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Polarization in AA collisions |

LBNL-56383
> Extreme conditions reached in non-central collisions: (Globally Polarized Quark-gluon Plasma in Non-central A + A Collisions
. . . . Zuo-Tang Liang! and Xin-Nian Wang?!
O A hlghly VOrtlcal SyStem Wlth Orbltal ang'J|ar ! Department of Physics, Shandong University, Jinan, Shandong 250100, China
. 29 1 * Nuclear Seience Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720
momentum (L), a) ~ 1 0 S (Dated: October 18, 2004)

Produced partons have large local relative orbital angular momentum along the direction opposite
to the reaction plane in the early stage of non-central heavy-ion collisions. Parton scattering is

@) C h a rg ed S pectato r m Oti O n p rOd u CeS h u g e shown to polarize quarks along the same direction due to spin-orbital coupling. Such global quark

polarization will lead to many observable consequences, such as left-right asymmetry of hadron
spectra, global transverse polarization of thermal photons, dileptons and hadrons. Hadrons from

t' f' I d B 1 0 1 5 T the decay of polarized resonances will have azimuthal asymmetry similar to the elliptic flow. Global
mag n e IC Ie ( ) ~ hyperon polarization is studied within different hadronization scenarios and can be easily tested.
—

PACS numbers: 25.75.-q, 13.88.4¢, 12.38.Mh, 25.75.Nq

y®

*w: rotational speed (rotations/sec)

Jj F. Becattini et al., Phys. Rev. C 95 (2017) 054902
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.054902
https://doi.org/10.1103/PhysRevD.102.034001

UPoIarization in AA collisionsel [ st xnoianviers \

ALICE
» Extreme conditions reached in non-central collisions: » Spin polarization: probability that the spin
o A highly vortical system with orbital angular ofa p?rtlci!e aligns in a given direction
_ uantization axis
momentum (L), w* ~ 10%? s~1 (9 )
o Charged spectator motion produces huge [T ALICE, PRC 101.044611 (2020) [] STAR, Nature 548 (2017) 62
magnetic field (B) ~ 101> T e STAR Au+Au 20%-50%
= — | Nature548.62 (2017)
v B - I a, = 0.732+0.014 oA OA
) I O 6— o_=-0.758 + 0.012 PRC76.024915 (2007)
AA AA
Z X PRC98.014910 (2018)
g mA OA

ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
+A $HA

— UrQMD-IC+vHLLE, A
AMPT, A

- = = = Chiral kinetic, A+A
——— YangMills-IC+PICR, A
...... 3FD model, A

| HADES preliminary .
¢ Au+Au 10-40%, A

| 4 Ag+Ag 10-40%, A

alignment along the quantization
~ axis via spin-orbit coupling

0 STAR prelimipary | A el $_ .
| ¥ Au+Au20-50%, A (or A+A)
*(JJ: rotational speed (rotations/sec) ! EERET ] Lol 1 Lol L1101

1 10 10° 10°
[T F. Becattini et al., Phys. Rev. C 95 (2017) 054902 ‘,SNN (GeV)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.054902
https://www.nature.com/articles/nature23004
https://doi.org/10.1103/PhysRevC.101.044611
https://doi.org/10.1103/PhysRevD.102.034001

U Polarization in AA collisions‘]

ALICE

> Charged spectator motion produces magnetic field (B) ~ 101°T

1 Decreases over time
O Lifetime increases from mid to forward rapidity

x10"
R L R RN A RS RN RN LR
- LHC: Pb+Pb@2.76 ATeV AVFD Centrality 40-50% —100
o b=9.5 fm, x, =0  _ 0 e Xe-Xe, Sy = 5.44 TeV
2% : —— Pb-Pb, |5, = 5.02 TeV—{80
= .
= — 20 160 cv:
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a —40
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. [J P. Christakoglou EPJC 81, 717 (2021) —20
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T BT PR P P PR P . N DR T Nt .
05 1 15 2 25 3 35 4 45 5 0 02040608 1 1214 16 1.8
t [fm/c] t (fm/c)

Mingze.li@cern.ch | CCNU | SPIN 2025


https://www.nature.com/articles/nature23004
https://link.springer.com/article/10.1140/epjc/s10052-021-09498-7

[| Polarization in AA coIIisionsil

ALICE

> Charged spectator motion produces magnetic field (B) ~ 101> T

1 '\
O. I~ ! ! ! | T T T T T t
[ LHC: Pb+Pb@2.76 TeV ]
0.08 - b=9.5fm, n=1.0 4
- I — ¢E_
e [ _
S 0.06 — B, .
)
° I
ho] -
5 0.04
!
0]

0.02

[ Greco et al, Phys.Lett.B 768 (2017), 260-264

1 I 1 | 1 1 I 1 1 1 1 | 1 1 1 1 1
0.5 1 1.5 2
t (fm/c) Pb Pb

» Charm quarks produced in early stages
t ~ 1/mq ~0.1fm/c “Simplified” spacetime evolution of heavy-ion collisions
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https://www.sciencedirect.com/science/article/pii/S0370269317301594?via%3Dihub

U Polarization in AA collisions1

ALICE

> Ch d tator motion produces magnetic field (B) ~ 101> T :
arged specia 'on produ gnetic field (5) Polarized hadrons:

A *+ AT
e /¥, D**, At ...
: _ t ﬁ
; LHC: Pb+Pb@2.76 TeV
l b=9.5 fm, M=1.0 . .
0.8 93 fm, M=L0 \ ‘Wm&a‘m&w\/
5006'— —¢B ] \ ” |
> 0.06 y - :
0 I \ Polarized c and b
5 0.04] - i
© 0041
S MHagnetic Field
0.02 ~1015T
[T Greco et al, Phys.Lett.B 768 (2017), 260-264 _ >
0 '0'5""'1""1'5"":2 Charm (c) and
t (fm/c) Pb beauty (b) production

» Charm quarks produced in early stages
t ~ 1/mq ~0.1fm/c “Simplified” spacetime evolution of heavy-ion collisions
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https://www.sciencedirect.com/science/article/pii/S0370269317301594?via%3Dihub

UPoIarization and spin alignmentg]

ALICE
Longitudinal polarization:

+ 0 -+ P, = —
(At~ pK®] - Ko R
ﬁ Deviation from O is polarization, i.e. preferential
way for the particle spin ( “up”, “down”)
J=1/2
fermion
dN dN N
— (g = * P,=+1
deos0" [ 70, do > (1 + ayP,cos9™) z
» Decay parameter a,+ = —a;+

> It quantifies the “sensitiveness” to the mother-particle polarization, i.e. the probability of
the daughter momentum to align along a certain direction due to mother polarization

> It depends on the decay channel P,=-1
At - p K*O: App = —Ap3= 0.873 £ 0.010 + 0.023 £+ 0.003 [T LHCb, Phys. Rev, D 108, 012023
At - pK?: Apy = —0pF= —0.784 + 0.008 + 0.006 [T LHCb, arXiv: 2409.02759v2 [hep-ex]
AL -t A apy = —pF= —0.785 4+ 0.006 + 0.003 [T LHCb, arXiv: 2409.02759v2 [hep-ex]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012023
https://arxiv.org/pdf/2409.02759
https://arxiv.org/pdf/2409.02759

UPoIarization and spin alignmentg]

ALICE

[D*"' — DO + 7'["']—) (K_ + 7'["') 4+t » For vector mesons the spin direction is unknown

ﬁ >—Polarization — spin alignment

=1

dN
vector meson B B N
dcosO* f d(p =N [(1 — pgo) + (3pgo — 1)cos=0"]

» Spin-density matrix element p,,

Q poo # 1/3 = Spin alignment observed, i.e. there is a P-1 -1 P-10 P-1.1
preferential spin state p = Po,-1  Poo Po1
Q pyo = 1/3 = Spin alignment not observed P1,-1 P10 P-1,1

[In fact, we do not know anything about P—1,—1]

and piq 41
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USpin alignment in AA collisionsql

» Hadron spin-alignment measurements rely on spin
density matrix element (o)

o Poo = /2 — No spin alignment
o pPoo * /3 — Spin alignment observed

Recombination

Fragmentation

» Vector meson spin alignment governed by two mechanisms:

Quark recombination Quark fragmentation
= 2
1-P,-P; [ s1/3°=B g =t BT
p = = - 00 — . . p2
*>14.q=0,< Y5q # 0 p: Correlation between constituent
P,: Polarization of quark quark and antiquark

Jj Wang et al, Phys. Rev. C 97, 034917 Jj Liang et al, Physics Letters B 629 (2005) 20—26

—......l—

Low pr pr(GeV/c) High pr
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https://www.sciencedirect.com/science/article/abs/pii/S0370269305013973?via%3Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.034917

UAnaIysis framesql

Helicity frame

Diap (AL) = helicity axis

helicity pem (P)

At - pK*? rest frame (CM)

Uneiicity: Angle between proton momentum
in At rest frame and the p,;,;, (AL) direction

Piap (AT) ®

Production .- 9*

axis production

AY - pK*? rest frame (CM)

Uproduction: ANgle between proton momentum in
A? rest frame and the production axis direction
Production axis: The transverse direction
perpendicular to both the beam and helicity axes
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EAnalysis frame37

Event-plane frame

L, B direction
A

pem (1)

T Plab (DH-)

-

impact parameter

>

reaction plane

D*t - D% + it rest frame (CM)
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ALICE

9*: Angle between the pion momentum in the D**
rest frame and the quantization axis orthogonal

to reaction plane, i,e. along the L, B direction

[ Well defined only in heavy-ion collisions



——r .
U]/l/) polarization measurementel hg = ——2Po0 e

Xiaozhi’s presentation

Helicity - Collins-Soper -

0.4 =
> First measurement of the polarization 03¢
. . 0.1F %— —
parameters for | /1 production in Pb—Pb Ao o - #%b
-0.1E - -
collisions at LHC energies o
~0.4f E 3
0_4:5_ |I|IALICE, PIb-Pb ﬁ:s.oleev, 2.5<Iy<;, __ I I I | | 3
. . . . . E_ y s = eV,25<y < F _:

> Dominant contribution from (re-)generation in O3 5 Lo o f5-710%.3<y 235 -
0.2F == 3

Pb—Pb collisions at LHC energies o
> Significant difference in A% with respect to the i TN FUUT T
0.4F 3 3
LHCDb results B g-g;:
‘, “ 0.1E £ ;
o B P S : ﬁ__ ..... ﬁ +ﬁ$
s - -0.1F = —E‘% 3
i 256”0\ -02f
High s —o3f 3
(LHC) _04;_ 1 1 1 1 1 3 1 1 1 1 | -;
2 4 6 8 10 2 4 6 8 10

energy p. (GeVic) p. (GeV/c)

JjALICE Collaboration, Phys. Lett. B 815 (2021) 136146
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https://www.sciencedirect.com/science/article/pii/S0370269321000861?via%3Dihub
https://indico.ihep.ac.cn/event/22189/contributions/196511/

UPoIarization in pp collision37

ALICE

» Hint of A polarization at high ppin m™p _5 £ S R R A R
collisions with p(r~) = 500 GeV/c by E791 E : mp — AX s = 30.6 GeV

experiment at Fermilab ‘—:‘; 0.5—— -
ol I 1
» A¢ polarization predicted by quark-diquark : i
model calculations with spin-dependent S S .
fragmentation functions. I j\_/ l
-0.5 . - T .
[ What about A* at LHC? ] : L ﬁ

[T E791 Collaboration, Phys. Lett. B471: 449-459, 2000 pr (GeV)

Mingze.li@cern.ch | CCNU | SPIN 2025


https://link.springer.com/article/10.1007/s10582-001-0016-6

UPoIarization in pp collisionsa]

ALICE

» For vector mesons the spin direction is unknown: Polarization now well defined
K. Chen, Z. Liang, Y. Song, S. Wei,
o Hadron spin-alignment measurements rely on spin density matrix element (pyo) P (NS DT B0

\
||||||||||||||||||||| LY [ ™S S S S S —————— ————— ——— N R

0.7 |yl < 0.5: m=mmSce. I mmmnSce. II [ [y] < 0.5: === Sce. I mmmsSce. II
1< |yl <2: === Sce. T mimin Sce. II 1<yl <2 === Sce. T mmnSce. IT

» Spin-dependent fragmentation functions (FFs) ol

mimi
--------------------------
'

------------------------------------------

extracted from p,, measurements of K* and p°

-------
------
-------------------
--------------------
----------------------

05T et T - .

Poo

vector mesons in ete™ collisions

.'l
- .®
-
.

0.4} AKKO08 -
. - pp— KX, {5=200GeV | pp— p'X, V5 =200 GeV -
. . . e . .. 3 6 8 10”‘12“II14I”‘6“”8””10“”12””14“
» Used to predict py, in ultrarelativistic pp collisions pr (GeV) pr (GeV)
0.7/ g <05: == Seo. I =mmsSco. | | lol <05 == Sco. T seraSco. 1| ]
H 1<yl <2 =a=Sce. I mimi Sce. II H 1<y <2 === Sce I mmnSce II

» Significant py, predicted at high pt, and strongly

Poo

\ dependent on FFs assumptions y

0.4} DHESS - DHESS ]
What about D** at LHC? [ B VS =200Ge e X s =200 GeV
3 6 8 10 12 14 6 8 10 12 14

pr (GeV) pr (GeV)

Mingze.li@cern.ch | CCNU | SPIN 2025


https://doi.org/10.1103/PhysRevD.102.034001

-
ﬂl ALICE detector D* > D0+t = (K- +77) + 1

J | ALICE: LHC Run 3 | o b+ v ALICE
A » p K" > pK™n

(+charge conjugate)

Central barrel detectors
In] < 0.9

1) ITS

» Tracking

» Primary and
secondary = —g |
vertex reconstruction \“\—

2) TPC

» Vertexing =

» Tracking > Run 2 Pb—Pb at /s = 5.02 TeV, —
» Particle identification Q 0-10% L;,,;~100 ub~?

3) TOF Q 30-50% Lipe ~ 85 ub~t [ Dagg

> Particle identification > Run 2pp at+/s = 13 TeV aMple
Q Min. Bias Li,~36 nb™? S
Q High Mult L;,;~6 pb~1

> Run 3 pp at+/s = 13.6 TeV

D MB Lmt~10 pb_l

Excellent tracking and
PID capabilities down to
very low momentum

[T ALICE Collaboration, JINST (2008) S08002
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08002

n D** yield extractionq]

ALICE

For D** analysis in pp and Pb—Pb collisions, > Reduce the combinatorial background

Boosted Decision Trees (BDT) with 3-class (prompt,

L » Separate prompt and non-prompt charm hadrons
non-prompt, background) classification are used to:

3 3 Run 2

c‘i) X10 , , | . : i | Run 2 o X1ZLICEI | I Run 2 I || | I I ..g_ 10: AL L L T , .

= ALlCE {4 .Q yl<0.8 - S - —— E
% L 30-50% Pb-Pb = TeV > 30-50% Pb-Pb =5.02 TeV - 0'9?’_ *

2 o , VS = 5.02 Te = | b , VS = 502 Te | = —— ]

<~ | D**— D% and charge conjugate - 5 GeV/c 08 " 4 E

— —_— < < = o ]

C 04-03<lyl<08 4<p <6GeV/c _ ——— é);ta _ 0.7F :

Y 0.0 <[cos®<0.2 | YPrompt D* | 0.60 £

c PANon-prompt D** 0.5E Pb—Pb 3

S — Total - ]

_ 0.4t =

0.3F =

0.of Po-Pb, VS =502 TeV, lyl<0.8 :

: ¢ i FE o= 0-10% ]

° 0.1 _50% =

014" 0.145 015 072 o078 o084 090 0.0~ 15 20 25 30
M(Krr)-M(Kr) (GeV/c?) Min. BDT output prob. for non-prompt D** p. (GeV/c)
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U Poo extractionql

ALICE

» Helicity: Direction of vector meson momentum @ Spin alignment: )
» Production: Direction perpendicular to vector dN .
. == No[(1 — poo) + (3pgo — 1)cos*0"]

meson momentum and beam axis X dcos0 )

40— ———Ruwn3 - % Run3 5 o1+ Run3

10F ALICE Preliminary ] 6 1 ©
L - 5_ ]
W

op, /s = 13.6 TeV ]
6L 10<p_< 20 GeVt, | < 0.8 .

dN/dcos* (a.u.)
(@)}

IAIIII

dN/dcosb* (a

dN/dcosH* (a.u.)
(0]

[ 3_ _____ 4
- e e 3t o - lProductlon frame | ]
4 LHeI|C|ty frame 4 __ Helicity frame J ] oF Y?INDF =1.27 b
[ %/NDF = 1.38 : XT/NDF =1.41 . F p,, = 0.296= 0.007 :
o Poy= = 0.341+ 0.004 1 Poy= = 0419+ 0.007 ] 1: Non-prompt fraction: 89.70%= 0. 10% i
Non -prompt fraction: 1.30%= O. 01% ’ T Non- -prompt fraction: 89.70%+ 0.10% [

O- R T T N NN T T TR TN N TR TN TN TR N TR SN T i 0 I T B | PR TR T N TR T T T R T T N ] O- 1 | ] |

~1 —0.5 0 0.5 1 —1 —0.5 0 0.5 1 =1 0.5 0 0.5 ]
Coso* Coso* Cosb
Prompt D** Non-prompt D** Non-prompt D**
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U Poo extractionel

ALICE

> Analysis repeated vs. in each interval :
y P frp P Extrapolation:

> Extrapolation to = 0 (prompt) and _
P fnp (p P ) Poo = f prompt ° Pg(r)ompt + f non—prompt ° ngn prompe
fnp = 1 (non-prompt)
3 _---l---l---u---Run3 8 _---l---l---u---RunS
Q 0.44E —+ Data Q 0.44E —+ Data
0.4 — Fit 042 — Fit

. *orange

0_40:_ © torange

r-Produc:tion frame

i

ALICE Preliminary
pp, Vs = 13.6 TeV
10 <p,< 20 GeVE, ly| < 0.8

PPN B BRI SRR PR PRI RPN BRI S B
0 0.2 0.4 0.6 C;.S 1 0 0.2 0.4 0.6 (}.8 1

non-prompt non-prompt
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ALICE

%‘\

Results
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DAJg polarization in pp coIIisions1

al 1.0
C
O
=
N 05
Is
(@)
o
S 0.0
=
2
S_0.5
o
—

|
—
| ()

L ALICE Preliminary

| pp, Vs=13.6 TeV
- ly| < 0.5

| Production frame

|l

Run 3

Data

e C— AL A,
¢ b— AL A,
¢

i (B

- PYTHIA 8 + EviGen
e ALA,

Ay = A} w v, (and charge conj.)

0 5

[T PYTHIA 8.3: SciPost Phys.Codeb. 2022 (2022), 8 pT (GEV/ C)

[T EVTGEN: EPJ Web Conf. 295 (2024), 03012

L
10

|
15

ALICE

. - 8 *
axis A7 production

At - pK*? rest frame (CM)

\_

J

» First measurement of longitudinal polarization
(P,) of prompt A (and charge conjugated) in pp

collisions at LHC

» No significant (P,) observed for prompt in the

production frame

» Measurement are compatible with PYTHIAS +

EvtGen predictions
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https://evtgen.hepforge.org/licence.html
https://inspirehep.net/literature/2056998

UD*+ spin alignment in pp collisionsT

ALICE
g 0.6 ————7 g 060———m —— Run 3
= ALICE Preliminary ys=13 TeV 1 = pp E_136Tev y|<0.8 .
0.5 T 1 o c—D* - 055~ Fr======—=- - i
\Helicityframe 1 p ,p~ 3 " [Production frame ! 1 |Measurement in agreement
0.5 = 0500 Vs=13.6TeV 3 . .
‘% ] . a c—D* ] with prediction of PYTHIA
0.4 3 045 * b—D” 3
- :% _B' : L PYTHIAS + EVTGEN 1 |83+EVIGEN
0.40- _EE. | = 040 [E3@c—D¥ -
B ! l - [ —b—-D* - [T PYTHIA 8.3: SciPost Phys.Codeb. 2022 (2022), 8
0.35 - 0.35 = [ A
- F-ﬁﬁ. T : - e - [ ] EVTGEN: EPJ Web Conf. 295 (2024), 03012
0.30F - o.3f 2= e o T
0.25—— 1l 0.25 . ]

4 567810 20 3040 10° 4 5678 10 20 3040 10°

P (GeV/c) P, (GeV/c)
> Prompt D** > Non-prompt D**
= No significant deviation from pyo= 75 = poo larger than %5 for helicity frame
= Not supporting any hadronization scenario = Helicity conservation in weak decays of
employing spin-dependent FFs beauty hadrons

Mingze.li@cern.ch | CCNU | SPIN 2025


https://inspirehep.net/literature/2056998
https://evtgen.hepforge.org/licence.html

U D** spin alignment in pp collisionsil

< 0.60

Extracted p,, parameter for Q
0.55

> Non-prompt D**
L, - 0.50
= poo larger than % in helicity frame
0.45
The py, of non-prompt D** is compared with the 0.40
polarization measurement of | /1) from CMS 0.35
» Results are compatible within the uncertainties 0.30
in the overlappin region

ppIng pr reg 0.95
Measurement in agreement with 0.20
prediction of PYTHIA 8.3+EVTGEN 0.15

Jj PYTHIA 8.3: SciPost Phys.Codeb. 2022 (2022), 8

[] EVTGEN: EPJ Web Conf. 295 (2024), 03012

ALICE

T — Run 3

ALICE Preliminary | |CE: |y| < 0.8 -

pp, Vs = 13.6 TeV -
Helicity frame CMS: [yl <1.2 -

Non-prompt particles

Data PYTHIA8+EvtGen
e D*(ALICE) @ D*
e Jw (CMS) = Jwy

||||||||||E

4567 10 20 3040 10°
P, (GeV/c)

Jj CMS Collaboration
Jj ALICE Preliminary Jj ALICE, Eur. Phys. J. C 78 (2018) 562
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https://arxiv.org/abs/2406.14409
https://link.springer.com/article/10.1140/epjc/s10052-018-6027-2
https://inspirehep.net/literature/2056998
https://evtgen.hepforge.org/licence.html

UD*+ spin alignment in pp collisionsq]

ALICE

» Comparison with model employs spin-dependent fragmentation functions, tuned on e*e™ measurements
O Set I includes data from CLEO II, HRS, TPC, SLD and OPAL

Q Set II excludes the OPAL data for the b - D** process For details of the theoretical
framework, see:

8 060_ T T T T T T T T — T T T T T T T 1T T ‘ ghChelg, Z.é_i?gg, 5343883, S. Wei,

R _ 1 " s. Rev. ,
< L ALICE Preliminary |y < 0.8 I DY (z)FFs ’ .
0.55F 1 yafin: B i c - D* + KKKS08 + Set| ]
- Helicity frame \’750—_1)3-[‘)3*+T9V . c - D™ + KKKS08 + Set Il
[ _ - I — = ) = D* + KKKS08 + Set | ]
0.50F PP: (s=136TeV |1 p= 4+ —— — b D" +KKKS08 + Setll -
- T ——
0.45 | T | E
ANeR H-1T Tl H 1T '

0.40F = T - .
Il e T

0.35 h
: E‘_ X ey — = T i WO — = _E_ _
0.30 ]
025: I r | 1 ] 1 1 Run 3 oo 1 1 ] Ll 11 |:
4 567810 20 30 40 4 5678910 20 30 40 10?
P, (GeV/c) p. (GeV/c)

KKKSO08: Jj T.Kneesch et al. Nucl.Phys.B799:34-59,2008
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https://link.springer.com/article/10.1140/epjc/s10052-018-6027-2
https://doi.org/10.1103/PhysRevD.102.034001

UD*+ spin alignment in Pb—Pb coIIisions‘]

First measurement of D** spin alignment with respect to the reaction plane in Pb—Pb collisions

Extracted p,, parameter for prompt D** Qg

> In less central rapidity regions|0.3 < |y| < 0.8
Q Central collisions (0-10%):
Consistent with pyo= Y4

O Non-central collisions (30-50%):

Evidence of p,, larger than 4 at high pt
= Consistent with the scenario of
polarized charm quarks hadronizing
via fragmentation
1+pB-P;
['000=3—[>’-qu

E Liang et al, Physics Letters B 629 (2005) 20—-26

> 1/3]

0.6

0.5

0.4

0.3

0.2

0.1

ALICE
N I I | | LI | LI I L I LI I LI Run 2
. ALICE :
- Pb—Pb, s, = 5.02 TeV B
- Prompt D** -
. L

- Reaction plane ~
- | | - . -
5 0.3<lyl<0.8
i m 0-10% i
[ e 30-50% ]
-I 11 1 | L1 1 1 | 1 1 1 I 1 1 1 I L1 1 1 I 11 1 1 I 11 I-
0 5 10 15 20 25 30

P, (GeV/c)
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UD*+ spin alignment in Pb—Pb coIIisionsi]

ALICE

» Spin alignment induced by initial B field?

O High-pt quarks retain greater polarization, since they

exit the fireball more quickly e ALIICE T Run _2
O The lower the spin relaxation time, the less quarks 0.6F pp_pp (Sn = 5.02 TeV -
retain polarization when traversing the medium i Promp:[ D ]
O HF polarization useful to constrain charm-quark spin 0.5 Reaction olane * ]
relaxation time i i
0.4:— l _:
048¢ g = 10 fm (Bottom) 7g = 10 fm (Charm) :_ i
----- 7g = 15 fm (Bottom) ====- 7¢ =15 fm (Charm) 03:— _:
A 043} B ]
D - _
% 0.21 03<lyl<08
\8/ 038 K = 0-10% ]
01__ e 30-50% =
L1 1 1 | L1 11 | L1 1 1 I L1 1 1 I L1 1 1 I L1 11 I L1 1
033} = 0 5 10 15 20 25 30
S.Dey, A.Jaiswal, arXiv: 2502.20352v2
o o . p_ (GeV/c)
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Py (GeV) Jj ALICE, arxiv: 2504.00714, accepted by JHEP
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UD*+ spin alignment in Pb—Pb coIIisions‘]

ALICE

First measurement of D** spin alignment with respect to the reaction plane in Pb—Pb collisions

Extracted p,, parameter for prompt D**

'I""I""I""I""I"Run2

o
o

» In large pr interval 15 < pr < 30 GeV/ciand non- = 0.6

——————————————————

y=-03 y=03

central collisions (30-50%):

y=-08

O No significant deviation at midrapidity from py,= 0.5

O Evidence of py, larger than 74 at larger rapidity 0.4 i
= B decreases slower in time at larger rapidity oo # :
= Very early produced c quarks (large | |
momentum) are affected more by B field 0.2 y--03 y-03 Centrality 30-50%

= Spin-dependent fragmentation functions

IIIIlIIIIIIIIIIIIIIIIIlIIIIII

¢ lyl<0.3
0.1 e 0.3<lyl<0.8

IIIlIIlIIIIIIIIlIIlIIIIIIIIIIIII
for charm 0 5 10 15 20 25 30

[T ALICE, arxiv: 2504.00714, accepted by JHEP P; (GeV/c)
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ﬂ Spin alignment: prompt D** vs. inclusive ] /y 7

ALICE
poo for prompt D** is compared with the inclusive ] /i 8 ALICE Run_2
measurement 0.6~ 30-50% Pb—Pb, |s,, = 5.02 TeV .

- Reaction plane -
O Data are compatible within the uncertainties in 050 \ E
overlapping pr region I Z
. -_Prompt D** | ]
Q py, significantly smaller than 4 at pyr< 5 GeV/c 0.4 + .
= J/i dominantly produced by recombination - AHi_____________:

d At high pt, does the fragmentation of heavy quarks 0'3:_

_+_

polarized by the magnetic field translates to py, > ¥4? e Prompt D, 0.3 <lyl< 0.8

Illlllll

0.2 ’lnd_w; ¢ Inclusive J/y,2.5<y <4.0
= Need to constrain charmonium production I B B B B o O B e
. . _ o & 4c o E
mechanisms in hadronic collisions o" 20 —— T T T T
-—Rr—

~ —o—

@ 2
TO_4:_Il_h|IIII|\III|I\II|IIII|IIII|III_:

< 0 5 10 15 20 25 30

P (GeV/c)

Jj ALICE, arxiv: 2504.00714, accepted by JHEP
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USummarﬂ

ALICE

> pp collisions:
Q light flavors, prompt D** and J/y polarization are compatible with zero
» Pb-Pb collisions:
Q pyo < Y for light flavors, J/y at low pr = recombination scenario
Q pyo > Vs for prompt D** at high pr & less central rapidity = quark fragmentation scenario

» Theoretical predictions are required for conclusions

Pb-Pb K:;"P rts) D** S R
A ey ! PP Pb—Pb |
T ms) -------------- : D** [J ALICE, PLB 846 (2023) 137920 [J ALICE, CERN-EP-2025-072 |
pp J/:/i : J/W [T ALICE, EPJ. C 78 (2018) 562 [T ALICE, PRL. 131, 042303 :
| KIZ,' - . \\K*O [T ALICE, EPJ 171, 16008 [T ALICE, PRL. 125 (2020) 012301/'

> 00 @ ™ ™ = == == = e e e e e e e e e e e e e e e e = = -

<V ~Va >
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UVector meson spin aIignmentG]

ALICE
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U D** spin alignment in pp collisionil

ALICE

First measurement of D** spin alignment in pp collisions [T ALICE, Phys. Lett. B 846 (2023) 137920
Durin LHC Run 2, S — 13 TeV g _I | 1T I T T I T T I T T I T 171 | T T 7 | 1T

(During Vs ) < 6 -ALICE v/ <0.8

> pr up to 20 Gev/c for prompt and non-prompt D** " pp, Vs =13 TeV i

> Prompt D** no evidence of polarization 051 B

» Non-prompt D** p,, > 14 : + Z

Jj Chen et al, Phys. Rev. D 102, 034001 i + ! i

- N\ (AR T 0.41 + =

" Polarization from | "7f[lsl <05 —Sce. T eemsSce - : -

. 2<|yl <3 === Sce. I mmuSce. II L N

spin-dependent o6l ] S . | i

fragmentation . : = = i . | |

functions? R R S Lot T - Data PYTHIA 8 + EVTGEN

o . T, L Lt L el | ‘

N IS = c—>D¥ . c—> D" i

02~ o p—D* b — D* -

Need to reaCh B : | | | | | 11 | | 11 | | | | | | 11 | L 11 | I | :
_higher prregion! | %3 6 8 10 12 14 16 18 20

\_ 20 40 60 80 100 120 140 - . (GeV/c)

pPr (GGV) ALI-PUB-563081 T
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UD*+ spin alignment in pp coIIisioni]

ALICE
First measurement of D** spin alignment in pp collisions 8 [TI T LTI T T T
P &9 PP < 4 6ALICE y] < 0.8 -
(During LHC Run 2, /s = 13 TeV) [ pp, Vs =13 TeV |
> pr up to 20 GeV/c for prompt and non-prompt D** 0 5:_ _
1— = = = { New ALICE preliminary results = = = = = =« I * + , |
0.4 ; |
Larger data taking rates during LHC Run 3 (v/s = 13.6 TeV) - ! |
(500 kHz in pp and 50 kHz in Pb—Pb) 0 33 pEN==_ i . ’ ~
> Larger data samples for more accurate results | Data PYTHIA 8 + EVTGEN]
> pri df imum 20 up to 100 GeV omemD” - D :
pr Increased from maximum 20 up to eV/c 02- o p_ D~ b _s D* .
> Reference for measurements in Pb—Pb collisions i i
| | 111 | | | 11 | | 11 | | I 1 | | L 11 | |
6 8 10 12 14 16 18 20

P, (GeV/c)

ALI-PUB-563081

[T ALICE, Phys. Lett. B 846 (2023) 137920
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D** extraction G]

D** extraction in pp
collision at \/s = 13.6 TeV
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Counts per 0.2 MeV¢?2

—

—

Counts per 0.2 MeV¢?2

Prompt D**
3
4X10|||| New!
2 p** _ D°n* and charge conj.
o Non-prompt fraction: 1.30%+ 0.01% ]
sf ALICE Preliminary -
6f pp, VS =13.6TeV A
4 Helicity frame -
2F .
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of ]

[ e Data ]
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g° E
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U Run 3 performance for D** G]

g 0.60- ——rrr , —
= L pp,¥s=13.6TeV,|y|<0.8 :
0.55 -
. Production frame :
050 Vs=13.6TeV :
- s c—D* ]
045 e b—>D* E
L PYTHIA8 + EVTGEN :
040 Illlqg__,[)”' 3
T [ b-D"
0.3% —1 E
0.3SET:;: -EI}:__._*__:"t"' -
0.25 SR ! L M R A
4 567810 20 3040 102
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—
<

—
<
[\
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—
<
(%]

1074

ALICE

¥ <08 -
Cosd* integrated ;

_ ALICE Performance
D* — D%+ and charge conj.

|

—— Min. bias pp, Vs = 13 TeV (LHC Run 2)
—— High mult. pp, Vs = 13 TeV (LHC Run 2)
—— Min. bias pp, Vs = 13.6 TeV (LHC Run 3)
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Upoo extraction in Pb—Pb coIIisionsG]

ALICE

For D** analysis in pp and Pb—Pb collisions

> poo extraction for prompt and non-prompt D** in different py intervals

£ 3 : 1IO3I I I I I I I I I I I I I | | | 1 £ 3 I I I I I I I I I I I I I I 1 | 1 1
2 | ALICE Po-Pb |[{ @ [ e Daa Pb—Pb |
S 1o 30-50% Pb-Pb, {5y = 5.02 TeV 1 8 b — Ni- ™+ B0 —1)cos?9"]
> 0.3<y <0.8 > R 00 00 §
O i i O - .
_ ‘ ‘ _+__+_ — 30 ‘ -
5 I = -
| D_ i _D_°1_'t+_ and charge conjugate 1 10__ ____________ |
|4<p <6 GeV/c | I I15<p <30 GeV/C| Prompt D** |
R it Prompt D** | - R -
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 ]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
cos9* cos9*
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U D** spin alignment in Pb—Pb collision G]

ALICE

8 1T 1T 171 I LI L L I | L L L I | L L] I | L L L I LI L L I LI 8 I 1T 11 I LI L I LI L L I | I | L L I L L L L I L=
Q . ALICE 1 < [ i
0-5F Po-Pb, Y5, = 5.02 TeV E 0-6p E
- Prompt D** - i -
0.5[- Reaction plane ! 7 0.9 -
0.4F I 3 o4f j;‘: -
0.3F - 0.3F ﬁ | -
0.2r 03<lyl<08 T~ 0.2[ Centrality 30-50%
i = 0-10% ] i ¢ lyl<0.3 ]
0.1 e 30-50% 0.1 ® 0.3<lyl<08
-I L1 1 I L1 1 1 I 1 1 11 I 1 1 1 1 I L1 11 I L1 11 I | | I- —I L1 1 I L1 11 I L1 11 I L1 1 1 I L1 1 1 I L1 1 1 I 11 I-

0 5 10 15 20 25 30 0 5 10 15 20 25 30
P, (GeV/c) P, (GeV/c)
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] /4y polarization

ALICE

-
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0.6
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U Polarization measurementsql

» Hadrons’ spin alignment measurements rely on
spin density matrix element (o)
o poo = 32— No spin alignment
o Poo * /3 — Spin alignment observed

» Quantization axis

Orthogonal to event plane (Heavy-ion):
Direction of L and B fields

Helicity (pp):
Direction of vector meson momentum

Production (pp):

Direction perpendicular to vector
meson momentum and beam axis
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\_

ALICE
\
Angular distribution of decay products
dN
= No[(1 — + (3pgo — 1)cos?0*
dcosO” ol( Poo) + (3Poo ) |
y,
0*: Angle between decay +
products and a chosen n D*"'
direction in the vector E
meson rest frame e* , /
/
/
’
Beam axis
-
a""“\ //




[] Theory expectation for p,, T

——————— ——— — 1 e

Physics process and
theory expectation

Vorticity | " vector

. Charged vector Neutral vector
Magnetic field e eon
Hadronization Quark Quark

process recombination fragmentation
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