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Outline

Introduction
What we understand:

1 why QCD corrections do matter at mid- and high-PT

2 why χc ’s and χb’s do matter...

What we seem to understand:
3 that QCD corrections do matter for the polarisation, but why ?

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

5 what the leading mechanism for ψ production at low PT is

What we do not understand:
6 ψ production at very large PT

7 Other features not understood

What we expect from the LHC
8 More observables !
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Different ways to produce quarkonia in pp collisions

At high energy, the number of gluons able to produce a Q is very large

One can therefore consider only the production initiated by gluons

For the J/ψ for instance, there are however several ways to produce it:

Prompt production: the gluons produce the J/ψ:

-without any intermediate b quark decay
gg → BB̄ → χc + X → J/ψ + X rejected

-with or without any intermediate Q′: gg → χcg → J/ψ + X accepted

Non-prompt production: the gluons produce the Q:

-with an intermediate b quark decay : gg → BB̄ → J/ψ + X accepted;
gg → J/ψg rejected

The study to separate
prompt from
non-prompt events is
done thanks to a silicon
microvertex detector

Direct production: the gluons produce the J/ψ:

-without any intermediate b quark decay: gg → BB̄ → J/ψ+ X rejected

-without any other intermediate Q′ : gg → χcg → J/ψ+ γ + X rejected
One needs to see the γ emitted by the χc .
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Part I

What we understand
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why QCD corrections do matter at mid- and high-PT

QCD corrections for Υ at the Tevatron

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

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)
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why QCD corrections do matter at mid- and high-PT

Analogy with the PT spectrum for the Z 0 boson
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why QCD corrections do matter at mid- and high-PT

QCD corrections for ψ(2S) at the Tevatron

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

P.Artoisenet, AIP Proc. Conf 1038,55,2008 & JPL, EPJC 61:693,2009.
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why QCD corrections do matter at mid- and high-PT

QCD corrections J/ψ photoproduction at HERA

P. Artoisenet et al.Phys. Rev. Lett. 102, 142001 (2009)
M.Kramer Nucl.Phys.B459:3 1996

e.g. H1,arXiv:1002.0234

ψ or Υ

αα2
S
P
−8
T

γ

ψ or Υ

g

αα3SP
−6
T

γ

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 8 / 25



why QCD corrections do matter at mid- and high-PT

QCD corrections J/ψ photoproduction at HERA

P. Artoisenet et al.Phys. Rev. Lett. 102, 142001 (2009)
M.Kramer Nucl.Phys.B459:3 1996

e.g. H1,arXiv:1002.0234

ψ or Υ

αα2
S
P
−8
T

γ

ψ or Υ

g

αα3SP
−6
T

γ

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 8 / 25



why QCD corrections do matter at mid- and high-PT

What about the CSM predictions for dσ
dy ?

S. J. Brodsky and JPL, PRD 81 051502 (R), 2010
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NLO+: adding one new LO contribution cg → J/ψc
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why χc ’s and χb ’s do matter...

Impact of χc ’s and χb’s

Br(χc2 → J/ψγ) ' 20%

Br(χc1 → J/ψγ) ' 34%

R ′P(0) = 5.75× 10−2GeV5

RS(0) = 1.01 GeV3

Þ J/ψ from χc should be clearly suppressed w.r.t direct J/ψ

Þ However, PT scaling of
dσχc
dPT

is different than that of
dσJ/ψ

dPT

for a similar power of αS

χc,0,2

α2Sδ(PT)

g

g

g
χQ,0,1,2

g

α3sP
−6
T

χQ,0,1,2

α4SP
−4
T

g

q
Þ In fact, in the 90’s, people thought that J/ψ from χc should dominate,

because of the latter argument
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Part II

What we seem to understand
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that QCD corrections do matter for the polarisation, but why ?

Υ & ψ polarisation in hadroproduction at O(α4
S) & O(α5

S)

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, Phys. Rev. Lett. 101,152001,2008
B. Gong, J.X Wang, Phys. Rev. Lett. 100,232001,2008.

see also JPL EPJC 61,693,2009.
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Þ Complete modification of the polarisation at NLO (also at NNLO?)

Þ Yield from kT factorisation is also longitudinal (in the helicity frame)

Þ This is not yet explained by simple arguments
(although reasonable)
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that Colour Octet Dominance is challenged at low/mid PT in pp

So far, the most fashionable solution: Colour Octet Dominance

Color Octet Mechanism: physical states can be produced by coloured pairs
NRQCD: Bodwin, Braaten, Lepage, 1995; 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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CDF, PRL 99: 132001, 2007
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that Colour Octet Dominance is challenged at low/mid PT 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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what the leading mechanism for ψ production at low PT is

what the leading mechanism for ψ production at low PT is.

2→ 2 processes and PDF extraction

Reduced impact of colour octet channels via α2
s : 2→ 1 (gg → (cc̄)8)

see previous slide

gg → ψg and cg → J/ψc via colour singlet reproduce the data
see slide 9

Are we confident enough to extract PDF’s from dσ/dy using a 2→ 2
kinematics and the CSM ?

Maybe, we should try first with gg → χc2 (or χc0)

2→ 1 is dominant in any case (CSM, COM, CEM)

χc,0,2

α2Sδ(PT)

g

g

Branching of χc2 into J/ψ : 20 % (1 % for the χc0)
When we have data, we can still check the rate before using dσ/dy
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see slide 9

Are we confident enough to extract PDF’s from dσ/dy using a 2→ 2
kinematics and the CSM ?

Maybe, we should try first with gg → χc2 (or χc0)

2→ 1 is dominant in any case (CSM, COM, CEM)

χc,0,2

α2Sδ(PT)

g

g

Branching of χc2 into J/ψ : 20 % (1 % for the χc0)

When we have data, we can still check the rate before using dσ/dy
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What about the polarisation measurement, then ?
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Could be the data ...
Let’s wait for the LHC data for prompt ψ(2S) or direct J/ψ
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Other features not understood

Other features not understood

σ(χc1)/σ(χc2): Hera-B vs CDF, COM vs CSM vs CEM
NEW: NLO for χc ’s: Y.-Q. Ma, K. Wang, K.-T. Chao, arXiv:1002.3987 [hep-ph]

Impact of initial kT of the gluons ?

In AA, status of cc̄ recombination ?

In pA and AA how is the polarisation affected by CNM and QGP ?

Is J/ψ a good probe of QGP ?

Is, in practice, the charmonium family production/suppression suitable
to study “sequential suppression” by QGP ?
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Part IV

what we expect from the LHC:

new measurements
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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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More observables !

New observables

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/ψgg , gg → J/ψggg)

J/ψ + D or J/ψ+lepton: peak at ∆φ = π in the yield integrated over PT
S. J. Brodsky and JPL, PRD 81 051502 (R), 2010

 0

 10

 20

 30

 40

 50

 0  1  2  3

N
(J

/ψ
+

c)
 / 

N
(J

/ψ
+

X
) 

 (
%

) 

y
No IC

BHPS
Sea-like

Besides, the rapidity
dependence gives
info on c(x)
plot for RHIC kinematics

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 22 / 25



More observables !

New observables

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/ψgg , gg → J/ψggg)

J/ψ + D or J/ψ+lepton: peak at ∆φ = π in the yield integrated over PT
S. J. Brodsky and JPL, PRD 81 051502 (R), 2010

 0

 10

 20

 30

 40

 50

 0  1  2  3

N
(J

/ψ
+

c)
 / 

N
(J

/ψ
+

X
) 

 (
%

) 

y
No IC

BHPS
Sea-like

Besides, the rapidity
dependence gives
info on c(x)
plot for RHIC kinematics

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 22 / 25



More observables !

New observables

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/ψgg , gg → J/ψggg)

J/ψ + D or J/ψ+lepton: peak at ∆φ = π in the yield integrated over PT
S. J. Brodsky and JPL, PRD 81 051502 (R), 2010

 0

 10

 20

 30

 40

 50

 0  1  2  3

N
(J

/ψ
+

c)
 / 

N
(J

/ψ
+

X
) 

 (
%

) 

y
No IC

BHPS
Sea-like

Besides, the rapidity
dependence gives
info on c(x)
plot for RHIC kinematics

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 22 / 25



More observables !

New observables

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/ψgg , gg → J/ψggg)

J/ψ + D or J/ψ+lepton: peak at ∆φ = π in the yield integrated over PT
S. J. Brodsky and JPL, PRD 81 051502 (R), 2010

 0

 10

 20

 30

 40

 50

 0  1  2  3

N
(J

/ψ
+

c)
 / 

N
(J

/ψ
+

X
) 

 (
%

) 

y
No IC

BHPS
Sea-like

Besides, the rapidity
dependence gives
info on c(x)
plot for RHIC kinematics

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 22 / 25



More observables !

New observables

J/ψ + γ

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

A priori, no real new info on the relative importance of CS vs CO
But...

JPL, PLB 679:340,2009.

J/ψ + cc̄ , Υ + bb̄

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 23 / 25



More observables !

New observables

J/ψ + γ

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

A priori, no real new info on the relative importance of CS vs CO
But...

JPL, PLB 679:340,2009.

J/ψ + cc̄ , Υ + bb̄

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 23 / 25



More observables !

New observables

J/ψ + γ

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

A priori, no real new info on the relative importance of CS vs CO

But...

JPL, PLB 679:340,2009.

J/ψ + cc̄ , Υ + bb̄

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 23 / 25



More observables !

New observables

J/ψ + γ

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

A priori, no real new info on the relative importance of CS vs CO
But...

JPL, PLB 679:340,2009.

J/ψ + cc̄ , Υ + bb̄

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 23 / 25



More observables !

New observables

J/ψ + γ

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

A priori, no real new info on the relative importance of CS vs CO
But...

JPL, PLB 679:340,2009.

J/ψ + cc̄ , Υ + bb̄

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 23 / 25



Part V

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 !

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 ?
Prepare yours for a 3 day workshop in École polytechnique devoted to
Quarkonium production after ICHEP in Paris (29-31 July 2010)

www.cpht.polytechnique.fr/quarkonium
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Quarkonium production after ICHEP in Paris (29-31 July 2010)

www.cpht.polytechnique.fr/quarkonium

J.P. Lansberg (Ecole Polytechnique–CPHT) Production de J/ψ et Υ au LHC 8 avril 2010 25 / 25



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 !

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 ?
Prepare yours for a 3 day workshop in École polytechnique devoted to
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