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Basic pQCD approach: Colour Singlet Model→ Puzzle
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Common wisdom on the quarkonium-production puzzle before 2007

C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Rückl Z. Phys. C 19, 251(1983);

×
×

Q

α3s
(2mQ)

4

P 8
T

LO

ë Perturbative creation of 2 quarks Q and Q̄ BUT

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

ë Non-perturbative binding of quarks → Schrödinger wave function

 1e-06

 1e-05

 1e-04

 0.001

 0.01

 0.1

 1

 10

 5  10  15  20  25  30

dσ
 /d

P
T
| η

<
0.

6 
.B

r 
 (

nb
/G

eV
) 

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

J.P. Lansberg (IPNO) Quarkonium production May 4, 2011 3 / 25



Basic pQCD approach: Colour Singlet Model→ Puzzle

Basic pQCD approach: the Colour Singlet Model (CSM)
Common wisdom on the quarkonium-production puzzle before 2007

C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Rückl Z. Phys. C 19, 251(1983);

×
×

Q

α3s
(2mQ)

4

P 8
T

LO

ë Perturbative creation of 2 quarks Q and Q̄ BUT
ß on-shell (×)
ß in a colour singlet state
ß with a vanishing relative momentum
ß in a 3S1 state (for J/ψ, ψ′ and Υ)

ë Non-perturbative binding of quarks → Schrödinger wave function

 1e-06

 1e-05

 1e-04

 0.001

 0.01

 0.1

 1

 10

 5  10  15  20  25  30

dσ
 /d

P
T
| η

<
0.

6 
.B

r 
 (

nb
/G

eV
) 

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

J.P. Lansberg (IPNO) Quarkonium production May 4, 2011 3 / 25



Basic pQCD approach: Colour Singlet Model→ Puzzle

Basic pQCD approach: the Colour Singlet Model (CSM)
Common wisdom on the quarkonium-production puzzle before 2007

C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Rückl Z. Phys. C 19, 251(1983);

×
×

Q

α3s
(2mQ)

4

P 8
T

LO

ë Perturbative creation of 2 quarks Q and Q̄ BUT
ß on-shell (×)
ß in a colour singlet state
ß with a vanishing relative momentum
ß in a 3S1 state (for J/ψ, ψ′ and Υ)

ë Non-perturbative binding of quarks → Schrödinger wave function

 1e-06

 1e-05

 1e-04

 0.001

 0.01

 0.1

 1

 10

 5  10  15  20  25  30

dσ
 /d

P
T
| η

<
0.

6 
.B

r 
 (

nb
/G

eV
) 

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

J.P. Lansberg (IPNO) Quarkonium production May 4, 2011 3 / 25



Basic pQCD approach: Colour Singlet Model→ Puzzle

Basic pQCD approach: the Colour Singlet Model (CSM)
Common wisdom on the quarkonium-production puzzle before 2007

C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Rückl Z. Phys. C 19, 251(1983);

×
×

Q

α3s
(2mQ)

4

P 8
T

LO

ë Perturbative creation of 2 quarks Q and Q̄ BUT
ß on-shell (×)
ß in a colour singlet state
ß with a vanishing relative momentum
ß in a 3S1 state (for J/ψ, ψ′ and Υ)

ë Non-perturbative binding of quarks → Schrödinger wave function

 1e-06

 1e-05

 1e-04

 0.001

 0.01

 0.1

 1

 10

 5  10  15  20  25  30

dσ
 /d

P
T
| η

<
0.

6 
.B

r 
 (

nb
/G

eV
) 

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

J.P. Lansberg (IPNO) Quarkonium production May 4, 2011 3 / 25



Basic pQCD approach: Colour Singlet Model→ Puzzle

Basic pQCD approach: the Colour Singlet Model (CSM)
Common wisdom on the quarkonium-production puzzle before 2007

C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Rückl Z. Phys. C 19, 251(1983);

×
×

Q

α3s
(2mQ)

4

P 8
T

LO

ë Perturbative creation of 2 quarks Q and Q̄ BUT
ß on-shell (×)
ß in a colour singlet state
ß with a vanishing relative momentum
ß in a 3S1 state (for J/ψ, ψ′ and Υ)

ë Non-perturbative binding of quarks → Schrödinger wave function

 1e-04

 0.001

 0.01

 0.1

 1

 10

 100

 0  5  10  15  20  25  30  35  40

dσ
/d

P
T
| |y

|<
0.

4 
x 

B
r 

(p
b/

G
eV

) 

PT (GeV)

ϒ(1S) prompt data x Fdirect

LO       

CDF, PRL 79:572 & 578,1997

CDF, PRL 88:161802,2002

J.P. Lansberg (IPNO) Quarkonium production May 4, 2011 3 / 25



Basic pQCD approach: Colour Singlet Model→ Puzzle

Basic pQCD approach: the Colour Singlet Model (CSM)
Common wisdom on the quarkonium-production puzzle before 2007

C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Rückl Z. Phys. C 19, 251(1983);

×
×

Q

α3s
(2mQ)

4

P 8
T

LO

ë Perturbative creation of 2 quarks Q and Q̄ BUT
ß on-shell (×)
ß in a colour singlet state
ß with a vanishing relative momentum
ß in a 3S1 state (for J/ψ, ψ′ and Υ)

ë Non-perturbative binding of quarks → Schrödinger wave function

 1e-04

 0.001

 0.01

 0.1

 1

 10

 100

 0  5  10  15  20  25  30  35  40

dσ
/d

P
T
| |y

|<
0.

4 
x 

B
r 

(p
b/

G
eV

) 

PT (GeV) (b)

ϒ(3S) direct data
LO       

CDF, PRL 79:572 & 578,1997

CDF, PRL 88:161802,2002

J.P. Lansberg (IPNO) Quarkonium production May 4, 2011 3 / 25



CSM predictions account for the PT -integrated yield

CSM predictions account for the PT -integrated yield
S. J. Brodsky and JPL, PRD 81 051502 (R), 2010; JPL, PoS(ICHEP 2010), 206 (2010)

Þ The yield vs.
√

s (here only LO curves)

Unfortunately, very large th. uncertainties: masses, scales (µR,
µF ), gluon PDFs at low x and Q2, . . .
Good agreement with RHIC, Tevatron and LHC data

(multiplied by a constant F direct )
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Part II

Recent progresses: QCD corrections

J.P. Lansberg (IPNO) Quarkonium production May 4, 2011 5 / 25



Describing the mid- and high-PT ’s: QCD corrections

Describing the mid- and high-PT ’s: QCD corrections

J.Campbell, F. Maltoni, F. Tramontano, Phys.Rev.Lett. 98:252002,2007
P.Artoisenet, JPL, F.Maltoni, PLB 653:60,2007

B. Gong, J.X Wang, Phys. Rev. Lett. 100,232001,2008
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 ’s: QCD corrections

Impact of QCD corrections to CSM at mid and high PT
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Describing the mid- and high-PT ’s: QCD corrections

Models vs. LHCb data for the Υ
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Colour Octets at low/mid PT in pp ?

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

No need of CO contributions at low PT : see slide on yields

Strong constraints from the e+e− analyses

Recent Belle update of e+e− → J/ψ + X>2ch.tr .
non cc̄ =0.43± 0.09± 0.09 pb

e+e− → J/ψgg CS at NLO + rel. corr. : 0.4-0.7 pb
no space for CO (1S0 or 3PJ ) in B-factory data

Y.Q.Ma,..., K.T. Chao ,PRL102 (2009)162002; B.Gong, J.X.Wang, PRL102 (2009) 162003; Z.G. He,..., K.T. Chao, PRD81 (2010) 054036

e+e− → J/ψgg CO at NLO: 0.9-1.0 pb using universality with Tevatron

IF one ignores the CSM: upper bound on CO Y. Zhang,...,K.T. Chao, PRD81:034015,2010.

〈0|OJ/ψ[1S(8)
0 ]|0〉+ 4.0 〈0|OJ/ψ[3P(8)

0 ]|0〉/m2
c ≤ (2.0± 0.6)× 10−2 GeV3
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Polarisation: QCD corrections and feed-downs

QCD corrections, feed-down and polarisation
B. Gong, J.X Wang, Phys. Rev. Lett. 100,232001,2008.

P.Artoisenet, J.Campbell,JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101,152001,2008
JPL, EPJC 61,693,2009. JPL, PLB 695,149,2011.

Þ Complete modification of the CSM polarisation at NLO (also at NNLO?)
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Þ COM polarisation a priori unchanged at NLO B. Gong, ..., J.X. Wang, Phys.Lett. B673 (2009) 197

Þ Yet, very strong sensitivity on the fit procedure: B. Kniehl, M Buttenschön vs. K.T Chao’s group

Þ Polarisation from χQ Feed-down unknown at NLO:

If χc →3 S1γ is E1: αmax
from χc

= +1.00 and αmin
from χc

= −0.45

For the J/ψ: JPL J. Phys. G 38 (2011) 124110
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Polarisation is maybe not so discrimant
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Q + hadron azimuthal correlations

New observables
Þ J/ψ+ hadron azimuthal correlations STAR Collab., Phys.Rev.C80:041902 (R),2009.

PYTHIA might not be reliable ( Color Singlet at LO: gg → J/ψg)
Need for updates with NLO and NNLO?

gg → J/ψg : peak at ∆φ = π (activity from the recoiling jet)
gg → J/ψgg : peak at ∆φ = π + activity between 0 and π
gg → J/ψggg : peak at ∆φ = π + activity between 0 and π + near jet ?

Þ Υ + hadron azimuthal correlations Talk by M. Cervantes (STAR) at WWND 2011
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Q+ Q

New observables
Þ J/ψ + D orJ/ψ+lepton in the yield integrated over PT

S. J. Brodsky and JPL, PRD 81 051502 (R), 2010

peak at ∆φ = π
Rapidity dependence gives info on c(x)
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Þ J/ψ + D orJ/ψ+lepton at large PT (say, PT > 15 GeV)

Near D or lepton: signal of c → J/ψ + c “fragmentation”
No near D in gg → gg → 3S[8]

1 g → J/ψcc̄ (If any c, both are away)

Þ Υ + bb̄ : Υ + one b tagged jet
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Q + isolated photon

J/ψ + γ

At high energy, 2 gluons in the initial states: no quark

The photon needs to be emitted by the c-quark loop

Gluon fragmentation associated with C = +1 octet (1S[8]
0 and 3P [8]

J )

CS rate at NLO ' conservative (high) expectation from CO
R.Li and J.X. Wang, PLB 672,51,2009

CO rates may be clearly lower if 1S[8]
0 and 3P [8]

J are indeed suppressed
(at NLO)At NNLO?, CS rate clearly above (high) expectation from CO

JPL, PLB 679,340,2009.

Clearly, new info on CS vs CO w.r.t inclusive case !

Possible: see (c,b)− jet + γ studies by D0 up to Pγ
T ' 150 GeV !

D0, PRL102 (2009) 192002.
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Single Spin Asymmetry

Single Spin Asymmetry

Information on the Q production mechanisms can also obtained in:

Þ (single) polarised~pp collisions, e.g. Single Spin Asymmetry
“a nonzero transverse SSA generated by a gluon Sivers TMD would be an
evidence against large contributions from CO transition”.

F. Yuan, PRD 78, 014024 (2008).

SSA 6= 0 in pp: indication for CSM
SSA 6= 0 in ep: indication for COM
it comes from the (im)possibility of final state interferences
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PHENIX, PRD 82, 112008 (2010)

At xF > 0, the gluon from the~p has a larger xB

It knows more about the proton spin than at low xB
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Part IV

new measurement at the LHC: Υ in pA
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Conclusions and Outlooks

LO pQCD (CSM) reproduces the yield:
relevant for heavy-ion studies: LO CSM is gg → Qg

Agrees with the strong reduction of CO contributions at low/mid PT
expected from e+e− analyses

LO CSM fails as far as dσ/dPT is concerned
Higher-QCD corrections open leading PT channel: they are
needed !

2→ 3, 2→ 4 channels
Drawback: large theoretical uncertainties. . .

Dominant contributions are known only at Born order (ex:

gg → J/ψggg)

(N)NLO corrections alter the polarization : transverse→
longitudinal
CO fits of xsection disagree in their prediction of polarisation
Need for new observables, need for NLO evaluations

at the LHC or elsewhere !
Need to understand LHC low PT data: 2 projects
A Fixed Target ExpeRiment at the LHC can provide much
information

see http://after.in2p3.fr
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Part V

Backup

J.P. Lansberg (IPNO) Quarkonium production May 4, 2011 26 / 25



Analogy with the PT spectrum for the Z 0 boson
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