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Motivation
Quarkonium production 

Perturbative in heavy quark pair 

Non-perturbative in the evolution to bound state

Various hadronization models : QSM, QEM, (p)NRQCD, … 

Tension b/w models and data in low/high pT

No clear sign of polarization observed (up to 60 GeV/c for J/𝝍)
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[PLB
 727 (2013) 381]

ALI-PUB-496081

[JHEP 03 (2022) 190][JHEP 11 (2021) 181]

https://doi.org/10.1140/epjc/s10052-014-2872-9
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.L111503
https://www.sciencedirect.com/science/article/pii/S0370269313008629
https://link.springer.com/article/10.1007/JHEP03(2022)190
https://doi.org/10.1007/JHEP11(2021)181
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[PLB
 727 (2013) 381]

ALI-PUB-496081

[JHEP 03 (2022) 190][JHEP 11 (2021) 181]

Production mechanism still under investigation since the “November Revolution” in 1974 (48 years) 

[PRL 33 (1974) 1404] [PRL 33 (1974) 1406]

https://doi.org/10.1140/epjc/s10052-014-2872-9
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.L111503
https://www.sciencedirect.com/science/article/pii/S0370269313008629
https://link.springer.com/article/10.1007/JHEP03(2022)190
https://doi.org/10.1007/JHEP11(2021)181
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.33.1404
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.33.1406
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First measurements of quarkonium production at the LHC!

Clear J/𝝍 peak in dimuon mass spectra in all four experiments

The�journey�has�just�begun

q
q

Quarkonia @ LHC : “Firsts” measurements
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[NPB 850 (2011) 387] [EPJC 71 (2011) 1575]
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[EPJC 71 (2011) 1645][PLB 712 (2012) 165]
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http://dx.doi.org/10.1140/epjc/s10052-011-1575-8
https://doi.org/10.1140/epjc/s10052-011-1645-y
https://www.sciencedirect.com/science/article/pii/S0550321311002938
http://www.sciencedirect.com/science/article/pii/S0370269312004674
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Quarkonia @ LHC : “Firsts” measurements
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Quite precision data already in Run1 with model comparisons (CS, CO, CE, NRQCD, …)

[NPB 850 (2011) 387][EPJC 71 (2011) 1575] [EPJC 71 (2011) 1645]

https://www.sciencedirect.com/science/article/pii/S0550321311002938
http://dx.doi.org/10.1140/epjc/s10052-011-1575-8
https://doi.org/10.1140/epjc/s10052-011-1645-y


 29 Nov 2022                                                                                                             QCD@LHC 2022 7

 (GeV/c)ψJ/
T

p
0 5 10 15 20 25 30

dy
 (n

b/
G

eV
/c

)
T

/d
p

σ2
 d×

B 

-310

-210

-110

1

10

210

| < 2.4
ψJ/

1.6 < |y

 = 7 TeVsCMS, 
-1L = 314 nb

CMS data
PYTHIA
CASCADE
CEM

 [GeV]
T
ψJ/p

0 10 20 30 40 50 60 70

dy
 [n

b/
G

eV
]

T
/d

p
pr

om
pt

σ2
)d-

µ+
µ

→
ψ

Br
(J

/ -510

-410

-310

-210

-110

1

10 |<0.75
ψJ/

|yATLAS 
Spin-alignment envelope
Colour Evaporation Model
NLO Colour Singlet
NNLO* Colour Singlet

ATLAS

Prompt cross-section

-1L dt = 2.2 pb∫
= 7 TeVs

[NPB 850 (2011) 387][EPJC 71 (2011) 1575]

]c [GeV/
T

p
0 5 10 15 20

)]c
 [

n
b
/(

G
eV

/
T

p
d

)
ψ/

J(
σ

d

-110

1

10

210

310

410

510

 < 4.5)yLHCb (2.0 < 

 < 4.5)yDirect NLO NRQCD (2.0 < 

 < 4.5)yDirect LO NRQCD (2.0 < 

=7 TeVs

]c [GeV/
T

p
0 5 10 15 20

)]c
 [

n
b
/(

G
eV

/
T

p
d

)
ψ/

J(
σ

d

-110

1

10

210

310

410

510

 < 4.5)yLHCb (2.0 < 

 < 4.5)yPrompt NLO CEM (2.0 < 

=7 TeVs

]c [GeV/
T

p
0 5 10 15 20

)]c
 [

n
b
/(

G
eV

/
T

p
d

)
ψ/

J(
σ

d

-110

1

10

210

310

410

510

 < 4.5)yLHCb (2.0 < 

 < 4.5)yPrompt NLO NRQCD (2.0 < 

=7 TeVs

]c [GeV/
T

p
0 5 10 15 20

)]c
 [

n
b
/(

G
eV

/
T

p
d

)
ψ/

J(
σ

d

-110

1

10

210

310

410

510

 < 4.5)yLHCb (2.0 < 

 < 4.5)yDirect NLO CSM (2.0 < 

 < 4.5)yDirect NNLO* CSM (2.0 < 

=7 TeVs

[EPJC 71 (2011) 1645]

 [GeV]
T
ψJ/p10

dy
 [n

b/
G

eV
]

T
/d

p
no

n-
pr

om
pt

σ2
)d-

µ+
µ

→
ψ

Br
(J

/

-510

-410

-310

-210

-110

1

10 |<0.75
ψJ/

|yATLAS 
Spin-alignment envelope

Xψ J/→FONLL B

ATLAS

Non-prompt cross-section

-1L dt = 2.2 pb∫
= 7 TeVs

]c [GeV/
T

p
0 5 10 15 20

)]c
 [

n
b

/(
G

eV
/

T
p

d

)
ψ/

J(
σ

d

-110

1

10

210

310

 < 4.5)y (2.0 < b from ψ/JLHCb,  

 < 4.5)yFONLL (2.0 < 

 = 7 TeVs

 (GeV/c)ψJ/
T

p
0 5 10 15 20 25 30

dy
 (n

b/
G

eV
/c

)
T

/d
p

σ2
 d×

B 

-310

-210

-110

1

10

210

| < 2.4
ψJ/

1.6 < |y

 = 7 TeVsCMS, 
-1L = 314 nb

, FONLLψ J/→B
CASCADE
PYTHIA
CMS data

 (GeV/c)ψJ/
T

p
0 5 10 15 20 25 30

dy
 (n

b/
G

eV
/c

)
T

/d
p

σ2
 d×

B 

-310

-210

-110

1

10

210

| < 1.2
ψJ/

|y

 = 7 TeVsCMS, 
-1L = 314 nb

, FONLLψ J/→B
CASCADE
PYTHIA
CMS data

Quarkonia @ LHC : “Firsts” measurements

Quite precision data already in Run1 with model comparisons (CS, CO, CE, NRQCD, …)

Also constraints to FONLL with prompt and nonprompt separation 

https://www.sciencedirect.com/science/article/pii/S0550321311002938
http://dx.doi.org/10.1140/epjc/s10052-011-1575-8
https://doi.org/10.1140/epjc/s10052-011-1645-y
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Cutting edge cross section
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[JHEP 03 (2022) 190] [ATLAS-CONF-2019-047][PLB 780 (2018) 251]

Precision measurements for J/𝝍 mesons from low~high-pT : 0~300 GeV/c

Crucial constraints to theoretical developments (data uncertainty much smaller)

https://link.springer.com/article/10.1007/JHEP03(2022)190
http://cds.cern.ch/record/2693955
http://dx.doi.org/10.1016/j.physletb.2018.02.033
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Polarization (1) : Charmonia
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[EPJC 73 (2013) 2631] [PLB 727 (2013) 381][EPJC 74 (2014) 2872][PLB 727 (2013) 381]

Measurements of S-wave charmonium states in various frames (CS, HX, …)

No sign of nonzero polarization up to 60 (40) GeV/c for J/𝝍 and 𝝍(2S)

J/𝝍 𝝍(2S)

https://doi.org/10.1140/epjc/s10052-013-2631-3
https://doi.org/10.1016/j.physletb.2013.10.055
https://doi.org/10.1140/epjc/s10052-014-2872-9
https://doi.org/10.1016/j.physletb.2013.10.055
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Measurements of S-wave charmonium states in various frames (CS, HX, …)

No sign of nonzero polarization up to 60 (40) GeV/c for J/𝝍 and 𝝍(2S)

Similar results for Y(1S), Y(2S), Y(3S) up to pT = 50 GeV/c

Comparison with CDF and CMS319

Comparison with results obtained by the CDF and CMS collaborations are shown in320

Figs. 17 and 18 for the HX and CS frames, respectively. The results by the CMS collabo-321

ration [33] are obtained in pp collision at
p
s = 7TeV for the rapidity regions
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�� < 0.6322

and 0.6 <
��y⌥

�� < 1.2. The results by the CDF collaboration [31] are obtained in pp colli-323

sion at
p
s = 1.96TeV for the rapidity region

��y⌥
�� < 0.6. There is good agreement with324

CMS results for both frames, and with CDF for the CS frame.325
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squares for data collected in pp collisions at

p
s = 7 and 8TeV, respectively. The results by

the CMS collaboration [33] obtained in pp collision at
p
s = 7TeV for rapidity regions

��y⌥
�� < 0.6

and 0.6 <
��y⌥

�� < 1.2 are shown with magenta open upward triangles and cyan open downward
triangles, respectively. The results obtained by the CDF collaboration [31] in pp collision
at

p
s = 1.96TeV for rapidity region

��y⌥
�� < 0.6 are shown with green open diamonds. Some

data points are displaced from the bin centers to improve visibility. The error bars indicate
the sum of the statistical and systematic uncertainties added in quadrature.
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Figure 18: The values of (top) �✓, (middle) �✓� and (bottom) �� parameters, measured in
the CS frame for (left)⌥(1S), (center)⌥(2S) and (right)⌥(3S) mesons. Results of this anal-
ysis for the rapidity region 2.2 < y⌥ < 4.5 are shown with red solid circles and blue solid
squares for data collected in pp collisions at

p
s = 7 and 8TeV, respectively. The results by

the CMS collaboration [33] obtained in pp collision at
p
s = 7TeV for rapidity regions

��y⌥
�� < 0.6

and 0.6 <
��y⌥

�� < 1.2 are shown with magenta open upward triangles and cyan open downward
triangles, respectively. The results obtained by the CDF collaboration [31] in pp collision
at

p
s = 1.96TeV for rapidity region

��y⌥
�� < 0.6 are shown with green open diamonds. Some

data points are displaced from the bin centers to improve visibility. The error bars indicate
the sum of the statistical and systematic uncertainties added in quadrature.
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P-wave : Charmonia
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NRQCD LDME test using  ratio 

Recent studies based on pNRQCD at high-pT region

χc2(1P)/χc1(1P) Interesting studies for ‘relative’  

polarization of  vs χc1 χc2

[JHEP 09 (2021) 032] [PRL 124 (2020) 162002][JHEP 10 (2013) 115]

χc2(1P)/χc1(1P) Polarization λθ

https://link.springer.com/content/pdf/10.1007/JHEP09(2021)032.pdf
http://dx.doi.org/10.1103/PhysRevLett.124.162002
https://doi.org/10.1007/JHEP10(2013)115


 29 Nov 2022                                                                                                             QCD@LHC 2022 12

NRQCD LDME test using  ratio — small overestimations compared to data

Observation of  and  with △M12 ≈ 10 MeV : Standard hierarchy of J=2 state heavier

χb2(1P)/χb1(1P)

χb1(3P) χb2(3P)

P-wave : Bottomonia
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[JHEP 09 (2021) 032] [PRL 121 (2018) 092002]
χb2(1P)/χb1(1P) χb1(3P)

χb2(3P)

https://link.springer.com/content/pdf/10.1007/JHEP09(2021)032.pdf
http://dx.doi.org/10.1103/PhysRevLett.121.092002
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Feed-down in pp @ LHC

LHC 𝚼(3S) pp data
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•  LHC J/ѱ pp data •  LHC Y(nS) pp data

[EPJC 72 (2012) 2100]
[EPJC 76 (2016) 283]

[JHEP 07 (2014) 154] [PLB 718 (2012) 431]
[PRL 114 (2015) 191802]

[PLB 749 (2015) 14]
[JHEP 11 (2015) 103]
[EPJC 74 (2014) 3092]

Significant amount of feed-down contribution observed in both charmonia and bottomonia

Lack of information for 𝝌b(mP) —> Y(nS) : limited on both data and theory
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Only CS for  production? pT shape could be sensitive to possible CO contribution…   

Ratio of  suggested to be a cleaner probe : free from feed-down corrections
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8 10 12 14
  [GeV]

T
p

0
0.5

1
1.5

2
2.5

3
3.5

4

T
/d

p
ψ

J/
σd

T
/d

p
cη

σd

LHCb
 = 13 TeVs

2.0 < y < 4.5

d�
⌘
c
/d

p T
d�

J
/ 

/d
p T

pT [ GeV ]

LHCbp
s = 13TeV

2.0 < y < 4.5

8 10 12 14
  [GeV]

T
p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

T
/d

p
X

ψ
J/

→b
σd

T
/d

p
X cη

→b
σd

LHCb
 = 13 TeVs

2.0 < y < 4.5

d�
b!
⌘
c
X
/d

p T
d�

b!
J
/ 

X
/d

p T

pT [ GeV ]

LHCbp
s = 13TeV

2.0 < y < 4.5

Figure 3: Relative ⌘c to J/ di↵erential production cross-sections for (left) prompt production
and (right) production in b-hadron inclusive decays. The uncertainties are statistical, systematic,
and due to the ⌘c! pp and J/ ! pp branching fractions, respectively. For the relative prompt
production cross-section, the result of a fit with a linear function is overlaid.
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Figure 4: Di↵erential production cross-sections of ⌘c (red rectangles) and J/ (blue circles) for
(left) prompt production and (right) production in b-hadron inclusive decays. The uncertainties
for ⌘c production are statistical, systematic, and due to the ⌘c! pp and J/ ! pp branching
fractions and J/ production cross-section. For the prompt production cross-sections, the results
of fits with an exponential function are overlaid. The pT values of the data points correspond to
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applied for the entire data sample to measure the ⌘c mass relative to the well-known J/ 249
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Proton and antiproton candidates are required to have good track-fit quality, to be251

incompatible with originating from any PV, and to have a transverse momentum greater252

than 1.0GeV. The proton-antiproton system is required to have a vertex with a good253

fit quality, a large significance, �2

FD
> 81, of the distance between this vertex and any254

PV, and to have a transverse momentum greater than 5.5GeV. The contamination of the255

selected sample from J/ and ⌘c prompt production is estimated to be below 0.1%.256

The mass di↵erence �MJ/ , ⌘c is extracted from an extended maximum-likelihood fit257

to the Mpp distribution. The signal and background components are modelled in the same258

way as described in Sect. 4. The fit provides a good description of the pp invariant-mass259
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[EPJC 80 (2020) 191] [PLB 769 (2017) 305]

https://doi.org/10.1140/epjc/s10052-020-7733-0
https://doi.org/10.1016/j.physletb.2017.03.046
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J/ѱ in jets
[JHEP 11 (2021) 181][PLB 825 (2021) 136842] [PRL 119 (2017) 032002]

PYTHIA show discrepancy for the amount of jet-fragmentation of J/ѱ production 

Improvement possible with inclusion of improved of jet & gluon fragmentation functions
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z = pT, J/𝝍 / pT, jet

https://doi.org/10.1007/JHEP11(2021)181
https://doi.org/10.1016/j.physletb.2021.136842
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.032002
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J/ѱ in jets

Production of J/ѱ in jets compared with NRQCD LDME parameter sets based on FJF

BCKL set in agreement in all three z ranges —> predicts also small polarization at high-pT 

: Caveat of deviation with other results (𝜂c, measurements in B factories, …)

[PLB 804 (2020) 135409]

http://dx.doi.org/10.1016/j.physletb.2020.135409
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J/ѱ in jets

Production of J/ѱ in jets compared with NRQCD LDME parameter sets based on FJF

BCKL set in agreement in all three z ranges —> predicts also small polarization at high-pT 

: Caveat of deviation with other results (𝜂c, measurements in B factories, …)

[PLB 804 (2020) 135409]
[STAR:QM_Poster]

Worth looking at jet multiplicity and the relative angle? 

— Already ongoing attempts in pp 200 GeV

http://dx.doi.org/10.1016/j.physletb.2020.135409
https://indico.cern.ch/event/895086/contributions/4721140/attachments/2422817/4147187/Hao_Huang_QM2022_Poster_v8.pdf


 29 Nov 2022                                                                                                             QCD@LHC 2022 18

Fixed target J/ѱ results 
[arXiv:2211.1164]

Results compared to HELAC-Onia (+CT14NLO & nCTEQ15 PDF) and ICEM model  
—> caveat of HELAC-Onia computation ingredients?
J/ѱ-to-D0 ratio :  compatible with expectations from atomic mass number scaling 
—> no evidence of QGP-like effect in PbNe @ 68.5 GeV

α′￼

[arXiv:2211.11652]

( σJ/ψ

σD0 ) = C × ⟨Ncoll⟩α′￼−1

http://arxiv.org/abs/2211.11645
http://arxiv.org/2211.11652
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Quarkonia in pA
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[JHEP 07 (2020) 237]

Stronger suppression for ѱ(2S) than J/ѱ — also for Y(1S), Y(2S), Y(3S)

Origin of additional suppression for excited quarkonium states still under investigation 
- comover breakup? possible CGC? hot nuclear matter effect?
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[PLB 835 (2022) 137397]J/ѱ & ѱ(2S) Y(nS)

https://doi.org/10.1007/JHEP07(2020)237
http://dx.doi.org/10.1016/j.physletb.2022.137397
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Prompt J/ѱ vs b —> J/ѱ in pA

ALI-PUB-529555ALI-PUB-529551

0 5 10
pT [GeV/c ]

0.0

0.5

1.0

1.5

2.0

R
pP

b

LHCb
°5.0 < y§ < °2.5

J/y -from-b-hadrons, Pbp

FONLL with EPS09NLO
LHCb (8.16 TeV)

0 5 10
pT [GeV/c ]

0.0

0.5

1.0

1.5

2.0

R
pP

b

LHCb
°5.0 < y§ < °2.5

prompt J/y , Pbp

HELAC°Onia with EPS09LO
HELAC°Onia with nCTEQ15
HELAC°Onia with EPS09NLO
LHCb (8.16 TeV)

mid-y forward-y

[arXiv:2211.14153] [PLB 774 (2017) 159]

Prompt�J/ѱ b�—>�J/ѱ Prompt�J/ѱ b�—>�J/ѱ

Indication of different in-medium effects for charm vs bottom at forward-y

Not seen at mid-y?  —> Need better precision to resolve flavour dependent nuclear effects

https://arxiv.org/abs/2211.14153
https://doi.org/10.1016/j.physletb.2017.09.058
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𝚼 in pp w UE study

Y, Nch different rapidity region (DRR)
ALI-PUB-526560ALI-PUB-526555

[arXiv:2204.10253]

𝚼(2S)/𝚼(1S) 𝚼(3S)/𝚼(1S)
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Different excited-to-ground state ratio for DRR vs SRR? 

— Need improved precision + exact multiplicity & pT matching 

— Related to MPI/UE/correlation/…?

https://arxiv.org/abs/2204.10253
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𝚼 in pp w UE study
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No dependence of Ntrack within cone ΔR<0.5

Different from comover model expectation 
(n.b. pT>7 GeV/c / Ntrack cutoff values)

Decrease disappears in low-sphericity

Connection with UE for jetty events?

[JHEP 11 (2020) 001]

ΔR<0.5
ϒ direction

Sphericity —> 0

Sphericity —> 1

charged particles

https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP11(2020)001&v=dd2bf3d3
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Summary

Successful achievement of quarkonium measurements in the past ~10 years @ LHC

Precision cross section results in inclusive quarkonium production for S-wave quarkonium  
: uncertainty smaller than theory calculations

No significant polarization observed for S-wave quarkonium states from low- to high-pT 

J/ѱ in jets or associated with jet(s) as new probes to understand quarkonium production

Puzzle of quarkonium modification in pA collisions still not resolved 

Mystery of yield ratios w.r.t UE in pp collisions  
— rapidity gap study to be done sophisticatedly
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Back-up
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Charmonia in pPb

Agreement with nPDF modification for J/𝜓

Additional suppression for 𝜓(2S) : hint for comover breakup
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nCTEQ15 + HELAC-Onia (J. Lansberg et al.)
CGC + CEM (B. Ducloue et al.)
Energy loss (F. Arleo et al.)

[JHEP 02 (2021 )002][JHEP 07 (2020) 237]

http://dx.doi.org/10.1007/JHEP02(2021)002
https://doi.org/10.1007/JHEP07(2020)237
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Quarkonium production in pPb
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Similar trend observed for bottomonia and charmonia

[PLB 835 (2022) 137397] [PLB 790 (2019) 509]

http://dx.doi.org/10.1016/j.physletb.2022.137397
http://dx.doi.org/10.1016/j.physletb.2019.01.058
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𝚼 pPb at LHC
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1. Sequential suppression : RpPb(𝚼(1S)) > RpPb(𝚼(2S)) > RpPb(𝚼(3S))

2. Possible description with comover interaction model

[EPJC 78 (2018) 171] [PLB 806 (2020) 135486] [JHEP 11 (2018) 194][PLB 835 (2022) 137397]

http://dx.doi.org/10.1016/j.physletb.2022.137397
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Flow in pPb
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• Still not clear the feature of finite J/𝝍 v2

• Compatible with prompt D0

[PLB 813 (2020) 136036]

https://doi.org/10.1016/j.physletb.2020.136036
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𝚼 in pp w UE study
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If Y-particle correlation only  

—> Only affect forward region

Decreasing trend for all regions : Linked with UE! 

- No clear ordering 

- Note : Y pT > 7 GeV/c)

[JHEP 11 (2020) 001]

https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP11%25282020%2529001&v=dd2bf3d3
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P-wave state in pPb
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First measurement of  states in pPb

Agreement with pp measurements

χc

[PRC 103 (2021) 064905]

https://doi.org/10.1103/PhysRevC.103.064905
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Y(nS)/Y(1S) vs ET & Ntrk
[JHEP 04 (2014) 103]

http://dx.doi.org/10.1007/JHEP04(2014)103
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Prompt vs nonprompt J/ѱ in pA
[EPJC 77 (2017) 269]

http://dx.doi.org/10.1140/epjc/s10052-017-4828-3


 29 Nov 2022                                                                                                             QCD@LHC 2022 33

~85% of J/ψ are produced within a jet  

(EJ/ψ > 15 GeV, |yJ/ψ| < 1, Ejet > 19 GeV, |ηjet| < 1)

[PLB 804 (2020) 135409]

J/ѱ in jets FJF LDME set test

https://www.sciencedirect.com/science/article/pii/S0370269320302136?via%3Dihub
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Rapidity gap measurement

𝛈

1-1 0

Ntrk

ATLAS : |y| < 1.6-2.0
CMS     : |y| < 2.4 
ALICE  : 2.5 < y < 4.0
LHCb   : 2.0 < y < 4.5

① ② ③②③

•Rapidity gap study for excited-to-ground state ratio vs event multiplicity 


•ѱ(2S)/J/ѱ or Y(nS)/Y(1S) vs Ntrk for ①, ②, ③  
in fixed Ntrk region


•Take advantage of wide rapidity range from all LHC experiments : possible 
for both pp and pPb 


