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Approaches to Quarkonium Production

For a recent review, see JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)

No consensus on the mechanism at work in quarkonium production
Yet, nearly all approaches assume a factorisation between the production of
the heavy-quark pair, QQ̄, and its hadronisation into a meson

Di�erent approaches di�er essentially in the treatment of the hadronisation
3 fashionable models:

1 Colour Evaporation Model: application of quark-hadron duality;
only the invariant mass matters; bleaching via (numerous) so� gluons ?

2 Colour Singlet Model: hadronisation w/o gluon emission; each emission
costs αs�mQ� and occurs at short distances; bleaching at the pair-production time

3 Colour Octet Mechanism (encapsulated in NRQCD): higher Fock states of
the mesons taken into account; QQ̄ can be produced in octet states with
di�erent quantum # as the meson; bleaching with semi-so� gluons ?

Impact on quarkonia as QGP tools: likely but non trivial to derive
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�e quarkonium-production revolutions

1974: J~ψ (and ψ�) discovery: the November revolution
1997: First prompt χc inclusive crosss section out by CDF

Clear issue with the CSM
2007: Run2 CDF prompt inclusive J~ψ and ψ� polarisation out by CDF

NRQCD under tension
2012: Discovery of χb�3P� below the BB̄ threshold by ATLAS

�e Υ�3S� is no more fully direct
2015: First prompt ηc inclusive cross section out by LHCb

NRQCD cannot describe the world J~ψ data
What’s next ?
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Experimental wishlist for pp collisions

HL-LHC quarkonium-physics case: E. Chapon et al. arXiv:2012.14161 (PPNP 122 (2021) 103906)

Measurement of χc cross sections (and feed-down to J~ψ) down to PT � 0
[maybe using the J~ψµµ channel]

Idem for χb’s, in particular for χb�3P� : unknown for PT below 20 GeV
χc and χb should be studied for themselves (speci�cally for PT � 0): only a
handful of studies; still very poorly known !

Update of the ηc cross-section measurement, extend to PT @ mc to extract
the gluon TMDs

First prompt η�c cross-section measurement
First prompt hc cross-section measurement
Con�rm the prompt ψ�2S� polarisation measurement

[going longitudinal at large PT and y]
Absolute prompt χc polarisation measurement

[Currently only a ratio was measured]
First ηb measurement
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Feed downs from the excited states
Non trivial kinematical e�ects

JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)Hadroproduction

Photoproduction:
- the b feed down is barely known.
- χc feed down expected to be small but never measured.
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�eoretical wishlist for pp collisions

HL-LHC quarkonium-physics case: E. Chapon et al. arXiv:2012.14161 (PPNP 122 (2021) 103906)

Advance to NNLO, �nally ...
High Energy factorisation at NLO
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Experimental wishlist for ep (mostly EIC) and e�e� (Belle-II)
collisions

Di�erential measurements of inclusive ψ�2S� photo and electro-production
First measurement of inclusive χc photo and electro-production
First measurement of inclusive ηc photo and electro-production
Same for bottomonia
then the polarisation
First measurement of e�e� � ψ�2S��Xnon cc̄
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�eoretical wishlist for ep and ee collisions

Advance to NNLO, �nally ...
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New Observables (in inclusive quarkonium hadroproduction)
For a recent review, see JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)

Observables Experiments CSM CEM NRQCD Interest
J/ψ+J/ψ LHCb, CMS, ATLAS, D0 

(+NA3)
NLO,
NNLO*

NLO LO Prod. Mechanism (CS dominant) + 
DPS + gluon TMD

J/ψ+D LHCb LO LO ? LO Prod. Mechanism  (c to J/psi 
fragmentation) + DPS

J/ψ+ϒ D0 (N)LO NLO LO Prod. Mechanism (CO dominant) + 
DPS

J/ψ+hadron STAR LO -- LO B feed-down; Singlet vs Octet 
radiation

J/ψ+Z ATLAS NLO NLO Partial 
NLO

Prod. Mechanism + DPS

J/ψ+W ATLAS LO NLO NLO (?) Prod. Mechanism (CO dominant) + 
DPS

J/ψ vs mult. ALICE,CMS (+UA1) -- -- -- Initial vs Final state effects ?
J/ψ in jet. LHCb, CMS LO -- LO Prod. Mechanism (?)

J/ψ(ϒ) + jet -- -- -- Prod. Mechanism (QCD corrections)
Isolated J/ψ(ϒ) -- -- -- -- Prod. Mechanism (CS dominant ?) 

J/ψ+b -- -- -- LO Prod. Mechanism (CO dominant) + 
DPS

ϒ+D LHCb LO LO ? LO DPS
ϒ+γ -- NLO,

NNLO*
LO ? LO Prod. Mechanism (CO LDME mix) + 

gluon TMD/PDF 
ϒ vs mult. CMS -- -- --
ϒ+Z -- NLO LO ? LO Prod. Mechanism + DPS
ϒ+ϒ CMS NLO ? NLO LO ? Prod. Mechanism (CS dominant ?) + 

DPS +  gluon TMD

J.P. Lansberg (IJCLab) Quarkonium production March 10, 2022 9 / 13
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Experimental wishlist for new observables in pp collisions :

J~ψ � b via for instance prompt-nonprompt J~ψ � J~ψ production
J~ψ � ηc JPL, H.S. Shao PRL 111, 122001 (2013)

J~ψ �D without PT cut on the D
Quarkonium + jets
Isolated quarkonium cross-section measurement
J~ψ � J~ψ : JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217

dσ~dPψψT in di�erent bins ofMψψ to study the gluon TMD f g1
Measure the azimuthal modulations to extract hÙg1

[the distribution of linearly polarised gluons]
Feed-down pattern to con�rm SPS/DPS dominance J.P.L., H.S. Shao PLB 751 (2015) 479

Υ � b via for instance Υ + nonprompt J~ψ
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�eoretical wishlist or new observables in pp collisions :

Advance to NLO for the measured observables
Global NRQCD NLO �ts with all the measured observables
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Wishlist for pA collisions

Improved precision on the RpA for Υ and J~ψ from b
RpA measurement for χc
RpA measurement for ηc
RpA vs. cos θ to look at possible modi�cations of the J~ψ polarisation
Measurement in the �xed-target mode at the LHC

(100 more stat than at RHIC !)
Quarkonium nPDF studies at NLO (esp. important for the scale uncertainty)
Eloss + nPDF studies (+ CIM for excited states)
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Some quarkonium projections for heavy-ion collisions with
AFTER@LHC/FT-LHC

B.Trzeciak et al.Few-Body Syst (2017) 58:148; C. Hadjidakis, et al.Phys. Rept. 911 (2021) 1.

Like for nPDF studies, multiple quarkonium studies are needed
Clear need for a reliable pA baseline
Statistical-uncertainty projections (accounting for background subtraction)
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