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Production Mechanisms

J/ψ is colourless

• Colour Singlet Model (CS) :

γ-’direct’: γg → cc̄g z ! 0.3

cc̄ [1,3 S1]

CS: one parameter:

fixed from Γ(J/ψ → l+l−)
LO: Berger et al, Baier et al, 1981

NLO (direct): Krämer et al, 1995

γ-’resolved’: gg → cc̄g z " 0.3
(photoproduction only)
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Figure 4: Exclusion limits at 95% CL on the coupling λ as a function of the leptoquark (LQ)
mass for S̃1/2,L (top) and S0,L (bottom) in the framework of the BRW model. The direct D0

limits are independent of the coupling. For S̃1/2,L the indirect limit from OPAL is shown,

whereas for S0,L the better indirect limit from L3 is shown. Constraints on LQs with masses

above 350GeV obtained from the H1 contact interaction (H1 CI) analysis [15] are also shown,
in the rightmost part of the figures.
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still further improvements expected: hadronic calibration, more data to be 
analyzed, final combinations of H1 & ZEUS data, and NNLO calculations 
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·new precise & consistent 
αs(MZ) extractions in γp 

and NC DIS

·compatible with LEP and 
the world average

·high exp. precision (0.6 
to 3%)

·error dominated by NLO 
uncertainty 
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√
sep ∼ 320 GeV

‣ QCD measurements

‣ Electroweak physics

‣ Searches for new physics
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J/ψ Event Signature
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ep -Interactions at HERA
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‣ J/ψ, ψ(2S), ϒ measurements:
‣ use decays into μ+μ-  or e+e-

‣ Trigger and reconstruction 
down to pt ~ 0

‣ Feed down contributions                        
(not subtracted from data):
‣ ψ(2S): ~15 %
‣ B, Xc: few % in measured range
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Event Kinematics
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Event Kinematics
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pQCD Calculations
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γ

Xp

Colourless exchange (≥ 2 gluons) Boson-Gluon-Fusion

Ψ(γ → cc̄) ⊗ σ2
dipole ⊗ Φ(J/ψ)

∑
σ̂(γp → cc̄[n]X) × LDME[n])

σ ∝ |xg(x)|2 → fast rise with W ∝ 1/x σ ∝ |xg(x)| → moderate rise with W

dσ/dt ∝ −t−3 dσ/dp2
t,ψ ∝ (p2

t,ψ + M2
ψ)−4...5

J/ψ Photoproduction
Andreas B. Meyer, Hamburg University 5

Production Mechanisms

6

MX ~ mpMX >> mp

z>0.05 z~0.9

pQCD Calculations
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σ̂(γp → cc̄[n]X) × LDME[n])

σ ∝ |xg(x)|2 → fast rise with W ∝ 1/x σ ∝ |xg(x)| → moderate rise with W

dσ/dt ∝ −t−3 dσ/dp2
t,ψ ∝ (p2

t,ψ + M2
ψ)−4...5

J/ψ Photoproduction
Andreas B. Meyer, Hamburg University 5

inelastic
exchange of colourless stateboson-gluon fusion
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z>0.05 z~0.9
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pQCD Calculations

J/ψ

e e′

γ

Xp

vJ/ψ

e e′

γ

Xp

Colourless exchange (≥ 2 gluons) Boson-Gluon-Fusion

Ψ(γ → cc̄) ⊗ σ2
dipole ⊗ Φ(J/ψ)

∑
σ̂(γp → cc̄[n]X) × LDME[n])

σ ∝ |xg(x)|2 → fast rise with W ∝ 1/x σ ∝ |xg(x)| → moderate rise with W

dσ/dt ∝ −t−3 dσ/dp2
t,ψ ∝ (p2

t,ψ + M2
ψ)−4...5

J/ψ Photoproduction
Andreas B. Meyer, Hamburg University 5

EAF'0!-&'!4-%!'&.%!G1&"41.!"1.H%$'!&'!4-%!F-/4/"

HERA, Tevatron, LHC:
universality of quarkonium production models Measure partonic structure of diffraction
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Elastic Quarkonium Production

8

z~1 ‣ Elastic VM production has been measured for 
ρ0, ω, ϕ, J/ψ, ψ(2S) and ϒ(1S)

‣ Controled variation of up to 4 different scales                          
(mVM, Q2, Wgp and t) in the same experiment:   
‣ unique multi-scale problem
‣ study interplay between soft and hard QCD

‣ Test of QCD concepts, e.g. Generalized Parton 
Distributions, BFKL, 

ϒ(1S)
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Inelastic Heavy Quarkonium Production

‣ Colour Singlet Model

Production Mechanisms

J/ψ is colourless

• Colour Singlet Model (CS) :

γ-’direct’: γg → cc̄g z ! 0.3

cc̄ [1,3 S1]

CS: one parameter:

fixed from Γ(J/ψ → l+l−)
LO: Berger et al, Baier et al, 1981

NLO (direct): Krämer et al, 1995

γ-’resolved’: gg → cc̄g z " 0.3
(photoproduction only)

CS: one parameter
fixed from 

Γ(J/ψ → "+"−)

LO: Berger et al, Baier et al, 1981
NLO: Kraemer et al, 1995

NRQCD-factorization:

σJ/ψX =
∑

σ̂(pp̄ → cc̄[n]X) × LDME[n]

Bodwin, Braaten, Lepage 1995

Production Mechanisms

• Colour Octet Model (CO):

direct: γg → cc̄

cc̄ [8,2S+1 LJ]

resolved: gg → cc̄

Bodwin, Braaten, Lepage, 1995

cc̄ → J/ψ (+ soft gluons)

NRQCD+factorization:

σ(γ(∗)p → J/ψX) =
∑

σ̂(γp → cc̄[n]X)×LDME[n])

LDME not calculable, but universal, fixed from pp̄

9

‣ Colour Octet Contributions

(soft gluon radiation)

LDME determined from Tevatron data 
(NLO not yet available for pp or pp)

_
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J/ψ Production at HERA

10

CS(NLO)CS(LO)

LO

NLO

NLO

NLO

CSM: NLO available for γp already since 1995

good description of HERA data

NLO corrections are very large !
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Kraemer et al, 1995

H1 Collaboration, 2010 
1002.0234![hep-ex]
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J/ψ Production at HERA

11

Artoisenet, Maltoni et al, 2009
Kraemer et al, 1995

‣ Kraemer et al
‣ mc = 1.3 GeV
‣ MRST
‣ 

‣ Artoisenet et al
‣ mc = 1.5 GeV
‣ CTEQ6M
‣ µr = µf = 4mc

µr = µf =
�

m2
c + p2

t

2

No discrepancies between calculations / choice of scales is "matter of taste" (!?)

New calculation lower than previous results - due to use of different scales

CSM (NLO): re-calculated recently
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J/ψ Production at HERA and Tevatron

12

HERA Artoisenet, Maltoni et al, 2007Tevatron

NLO

LO

NNLO

Artoisenet, Maltoni et al, 2009

CSM (NLO) calculations for HERA and Tevatron by same authors

looking consistent, i.e. shape ok, normalization off
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J/ψ Production at HERA

Shape well described

Test against elasticity distribution z:

Artoisenet, Maltoni et al, 2009Artoisenet, Maltoni et al, 2009

Production Mechanisms

J/ψ is colourless

• Colour Singlet Model (CS) :

γ-’direct’: γg → cc̄g z ! 0.3

cc̄ [1,3 S1]

CS: one parameter:

fixed from Γ(J/ψ → l+l−)
LO: Berger et al, Baier et al, 1981

NLO (direct): Krämer et al, 1995

γ-’resolved’: gg → cc̄g z " 0.3
(photoproduction only)
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Color Octet Contributions
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Figure 41: Differential cross sections for the production of direct J/ψ at the Tevatron as a

function of pt. The data points are CDF measurements from Run I [191, 192]. The dotted

curves are the CSM contributions. The solid curves are the NRQCD factorization fits, and the

other curves are individual color-octet contributions to the fits (taken from [165]).

poration model [171, 172] and soft color interactions [173]. Most recently the ansatz of non-

relativistic quantum chromodynamics (NRQCD) factorization was introduced in which colour

octet cc̄ states contribute to the charmonium production cross section.

Theoretical calculations based on the NRQCD factorization approach [174–176] are avail-

able in leading order [177–182]. In the NRQCD factorization approach the size of the color

octet contributions, which are described by long distance matrix elements (LDME), are addi-

tional free parameters and have been determined in fits to the Tevatron data [183]. The NRQCD

factorization approach contains the color singlet model which is recovered in the limit in which

the long distance matrix elements tend to zero.

For J/ψ and ψ(2S) photoproduction, the CSM calculations are available including next-to-

leading order contributions [184, 185]. Alternatively, using the CSM, inelastic J/ψ production

can be modeled in the kt factorization approach (see section 2.5) using an unintegrated (kt

dependent) gluon density in the proton [186, 187, 190].

Figure 41 shows data from CDF [191,192] together with CSM calculations to leading order

and fitted color octet contributions. It can be seen that the color octet contributions are large,

leading to a good description of the data. Unfortunately those long distance matrix elements

which are most important in J/ψ and ψ(2S) photoproduction at HERA, are not well constrained

by the Tevatron data and thus contain large uncertainties [165]. The new charmonium results

from the Tevatron Run-II (see e.g. fig. 7) which provide much more statistics and extend to lower

values of pt,ψ could help to reduce the uncertainties of the LDME significantly.

It should be noted that next-to-leading-order corrections might change the size of the color

octet contributions substantially. Although the NLO terms have not been calculated in the

NRQCD approach, effects that are similar to those in the CSM may be expected, in which the

56

	�! 
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���
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Kniehl, Butenschoen, 2009HERA Tevatron

σJ/ψX =
∑

σ̂(pp̄ → cc̄[n]X) × LDME[n]

LDME (not yet at NLO) determined from Tevatron data

Error band: difference between LDME (LO) and LDME (LO higher order improved)

HERA photoproduction CO perturbative matrix elements now calculated to NLO

Kniehl, Kramer, 1998

���
��

�����
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Shape wrong

Possibly due to LO -  LDME (NLO) requires full NLO calculation of all NRQCD components to hadroproduction

Test against elasticity distribution z:

Production Mechanisms

• Colour Octet Model (CO):

direct: γg → cc̄

cc̄ [8,2S+1 LJ]

resolved: gg → cc̄

Bodwin, Braaten, Lepage, 1995

cc̄ → J/ψ (+ soft gluons)

NRQCD+factorization:

σ(γ(∗)p → J/ψX) =
∑

σ̂(γp → cc̄[n]X)×LDME[n])

LDME not calculable, but universal, fixed from pp̄
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CCFM implemented in Monte Carlo event generator CASCADE

�CCFM evolution equation 

�kt - unintegrated gluon density 

�contains NLO components

J/ψ Production in kT-Factorization

M.Ciafaloni et al, 1988

71H. Jung, QCD & Collider Physics II, Lecture 2 SuSe 2006

k
t
-factorization and collinear NLO

off-shell matrix elements (kt – factorization) includes part of NLO corrections:

even soft kt region is properly treated (not the case in part.level NLO calc)
in addition contributions to all orders are included

16

Kt-factorization (CSM) as implemented in CASCADE describes HERA data very well
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out of the box match with data   /  no need for CO and/or complex reweighting  etc.
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J/ψ Production in kT-Factorization

17
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Shape well described, normalization also ok

Test against elasticity distribution z:

out of the box match with data   /  no need for CO, reweighting etc.

Production Mechanisms

J/ψ is colourless

• Colour Singlet Model (CS) :

γ-’direct’: γg → cc̄g z ! 0.3

cc̄ [1,3 S1]

CS: one parameter:

fixed from Γ(J/ψ → l+l−)
LO: Berger et al, Baier et al, 1981

NLO (direct): Krämer et al, 1995

γ-’resolved’: gg → cc̄g z " 0.3
(photoproduction only)
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J/ψ Helicity Distributions

�" and ! from angular distributions 

�Two complementary frames:

�Helicity: z defined by J/ψ direction in γp rest frame

�Collins Soper: z defined by bisector of γ and p in J/ψ 
rest frame

�Projections onto x,y,z give:

�z

�y

�x

�Measurement: minimize X2 by variation of      
angular distributions at generator level
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Helicity:
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J/ψ Helicity Distributions

 [GeV]T,P
2 4 6 8 10-1

0

1

2

H1

p)Data (
 fact. (Set A0)TBaranov - CSM k

Baranov - CSM coll. fact. (LO)
Artoisenet et al. - CSM (NLO)

 [GeV]T,P
2 4 6 8 10-1

0

1

2

 [GeV]T,P
2 4 6 8 10-1

0

1

2

H1

p)Data (
 fact. (Set A0)TBaranov - CSM k

Baranov - CSM coll. fact. (LO)
Artoisenet et al. - CSM (NLO)

 [GeV]T,P
2 4 6 8 10-1

0

1

2

Note: " changing sign going from LO to NLO

New calculations in NLO and kt-factorization available

Kt-factorization and CSM (NLO) show correct trends - within large errors
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Summary
� Measurements of Inelastic Charmonium Production:

� H1: cross sections and polarization (ep and γp) final publication just out / reported here

� ZEUS: polarization (γp) published - final cross section measurements to come

� Reconstruction of final state kinematics: elasticity z (fractional photon energy carried by J/ψ in p rest frame): 
Sensitivity to final state QCD radiation, distinguish between different models and production regimes

� Detailed comparisons of H1 data with several recent calculations:

� CSM (NLO) describes shape of data rather well, polarization ok

� Normalization too low - recent choice of scale - large normalization uncertainties 

� This picture is largely consistent between HERA and Tevatron

� CS+CO (NLO): first x-sec. calculations of color octet contributions to next-to-leading order are available now for HERA.

� Failure describing the elasticity distribution z

� Full determination of LDME (NLO) requires full calc. of ME for Hadroproduction + fit of Tevatron data (underway)

� Test of NRQCD factorization / universality of LDME still to be done

� Kt-factorization (CSM) does a good job describing the HERA data out-of-the box

� Similar in shape as CSM (NLO), normalization and polarization ok.

� The multi-purpose MC generator CASCADE implements kt-factorization (CCFM), available for ep, γp, pp, pp

20
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Backup
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Polarization Measurements as fct of z
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Lifetime Distribution / Feed Down from B decays
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Fraction of J/ψ coming from B decays measured to be small 
(~15 % in lowest bin of the prompt production measurement, z  > 0.3 )

measured region


