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Basic pQCD approach in pp: Colour Singlet Model

Basic pQCD approach: the Colour Singlet Model (CSM)

C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Rückl Z. Phys. C 19, 251(1983);
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Basic pQCD approach in pp: Colour Singlet Model

Fragmentation in the CSM

ë Introduction of quark- and gluon- fragmentation processes:

Þ Effectively NLO (α4
s instead of α3

s ):

Cacciari, Greco, Phys.Rev.Lett.73:1586,1994

Braaten et al., PLB333:548,1994

Þ Different pT behaviour: P−4
T vs. P−8

T .
Þ Illustration for the ψ′

× Off by factor 30-100 for J/ψ and ψ′

× Off by factor 10 for Υ’s

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 5 / 42



Basic pQCD approach in pp: Colour Singlet Model

Fragmentation in the CSM

ë Introduction of quark- and gluon- fragmentation processes:
Þ Effectively NLO (α4

s instead of α3
s ):

Cacciari, Greco, Phys.Rev.Lett.73:1586,1994

Braaten et al., PLB333:548,1994

Þ Different pT behaviour: P−4
T vs. P−8

T .

Þ Illustration for the ψ′

× Off by factor 30-100 for J/ψ and ψ′

× Off by factor 10 for Υ’s

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 5 / 42



Basic pQCD approach in pp: Colour Singlet Model

Fragmentation in the CSM

ë Introduction of quark- and gluon- fragmentation processes:
Þ Effectively NLO (α4

s instead of α3
s ):

Cacciari, Greco, Phys.Rev.Lett.73:1586,1994

Braaten et al., PLB333:548,1994

Þ Different pT behaviour: P−4
T vs. P−8

T .
Þ Illustration for the ψ′

× Off by factor 30-100 for J/ψ and ψ′

× Off by factor 10 for Υ’s

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 5 / 42



Basic pQCD approach in pp: Colour Singlet Model

J/ψ production in γγ collisions at LEP II

DELPHI, PLB 565 76, 2003
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Basic pQCD approach in pp: Colour Singlet Model

J/ψ photoproduction at HERA

M.Kramer Nucl.Phys.B459:3 1996
H1,EPJC 25, 2,2002; ZEUS, EPJC 27, 173, 2003

LO CSM also fails in photoproduction at HERA...

BUT NLO CSM is in better agreement with the data !
see however Phys. Rev. Lett. 102, 142001 (2009) and arXiv:0901.4749 [hep-ph]
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Basic pQCD approach in pp: Colour Singlet Model

J/ψ photoproduction at HERA
P. Artoisenet et al.Phys. Rev. Lett. 102, 142001 (2009)

e.g. H1,arXiv:1002.0234
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Basic pQCD approach in pp: Colour Singlet Model

What about the CSM predictions for the total yield & dσ
dy ?

As we have seen:
ë dσ

dPT
cannot be reproduced by the LO CSM

ë What about the yield and the rapidity distribution ?
ë PHENIX data (

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

PHENIX, PRL98 232002,2007, Cooper et al., PRL 93:171801,2004
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Basic pQCD approach in pp: Colour Singlet Model

What about the CSM predictions for dσ
dy ?

S. J. Brodsky and J. P. Lansberg, arXiv:0908.0754 [hep-ph].
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Basic pQCD approach in pp: Colour Singlet Model

What about the CSM predictions for dσ
dy ?
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Why does the CSM fail ?

Why does the CSM (basic pQCD approach) fail for mid and large PT ?

ë Specifically large QCD-corrections ? Why so ?
hints: NLO contributions for γp, PT scaling of fragmentation channels

ë Hypotheses/constraints of the model too strong ?

Þ Should the pair be perturbatively produced in a color singlet ? Can’t it evolve?

e.g. Colour Octet Mechanism, Colour Evaporation Model

Þ Can’t the quarks be produced off-shell ? with relative momentum 6= 0?

s-channel cut contribution
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Review of some models in pp

Review of some models in pp I

for a review, see e.g JPL IJMPA 21 3857-3915 (2006)

ë Colour Evaporation Model (CEM): Halzen et al.

Þ Numerous soft-gluon emissions from the QQ̄ pair change its quantum state

Þ The quantum state is randomised; no more correlation with the hard part

Þ The cross-section to produce a Q is obtained from σonium after distributing it
between the other Q of the family:

σonium =
1

9

∫ 2mq̄Q

2mQ

dm
dσQQ̄

dm

4 Solve the problem for cross-section data (implicit COM fragmentation
channel: see later)

4 Easy to handle, especially for pA and AA purposes
7 Parameters to be fit and may vary from one process to another

7 Systematic improvement of the model ?

7 Polarisation ?
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4 Easy to handle, especially for pA and AA purposes
7 Parameters to be fit and may vary from one process to another

7 Systematic improvement of the model ?

7 Polarisation ?

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 13 / 42



Review of some models in pp

Review of some models in pp I

for a review, see e.g JPL IJMPA 21 3857-3915 (2006)

ë Colour Evaporation Model (CEM): Halzen et al.

Þ Numerous soft-gluon emissions from the QQ̄ pair change its quantum state

Þ The quantum state is randomised; no more correlation with the hard part

Þ The cross-section to produce a Q is obtained from σonium after distributing it
between the other Q of the family:

σonium =
1

9

∫ 2mq̄Q

2mQ

dm
dσQQ̄

dm

4 Solve the problem for cross-section data (implicit COM fragmentation
channel: see later)

4 Easy to handle, especially for pA and AA purposes

7 Parameters to be fit and may vary from one process to another

7 Systematic improvement of the model ?

7 Polarisation ?

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 13 / 42



Review of some models in pp

Review of some models in pp I

for a review, see e.g JPL IJMPA 21 3857-3915 (2006)

ë Colour Evaporation Model (CEM): Halzen et al.

Þ Numerous soft-gluon emissions from the QQ̄ pair change its quantum state

Þ The quantum state is randomised; no more correlation with the hard part

Þ The cross-section to produce a Q is obtained from σonium after distributing it
between the other Q of the family:

σonium =
1

9

∫ 2mq̄Q

2mQ

dm
dσQQ̄

dm

4 Solve the problem for cross-section data (implicit COM fragmentation
channel: see later)

4 Easy to handle, especially for pA and AA purposes
7 Parameters to be fit and may vary from one process to another

7 Systematic improvement of the model ?

7 Polarisation ?
J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 13 / 42



Review of some models in pp

Review of some models in pp II

for a review, see e.g JPL IJMPA 21 3857-3915 (2006)

ë Re-scattering with comovers: Hoyer-Peigné PRD59:034011,1999; PRD62:114001,2000.

e+ e-

Before

µ
µ

+
-

After
QEDQED(a)

g g Q

Q-

QCD(b) (hadroproduction)

g

QCD(c) (photoproduction)

Q

Q-
γ

Þ The pp̄ collision creates a gluon field co-mobile with the Q

Þ Interactions between this field and the QQ̄ increase the yield

Þ Also relevant for fragmentation:
Possible reinteractions with the remaining fragments

4 Nice distinction between Hadro- and Photo- production

7 Property of the gluon field not known; polarisation postulated

7 Implicit violation of factorisation hypothesis for the pdfs
7 heavy-quark fragmentation not yet considered

ë Analysis of specific α5
S contributions: Khoze et al. EPJC 39:163,2005.

Þ gluon pair in octet state exchanged

Þ Here NNLO pQCD effectively corresponds to LO BFKL

4 “Natural” enhancement of the production

7 Only total cross-section prediction

7 Correct pT slope from an input
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Review of some models in pp

Review of some models in pp III

Color Octet Mechanism: physical states can be produced by coloured pairs
Bodwin, Braaten, Lepage, Cho, Leibovich,...

Þ J/ψ, ψ′ and Υ can be produced by a single gluon

4 Gluon fragmentation then LO in αS : larger rates

Þ When Pgluon �, the gluon is nearly on-shell and transversally pol.

Þ NRQCD spin symmetry:Q has the same polarisation as the gluon

7 Experimentally, this is clearly contradicted !

α = +1⇔ Transverse α = 0⇔ Unpolarised α = −1⇔ Longitudinal
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Review of some models in pp

For completeness
H.S. Chung, et al., arXiv:0911.2113 [hep-ph]

PHENIX Collab. arXiv:0912.2082 [hep-ex]

LO CSM polarisation completely UNRELIABLE : see later

CO polarisation is longitudinal if 3P
[8]
J octet states dominate

CO polarisation is unpolarised if 1S
[8]
0 octet state dominates

As soon as PT increases, 3S
[8]
1 transitions dominate and CO polarisation

becomes transverse
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Review of some models in pp

Colour Octet Dominance challenged at low/mid PT in pp ?

“Approximately taking into account the higher-order effects due to multiple-gluon
initial-state radiation, [. . . ] we find that the matrix elements [. . . ] 2S+1LJ =1 S0

and 3PJ , are significantly reduced.” B.A. Kniehl, G. Kramer, EPJC 6:493,1999.

→ a priori better agreement with γp where CO Dominance was excessive.

Analysis of fixed target data (low PT ) also tends to a reduction of the CO LDMEs
F. Maltoni et al., PLB 638:202,2006.

Computation at NLO for CO channels confirms this: data overshot

B. Gong, X. Q. Li, J.-X. Wang,
PLB 673:197,2009.

The PT dependence is badly reproduced and cannot be properly fit

e+e− → J/ψX CS at NLO : no space for CO (1S0 or 3PJ) in B-factory data
Y. Q. Ma, et al., PRL 102 (2009)162002/ B. Gong and J. X. Wang, PRL 102 (2009) 162003

e+e− → J/ψX CO at NLO: Reduction by a factor of 3 of the LDMEs,
even if one neglects the CSM Y. Zhang et al.arXiv:0911.2166
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e+e− → J/ψX CO at NLO: Reduction by a factor of 3 of the LDMEs,
even if one neglects the CSM Y. Zhang et al.arXiv:0911.2166
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Part II

Present: QCD corrections
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Describing the mid- and high-PT region: QCD corrections

Describing the mid- and high-PT region: QCD corrections

J/ψ + cc̄: P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007
NLO (e.g.J/ψ + gg): J.Campbell, F. Maltoni, F. Tramontano, Phys.Rev.Lett. 98:252002,2007

Significant improvement, but we need something more. . .

Confirmed by B. Gong and J.X. Wang who computed the polarisation as well
Phys. Rev. Lett. 100, 232001 (2008)

What about for the Υ ?
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Describing the mid- and high-PT region: QCD corrections

QCD corrections: α4
S (NLO) for Υ

Υ + cc̄: P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007
NLO (e.g.Υ + gg): J.Campbell, F. Maltoni, F. Tramontano, Phys.Rev.Lett. 98:252002,2007
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Close to an agreement with data
Can we do better ?
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Describing the mid- and high-PT region: QCD corrections

NLO QCD corrections to the Colour Octet Mechanism

B. Gong, X. Q. Li, J.-X. Wang, PLB 673:197,2009.

NLO corrections to COM channels have tiny effects on dσ/dPt at
large PT and α
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Confirmation that COM cannot describe the polarisation

We definitely need something else !
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Describing the mid- and high-PT region: QCD corrections

α5
s ///////////////corrections contributions: NNLO?

MadOnia (based on Madgraph): P.Artoisenet, F. Maltoni, T. Stelzer, JHEP 0802:102,2008.

Q

QÞ New P−4
T process at α5

s : gg → Qggg
Þ Normally accounted by gluon fragmentation
Þ What about the t-channel gluon exchange ? Let’s see ...

We propose to evaluate the α5
s contributions by computing jj → Qjjj

generated by MadOnia∗ and imposing cuts on the invariant mass of any
light parton pair (sij)

Þ Those cuts regulate the infrared and collinear divergences of the real
emission processes jj → Qjjj , present even at finite PT

Þ Will not affect the leading PT topologies

Þ Will produce logs of smin
ij when acting on the sub-leading topologies in PT

Þ The sensitivity on those will vanish at large PT

Þ Can be checked at NLO since we have a complete calculation
J.Campbell, F. Maltoni, F. Tramontano, Phys.Rev.Lett. 98:252002,2007

∗MadOnia: Automatic generation of tree-level quarkonium amplitudes
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Describing the mid- and high-PT region: QCD corrections

α5
s //////////////corrections contributions: NNLO?

Þ Validation at α4
s : the full NLO is amazingly well reproduced by jj → Qjj
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P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)

Þ Further validation with another process Q+ γ: Full NLO vs jj → Qγj

Full NLO: R.Li and J.X. Wang, PLB 672:51,2009 – Comparison: JPL, PLB 679:340,2009.

Þ pp̄ → Qjjj (j = g , u, d , s, c) with cuts:
first estimate of the impact of NNLO contributions (α5

s )

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 23 / 42



Describing the mid- and high-PT region: QCD corrections

α5
s //////////////corrections contributions: NNLO?

Þ Validation at α4
s : the full NLO is amazingly well reproduced by jj → Qjj

 1e-05

 0.0001

 0.001

 0.01

 0.1

 1

 10

 10  20  30  40  50  60

dσ
/d

 P
T
| |y

|<
0.

4.
 x

 B
r 

(p
b/

G
eV

)

PT (GeV)

ϒ+jj:0.5 < smin
ij   /mb

2 < 2

Full NLO

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 10  15  20  25  30  35  40

dσ
/d

 P
T
| |y

|<
0.

6.
 x

 B
r 

(n
b/

G
eV

)

PT (GeV)

ψ’+jj : 1 < smin
ij   /mc

2 < 4

Full NLO

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

Þ Further validation with another process Q+ γ: Full NLO vs jj → Qγj

Full NLO: R.Li and J.X. Wang, PLB 672:51,2009 – Comparison: JPL, PLB 679:340,2009.

Þ pp̄ → Qjjj (j = g , u, d , s, c) with cuts:
first estimate of the impact of NNLO contributions (α5

s )

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 23 / 42



Describing the mid- and high-PT region: QCD corrections

α5
s //////////////corrections contributions: NNLO?

Þ Validation at α4
s : the full NLO is amazingly well reproduced by jj → Qjj

 1e-05

 0.0001

 0.001

 0.01

 0.1

 1

 10

 10  20  30  40  50  60

dσ
/d

 P
T
| |y

|<
0.

4.
 x

 B
r 

(p
b/

G
eV

)

PT (GeV)

ϒ+jj:0.5 < smin
ij   /mb

2 < 2

Full NLO

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 10  15  20  25  30  35  40

dσ
/d

 P
T
| |y

|<
0.

6.
 x

 B
r 

(n
b/

G
eV

)

PT (GeV)

ψ’+jj : 1 < smin
ij   /mc

2 < 4

Full NLO

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

Þ Further validation with another process Q+ γ: Full NLO vs jj → Qγj

Full NLO: R.Li and J.X. Wang, PLB 672:51,2009 – Comparison: JPL, PLB 679:340,2009.

Þ pp̄ → Qjjj (j = g , u, d , s, c) with cuts:
first estimate of the impact of NNLO contributions (α5

s )

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 23 / 42



Describing the mid- and high-PT region: QCD corrections

α5
s //////////////corrections contributions: NNLO?

Þ Validation at α4
s : the full NLO is amazingly well reproduced by jj → Qjj

 1e-05

 0.0001

 0.001

 0.01

 0.1

 1

 10

 10  20  30  40  50  60

dσ
/d

 P
T
| |y

|<
0.

4.
 x

 B
r 

(p
b/

G
eV

)

PT (GeV)

ϒ+jj:0.5 < smin
ij   /mb

2 < 2

Full NLO

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 10  15  20  25  30  35  40

dσ
/d

 P
T
| |y

|<
0.

6.
 x

 B
r 

(n
b/

G
eV

)

PT (GeV)

ψ’+jj : 1 < smin
ij   /mc

2 < 4

Full NLO

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

Þ Further validation with another process Q+ γ: Full NLO vs jj → Qγj

Full NLO: R.Li and J.X. Wang, PLB 672:51,2009 – Comparison: JPL, PLB 679:340,2009.

Þ pp̄ → Qjjj (j = g , u, d , s, c) with cuts:
first estimate of the impact of NNLO contributions (α5

s )

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 23 / 42



Describing the mid- and high-PT region: QCD corrections

α5
s //////////////corrections contributions: NNLO?

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)
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4 Exactly what is needed in normalisation and shape !
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Describing the mid- and high-PT region: QCD corrections

α5
s //////////////corrections contributions: NNLO?

P.Artoisenet, AIP Proc. Conf 1038,55,2008.
JPL, EPJC 61:693,2009.
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4 Nearly as good as for Υ
7 Still a gap opening at large PT : CO ?
7 Very large uncertainty attached to the choice of µr
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Describing the mid- and high-PT region: QCD corrections

α5
s //////////////corrections contributions: NNLO?

P.Artoisenet, AIP Proc. Conf 1038,55,2008.
JPL, EPJC 61:693,2009.

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 1

 10

 100

 0  5  10  15  20  25  30

dσ
 /d

P
T
| |y

|<
0.

6 
x 

B
r 

 (
nb

/G
eV

) 

PT (GeV)

ψ(2S) production
at sqrt(s)=1.96 TeV 

scale and mass uncertainties 
combined in quadrature 

for NNLO* curves: 

mc
2 < sij

min< 4 mc
2 

LO
NLO

NNLO*
CDF data

4 Nearly as good as for Υ
7 Still a gap opening at large PT : CO ?
7 Very large uncertainty attached to the choice of µr

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 25 / 42



Describing the mid- and high-PT region: QCD corrections

Υ and J/ψ polarisation in hadroproduction at O(α5
S)

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)
see also JPL EPJC 61:693,2009.

Þ Cross sections seem OK (still not clear for ψ)
Þ Polarisation ?
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Þ Comparison with prompt measurements from CDF and D∅ ??

Þ Feed-down from χc , χb not known at NLO
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Describing the mid- and high-PT region: QCD corrections

Υ cross section at the LHC
P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)
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Describing the mid- and high-PT region: QCD corrections

J/ψ cross section at the LHC
P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)
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Part III

Perspectives for the future
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Need for more observables !

New observable: Q+ QQ̄

ë Double charm/beauty HADRO-production should show large rates
let us see how it can be a new valuable observable

P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007; S.P. Baranov PRD73:074021,2006.

it can
Þ probe the colour-singlet part alone: (dσ/dpT and α(pT ))

Þ test factorisation/the universality of the colour-octet matrix elements

Þ –in general– test many models which provided mostly “postdictions”
Þ insensitive to the 4-point coupling cc̄ψg (no final-state gluon)

Þ NRQCD factorisation ? Colour transfer mechanism ?
G.Nayak, J.W Qiu, G.Sterman,PRL99:212001,2007, PRD 77:034022,2008.

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 30 / 42



Need for more observables !

New observable: Q+ QQ̄

ë Double charm/beauty HADRO-production should show large rates
let us see how it can be a new valuable observable

P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007; S.P. Baranov PRD73:074021,2006.

it can
Þ probe the colour-singlet part alone: (dσ/dpT and α(pT ))

Þ test factorisation/the universality of the colour-octet matrix elements

Þ –in general– test many models which provided mostly “postdictions”
Þ insensitive to the 4-point coupling cc̄ψg (no final-state gluon)

Þ NRQCD factorisation ? Colour transfer mechanism ?
G.Nayak, J.W Qiu, G.Sterman,PRL99:212001,2007, PRD 77:034022,2008.

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 30 / 42



Need for more observables !

New observable: Q+ QQ̄

ë Double charm/beauty HADRO-production should show large rates
let us see how it can be a new valuable observable

P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007; S.P. Baranov PRD73:074021,2006.

it can
Þ probe the colour-singlet part alone: (dσ/dpT and α(pT ))

Þ test factorisation/the universality of the colour-octet matrix elements

Þ –in general– test many models which provided mostly “postdictions”
Þ insensitive to the 4-point coupling cc̄ψg (no final-state gluon)

Þ NRQCD factorisation ? Colour transfer mechanism ?
G.Nayak, J.W Qiu, G.Sterman,PRL99:212001,2007, PRD 77:034022,2008.

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 30 / 42



Need for more observables !

New observable: Q+ QQ̄

ë Double charm/beauty HADRO-production should show large rates
let us see how it can be a new valuable observable

P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007; S.P. Baranov PRD73:074021,2006.

it can
Þ probe the colour-singlet part alone: (dσ/dpT and α(pT ))

Þ test factorisation/the universality of the colour-octet matrix elements

Þ –in general– test many models which provided mostly “postdictions”

Þ insensitive to the 4-point coupling cc̄ψg (no final-state gluon)

Þ NRQCD factorisation ? Colour transfer mechanism ?
G.Nayak, J.W Qiu, G.Sterman,PRL99:212001,2007, PRD 77:034022,2008.

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 30 / 42



Need for more observables !

New observable: Q+ QQ̄

ë Double charm/beauty HADRO-production should show large rates
let us see how it can be a new valuable observable

P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007; S.P. Baranov PRD73:074021,2006.

it can
Þ probe the colour-singlet part alone: (dσ/dpT and α(pT ))

Þ test factorisation/the universality of the colour-octet matrix elements

Þ –in general– test many models which provided mostly “postdictions”
Þ insensitive to the 4-point coupling cc̄ψg (no final-state gluon)

Þ NRQCD factorisation ? Colour transfer mechanism ?
G.Nayak, J.W Qiu, G.Sterman,PRL99:212001,2007, PRD 77:034022,2008.

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 30 / 42



Need for more observables !

New observable: Q+ QQ̄

ë Double charm/beauty HADRO-production should show large rates
let us see how it can be a new valuable observable

P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007; S.P. Baranov PRD73:074021,2006.

it can
Þ probe the colour-singlet part alone: (dσ/dpT and α(pT ))

Þ test factorisation/the universality of the colour-octet matrix elements

Þ –in general– test many models which provided mostly “postdictions”
Þ insensitive to the 4-point coupling cc̄ψg (no final-state gluon)

Þ NRQCD factorisation ? Colour transfer mechanism ?
G.Nayak, J.W Qiu, G.Sterman,PRL99:212001,2007, PRD 77:034022,2008.

J.P. Lansberg (Ecole Polytechnique–CPHT) Quarkonium production at the LHC February 9, 2010 30 / 42



Need for more observables !

Q+ QQ̄: CSM vs. COM (at the LHC)
P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007; P.Artoisenet, arXiv:0804.2975

If we ignore changes in the fits of COM matrix elements due to QCD corrections:

CSM contributions dominate at low PT

COM contributions (may) dominate from PT ≥ 15 GeV

Integrated cross section largely dominated by CSM contributions

Can rely on CSM predictions for α for PT ≤ 15 GeV
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Need for more observables !

Q+ QQ̄: polarisation

P.Artoisenet, J.P.L, F.Maltoni, PLB 653:60,2007
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ë J/ψ + cc̄ : polarisation with COM (“old” CO matrix elements)
P.Artoisenet, private communication
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Need for more observables !

New observable: J/ψ + γ (at the LHC)

ë B feed-down expected to be proportionnally less important
ë idem for the χc feed-down

Indeed, no kinematical enhancements here

ë Color-singlet rate at NLO similar to a conservative (high) expectation
from Colour-octets R.Li and J.X. Wang, PLB 672:51,2009

ë But...

JPL, PLB 679:340,2009.

NNLO? one order of magnitude than NLO
↓

The yield will be dominated by the Color singlet transitions !
Once more, no kinematical enhancements for CO
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Part IV

Conclusions and Outlooks
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Conclusions and Outlooks

LO pQCD (CSM) fails (nearly) everywhere as far as dσ/dPT is
concerned

Yet, the LO (and NLO) CSM reproduces the yield:
relevant for heavy-ion studies !

No totally satisfactory solution for dσ/dPT

Colour Octet Mechanism

(although) less predictive

contradicted by polarisation measurements at the Tevatron

Nearly no room for CO in γp → J/ψX and e+e− → J/ψX

NRQCD may be ok, but the dominance of COM seems not

Off-shell effects via the s-channel cut may matter at small PT

needs to be updated . . .
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Conclusions and Outlooks II

However QCD-corrections bring agreements in

γp for J/ψ M.Kramer Nucl.Phys.B459:3 1996

e+e− for J/ψ + ηc and J/ψ + X Y.Zang, et al. PRL 96:092001,2006, ...,

Y. Zhang et al.arXiv:0911.2166

pp for Υ P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, PRL 101, 152001 (2008)

pp for ψ (small gap at large PT ) P.Artoisenet, AIP Proc. Conf 1038,55,2008.
JPL, EPJC 61:693,2009.

In any case, large theoretical uncertainties. . .

Time has come for another look ? new observables ?

on the one hand, avoiding the presence of Colour Octets
on the other hand, testing the presence of Colour Octets
and for which LO contributions in αs show a leading PT scaling

(first) new observables: Q+ QQ̄ (Q+ γ), Q+hadron correlations
J/ψ + c correlation at low PT (impact of g + c → J/ψ + c ?)
Other proposals are welcome !
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Part V

Backup slides
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The s-channel cut contribution

The s-channel cut contribution

×
×

Q

CSM CUTë So far, one considered only such configurations
idem for NRQCD

×
Q

s−channel CUT
×

ë What about those ?
(i.e. the usual contributions to Im(M))

JPL, J.R. Cudell, Yu.L. Kalinovsky, PLB633:301,2006

ë A bit challenging:
Þ Quark relative momentum not fixed to zero; 2 more integrals
Þ c − c̄ −Q vertex has one leg off-shell

Introduction of a 4-point function – the c − c̄ −Q− g coupling –
to preserve gauge-invariance
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The s-channel cut contribution

The s-channel cut contribution: first evaluation
H. Haberzettl, J.P.L, PRL 100,032006,2008

If the c − c̄ −Q− g coupling is constrained to satisfy:
Þ gauge invariance,
Þ low energy limit,
Þ scaling limit, it can be parametrised using two constants.

If those are fixed to fit Tevatron data up to mid PT :
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RHIC data are very well described !

Þ s-channel cut contribution can be large, specifically at small PT

Þ This has to be tested: ep, γγ → Need for more observables !
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The s-channel cut contribution

The s-channel cut contribution: polarisation
H. Haberzettl, J.P.L, PRL 100,032006,2008

J.P.L, H. Haberzettl, AIP Proc. Conf. 1038 83, 2008
M. Donadelli, for the PHENIX Collab, talk at PANIC 2008, Nov.2008

J/ψ polarisation in pp at
√

s = 200 GeV
measured by PHENIX
(note however that our computation does not include specific effects of χc )
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Yet, forward data seems to disagree with this evaluation . . .
Further drawback: fit done without the CSM which is not small

contrarily to what was commonly believed
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The s-channel cut contribution

Inclusive cross section at NNLO? compared to STAR data

STAR Collab., arXiv:0904.0439 [nucl-ex]
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The s-channel cut contribution

New observable: J/ψ + cc (with STAR)
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JPL, EPJC 61:693,2009.
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