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INTENSE FIELDS IN HEAVY-ION COLLISIONS
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Earth’s field

~ 1 G

magnetars

~ 1014−1015 G

urHICs

~ 1018−1019 G

INTENSE ELECTRIC AND 

MAGNETIC FIELDS

HUGE ANGULAR MOMENTUM 

GENERATING A STRONG 

VORTICITY

Jupiter’s spot

~ 10-4 s−1

tornado cores

~ 10-1 s−1

He nanodroplets

~ 107 s−1

urHICs

~ 𝟏𝟎𝟐𝟐−𝟏𝟎𝟐𝟑 𝒔−𝟏
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laboratory

~ 106 G

Earth’s field

~ 1 G

magnetars

~ 1014−1015 G

urHICs

~ 1018−1019 G

INTENSE ELECTRIC AND 

MAGNETIC FIELDS

HUGE ANGULAR MOMENTUM 

GENERATING A STRONG 

VORTICITY

Jupiter’s spot

~ 10-4 s−1

tornado cores

~ 10-1 s−1

He nanodroplets

~ 107 s−1

urHICs

~ 𝟏𝟎𝟐𝟐−𝟏𝟎𝟐𝟑 𝒔−𝟏

DIRECTED FLOW

SPIN POLARIZATION

hitherto unknown influence 

of the strong force? 



INTENSE FIELDS IN HEAVY-ION COLLISIONS
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INTENSE ELECTRIC AND 

MAGNETIC FIELDS

HUGE ANGULAR MOMENTUM 

GENERATING A STRONG 

VORTICITY

px

py
φ

𝑑𝑁

𝑑𝜑
∝ 1 + 

𝑛

2 𝑣𝑛 cos[𝑛𝜑]

anisotropic azimuthal 

particle distributions

collective sidewards 

particle deflection

𝑣1 𝑦 = cos 𝜑(𝑦)

DIRECTED FLOW 𝒗𝟏
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THE VORTICAL QUARK-GLUON PLASMA
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Huge orbital angular momentum of the colliding system 

➢ in ultra-relatvistic HICs  J ≈ 105 - 106 ħ
➢ mainly perpendicular to the reaction plane

➢ partly transferred to the plasma

negative slope of 𝑣1()

huge vorticity 𝜔𝑦

TILTED FIREBALL

𝑣1
𝑐ℎ

Exp. Data: STAR Coll.,

PRL 101 (2008) 252301

neutral

D mesons

charged 

particles

Exp. Data: STAR Coll.,

PRL 123, 162301 (2019)

asymmetry in local participant density 

from forward and backward going nuclei

P. Bozek and I. Wyskiel, Phys. Rev. C 81, 054902 (2010) ⧉

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

https://inspirehep.net/literature/846972
https://inspirehep.net/literature/1818661


ELECTROMAGNETIC (EM) FIELDS
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𝜋+

𝜋−

PHSD

𝐷

ഥ𝐷

➢ Δv1 of light hadrons in AA:  O(10-4–10-3)
Gursoy et al., Phys. Rev. C 89, 054905 (2014)

➢ Δv1 of heavy mesons in AA:  O(10-2)
Das et al., Phys. Lett. B 768, 260 (2017)

➢ Δv1 of light mesons in pA:  O(10-2)
Oliva et al., Phys. Rev. C 101, 014917 (2020 ) ⧉

Oliva, Eur. Phys. J. A 56, 255 (2020) ⧉
Dubla, Gursoy and Snellings,

 Mod. Phys. Lett. A 35, 2050324 (2020) ⧉

Eind
By

x

z

y

Eind
By

x

z

y

By
ind

Jind

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 

QGP sustain the magnetic field

splitting in the 𝑣1 of particles with

same mass and opposite charge

https://inspirehep.net/literature/1754174
https://inspirehep.net/literature/1804520
https://inspirehep.net/literature/1818159


SPIN POLARIZATION
Spin polarization is the degree of alignment of the 

particle spin with a given direction (quantization axis)

measured through the angular 

distribution of the decay products 

of the particle in its rest frame

ෝ𝒏

𝑝1

𝑝2

particle

rest frame

"Spin Family (Bosons and Fermions)"

sculptures by Julian Voss-Andreae (2009)

ෝ𝒏 ෝ𝒏ෝ𝒏

spherically symmetric

⟹ unpolarized production

anisotropic distribution

⟹ polarized production

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)

• … longitudinal

helicity

in-plane

out-of-plane
Picture credit: P. Faccioli
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HYPERON POLARIZATION

STAR Coll., Nature 548, 62 (2017) ⧉

𝑃Λ(ഥΛ) =
𝑁↑ − 𝑁↓

𝑁↑ + 𝑁↓
≃

1

2

𝜔

𝑇
±

𝜇Λ𝐵

𝑇

Λ hyperon is a spin-1/2 particle 

decaying through weak interaction

Λ→ p + π− (BR ~ 64%)

⟹  measure POLARIZATION

𝑑

Λ

𝑢𝑠
ത𝑢

ҧ𝑑

ഥΛ

ҧ𝑠

d𝑁

d cos 𝜃∗ =
1

2
1 + 𝛼𝐻 𝑃𝐻 cos 𝜃∗

𝑃𝐻 : hyperon polarization

𝛼𝐻 : hyperon decay parameter

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

Phys. Rev. C 95, 054902 (2017) ⧉

thermal vorticity magnetic field

𝜇Λ : magnetic moment of Λ hyperon

𝑇 : temperature at thermal equilibrium

CONVENTIONAL SOURCES OF SPIN POLARIZATION

𝑷𝑯 𝒔𝑵𝑵

thermal approach

ത𝑃𝐻 = 𝑃𝐻 ∙ መ𝐽sys

|y|<1.0

0.4<pT<3.0 GeV/c
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https://inspirehep.net/literature/1510474
https://inspirehep.net/literature/1490909


VORTICITY AND MAGNETIC FIELD
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Estimates at freeze-out from 𝛬 − ҧ𝛬 polarization based on thermal approach

 𝜔 ≈ Τ𝑃𝛬 + 𝑃ഥ𝛬 𝑘𝐵𝑇 ℏ ~ 0.02 − 0.09 fm−1 ~ 0.6 − 2.7 × 1022 s−1

 𝐵 ≈ Τ𝑃𝛬 − 𝑃ഥ𝛬 𝑇 2𝜇𝛬 ~ 2 × 1015 G  →  𝑒𝐵~ 5 × 10−3 fm−2 ~ 10−2 𝑚𝜋
2

➢ the initial values of vortical and EM fields are higher

➢ the splitting could be also due to other effects
But…

LO, S. Plumari and V. Greco,

JHEP 05, 034 (2021)

U. Gursoy, D. Kharzeev, K. Rajagopal, 

Phys. Rev. C 89, 054905 (2014)

laboratory

~ 106 G

Earth’s field

~ 1 G

magnetars

~ 1014−1015 G

urHICs

~ 1018−1019 G

Jupiter’s spot

~ 10-4 s−1

tornado cores

~ 10-1 s−1

He nanodroplets

~ 107 s−1

urHICs

~ 𝟏𝟎𝟐𝟐−𝟏𝟎𝟐𝟑 𝒔−𝟏



VECTOR MESON SPIN ALIGNMENT

𝑑
ҧ𝑠

𝐾∗0

𝑠
ҧ𝑠

𝜙

ϕ and K*0 mesons are spin-1 particles 

decaying through strong interaction

ϕ → K+ + K− (BR ~49%)

K*0 → K+ + π− (BR ~100%)

⟹  measure SPIN ALIGNMENT

𝑑𝑁

𝑑 cos 𝜃∗ =
3

4
1 − 𝜌00 + 3𝜌00 − 1 cos2𝜃∗

𝝆𝟎𝟎
𝒚

𝒔𝑵𝑵

𝜙

𝐾∗0

➢ ϕ meson: 𝜌00 significantly larger 

than 1/3 for collision energies 

of 62 GeV and below (7.4σ)

➢ K*0 meson: 𝜌00 consistent with 

1/3 within exp. uncertainties

𝜌00 : 00 element of spin density matrix 𝜌𝑚𝑛

1/3

unpolarized case

describes the spin state of a particle ensemble

𝑚, 𝑛 → spin components along the quantization axis

for a spin-1 particle: -1,0,+1

ෝ𝒏 ෝ𝒏 ෝ𝒏

𝜌00 > Τ1 3 𝜌00 = Τ1 3 𝜌00 < Τ1 3
𝑆𝑉 ⊥ ො𝑛 𝑆𝑉 ∥ ො𝑛

| ۧ1, ±1| ۧ1,0
STAR Coll., Nature 614, 244 (2023) ⧉
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https://inspirehep.net/literature/1510474


SPIN POLARIZATION MECHANISMS

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. B 817, 136325 (2021)

27. J.-H. Gao, Phys. Rev. D 104, 076016 (2021)

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

The local correlations of strong force fields

may be the key to solve the puzzle
Refs. 2-6 L
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UNCONVENTIONAL SOURCES?

conventional sources of spin polarization cannot explain 

the large positive deviation of 𝜌00 from 1/3 

https://inspirehep.net/literature/2063245


SPIN POLARIZATION OF QUARKS

spin polarization vector for 

massive fermion/antifermion
𝑃±

𝜇
𝑥, 𝑝 =

1

4𝑚
𝜖𝜇𝜈𝜚𝜎 𝜔𝜚𝜎

th ±
𝑄

𝑢 ∙ 𝑝 𝑇
𝐹𝜚𝜎

em ±
𝑔𝑉

𝑢 ∙ 𝑝 𝑇
𝐹𝜚𝜎

V 𝑝𝜈 1 − 𝑓FD 𝐸𝑝 ∓ 𝜇

thermal vorticity

tensor

electromagnetic field 

strength tensor
vector meson field 

strength tensor

𝐹𝜚𝜎
em,V = 𝜕𝜚𝐴𝜎

em,V − 𝜕𝜎𝐴𝜚
em,V

𝐄𝑖
em,V = 𝐄em,V

𝑖 = 𝐹em,V
𝑖0 𝐁𝑖

em,V = 𝐁em,V
𝑖 = −

1

2
𝜖𝑖𝑗𝑘𝐹em,V

𝑗𝑘

𝑃𝑞/ ത𝑞
𝑦

𝑡, 𝐱, 𝐩𝑞/ ത𝑞 =
1

2
𝜔𝑦 ±

1

2𝑚𝑞
𝛆 × 𝐩𝑞/ ത𝑞 𝑦

±
𝑄𝑞

2𝑚𝑞𝑇
𝐵𝑦 ±

𝑄𝑞

2𝑚𝑞
2𝑇

𝐄 × 𝐩𝑞/ ത𝑞 𝑦
±

𝑔𝑉

2𝑚𝑞𝑇
𝐵𝑦

𝑉 ±
𝑔𝑉

2𝑚𝑞
2𝑇

𝐄𝑉 × 𝐩𝑞/ ത𝑞 𝑦

spin polarization distribution for quarks/antiquarks along the y direction  (~ parallel to J and B)

𝑑
ҧ𝑠

𝐾∗0
𝑠
ҧ𝑠

𝜙

“electric” “magnetic”

X.-L. Sheng, LO and Q. Wang, Phys. Rev. D 101, 096005 (2020) [Phys. Rev. D 105, 099903 (2022)] ⧉
X.-L. Sheng, Q. Wang and X.-N. Wang, Phys. Rev. D 102, 056013 (2020)
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Like the em field, effective mesonic fields can polarize particles

but with large magnitude due to the strong interaction

𝜔𝜚𝜎
th =

1

2
𝜕𝜚 𝛽𝑢𝜎 − 𝜕𝜎 𝛽𝑢𝜚

𝜀 = −
1

2
𝜕𝑡 𝛽𝐮 + ∇ 𝛽𝑢0 𝛚 =

1

2
∇ × 𝛽𝐮

“electric” “magnetic”

https://inspirehep.net/literature/1762198


VECTOR MESON SPIN ALIGNMENT

𝑑
ҧ𝑠

𝐾∗0

𝑠
ҧ𝑠

𝜙

X.-L. Sheng, LO and Q. Wang, 

Phys. Rev. D 101, 096005 (2020) [Phys. Rev. D 105, 099903 (2022)] ⧉

ෝ𝒏 ෝ𝒏 ෝ𝒏

𝜌00 > Τ1 3 𝜌00 = Τ1 3 𝜌00 < Τ1 3
𝑆𝑉 ⊥ ො𝑛 𝑆𝑉 ∥ ො𝑛

STAR Coll., Nature 614, 244 (2023) ⧉

𝜙

𝐾∗0

𝝆𝟎𝟎
𝒚

𝒔𝑵𝑵

𝑐Λ, 𝑐𝜀, 𝑐𝐸 ~10−3 − 10−5 are negligibly small compared to 1/3

the ϕ-meson effective field in 𝑐𝜙 may explain 

the large positive deviation of 𝜌00 from 1/3
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nonrelativistic quark coalescence model

polarized 

quarks
COALESCENCE

polarized 

hadrons

https://inspirehep.net/literature/1762198
https://inspirehep.net/literature/2063245


𝜙

𝐾∗0

WHY ONLY ϕ MESON?

|y|<0.5

1<pT<5 GeV/c

𝜌00
𝜙

≈
1

3
−

1

9
𝜔𝑦

2 +
𝒑𝑏

2
𝜙

27𝑚𝑠
2 𝜀𝑧

2 + 𝜀𝑥
2

+
𝑔𝜙

2

27𝑚𝑠
2𝑇eff

2 3 𝐵𝑦
𝜙 2

−
𝒑𝑏

2
𝜙

𝑚𝑠
2 𝐸𝑧

𝜙 2
+ 𝐸𝑥

𝜙 2

𝜌00
𝐾∗0

≈
1

3
−

1

9
𝜔𝑦

2 +
𝒑𝑏

2
𝐾∗

27𝑚𝑠𝑚𝑑
𝜀𝑧

2 + 𝜀𝑥
2

+
𝑔𝜙𝑔𝑉

27𝑚𝑠𝑚𝑑𝑇eff
2 3 𝐵𝑦

𝜙
𝐵𝑦

𝑉 −
𝒑𝑏

2
𝐾∗

𝑚𝑠𝑚𝑑
𝐸𝑧

𝜙
𝐸𝑧

𝑉 + 𝐸𝑥
𝜙

𝐸𝑥
𝑉

negligible assuming that different fields 

do not have large correlation in space

neglecting EM fields

contribution on hyperon polarization proportional to the 

fluctuation of the ϕ-meson field that is on average negligible

X.-L. Sheng, LO and Q. Wang, PRD 101, 096005 (2020) [PRD 105, 099903 (2022)] ⧉ 
X.-L. Sheng, Q. Wang, and X.-N. Wang, Phys. Rev. D 102, 056013 (2020)

𝑠
ҧ𝑠

𝜙

𝑑
ҧ𝑠

𝐾∗0

𝑑

Λ

𝑢𝑠 ത𝑢
ҧ𝑑

ഥΛ

ҧ𝑠

𝑑
ҧ𝑠

𝐾∗0

𝑠
ҧ𝑠

𝜙

𝝆𝟎𝟎
𝒚

𝒔𝑵𝑵

STAR Collaboration, Nature 614, 244 (2023)
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https://inspirehep.net/literature/1762198


SPIN BOLTZMANN EQUATION FOR VECTOR MESONS

COALESCENCE
DISSOCIATION

independent from the 

quark/antiquark MVSDs

spin Boltzmann equation for the 

vector meson’s matrix-valued 

spin-dependent distributions (MVSD)

unpolarized distribution for quark/antiquark

𝑞 ത𝑞𝑉 vertices polarization distribution 

for quark/antiquark

3×3 Hermitian matrix in spin space

nonrelativistic quark coalescence model 

cannot account for spin dynamics
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SPIN DENSITY MATRIX FOR VECTOR MESONS

spin density matrix for vector mesons 

solution of the spin Boltzmann equation

similar to the process in the 

nonrelativistic coalescence model

MVSD can be parameterized as

spin-independent distribution function

(unpolarized)

+

normalized spin density matrix

(polarization part)

∆𝑡: vector meson formation time

𝑓𝜆1𝜆2

𝑉 assumed = 0 at initial time
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polarized 

quarks
COALESCENCE

polarized 

hadrons

𝒞coal
𝜇𝜈

 include the polarization phase space 

distributions for quark/antiquark 𝑃𝑞/ ത𝑞
𝜇

𝑥, 𝑝

X.-L- Sheng, LO, Z.-T. Liang, Q. Wang Q and X.-N. Wang, Phys. Rev. Lett. 131, 042304 (2023) ⧉ ; 2206.05868 ⧉

https://inspirehep.net/literature/2089783
https://inspirehep.net/literature/2094792


SPIN ALIGNMENT OF ϕ MESONS
𝑠
ҧ𝑠

𝜙
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polarization distributions of strange/antistrange

quarks appearing in ϕ mesons spin density matrix
𝑃𝑠/ ҧ𝑠

𝜇
𝑥, 𝐩 =

1

4𝑚𝑠
𝜖𝜇𝜈𝜚𝜎 𝜔𝜚𝜎

th ±
𝑔𝜙

𝑢 ∙ 𝑝 𝑇
𝐹𝜚𝜎

𝜙
𝑝𝜈

ϕ

the 00 element of the spin density matrix for ϕ meson in its rest frame

vorticity fields

ϕ-meson fields

neglecting EM fields

For quarkonium vector mesons like ϕ meson

➢ cancellation of all mixed terms of two different field components

➢ only short-distance correlations between same field components

𝜌00
𝜙

measures local fluctuations of vortical 

and mesonic fields during hadronization

X.-L- Sheng, LO, Z.-T. Liang, Q. Wang Q and X.-N. Wang, Phys. Rev. Lett. 131, 042304 (2023) ⧉ ; 2206.05868 ⧉

https://inspirehep.net/literature/2089783
https://inspirehep.net/literature/2094792


SPIN ALIGNMENT OF ϕ MESONS

in terms of lab-frame fields and taking the y-axis as spin quantization direction (out-of-plane)

factorization of space-time and momentum dependence

in the squares of field components and their coefficients

𝑠
ҧ𝑠

𝜙
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s𝜌00
𝜙

𝑥, 𝐤 ≈
1

3
+

1

3


𝑖=1,2,3

𝐼𝐵𝑖
𝐤 𝜔𝑖

2 −
2

𝑚𝜙

2
𝑔𝜙𝐵𝑖

𝜙
𝑥

𝑇h

2

+ 𝐼𝐸𝑖
𝐤 𝜀𝑖

2 −
2

𝑚𝜙

2
𝑔𝜙𝐸𝑖

𝜙
𝑥

𝑇h

2

considering only 

the ϕ-meson field

s𝜌00
𝜙

𝑥, 𝐤 ≈
1

3
−

1

3

2

𝑚𝜙

2



𝑖=1,2,3

𝐼𝐵𝑖
𝐤

𝐤

𝑔𝜙𝐵𝑖
𝜙

𝑥

𝑇h

2

𝑥

+ 𝐼𝐸𝑖
𝐤

𝐤

𝑔𝜙𝐸𝑖
𝜙

𝑥

𝑇h

2

𝑥

ൗ𝑔𝜙𝐵𝑥,𝑦
𝜙

𝑇h

2

𝑥

= ൗ𝑔𝜙𝐸𝑥,𝑦
𝜙

𝑇h

2

𝑥

≡ 𝐹𝑇
2

ൗ𝑔𝜙𝐵𝑧
𝜙

𝑇h

2

𝑥

= ൗ𝑔𝜙𝐸𝑧
𝜙

𝑇h

2

𝑥

≡ 𝐹𝑧
2

transverse fields

longitudinal fields in-plane

out-of-plane

X.-L- Sheng, LO, Z.-T. Liang, Q. Wang Q and X.-N. Wang, Phys. Rev. Lett. 131, 042304 (2023) ⧉ ; 2206.05868 ⧉

https://inspirehep.net/literature/2089783
https://inspirehep.net/literature/2094792


SPIN ALIGNMENT OF ϕ MESONS

𝝆𝟎𝟎
𝒙,𝒚

𝒔𝑵𝑵

|y| < 1

1.2 < kT < 5.4 GeVAu+Au

❖ out-of-plane: 𝜌00
𝑦

> Τ1 3 for all energies

in-plane: 𝜌00
𝑥 ≶ Τ1 3 for 𝑠𝑁𝑁 ≷ 20 GeV 

❖ difference between 𝜌00
𝑦

and 𝜌00
𝑥 driven by the

momentum anisotropy via the elliptic flow 𝑣2 𝑘𝑇

𝑠
ҧ𝑠

𝜙

Exp. data: STAR Coll.,

Nature 614, 244 (2023)

extract the field fluctuation parameters

fit the exp. data for 𝜌00 vs collision energy

Au+Au

200 GeV

𝝆𝟎𝟎
𝒚

− Τ𝟏 𝟑 𝒌𝒙, 𝒌𝒚

|y| < 1

determine 𝜌00 vs 𝑘𝑇 and φ
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SPIN ALIGNMENT OF ϕ MESONS

❖ nearly constant at 𝑘𝑇 < 2 GeV

❖ at low 𝑘𝑇 it is significantly larger 

than 1/3 at lower energies

𝝆𝟎𝟎
𝒚

𝒌𝑻

Au+Au

|y| < 1

𝑠
ҧ𝑠

𝜙

❖ modulation of 𝜌00
𝑥,𝑦

with the azimuthal angle

❖ can be tested in future experiments!

𝝆𝟎𝟎
𝒙,𝒚

𝝋

|y| < 1 

1.2 < kT < 5.4 GeV

Au+Au

200 GeV 

Exp. data: STAR Coll.,

Nature 614, 244 (2023)
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CONCLUSIONS
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The End
Thank you for your attention!lucia.oliva@dfa.unict.it

✓ the dominant source of the 𝜙-meson spin alignment may be the local fluctuations 

of an effective 𝜙-meson field that polarizes the 𝑠 and ҧ𝑠 quarks 

✓ we derived a relativistic quantum transport theory for spin dynamics 

describing 𝜌00 as phase-space distribution function

✓ we extracted the strength of 𝜙-meson field fluctuations from exp. data of 𝜙-meson global 

spin alignment and predicted its transverse momentum and azimuthal angle dependence

✓ the thermal vorticity gives the dominant contribution to the polarization of Λ hyperons, 

the magnetic field induces a splitting of Λ and ഥΛ particles

✓ thermal vorticity and EM fields at freeze-out cannot explain the significant positive 

deviation from 1/3 of 𝜌00 for 𝜙 meson observed at lower energies

Further explore the connection between particle spin 

polarization and local correlation of strong force fields

➢ open a potential new avenue for studying 

the behaviour of strong interaction

𝑑
ҧ𝑠

𝐾∗0

𝑠
ҧ𝑠

𝜙

𝑑

Λ

𝑢𝑠
ത𝑢

ҧ𝑑

ഥΛ

ҧ𝑠

✓ The directed flow of light and heavy mesons is a probe of vortical and EM fields in large and small systems
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DIRECTED FLOW MAGNITUDE OF D MESONS
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CHARM

NOT TILTED

CHARM 

TILTED

QGP tilted in both cases

𝒗𝟏
𝑫 𝒚

HQ production points symmetric in 

the forward-backward hemispheres

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

v1 (HQs)  v1 (QGP)

longitudinal asymmetry leads to 

pressure push of the bulk on the HQs

origin of the large directed flow of HQs different 

from the one of light particles

https://inspirehep.net/literature/1818661


DIRECTED FLOW MAGNITUDE OF D MESONS
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V. Greco, Nucl. Phys. A 967, 200 (2017)

in agreement with

S. Chatterjee and P. Bozek,

Phys. Rev. Lett. 120, 192301 (2018)

A. Beraudo et al., JHEP 05, 279 (2021)

v1 (HQs)  v1 (QGP)

longitudinal asymmetry leads to 

pressure push of the bulk on the HQs

effective because the HQ interaction 

in QGP is largely non-perturbative

𝒗𝟏
𝑫 𝒚

2π𝑇𝐷𝑠 ≈ 3 − 6
QGP diffuses charm quarks

like an almost perfect fluid

non-perturbative

behaviour of QGP

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

origin of the large directed flow of HQs different 

from the one of light particles

https://inspirehep.net/literature/1818661


DIRECTED FLOW SPLITTING OF D MESONS
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ഥ𝐷0

𝐷0

𝒗𝟏
𝑫 𝒚

Δ𝑣1 of D mesons is ~10 times larger than that of light hadrons 

in agreement with STAR exp. data (still consistent with zero)
STAR Coll., PRL. 123 (2019) 162301

SLOPE TIME EVOLUTION

𝑣1
𝐷

∆𝑣1
𝐷

v1
D more sensitive to the early QGP evolution 

when T is higher, while v2
D probes more T~Tc

∆𝑣1
𝐷 = 𝑣1 𝐷0 − 𝑣1

ഥ𝐷0

L. Oliva, S. Plumari and V. Greco, JHEP 05, 034 (2021)

At LHC energy Δv1
D has opposite sign and 

magnitude ~ 40 times larger than models

ALICE Coll., Phys. Rev. Lett. 125, 022301 (2020)

The EM fields induce a large splitting in the 𝑣1 of HQs

S.K. Das et al., Phys. Lett. B 768, 260 (2017)

if the v1 splitting of neutral

D mesons is of EM origin

it is a proof of QGP formation



DIRECTED FLOW IN pA
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b = 2 fm b = 2 fm

different 𝑣1 for kaons also without EMF

due to baryon transport to midrapidity

more contributions to 𝐾+ ( ҧ𝑠𝑢) with respect to 

𝐾− (𝑠 ത𝑢) from quarks of the initial colliding nuclei 

STAR Coll., PRL 120 (2018) 062301
Voloshin and Niida,

PRC 94 (2016) 021901

LO, P. Moreau, V. Voronyuk and E. Bratkovskaya, Phys. Rev. C 101, 014917 (2020) ⧉ 𝑣1 𝑦 = cos 𝜑(𝑦)

https://inspirehep.net/literature/1754174


b = 2 fmb = 2 fm

DIRECTED FLOW IN pA
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Splitting of charged pions and kaons 

induced by the electromagnetic field

b = 4 fm

LO, P. Moreau, V. Voronyuk and E. Bratkovskaya, Phys. Rev. C 101, 014917 (2020) ⧉ 𝑣1 𝑦 = cos 𝜑(𝑦)

https://inspirehep.net/literature/1754174


z

x

rapidity dependence of the

DIRECTED FLOW

𝑣1 = cos𝜑 = Τ𝑝𝑥 𝑝𝑇

collective sidewards deflection of particles

z

x

E

B

v
𝐹𝐸

+

𝐹𝐵
+

η < 0

𝐹𝐸
−

𝐹𝐵
−

𝑭𝑳𝒐𝒓𝒆𝒏𝒕𝒛 = 𝑞 𝑬 + 𝒗 × 𝑩

EM FIELDS AND DIRECTED FLOW IN AA
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z

x

z

x

E

B

v

C
o

u
lo

m
b

C
o

u
lo

m
b

𝐹𝐸
+

𝐹𝐵
+

η < 0

𝐹𝐸
−

𝐹𝐵
−

𝑭𝑳𝒐𝒓𝒆𝒏𝒕𝒛 = 𝑞 𝑬 + 𝒗 × 𝑩

Exp. Data:

PHENIX, PRL 121 (2018) 222301 LO, P. Moreau, V. Voronyuk and E. Bratkovskaya,

Phys. Rev. C 101, 014917 (2020) ⧉

Asymmetry in charged particle 

and electric field profiles in p+Au

➢ enhanced particle production in 

the Au-going direction

➢ electric field directed from the 

heavy ion to the proton

EM FIELDS AND DIRECTED FLOW IN pA
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Λ POLARIZATION IN COALESCENCE MODEL

STAR Collaboration, Nature 548, 62 (2017) 

Λ hyperon is a spin-1/2 particle 

decaying through weak interaction

Λ→ p + π− (BR ~ 64%)

⟹  measure POLARIZATION

𝑑

Λ

𝑢𝑠
ത𝑢

ҧ𝑑

ഥΛ

ҧ𝑠

CONVENTIONAL SOURCES OF SPIN POLARIZATION

𝑷𝑯 𝒔𝑵𝑵

Y.-G. Yang, R.-H. Fang, Q. Wang and X.-N. Wang, Phys. Rev. C 97, 034917 (2018)

X.-L. Sheng, LO and Q. Wang, 

Phys. Rev. D 101, 096005 (2020); Phys. Rev. D 105, 099903 (2022)

=
1

2
𝜔𝑦 ±

𝑄𝑠

2𝑚𝑠𝑇
𝐵𝑦 =

1

2
𝜔𝑦 ∓

1

6𝑚𝑠𝑇
𝑒𝐵𝑦

thermal vorticity magnetic field

d𝑁

d cos 𝜃∗ =
1

2
1 + 𝛼𝐻 𝑃𝐻 cos 𝜃∗

|y|<1.0

0.4<pT<3.0 GeV/c
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EFFECTIVE VECTOR MESON FIELDS

effective vector meson fields 

current density of net 

strangeness number

M. Gell-Mann and F. Zachariasen, 

Phys. Rev. 124, 953 (1961)

A. Manohar and H. Georgi,

Nucl. Phys. B 234, 189 (1984)

A. Zacchi, R. Stiele and J. Schaffner-Bielich,

Phys. Rev. D92, 045022 (2015)

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 Λ and ഥΛ hyperons
L. Csernai, J. Kapusta and T. Welle, Phys. Rev. C 99, 021901 (2019)

➢ can explain the spin alignment of ϕ meson
X.-L. Sheng, LO and Q. Wang, Phys. Rev. D 101, 096005 (2020) [Phys. Rev. D 105, 099903 (2022)] ⧉

𝐹𝜇𝜈
𝜙

= 𝜕𝜇𝜙𝜈 − 𝜕𝜈𝜙𝜇

QUARK-MESON MODEL

(from field-current identity)

vector meson field 

strength tensor
effective ϕ-meson field 
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VECTOR MESON SPIN ALIGNMENT

𝑑
ҧ𝑠

𝐾∗0

𝑠
ҧ𝑠

𝜙

X.-L. Sheng, LO and Q. Wang, 

Phys. Rev. D 101, 096005 (2020); Phys. Rev. D 105, 099903 (2022)

see arXiv: 1910.13684
STAR Collaboration, Nature 614, 244 (2023)
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Previous results with the nonrelativistic spin density matrix approach has been derived 

assuming that the polarization of 𝑠 and ҧ𝑠 quarks is only along the y direction

Relaxing this condition, the polarization of 𝑠 and ҧ𝑠 quarks can be along all directions 

(spin quantization direction still in the y direction)
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SPIN ALIGNMENT OF ϕ MESONS

𝜌00
𝜙

in terms of lab-frame fields taking the y-axis as spin quantization direction

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