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Outline

1. The objects of interest – QGP vorticity rings
2. Our hydrodynamic model
3. How to correlate vorticity and polarization?
4. How to measure Λ polarization experimentally?
5. Correlating polarization and vorticity rings – The Ring Observable
6. Understanding the observable
7. Probing medium properties
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Formation of toroidal 
“smoke rings”, as in 

everyday fluid dynamics!

The object of interest
QGP vorticity ring
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The tool
A hydrodynamic model
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● Initial condition
  generator (3D)

(PRC 92, 011901 (2015))
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● Energy density 
for each IC (3D)

(PRC 109, 014905 (2024)) 

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.104.L011901
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TRENTo

MUSIC

● Energy density 
for each IC (3D)

(PRC 109, 014905 (2024)) ● (3+1) Hydro evolution
● Insertion of a high 

momentum bullet 
    (e.g., from a jet)
(PRC 82, 014903 (2010))

(PRC 109, 014905 (2024)) 
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● Energy density 
for each IC (3D)

(PRC 109, 014905 (2024)) ● (3+1) Hydro evolution
● Insertion of a high 

momentum bullet 
    (e.g., from a jet)
(PRC 82, 014903 (2010))

(PRC 109, 014905 (2024)) PLB 820, 136500 (2021)  
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The tool
A hydrodynamic model

● Initial condition
  generator (3D)

(PRC 92, 011901 (2015))
TRENTo

iSS

MUSIC

● Hadronization
● Vorticity-spin coupling
(CPC 199, 61(2016))

● (3+1) Hydro evolution
● Insertion of a high 

momentum bullet 
    (e.g., from a jet)
(PRC 82, 014903 (2010))

● Energy density 
for each IC (3D)

(PRC 109, 014905 (2024)) 

(PRC 109, 014905 (2024)) 

PLB 820, 136500 (2021)  
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Vorticity induces polarization
(Polarization carries vorticity information!)

[1] PRC 97, 044915 (2018)     [2] Nature LNP, 987 (2021)     [3] Annu. Rev. Nucl. Part. Sci. 70m 395 (2020)      [4] Eur. Phys. J. C 75, 406 (2015) 

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.044915
https://link.springer.com/chapter/10.1007/978-3-030-71427-7_8
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-021920-095245
https://link.springer.com/article/10.1140/epjc/s10052-015-3624-1
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● Define thermal vorticity in each fluid cell [1, 2]:

[1] PRC 97, 044915 (2018)     [2] Nature LNP, 987 (2021)     [3] Annu. Rev. Nucl. Part. Sci. 70m 395 (2020)      [4] Eur. Phys. J. C 75, 406 (2015) 

Vorticity induces polarization
(Polarization carries vorticity information!)
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● Define thermal vorticity in each fluid cell [1, 2]:

● Then calculate the mean spin 4-vector of each Λ [3, 4]:

[1] PRC 97, 044915 (2018)     [2] Nature LNP, 987 (2021)     [3] Annu. Rev. Nucl. Part. Sci. 70m 395 (2020)      [4] Eur. Phys. J. C 75, 406 (2015) 
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● Define thermal vorticity in each fluid cell [1, 2]:

● Then calculate the mean spin 4-vector of each Λ [3, 4]:

[1] PRC 97, 044915 (2018)     [2] Nature LNP, 987 (2021)     [3] Annu. Rev. Nucl. Part. Sci. 70m 395 (2020)      [4] Eur. Phys. J. C 75, 406 (2015) 

with ⟨S⟩ = 1/2

● Finally, the Λ polarization 4-vector is:

Vorticity induces polarization
(Polarization carries vorticity information!)
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Measuring  Λ Polarization
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Measuring  Λ Polarization
Why use Λ?
● Parity violating weak-decay, with a daughter anisotropy:

● High decay parameter (αH = 0.747 ± 0.009)

● Spin ½ (polarization is described by the mean spin vector)

● Single decay vertex (easier to measure)

5
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Measuring  Λ Polarization
Ensemble-averaged polarization
● For each particle, the mean polarization along an arbitrary quantization axis (    ) is:
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Measuring  Λ Polarization
Ensemble-averaged polarization
● For each particle, the mean polarization along an arbitrary quantization axis (    ) is:

● Averaging over physically equivalent particles in the same (pT, y, 𝜙, Δ𝜙J ) bin:

● We need to boost PH* into the laboratory frame to calculate the ring observable!

where ⟨pΛ
μ⟩ is the mean 4-momentum of the Λ in the (pT, y, 𝜙, Δ𝜙J ) bin.
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How to correlate polarization 
and the vortical structure?
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The Ring Observable
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The Ring Observable

Where:

●         : Λ polarization in laboratory frame

●         : Bullet propagation direction

●         : Λ momentum
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The Ring Observable

Where:

●         : Λ polarization in laboratory frame

●         : Bullet propagation direction

●         : Λ momentum

Measures the component of 
polarization circulating the jet

(A signature of the “smoke ring”)

7

How to correlate polarization 
and the vortical structure?
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A simplistic bullet (x = y = ηs = 0; |y| < 0.5; 𝜙J ∈ [0, 2π])
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A simplistic bullet

● Smooth IC approximates well
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● Clear distinction between 

With-jet and No-jet events
Event-by-Event

𝜙J

𝜙J
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A simplistic bullet
Injected in the 

center of the fireball
Transverse 
bullets only

Uniformly 
distributed in 𝜙

(x = y = ηs = 0; |y| < 0.5; 𝜙J ∈ [0, 2π])

● Smooth IC approximates well
   (faster to compute!)
● Clear distinction between 

With-jet and No-jet events
● Background signal integrates 

to zero (polarization due to RP 
expansion averages out with 
the random 𝜙J trigger direction)

Event-by-Event

𝜙J

𝜙J

Smooth IC (10k)

8
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(|y| < 0.5; 𝜙J ∈ [0, 2π])
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A more realistic setting
(Free bullet radius)
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less time to dissipate, 
thus stronger rings
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(|y| < 0.5; 𝜙J ∈ [0, 2π])A more realistic setting
(Free bullet radius)

● External bullets have 
less time to dissipate, 
thus stronger rings

● Deposition against flow 
leads to larger gradients 
and larger polarization

● Angular aperture is a 
proxy for ring size

9
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An even more realistic bullet
(Free, mixed/unknown, bullet radii)

(|y| < 0.5; 𝜙J = 0)
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● Double peak signal is 
lost with the varying 
radii, but…

An even more realistic bullet
(Free, mixed/unknown, bullet radii)
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lost with the varying 
radii, but…

● Integrated signal is 
consistently zero for 
background, and 
non-zero for jets!
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● Double peak signal is 
lost with the varying 
radii, but…

● Integrated signal is 
consistently zero for 
background, and 
non-zero for jets!

● Signal increases with 
centrality

   (shorter-lived fireball)

An even more realistic bullet
(Free, mixed/unknown, bullet radii)

10

(|y| < 0.5; 𝜙J = 0)
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Probing QGP properties with polarization
(Integrated signal dependencies)
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Sensitiveness to 
shear viscosity:

● Stronger vortex-ring 
dissipation at higher 
viscosities

———————————
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Sensitiveness to 
shear viscosity:

● Stronger vortex-ring 
dissipation at higher 
viscosities

———————————
Sensitiveness to
bullet velocity:

● A possible guide to 
furthering jet-medium 
interaction models

Probing QGP properties with polarization
(Integrated signal dependencies)

11
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● A new way of looking at how the medium responds to thermalized jets:

Vorticity rings!

● An observable that:
○ Decouples anisotropic expansion and jet thermalization contributions
○ Is sensitive to medium properties, such as the specific shear-viscosity of the QGP
○ Is sensitive to jet properties (position, alignment, velocity…)

● It is possible to experimentally reconstruct the 3D polarization vector
● Predicted signal is of the same order of magnitude as the global Λ polarization 

measured by STAR and ALICE, so it is feasible

Will be proposed to the ALICE collaboration soon, so…

…Stay tuned to a brand new vorticity measurement!

Summary and Outlook

12
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Thank you!

cicero.domenico.muncinelli@cern.ch

FAPESP proc. 2025/01122-0
Thematic proj. 2023/13749-1
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Full simulation chain

15

Extreme Hydro workshop 2021

Bullet

https://indico.cern.ch/event/1009763/contributions/4258093/attachments/2208650/3737474/Fundamentals.pdf
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Jet thermalization 
specifics

23

QM 2023: QGP vortex rings as a new probe for jet-induced medium response and longitudinal dynamics 

This is just one possible 
realization of jet energy 
thermalization, used to 

phenomenologically 
introduce a bullet!

Others may be better!

https://indico.cern.ch/event/1139644/contributions/5453466/attachments/2708405/4702561/TalkQM2023-Serenone.pdf
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Chain summary

QM 2023: QGP vortex rings as a new probe for jet-induced medium response and longitudinal dynamics 

https://indico.cern.ch/event/1139644/contributions/5453466/attachments/2708405/4702561/TalkQM2023-Serenone.pdf
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Pz (pT, Δ𝜙)
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Dijet ring observable
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Centrality dependence
(integrated signal)
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Smooth IC searches
(x = y = ηs = 0)
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Realistic case: 
random jet 

direction and 
positions wrlt 
the expansion
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Shear-induced 
polarization + 

Longitudinal expansion
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Global angular momentum polarization

22

QM 2023: QGP vortex rings as a new probe for jet-induced medium response and longitudinal dynamics 

https://indico.cern.ch/event/1139644/contributions/5453466/attachments/2708405/4702561/TalkQM2023-Serenone.pdf
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Varying vorticity definitions


