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[H1: Schematic View]

Uranium Calorimeter
• !(E)/E = 18%√E for electrons
• !(E)/E = 35%/√E for hadrons

Central Tracker Resolution
• !(pt)/pt = 0.0058 pt/GeV " 0.0065

LAr Calorimeter
• !(E)/E = 12%/√E for electrons
• !(E)/E = 50%/√E for hadrons

Central Tracker Resolution
• !(pt)/pt = 0.006 pt/GeV " 0.02
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‣ Measurements at the high energy frontier
‣ QCD measurements
‣ Electroweak physics
‣ Searches for new physics

HERA Physics
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FIGURE 2. (a) !s as a function of E
jet
T from H1 and ZEUS; (b) combined !s as a function of E

jet
T from

HERA jet data. In both figures, the QCD prediction for the running of ! s is also shown. In (a), the inner

error bars display the statistical uncertainties and the outer error bars display the systematic and theoretical

uncertainties added in quadrature. In (b), the inner (outer) error bars show the experimental (theoretical)
uncertainties.

The experimental uncertainty of this average is 0 9% and the theoretical uncertainty
amounts to 4%. There is still room for improvement when the next-to-NLO (NNLO)

calculations needed for the determination of the PDFs are included and when the NNLO
calculations needed for jet-based observables are finished.
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Figure 1: The data and the SM expectation for all event classes with a SM expectation greater

than 0.01 events. The analysed data sample corresponds to an integrated luminosity of 117 pb−1.

The error bands on the predictions include model uncertainties and experimental systematic

errors added in quadrature.
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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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Elasticity z

‣ Measure J/ψ and ψ(2S) in decays into   µ+µ- (and e+e-)
‣ Trigger and reconstruction down to pt ~ 0
‣ Moderate backgrounds to inelastic sample (not subtracted):
‣ J/ψ from B decays (5% of inelastic, up to 25% at lowest z) 
‣ J/ψ from χc decays (1% of inelastic, up to 7% at lowest z)
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Event Kinematics
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J/ψ 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 (direct): 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

Elasticity z

7

‣ Colour Octet Contributions

(soft gluon radiation)
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J/ψ Production in γp
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Figure 42: The rate for inelastic J/ψ photoproduction at HERA as a function of a) z and b)
pt,ψ. The open band represents the LO NRQCD factorization prediction [165]. The shaded band

represents the NLO color-singlet contribution [165, 185]. The dotted line in b) denotes the LO

color-singlet contribution. The data points are from the H1 [29] and ZEUS [32] measurements.

NLO terms lead to an increase in the cross section of typically a factor two, with a strong pt,ψ

dependence.

Figure 42 shows the measurements of the J/ψ cross section by the H1 collaboration [29] and
the ZEUS collaboration [32], compared with the theoretical predictions given in Ref. [165]. The

variable z denotes the fraction of the photon energy in the proton rest frame that is transferred
to the J/ψ and is defined as

z =
(E − pz)J/ψ

(E − pz)hadrons
, (10)

where E and pz in the numerator are the energy and z-component of the momentum of the J/ψ
andE and pz in the denominator are the sums of the energies and z-components of the momenta
of all the hadrons in the final state.

The J/ψ data are not corrected for feeddown processes from diffractive and inelastic pro-
duction of ψ(2S) mesons (≈ 15%), the production of b hadrons with subsequent decays to
J/ψ mesons, or feeddown from the production of χc states. The latter two contributions are

estimated to contribute between 5% at medium z and 30% at the lowest values of z.

The open band in fig. 42 represents the sum of the color-singlet and color-octet contributions,

calculated in leading order NRQCD. The uncertainty is due to the uncertainty in the color-octet

NRQCD matrix elements. The shaded band shows the calculation of the color-singlet contri-

bution to next-to-leading order in αs [184, 185] which describes the data quite well without the

inclusion of a color-octet contribution. The next-to-leading-order QCD corrections are crucial

in describing the shape of the transverse-momentum distribution of the J/ψ.

57

HERA

CS(NLO)CS(LO)

NLO (direct): Kraemer et al, 1995

LO

NLO

NLO

NLO

CS (DGLAP, NLO) calculation 
available for γp since 1995

CS alone is able to describe cross sections at HERA 
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J/ψ Production in γp and pp
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Figure 42: The rate for inelastic J/ψ photoproduction at HERA as a function of a) z and b)
pt,ψ. The open band represents the LO NRQCD factorization prediction [165]. The shaded band

represents the NLO color-singlet contribution [165, 185]. The dotted line in b) denotes the LO

color-singlet contribution. The data points are from the H1 [29] and ZEUS [32] measurements.

NLO terms lead to an increase in the cross section of typically a factor two, with a strong pt,ψ

dependence.

Figure 42 shows the measurements of the J/ψ cross section by the H1 collaboration [29] and
the ZEUS collaboration [32], compared with the theoretical predictions given in Ref. [165]. The

variable z denotes the fraction of the photon energy in the proton rest frame that is transferred
to the J/ψ and is defined as

z =
(E − pz)J/ψ

(E − pz)hadrons
, (10)

where E and pz in the numerator are the energy and z-component of the momentum of the J/ψ
andE and pz in the denominator are the sums of the energies and z-components of the momenta
of all the hadrons in the final state.

The J/ψ data are not corrected for feeddown processes from diffractive and inelastic pro-
duction of ψ(2S) mesons (≈ 15%), the production of b hadrons with subsequent decays to
J/ψ mesons, or feeddown from the production of χc states. The latter two contributions are

estimated to contribute between 5% at medium z and 30% at the lowest values of z.

The open band in fig. 42 represents the sum of the color-singlet and color-octet contributions,

calculated in leading order NRQCD. The uncertainty is due to the uncertainty in the color-octet

NRQCD matrix elements. The shaded band shows the calculation of the color-singlet contri-

bution to next-to-leading order in αs [184, 185] which describes the data quite well without the

inclusion of a color-octet contribution. The next-to-leading-order QCD corrections are crucial

in describing the shape of the transverse-momentum distribution of the J/ψ.
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CS alone is able to describe cross sections at HERA 
CS alone not able to describe the data alone but situation much less dramatic (ϒ ok)

HERA

CS(NLO)CS(LO)

CS (DGLAP, NLO) calculation 
available for γp since 1995

NLO (direct): Kraemer et al, 1995 Artoisenet, Maltoni et al, 2007Tevatron

NLO

LO

NNLO

2007: NLO (and NNLO est.) for Tevatron

_
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‣ CCFM evol. eq. 
‣ kt - unintegrated gluon density 
‣ part of NLO corrections

J/ψ Production in kT-Factorization
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Figure 9: Inelastic J/ψ production in the region 60 < Wγp < 240 GeV, 0.3 < z < 0.9 and
p2

t,ψ> 1 GeV2 in comparison with a kt factorisation model implemented in the Monte Carlo

generator CASCADE [15]. a) Differential cross section dσ/dz, b) σγp as a function of Wγp for

0.3 < z < 0.8 and c) dσ/dp2
t,ψ.
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Figure 9: Inelastic J/ψ production in the region 60 < Wγp < 240 GeV, 0.3 < z < 0.9 and
p2

t,ψ> 1 GeV2 in comparison with a kt factorisation model implemented in the Monte Carlo

generator CASCADE [15]. a) Differential cross section dσ/dz, b) σγp as a function of Wγp for

0.3 < z < 0.8 and c) dσ/dp2
t,ψ.
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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

10
CCFM implemented in Monte Carlo event generator CASCADE

HERA-I data comparison with CASCADE MC
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moderate rise with Wγp faster rise with Wγp

somewhat steeper

MX ~ mpMX >> mp

Transition between inelastic and diffractive production regimes ?
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0.3<z<0.9 z>0.95, |t|>2 GeV2

Behaviour is significantly, but not drastically different: 
                                                                  Cut in pt does not provide clean experimental handle
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Energy Dependence

16

Fit Wδ:            δ ~ 0.49 ± 0.16 δ ~ 0.77 ± 0.14 ± 0.10 (lowest t-bin)
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Large z: steeper energy dependence

z>0.95, |t|>2 GeV20.3<z<0.9
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z-Distribution

Q2 < 1 GeV2, 60 < Wγp < 240 GeV
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ZEUS (scaled) LO Colour Octet:

no hard gluon ⇒ rise towards large z

CS Contribution:

hard gluon ⇒ falling off at large z

Soft gluons resummed:

M. Beneke, G. A. Schuler and S. Wolf

Phys. Rev. D !" (2000) 034004

J/ψ Photoproduction
Andreas B. Meyer, Hamburg University 9-a

soft Color Octet gluons resummed:
→reasonable description of shape
     for data at z < 0.9 !!!

M.Beneke, G.A. Schuler, S.Wolf, 2000

Elasticity Distribution

LO Color-Octet Contribution 
→no hard gluon
→rises to large z 

Color Singlet contribution: 
→hard gluon
→falling off at large z 

17
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z-Distribution

Q2 < 1 GeV2, 60 < Wγp < 240 GeV
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no hard gluon ⇒ rise towards large z

CS Contribution:

hard gluon ⇒ falling off at large z

Soft gluons resummed:

M. Beneke, G. A. Schuler and S. Wolf

Phys. Rev. D !" (2000) 034004

J/ψ Photoproduction
Andreas B. Meyer, Hamburg University 9-a

Elasticity Distribution

Octet contribution at endpoint

Shape function 
onlyLogs summed

only

Logs summed 
and shape function

Adam Leibovich, Sean Fleming, Thomas Mehen, QWG, DESY 2007

Description of CO endpoint behaviour  (B-factories ↔ HERA)

BaBar e+e- →J/ψX

Adam Leibovich, Sean Fleming, Thomas Mehen, QWG, FNAL 2003

18
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Elasticity DistributionComparison with data at large z

Q2 < 1 GeV2, 60 < Wγp < 240 GeV
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Total cross section for z > 0.95:

|t| > 4 GeV2 and 60 < Wγp < 240 GeV

σ = 6.04 ± 0.35 ± 0.95 nb
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Measured z-distribution of events:

Figure Caveats: ’H1 Diffractive’

data point after scaling in W assuming σ(W) ∝ W δ with δ = 0.77 ± 0.14 ± 0.10
dσ/dz averaged over 0.95 < z < 1, although event distribution in z is steep

J/ψ Photoproduction
Andreas B. Meyer, Hamburg University 9-b

My extrapolation of H1 published result

At HERA, cross section does actually rise steeply due to diffractive process
19
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Elastic VM Production

20

z=1

Slope rising  with mVM

ZEUS: New measurement  of 
elastic production of Upsilon 

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

21
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J/  Polarization

All CDF Run 1 data, L dt  110 pb-1

p
T 
> 4 GeV,  |y| < 0.6

Small acceptance at large |cos |
2 fit using templates for longitudinal and transverse polarization

d d cos 1 cos 2

1 transverse
1 longitudinal

CDF, PRL 85 (2000) 2886

J/ψ-Polarization

NRQCD predicts transverse polarization at large pt,ψ

Test of NRQCD indep. of normalization uncertainties

CDF measurement:

Measure J/ψ polarization in decay angular distributions

cos θ∗ : angle of µ+ relative to proton in J/ψ rest frame
cosΦ∗: angle of µ+ in plane perpendicular to incoming photon

1

σ

dσ

d cos θ∗
∝ 1 + λ cos2 θ∗

1

σ

dσ

dΦ∗ ∝ 1 +
λ

3
+

ν

3
cos2Φ∗

λ(= α) = +1 : transverse polarization
λ(= α) = −1 : longitudinal polarization

,GD!71"QR

Arnd Meyer (Fermilab)      November 9, 2002         Page 12        

Prompt J/  Polarization

Need to take into account (2S) and 

c
  contributions

Data do not show a trend towards 
transverse polarization at large p

T

Phenomenological models give 
better description

! E.g. colour evaporation model: mostly 
unpolarized J/  at large p

T

Braaten, Kniehl, Lee
hep-ph/9911436

λ CDF Run II

Helicity Studies

• SCHC: J/ψ keeps the helicity of the photon

• The SCHC can be tested by measurements of the angular distributions,
θ∗, φ∗, Φ(Φ only measured in electroproduction)

13

λ = +1: transverse polarisation 
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Beneke, Krämer, Väntinnen, 1998
Baranov,  2008

pT>1pT>1

‣ CS (DGLAP, LO): λ ok, ν too high
‣ CS+CO (DGLAP, LO): ok
‣ New CS (CCFM): ok
‣ New CS (DGLAP, NLO): ok
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Artoisenet, Lansberg et al, 2008

new calculations available

J/ψ Polarization

Artoisenet et al (Prel.) Artoisenet et al (Prel.)
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‣ Similar behaviour for CS (DGLAP, NLO) and CS (CCFM)
‣ ZEUS data show opposite trend, CS (DGLAP, LO) describing data best
‣ Contributions from diffractive backgrounds at low pT and high z being evaluated
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0.4 < z < 1 0.4 < z < 1

Artoisenet et al (Preliminary)

J/ψ Polarization

Artoisenet et al (Preliminary)
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Conclusions
‣ New HERA data-to-theory comparisons:
‣ Several new calculations have become available recently  (CCFM and  DGLAP, NLO)
‣ Both CS (DGLAP, NLO) and CS (CCFM) describe the data rather well
‣ Higher order calculations remove need for colour octet contributions

‣ Inelasticity distributions
‣ Diffractive VM production is the dominant production process for ψ(nS) and also for Υ(nS) 
‣ Can not distinguish production processes at large z experimentally
‣ Transition between inelastic and diffractive VM production regimes to be understood

‣ Upcoming final publications from HERA:
‣ H1: cross sections and polarization (DIS and γp)
‣ ZEUS: polarization (γp) (cross section measurements planned for later)
‣ Looking out for theoretical and experimental input and suggestions
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