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Part I

Quarkonium production mechanisms
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Approaches to Quarkonium Production

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

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 ?
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CEM vs. CSM vs. COM in a little more details

1 Colour Evaporation Model
any QQ̄ state contributes to a speci�c quarkonium state
colourless pair via a simple 1/9 factor
one non-perturbative parameter per meson, supposedly universal

2 Colour Singlet Model
colourless pair via colour projection; quantum numbers enforced by spin projection
one non-perturbative parameter per meson but equal to

the Schrödinger wave function at the origin� no free parameter
this parameter is �xed by the decay width or potential models and

by heavy-quark spin symmetry (HQSS)
3 Colour Octet Mechanism
one non-perturbative parameter per Fock State
expansion in v2; series can be truncated
the phenomenology partly depends on this
HQSS relates some non-perturbative parameters to each others and

to a speci�c quarkonium polarisation
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QCD corrections to the CEM PT dependence
JPL, H.S. Shao JHEP 1610 (2016) 153

All possible spin and colour combinations contribute
�e gluon fragmentation (� 3S�8�1 ) dominant at large PT
No reason for a change at NLO. �e �t can yield another CEM parameter
value but this will not modify the PT spectrum

Con�rmed by our �rst NLO study: JPL, H.S. Shao JHEP 1610 (2016) 153

Tend to overshoot the ψ data at large PT
�e (LO) ICEM not signi�cantly better at large PT Y.Q. Ma, R. Vogt PRD 94 (2016) 114029
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QCD corrections to the CSM for Υ at colliders

J.Campbell, F. Maltoni, F. Tramontano, Phys.Rev.Lett. 98:252002,2007
P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)

CDF PRL 88 (2002) 161802; LHCb EPJC 72 (2012) 2025
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Attention: the NNLO� is not a complete NNLO
See a recent study by H.S. Shao JHEP 1901 (2019) 112
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QCD corrections to the COM – NRQCD

At LO, PT spectrum driven by the combination
of 2 CO components : 3S�8�1 vs. 1S�8�0 & 3P�8�

J

ψ data: a little less hard than the blue curve

At NLO, the so� component becomes
harder (same e�ect as for CSM)

3P�8�
J becomes as hard as 3S�8�1 and interferes with it; 1S�8�0 a little so�er

Due to this interference, it is possible to make the so�er 1S�8�0 dominant yet
with nonzero 3P�8�

J and 3S�8�1 LDMEs
Since the 3 associated LDMEs are �t, the combination at NLO still describes
the data; hence an apparent stability of NRQCD x-section at NLO

What signi�cantly changes is the size of the LDMEs

Polarisation: 1S�8�0 : unpolarised; 3S�8�1 & 3P�8�
J : transverse
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Universality of NLO NRQCD �ts ?
Plot from M. Butenschön (ICHEP 2012); Discussion in JPL, arXiv:1903.09185
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� Need to assess if CEPC can con�rm inclusive e�e� Belle data and that on J~ψ � cc̄
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�e last piece in the puzzle: the ηc
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ηc x-section measured by LHCb very well described by the CS contribution (Solid Black Curve)
Any CO contribution would create a surplus
Even neglecting the dominant CS, this induces constraints on CO J~ψ LDMEs

via Heavy-Quark Spin Symmetry : `J~ψ�1S�8�0 �e � `ηc�3S�8�1 �e @ 1.46� 10�2 GeV3

Rules out the �ts yielding the 1S�8�0 dominance to get unpolarised yields
Even the PKU �t has now troubles to describe CDF polarisation data
Nobody foresaw the impact of measuring ηc yields: 3 PRL published right a�er the LCHb data

came out (Hamburg) M. Butenschoen et al. PRL 114 (2015) 092004; (PKU) H. Han et al. 114 (2015) 092005; (IHEP) H.F. Zhang et al. 114 (2015) 092006

[Additional relations: `ηc�1S�8�0 �e � `J~ψ�3S�8�1 �e~3 and `ηc�1P�8�
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�e next one : the ηc�2S� ?
JPL, H.S. Shao, H.F. Zhang, PLB 786 (2018) 342

HQSS also relates the LDMEs for the ψ�2S� and ηc�2S�
To avoid the same situation as with the ψ�2S�, we have performed the �rst
study of its possible prompt production at the LHC

�anks to existing (LHCb, e�e�) data, we identi�ed tractable branchingsO�10�4�
Using HQSS, we evaluated the theory uncertainty on ηc�2S� production
From the expected yields, we evaluated the expected experimental uncertainties
A forthcoming (LHCb) measurement would further constrain (or exclude) the

existing NLO ψ�2S� LDME �ts of Shao et al. and Gong et al. and
con�rm/exclude the hypotheses underlying the Bodwin et al. �t.
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�e current situation in one slide ...
See JPL. arXiv:1903.09185 [hep-ph] (Phys. Rept. 2020, In Press)

Colour-Singlet Model (CSM) long thought to be insu�cient
. . .not as clear now

[large NLO and NNLO correction to the PT spectrum ; but not perfect� need a full NNLO]
P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, PRL 101, 152001 (2008); JPL EPJC 61 (2009) 693; H.S. Shao JHEP 1901 (2019) 112

CSM is doing well for the PT integrated yield
S.J. Brodsky, JPL PRD 81 (2010) 051502; Y. Feng, JPL. J.X.Wang Eur.Phys.J. C75 (2015) 313

Colour-Octet Mechanism (COM) helps in describing the PT spectrum
Yet, the COM NLO �ts di�er a lot in their conclusions owing to their
assumptions (data set, PT cut, polarisation �tted or not, etc.)

Colour-Evaporation Mechanism (CEM)� quark-hadron duality
tends to overshoot the data at large PT – issue shared by some COM �ts

All approaches have troubles with ep, ee or pp polarisation and/or the ηc data
�is motivates the study of new hadroproduction observables

which can be more discriminant for speci�c e�ects [e.g. associated production]
as well as studies in ep, ee and γγ collisions
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Going further with associated-quarkonium hadroproduction

See section 3 of JPL, arXiv:1903.09185 [hep-ph] (Phys. Rept. 2020, In Press)
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
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Part II

Quarkonium production in
high-energy e�e� collisions
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Photon-fusion production: from an evidence to a puzzle
VOLUME 89, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 15 JULY 2002

Evidence for the Color-Octet Mechanism from CERN LEP2 gg ! Jyyyc 1 X Data

Michael Klasen, Bernd A. Kniehl, Luminiţa N. Mihaila, and Matthias Steinhauser

II. Institut für Theoretische Physik, Universität Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany
(Received 19 December 2001; published 28 June 2002)

We present theoretical predictions for the transverse-momentum distribution of Jyc mesons promptly

produced in gg collisions within the factorization formalism of nonrelativistic quantum chromodynam-

ics, including the contributions from both direct and resolved photons, and we perform a conservative

error analysis. The fraction of Jyc mesons from decays of bottom-flavored hadrons is estimated to be

negligibly small. New data taken by the DELPHI Collaboration at LEP2 nicely confirm these predictions,

while they disfavor those obtained within the traditional color-singlet model.
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Still an open issue ...
only an e�e� collider like the CEPC
can tackle
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Opportunities for CEPC in production in Z decays
Operation mode Z factory W threshold scan H0 factory

Ecm(GeV) 91.2 158� 172 240
L�1034cm�2s�1� 17� 32 10 3
Run time (years) 2 1 7
Int. lum.�ab�1� 8� 16 2.6 5.6

Z yield 1011�12 109 109
W yield � 107 108
H0 yield � � 106

Inclusive decay: very important to measure fragmentation probabilities
E. Braaten, K. Cheung, T.C. Yuan PRD 48 4230

� �1� 5�� 10�4 (CS only, no Bψ,ηc , no FD)
� �0.5� 1�� 10�4 (CS only, no BΥ , no FD)

Exclusive decay: rather SM test:
Expectations : B�Z � J~ψγ� � �9.96� 1.86�� 10�8

T.-C. Huang, F. Petriello, PRD 92 (2015) 014007
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Opportunities for CEPC in production inW decays
Operation mode Z factory W threshold scan H0 factory

Ecm(GeV) 91.2 158� 172 240
L�1034cm�2s�1� 17� 32 10 3
Run time (years) 2 1 7
Int. lum.�ab�1� 8� 16 2.6 5.6

Z yield 1011�12 109 109
W yield � 107 108
H0 yield � � 106

Inclusive decay: also very important to measure fragmentation probabilities
E. Braaten, K. Cheung, T.C. Yuan PRD 48 4230

� �1� 2�� 10�4 (CS only, no Bψ , no FD)
Γ�W�

� cs̄�~Γ�W�� � 0.3
Γ�W�

� cb̄�~Γ�W�� 600 times smaller

C.F. Qiao et al. EPJC 71 (2011) 1766
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Opportunities for CEPC in production in H decays
Operation mode Z factory W threshold scan H0 factory

Ecm(GeV) 91.2 158� 172 240
L�1034cm�2s�1� 17� 32 10 3
Run time (years) 2 1 7
Int. lum.�ab�1� 8� 16 2.6 5.6

Z yield 1011�12 109 109
W yield � 107 108
H0 yield � � 106

Inclusive decay: at the limit of observability
E. Braaten, K. Cheung, T.C. Yuan PRD 48 4230

� 5� 10�5 (CS only, no BΥ , no FD)

Mainly via H0
� QQ̄� Γ�H0

� ψcc̄� smaller

Exclusive decay: constraint on H0cc̄ coupling but too small unless new physics

Expectations : B�H � J~ψγ� � �2.8� 0.2�� 10�6
G. T. Bodwin, H. S. Chung, J.-H. Ee, J. Lee, and F. Petriello, PRD 90, 113010 (2014)

Mainly via H0
� γγ�

� constraint on H0cc̄ coupling weaker via interference
�H0

� Υbb̄much smaller
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Summary

Need to assess the measurability of inclusive cross sections: ψ �Xnon cc̄, ψ � cc̄, Υ �X

Check of the Belle J~ψ measurement in tension with NRQCD
First ψ�2S� and Υ measurements: fundamentally important for NRQCD �ts

Study of charmonium production in γγ collisions

High-energy predictions available; should be extended to ψ�2S� and Υ
R. Li, K.T. Chao, PRD 79 (2009) 114020; Z. Sun, X. G. Wu, H.F. Zhang, PRD 92 (2015) 074021; X.J. Zhan, J.X. Wang EPJC 80 (2020) 740

Essential constraints for NRQCD and to solve the “DELPHI” puzzle

Production in boson decays can be measured

Z andW decays: test of fragmentation approximation and important to
understand high PT LHC results

H decays: at the limit of observability

LO NRQCD predictions can be obtained with HELAC-Onia via NLOAccess
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LO predictions for quarkonia� NLOAccess [in2p3.fr/nloaccess]
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https://nloaccess.in2p3.fr/


HELAC-Onia Web [in2p3.fr/nloaccess/HO]

J.P. Lansberg (IJCLab) Quarkonium production at the CEPC October 27, 2020 20 / 20

https://nloaccess.in2p3.fr/HO

	Quarkonium production mechanisms
	Quarkonium production in high-energy e+e- collisions

