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Heavy Quark Production at HERA

Interest in Charm :

mc is large

- pQCD applicable

- multi scale problem (Q2, pt
2)

sensitivity to gluon density

large fraction of cross section

tool for b-tagging
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Theoretical Calculations and Monte Carlo Programs

Calculations and Monte Carlo programs used to describe Heavy Flavour production: 

Monte Carlo Programs

- leading order (LO) + parton shower (PS)  models available

! DGLAP evolution (collinear factorization): 

- ! p:                                                               PYTHIA, HERWIG 

- DIS:                                                             RAPGAP

! CCFM evolution (kt factorization) ! p + DIS:     CASCADE

Theoretical Calculations

- full NLO calculations available

! ! p:                                                                    FMNR

! DIS:                                                                  HVQDIS  
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Charm Production in DIS
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Figure2: TheinvariantK! massdistribution(a)andthedistributionof ∆M = M(K! ! slow) !
M(K! )(b). Thesignaldatasampleis shown asblackpointsandthewrongchargedbackground
assolid line. In bothdistributiona largesignalof D! mesonsis visible. In (a)at low massesthe
reflectionS0 is present.
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5 Results

The total visible cross section is measured to be

! totvis(e
±p ! e±D !±X ) = 4.23 ± 0.09 (stat.) ± 0.37 (syst.) nb (5)

in the visible region of the photon virtuality 5 < Q2 < 100 GeV2, of the inelasticity 0.05 <
y < 0.6, of the transverse momentum of the D ! meson pt > 1.5GeV and of the pseudorapidity
|" | < 1.5.

For the same visible region the NLO calculation HVQDIS yields ! totvis = 4.28(3.46) nb for a
charm mass of 1.3(1.6) GeV, which is in good agreement with the measurement. The Monte-
Carlo generator RAPGAP yields a cross section of ! totvis = 4.40 nb and CASCADE gives ! totvis =
4.29 nb. In both cases a charm mass of 1.5 GeV is used.

In the Þgures 3, 4 and 5 the single differential cross sections are shown as function of
the photon virtuality Q2, the Bjorken x and the centre of mass energy W in the #p frame
respectively. The measurements are compared to the Monte-Carlo predictions by RAPGAP

(dotted blue line) and CASCADE (solid red line). The prediction of the next-to-leading order

calculation with the HVQDIS program is shown as the yellow band. All these predictions are

able to describe the measurement well within the given uncertainties for all these distributions.

The comparison with HVQDIS shows a preference for the upper edge of the prediction. The

variation of the charm mass has the largest inßuence on the normalization of the HVQDIS
prediction, meaning a small charm mass is preferred by the data.

The single differential cross sections as a function of the kinematics of the D ! meson are

given in theÞgures 6, 7 and 8. In Þgure 6 it seems that the HVQDIS prediction in dependence of
the transverse momentum of the D ! meson is slightly too ßat, while the Monte-Carlo programs
are able to describe the data properly. The HVQDIS prediction is also not able to describe

the data as a function of the pseudorapidity " for " > 0.5 (Þgure 7), while CASCADE agrees
with the data and RAPGAP is too high for " < " 1. For the cross section as a function of the
inelasticity zD ! of the D ! meson (Þgure 8) HVQDIS is clearly not able to describe the shape
properly. On the other hand both Monte-Carlo predictions are able to describe the inelasticity

zD ! reasonably well.

In order to investigate the disagreement in the pseudorapidity " D ! between data and the

HVQDIS calculation further, a double differential measurement in pt (D !) and " D ! is performed.

In Þgure 9 the cross section is presented as a function of the pseudorapidity " D ! in bins of the

transverse momentum of the D ! meson pt (D !). The discrepancy between the data and the
HVQDIS calculation for " > 0.5 in forward direction is located solely at low transverse mo-
menta between 1.5 GeV and 2.5 GeV. In addition there also seems to be a small discrepancy

between the data and the CASCADE prediction in the most forward " bin for transverse mo-
menta higher than 2.5 GeV, where the prediction is slightly higher than the data.

6 Conclusion

A measurement of D ! meson production in deep inelastic scattering is performed with 4-fold

increased statistics in comparison to previous H1 measurements. The overall features of the data
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HVQDIS      4.28 nb       1.3

                    3.46 nb       1.6

RAPGAP      4.40 nb       1.5

CASCADE   4.29 nb       1.5 
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HERA II data

- 2004-2006

-     = 222 pb-1  (4x increase in statistics)

Kinematic range

- 5 < Q2 < 100 GeV2 

- 0.05 < y < 0.6

Charm tagging via golden decay channel of D*

-    

Cross section in visible range

- pT(D*) > 1.5 GeV

- |! (D*)| < 1.5

~10000 D*
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Differential D* Cross Sections

5

(D*)[GeV]
T

p
10

 [n
b/

G
eV

]
T

 e
D

*X
)/

 d
p

!
(e

p
"d

-210

-110

1

10 H1 preliminary
HERA II 04-06

(D*)[GeV]
T

p
10

 [n
b/

G
eV

]
T

 e
D

*X
)/

 d
p

!
(e

p
"d

-210

-110

1

10 H1 data
RAPGAP
CASCADE
HVQDIS

<1.6 GeVc1.3<m

c
2+4 m2=Q

r
2!=

f
2!

! < 2 ! < !0.5 
(Peterson)=0.045#

2 < 100 GeV25 < Q
 0.05 < y < 0.6

 (D*) | < 1.5$  | 
 (D*) > 1.5 GeV

T
p

Figure 6: Differential cross section as a function of the transverse momentum of the D !-meson

in the visible kinematical range of 5 < Q2 < 100 GeV2, 0.05 < y < 0.6 and |! (D !)| < 1.5.
See the caption of Þgure 3 for further details.
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thecaptionof figure3 for furtherdetails.
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Transverse momentum

- well described by MC 

programs

- HVQDIS slightly too 

hard

Pseudorapidity

- CASCADE OK

- HVQDIS too low for  

" > 0.5

- RAPGAP too high for 

" < -1

Inelasticity

- reasonably described 

by MC programs

- HVQDIS fails
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Double Differential D* Cross Section
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Figure 9: Double differential cross section as a function of pt (D!) and ηD ! in the visible kine-

matical range of 5 < Q2 < 100GeV2, 0.05 < y < 0.6. See the caption of figure 3 for further
details.
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Large HERA II statistics make more 

differential tests possible:

HVQDIS

- discrepancy in forward direction 

located at low p T 

CASCADE

- small discrepancy in most forward  

bin for pT > 2.5 GeV 

RAPGAP

- overshoot for " < -1 concentrated at  

pT > 3.5 GeV

Need even more precise data to 

differentiate between models

Abstract 173



carsten.niebuhr@desy.deEPS HEP07, Manchester: Charm Production at H1

Double Differential D* Cross Section
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Double Differential D* Cross Section
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Double Differential D* Cross Section
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details.
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Large HERA II statistics make more 

differential tests possible:

HVQDIS

- discrepancy in forward direction 

located at low p T 

CASCADE

- small discrepancy in most forward  

bin for pT > 2.5 GeV 

RAPGAP

- overshoot for " < -1 concentrated at  

pT > 3.5 GeV

Need even more precise data to 

differentiate between models
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D* + Jets

Study azimuthal correlation between D* and 

the jet in " p and DIS:    #$(D! ,Jet)

- Gluon radiation or initial parton-kT can 

lead to deviation from back-to-back 

topology

Results based on HERA I data:

- PYTHIA [" p]: good description by LO+PS

- HVQDIS [DIS] and FMNR [" p]: need for 

contributions beyond NLO

- CASCADE [" p +DIS]: kT-distribution in 

unintegrated gluon density too broad
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D* + Jets

Study azimuthal correlation between D* and 

the jet in " p and DIS:    #$(D! ,Jet)

- Gluon radiation or initial parton-kT can 

lead to deviation from back-to-back 

topology

Results based on HERA I data:

- PYTHIA [" p]: good description by LO+PS

- HVQDIS [DIS] and FMNR [" p]: need for 

contributions beyond NLO

- CASCADE [" p +DIS]: kT-distribution in 

unintegrated gluon density too broad
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Study azimuthal correlation between D* and 

the jet in " p and DIS:    #$(D! ,Jet)

- Gluon radiation or initial parton-kT can 

lead to deviation from back-to-back 

topology

Results based on HERA I data:

- PYTHIA [" p]: good description by LO+PS

- HVQDIS [DIS] and FMNR [" p]: need for 

contributions beyond NLO

- CASCADE [" p +DIS]: kT-distribution in 

unintegrated gluon density too broad
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Contribution from Resolved Processes

Photoproduction

- cross section underestimated 

at low x!obs < 0.6 by all 

calculations

DIS

- no need for additional 

resolved photon contribution 

beyond NLO
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Figure 6: Differential cross sections for the production of -jet and other jet as a function of

and double differentially in three regions. The inner error bars indicate the statistical errors,

and the outer error bars show the statistical and systematic uncertainties added in quadrature.

The bands for the expectations of HVQDIS and CASCADE are obtained using the parameter

variations as described in section 2. For the uncertainty of the hadronization correction is

the dominant contribution to the total theoretical uncertainty. In the lower plot, the RAPGAP

prediction, indicating the direct and the sum of direct and resolved contributions, is shown.
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Figure 6: Differential cross sections for the production of -jet and other jet as a function of

and double differentially in three regions. The inner error bars indicate the statistical errors,

and the outer error bars show the statistical and systematic uncertainties added in quadrature.

The bands for the expectations of HVQDIS and CASCADE are obtained using the parameter

variations as described in section 2. For the uncertainty of the hadronization correction is

the dominant contribution to the total theoretical uncertainty. In the lower plot, the RAPGAP

prediction, indicating the direct and the sum of direct and resolved contributions, is shown.
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Figure6: Differentialcrosssectionsfor theproductionof -jetandotherjetasafunctionof
anddoubledifferentiallyin three regions.Theinnererrorbarsindicatethestatisticalerrors,
andthe outererror barsshow thestatisticalandsystematicuncertaintiesaddedin quadrature.
Thebandsfor theexpectationsof HVQDIS andCASCADE areobtainedusingtheparameter
variationsasdescribedin section2. For theuncertaintyof thehadronizationcorrectionis
thedominantcontribution to the total theoreticaluncertainty. In the lower plot, theRAPGAP
prediction,indicatingthedirectandthesumof directandresolvedcontributions,is shown.
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prediction,indicatingthedirectandthesumof directandresolvedcontributions,is shown.
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Figure8: D ! tagged dijet cross sections as a function of xobs! compared with the predictions of

PYTHIA and CASCADE on the left and of the next-to-leading order calculation FMNR on the

right.
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Figure 9: D !+jet cross sections as function of ! ! (D !, jet) compared with the predictions of
PYTHIA and CASCADE on the left and of the next-to-leading order calculations FMNR and

ZMVFNS on the right. Due to divergencies in the NLO calculations the last two bins of (a) are

merged in (b).

29

!p

xobs
! =

!
J1

(E ∗ ! p∗z ) +
!

J2
(E ∗ ! p∗z )

!
had

(E ∗ ! p∗z )

Abstract 191

Abstract 192

Fraction of photon 

momentum participating 

in hard interaction:

1 Introduction

Charm photoproduction in ep collisions at HERA proceeds predominantly via photon-gluon
fusion asshown in Fig. 1, where thequasi real photon (virtuality Q2 ! 0 GeV2) isemitted from
the beam lepton. The charm quark mass provides a hard scale which allows perturbative QCD
(pQCD) to be applied over the full phase space. Therefore, charm photoproduction is partic-
ularly well suited to test perturbative calculations and the underlying theoretical approaches.

!

p

c

c

!

p

g

c

c

!

p

c

g

!

p

c

c

a) Direct ! b) Real Gluon Emission c) Excitation d) Hadron - like

Figure 1: Diagramsfor charm photoproduction: direct photon processes (a) and (b), and re-
solved photon processeswith (c) charmexcitation and (d) thehadronic manifestationof thereal
photon.

Previous measurements have focused on inclusive D ! ± meson production [1], D ! ± meson
with associated dijet production [2Ð4] and heavy quark pair production using events with a
D ! ± meson and amuon [5]. HereD ! ± photoproduction is considered, using adatasampleÞve
times larger than in the previous H1 analysis [1]. Single and double differential cross sections
for inclusive D ! ± production are presented and compared with theoretical calculations using
collinear-factorisation [6Ð9] or kt-factorisation [10Ð13]. Details of the heavy quark production
process are investigated further by studying events either with an additional jet not containing
the D ! meson (ÒD ! + other jetÓ) or with two jets (ÒD ! tagged dijetÓ). The jets are measured
down to atransversemomentum of pt(jet) = 3 GeV, which extendstheregion explored in [2Ð4]
to signiÞcantly smaller values. Whereas the D ! always originates from a charm or anticharm
quark produced in the hard subprocess, the non-D ! -tagged jet can result from either the other
heavy quark (Fig. 1a,b,d) or a light parton (e.g. a gluon, Fig. 1b,c) coming from higher order
processes. Measurements of correlations between the D ! and the jet are performed which are
sensitive to these higher order effects and to the longitudinal and transverse momenta of the
partonsentering thehard scattering process.

The paper is organised as follows. In section 2 a brief description of the H1 detector is
given, followed by the details of the event selection and the reconstruction of the D ! mesons.
In section 4 the theoretical calculations are described. In section 5 the determination of the
cross sections and the systematic uncertainties are presented and the measured cross sections
arecompared with theoretical calculations.
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- cross section underestimated 
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Figure6: Differentialcrosssectionsfor theproductionof -jetandotherjetasafunctionof
anddoubledifferentiallyin three regions.Theinnererrorbarsindicatethestatisticalerrors,
andthe outererror barsshow thestatisticalandsystematicuncertaintiesaddedin quadrature.
Thebandsfor theexpectationsof HVQDIS andCASCADE areobtainedusingtheparameter
variationsasdescribedin section2. For theuncertaintyof thehadronizationcorrectionis
thedominantcontribution to the total theoreticaluncertainty. In the lower plot, theRAPGAP
prediction,indicatingthedirectandthesumof directandresolvedcontributions,is shown.
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Figure 6: Differential cross sections for the production of -jet and other jet as a function of

and double differentially in three regions. The inner error bars indicate the statistical errors,

and the outer error bars show the statistical and systematic uncertainties added in quadrature.

The bands for the expectations of HVQDIS and CASCADE are obtained using the parameter

variations as described in section 2. For the uncertainty of the hadronization correction is

the dominant contribution to the total theoretical uncertainty. In the lower plot, the RAPGAP

prediction, indicating the direct and the sum of direct and resolved contributions, is shown.
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Figure 6: Differential cross sections for the production of -jet and other jet as a function of

and double differentially in three regions. The inner error bars indicate the statistical errors,

and the outer error bars show the statistical and systematic uncertainties added in quadrature.

The bands for the expectations of HVQDIS and CASCADE are obtained using the parameter

variations as described in section 2. For the uncertainty of the hadronization correction is

the dominant contribution to the total theoretical uncertainty. In the lower plot, the RAPGAP

prediction, indicating the direct and the sum of direct and resolved contributions, is shown.
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Figure6: Differentialcrosssectionsfor theproductionof -jetandotherjetasafunctionof
anddoubledifferentiallyin three regions.Theinnererrorbarsindicatethestatisticalerrors,
andthe outererror barsshow thestatisticalandsystematicuncertaintiesaddedin quadrature.
Thebandsfor theexpectationsof HVQDIS andCASCADE areobtainedusingtheparameter
variationsasdescribedin section2. For theuncertaintyof thehadronizationcorrectionis
thedominantcontribution to the total theoreticaluncertainty. In the lower plot, theRAPGAP
prediction,indicatingthedirectandthesumof directandresolvedcontributions,is shown.
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thedominantcontribution to the total theoreticaluncertainty. In the lower plot, theRAPGAP
prediction,indicatingthedirectandthesumof directandresolvedcontributions,is shown.
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Figure8: D ! tagged dijet cross sections as a function of xobs! compared with the predictions of

PYTHIA and CASCADE on the left and of the next-to-leading order calculation FMNR on the

right.
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Figure 9: D !+jet cross sections as function of ! ! (D !, jet) compared with the predictions of
PYTHIA and CASCADE on the left and of the next-to-leading order calculations FMNR and

ZMVFNS on the right. Due to divergencies in the NLO calculations the last two bins of (a) are

merged in (b).
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Fraction of photon 

momentum participating 

in hard interaction:

1 Introduction

Charm photoproduction in ep collisions at HERA proceeds predominantly via photon-gluon
fusion asshown in Fig. 1, where thequasi real photon (virtuality Q2 ! 0 GeV2) isemitted from
the beam lepton. The charm quark mass provides a hard scale which allows perturbative QCD
(pQCD) to be applied over the full phase space. Therefore, charm photoproduction is partic-
ularly well suited to test perturbative calculations and the underlying theoretical approaches.

!

p

c

c

!

p

g

c

c

!

p

c

g

!

p

c

c

a) Direct ! b) Real Gluon Emission c) Excitation d) Hadron - like

Figure 1: Diagramsfor charm photoproduction: direct photon processes (a) and (b), and re-
solved photon processeswith (c) charmexcitation and (d) thehadronic manifestationof thereal
photon.

Previous measurements have focused on inclusive D ! ± meson production [1], D ! ± meson
with associated dijet production [2Ð4] and heavy quark pair production using events with a
D ! ± meson and amuon [5]. HereD ! ± photoproduction is considered, using adatasampleÞve
times larger than in the previous H1 analysis [1]. Single and double differential cross sections
for inclusive D ! ± production are presented and compared with theoretical calculations using
collinear-factorisation [6Ð9] or kt-factorisation [10Ð13]. Details of the heavy quark production
process are investigated further by studying events either with an additional jet not containing
the D ! meson (ÒD ! + other jetÓ) or with two jets (ÒD ! tagged dijetÓ). The jets are measured
down to atransversemomentum of pt(jet) = 3 GeV, which extendstheregion explored in [2Ð4]
to signiÞcantly smaller values. Whereas the D ! always originates from a charm or anticharm
quark produced in the hard subprocess, the non-D ! -tagged jet can result from either the other
heavy quark (Fig. 1a,b,d) or a light parton (e.g. a gluon, Fig. 1b,c) coming from higher order
processes. Measurements of correlations between the D ! and the jet are performed which are
sensitive to these higher order effects and to the longitudinal and transverse momenta of the
partonsentering thehard scattering process.

The paper is organised as follows. In section 2 a brief description of the H1 detector is
given, followed by the details of the event selection and the reconstruction of the D ! mesons.
In section 4 the theoretical calculations are described. In section 5 the determination of the
cross sections and the systematic uncertainties are presented and the measured cross sections
arecompared with theoretical calculations.
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Production Mechanisms

J/! is colourless

¥ Colour Singlet Model (CS) :

" -ÕdirectÕ:" g → cøcg z ! 0.3

cøc [1,3 S1]

CS: one parameter:
fixed from ! (J/! → l+ l−)

LO: Berger et al, Baier et al, 1981

NLO (direct): Kr¬amer et al, 1995

" -ÕresolvedÕ:gg → cøcg z " 0.3
(photoproduction only)

Production Mechanisms

J/ ! is colourless

¥ Colour Singlet Model (CS) :

" -ÕdirectÕ:" g ! cøcg z ! 0.3

cøc [1,3 S1]

CS: one parameter:
Þxed from Γ( J / ! ! l + l " )

LO: Berger et al, Baier et al, 1981

NLO (direct): Kr¬amer et al, 1995

" -ÕresolvedÕ:gg ! cøcg z " 0.3
(photoproduction only)

Production Mechanisms

• Colour Octet Model (CO):

direct: ! g ! cøc

cøc [8,2S+ 1 L J ]

resolved: gg ! cøc

Bodwin, Braaten, Lepage, 1995

cøc ! J / " (+ soft gluons)

NRQCD+factorization:

#( ! ( " ) p ! J / " X ) =
!

ö#( ! p ! cøc[n]X ) # L D M E[n])

LDME not calculable, but universal, Þxed from pøp
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Models for Charmonium Production:

Colour Singlet Model (CS)

- radiation of hard gluon

Colour Octet contribution (CO)

- introduced in NRQCD to describe Tevatron data

- factorisation into hard scattering process  and 

transition to real J/" by non-perturbative LDME

! LDME extracted from fits to Tevatron data

! LDME expected to be universal

Predictions for HERA

- DIS

! NRQCD fails to describe HERA data 

! CS Model (LO) generally in agreement with data

! CS Model (NLO) no calculation available

- Photoproduction

! CS Model (NLO) describes HERA data well
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Production Mechanisms

• Colour Octet Model (CO):

direct: γg ! cøc

cøc [8,2S+ 1 LJ ]

resolved: gg ! cøc

Bodwin, Braaten, Lepage, 1995

cøc ! J/ψ (+ soft gluons)

NRQCD+factorization:

σ(γ( " ) p ! J/ψX) =
∑

öσ(γp ! cøc[n]X) # L D M E[n])

LDME not calculable, but universal, fixed from pøp

Production Mechanisms

• Colour Octet Model (CO):

direct: ! g → cøc

cøc [8,2S+ 1 L J ]

resolved: gg → cøc

Bodwin, Braaten, Lepage, 1995

cøc → J / " (+ soft gluons)

NRQCD+factorization:

#( ! (∗) p → J/ " X ) =
!

ö#( ! p → cøc[n]X )×L D M E[n])

LDME not calculable, but universal, Þxed from pøp
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σJ/! X =
!

öσ(pøp ! cøc[n]X ) " LDME[n]

Production Mechanisms

¥ Colour Octet Model (CO):

direct: γg ! cøc

cøc [8,2S+ 1 L J ]

resolved: gg ! cøc

Bodwin, Braaten, Lepage, 1995

cøc ! J / ψ (+ soft gluons)

NRQCD+factorization:

σ(γ( " ) p ! J / ψX ) =
!

öσ(γp ! cøc[n]X ) # L D M E[n])

LDME not calculable, but universal, Þxed from pøp

T"%C&'403!UA! !2$/ #1340/ "

(/#>0";!($&&4%";!P%V&H%!?WWX

CS

CO

! J / ΨX =
∑

!̂ (pp̄ → cc̄[n]X) × LDME[n]öσ(pøp ! cøc[n]X ) LDME[n]

Electroproduction: J / ! Elasticity and
Transverse Momentum

¥ photon virtuality Q2 provides another scale

! predictions more reliable?
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HERA II data
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! normalization too low
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Figure2: DifferentialJ/ ψ crosssectionsfor thekinematicrangeQ2 > 3.6 GeV2, 50 < Wγp <
225 GeV, 0.3 < z < 0.9 andp! 2

t,ψ > 1 GeV, as functionsof a)Q2, b) p! 2
t,ψ, c) Wγp, d) z. Thedata

arecomparedto thepredictionsfrom CASCADE(solid line) andEPJPSI(dashedline).
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Figure2: DifferentialJ/ ! crosssectionsfor thekinematicrangeQ2 > 3.6 GeV2, 50 < Wγp <
225 GeV, 0.3 < z < 0.9 andp! 2
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Increased HERA II statistics allow 

more differential measurements

hardness of pT* spectrum 

increases with z

this is well reproduced by CS LO 

MCs

no indication for contributions 

beyond CS LO

additional terms (e.g. colour 

octet) must be

- much smaller in size or

- similar in shape to CS LO
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Conclusion & Outlook

HERA II data provide large increase 

in statistics for Charm analyses

- so far ~ 50% of HERA II data have 

been analysed

- further qualitative improvements 

expected from full exploitation of 

vertex detectors 

With improved statistics (finally 

combined HERA I+II) one can study 

deficits of models in much more 

detail. This will allow to further 

- differentiate between models

- tune parameters of models / 

calculations
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