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Longitudinal polarization of hyperons
IN Run 3 Pb-Pb collisions with ALICE
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The origin of longitudinal polarization &»

ALICE

* The longitudinal spin polarization is the degree to which a particle's spin is aligned with the beam axis

S. Voloshin and T. Niida, Phys. Rev. C 94 (2016) 021901(R)
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* The longitudinal spin polarization is the degree to which a particle's spin is aligned with the beam axis

* In non-central heavy-ion collisions, the eccentricity in the initial state is converted to momentum

anisotropy in the final state distributions of particles = the second-order coefficient of the Fourier
expansion is referred to as elliptic flow

S. Voloshin and T. Niida, Phys. Rev. C 94 (2016) 021901(R)
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anisotropy in the final state distributions of particles = the second-order coefficient of the Fourier
expansion is referred to as elliptic flow

—> Expansion velocity
C’ Local vorticities induced
by elliptic flow

EIRAVAY

0

* The elliptic flow is expected to induce a vorticity component along the beam axis with a quadrupole
structure in the transverse plane — due to the spin-orbit coupling, this is expected to lead to a

longitudinal component of particle spin polarization
S. Voloshin and T. Niida, Phys. Rev. C 94 (2016) 021901(R)
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Studying QGP with hyperon polarization

ALICE

The polarization along the beam axis P, is sensitive to:
* the bulk viscosity (/s of the QGP at the LHC energies — bulk viscosity can change the sign of the polarization

e the contribution from shear-induced polarization (SIP), whose origin is the motion of particles in anisotropic
fluid, and which competes with the effect of thermal vorticity

LHC PbPb 5020 GeV Bulk Viscosity Parametrizations
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Experimental technique

for hyperon polarization measurements

Kl'he polarization can be experimentally measured via parity violating \
weak decays like A — pT, in which the daughter baryon is
preferentially emitted in the direction of the spin of the hyperon.

The angular distribution of protons in the A rest frame is:

a = A\ decay parameter
P, = A polarization /

4”@ =1+ ay PycosO”

A LONGITUDINAL POLARIZATION:
6y : polar angle of the daughter

(cos 95) proton in the A rest-frame

P, =
2 N*
aA[<COS 91’)]‘\ detector acceptance term
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Experimental technique

for hyperon polarization measurements

Kl'he polarization can be experimentally measured via parity violating \
weak decays like A — pT, in which the daughter baryon is
preferentially emitted in the direction of the spin of the hyperon.

The angular distribution of protons in the A rest frame is:

a = A\ decay parameter

4 —— =14 ap Ppcos 6~ P, = A polarization /

d*

A LONGITUDINAL POLARIZATION:
6y : polar angle of the daughter

— proton in the A rest-frame

3 (cos 6};) : :
2 = ay (cos2 0;) * ;
A P/ = detector acceptance term : \/ \/
_ (B;sin2(pp —¥;)) < second-order Fourier sine coefficient S
P, = o 1 2 3 4 5

Ry
2 .
“— second-order event plane resolution
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Experimental technique

for hyperon polarization measurements

weak decays like A — pT, in which the daughter baryon is
preferentially emitted in the direction of the spin of the hyperon.

The angular distribution of protons in the A rest frame is:

a = A\ decay parameter

4 —— =14 ap Ppcos 6~ P, = A polarization

d*

Kl'he polarization can be experimentally measured via parity violating \

/

A LONGITUDINAL POLARIZATION:
6y : polar angle of the daughter

— proton in the A rest-frame

3 (cos 6};)
= ay (cos2 0;)
A P/ = detector acceptance term
p (P,sin3(pp —W¥;)) < third-order Fourier sine coefficient
z,S3 —

Ry
> ¥ third-order event plane resolution
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initial energy density




Experimental technique

for hyperon polarization measurements

Kl'he polarization can be experimentally measured via parity violating \
weak decays like A — pT, in which the daughter baryon is
preferentially emitted in the direction of the spin of the hyperon.

The angular distribution of protons in the A rest frame is:

a = A\ decay parameter

4 —— =14 ap Ppcos 6~ P, = A polarization /

d*

= LONGITUDINAL POLARIZATION:

= longitudinal polarization PzE,sz is obtained by measuring the polarization
of the daughter A produced in the decay =~ — An™ + c.c., where the
Ainherits C=, = 92.5% [1] of E polarization

(cos 95) pE_ _ (PE sin2(pz — ¥,))
z,82 qu

PE =

Czp @ (cos? 9;) "

[1] PDG, Phys. Rev. D 110, 030001 (2024)
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ALICE at the LHC in Run 3

Upgraded TPC JinsT 16, P03022 (2021) New Fast Interaction Trigger (FIT) niv 1039, 167021 (2022)
Main tracking detector, PID (dE/dx) Collision time, event selection, centrality estimation,
* MWPCs replaced with GEMs event plane determination

* Continuous readout up to T0C: array of Cherenkov radiators at forward rapidity
interaction rate of 50 kHz in

Pb-Pb collisions

' »
et PO [T

FDD-C

Upgraded ITS niv 1032, 166632 (2022) ‘; ‘
Tracking, vertexing
* 7 layers of silicon detectors with
reduced material budget : New 02 framework cern-LHCC-2015-006, ALICE-TDR-019
* First layer closer to the beam pipe Q} «  Common Online-Offline computing system
(LO at 22 mm)  Process data throughput x 100 wrt Run 2
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ldentification of A and =

A and Z candidates are identified via invariant mass analysis
after applying topological and kinematic selections to the
variables describing their weak decays:

ALICE Performance

Run 3 Pb-Pb \s,, = 5.36 TeV, 0-10%
E—=An —pn n +C.C.

In| <0.8,0.8 < p, < 8.0 GeV/c

BDT selected, S/(S+B)(20) = 0.965 + 0.001

250

A - pn” (andc.c.)

™

200 E > An” - pnn (andc.c.)

— Gaussian fits + bkg.

-~ bkg.

150 * The application of a boosted decision tree algorithm

guarantees a £ sample purity S/(S+B) > 0.95 across all
centrality classes

Normalized counts/(1.0 MeV/c?)

100

50

Ol g im gt g gy $

4
1.3 1.3051.311.3151.321.3251.331.3351.34
m,,. (GeV/c?)

ALI-PERF-597758
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Longitudinal polarization of A in Run 3

& L L L L L L L L B L RN BN BN . . . . . . .
o B ALICE Performance | The A invariant mass distributions are fit with:
g 300 Run 3 Pb-Pb 5.36 TeV, 60-70% NEW . * a Gaussian to describe the signal
- [ Aspma+cc ] e asecond degree polynomial to describe the background
2 500~ |y|<05, p, > 0.5 GeVic N (dotted black line)
> — —
S - — Double Gaus. + bkg. 8
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N 100— —
© — -
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S L ‘ o
O__ ° T ST T L L € - 8-
Y | PRI B ] | | | |
—~ 0.002— — : . . . .
5 . - P, s, is estimated as a function of the invariant mass of
L o | +‘+‘ 1 the A, in order to account for combinatorial background
= - + — contamination
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~ -0.002— + —
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P, s, increases from central to peripheral collisions due to increasing system anisotropy, and mildly increases with py
* Run 3 results are compatible with Run 2 ones and have smaller statistical and systematic uncertainties, thanks to the

x20 data sample (~6 x 102 collisions)
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Comparison to model predictions

<1073 ALICE, PRL 128 (2022) 172005
N [w | C‘zl :I T 17T | T 1T 17T | T 1T 17T | T 1T 17T | T 1T 17T T 1T 17T | T T 17T | T 17T I: %n _| T T T I B | I T 1T T 1 I T 1 1 1 I T 111 I T 111 I T 11T 1 I T ]
0.008  ALICE Preliminary “- Q' [ PoPbys,=5.02Tev RUN? ]
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0005~ Pr>0:5GeVic = | == AMPT + MUSIC (S quark) - I
- A+A, ly|<05 . - == AMPT + MUSIC (A) I
0.004—_, o _ 1 i | ]
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 The comparison with STAR measurement shows a weak collision energy dependence
e 3+1 D hydro model MUSIC + AMPT initial conditions predicts correct sign polarisation if shear-induced
polarisation is included and the A inherits quark s polarisation at the hadronisation stage [1]

[1] B. Fu et al., Phys. Rev. Lett. 127 (2021) 142301
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NEW!
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Eur.Phys.J.C 84 (2024) 9, 920
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* Good agreement between data and model [1] including SIP and assuming a temperature dependent
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bulk viscosity /s (parametrization Ill) and an isothermal hadronisation hypersurface

[1] A. Palermo et al. EPJC 84, 920 (2024)
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A polarization induced by triangular flow &»

ALICE

NEW!

ALICE Preliminary
Pb-Pb |5, = 5.36 TeV, 20-60%
A+R,p_>05GeV/c, |y| <05

0
o

N

..... po + 2p1 sin(2(p - 2‘112)
..... pO + 2p1 sin(3<p - 31P3)

)

-~ j
S
."
R
K
.
.

\4
/ PZ,3
Y, originates from fluctuations in

the initial energy density

o
|I T T FJ“I I I|

-0.0005[-
_0 001_I I | 111 | | I | | 111 | | I | | 111 | | I_
0 1 2 3 4 5 6
ne - nW,

ALI-PREL-597386

* The polarization induced by the triangular flow is measured for the first time at the LHC energies
— it helps identify the contribution from SIP, which is expected to be different for different harmonics
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Pz,sn

NEW!

ALICE Preliminary .

Pb-Pb |5, = 5.36 TeV

A +A,|y| <0.5, p.>05GeVic

Z,S2

tf

Z,S3

Tt
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* The third-order polarization P, 53 is compatible with the second-order polarization, despite the triangular flow
being smaller than the elliptic flow — 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

ALICE Preliminary
Pb-Pb |s,, = 5.36 TeV, 30-50%
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Longitudinal polarization of = in Run 3

x107 N [w l
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The first measurement of £ longitudinal polarization
in Pb—Pb collisions was performed using a sample of
~6 X 10° Pb—Pb collisions collected during the LHC
Run 3in 2023

The Z longitudinal polarization shows a hint of
increase from central to peripheral collisions and is
compatible with A one, confirming the spin hierarchy
(spn = sz =1/2)
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Longitudinal polarization of = in Run 3

NEW!

Pz,sZ
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ALICE Preliminary
Pb-Pb, \'s,, = 5.36 TeV

e T +%,|n|<0.8, p_> 0.8 GeV/c
—%— A+ A, |y|<0.5, p.>0.5GeV/c

F

" ———— N
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ALICE

The first measurement of £ longitudinal polarization
in Pb—Pb collisions was performed using a sample of
~6 X 10° Pb—Pb collisions collected during the LHC
Run 3in 2023

The Z longitudinal polarization shows a hint of
increase from central to peripheral collisions and is
compatible with A one, confirming the spin hierarchy
(spn = sz =1/2)

The analysis of 2024 data will allow us:

* to reduce the statistical uncertainty

e to test the spin hierarchy by measuring Q
polarization (sq = 3/2)
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Summary and outlook

* The longitudinal polarization of A induced by elliptic flow was measured with improved
precision using Run 3 data, confirming the increasing trend towards more peripheral events

* The first measurement at the LHC of A longitudinal polarization induced by triangular flow is
compatible with second-order one

* The first measurement of Z longitudinal polarization is compatible with A one, confirming the
spin hierarchy

4 )

Further measurements with 2024 data:

* azimuthal angle and pt dependence of E longitudinal polarization

» centrality dependence of () longitudinal polarization to test the effect of different spin,
mass and strangeness content, and to probe the dynamics of the spin degrees of freedom

\_ J
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ALICE at the LHC in Run 2

PEERE AW YR YL

TPC: Time Projection Chamber P e |TS: Inner Tracking System
Gas-filled detector — 6 layers of silicon detectors

Main tracking detector, vertexing, Tracking, triggering, vertexing
PID (dE/dx)

»
= ill"” |I'
»

VOA and VOC
Arrays of scintillators at forward rapidity
Triggering, event selection, centrality estimation, event plane determination
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The second-order event plane (3 (TOC) is determined using the

C
S [ _
TOC forward detector: 5 1.4 ALICE Performance ]
= ’
a — Run 3, Pb-Pb \/s =5.36 TeV ]
0(T00) = Y Apcos2pa/ ) A e " i
I N E TOC (-3.3<n<-2.1)and TPC (0.1 < |n| < 0.8) B
Q@00 = Y Agsin2ga/ ) Aa 0ab- E
TOC channels TOC channels = — e e —
N —e— 5
where A, is the signal amplitude measured in a given TOC channel  0-6— o e -
0.4 —* 4
The event plane resolution Ry, is measured using the event 0_2:_ —e—
planes determined with forward and backward tracks in the TPC: n ]
_I 11 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | I I | 1 1 1 1 | 1 1 1 1 | 11 1 I_
OO 10 20 30 40 50 60 70 80
Qx(TPC) = z Pt,¢r COS 2§0tr /Ntracks ALI-PERF-576593 Centrality (o/o)
Ntracks
Qy(TPCY =" ) Prersin204y /Neracks Ry, = {@roc - QrecaQroc - Qrece)
5 ~ ~
Ntracks (Qrpca * Qrpce)
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Experimental technique %%

for = polarization measurements

A decay parameter describing the

Polar angle of the proton in the A rest frame
parity-violating weak decay A = pmr™

ey J S Azimuthal modulation of
L[ ] 1 . . .
1 1/“A CcoS QI’; ‘ sm(Z ((pE = LIJZ)) polarization with respect to

— the second-order event plane
Ry, fz Cg (cos? 655)

bed

" Detector acceptance
Second-order event

plane resolution Polarization transfer coefficient

\ from E to A (Cgp = 0.925)
E purity (~0.95)
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B Au+Au S\n = 200 GeV
* STAR A+A
. blast-wave model

Pb+Pb |s =5.02 TeV

® ALICE A+A

05—  —MUSIC with shear, s quark
- = MUSIC with shear, A

(stin(2¢-2‘1'2)) (%)

Centrality (%)

P, s, increases with from central to peripheral collisions,
likely due to increasing system anisotropy

The comparison with STAR measurement in Au-Au collisions
at «/syn = 200 GeV shows a weak collision energy
dependence

3+1 D hydro model MUSIC + AMPT initial conditions
predicts correct sign polarisation if shear-induced
polarisation is included and the hyperon inherits quark s
polarisation at the hadronisation stage

B. Fu et al., Phys. Rev. Lett. 127 (2021) 142301

ALICE, PRL 128 (2022) 172005 — STAR, PRL 123 (2019)132301 — S. Voloshin and T. Niida, Phys. Rev. C 94 (2016) 021901(R)
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Second- and third-order A polarization at RHIC

ALICE

) < 1F
S, | Ru+Ru&Zr+zr, AR N STAR |/s,, = 200 GeV
= | * n=2 = | 20-60% centrality, A+A |y|<
B“ c ‘ n= 3 B.‘ < B
& | HydroRu+Ru, nT/(e+P)=0.08 2| O AurAun=2
= - [ n=2(w,+SIPg,) . r=g ® Ru+Ru&Zr+Zr,n=2 h
‘T 05 B n=2(0,+SIPy,) ideal hydro il = . ¢ Ru+Ru&Zr+Zr,n=3
B ---n=2 (0, +SIP ) J >
N | =3 (mm-:-SIPLY ) ~ 0.5 Hydro (o, +SIPgg.)
QL T Bee Q. " n=2Ru+Ru
~ %] il ~ i IS
i 5 E=n=3Ru+Ru o
. Voel |
| STAR |5,,=200GeV ~TTTtreeaeasaet T ot e ]
- 0.5<PT<6 GeV/C, |y |<1 (XA = -(XK= 0732"_'0.014 B aA=‘aX=O732iOO14
l 1 1 I Il 1 1 l 1 | 1 | 1 1 1 I L Il 1 1 I 1 1 1 1 I 1 1 1 1 | 1 L 1 1 I 1
0 20 40 60 80 0 1 2 3 4
Centrality [%] [ [GeV/c]

* The third-order polarization seems to increase towards peripheral collisions as the second-order one
* The pt trend is similar to the elliptic and triangular flow — supports the picture of anisotropic-flow-driven polarization
* The calculations from [1] describe the data fairly well except for peripheral collisions and at high pt

[1] Phys. Lett. B 820, 136519 (2021) STAR, PRL 131 (2023) 202301

07/07/2025 Chiara De Martin — EPS 2025



Studying QGP with hyperon polarization &»

ALICE

The polarization along the beam axis is sensitive to:

* the contribution from shear-induced polarization (SIP), whose origin is the motion of particles in
anisotropic fluid, and which competes with the effect of thermal vorticity

* the dynamics of the spin degrees of freedom

41P_(1/1000) ) 1 10 [P, (1/1000) 1 o ThesIP contrll?utlon competes with
' Ahyperon -~ T | I squark _ -~ _ | thermal vorticity effects
2 ’ \ 5F s N -
L k—\\ /\L, N4
0 — ——7 0 R S o SIP contribution prevails in the scenario
L 4 | B . 1
oL~ o | -5k ~ Pt - that A inherits the strange quark spin
S 1 10k -7 _' polarisation at the hadronisation stage
[ ——Total - - WOshear| _ ——Total - - W/Oshearj . qualitative agreement with data (correct
0 1 2 3 0 1 2 3 polarization sign)
¢, [rad] ¢, [rad]

B. Fu et al. PRL 127, 142301 (2021)
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LHC PbPb 5020 GeV LHC PbPb 5020 GeV, 30-50%

0.006 - superMC superMC
———  Glissando ——— QGlissando
—~ n —~ 0004 7 y
= + A+A = 4+ A+A
§ 0.004 - :c%
= =
92] n
E“i 0.002 - .
I 1 1 I O.OOO i I 1 1
0 25 50 75 0 1 2 3 4
cent. [%] pr [GeV]

Good agreement between data and models [1] if SIP is included and the hadronisation hypersurface is isothermal

The two predictions agree with each other — longitudinal polarization is not sensitive to the initial longitudinal
velocity at LHC energies (initialised to zero in GLISSANDO, different from zero in superMC)

[1] A. Palermo et al. EPJC 84, 920 (2024)
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Comparison to models

—{/sparlll —={/s=0
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~, 0.0065- ALICE Preliminary
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0_004; A+ A, p.>05GeV/c,|y|<0.5
C e P, e p.+2p, sin(2p —2%¥,)
0.003F 72 o
- Eur.Phys.J.C 84 (2024) 9, 920
0.002—

0.001E
0f
~-0.001
~0.002F- | | | | | L ;
0 1 2 3 4 5 6

ALI-PREL-608475

* Good agreement between data and model [1] including SIP and assuming a temperature dependent

bulk viscosity {/s and an isothermal hadronisation hypersurface
[1] A. Palermo et al. EPJC 84, 920 (2024)
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