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Introduction to vector meson polarisation

2

momentum configuration. However, contrary to NRQCD, no hierarchy constraints
are imposed on these configurations, so that the cross section turns out to be domi-
nated by QQ̄ pairs with vanishing angular momentum (1S0), in either colour-singlet
or colour-octet states. In their long distance evolution through soft gluon emissions,
J = 0 states get their colour randomized, assuming the correct quantum numbers of
the physical quarkonium. As a result, the final angular momentum vector ~J has no
preferred alignment.

In two-body decays (such as the 3S1 ! `+`� case considered in this paper), the
geometrical shape of the angular distribution of the two decay products (emitted back-
to-back in the quarkonium rest frame) reflects the polarization of the quarkonium
state. A spherically symmetric distribution would mean that the quarkonium would
be, on average, unpolarized. Anisotropic distributions signal polarized production.
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Figure 2: The coordinate system for the measurement of a two-body decay angular
distribution in the quarkonium rest frame. The y axis is perpendicular to the plane
containing the momenta of the colliding beams. The polarization axis z is chosen
according to one of the possible conventions described in Fig. 3.

The measurement of the distribution requires the choice of a coordinate system,
with respect to which the momentum of one of the two decay products is expressed
in spherical coordinates. In inclusive quarkonium measurements, the axes of the
coordinate system are fixed with respect to the physical reference provided by the
directions of the two colliding beams as seen from the quarkonium rest frame. Figure 2
illustrates the definitions of the polar angle #, determined by the direction of one of the
two decay products (e.g. the positive lepton) with respect to the chosen polar axis, and
of the azimuthal angle ', measured with respect to the plane containing the momenta
of the colliding beams (“production plane”). The actual definition of the decay
reference frame with respect to the beam directions is not unique. Measurements
of the quarkonium decay distributions have used three di↵erent conventions for the
orientation of the polar axis (see Fig. 3): the direction of the momentum of one of the
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Polarisation: alignement of the particle’s spin 
                     along a reference direction 
 
Total angular momentum: 
       


Angular distribution in di-lepton decays:

 
         


                                      

                                        

|V; J, Jz > = b+1 |1, + 1 > + b0 |1,0 > + b−1 |1, − 1 >

W(cos θ, ϕ) ∝
1

3+λθ
(1+λθ cos2 θ +

λϕ sin2 θ cos 2ϕ +
λθϕ sin 2θ cos ϕ)

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

https://arxiv.org/abs/1006.2738
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Polarization: an introduction

Luca MichelettiOverview

For a vector meson (ν) the total angular momentum (J, J!) state can be expressed as: 

• ⟩%: ', '" = )#$ ⟩1, +1 + )%| ⟩1,0 + )&$| ⟩1, −1

Spin-alignment ⇔ decay products angular distribution

Dilepton decay angular distribution

• 0 cos4, 5 ∝ '
(#)!

⋅ (1 + 9* cos+ 4 + 9, sin+ 4 cos25 + 9*,sin24 cos5)

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

>- , >., >-. = 0,0,0 ⟹ No polarization

>- , >., >-. = +1,0,0 ⟹	Transverse polarization

>- , >., >-. = −1,0,0 ⟹	Longitudinal polarization

q Polarization parameters

2

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

Chirality retreat

"transverse" polarisation (  Jz = +/-1)λθ = + 1,

"longitudinal" polarisation (  Jz = 0)λθ = − 1,

No polarisation

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

https://arxiv.org/abs/1006.2738
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that, for pT ! 2mc, the results are fairly stable when
passing from the Tevatron to the LHC and from the central
(jyj< 0:6) to the forward (2:5< y< 4) rapidity region, as
long as one stays in the helicity frame. However, switching
from the helicity to the Collins-Soper frame has a radical
impact on the various pT distributions, as the comparison
of Figs. 1(b) and 1(c) reveals. The most striking effect
appears for !", where the NLO CSM and NRQCD results
are, roughly speaking, inverted. As for !#, the Collins-

Soper frame clearly outperforms the helicity frame with
regard to the power of NRQCD versus CSM discrimina-
tion. As expected, the theoretical uncertainties due to scale
variations steadily decrease as the value of pT increases,
which just reflects asymptotic freedom.

Let us now compare experiment and theory. The
Tevatron I data for !" [14] systematically fall below the
NLO-NRQCD prediction and, unlike the latter, exhibit a
downward trend for pT * 10 GeV, but their errors are too
large for a firm conclusion. This is quite different for the
Tevatron II data [15], which are rather precise and indicate
that the J=c mesons are essentially unpolarized in the
helicity frame, while NRQCD clearly predicts transverse
polarization, with purity and precision steadily increasing
with the value of pT . A few caveats are in order here. While
the CDF data cover prompt production, including the feed
down from the heavier $cJ and c 0 mesons, our predictions
refer to direct production, devoid of feed down. However,
the inclusion of feed down was found to have a minor effect
on the pT distribution of !" at LO in NRQCD [21], which
is expected to carry over to NLO. For pT < 12 GeV, the
measurements from Tevatron runs I [14] and II [15] are
mutually incompatible, a feature that has never been sat-
isfactorily clarified by the CDF Collaboration. Fortunately,

the four LHC experiments are in a position to measure the
J=c polarization with unprecedented precision, and
ALICE has already presented the first results for !" and
!# [16], both in the helicity and Collins-Soper frames. We

compare them with our NLO-NRQCD predictions in
Figs. 1(b) and 1(c), respectively, leaving out one data point
in the pT bin 2–3 GeV in each of the four cases. The degree
of agreement is encouraging. All data points are at most 1
standard deviation away from the theoretical error bands;
four of them even overlap with the latter. The agreement
tends to improve with the value of pT increasing, as the
influence of uncontrolled corrections beyond NLO fades.
Except in the low-pT bin of !" in the helicity frame, the
data clearly favor NRQCD over the CSM at NLO.
However, these comparisons also have to be taken with a
grain of salt, since, unlike our predictions, the ALICE data
[16] also include J=c mesons from feed down and
B-meson decays. The fraction of J=c mesons from the
b-quark origin was measured by the LHCb Collaboration
for unpolarized production to be below 15% in the pT

range considered here [22], so that their omission should
have an effect negligible against the theoretical
uncertainty.
In order to assess the relative importance of the individ-

ual c !c Fock states n for !" and !# in the helicity and

Collins-Soper frames, we detail their contributions to
d%00, d%11, and d%1;"1 in Fig. 2. Note that the unpolarized

cross section is recovered as d%00 þ 2d%11, while d%1;"1

is an auxiliary quantity, which is entitled to take on either

sign and receives no contribution from the 1S½8%0 channel.

As anticipated above, the previously unknown 3P½8%
J con-

tributions play a dominant role in this game, and their
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FIG. 1 (color online). NLO-NRQCD predictions (solid lines) for !" and !# as functions of pT in the helicity and Collins-Soper
frames including theoretical uncertainties (shaded/yellow bands) compared to CDF [14,15] and ALICE [16] data. For comparison, the
NLO CSM (dot-dashed lines) predictions including theoretical uncertainties (hatched/blue bands) as well as the LO NRQCD (dashed
lines) and LO CSM (dotted lines) ones are also shown.
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Quarkonium polarisation in pp and Pb-Pb collisions
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Polarization in pp: definitions & motivations

Luca MichelettiPolarization in pp
1

• 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

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

Reference frames

Important to constrain quarkonium production mechanisms in hadronic collisions

3
Chirality retreat

Motivation: polarisation provides information complementary to  
                   differential cross-section measurements

            —> Additional contraints  to the description of quarkonium production 
                  mechanism in hadronic collisions

Choice of the reference polarisation directions:


• Helicity (HE): quarkonium direction in the center-
of-mass of the colliding beams


• Collins-Soper (CS): bisector of the angle 
between the colliding beams in the quarkonium 
rest frame


• HE and CS perpendicular in the limit   pT ≫ |pL |

Before LHC results: different theoretical predictions at NLO


• NRQCD                    —> 


• Color Singlet Model —>  
  

λθ > 0

λθ < 0
Phys. Rev. Lett. 108, 172002, Butenschoen et al. 

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

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.172002
https://arxiv.org/abs/1006.2738
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Quarkonium polarisation in pp and Pb-Pb collisions

5

Motivation: large magnetic field ( ) and angular momentum ( ) produced

                   in the QGP formation, perpendicular to the event plane


            —> Might influence the polarisation of quarkonia originating from

                   the early phases of QGP formation

⃗B ⃗L

Choice of the reference polarisation directions:


• Helicity (HE): Quarkonium direction in the 
center-of-mass of the colliding beams


• Collins-Soper (CS): bisector of the angle 
between the colliding beams in the 
Quarkonium rest frame


• Event Plane (EP): direction orthogonal to the 
event plane in the center-of-mass of the 
colliding beams

Polarization in AA: charmonia

Luca MichelettiPolarization in AA
1

Reference frame

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

q Event Plane normal to B and L

q Significant spin alignment observed
for light vector mesons (K∗8, ϕ)

PRL 125 (2020) 012301

q 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

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

19
Chirality retreat

zEP

Magnetic field :

• Huge intensity ( ~  T)

• Short lived (  ~ 1 fm/c)

⃗B
| ⃗B | 1014

τ

Angular momentum :

• Highest in semi-central collisions (  ~ 2 fm)

• Affects the system evolution up to the freeze-out

⃗L
b

NPA 803 (2008), Kharzeev et al. PRC 77 (2008) 024906, Becattini et al. 

http://NPA%20803%20(2008),%20Kharzeev%20et%20al.
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.77.024906
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Forward muons detection in ALICE RUN 2

6

Front  
absorber
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…..
} q

q

J Castillo Castellanos E5 DRF – Saclay – 22/01/2018

ALICE au LHC du CERN

7

LHC
Data sets in this talk (Run 1+2):

• pp:       = 7, 8 and 13 TeV

• Pb-Pb:  = 5.02 TeV


Rapidity range: 2.5 < y < 4.0

s
sNN
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Quarkonium polarisation  
in pp collisions

7
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ALI-PUB-305642

Inclusive  polarisation in pp collisionsJ/ψ

8

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

EPJC 73 (2013) 11 

No significant polarisation observed by ALICE and LHCb at forward rapidity

Polarisation measured in pp collisions in the CS and HE frames

Collins-Soper Helicy

λθ

λϕ

λθϕ

Data samples:


• ALICE  = 7 TeV (2010)


• ALICE  = 8 TeV (2012)


• LHCb  = 7 TeV (2011)

s

s

s

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.082001
https://link.springer.com/article/10.1140/epjc/s10052-018-6027-2
https://link.springer.com/article/10.1140/epjc/s10052-013-2631-3
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Inclusive  polarisation in pp collisionsJ/ψ

9

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

EPJC 73 (2013) 11 

Polarization in pp: charmonia

Luca MichelettiPolarization in pp

§ Recent improvements in the theoretical
description of J/ψ production with ICEM
and CGC + NRQCD

JHEP 12 (2018) 057,  Yan-Qing Ma et al.

No strong J/ψ polarization observed by 
ALICE and LHCb at forward rapidity
and up to pT = 15 GeV/c

EPJC 78 (2018) 562

EPJC 73 (2013) 11

PRL 108 (2012) 082001

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

No significant prompt J/ψ and ψ 2S
polarization observed by CMS at
midrapidity and up to pT = 70 GeV/c 
(valid also for Υ(1S))

PRD 104 (2021) 9, Cheung, Vogt

17
Chirality retreat

HelicityCollins-Soper

λθ λθ

Polarization in pp: charmonia

Luca MichelettiPolarization in pp
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PRD 104 (2021) 9, Cheung, Vogt

17
Chirality retreat

λθ λθ

HelicityCollins-Soper

Significant theoretical work to describe the recent results

• General agreement  
between predictions


• zero or small  
predicted in the whole 

 range

λθ

pT

Improved Color Evaporation Model (ICEM), PRD 104 (2021) 9, Cheung, Vogt  

CGC + NRQCD, JHEP 12 (2018) 057, Yan-Qing Ma et al. 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.082001
https://link.springer.com/article/10.1140/epjc/s10052-018-6027-2
https://link.springer.com/article/10.1140/epjc/s10052-013-2631-3
https://arxiv.org/abs/2102.09118
https://arxiv.org/abs/1809.03573
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ALI−PREL−505590

 polarisation in pp collisionsΥ(1S)

10

Recent preliminary measurement of polarisation at  = 13 TeV from ALICEs

• Results compatible with  
previous  LHCb measurements  
at  = 8 TeV 


• Polarisation evaluated  
down to ~zero 


• All values compatible with 
zero within uncertainties


• Limited by the statistical  
precision

s

pT

JHEP 12 (2017) 110, 


Preliminary

λθ

λϕ

λθϕ

Helicity Collins-Soper

https://arxiv.org/abs/1709.01301
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 production cross-section in pp collisionsΥ(nS)

11

Preliminary measurement of  production cross-sections at  = 13 TeV 
compared to LHCb results

Υ(nS) s

NEW

NEW

• Differential cross-sections 
measured as function of 

 and 


• ALICE values compatible 
with LHCb measurements 
within uncertainties

pT y

2 2.5 3 3.5 4 4.5
y

0

20

40
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80

100

120

140

160

 (n
b)

y
/d

σd

ALICE Preliminary
-µ+µ →(nS) ϒ = 13 TeV, spp 

ALICE
(1S)ϒ
(2S)ϒ

sys unc.

LHCb
(1S)ϒ
(2S)ϒ

JHEP 07(2018)134

ALI−PREL−541312
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)c (GeV/
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σd

-µ+µ →(1S) ϒALICE Preliminary

0 2 4 6 8 10 12 14
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T
p

-µ+µ →(2S) ϒALICE

LHCb, JHEP 07(2018)134

ALI−PREL−541318

2.5 < y < 4

Full RUN 2 pp statistics
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Quarkonium polarisation  
in Pb-Pb collisions
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ALI-PUB-490215

 polarisation in Pb-Pb collisionsJ/ψ

13

ALICE measurement of  polarisation in Pb-Pb collisions at  = 5.02 TeV

Helicity (HE) and Collins-Soper (CS) reference frames

J/ψ sNN

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

EPJC 73 (2013) 11 

•  shows a 2  deviation from 
zero at intermediate 


• Present in both HE  
and CS frames


• 3  deviation from LHCb  
measurement in pp collisions  
in the Helicity frame


• Values compatible with  
ALICE results in pp collisions  
within uncertainties


• Can this be explained by  
Cold Nuclear Matter (CNM)  
effects?

λθ σ
pT

σ

λθ

λϕ

λθϕ

Helicity Collins-Soper

https://arxiv.org/abs/2005.11128
https://link.springer.com/article/10.1140/epjc/s10052-018-6027-2
https://link.springer.com/article/10.1140/epjc/s10052-013-2631-3
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 polarisation in Pb-Pb collisionsJ/ψ
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Luca Micheletti
23/02/2023

PHENOmenal

PLB 815 (2021) 136146

EPJC 78 (2018) 562

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

PRC 105, 055202, Cheung, Vogt

• Impact of feed-down from excited states to 
be investigated

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

• CNM effects are not expected to modify 
significantly the polarization

Can Cold Nuclear Matter (CNM) effects affect
⁄J ψ polarization in Pb-Pb collisions?

Quarkonium polarization in Pb-Pb

26

ALICE measurement of  polarisation in Pb-Pb collisions at  = 5.02 TeV

Helicity (HE) and Collins-Soper (CS) reference frames, compared to pp data

J/ψ sNN

• Improved Color Evaporation  
Model (ICEM)

• No Hot Nuclear Matter effects


• Direct  only (no feed-down)

• CNM effects only in Pb-Pb


• Small difference between 
pp and Pb-Pb collisions


• CNM effects not contributing 
significantly to the polarisation

J/ψ

PRC 105, 055202, Cheung, Vogt

λθ

λϕ

λθϕ

Helicity Collins-Soper

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

https://arxiv.org/abs/2203.10154
https://arxiv.org/abs/2005.11128
https://link.springer.com/article/10.1140/epjc/s10052-018-6027-2
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 polarisation in Pb-Pb collisionsJ/ψ

15

ALICE measurement of  polarisation in Pb-Pb collisions at  = 5.02 TeV

First measurement with respect to the Event Plane (EP)

J/ψ sNN

Polarization in AA: charmonia

Luca MichelettiPolarization in AA
1

Reference frame

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

q Event Plane normal to B and L

q Significant spin alignment observed
for light vector mesons (K∗8, ϕ)

PRL 125 (2020) 012301

q 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

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

19
Chirality retreat

zEP
arXiv:2204.10171  

 

• Small but significant polarisation, particularly 
in the 40-60% centrality range (3  effect)


• Effect more pronounced at low transverse 
momentum (2 <  < 4 GeV/c)


• Qualitatively in agreement with spin alignment 
observed for light vector mesons 

• Theoretical models needed to distinguish 
between possible  and  contributions 

σ

pT

⃗B ⃗L

PRL 125 (2020) 012301 

https://arxiv.org/abs/2204.10171
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.012301
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• Readout electronics upgrade for higher data rates:


• Pb-Pb collisions at 50 kHz —> ~10x more statistics (13  projected Run 3+4)

• pp collisions at 500 kHz —> ~100x more statistics


• Enhancement of low statistics signals ( )


• Forward silicon-based tracker (MFT)

• Detection of displaced charmonia decays  

(prompt/non-prompt separation)

• Better matching with interaction point

nb−1

ψ(2S), Υ, …

ALICE muon spectrometer in Run 3

MUON tracking 
MUON identification

Readout electronics upgrade 
« Trigger-less » continuous readout

High rate capabilities

16

MUON Forward 
Tracker (MFT)
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Conclusions and outlook

17

• ALICE has extensively measured the quarkonium polarisation  
in both  pp and Pb-Pb collisions


• No significant  and  polarisation observed in pp collisions


• Results compatible with other LHC measurements and  
recent model predictions


• Interesting dynamics emerging from Pb-Pb data:

• Hint for non-zero  values at intermediate  in the HE and CS frames

• Not explained by Cold Nuclear Matter (CNM) effects


• 3  deviation from zero of  along the normal to the event plane 

★ Possible correlation with  and  in the formed QGP 

J/ψ Υ(1S)

λθ pT

σ λθ
⃗B ⃗L
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 and  polarisation in pp and Pb-Pb collisionsK*0 ϕ
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Light vector meson polarisation measurements from ALICE

pp at  = 13 TeV and Pb-Pb at  = 2.76 TeVs sNN
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