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' The Earth's Magnetic Field

tornado cores
~101s71
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particle distributions p
X
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MAGNETIC FIELDS
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v1(y) = {cos[p(¥)])

collective sidewards
particle deflection
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Huge orbital angular momentum of the colliding system
> in ultra-relatvistic HICs J= 10°-10%h
» mainly perpendicular to the reaction plane

» partly transferred to the plasma
Q7 TILTED FIREBALL

asymmetry in local participant density
from forward and backward going nuclei
P. Bozek and I. Wyskiel, Phys. Rev. C 81, 054902 (2010)

® STARS5-40% ' .
STAR 40-80%
- 1‘lm =11

D% D, STAR 10-80%
—_— 7,=11

S— =12
——— n,=12 M

charged neutral
D mesons

Exp.Data: STAR Coll.,
PRL 123, 162301 (2019)
Au+Au @ RHIC 200 GeV, b=9fm, p;>1.5GeV

negative slope of v, (1)
LO, S. Plumari and V. Greco, JHEP 05, 034 (2021)

T=1.0fm/c
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Huge magnetic field in the overlap area

» in uRHICs up to eB = 5-50 m_2

» mainly perpendicular to the reaction plane
» intense Faraday-induced electric field

» charged currents induced in the conducting

’
,I
N\ L
hS
g I D[La] ’ t:t“)‘

— — Dicql, t=t,

QGP sustain the magnetic field

- —- = Dcq], t=2 fmre.

splitting in the v, of particles with TS Dl s -7

same mass and opposite charge

» Av, of light hadrons in AA: O(10%-1073) LHC: P Ph @276 Tev=
Gursoy et al., Phys. Rev. C 89, 054905 (2014) N b=

» Av, of heavy mesons in AA: O(10%)
Das et al., Phys. Lett. B 768, 260 (2017)

» Av, of light mesons in pA: O(10?)
Oliva et al., Phys. Rev. C 101,014917 (2020 ) &

2 Oliva, Eur. Phys. ]. A 56, 255 (2020) '
G”lé,;,,s Dubla, Gursoy and Snellings,
Mod. Phys. Lett. A 35, 2050324 (2020) [
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particle , Spin polarization is the degree of alignment of the
rest frame p, Pparticle spin with a given direction (quantization axis)
————————————— T measured through the angular
N distribution of the decay products
7 p, of the particle in its rest frame
"Spin Family (Bosons and Fermions)"
sculptures by Julian Voss-Andreae (2009)
spherically symmetric anisotropic distribution
— unpolarized production — polarized production

out-of-plane helicity
Picture credit: P.FAcciol P ;

different possible choices for n

* in-plane (x direction)

out-of-plane (y direction) =~ event plane
longitudinal (z direction)

helicity (momentum direction of decaying particle)
e K longitudinal
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Au+Au 20-50%

X A this study

@ A this study

F A PRC76 024915 (2007)
O A PRC76 024915 (2007)

o =0.642
ly|<1.0
0.4<p;<3.0 GeV/c

STAR Coll., Nature 548, 62 (2017) &

A hyperon is a spin-1/2 particle

S%
decaying through weak interaction cak ecf:;i\w
A—p+1m (BR~64%) 1o\atind *ogeretl oin
oy~ on P i D
— measure POLARIZATION paf .{QIO ._ochot
da“gh\?“ e O°
dN m'\_t’ted“

d cos 0*

1
= E(l + ay|Py| cos 6%)

Py :hyperon polarization
ay :hyperon decay parameter

U, i magnetic moment of A hyperon
T : temperature at thermal equilibrium

F. Becattini, Iu. Karpenko, M.A. Lisa, I. Upsal, S. Voloshin,

Phys. Rev. C 95, 054902 (2017)

thermal approach

magnetic field
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Au+Au @ RHIC 200 GeV, b=7fm
\J,"|| =10400, n <1

oo detected
Relativistic Heavy-Ion Collisions porticle dstributors
made by Chun Shen cian

7] _

tornado cores Jupiter’s spot He nanodroplets
~101s71 ~ TOSiea ~107s7t ~1022-1023 51
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free streaming

LO, S. Plumari and V. Greco,

L & JHEP 05, 034 (2021)
AT g
' 7 ‘ |!‘ '\ ; 1.:.- eB, [fm~?]
S A NES L P 01
Earth’s field laboratory magnetars urHICs _”_"i_”l
~1G ~ 108G ~104-1015G  ~10!8-10!° G

10~°

Estimates at freeze-out from /A — /A polarization based on thermal approach e
w = (Py+ PkgT/h ~0.02—-0.09fm™ 1 ~0.6—-27x10%%s1! U. Gursoy, D. Kharzeev, K. Rajagopal,
B ~ (PA B PZ)T/Z#A ~S T 1015 G - eB~5 X 10—3 fm—Z e 10—2 m72T PhYS.ReV.C 89, 054905 (2014)

» the initial values of vortical and EM fields are higher
» the splitting could be also due to other effects

But...
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% ¢(yl<1.0and 1.2 <p; < 5.4 GeV c™)
o K0(y]<1.0and 1.0 <p; <5.0 GeV ¢

— GY-464+073m?

0% STAR (Au+Au and 20-60% centrality)
O ¥¢ ALICE (Pb+Pb and 10-50% centrality)

STAR Coll., Nature 614, 244 (2023) &

d cos 8*

¢ and K™ mesons are spin-1 particles ays
; : : aec
decaying through strong interaction ) ﬂox\g. Gon
& — K* + K- (BR ~49%) Leerio opotest o
K0 - K* + 1 (BR ~100%) partY O 0 o B L i
— measure SPIN ALIGNMENT d"—"e(; anot pe
¢

dN

3
=7 [(1 = poo) + Bpoo — Dcos?6*|

Poo : 00 element of spin density matrix p,,,

describes the spin state of a particle ensemble
m, n — spin components along the quantization axis
for a spin-1 particle: -1,0,+1

1/3
unpolarized case

! Poo Significantly larger
than 1/3 for collision energies
of 62 GeV and below (7.40)

: Poo consistent with
1/3 within exp. uncertainties
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the vorticity contribution dominates. STAR measurements of the
polarization of Aand A (refs. **°) indicate that the magnetic components
of the vorticity and the electromagnetic field tensor in total give*'**
anegative contributionto p,, at the level of 10~. Furthermore, the local
vorticity loopin the transverse plane?®, when acting together with coa-
lescence, gives a negative contribution to global p,,. From a hydrody-
namic simulation of the vorticity field in heavy-ion collisions, itis known?
that the electriccomponent of the vorticity tensor gives a contribution
onthe order of 107*.Simulation of the electromagnetic field in heavy-ion
collisions indicates? that the electric field gives a contribution on the
order of 10™. Fragmentation of polarized quarks contributes on the
order of 107 and the effect is mainly present in transverse momenta
much larger than a few GeV ¢! (ref. ). Helicity polarization gives a
negative contribution at all centralities”. Locally fluctuating axial
charge currents induced by possible local charge violation gives rise
to the expectation® of pyo(K*) < pyo(d) <1/3. The aforementioned
mostly conventional mechanismsmake either positive or negative
contributions to ¢-meson p,,, but none of them can produce a p,, that
is larger than 1/3 by more than a few times 10 %, Recently, a theoretical
modelwas proposed on the basis of the ¢-meson vector field coupling
to s and S quarks?®, analogous to the photon vector field coupled to
electrically charged particles. In this mechanism, the observed global
spin alignment is caused by the local fluctuation of the strong force
field and can cause deviations of py, from1/3 larger than10™*.
In2008, the STAR Collaborationreported onasearch for global spin

STAR Collaboration, Nature 614, 244 (2023) &

2.X.-L. Sheng, LO & Q. Wang, Phys. Rev. D 101, 096005 (2020)
3. X.-L. Sheng, LO & Q. Wang, Phys. Rev. D 105, 099903 (2022)

4. X.-L. Sheng, Q. Wang & X.-N. Wang, Phys. Rev. D 102, 056013 (2020)

5. X.-L. Sheng, LO, Z.-T. Liang, Q. Wang & X.-N. Wang, 2205.15689
6. X.-L. Sheng, LO, Z.-T. Liang, Q. Wang & X.-N. Wang, 2206.05868
12. Z.-T. Liang & X.-N. Wang, Phys. Lett. B 629, 20 (2005)

25.Yang et al., Phys. Rev. C 97,034917 (2018)

26. X.-L. Xia et al., Phys. Lett. B817, 136325 (2021)

21.].-H. Gao, Phys. Rev. D 104,076016 (2021)

29. B. Miiller & D.-L.Yang, Phys. Rev.D 105,L011901 (2022)

conventional sources of spin polarization cannot explain
the large positive deviation of py, from 1/3 Te *

The local correlations of strong force fields

may be the key to solve the puzzle
Refs. 2-6
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spin polarization vector for
massive fermion/antifermion

thermal vorticity electromagnetic field vector meson field
tensor strength tensor strength tensor

wps = (ag(ﬁua)—aa(ﬁug)) FEmV = 9,45V — 9 4™V

“electric “magnetic” “electric” eo

1 . |
- (at(ﬁu) +7(pu?)) @ =2Vx(Bu) E™Y = El, ,=FQ9, B =

l l

9gv

1 1 Qq Qq
q/q(t X, pq/q) “)y = 2m, — (& x pq/q) T quTBy *o—= 2m2T (E X pq/q) T quTB;// = 2m2T

Like the em field, effective mesonic fields can polarize particles
but with large magnitude due to the strong interaction K*0
X.-L. Sheng, LO and Q. Wang, Phys. Rev. D 101, 096005 (2020) [Phys. Rev. D 105, 099903 (2022)] &1

X.-L. Sheng, Q. Wang and X.-N. Wang, Phys. Rev. D 102, 056013 (2020)

“magnetic”
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\ o P =

Poo>1/3  poo=1/3  poo <1/3 polarized

p%’O ( \/m) Sy L7 Sy I n quarks

% ¢(yl<1.0and 1.2 <p; < 5.4 GeV c™)
o K0(y]<1.0and 1.0 <p; <5.0 GeV ¢
— GY-464+073m?

polarized

COALESCENCE e

- 3rd October 2023

Cps Ce, Cg ~1073 — 107> are negligibly small compared to 1/3

0% STAR (Au+Au and 20-60% centrality)

0% ALICE (Pb+Pb and 10-50% centrality) the gb—meson effective field in C(p may explain
the large positive deviation of p,, from 1/3

Lucia Oliva (Catania University, INFN-Catania)

X.-L. Sheng, LO and Q. Wang,
STAR Coll., Nature 614, 244 (2023) [l Phys. Rev.D 101, 096005 (2020) [Phys. Rev. D 105, 099903 (2022)] [l
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% ¢(yl<1.0and 1.2 <p; < 5.4 GeV c™)
o K0(y]<1.0and 1.0 <p; <5.0 GeV ¢

— GY-464+073m?

neglecting EM fields

OsOudd

) negligible assuming that different fields
Ms0Oasd do not have large correlation in space
ly|<0.5
1<p;<5 GeV/c A _
contribution on hyperon polarization proportional to the A
o % STAR (Au+Au and 20-60% centrality) L 3 g o o
o ALICE (Pb+Pb and 10-50% centraity) fluctuation of the ¢-meson field that is on average negligible

STAR Collaboration, Nature 614, 244 (2023)

X.-L. Sheng, LO and Q. Wang, PRD 101, 096005 (2020) [PRD 105, 099903 (2022)] [l
X.-L. Sheng, Q. Wang, and X.-N. Wang, Phys. Rev.D 102, 056013 (2020)
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spin Boltzmann equation for the
vector meson’s matrix-valued
spin-dependent distributions (MVSD)

nonrelativistic quark coalescence model
cannot account for spin dynamics

i ’?11i

—— [ (A, K)ey (Ao, K)CH (2, k) —Caiss (K) Y, (2, )]

DISSOCIATION
COALESCENCE independent from the

3. ] q
o (k) — / it S S (BY - BL - B,

quark/antiquark MVSDs

-:t:ll { ‘}Th]"’ Eq EE o
x Te {T"(p" - v —mg) [1 + 757 /P(x,p)]
XTH (ke —p') - v+ mg| [1 4+ 7\ P2,k — p')|}

L, p') (e, k — p)

unpolarized distribution for quark/antiquark

antiquark

X.-L- Sheng, LO, Z.-T. Liang, Q. Wang Q and X.-N. Wang, Phys. Rev. Lett. 131, 042304 (2023) . 2206.05868 [
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solution of the spin Boltzmann equation

— f::_':-':dib;.f;{_k_}f:'if-] __# \1 k h’;al 1\ 9, l‘x ]LTJ'_H; L |, T, ]_‘.}

At: vector meson formation time
fi,2, assumed = 0 at initial time

MVSD can be parameterized as

spin-independent distribution function
(unpolarized)
=+
normalized spin density matrix
(polarization part) coa

w (A ke, (Ao, k)CL L (2, k) .
—uu- polarized

“Co ’11"

oo, (T, k) =

spin density matrix for vector mesons

COALESCENCE >

i ; Include the polarization phase space
distributions for quark/antiquark P, / 7 (x,p)

polarized
hadrons

similar to the process in the

nonrelativistic coalescence model

X.-L- Sheng, LO, Z.-T. Liang, Q. Wang Q and X.-N. Wang, Phys. Rev. Lett. 131, 042304 (2023) . 2206.05868 [
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polarization distributions of strange/antistrange
quarks appearing in ¢ mesons spin density matrix

¢-meson fields

neglecting EM fields
the 00 element of the spin density matrix for ¢ meson in its rest frame
 8m + 16m2m2 + 3m? For quarkonium vector mesons like ¢ meson
C' :—*' » cancellation of all mixed terms of two different field components

120m=(n ” 2m= - S .
ns(mg + 2my) » only short-distance correlations between same field components

. 8mi — 14mZm3 + 3m]
Cp=" > 7 ¢

Py, measures local fluctuations of vortical
and mesonic fields during hadronization

.) ).
120m2(m2 + 2m?)

X.-L- Sheng, LO, Z.-T. Liang, Q. Wang Q and X.-N. Wang, Phys. Rev. Lett. 131, 042304 (2023) 1 ; 2206.05868 &1
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in terms of lab-frame fields and taking the y-axis as spin quantization direction (out-of-plane)

2 2

2 ) ] ,
_<i> M +1Ei(k) ef-(i) M
" m

Th Th

factorization of space-time and momentum dependence
in the squares of field components and their coefficients

considering only
the ¢-meson field

transverse fields

longitudinal fields

X.-L- Sheng, LO, Z.-T. Liang, Q. Wang Q and X.-N. Wang, Phys. Rev. Lett. 131, 042304 (2023) 1 ; 2206.05868 &1
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Exp. data: STAR Coll., X,y
Nature 614, 244 (2023) Poo (V SNN )

* & STAR —— Out-of-Plane

E— ©

In-Plane extract the field fluctuation parameters

100 200

/

*» difference between and driven by the
momentum anisotropy via the elliptic flow v, (k)

X.-L- Sheng, LO, Z.-T. Liang, Q. Wang Q and X.-N. Wang, Phys. Rev. Lett.

131,042304 (2023)

pgo -1/3 (kx' ky)

0 2
k, (GeV/c)

4 Au+Au
200 GeV
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Exp. data: STAR Coll., y
Nature 614, 244 (2023) Poo (k)

115 GeV Au+Au
3 T
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Iyl <1
1.2 <k;<5.4 GeV

0.0 0.5

kr (GeV/c)
o2 near]_-y' constant at kT < 2 GeV D modulation of pg(,)y with the azimuthal angle

% atlow ky it is significantly larger ¢ can be tested in future experiments! |
than 1/3 at lower energies ﬁ

Lucia Oliva (Catania University, INFN-Catania)
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CONCLUSIONS

v' The directed flow of light and heavy mesons is a probe of vortical and EM fields in large and small systems

v' the thermal vorticity gives the dominant contribution to the polarization of A hyperons,

= A
the magnetic field induces a splitting of A and A particles (4) A
v’ thermal vorticity and EM fields at freeze-out cannot explain the significant positive O

deviation from 1/3 of p,, for ¢ meson observed at lower energies

v' the dominant source of the ¢p-meson spin alignment may be the local fluctuations ¢
of an effective ¢-meson field that polarizes the s and § quarks

v we derived a relativistic quantum transport theory for spin dynamics K
describing p,, as phase-space distribution function

v we extracted the strength of ¢-meson field fluctuations from exp. data of ¢p-meson global
spin alignment and predicted its transverse momentum and azimuthal angle dependence

Further explore the connection between particle spin
polarization and local correlation of strong force fields

» open a potential new avenue for studying Tﬁ
the behaviour of strong interaction ,‘End

lucia.oliva@dfa.unict it Thank you for your attention!
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origin of the large directed flow of HQs different
from the one of light particles

t=0.2fm/c

¢ D’ D° STAR10-80%
P KT it Au+Au @ RHIC 200 GeV n, =1

— — charm tilted . QGP, tilted QGP, tilted
—— charm, NOT tilted = = charm, tilted
Y &

——

6 4 2 0 2 4 6 6 4 202 T.
X [fm] x [fm]

0 =0 o,
¢ D% D° STAR 10-80% CHARM

—— QPM

race TILTED

______________________________________________________ SEEE e e

QGP tilted in both cases

1.5

LO, S. Plumari and V. Greco, JHEP 05, 034 (2021) {1

v; (HQs) > v; (QGP)

longitudinal asymmetry leads to
pressure push of the bulk on the HQs

HQ production points symmetric in
the forward-backward hemispheres

-2 -15 -1 05 0 05 1 15 2
Ns
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origin of the large directed flow of HQs different
D from the one of light particles v, (HQs) > v, (QGP)
<v1 > (y ) longitudinal asymmetry leads to
pressure push of the bulk on the HQs

¢ D’ D° STAR10-80%

T cham NOT e effective because the HQ interaction
in QGP is largely non-perturbative

non-perturbative
—— L _ behaviour of QGP

in agreement with

S. Chatterjee and P. Bozek,

Phys. Rev. Lett. 120, 192301 (2018)
A.Beraudo et al., JHEP 05, 279 (2021)

¢ 0% D° STAR 10-80%
— QPM
pQCD

2nTD, = 3 — 6
QGP diffuses charm quarks
like an almost perfect fluid

LO, S. Plumari and V. Greco, JHEP 05, 034 (2021) {1

- STRONG-HFHF2023

- 3rd October 2023

Lucia Oliva (Catania University, INFN-Catania)

Do
S


https://inspirehep.net/literature/1818661

;- The EM fields induce a large splitting in the v; of HQs
'Ul (y) S.K.Das et al., Phys. Lett. B 768, 260 (2017) SLOPE TIME EVOLUTION

D°, STAR 10-80%

D°, STAR 10-80%

0

S oo f=(v") Iyl <05
',“.‘ D D
a Avl oo f=Av" |y <05

normalized to the final value at t =9 fm/c

G, = 0.023 fm”

Au+Au @ RHIC 200GeV
ny=1.1

b=9fm, p;>1.5GeV

L. Oliva, S. Plumari and V. Greco, JHEP 05, 034 (2021) v,2 more sensitive to the early QGP evolution

Av, of D mesons is ~10 times larger than that of light hadrons when T is higher, while v,” probes more T~T,
in agreement with STAR exp. data (still consistent with zero)
STAR Coll., PRL. 123 (2019) 162301

if the v, splitting of neutral
At LHC energy Av,” has opposite sign and D mesons is of EM origin

magnitude ~ 40 times larger than models it is a proof of QGP formation
ALICE Coll., Phys. Rev. Lett. 125, 022301 (2020)
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L.O, P. Moreau, V. Voronyuk and E. Bratkovskaya, Phys. Rev. C 101,014917 (2020) ‘&

RHIC 200 GeV ~ RHIC 200 GeV
p+ Au o _ N p + Au

v1(y) = (cos[e(V)])

different v, for kaons also without EMF
due to baryon transport to midrapidity

more contributions to K* (Su) with respect to
K~ (su) from quarks of the initial colliding nuclei

STAR Coll., PRL 120 (2018) 062301

PROJECTILE
SPECTATORS

PRC 94 (2016) 021901
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L.O, P. Moreau, V. Voronyuk and E. Bratkovskaya, Phys. Rev. C 101,014917 (2020) ‘&
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rapidity dependence of the
DIRECTED FLOW

collective sidewards deflection of particles

<0 V) = (cos@) = (px/pr)
L

Fiorentz = CI(E + vV X B)
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RHIC 200 GeV — o Asymmetry in charged particle

— 510%

minimum bias - 7 £ &
e pHENX and electric field profiles in p+Au
PHSD + EMF

» enhanced particle production in
: the Au-going direction

o e » electric field directed from the
heavy ion to the proton

LO, P. Moreau, V. Voronyuk and E. Bratkovskaya,
Phys.Rev. C 101,014917 (2020) '

X
Z
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S =) \ >
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Firorentz = CI(E + v X B)
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A—p+m (BR~ 64%)
— measure POLARIZATION

@ i\ A hyperon is a spin-1/2 particle
decaying through weak interaction

dN

1
—==(1 P *
d cos 0* 2( + ay|Pyl cos67)

Au+Au 20-50% Y.-G.Yang, R.-H. Fang, Q. Wang and X.-N. Wang, Phys. Rev. C 97, 034917 (2018)
¥ A this sucy X.-L. Sheng, LO and Q. Wang,
® A this study Phys. Rev.D 101, 096005 (2020); Phys. Rev. D 105, 099903 (2022)

52 A PRC76 024915 (2007)
1 / d’r dq

3/ (2m)? (2m)°

O 7 PRC76 024915 (2007)

o =0.642
ly|<1.0
0.4<p;<3.0 GeV/c

[asala,r)|

1 0. 1 1

=swyt-—FB,=-w,+ eB,,

2

—2m,T Y 2.7 6m,T

magnetic field
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STAR Collaboration, Nature 548, 62 (2017)
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QUARK-MESON MODEL wtp |

1 V2

A. Manohar and H. Georgi,

V — 0 w—p Nucl. Phys. B 234, 189 (1984)
/1 V2 A. Zacchi, R. Stiele and J. Schaffner-Bielich,
- n Phys. Rev. D92, 045022 (2015)

effective vector meson fields

JE(t.x) = (ps.Js)

R o

vector meson field effective ¢-meson field current density of net
strength tensor (from field-current identity) strangeness number

M. Gell-Mann and F. Zachariasen,
Phys. Rev. 124,953 (1961)

Effective mesonic fields can polarize particles like the electromagnetic field
but with large magnitude due to the strong interaction

> may contribute to the splitting in polarization between A and A hyperons
L. Csernal, J. Kapusta and T. Welle, Phys. Rev. C 99, 021901 (2019)

» can explain the spin alignment of ¢ meson
X.-L. Sheng, LO and Q. Wang, Phys. Rev. D 101, 096005 (2020) [Phys. Rev. D 105, 099903 (2022)] ‘&
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¢
Previous results with the nonrelativistic spin density matrix approach has been derived
K*0 assuming that the polarization of s and § quarks is only along the y direction
Relaxing this condition, the polarization of s and s quarks can be along all directions
(S) (spin quantization direction still in the y direction)

d*p

- ! ( | E

% ¢(yl<1.0and 1.2 <p; < 5.4 GeV c™)
o K0(y]<1.0and 1.0 <p; <5.0 GeV ¢
—GY-464+073m?

< PY(p)P{/(—p) — 5 [P{(p) Py (—p) + P (p)P: (—p)] }

\

GS(J’)
Cp = ——5
¢ 27m2TZ,

e

) + (52 ) - (s + ()]

0% STAR (Au+Au and 20-60% centrality)
O ¥¢ ALICE (Pb+Pb and 10-50% centrality)

X.-L. Sheng, LO and Q. Wang,
Phys.Rev. D 101, 096005 (2020); Phys. Rev. D 105, 099903 (2022)
see arXiv: 1910.13684
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STAR Collaboration, Nature 614, 244 (2023)
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pgbo in terms of lab-frame fields taking the y-axis as spin quantization direction

b . 1 1 . o
Pl p)~ =+ = Ig;(p) |ws:
Poo\L: P 373 Z B,ilP) !

- i=1,23

2
PRSEE . o
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1(py — 207) + Ca [ (ES)* — (1 +—
) (Mg +

= EP
1 )

92 a0 T rjl 2
——L—p? — 2(EY)
me + Ep

— | + O (p? +p?),

@ .’ ':._i

(P2 +p2)+Cy |6
My +

(D) - (1 t

(mg + Ep)°

X.-L- Sheng, L. Oliva, Z.-T. Liang, Q. Wang Q and X.-N. Wang, 2205.15689
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