of the ~o particles as 

well as from the weak decays of-~ o, ,~ -. All anticas- 

cades ultimately become A, while only half of all 

antihyperons Y will be in the A-decay chain, of which 

64.2% are giving the typical "V" decay pattern. 

Assuming full acceptance for the "visual" detector 

for all "V"s, the total sample of all seen "V"-events 

is 

Nv = 0.642Y( ½ +.~/Y) (1) 

and, should the abundance ratio -=/Y~ 1/2, we see 

that half of the observed "V"s would be associated 

with the primordial -~ abundance. 

The central point of this paper is the profound dif- 

ference in the polarization of the A descending from 

the weak ~ decays. The weak decay polarizes the A- 

spin longitudinally, the mean value of its helicity 

being given by the decay asymmetry parameter o~v.. 

173 

1987…                  +E 896, NA57

104. B. I. Abelev and others (STAR Collaboration), “Spin alignment measurements of
the K∗0(892) and φ(1020) vector mesons in heavy ion collisions at

√

sNN = 200
GeV”, Phys. Rev. C 77, 061902 (2008), arXiv:0801.1729.
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ωµν = 1

2
(∂νuµ − ∂µuν)

ω̃µν = 1

2
[∂ν(uµ/T )− ∂µ(uν/T )]

ω
α
=

1

2
ε
αµνσ

uµωσν

Πµ = Wµ/m = −

1

2
εµρστS

ρσ p
τ

m

Sµν
= ε

µντSτ

βµ
= uµ/T

Wµ − Pauli-Lubanski pseudovector

Rest frame: Πµ = (0, s)

] F. Becattini, V. Chandra, L. Del Zanna, and E. Grossi, Annals Phys. 338, 32 (2013), 1303.3431.

Ren-hong Fang,1 Long-gang Pang,2 Qun Wang,1 and Xin-nian Wang3, 4 arXiv:1604.04036v1  [nucl-th]  14 Apr 2016
Spin s=1/2 !

S ≈
S(S+1)

3
ω

T

Nonrelativistic statistical mechanics (applicable for any spin)

[28] L. D. Landau and E. M. Lifshits, Statistical Physics, 2nd
Ed., Pergamon Press, 1969.

[29] A. Vilenkin, “Quantum Field Theory At Finite Temper-
ature In A Rotating System,” Phys. Rev. D 21, 2260
(1980). doi:10.1103/PhysRevD.21.2260

[30] F. Becattini and L. Tinti, Annals Phys. 325, 1566 (2010)

[12] F. Becattini, I. Karpenko, M. Lisa, I. Upsal, and S. Voloshin, “Global hyperon polarization at local

thermodynamic equilibrium with vorticity, magnetic field and feed-down”, Phys. Rev. C95 no. 5,

(2017) 054902, arXiv:1610.02506 [nucl-th].
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p(T, µi,B,ω) ∝ exp[(−E + µiQi + µ ·B+ ω · S)/T ]
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S ≈
ω

4T
for s=1/2

x

z

∼
1
0
fm

+

+

ω =
1

2
rå v ≈

1

2

∂vz

∂x

v = Ë × r

Ë



Chirality/Vorticity/MagneticField-2025, Sao-Paulo,   July 07-11,  2025page S.A. Voloshin

Global polarization: centrality, system size  dependence
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: Magnetic field at freeze-outP
�

2 P
�̄

7

∆PH = PΛ̄ − PΛ =
2|µΛ|B

T
, (57)

where µΛ = −µΛ̄ = −0.613µN with µN being the nuclear magneton. Thus, one

arrives at the upper limit on the magnitude of the magnetic field B . 1013 T

assuming the temperature T = 150 MeV and ignoring the feed-down contributions

eB

m2
Ã

j
T

m
Ã

mP

0.613mÃ

�P
�

j 10 �P
�

L. McLerran, V. Skokov / Nuclear Physics A 929 (2014) 184–190

Fig. 1. Magnetic field for static medium with Ohmic conductivity, σOhm .

RHIC 
BES

RHIC 
200 GeV

LHC

Significant limits on the magnetic field at freeze-out  
(time ~ 10 - 15 fm? )

!!! The splitting could be also due to other effects, 

e.g. baryon chemical potential 
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: isobars, BES IIP
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Pz
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Anisotropic flow  ó Ëz

SQM2017
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y

x
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φb

φs

rmax = R(1− a cos(2φs)]

ρ≈ρt,max[r/rmax(φs)][1 + b cos(2φs]

ωz ≈ (ρt,max/R) sin(nφs)[bn − an]

Pz = ωz/(2T ) ≈ 0.1 sin(nφs)[bn − an] Rj10 fm, Tj100 MeV

              of the order of a few percentan, bn

Blast Wave:
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Collisions at Very High Energy”, Phys. Rev. Lett. 120 no. 1, (2018) 012302, arXiv:1707.07984

[nucl-th].

Plot not included  
in the orig. paper. 

Updated in 2018

Eur. Phys. J. C  (2018) 78:354 
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10

ïωz sin(2φ)ð =
∫

dφs

∫

rdr I2(αt)K1(βt)ωz sin(2φb)
∫

dφs

∫

rdr I0(αt)K1(βt)

ωz =
1

2

(

∂uy

∂x
2 ∂ux

∂y

)

,

BW parameters obtained with fits to spectra and HBT:  
STAR, PRC71.044906 (2005) !!!

Note factor of 5!

3. STAR Collaboration, J. Adam et al., “Polarization of Λ (Λ̄) hyperons along the
beam direction in Au+Au collisions at

√

s
NN

= 200 GeV”, Phys. Rev. Lett. 123
no. 13, (2019) , arXiv:1905.11917 [nucl-ex].
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Shear induced polarization (SIP)
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Λ, STAR

Λ̄, STAR

S. Liu, Y. Yin, JHEP07(2021)188 
B. Fu et al., PRL127, 142301 (2021) 
F. Becattini et al., PLB820(2021)136519 
F. Becattini et al., PRL127, 272302 (2021)

!ρσ =
1

2
(@σuρ � @ρuσ)

Ξρσ =
1

2
(@σuρ + @ρuσ)

vorticity: 

shear:

Neither sign nor magnitude of  could not be reproduced  

by models based on thermal vorticity - “spin sign puzzle”. SIP?

Pz

99. S. Alzhrani, S. Ryu, and C. Shen, “Λ spin polarization in event-by-event
relativistic heavy-ion collisions”, Phys. Rev. C 106 no. 1, (2022) ,
arXiv:2203.15718 [nucl-th].
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+ LHC measurements
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STAR, PRL123.13201 (2019)

89. ALICE Collaboration, S. Acharya et al., “Polarization of Λ and Λ hyperons along
the beam direction in Pb-Pb collisions at

√

sNN = 5.02 TeV”, arXiv:2107.11183
[nucl-ex].

HYDRO, AMPT: It was noticed that 
the “kinematic non-relativistic 
vorticity” fits data well, but is 
(much) smaller than that including 
contributions from acceleration 
and  temperature gradients

   - F. Becattini and I. Karpenko, PRL.120.012302 (2018) 

   - X. Xia et al., PRC98.024905 (2018) 

   - Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019) 

   - Y. Xie, D. Wang, and L. P. Csernai, Eur. Phys. J. C (2020) 80:39 

   - W. Florkowski et al., Phys. Rev. C 100, 054907 (2019) 

   - H.-Z. Wu et al., Phys. Rev. Research 1, 033058 (2019)

shear induced polarization?

Pz,s2 c ïPz sin[2(×H 2 «n)]ï
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ALICE (Run 3)

13

07/07/2025

�

" *!,(&	increases with decreasing centrality due to increasing system anisotropy, and mildly increases with increasing F.
" Run 3 results are compatible with Run 2 ones and have smaller statistical and systematic uncertainties, thanks to the 

x20 size of the data sample (~6	×	10/ collisions)
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NEW! Run 2

Run 3

Pz,s2 c ïPz sin[2(×H 2 «n)]ï
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 Centrality, size dependenceïPz sin[2(×H 2 «n)]ï
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Rough estimate of                                , 
comparable or slightly higher than that in Au+Au (~0.1%) for the same centrality.

* sign is flipped for anti-Λ
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p-Pb

15
values:

Available on the CERN CDS information server CMS PAS HIN-24-002

CMS Physics Analysis Summary

Contact: cms-pag-conveners-heavyions@cern.ch 2024/06/02

Azimuthal dependence of hyperon polarization along the
beam direction in pPb collisions at

p
s

NN
= 8.16 TeV
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BES II: Pz
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Spin Hall effect:
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 SIP vs simple estimatesPy(×)

17

Total ��
=Thermal vorticity + Shear effects 

-In the scenario of 8S-quark 

memory9, the total �� with SIP

qualitatively agrees with data
23

�� = 0.3 GeV

Compare with exp data: �� � with & without SIP

B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett. 127 14, 142301(2021ÿ

STAR, NPA, 982 

(2019) 511-514

�� = 1.116 GeV
It is not clear why hydro without SIP predicts  
larger polarization “out-of-plane” — which is  
at odds with expectation from the right plot
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FIG. 2. (Color online) Initial densities in the BGK model (left),

as well as the model used in Ref. [7] (right). In the BGK case, dashed

lines represent the rapidity extent of the “excited state” produced b

the individual nucleon, while solid lines correspond to the cumulativ

density. See text for model definitions and further explanation.

PHYSICAL REVIEW C 76, 044901 (2007)

Polarization probes of vorticity in heavy ion collisions

Barbara Betz,1,2 Miklos Gyulassy,1,3,4 and Giorgio Torrieri1,3

1Institut für Theoretische Physik, J. W. Goethe-Universität, Frankfurt, Germany
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 : SIP vs vorticityPy
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SIP: Vorticity

Will be difficult to separate  
the two contributions
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SAHR ALZHRANI, SANGWOOK RYU, AND CHUN SHEN

Results from different calculations under  
the same conditions differ!
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BES II: Py(×)

20

at

PH
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�

+ 2P2

�

pHt , ηH
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Shear induced polarization (SIP)

21
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Λ, STAR

Λ̄, STAR

S. Liu, Y. Yin, JHEP07(2021)188 
B. Fu et al., PRL127, 142301 (2021) 
F. Becattini et al., PLB820(2021)136519 
F. Becattini et al., PRL127, 272302 (2021)

!ρσ =
1

2
(@σuρ � @ρuσ)

Ξρσ =
1

2
(@σuρ + @ρuσ)

vorticity: 

shear:

Neither sign nor magnitude of  could not be reproduced  

by models based on thermal vorticity - “spin sign puzzle”

Pz

Would higher harmonics  
measurements help to observe 
the SIP contribution? 

Note that SIP contribution 

comes mostly (?) from dvz/dx

99. S. Alzhrani, S. Ryu, and C. Shen, “Λ spin polarization in event-by-event
relativistic heavy-ion collisions”, Phys. Rev. C 106 no. 1, (2022) ,
arXiv:2203.15718 [nucl-th].
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Pz,sn = ïPz sin[n(× 2 «n)]ï
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Rough estimate of                                , 
comparable or slightly higher than that in Au+Au (~0.1%) for the same centrality.

* sign is flipped for anti-Λ
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φ
<latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit><latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit><latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit><latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit>

Rough estimate of                                , half of Pz{Ψ2} signal.  
Need to look into the systematics and necessary corrections.

<latexit sha1_base64="dBg+bgvQu/UAgdVQFq3k+5N9gWA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy2JCrosunEZwT6gCWEynbRDJ5MwMxFq6Fe48VfcuFDErbjzb5ymWWjrgQuHc+7l3nuChFGpLOvbKK2srq1vlDcrW9s7u3vm/kFHxqnApI1jFotegCRhlJO2ooqRXiIIigJGusH4euZ374mQNOZ3apIQL0JDTkOKkdKSbzZchviQEej4D66kvO4mI9pwHUn9sxNX5J7WI2g1bbfmm1WraeWAy8QuSBUUcHzzyx3EOI0IV5ghKfu2lSgvQ0JRzMi04qaSJAiP0ZD0NeUoItLL8remsKaVAQxjoYsrmKu/JzIUSTmJAt0ZITWSi95M/M/rpyq89DLKk1QRjueLwpRBFcNZRnBABcGKTTRBWFB9K8QjJBBWOsmKDsFefHmZdE6bts7s9rzauiriKIMjcAzqwAYXoAVugAPaAINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx8fP54K</latexit><latexit sha1_base64="dBg+bgvQu/UAgdVQFq3k+5N9gWA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy2JCrosunEZwT6gCWEynbRDJ5MwMxFq6Fe48VfcuFDErbjzb5ymWWjrgQuHc+7l3nuChFGpLOvbKK2srq1vlDcrW9s7u3vm/kFHxqnApI1jFotegCRhlJO2ooqRXiIIigJGusH4euZ374mQNOZ3apIQL0JDTkOKkdKSbzZchviQEej4D66kvO4mI9pwHUn9sxNX5J7WI2g1bbfmm1WraeWAy8QuSBUUcHzzyx3EOI0IV5ghKfu2lSgvQ0JRzMi04qaSJAiP0ZD0NeUoItLL8remsKaVAQxjoYsrmKu/JzIUSTmJAt0ZITWSi95M/M/rpyq89DLKk1QRjueLwpRBFcNZRnBABcGKTTRBWFB9K8QjJBBWOsmKDsFefHmZdE6bts7s9rzauiriKIMjcAzqwAYXoAVugAPaAINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx8fP54K</latexit><latexit sha1_base64="dBg+bgvQu/UAgdVQFq3k+5N9gWA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy2JCrosunEZwT6gCWEynbRDJ5MwMxFq6Fe48VfcuFDErbjzb5ymWWjrgQuHc+7l3nuChFGpLOvbKK2srq1vlDcrW9s7u3vm/kFHxqnApI1jFotegCRhlJO2ooqRXiIIigJGusH4euZ374mQNOZ3apIQL0JDTkOKkdKSbzZchviQEej4D66kvO4mI9pwHUn9sxNX5J7WI2g1bbfmm1WraeWAy8QuSBUUcHzzyx3EOI0IV5ghKfu2lSgvQ0JRzMi04qaSJAiP0ZD0NeUoItLL8remsKaVAQxjoYsrmKu/JzIUSTmJAt0ZITWSi95M/M/rpyq89DLKk1QRjueLwpRBFcNZRnBABcGKTTRBWFB9K8QjJBBWOsmKDsFefHmZdE6bts7s9rzauiriKIMjcAzqwAYXoAVugAPaAINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx8fP54K</latexit><latexit sha1_base64="dBg+bgvQu/UAgdVQFq3k+5N9gWA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy2JCrosunEZwT6gCWEynbRDJ5MwMxFq6Fe48VfcuFDErbjzb5ymWWjrgQuHc+7l3nuChFGpLOvbKK2srq1vlDcrW9s7u3vm/kFHxqnApI1jFotegCRhlJO2ooqRXiIIigJGusH4euZ374mQNOZ3apIQL0JDTkOKkdKSbzZchviQEej4D66kvO4mI9pwHUn9sxNX5J7WI2g1bbfmm1WraeWAy8QuSBUUcHzzyx3EOI0IV5ghKfu2lSgvQ0JRzMi04qaSJAiP0ZD0NeUoItLL8remsKaVAQxjoYsrmKu/JzIUSTmJAt0ZITWSi95M/M/rpyq89DLKk1QRjueLwpRBFcNZRnBABcGKTTRBWFB9K8QjJBBWOsmKDsFefHmZdE6bts7s9rzauiriKIMjcAzqwAYXoAVugAPaAINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx8fP54K</latexit>

* sign is flipped for anti-Λ

Blast wave parameterization 

x

y

φb

φs

Number of emitting “sources”:

ρt = ρt,max[r/rmax(φs)][1 + a2 cos(2φs)]

∝ [1 + 2s2 cos(2φb)]

ωz ≈ ρt,max sin(nφs)[an − 2sn]

Transverse rapidity (boost):

The effects should be present also at higher harmonics, (
e.g. for triangular flow. 

Provides connection to vn(pt) and azFemto measurements

Strangeness in Quark Matter,  Utrecht University, July 10-15,2017page S.A. Voloshin19



Chirality/Vorticity/MagneticField-2025, Sao-Paulo,   July 07-11,  2025page S.A. Voloshin

 in isobar collisions, + third harmonicPz
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99. S. Alzhrani, S. Ryu, and C. Shen, “Λ spin polarization in event-by-event
relativistic heavy-ion collisions”, Phys. Rev. C 106 no. 1, (2022) ,
arXiv:2203.15718 [nucl-th].
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Model 

calc’s:

90. STAR Collaboration, “Hyperon polarization along the beam direction relative to
the second and third harmonic event planes in isobar collisions at

√

sNN = 200
GeV”, arXiv:2303.09074 [nucl-ex].
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<latexit sha1_base64="9NNPB5u8dbzS4BiGr2U0i0p5kyU=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy1JEXRZdOMygn1AE8JkOmmHTiZhZiLU0K9w46+4caGIW3Hn3zhNs9DWAxcO59zLvfcECaNSWda3UVpb39jcKm9Xdnb39g/Mw6OujFOBSQfHLBb9AEnCKCcdRRUj/UQQFAWM9ILJ9dzv3RMhaczv1DQhXoRGnIYUI6Ul32y4DPERI9DxH1xJed1NxrThOpL6rTNX5J7WI2g1W27NN6tW08oBV4ldkCoo4PjmlzuMcRoRrjBDUg5sK1FehoSimJFZxU0lSRCeoBEZaMpRRKSX5W/NYE0rQxjGQhdXMFd/T2QoknIaBbozQmosl725+J83SFV46WWUJ6kiHC8WhSmDKobzjOCQCoIVm2qCsKD6VojHSCCsdJIVHYK9/PIq6baattW0b8+r7asijjI4AaegDmxwAdrgBjigAzB4BM/gFbwZT8aL8W58LFpLRjFzDP7A+PwBHy+eCg==</latexit><latexit sha1_base64="9NNPB5u8dbzS4BiGr2U0i0p5kyU=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy1JEXRZdOMygn1AE8JkOmmHTiZhZiLU0K9w46+4caGIW3Hn3zhNs9DWAxcO59zLvfcECaNSWda3UVpb39jcKm9Xdnb39g/Mw6OujFOBSQfHLBb9AEnCKCcdRRUj/UQQFAWM9ILJ9dzv3RMhaczv1DQhXoRGnIYUI6Ul32y4DPERI9DxH1xJed1NxrThOpL6rTNX5J7WI2g1W27NN6tW08oBV4ldkCoo4PjmlzuMcRoRrjBDUg5sK1FehoSimJFZxU0lSRCeoBEZaMpRRKSX5W/NYE0rQxjGQhdXMFd/T2QoknIaBbozQmosl725+J83SFV46WWUJ6kiHC8WhSmDKobzjOCQCoIVm2qCsKD6VojHSCCsdJIVHYK9/PIq6baattW0b8+r7asijjI4AaegDmxwAdrgBjigAzB4BM/gFbwZT8aL8W58LFpLRjFzDP7A+PwBHy+eCg==</latexit><latexit sha1_base64="9NNPB5u8dbzS4BiGr2U0i0p5kyU=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy1JEXRZdOMygn1AE8JkOmmHTiZhZiLU0K9w46+4caGIW3Hn3zhNs9DWAxcO59zLvfcECaNSWda3UVpb39jcKm9Xdnb39g/Mw6OujFOBSQfHLBb9AEnCKCcdRRUj/UQQFAWM9ILJ9dzv3RMhaczv1DQhXoRGnIYUI6Ul32y4DPERI9DxH1xJed1NxrThOpL6rTNX5J7WI2g1W27NN6tW08oBV4ldkCoo4PjmlzuMcRoRrjBDUg5sK1FehoSimJFZxU0lSRCeoBEZaMpRRKSX5W/NYE0rQxjGQhdXMFd/T2QoknIaBbozQmosl725+J83SFV46WWUJ6kiHC8WhSmDKobzjOCQCoIVm2qCsKD6VojHSCCsdJIVHYK9/PIq6baattW0b8+r7asijjI4AaegDmxwAdrgBjigAzB4BM/gFbwZT8aL8W58LFpLRjFzDP7A+PwBHy+eCg==</latexit><latexit sha1_base64="9NNPB5u8dbzS4BiGr2U0i0p5kyU=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy1JEXRZdOMygn1AE8JkOmmHTiZhZiLU0K9w46+4caGIW3Hn3zhNs9DWAxcO59zLvfcECaNSWda3UVpb39jcKm9Xdnb39g/Mw6OujFOBSQfHLBb9AEnCKCcdRRUj/UQQFAWM9ILJ9dzv3RMhaczv1DQhXoRGnIYUI6Ul32y4DPERI9DxH1xJed1NxrThOpL6rTNX5J7WI2g1W27NN6tW08oBV4ldkCoo4PjmlzuMcRoRrjBDUg5sK1FehoSimJFZxU0lSRCeoBEZaMpRRKSX5W/NYE0rQxjGQhdXMFd/T2QoknIaBbozQmosl725+J83SFV46WWUJ6kiHC8WhSmDKobzjOCQCoIVm2qCsKD6VojHSCCsdJIVHYK9/PIq6baattW0b8+r7asijjI4AaegDmxwAdrgBjigAzB4BM/gFbwZT8aL8W58LFpLRjFzDP7A+PwBHy+eCg==</latexit>

Rough estimate of                                , 
comparable or slightly higher than that in Au+Au (~0.1%) for the same centrality.

* sign is flipped for anti-Λ
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φ
<latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit><latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit><latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit><latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit>

Rough estimate of                                , half of Pz{Ψ2} signal.  
Need to look into the systematics and necessary corrections.

<latexit sha1_base64="dBg+bgvQu/UAgdVQFq3k+5N9gWA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy2JCrosunEZwT6gCWEynbRDJ5MwMxFq6Fe48VfcuFDErbjzb5ymWWjrgQuHc+7l3nuChFGpLOvbKK2srq1vlDcrW9s7u3vm/kFHxqnApI1jFotegCRhlJO2ooqRXiIIigJGusH4euZ374mQNOZ3apIQL0JDTkOKkdKSbzZchviQEej4D66kvO4mI9pwHUn9sxNX5J7WI2g1bbfmm1WraeWAy8QuSBUUcHzzyx3EOI0IV5ghKfu2lSgvQ0JRzMi04qaSJAiP0ZD0NeUoItLL8remsKaVAQxjoYsrmKu/JzIUSTmJAt0ZITWSi95M/M/rpyq89DLKk1QRjueLwpRBFcNZRnBABcGKTTRBWFB9K8QjJBBWOsmKDsFefHmZdE6bts7s9rzauiriKIMjcAzqwAYXoAVugAPaAINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx8fP54K</latexit><latexit sha1_base64="dBg+bgvQu/UAgdVQFq3k+5N9gWA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy2JCrosunEZwT6gCWEynbRDJ5MwMxFq6Fe48VfcuFDErbjzb5ymWWjrgQuHc+7l3nuChFGpLOvbKK2srq1vlDcrW9s7u3vm/kFHxqnApI1jFotegCRhlJO2ooqRXiIIigJGusH4euZ374mQNOZ3apIQL0JDTkOKkdKSbzZchviQEej4D66kvO4mI9pwHUn9sxNX5J7WI2g1bbfmm1WraeWAy8QuSBUUcHzzyx3EOI0IV5ghKfu2lSgvQ0JRzMi04qaSJAiP0ZD0NeUoItLL8remsKaVAQxjoYsrmKu/JzIUSTmJAt0ZITWSi95M/M/rpyq89DLKk1QRjueLwpRBFcNZRnBABcGKTTRBWFB9K8QjJBBWOsmKDsFefHmZdE6bts7s9rzauiriKIMjcAzqwAYXoAVugAPaAINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx8fP54K</latexit><latexit sha1_base64="dBg+bgvQu/UAgdVQFq3k+5N9gWA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy2JCrosunEZwT6gCWEynbRDJ5MwMxFq6Fe48VfcuFDErbjzb5ymWWjrgQuHc+7l3nuChFGpLOvbKK2srq1vlDcrW9s7u3vm/kFHxqnApI1jFotegCRhlJO2ooqRXiIIigJGusH4euZ374mQNOZ3apIQL0JDTkOKkdKSbzZchviQEej4D66kvO4mI9pwHUn9sxNX5J7WI2g1bbfmm1WraeWAy8QuSBUUcHzzyx3EOI0IV5ghKfu2lSgvQ0JRzMi04qaSJAiP0ZD0NeUoItLL8remsKaVAQxjoYsrmKu/JzIUSTmJAt0ZITWSi95M/M/rpyq89DLKk1QRjueLwpRBFcNZRnBABcGKTTRBWFB9K8QjJBBWOsmKDsFefHmZdE6bts7s9rzauiriKIMjcAzqwAYXoAVugAPaAINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx8fP54K</latexit><latexit sha1_base64="dBg+bgvQu/UAgdVQFq3k+5N9gWA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g6VQFy2JCrosunEZwT6gCWEynbRDJ5MwMxFq6Fe48VfcuFDErbjzb5ymWWjrgQuHc+7l3nuChFGpLOvbKK2srq1vlDcrW9s7u3vm/kFHxqnApI1jFotegCRhlJO2ooqRXiIIigJGusH4euZ374mQNOZ3apIQL0JDTkOKkdKSbzZchviQEej4D66kvO4mI9pwHUn9sxNX5J7WI2g1bbfmm1WraeWAy8QuSBUUcHzzyx3EOI0IV5ghKfu2lSgvQ0JRzMi04qaSJAiP0ZD0NeUoItLL8remsKaVAQxjoYsrmKu/JzIUSTmJAt0ZITWSi95M/M/rpyq89DLKk1QRjueLwpRBFcNZRnBABcGKTTRBWFB9K8QjJBBWOsmKDsFefHmZdE6bts7s9rzauiriKIMjcAzqwAYXoAVugAPaAINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx8fP54K</latexit>

* sign is flipped for anti-Λ

~4B events
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 dependece, + fourth harmonicpT
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ALICE, Run 3

25

07/07/2025

�

" The polarization induced by the triangular flow is measured for the first time at the LHC energies

³	it helps identify the contribution from SIP, which is expected to be different for different harmonics
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NEW! 

!!,#

«0 originates from fluctuations in 

the initial energy density 

!!,$

07/07/2025

�

" The third-order polarization *),,0	is compatible with the second-order polarization, despite the triangular flow 

being smaller than the elliptic flow ³ comparison to model predictions needed to interpret these results

" With 2024 and 2025 data, the measurement of polarization induced by higher harmonic flow will be possible
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Measuring  and  polarization� «

26

• Different spin, magnetic moments, quark structure 

• Less feed-down in  and  compared to  

• Freeze-out at different time?

� « �

Mass 

(GeV/c2)

cÇ

(cm)

decay 

mode

decay 

parameter

magnetic 

moment 

(¿N)

spin

� (uds) 1.115683 7.89 �->Ãp 

(63.9%)

0.732 0.014 20.613 1/2

�- (dss) 1.32171 4.91 �-->�Ã-

(99.887%)

20.401 0.010 20.6507 1/2

«- (sss) 1.67245 2.46 «-->�K-

(67.8%)

0.0157 0.002 -2.02 3/2

P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

³
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T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957) 
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3
(2× 0.89 + 1) = +0.927.
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Λ = CΩ−ΛP
∗

Ω = 1

5
(1 + 4γΩ)P

∗

Ω

er CΩ−Λ j 1 or CΩ−Λ j20.6.100

Smaller , more difficult to measure P³

  : P-violation 

  : CP violation

³

´

 , spin 1/2�

 spin 3/2,  not known «, µ
µ

«
j ± 1

Possibility to determine  under assumption of the global polarization  µ
«

 make it impractical to measure  

the polarization of  via  decay

³
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« « ³ � + K
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 and  global polarization� «
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81. STAR Collaboration, J. Adam et al., “Global polarization of Ξ and Ω hyperons in
Au+Au collisions at
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= 200 GeV”, Phys. Rev. Lett 126 (4, 2021) ,
arXiv:2012.13601 [nucl-ex].
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BES II: �, «
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ALICE: P�

z

29

07/07/2025

�

NEW! The first measurement of J longitudinal polarization 

in Pb3Pb collisions was performed using a sample of 

~6	×	10
/ Pb3Pb collisions collected during the LHC 

Run 3 in 2023

The J longitudinal polarization shows a hint of 

increase with decreasing centrality and is compatible 

with � one, confirming the spin hierarchy 

(K% = K+ = 1/2)
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Contributions to polarization

30

S∗ = S−

p · S

E(E +m)
p.

fluid rest frame uµ = (1, 0, 0, 0).

Momentum in the rest frame of the fluid - averaging over the production volume  
should further suppress such contributions.

Sx ? pxpy ? sin(2×)

Sy ? p2
z 2 p2

x ? > 1 + cos(2×)

Sz ? pypz ? sin(2») sin(×)

Contribution from :dvz/dx

Contributions due to  and  should be small in nonrelativistic limit! 'T A

Similarly for SIP
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 in asymmetric collisionsP×

31

EPJ Web of Conferences 171, 07002 (2018) https://doi.org/10.1051/epjconf/201817107002

SQM 2017

Vorticity and particle polarization in heavy ion collisions (exper-

imental perspective)

Sergei A. Voloshin
1,æ

One of the analyses, where the results 
directly depends on the correction: 
the effect — nonzero results —  
can be faked by “slightly off”  
acceptance/efficiency correction. 

In that, it is very different from the global 

or  analyses, where “wrong correction”, 

could lead only to a relatively small  
difference in the magnitude of the effect.

Pz

This is one of the reasons for many years  
Cu-Au analysis is still “in progress”. Requires 
running with opposite polarity magnetic field

Probability to reconstruct 
decay on the left is  
different from 
that on the right

Finally, we mention another very interesting possibility for vorticity studies in asymmetric nuclear

collisions such as Cu+Au. For relatively central collisions, when during the collision a smaller nucleus

is fully “absorbed” by the larger one (e.g. such collisions can be selected by requiring no signal in the

zero degree calorimeter in the lighter nucleus beam direction), one can easily imagine a configuration

with toroidal velocity field, and as a consequence, a vorticity field in the form of a circle. The direction

of the polarization in such a case would be given by p̂T × ẑ, where p̂T and ẑ are the unit vectors along

the particle transverse momentum and the (lighter nucleus) beam direction.

HSQCD, Gatchina, 6-10 August, 2018page S.A. Voloshin

Global/local polarization and…

!17

… and asymmetric collisions (
(CuAu, dAu, pPb,…) =>                  ωφ

… and radial flow+longitudinal(y) =>                      

  (
                        + anisotropic flow  => 

ωφ

ωφ(φ)

ω

x

y

z-direction — Cu beam ω ∝ φ̂

Small off-center (impact parameter) will lead (
to “circular” vorticity on average

dAu, pPb, etc…

47. M. A. Lisa, J. a. G. P. Barbon, D. D. Chinellato, W. M. Serenone, C. Shen,
J. Takahashi, and G. Torrieri, “Vortex rings from high energy central p+A
collisions”, Phys. Rev. C 104, no. 1, 011901 (2021), arXiv:2101.10872.

Calculations:

But fluctuations/correlations should be possible to measure!
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Simle estimate of the effect
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Summary

33

Vorticity is an important piece in the picture of heavy ion collisions 

Very rich and extremely interesting results and future 

• Polarization splitting between particles and antiparticles, including parti-

cles with larger magnitude of the magnetic moment such as Ω. It will further

constrain the magnetic field time evolution and its strength at freeze-out,

and the electric conductivity of quark-gluon plasma.

• Precise measurements of multistrange hyperon polarization to study par-

ticle species dependence and confirm the vorticity-based picture of polar-

ization. Measurement with Ω will also constrain unknown decay parameter γΩ.

• Precise differential measurements of the azimuthal angle and rapidity de-

pendence of PJ (P
−y).

• Detailed measurement of Pz induced by elliptic and higher harmonic flow.

In particular this study could help to identify the contribution from SIP,

which is expected to be different for different harmonics.

• Application of the event-shape-engineering technique126 testing the rela-

tionship between anisotropic flow and polarization.

• Measuring P to complete all the components of polarization and compare

• Measuring Px to complete all the components of polarization and compare

the data to the Glauber estimates and full hydrodynamical calculations.

• Circular polarization Pφ to search for toroidal vortex structures

• The particle-antiparticle difference in the polarization dependence on az-

imuthal angle at lower collision energies testing the Spin-Hall Effect.

• Understanding of the vector meson spin alignment measurements including

new results with corrections of different detector effects.

• Measurement of the hyperon polarization correlations to access the scale

of vorticity fluctuations.

• Measurement of the hyperon polarization in pp collisions to estab-

lish/disprove possible relation to the single spin asymmetry effect.

5] T. Niida and S. A. Voloshin, Polarization phenomenon in
heavy-ion collisions, (2024), arXiv:2404.11042 [nucl-ex].

6] F. Becattini and L. Tinti, The Ideal relativis-

 measurements surprisingly (or not?)  

well agree with the BW expectations 

It is not clear how/why  and  and SIP  

contributions appear to be large/significant  

A specific predictions for SIP, SHE, etc. are needed 

Pz

'¿T A¿

Spin alignment: a thorough review and understanding  
of the detector effects are needed

Is the  “Cooper-Frye” prescription good  
for polarization calculations?

A tool to study hadron spin structure?
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EXTRA SLIDES
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The Cooper-Frye prescription
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Single-particle distribution in the hydrodynamic and statistical thermodynamic models

of multiparticle production

Fred Cooper* and Graham Frye
Belfer Graduate School of Science, Yeshiva University, Nese York, Nese York 10033

(Received 7 March 1974)

We find that the single-particle distribution EdN/d p for an expanding relativistic gas de-
scribed by a distribution function obeying the Boltzmann transport equation is not of the form
of an integral over collective motions of a velocity weight function times a "Lorentz-transformed"
rest-frame distribution function. This casts doubt on the algorithms of Milekhin and Hagedorn
for determining the single-particle distribution function in their models of particle production.
For the hydrodynamic model, the correct algorithm is presented.

With the advent of new high-energy accelerators,
there has been a revival of interest in many-body
approaches to particle production. In particular,
the statistical thermodynamic model of Hagedorn'
and Landau's hydrodynamic model' have had con-
siderable success in fitting single-particle in-
clusive data. Recent review papers have summa-

rized the history and successes of these models. ' '
In both models, one assumes that the collision
process yields a distribution of collective motions.
In Hagedorn's approach these collective motions
are called fireballs; in Landau's approach the
collective motions are that of the hadronic fluid
and one has an entropy and energy distribution in
terms of the fluid velocity. In both models one
assumes that in the local rest frame the distribu-

tion of momenta is isotropic and is described by
either a Bose or a Fermi distribution of the ob-
served particle.
The question to which we address ourselves is

whether the momentum distribution in the center-
of-mass frame is given by the probabi1. ity of
finding a particle with collective velocity v times
the Lorentz-boosted thermal distribution normal-
ized to the total number of particles. The invari-
ant single-particle distribution that follows from
this assumption is' '

dN p dN g(E, T(v))
d'p = d'v a(T(v))

where E and T are, respectively, the energy and

temperature in the comoving or local rest frame
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of the collective motion, and

g(E, T) =g(2v) '[exp(E/&T)~1] ',

g(E, T}d'P.

(2}

= M(s, v) F(s, v, M(s, v)),
~ V

where F(s, v, M) is the probability of producing a
fireball of mass M. It is difficult to criticize
Eqs. (1) and (3) directly, so we will concentrate on

Milekhin's' version of Landau's model, in which

dN/d'v is proportional to the distribution of entro-

py in the fluid. In a notation explained below [see
Eq. (18)], Mtlekhin's expression is

We systematically use a bar to designate the value

of a quantity in the comoving frame; thus,

E=y(v)E-y(v)v p,

where y(v) = (1 —v') "' and E and p are the energy

and momentum in the center-of-mass frame.
In the generalized statistical thermodynamic

models, '

a, and is equal to the number of particles at time

t if we choose da „=(d'x, tt). The invariant single-

particle distribution in momentum space, of those

particles on a, is

E, = f(x, P)P "do„.
a

(9)

f(x, P}=g(E(v(x)), T(x)). (10}

The contrast between Eqs. (5) and (9) is that P"
has been replaced by Eu" in Eq. (5). To choose
between them, we make a further excursion into

transport theory.
The Boltzmann equation is

where ~I is the rate of change in f due to colli-
sions. The stress-energy tensor defined by

(12)

Equation (9) is to be compared with Eq. (5}under

the assumption that the fluid is locally in thermo-

dynamic equilibrium,

dK
(

aesop

Equations (1) and (4) can be combined to give

E, = g(E, T(v))Eu "do „.dN q

(4)

(5)

is conserved by virtue of energy-momentum con-

servation in individual collisions,

(13)

Equation (5) yields the correct number of parti-

cles, but it is inconsistent with energy conserva-

tion [see Eq. (20)), so we are led to consider how

one determines EdN/d'P for the simplest system,

an expanding ideal gas.
The transport theory of a relativistic gas has

been well studied. "We consider one type of

particle of mass m and picture a many-body

system as a collection of world lines that have

local binary collisions and branching to describe

particle creation and annihilation. In the neighbor-

hood of a space-time point x", the net number of

lines making positive transit across an element

der„of a 3-surface whose tangents lie within

The collective velocity 4-vector u "(x)
= (y(x), y(x)v(x)) is defined by

n(x)u" (x) = P "f(x, P)DP .

The quantity n(x}u"(x) is a number current density

and can be used to count the net number of parti-
cles on e,

n(x)u "(x)do„= DP f(x, P)P"do„=N(a),

(15)

but there is no reason in general for it to be con-

served,

DP =- 26'(P' —m')d'P

about P" serves to define a Lorentz-invariant

distribution function f (x, P},

dN(o) =f (x, P)P

"der „DP

.

The integral

(6) s„(n(x)u "(x))= AI'Dp $0.

Now n(x} is a Lorentz scalar. Its meaning is
established by using the Lorentz transformation

to the comoving frame as a change of variables
in evaluating the integral in Eq. (14). The trans-
formation is

N(o) = DP f(x, P)P "d&r„

counts the net number of lines intersecting a given

P " = L„"(v)P
' = Lo (v) E + L,"(v)P ',

where

(16)
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The quantity n(x}u"(x) is a number current density
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but there is no reason in general for it to be con-
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about P" serves to define a Lorentz-invariant

distribution function f (x, P},

dN(o) =f (x, P)P

"der „DP
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The integral

(6) s„(n(x)u "(x))= AI'Dp $0.

Now n(x} is a Lorentz scalar. Its meaning is
established by using the Lorentz transformation
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in evaluating the integral in Eq. (14). The trans-
formation is
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We find that the single-particle distribution EdN/d p for an expanding relativistic gas de-
scribed by a distribution function obeying the Boltzmann transport equation is not of the form
of an integral over collective motions of a velocity weight function times a "Lorentz-transformed"
rest-frame distribution function. This casts doubt on the algorithms of Milekhin and Hagedorn
for determining the single-particle distribution function in their models of particle production.
For the hydrodynamic model, the correct algorithm is presented.

With the advent of new high-energy accelerators,
there has been a revival of interest in many-body
approaches to particle production. In particular,
the statistical thermodynamic model of Hagedorn'
and Landau's hydrodynamic model' have had con-
siderable success in fitting single-particle in-
clusive data. Recent review papers have summa-

rized the history and successes of these models. ' '
In both models, one assumes that the collision
process yields a distribution of collective motions.
In Hagedorn's approach these collective motions
are called fireballs; in Landau's approach the
collective motions are that of the hadronic fluid
and one has an entropy and energy distribution in
terms of the fluid velocity. In both models one
assumes that in the local rest frame the distribu-

tion of momenta is isotropic and is described by
either a Bose or a Fermi distribution of the ob-
served particle.
The question to which we address ourselves is

whether the momentum distribution in the center-
of-mass frame is given by the probabi1. ity of
finding a particle with collective velocity v times
the Lorentz-boosted thermal distribution normal-
ized to the total number of particles. The invari-
ant single-particle distribution that follows from
this assumption is' '

dN p dN g(E, T(v))
d'p = d'v a(T(v))

where E and T are, respectively, the energy and

temperature in the comoving or local rest frame
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of the collective motion, and

g(E, T) =g(2v) '[exp(E/&T)~1] ',

g(E, T}d'P.

(2}

= M(s, v) F(s, v, M(s, v)),
~ V

where F(s, v, M) is the probability of producing a
fireball of mass M. It is difficult to criticize
Eqs. (1) and (3) directly, so we will concentrate on

Milekhin's' version of Landau's model, in which

dN/d'v is proportional to the distribution of entro-

py in the fluid. In a notation explained below [see
Eq. (18)], Mtlekhin's expression is

We systematically use a bar to designate the value

of a quantity in the comoving frame; thus,

E=y(v)E-y(v)v p,

where y(v) = (1 —v') "' and E and p are the energy

and momentum in the center-of-mass frame.
In the generalized statistical thermodynamic

models, '

a, and is equal to the number of particles at time

t if we choose da „=(d'x, tt). The invariant single-

particle distribution in momentum space, of those

particles on a, is

E, = f(x, P)P "do„.
a

(9)

f(x, P}=g(E(v(x)), T(x)). (10}

The contrast between Eqs. (5) and (9) is that P"
has been replaced by Eu" in Eq. (5). To choose
between them, we make a further excursion into

transport theory.
The Boltzmann equation is

where ~I is the rate of change in f due to colli-
sions. The stress-energy tensor defined by

(12)

Equation (9) is to be compared with Eq. (5}under

the assumption that the fluid is locally in thermo-

dynamic equilibrium,

dK
(

aesop

Equations (1) and (4) can be combined to give

E, = g(E, T(v))Eu "do „.dN q

(4)

(5)

is conserved by virtue of energy-momentum con-

servation in individual collisions,

(13)

Equation (5) yields the correct number of parti-

cles, but it is inconsistent with energy conserva-

tion [see Eq. (20)), so we are led to consider how

one determines EdN/d'P for the simplest system,

an expanding ideal gas.
The transport theory of a relativistic gas has

been well studied. "We consider one type of

particle of mass m and picture a many-body

system as a collection of world lines that have

local binary collisions and branching to describe

particle creation and annihilation. In the neighbor-

hood of a space-time point x", the net number of

lines making positive transit across an element

der„of a 3-surface whose tangents lie within

The collective velocity 4-vector u "(x)
= (y(x), y(x)v(x)) is defined by

n(x)u" (x) = P "f(x, P)DP .

The quantity n(x}u"(x) is a number current density

and can be used to count the net number of parti-
cles on e,

n(x)u "(x)do„= DP f(x, P)P"do„=N(a),

(15)

but there is no reason in general for it to be con-

served,

DP =- 26'(P' —m')d'P

about P" serves to define a Lorentz-invariant

distribution function f (x, P},

dN(o) =f (x, P)P

"der „DP

.

The integral

(6) s„(n(x)u "(x))= AI'Dp $0.

Now n(x} is a Lorentz scalar. Its meaning is
established by using the Lorentz transformation

to the comoving frame as a change of variables
in evaluating the integral in Eq. (14). The trans-
formation is

N(o) = DP f(x, P)P "d&r„

counts the net number of lines intersecting a given

P " = L„"(v)P
' = Lo (v) E + L,"(v)P ',

where

(16)

Is the Blast Wave model  “closer” to Milekhin’s prescription?

Note that the polarization observables are sensitive to  
the gradients of the fields, unlike most (all?) of the observables 
used so far. This bring new important information to the picture 
of the freeze-out stage. 
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Spin alignment in vector meson decays
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Spin-alignment: STAR
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RHIC: Mean field of Ç meson plays a role?  
Does it change from RHIC to LHC?

If it is related to the vorticity, it must depend 
on the direction. In mean field approach (as  
well as any others) -  

what are the predictions for  and ?Ã1,1 Ã21,21

One possibility for noticeable spin alignment 
might be strong, fluctuating in direction,  
polarization, e.g vorticity, (the mechanism 
discussed by B. Mueller). 

This possibility might be checked  

with  correlations��

Helicity conservation and heavy resonance  
decays into vector mesons?



Chirality/Vorticity/MagneticField-2025, Sao-Paulo,   July 07-11,  2025page S.A. Voloshin

rapidity dependence of Ã00
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Fig. 5: The spin density matrix element ρ00 of prompt D∗+ mesons as a function of pT in the rapidity

interval 0.3 < |y| < 0.8 compared to that of inclusive J/ψ mesons in the rapidity interval 2.5 < y < 4

measured in Pb–Pb collisions at
√

sNN = 5.02 TeV in the 30–50% centrality class. The bottom panel

shows the deviation of the measurements from the null hypothesis (ρ00 = 1/3) in units of the total

uncertainties σρ00
.
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static medium calculations
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for

for

,

where the superscripts h and y label different choices for ÷0.
The global spin alignment is then calculated using Eqs. (11)

and (12). It is straightforward to show that

Ã
y
00
ðx;pÞ ¼

1

3
þ
3Ãh

00
ðx;pÞ − 1

3jpj2
"

p2
y −

p2
x þ p2

z

2

#

; ð32Þ

which qualitatively agrees with the prediction of the

quark coalescence model [19]. We plot in Fig. 3 Ã
y
00

as

functions of the meson’s azimuthal angle, where the

thermal background is assumed to be static while the

meson’s transverse momentum is fixed to pT ¼ 2 GeV and

the longitudinal momentum is determined by the rapidity

Y as pz ¼
ûûûûûûûûûûûûûûûûûû

M2 þ p2
T

p

sinhðYÞ. We also fix the temperature

as T ¼ 150 MeV. For mesons at center rapidity Y ¼ 0, the

FIG. 3. The global spin alignment for J=Ë mesons with

transverse momentum pT ¼ 2 GeV and rapidity Y ¼ 0 (red solid

line) or Y ¼ 1 (blue dashed line), as functions of the meson’s

azimuthal angle Ç.
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Spin-alignment: ALICE
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Spin alignment and efficiency, momentum resolution
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Unlike the hyperon polarization case, the spin alignment non-zero result might be totally due  
“wrong” acceptance correction value.

Different approaches and methods and different correction procedures should lead to the same result. 

Using theta*  / using phi* 

Invariant mass, / signal+background 

Yield vs phi / moments of the distribution 

Understanding momentum resolution effects 

Efficiency from data / Monte-Carlo
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spin alignment: momentum resolution effect
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Spin alignment and elliptic flow
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angular distribution ∝ sin2 θ, where θ is the angle relative
to the spin direction (in the resonance rest frame), and
consequently ∝ cos(2φ), where the angle φ is now the az-
imuthal angle with respect to the reaction plane, and thus
would contribute to the elliptic flow (modulo distortions
due to transformation from the resonance rest frame).
Such an additional contribution could probably explain
the very strong elliptic flow observed at RHIC (recall,
that in transverse momentum region, pt ∼ 3 GeV/c ellip-
tic flow at RHIC can not be explained by any model [4]).
Finally I note that the effect of strong correlation be-

[nucl-th/0410089] Polarized secondary particles in unpolarized high energy hadron-hadro...
Authors: Sergei A. Voloshin
(Submitted on 21 Oct 2004)

ρ
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x
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Int. Conference on New Frontiers in Physics,2017, AOK, Crete, August 2017page S.A. Voloshin

pion elliptic flow from rho decays

22

Fig. 1. Azimuthal anisotropy v2 of pions from the decay of ρ vec-

tor mesons that have spin alignment according to Eq. (13) with

ρ
0
00

= 1/3 (solid line), 0 (dot-dashed line) and 1 (dashed line).

Strangeness in Quark Matter,  Utrecht University, July 10-15,2017 S.A. Volosh6
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 : SIP vs vorticityP
x
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“Microcanonical” approach
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Global polarization, rapidity dependence
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W.T.Feng and X.G.Huang, PRC93.064907 (2016)
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Global polarization,  dependencepT
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Weak  dependence (as expected?)pT
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B. Fu et al. PRL 127, 142301 (2021)
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Global polarization, Py
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