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CNFN Polarization: an introduction

d Polarization refers to the particle spin alignment with respect to a chosen direction

d For a vector meson (v) the total angular momentum (], ],) state can be expressed as:

* |V:],]Z>:b+1|1,+1>+b0|1,0)+b_1|1,—1>

V4
quarkonium 1
rest frame Spin-alignment & decay products angular distribution
9 £+ & EPJC 69 (657-673). 2010, Facciol et al.
production Dilepton decay angular distribution
plane \. )

e W(cos0, p) x 3% - (1 + A9 cos?® 0 + A sin® 6 cos2¢p + Ag4Sin26 cos)
()
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* |V:],]Z>:b+1|1,+1>+b0|1,0)+b_1|1,—1>

Spin-alignment & decay products angular distribution

& EPJC 69 (657-673), 2010, Faccioli et al.

Dilepton decay angular distribution

\4

e W(cos0, p) x 3% - (1 + A9 cos?® 0 + A sin® 6 cos2¢p + Ag4Sin26 cos)
()

O Polarization parameters
(29, A¢,94) = (0,0,0) = No polarization
(29, A¢,Ag¢) = (+1,0,0) = Transverse polarization

(29, A¢,A9¢) = (—1,0,0) = Longitudinal polarization
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(NFN Polarization in pp: definitions & motivations

d Important to constrain quarkonium production mechanisms in hadronic collisions

yi Reference frames

« Helicity (HE): direction of vector meson in
the collision center of mass frame

« Collins-Soper (CS): the bisector of the angle
between the beam and the opposite of the
other beam, in the vector meson rest frame

I quarkonium o
I rest & EPJC 69 (657-673). 2010, Faccioli et al,
3 frame
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(NFN Polarization in pp: definitions & motivations

d Important to constrain quarkonium production mechanisms in hadronic collisions

o/« CDFdata:Runl/Il Helicity frame *  ALICE data Helicity frame Reference frames
........ CS LO CS’ Lo
o CS, NLO ly| <0.6 e CS, NLO 25<y<4 ° A - A i i
ooyt el N s wmameeys i il oy Helicity (HE): direction of vector meson in
——— CS4CO, NLO PP — JIy + X —— CS+CO,NLO pp — Jhy + X the collision center of mass frame
1€ ——T 1
08 F..- 0.8 . .
S 0.8 « Collins-Soper (CS): the bisector of the angle
To2ET, 8 7} ! T 02 :
Sl [ A i 1 £ o2 between the beam and the opposite of the
] S— 8 other beam, in the vector meson rest frame
=5 10 15 20 25 30 &
Py [GeV] & EPJC 69 (657-673), 2010, Faccioli et al.
0.2 —————————— 1 Errr A e
0.15 ] 08 ¢
Z_O%; ;\‘QLL‘h_“_U_ ] =T §§ . . .
P08 b ] 2 8'(?4)5 : d ...models provide different predictions for
o5 | : 3 : quarkonium polarization according to their
I Y7 J S S AP P EI I BRI B 0 ) PP PRI BRI EFEPIP SR BRI S . .
N S O production mechanism
& Phys. Rev. Lett. 108, 172002, Butenschoen et al. « Color Singlet: Longitudinal polarization

« NRQCD: Transverse polarization
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CNFN Polarization in pp: charmonia
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CNFN Polarization in pp: charmonia
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. cMs  HXframe

4 No strong J/y polarization observed by o.sf— | % 1 :
ALICE and LHCDb at forward rapidity : L&#ﬁ ; i : ! m H # ﬁ} ;
and up to pr = 15 GeV/c Ay 0‘ e I T +Q

-05F

PRL 108 (2012) 082001 EPJC 78 (2018) 562

iﬁﬁ@ EPJC 73 (2013) 11 :::::{:::::::::I::::{::::I::::I:::::{::::{::::}::::}:
- pp Ys=7TeV L=4.9fb" |

0.2
4 No significant prompt J/y and y(2S) : i ‘} } H j
polarization observed by CMS at Ao °.“+F¥Fi{=ﬁ"#"'$"’ﬁ """ * A % “““““ Ty
midrapidity and up to pr = 70 GeV/c 02i I i
(valid also for Y(1S)) o Iy | (28)
gPLB727(2013)381 PLB 761 (2016) 31 .HHIH::IHHIHHI”HIHH T
0.2 + _
e bd S SR L O A
kﬁ(po_ﬁ&“# ++ £ * _ {brtk *{’ H ‘
I ~ly| <06 j I
02} =06<y|<12 + { .
I «~12<ly|<15 ]
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P, [GeV]
— s . . 6
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Polarization in pp: charmonia

1.0 T T T T T T T T T T T T 1-0 T T T T T T T T T T T
. . = LHCbdata7 TeV = LHCb data 7 TeV
d No strong J/y polarization observed by 081 X ALICE data 7 Tev (inclusive J/y) ] 081 * ALICE data 7 Tev (inclusive J1y) |
ALICE and LHCb at forward rapidity el ~osemmaen e cecmmac ]
and up to pr = 15 GeV/c o2l ] 0zl
< oo} 1 <2 oof —]
PRL 108 (2012) 082001 EPJC 78 (2018) 562 ool 1 sl S ]
{48k EPJC 73 (2013) 11 04r 1
-0.6 b -0.6 R
08L|25<y<4, Vs=7or8Tev ] 08 L25<y<4, VS=7o0r8TeVv
J h Y C.ouilns-sopler framle PR R TR | 1 I'(.BCOiI| (heIICIlty) fran[1e p— ——ra TP R S
NO Slgnlflcant prompt ]/l'lJ and l.lJ(ZS) -1.00 2 4 6 8 10 12 14 16 -1'00 2 4 6 8 10 12 14 16
polarization observed by CMS at pr [GeV] pr [GeV]
' idi = 1
m|d.rap|d|ty and up to pr =70 GeV/c oa e orotevosmme ;__ PRTI r yy To
(valid also for Y(15)) 0.6 ICEM 2.0 <y < 4.5 B o ICEM 2.0 <y < 4.5 E
0.4__ = LHCbdata2.0<y<4.5 ] L = LHCbdata2.0<y<45 R
" PLB727(2013)381  PLB761(2016) 31 ol - ALICEdata25<y<4 R 8-2? - ALCEdata25<y<4 ]
2&@ 07 i ¢ —: EZ -0_ | I —:
Recent improvements in the theoretical —g-i— 5 -02f —
description of J /U production with ICEM i R ]
and CGC + NRQCD -0.8]- 4 o8 .
Qi 2 4 6 8 __10 12 14 24 6 810 12 14
& JHEP 12 (2018) 057, Yan-Qing Ma et al. . (GeV) b (GeV)
& PRD 104 (2021) 9, Cheung, Vogt
/
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Polarization in pp: charmonia

4 No strong J/y polarization observed by
ALICE and LHCDb at forward rapidity

and up to pr = 15 GeV/c

PRL 108 (2012) 082001 EPJC 78 (2018) 562

(&l EPJC 73 (2013) 11

4 No significant prompt /¢ and y(2S)
polarization observed by CMS at
midrapidity and up to oy = 70 GeV/c
(valid also for Y(15))

g PLB 727 (2013) 381 PLB 761 (2016) 31

O Interestingly CMS observed a sizeable
relative polarization between x.; and X¢2,
reproduced by NRQCD

& PRL 124, 162002 (2020), CMS collaboration

L=19.1fb" (s=8TeV

L=19.1f6" Vs=8TeV

Xc1 XCZ
o O Input: unpolarized X == NRQCD == NRQCD
0 Measured X O Input o Data
EEE EREEE R Lovaa b b b b b s I L Lo b bew o b b bena by s byvna bavas
2 3 5 6 7 8 9 10 11 2 3 4 5 6 7 8 9 10 11
pT/M pT/M

Expected Ag for e, from the x.1/Xc2 ratio
measurement, assuming either no polarization for
Xc1 Or expectations from NRQCD
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https://arxiv.org/abs/1912.07706
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6027-2
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2631-3
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.082001
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Polarization in pp: bottomonia

d Recent preliminary measurement of Y(1S)

e colinersepe polarization at /s = 13 TeV from ALICE
- +_+_ """"" £1° —o—o_ O Ag, A4, Mgy eValuated down to zero pr
. ; Q 2g, A, Agg are all compatible with zero
F V(19) & u ; within uncertainties in HE and CS
0-5:- ] reference frames

S e e e ECTEREIREE 33‘-&&7:—0-- O No evidence for pr dependence

[ e ALICEpp, Vs=13TeV,25<y <4
-0 5'_ OLHCbpp, s=8TeV,22<y <45
“"F | Total uncertainty

» Results compatible within uncertainties with
LHCb mesurements at /s = 8 TeV

$i\++ﬂ=19=‘o‘ : & JHEP 12 (2017) 110, Artamonov et al,
. = Qualitatively in agreement with NLO NRQCD
0 5 10 15 20 25 30 0 5 10 15 20 25 30 & PRL 112. 032001 (2014), Gong et al.
P, (GeV/c) P, (GeV/c)
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(NN Polarization in pp: open charm

d First measurement of the prompt and non-prompt 8 PUR L N VLU E R R AR B
D** spin alignment at the LHC < O.6—A|—|CE Preliminary yl<0.8
B pp5 \/E = 13 TeV
dN
° dcosO (1 poo) + (3p00 — 1) cos? 6 0.5

O Spin density matrix element 0.4

Poo = /3 = No spin alignment

TPT T | T I T | [
——
—
\ 4
I | [ I | I I | |

f

Poo * /3 = Spin alignment 0.3 —

~ Data PYTHIA8 + EvtGen i

O Measurement performed with respect to - = ¢c— D" c — D* i
the helicity axis 02 o p—D* b — D*

Q Prompt D** compatible with no polarization c L b b b b b i by ]
6 8 10 12 14 16 18 20
c)

Q Non-prompt D** pyo > 1/3 due to the helicity p; (GeV/c
conservation (B(S =0) » D** (S =1) + X)
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d First measurement of the prompt and non-prompt

Polarization in pp: open charm

o
S
Q

I|IIIIII|III|III|III|III|III

D** spin alignment at the LHC 0.6-ALICE Preliminary ly| < 0.8
L ppy \/E = 13 TeV m
N _ |
° dcoso (1 poo) + (3p00 — 1) cos? 6 05__ + a
O Spin density matrix element 0.4 + ¢ -
Poo = /3 = No spin alignment : -
:_E_ — —$—_
Poo * /3 = Spin alignment 0.3— —
. Data PYTHIA8 + EvtGen i
PYTHIAS + EVtG to describ - e e :
- + en manages to describe 0.2 o " |
both the components i *b=D b-=D 1

" Important baseline for the measurement in R T T R T R T TN
nucleus-nucleus collisions p. (GeV/c)
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CNFN Polarization in AA: motivations

g E *HCb 36 pb
S0t LHCb e sy In central HICs...
>0.5i V&= oy EFrom X:I(IP)
> irec - .
=k e Q Modification of ]/ prompt feed-down
A fractions due to Y(2S) and x. suppression
x
T{O.SE in the QGP
0.2
01f & PLB 718 (2012) 431 J/QFTOmPt - (00p)Direct 4 (3095)Xe + (10%)VES)
FTNTTTE T € Phys.Rept. 889 (2020)
p‘T'/'” [GeV/c]
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Polarization in AA: motivations
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0.8

~1t1iAL nn -l | e

| Inclusive Jiy — p*’, Pb-Pb |sy = 2.76 TeV and Au-Au \s,, = 0.2 TeV

B B ALICE, 2.5<y<4, 0-20% global syst.= + 8%

¢ PHENIX, 1.2<|y|<2.2, 0-20% global syst. =+ 10%
[ & PLB 734 (2014)
j,, 2, & PRC 84 (2011) 054912

-------
..................
------------------------------------------------------------

0 1 2 3 4 5 6 7 8

P, (GeV/c)

In central HICs...

O Modification of J/yr prompt feed-down
fractions due to Y(2S) and x. suppression
in the QGP

]/qJPrompt :(60%)Direct + (30%)Xc + (10%)'11(25)

Q contribution from charmonium (re)generation plays
an important role at the LHC energies in central
Pb—Pb collisions at low pr
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CNFN Polarization in AA: motivations

— 90000 ——————— r — T I
In non-central HICs...

o
o

80000 f . {tev
Y — Hard Sphere

ot
o

N,
’

O Large angular momentum due to the

70000 f y
Woods-Saxon medium rotation is predicted

(x> Jvv) / o(Jy)

o
w

60000 F
& PRC 77 (2008) 024906, Becattini et al.

o
[V}

50000 f

0.1
o 40000 f
30000 |

20000 F

10000

b (fm)
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CNFN Polarization in AA: motivations

I

o
o

| Lt In non-central HICs...

ot
o
<

O Large angular momentum due to the
medium rotation is predicted

(x> Jvv) / o(Jy)

o
w

o
[V}

& PRC 77 (2008) 024906, Becattini et al.

eB (MeV?)

o

0 Huge magnetic field (|[B] ~ 101* T) is
expected to be formed and to be short-living

_ o | L & NPA 803 (2008), Kharzeev et al.
10() | 1 1 1 1 8
0o 05 1 15 2 25 3
7(fm) -

b (i) |
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CNFN Polarization in AA: charmonia

SRR ~FE g d ALICE measured J/U polarization in Pb-Pb collisions
& PLB 815 (2021) 136146

— Y %{f&#ﬁ: d Ag shows a maximum 2o deviation w.r.t

zero in HE and CS for 2 < pt < 4 GeV/c

Fr T T T T T L L 3
0.4F Jv — pwu Helicity £

[HHHHH ]
| |

Q
S
T

|
200 O

o

BN

[0 Compatible within the large uncertainties
with ALICE results in pp collisions

& EPJC 78 (2018) 562, ALICE collaboration

(@] ALICE, Pb-Pb |5, =5.02 TeV,25<y <4 £
O ALICE,ppVs=8TeV,25<y <4
{$ LHCb,ppVs=7TeV,3<y <35

{ 30 difference with LHCb in pp collisions in HE
& EPJC 73 (2013) 11, LHCb collaboration

» Difference due to suppression/regeneration
effect in Pb—Pb w.r.t. pp collisions?

6¢ 05 e

: ] » What is the role of the angular momentum
i T (L) and the magnetic fields (B)?

P, (GeV/c) P, (GeV/c)
— — . . 17
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6027-2
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2631-3

Polarization in AA: charmonia

I——25<y<a(HXrame)
0.8 1 ICEM PbPb —>J/¥/_\[5_NN_502 Tev |
— 1 ICEMpp — J/ 7 TeV
0.6 ALICE Pb+Pb data —
0‘4‘ — ALICE p+p data n
0.2~ T4 N,
0_ —et
—0.2_— .
-0.4f :
-0.61- )
-0.8— —
C PR BT | T T S R N S S
1— 2.5 <y <4 (HX frame)
0.8~ 1 ICEM PbPb - J/y, VSun = 5.02 TeV ]
0.6 | | ICEM pp = Jiy, Vs = 7 TeV ]
- =« ALICE Pb+Pb data 1
04~ . ALICE p+p data B
Oﬁa%.d :2 i —
—0.2:‘ e -~ 7
-0.4- .
0.6 -
-0.8— —
1 L 1 n L L | 1 n L L 1 1 L n L i
I—25<y <4 (HXTrame)
0.8[~ ) ICEM PbPb — J/y. {5y = 5.02 TeV .
[ 1ICEMpp = Jhy, ¥s=7 TeV
0-6_— = ALICE Pb+Pb data .
0.4~ = ALICE p+pdata —
0.2 .
o%ﬁ:&%} S
-0.4f .
—0.6_— .
-0.8— .
" 1 " | " L 1 ' "
0 5 0 15 20
(GeV)

O [ JICEMpp - JAy, Vs =7 TeV

2.5<y<4(CSframe)

~ [ ICEMPbPb — J/

—] ICEM pp — J/y, Vs
ALICE Pb+Pb data
ALICE p+p data

\Syy = 5.02 TeV

L = eV

[ 25<y<4(CS frame) ]
L [ ICEMPbPb — J/ 5.02 TeV |
L = T ICEMpp - Jhy, D‘ EL
ALICE PbPb data

ALICE data pp data

|

2] =i
1

& PLB 815 (2021) 136146
& EPJC 78 (2018) 562

2.5<y <4 (CS frame)
[] ICEM PbPb — J/y, M =5.02 TeV

I N T [ |

= ALICE Pb+Pb data

I I |

= ALICE p+p data
PR PR N TR S TR S T S S S
0 5 10 15 20
p, (GeV)

A Can Cold Nuclear Matter (CNM) effects
modify J/P polarization in Pb-Pb collisions?

o Improved Color Evaporation Model (ICEM)
> Direct J/ polarization (no feed-down)
» CNM effects only in Pb-Pb
» No Hot Nuclear Matter effects

& PRC 105. 055202, Cheung, Vogt

O ICEM predicts small difference among pp
and Pb-Pb results (assuming no QGP
formation)

0 CNM effects are not expected to modify
significantly the polarization

O Impact of feed-down from excited states to

Chirality retreat
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CNFN Polarization in AA: charmonia

d Possibility to investigate the role of L and B with an ad hoc reference frame

Reference frame

« Event Plane based frame (EP): axis
orthogonal to the event plane in the
collision center of mass frame

QO Event Plane normal to B and L

o Q Significant spin alignment observed
INE for light vector mesons (K*°, ¢)

& PRL 125 (2020) 012301

O Heavy quark pair production occurs early in the collision (t ~ 0.1 fm/c) and can
experience both the short living B and the L of the rotating medium
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.012301

CNFN Polarization in AA: charmonia

d First measurement of quarkonium polarization
with respect to the Event Plane

] Q Centrality dependence:
ALICE, Pb-Pb \/s = 5. 02 TeV - o L
0.4F NN - Small but significant (3.50) polarization

e oG s ] opbserved in 40-60% and 2 < py < 6 GeV/c
03F 2<p . <6GeVic,25<y<4 E

0.1

v L

_0_1_ ¢ Stat. uncert. .
[(]Syst. uncert. Event plane -

_0.2IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
O 10 20 30 40 50 60 70 80 90 100

Centrality (%)
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CNFN Polarization in AA: charmonia

d First measurement of quarkonium polarization
with respect to the Event Plane

a] 06 - T 7 1T 1T 1T 7"°T LA L R L N L L L
~ - ALICE, Pb-Pb s, = 5.02 TeV E J pr dependence:
0.5t " ] 30-50%: significant deviation (3.90) at low
- Inclusive JAy — n'u,25<y<4 : °. SIg 70
0.4F E transverse momentum (2 < pt < 4 GeV/c)
0.3F =

0-2;‘ :ﬁ: _ = Similarly to light flavors (K*°, ¢) maximum
0.1F _$_ E

polarization for semicentral collisions at low pr

OF —$— - & PRL 125 (2020) 012301

-0.1F E
oo ¢ 0-20% ; BUT
TP #30-50% | - Eventplane 4 = Not clear which contribution (vorticity and / or
O T s s 10 12 magnetic field) is the dominant one
P, (GeV/c)

» Can similar approach, used for ¢ meson, be
extended to J/P?

& arXiv:2205.15689, Xin-Li Sheng et al.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.012301
https://arxiv.org/abs/2205.15689
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(NN Perspectives

pp collisions
What we know? What's next?
4 Quarkonia:
o No strong polarization for J /g, P(2S),Y(nS) 4 Extend the measurement down to pr=20
o Indication of strong (relative) polarization for y, and for prompt and non-prompt

* Improved agreement among theoretical

calculations and data with ICEM and NRQCD 4 Possibility to improve the precision
of the y. measurement

d Open charm:

o Poo~1/3 for prompt D* 4 Extend the measurement to other
O Poo > 1/3 for non-prompt D* species (important baseline for AA)

« PYTHIA + EvtGen in good agreement with data
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(NN Perspectives

A-A collisions

What we know? What'’s next?
4 Quarkonia:
o J/¥ does not exhibit strong polarization but 4 Perform the same measurement at central
some differences w.r.t. pp collisions rapidities for J /U
o J/WP exhibits a significant polarization when
measured w.r.t. the event plane 4 performa precise measurement of the Y(1S)
- First predictions available (no suppression and o b quarks produced before ¢ quarks
regeneration included in the model) o No significant regeneration observed
d Open charm:
o No measurement available for the moment 4 Evaluate Poo for D* in Pb-Pb collisions
4 Evaluate poo for D*0 could help in disentangling

magnetic field and vorticity effects
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ALICE

Magnetic field
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https://www.sciencedirect.com/science/article/pii/S0375947414001237

® J/ polarization w.r.t. the event plane

ALICE
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® Quark coalescence model

ALICE

PHYSICAL REVIEW C 97, 034917 (2018)

1 1 1 1 Qle
~— = 2 < = B)~——— 2
poo(w)~7 =5 (Fw)” <3 Poo B ’mlmz
Q Vorticity contribution: O Magnetic field contribution:
independent of quark flavor depends on the quark electric
and always negative charges

> poo for vector mesons depends on the competing effects of vorticity and magnetic field
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https://journals.aps.org/prc/pdf/10.1103/PhysRevC.97.034917

