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Approaches to Quarkonium Production

For an up-to-date 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
Different approaches differ 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) soft 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
different quantum # as the meson; bleaching with semi-soft gluons ?

+ extensions: Improved CEM, Soft Gluon Factorisation, Soft Colour
Interaction, ...
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the Colour Evaporation Model

Based on Quark-Hadron duality argument, one writes
H. Fritzsch, PLB 67 (1977) 217; F. Halzen, PLB 69 (1977) 105

σ
(N)LO, direct
Q = Fdirect

Q
∫ 2mH

2mQ

dσ
(N)LO
QQ̄

dmQQ̄
dmQQ̄

Using a simple statistical counting [∑i runs over all the charmonium states below the DD̄ threshold]

J. F. Amundson,et al. PLB 372 (1996)

Fdirect
J/ψ =

1
9

2Jψ + 1
∑i(2Ji + 1)

,

most of the data could accounted for !

Ramona Vogt’s fits roughly give the same number for direct J/ψ’s
M. Bedjidian, [..], R. Vogt et al., hep-ph/0311048

It can easily be checked by MCFM at NLO for instance http://mcfm.fnal.gov/

Low predictive power, yet overshoots the data at large PT; issues with the χc’s
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Basic pQCD approach: the Colour Singlet Model (CSM)
C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Rückl Z. Phys. C 19, 251(1983);

×
×

Q

α3s
(2mQ)

4

P 8
T

LO

➫ Perturbative creation of 2 quarks Q and Q̄ BUT

➟ on-shell (×)
➟ in a colour singlet state
➟ with a vanishing relative momentum
➟ in a 3S1 state (for J/ψ, ψ′ and Υ)

➫ Non-perturbative binding of quarks → Schrödinger wave function

 1e-06

 1e-05

 1e-04
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 0.01

 0.1

 1
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 5  10  15  20  25  30

dσ
 /d

P
T
| η

<
0.

6 
.B
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 (

nb
/G
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) 

PT (GeV)

J/ψ production at the Tevatron 
sqrt(s)=1.8 TeV 

Br:5.88 % ,<0>:1.16 GeV3,µ0=(4mc
2+PT

2)1/2

unc. band : 
µ0/2 < µf,r<2 µ0 
1.4 GeV < mc < 1.6 GeV 

CDF data
J/ψ +g

CDF, PRL 79:572 & 578,1997
CDF, PRL 88:161802,2002
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COM dominance at LO : not so simple

COM: physical states can be produced by coloured pairs
NRQCD: Bodwin, Braaten, Lepage, 1995; Cho, Leibovich,...

➞ Heavy-quark line can connect to one or two gluons, not necessarily three
✔ Gluon fragmentation then LO in αS: larger rates

➞ CO fragmentation ∝ Long Distance Matrix Elements (LDMEs)
➞ When Pgluon ≫, the gluon is nearly on-shell and transversally pol.
➞ NRQCD spin symmetry:Q has the same polarisation as the gluon
✗ Experimentally, this is clearly contradicted !

➞ Yields expected to peak near end points in e+e− → J/ψX and γp → J/ψX
(even after SCET resummation)

✗ Such peaks have never been seen: LDME fine tuning needed !
✗ Cannot describe both the high-PT and PT-integrated hadroproduction yields
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Part II

Impact of QCD corrections to the
C(S,E,O)M*

*See section 2 of Phys. Rept. 889 (2020) 1 for collinear factorisation
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General structure of NLO corrections (example for γp → J/ψX)

Singularities at NLO [and how they are removed]:

Real emission

Infrared divergences: Soft [cancelled by loop
Infrared contribution]
Infrared divergences: Collinear

initial emission [subtracted by Altarelli-Parisi
counter-terms (AP-CT) in the factorised PDFs]

final emission [phase-space integration (the KLN
theorem)]

Virtual (loop) contribution

Ultraviolet divergences: [removed by
renormalisation]

Infrared divergences: [cancelled by real Infrared
contribution]

[The quark and antiquark attached to the ellipsis are taken as on-shell and their relative velocity v is set to zero.]
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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
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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 and QED corrections in photoproduction
C.Flore, JPL, H.S. Shao, Y. Yedelkina, PLB 811 (2020) 135926
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LO QCD does a good job at low PT
LO QED much harder but small normalisation [will matter at EIC]
J/ψ+charm: starts to matter at high PT [will also matter at EIC]
NLO(⋆) close the data, the overall sum nearly agrees with them
Agreement when the expected B → J/ψ feed down (always overlooked) is subtracted

→ CSM accounts for the data
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COM at NLO in hadroproduction: even more
complicated

At LO, PT spectrum driven by the combination
of 2 CO components : 3S[8]

1 vs. 1S[8]
0 & 3P[8]

J

LO

ψ data: a little less hard than the blue curve

At NLO, the soft component becomes
harder (same effect as for CSM)

3P[8]
J becomes as hard as 3S[8]

1 and interferes with it; 1S[8]
0 a little softer

Due to this interference, it is possible to make the softer 1S[8]
0 dominant yet

with nonzero 3P[8]
J and 3S[8]

1 LDMEs

Since the 3 associated LDMEs are fit, the combination at NLO still describes
the data; hence an apparent stability of NRQCD x-section at NLO

What significantly changes is the size of the LDMEs
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The (LO) ICEM not significantly better at large PT Y.Q. Ma, R. Vogt PRD 94 (2016) 114029

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

J.P. Lansberg (IJCLab) Quarkonium production 12 / 41



QCD corrections to the CEM PT dependence

JPL, H.S. Shao JHEP 1610 (2016) 153

All possible spin and colour combinations contribute

The gluon fragmentation (∼ 3S[8]
1 ) dominant at large PT

No reason for a change at NLO. The fit can yield another CEM parameter
value but this will not modify the PT spectrum

Confirmed by our first NLO study: JPL, H.S. Shao JHEP 1610 (2016) 153

Tend to overshoot the ψ data at large PT
The (LO) ICEM not significantly better at large PT Y.Q. Ma, R. Vogt PRD 94 (2016) 114029

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

J.P. Lansberg (IJCLab) Quarkonium production 12 / 41



QCD corrections to the CEM PT dependence

JPL, H.S. Shao JHEP 1610 (2016) 153

All possible spin and colour combinations contribute

The gluon fragmentation (∼ 3S[8]
1 ) dominant at large PT

No reason for a change at NLO. The fit can yield another CEM parameter
value but this will not modify the PT spectrum

Confirmed by our first NLO study: JPL, H.S. Shao JHEP 1610 (2016) 153

Tend to overshoot the ψ data at large PT
The (LO) ICEM not significantly better at large PT Y.Q. Ma, R. Vogt PRD 94 (2016) 114029

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

J.P. Lansberg (IJCLab) Quarkonium production 12 / 41



QCD corrections to the CEM PT dependence

JPL, H.S. Shao JHEP 1610 (2016) 153

All possible spin and colour combinations contribute

The gluon fragmentation (∼ 3S[8]
1 ) dominant at large PT

No reason for a change at NLO. The fit can yield another CEM parameter
value but this will not modify the PT spectrum

Confirmed by our first NLO study: JPL, H.S. Shao JHEP 1610 (2016) 153

Tend to overshoot the ψ data at large PT
The (LO) ICEM not significantly better at large PT Y.Q. Ma, R. Vogt PRD 94 (2016) 114029

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

J.P. Lansberg (IJCLab) Quarkonium production 12 / 41



QCD corrections to the CEM PT dependence

JPL, H.S. Shao JHEP 1610 (2016) 153

All possible spin and colour combinations contribute

The gluon fragmentation (∼ 3S[8]
1 ) dominant at large PT

No reason for a change at NLO. The fit can yield another CEM parameter
value but this will not modify the PT spectrum

Confirmed by our first NLO study: JPL, H.S. Shao JHEP 1610 (2016) 153

Tend to overshoot the ψ data at large PT

The (LO) ICEM not significantly better at large PT Y.Q. Ma, R. Vogt PRD 94 (2016) 114029

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

J.P. Lansberg (IJCLab) Quarkonium production 12 / 41



QCD corrections to the CEM PT dependence

JPL, H.S. Shao JHEP 1610 (2016) 153

All possible spin and colour combinations contribute

The gluon fragmentation (∼ 3S[8]
1 ) dominant at large PT

No reason for a change at NLO. The fit can yield another CEM parameter
value but this will not modify the PT spectrum

Confirmed by our first NLO study: JPL, H.S. Shao JHEP 1610 (2016) 153

Tend to overshoot the ψ data at large PT
The (LO) ICEM not significantly better at large PT Y.Q. Ma, R. Vogt PRD 94 (2016) 114029

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

J.P. Lansberg (IJCLab) Quarkonium production 12 / 41



QCD corrections to the CEM PT dependence

JPL, H.S. Shao JHEP 1610 (2016) 153

All possible spin and colour combinations contribute

The gluon fragmentation (∼ 3S[8]
1 ) dominant at large PT

No reason for a change at NLO. The fit can yield another CEM parameter
value but this will not modify the PT spectrum

Confirmed by our first NLO study: JPL, H.S. Shao JHEP 1610 (2016) 153

Tend to overshoot the ψ data at large PT
The (LO) ICEM not significantly better at large PT Y.Q. Ma, R. Vogt PRD 94 (2016) 114029

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

LO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

d2 σ/
dp

T
dy

 [n
b/

G
eV

]

NLO CEM

1.5≤|y|<2(×106)

1≤|y|<1.5(×104)

0.5≤|y|<1(×102)

0≤|y|<0.5(×100)

10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108

D
at

a/
T

he
or

y 0≤|y|<0.5

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 0.5≤|y|<1

 0
 0.5

 1
 1.5

 2

D
at

a/
T

he
or

y 1≤|y|<1.5

 0
 0.5

 1
 1.5

 2
D

at
a/

T
he

or
y

pT(J/ψ) [GeV]

1.5≤|y|<2

 0
 0.5

 1
 1.5

 2

 0  10  20  30  40  50  60  70  80  90  100  110

J.P. Lansberg (IJCLab) Quarkonium production 12 / 41



Part III

PT-integrated cross sections up to NLO
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QCD corrections to PT -integrated cross sections

The CSM predictions for the total yield & dσ
dy ?

As we have seen:
dσ

dPT
cannot be reproduced by the LO CSM

A bit of confusion in the literature as regards dσ/dy . . .
PHENIX data (

√
s = 200 GeV) cover a broad range of y, down to small PT

No CSM curve, why ?

PHENIX, PRL98 232002,2007/ CSM: Cooper et al., PRL 93:171801,2004
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QCD corrections to PT -integrated cross sections

The LO CSM accounts for the PT-integrated yield
S. J. Brodsky and JPL, PRD 81 051502 (R), 2010; JPL, PoS(ICHEP 2010), 206 (2010); NPA 910-911 (2013) 470

➞ The yield vs.
√

s, y

Good agreement with RHIC, Tevatron and LHC data [LHC J/ψ points to be updated, sorry]

(multiplied by a constant Fdirect, considered to be constant)
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Unfortunately, very large th. uncertainties: masses, scales (µR, µF), gluon PDFs at
low x and Q2, . . .

Earlier claims that CSM contribution to dσ/dy was small were based on the
incorrect assumption that χc,b feed-down was dominant
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QCD corrections to PT -integrated cross sections

NLO CSM at RHIC

S. J. Brodsky and JPL, PRD 81 051502 (R), 2010.
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QCD corrections to PT -integrated cross sections

NLO NRQCD up to RHIC II
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

CSM at one loop

In the previous analysis, the CS contribution to 3S1 production was only
appearing as a real-emission QCD correction at α3

s

If we switch off the CO channels –or believe they are negligible–, the
tree-level/LO contribution for direct J/ψ is at α3

s
Back in the early 80’s: C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Rückl Z. Phys. C 19, 251(1983)

In fact, the total yield at one loop (up to α4
s ) can be computed since 2007

See the plot of dσ/dy on slide 21 based on J.Campbell, F. Maltoni, F. Tramontano, PRL 98:252002,2007

One can repeat this for 1S0 production for which we have closed-form results
for the hard part at one loop

A. Petrelli, M. Cacciari, M. Greco, F. Maltoni and M. L. Mangano, Nucl. Phys. B 514 (1998) 245

We checked these with FDC
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

CSM at one loop: Results
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Same weird energy behavior as observed for the 3P[8]
J channel (and to a less

extent for 1S[8]
0 channel)

Non negative cross sections at large
√

s only for µR > µF ?
Is it due to ISR, FSR ? Is NRQCD simply not holding at low PT ?
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

CSM at one loop for 1S0

At LO, ηQ production occurs without final-state gluon emission

Empirical way to see if the pathological energy behaviour of both CO and CS for
3S1 may be due to final state emissions, typical of quarkonium production

Closed-form results for the hard part at one loop exist [see the appendix C Eqs (C.25), (C.26), (C.32) and

(C.35)] of A. Petrelli, M. Cacciari, M. Greco, F. Maltoni and M. L. Mangano, Nucl. Phys. B 514 (1998) 245

Same happens with the 1S[8]0
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

Problem of negative NLO quarkonium cross sections
[Y. Feng, JPL, J.X. Wang, Eur.Phys.J. C75 (2015) 313]; JPL, M.A. Ozcelik, EPJC 81 (2021) 6, 497; A. Colpani Serri, Y.
Feng, C. Flore, JPL, M.A. Ozcelik, H.S. Shao, Y. Yedelkina PLB 835 (2022) 137556
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Origin: process-dependent subtraction of collinear divergences vs
universal DGLAP PDF evolution
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i ∝ αs(µR)

(
c̄i

1 log M2
Q

µF2 + ci
1

)
, Ai =

ci
1

c̄i
1
, Ag = Aq < 0

Confirmation: HEF expanded up to NLO in αs (for ηQ):
J.P. Lansberg, M. Nefedov, M.A.Ozcelik, JHEP 05 (2022) 083 + arXiv:2306.02425 [hep-ph]

σ̂
[m], HEF
gg (z → 0) = σ

[m]
LO

{
A[m]

0 δ(1 − z) +
αs

π
2CA

[
A[m]

1 + A[m]
0 ln

M2

µ2
F

]
+

( αs

π

)2
ln

1
z

C2
A

[
2A[m]

2 + B[m]
2 + 4A[m]

1 ln
M2

µ2
F
+ 2A[m]

0 ln2 M2

µ2
F

]
+ O(α3

s )

}
,

Cure: Scale fixing or resummation (HEF)
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

Problem of negative NLO quarkonium cross sections
[Y. Feng, JPL, J.X. Wang, Eur.Phys.J. C75 (2015) 313]; JPL, M.A. Ozcelik, EPJC 81 (2021) 6, 497; A. Colpani Serri, Y.
Feng, C. Flore, JPL, M.A. Ozcelik, H.S. Shao, Y. Yedelkina PLB 835 (2022) 137556
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NLO cross section for J/ψ photoproduction becomes negative for
large µF when √sγp increases
For µF = 2M, σ < 0 as in case of ηc hadroproduction

J.P. Lansberg, M.A. Ozcelik: Eur.Phys.J.C 81 (2021) 6, 497

2 possible sources of negative partonic cross sections: loop corrections
(interference) and from real emission (subtraction of IR poles)

Exp. data: H1 - M.Kraemer: NPB 459(1996)3-50, FTPS - B.H.Denby et al.: PRL 52(1984)795-798, NAI - NA14Collaboration, R.Barate et
al.:Z.Phys.C 33(1987)505
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

Negative cross-section values
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Initial state collinear divergences are removed via the subtraction
into the PDFs via AP-CT

limŝ→∞ σ̂NLO
γi ∝

(
log

m2
Q

µF
2 + Aγi

)
, Aγg = Aγq

If large µF → σ̂ < 0 → σ < 0: over-subtraction from AP-CT into the
PDFs
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

A scale prescription for µF
J.P. Lansberg, M.A. Ozcelik: Eur.Phys.J.C 81 (2021) 6, 497;

J/ψ
γ

c

J/ψ
γ

c

In principle, such negative terms should be compensated by
the evolution of the PDFs governed by the DGLAP equations;

Aγg, Aγq are process-dependent, while the DGLAP equations
are process-independent, which makes the compensation
imperfect;
But as Aγg = Aγq, we can choose µF such that limŝ→∞σ̂NLO

γi = 0

This amounts to consider that all the QCD corrections are in
the PDFs
The choice of factorisation scale to avoid possible negative
hadronic cross-section: (for ηQ : Agi = −1)
µF = µ̂F = MeAγi/2;
For J/ψ (Υ) photoproduction: µ̂F = 0.85M
(PT ∈ [0, ∞], z < 0.9)
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

Results with µ̂F = 0.85M
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

J/ψ: PDF uncertainties of σ(
√sγp)

PDF uncertainties increase at large
√

s (i.e. small x)

The µR unc. are reduced at NLO in comparison with LO;

Yet, increase of µR unc. from √sγp ≳ 50GeV from sizeable (negative) loop corrections

At NNLO these loop contributions will be squared

Likely positive NNLO corrections beside a further reduction of the µR unc.
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

J/ψ: PDF uncertainties of σ(
√sγp)

PDF uncertainties increase at large
√

s (i.e. small x)

The µR unc. are reduced at NLO in comparison with LO;

Yet, increase of µR unc. from √sγp ≳ 50GeV from sizeable (negative) loop corrections

At NNLO these loop contributions will be squared

Likely positive NNLO corrections beside a further reduction of the µR unc.

-100

-50

 0

 50

 100

10
1

10
2

10
3

J/ψ photoproduction

MSHT20nlo as118

MJ/ψ=2mc=3 GeV, 3 FS, z < 0.9

µF=0.85MJ/ψ, δµR=[2.5; 10]GeV

15% FD (ψ ′→ J/ψ)

<O
^

J/ψ

3
S1

[1]

>=1.82 GeV
3

∆
σ

γp
 /

σ
γp

 [
%

 ]

√sγp [GeV]

NLO: PDF Uncertainty, µR= 5GeV

NLO: µR Uncertainty

LO: µR Uncertainty

-100

-50

 0

 50

 100

10
1

10
2

10
3

J/ψ photoproduction

NNPDF31 nlo as 0118 hessian

MJ/ψ=2mc=3 GeV, 3 FS, z < 0.9

µF=0.85MJ/ψ, δµR=[2.5; 10]GeV

15% FD (ψ ′→ J/ψ)

<O
^

J/ψ

3
S1

[1]

>=1.82 GeV
3

∆
σ

γp
 /

σ
γp

 [
%

 ]

√sγp [GeV]

NLO: PDF Uncertainty, µR= 5GeV

NLO: µR Uncertainty

LO: µR Uncertainty

J.P. Lansberg (IJCLab) Quarkonium production 26 / 41



NLO analysis for CSM alone (i.e. NRQCD with v → 0)

J/ψ: PDF uncertainties of σ(
√sγp)

PDF uncertainties increase at large
√

s (i.e. small x)

The µR unc. are reduced at NLO in comparison with LO;

Yet, increase of µR unc. from √sγp ≳ 50GeV from sizeable (negative) loop corrections

At NNLO these loop contributions will be squared

Likely positive NNLO corrections beside a further reduction of the µR unc.

-100

-50

 0

 50

 100

10
1

10
2

10
3

J/ψ photoproduction

MSHT20nlo as118

MJ/ψ=2mc=3 GeV, 3 FS, z < 0.9

µF=0.85MJ/ψ, δµR=[2.5; 10]GeV

15% FD (ψ ′→ J/ψ)

<O
^

J/ψ

3
S1

[1]

>=1.82 GeV
3

∆
σ

γp
 /

σ
γp

 [
%

 ]

√sγp [GeV]

NLO: PDF Uncertainty, µR= 5GeV

NLO: µR Uncertainty

LO: µR Uncertainty

-100

-50

 0

 50

 100

10
1

10
2

10
3

J/ψ photoproduction

NNPDF31 nlo as 0118 hessian

MJ/ψ=2mc=3 GeV, 3 FS, z < 0.9

µF=0.85MJ/ψ, δµR=[2.5; 10]GeV

15% FD (ψ ′→ J/ψ)

<O
^

J/ψ

3
S1

[1]

>=1.82 GeV
3

∆
σ

γp
 /

σ
γp

 [
%

 ]

√sγp [GeV]

NLO: PDF Uncertainty, µR= 5GeV

NLO: µR Uncertainty

LO: µR Uncertainty

J.P. Lansberg (IJCLab) Quarkonium production 26 / 41



NLO analysis for CSM alone (i.e. NRQCD with v → 0)

J/ψ: PDF uncertainties of σ(
√sγp)

PDF uncertainties increase at large
√

s (i.e. small x)

The µR unc. are reduced at NLO in comparison with LO;

Yet, increase of µR unc. from √sγp ≳ 50GeV from sizeable (negative) loop corrections

At NNLO these loop contributions will be squared

Likely positive NNLO corrections beside a further reduction of the µR unc.

-100

-50

 0

 50

 100

10
1

10
2

10
3

J/ψ photoproduction

MSHT20nlo as118

MJ/ψ=2mc=3 GeV, 3 FS, z < 0.9

µF=0.85MJ/ψ, δµR=[2.5; 10]GeV

15% FD (ψ ′→ J/ψ)

<O
^

J/ψ

3
S1

[1]

>=1.82 GeV
3

∆
σ

γp
 /

σ
γp

 [
%

 ]

√sγp [GeV]

NLO: PDF Uncertainty, µR= 5GeV

NLO: µR Uncertainty

LO: µR Uncertainty

-100

-50

 0

 50

 100

10
1

10
2

10
3

J/ψ photoproduction

NNPDF31 nlo as 0118 hessian

MJ/ψ=2mc=3 GeV, 3 FS, z < 0.9

µF=0.85MJ/ψ, δµR=[2.5; 10]GeV

15% FD (ψ ′→ J/ψ)

<O
^

J/ψ

3
S1

[1]

>=1.82 GeV
3

∆
σ

γp
 /

σ
γp

 [
%

 ]

√sγp [GeV]

NLO: PDF Uncertainty, µR= 5GeV

NLO: µR Uncertainty

LO: µR Uncertainty

J.P. Lansberg (IJCLab) Quarkonium production 26 / 41



NLO analysis for CSM alone (i.e. NRQCD with v → 0)

High-Energy Factorisation (HEF) and the leading-log approximation
The leading-log approximation (LLA): ∑

n
αn

s lnn−1( ŝ
M2

Q
) [Collins, Ellis, 91’; Catani, Ciafaloni, Hautmann, 91’,94’]

Defining z =
M2

Q
ŝ , one can face large ln 1/z when s becomes large

The resummation of such logs can be done through HEF.
For quarkonium production through 2 → 1 processes at Born order, one has

σ̂
[m], HEF
ij (z, µF, µR) =

∞∫
−∞

dηQ

∞∫
0

dq2
T1dq2

T2 Cgi

(
MT
M

√
zeηQ , q2

T1, µF, µR

)

×Cgj

(
MT
M

√
ze−ηQ , q2

T2, µF, µR

)
H[m](q2

T1, q2
T2)+NLL +O(z),

H[m] known at LO in αs [Hagler et.al, 2000; Kniehl, Vasin, Saleev 2006] for m = 1S(1,8)
0 , 3P(1,8)

J , 3S(8)1 . These
are tree-level “squared matrix elements” of the 2 → 1-type process:

R+(qT1, q+1 ) + R−(qT2, q−2 ) → QQ̄[m].

The resummation factors C are the solution of the LL BFKL equation
with the collinear divergences subtracted

O(z) terms (without ln 1/z) cannot be captured by HEF (see later)

J.P. Lansberg (IJCLab) Quarkonium production 27 / 41



NLO analysis for CSM alone (i.e. NRQCD with v → 0)

High-Energy Factorisation (HEF) and the leading-log approximation
The leading-log approximation (LLA): ∑

n
αn

s lnn−1( ŝ
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

High-energy factorisation for photoproduction

σ̂HEF(η) ∝

1+η∫
0

dy
y

∞∫
0

dq2
T1C

(
y

1 + η
, q2

T1, µF, µR

)
H(y, q2

T1)+NLLA + O(1/η)

Physical picture in the LLA
for photoproduction:

Glauber exchanges(k+k− ≪ k2
T ) form the Reggeised

gluon in the t-channel.

Here one resums ∑
n

αn
s lnn−1(1 + η) [η = (ŝ − M2

Q)/M2
Q]

For consistency with fixed-order DGLAP evolution the
anomalous dimension γgg in C should be truncated:

γgg(N, αs) =
α̂s

N︸︷︷︸
DLA

+2ζ(3)
α̂4

s
N4 + 2ζ(5)

α̂6
s

N6 + . . .

︸ ︷︷ ︸
LLA

Expansion of σ̂HEF(η) in αs correctly reproduces
σ̂NLO(η ≫ 1) and predicts the σ̂NNLO(η ≫ 1)

Note: the coefficient function H should be calculated at
NLO for NLLA,
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

Consistency check
J.P. Lansberg, M. Nefedov, M.A.Ozcelik, JHEP 05 (2022) 083

HEF expanded up to NLO in αs should reproduce the A[m]
1 NLO coefficient

High-energy limit (for ηQ):

σ̂
[m], HEF
gg (z → 0) = σ

[m]
LO

{
A[m]

0 δ(1 − z) +
αs

π
2CA

[
A[m]

1 + A[m]
0 ln

M2

µ2
F

]

+
(αs

π

)2
ln

1
z

C2
A

[
2A[m]

2 + B[m]
2 + 4A[m]

1 ln
M2

µ2
F
+ 2A[m]

0 ln2 M2

µ2
F

]
+ O(α3

s )

}
,

From HEF, up to NNLO, one has

State A[m]
0 A[m]

1 A[m]
2 B[m]

2
1S0 1 −1 π2

6
π2
6

3S1 0 1 0 π2
6

3P0 1 − 43
27

π2
6 + 2

3
π2
6 + 40

27
3P1 0 5

54 − 1
9 − 2

9
3P2 1 − 53

36
π2
6 + 1

2
π2
6 + 11

9

Perfect match for NLO and prediction for NNLO ! NLO: JPL, M.A. Ozcelik, EPJC 81 (2021) 6, 497
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

Matching HEF and NLO CF (illustration for ηQ)

The HEF works only at z ≪ 1 and does not include corrections O(z), while
NLO CF is exact in z but only NLO up to αs. We need to match them.

Simplest prescription: just subtract the overlap at z ≪ 1:

σ
[m]
NLO+HEF = σ

[m]
LO CF +

1∫
zmin

dz
z

[
σ̌
[m],ij
HEF (z) + σ̂

[m],ij
NLO CF(z)− σ̂

[m],ij
NLO CF(0)

]
Lij(z)

Or introduce smooth weights:

σ
[m]
NLO+HEF = σ

[m]
LO CF +

1∫
zmin

dz
{[

σ̌
[m],ij
HEF (z)

Lij(z)
z

]
wij

HEF(z)

+

[
σ̂
[m],ij
NLO CF(z)

Lij(z)
z

]
(1 − wij

HEF(z))
}

,
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

Inverse error weighting method (illustration for ηQ)
In the InEW method [Echevarria, et.al., 2018] the weights are calculated from the
parametric estimates of the error of each contribution and combined as such:

wij
HEF(z) =

[∆σ
ij
HEF(z)]

−2

[∆σ
ij
HEF(z)]

−2 + [∆σ
ij
CF(z)]

−2
,

For ∆σCF, we take the NNLO
α2

s ln 1
z term of σ̂(z) predicted by

HEF,
For ∆σHEF, we take the αsO(z)
part of the NLO CF result for σ̂(z).
In both cases, stability against
O(α2

s ) (constant in z, unknown)
corrections is checked
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NLO analysis for CSM alone (i.e. NRQCD with v → 0)

Matched results
J.P. Lansberg, M. Nefedov, M.A.Ozcelik, JHEP 05 (2022) 083 and 2306.02425ηc hadroproduction
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Part IV

Summary and outlook
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The current situation in one slide ...

For an up-to-date review, see JPL. arXiv:1903.09185 [hep-ph] (Phys.Rept. 889 (2020) 1)

Colour-Singlet Model (CSM) long thought to be insufficient
. . . 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;A. Colpani Serri, Y. Feng, C. Flore, JPL, M.A. Ozcelik, H.S. Shao, Y. Yedelkina PLB 835 (2022) 137556

Colour-Octet Mechanism (COM) helps in describing the PT spectrum
Yet, the COM NLO fits differ a lot in their conclusions owing to their

assumptions (data set, PT cut, polarisation fitted or not, etc.)
Colour-Evaporation Mechanism (CEM) ↔ quark-hadron duality

tends to overshoot the data at large PT – issue shared by some COM fits

All approaches have troubles with ep, ee or pp polarisation and/or the ηc data
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Universality of NLO NRQCD fits ?
Plot from M. Butenschön (ICHEP 2012); Discussion in JPL, Phys.Rept. 889 (2020) 1
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Further caveats: LDME upper limit from ηc data clearly violated by the 3 fits !
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The last piece in the puzzle: the ηc
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NLO Prompt

LHCb Data

Data LHCb : EPJC 75 (2015) 311 (plot from H. Hanet al. PRL 114 (2015) 092005)

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 : ⟨OJ/ψ(1S[8]
0 )⟩ = ⟨Oηc (3S[8]

1 )⟩ < 1.46 × 10−2 GeV3

Rules out the fits yielding the 1S[8]
0 dominance to get unpolarised yields

Even the PKU fit has now troubles to describe CDF polarisation data
Yet, the constraints actually is ⟨OJ/ψ(1S[8]

0 )⟩ = ⟨Oηc (3S[8]
1 )⟩ ≲ 5 × 10−3 GeV3 when the CS

contribution is appropriately accounted for
Nobody foresaw the impact of measuring ηc yields: 3 PRL published right after 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: ⟨Oηc (1S[8]
0 )⟩ = ⟨OJ/ψ(3S[8]

1 )⟩/3 and ⟨Oηc (1P[8]
1 )⟩ = 3 × ⟨OJ/ψ(3P[8]

0 )⟩]
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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 : ⟨OJ/ψ(1S[8]
0 )⟩ = ⟨Oηc (3S[8]

1 )⟩ < 1.46 × 10−2 GeV3

Rules out the fits yielding the 1S[8]
0 dominance to get unpolarised yields

Even the PKU fit has now troubles to describe CDF polarisation data
Yet, the constraints actually is ⟨OJ/ψ(1S[8]

0 )⟩ = ⟨Oηc (3S[8]
1 )⟩ ≲ 5 × 10−3 GeV3 when the CS

contribution is appropriately accounted for
Nobody foresaw the impact of measuring ηc yields: 3 PRL published right after 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: ⟨Oηc (1S[8]
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Going further with new observables

See section 3 of JPL, arXiv:1903.09185 (Phys.Rept. 889 (2020) 1) and section 2.5 of E. Chapon arXiv:2012.14161 PPNP (2021) 103906

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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A EU Virtual Access to pQCD tools: NLOAccess
[in2p3.fr/nloaccess]
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https://nloaccess.in2p3.fr/


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


MG5@NLO online [nloaccess.in2p3.fr/MG5/]
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Summary

Source of negative NLO PT-integrated cross sections in quarkonium
production (NRQCD) identified and cured
µ̂F scale prescription introduced: sufficient if ones sticks to collinear
factorisation at NLO
HEF provides a more complete solution beyond collinear factorisation
but needs to be matched to it
Waiting now for ηQ hadroproduction data (FT-LHC) and J/ψ
photoproduction data from EIC and inclusive UPC at LHC
Similar solution to be applied to J/ψ hadroproduction
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