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MotivationMotivation
confinement of color: the most important open problem in QCD

still not possible to calculate bulk of hadronic processes by first 
principle if the reactions are soft , i.e. distances and strong 
coupling are large: σtot, σelastic and σdiffr
at large distances confinement changes radically the pQCD
radiation pattern
in high energy hadronic scattering hard diffraction deliver class 
of events where an initial hadron may stay confined hope to 
learn about fundamental properties of binding forces

strategy
study the structure of hadronic interactions and identify here 
kinematic ranges where pQCD dominates: transition soft hard
explore asymptotic behavior of high energy interactions
measure new non-perturbative structure of hadrons (GPDs)
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HERA Experiments @ DESYHERA Experiments @ DESY

HERMES:HERMES:
long. long. polpol ee±± on internal gas                 on internal gas                 

target: H, D, He, N, target: H, D, He, N, NeNe, Kr, Kr
GeV 7.5 s =

powerful probes of QCDpowerful probes of QCD

high high partonparton densities!densities!

spin and A dep. quantitiesspin and A dep. quantities
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Diffractive Vector Meson Production at HERADiffractive Vector Meson Production at HERA

Q2 γ* virtuality 0 < Q2 < 100 (20) GeV2

Wγp c.m. energy of γ*p system 20 (4) < Wγp < 300 (7) GeV
t 4-mom. transfer squared at p-vertex 0 < |t| < 20 (1) GeV2

VM Vector Meson ρ0, ω, φ, J/ψ, ψ', ϒ

Experimentally:  very clean processes in wide kinematic range

simultaneous control of different scales: Q2, |t|, M2
VM

elastic (or exclusive) proton dissociative

e'e

p p'

γ*

VM

e'e

p Y

γ*

VM

Q2

t

Wγp
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Models for Diffractive VM Production Models for Diffractive VM Production 
VDMVDM:
1. photon (γ*) fluctuates into VM           

VM retains γ* helicity (SCHC)
2. VM scatters  off the incoming proton

elastic photoproduction (Q2 ~ 0) of light
Vector Mesons (VM) is a soft process    

VM
(ρ0, ω, φ)

f 2
VMγ*

p p'

ReggeRegge model (soft diffraction): 
analytic theory of hadronic
scattering described by the 
exchange of collective states: linear 
trajectories in the spin-energy (α-t) 
plane,

(j =(j = ππ, , PP,, RR))t)0(  (t) jjj •α′+α=α

π

P

R

α(
t)

t = M2 [GeV2]

++
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in diffractive scattering (soft process):
weak energy dependence of cross sect. : σ ∝ s~0.2

very small scattering angles ⇒ exponential dep. : dσ/d|t| ∝ e-b(W)·|t|

b slope increases with W ⇒ shrinkage:

successfully parameterized by Regge trajectories, αj(t) = αj(0)+α'j·t   
soft Pomeron exchange: αP(t) = 1.08 + 0.25•t   (Donnachie-Landshoff)

Regge Theory and Experimental ObservationsRegge Theory and Experimental Observations
σ ∝ s2(αP(0)-1)

b(W) = b0+4α'P· ln(W)

αP(0) = 1 + ε= “intercept”, determines the energy dependence  
of σtot (∝ σαP(0) –1 = ε ) and σel, σdiffr (∝ s2ε)

α'P = “slope”, determines the growth with energy of the transverse 
size of the interaction (⇒ color radiation cloud) 

and reflects the strength of binding forces    
⇒ characterizes the confinement forces in QCD

access to α'P only in diffraction
rarb

Rint

b ~ Rint
2
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In the presence of a hard scale ⇒ perturbative QCD applicable
In the target frame, VM production is a 3-step process:

Models for Hard VM Production Models for Hard VM Production 

VM

3. VM is formed after the interaction

r

If dipole size r = 1/[z(1-z)Q2 + mq2]½ is small
(large mq or γ*L at high Q2)  ⇒ qq pair resolves gluons

γ*
1. γ* → qq oscillation

_

p p'

2. qq scatters off the proton by two-gluon
exchange (at lowest order) in colour singlet state

_
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Elastic Elastic VM at Hard Scale: pQCD Predictions VM at Hard Scale: pQCD Predictions 

1. fast rise with energy, W2(αP(< t >)-1) :
σL ∝ αs

2 (Qeff
2) /Q6· [xg(x, Qeff

2)]2≈ [x-0.2]2 ≈ W0.8

(use x ≈ Q2/W2 at small x)
fast increase of σL with W2

Q2 dependence slower than 1/Q6

2.  universality of t-dependence: ~ e-b2g|t|

b2g ~ 4 - 5 GeV-2 independent of W ⇒ α'P = 0 in 2 gluon approx.
BFKL  LLA:  α'P ≤ 0.1 GeV-2 ⇒ weak dep. of b on W only

3. approximate restoration of flavor independence at large Q2 

ρρ00 :  ωω :  φφ :  J/J/ψψ =  99 :  11 (•0.8) : 22 (•1.2) :  88 (•3.4)

Gluon from F2scaling violations

confront models with data
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Experimental SignaturesExperimental Signatures
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Elastic VM in Elastic VM in photoproductionphotoproduction (Q(Q22 == 0, |t| 0, |t| ≈≈ 0)0)

⇒ change of regime with mass of VM at Q2 = 0

soft
hard

MVM
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Elastic Elastic ρρo o Mesons in Mesons in γγpp
p measured in forward proton spectrometerp measured in forward proton spectrometer

bbρρ ∝ ln W
according to Regge model

fit dσ/dt ∝ ebt

fit σ ∝ W0.22

W/GeV

b
ρ

/G
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Elastic J/Elastic J/ψψ Mesons in Mesons in γγp p 

fast rise with Wδ

ZEUS : δ = 0.69 ± 0.02(stat) 
± 0.03(sys)

H1:       δ = 0.70 ± 0.08

pQCD based models reproduce the 
data with MJ/ψ as hard scale

determination of 
gluon density

σL ∝ |xG(x,Q2)|2

alternatively to DGLAP

but but deconvolutiondeconvolution of of xgxg from data still not possiblefrom data still not possible
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Elastic J/Elastic J/ψψ Mesons in Mesons in γγp p 

pointlike interaction ““softsoft”” PomeronPomeron alone excludedalone excluded

b slopes b slopes P P trajectory trajectory 
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Diffractive Diffractive ψψ(2S) Mesons in (2S) Mesons in γγp p 
(r)ψ

r [fm]
1

J / 

ψ (2S)

ψ

0.1
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Wγp [GeV]

R
 =

 σ
ψ

(2
S

)/σ
J/

ψ

H1 Data
Fit W∆δ

<R>

H fner et al.
Nemchik et al.

production of production of ψψ(2S) suppressed(2S) suppressed
energy dependence similar to J/energy dependence similar to J/ψψ: wave function + QCD o.k.: wave function + QCD o.k.
tt--dependence of dependence of ψψ(2S) similar to (2S) similar to J/J/ψψ

ratio R = ratio R = σσγp ψ’p /σσγp J/ψp sensitive to radial sensitive to radial 
wave function of wave function of charmoniumcharmonium

QCD predicts QCD predicts R ~ 0.17R ~ 0.17
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Elastic J/Elastic J/ψψ ElectroproductionElectroproduction

QQ22

δ flat in Q2 : δ ~ 0.7

J/J/ψψ production production ““hardhard”” processprocess
pQCDpQCD models using models using xgxg ~ o.k.~ o.k.

…… but new level of but new level of precprec. of data!. of data!
ZEUS: n = 2.72±0.10
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Elastic Elastic ρρo o ElectroproductionElectroproduction
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H1 ρ production
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δ

soft pomeron

H1 preliminary
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H1 J/ψ

W dependence : fit σ(W) ∝ Wδ

δδ increases with Qincreases with Q22

δ(Q2)
no saturation yet

for for ρρ: high Q: high Q2 2 possible hard scale!   possible hard scale!   
…… but also for but also for φφ??

φφ

W0.22

W0.55
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Elastic Elastic ρρo o ElectroproductionElectroproduction
Q2 dependence : fit σ(Q2) ∝ (Q2 + Mρ

2)-n

pQCDpQCD: : σσLL ∝∝ ααss
2 2 /Q/Q66·· [xg][xg]2  2  

steep rise of gluon densitysteep rise of gluon density expected toexpected to weaken 1/Qweaken 1/Q6 6 dependence dependence 

H1: n = 2.60 ± 0.04

σσLL

σσTT
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b(Qb(Q22) in Elastic ) in Elastic ElectroproductionElectroproduction: : ρρ vsvs J/J/ψψ
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H1 J/ψ

ZEUS:  <b> J/ψ = 4.3 ±0.2 GeV-2

ρρ

J/J/ψψ

slope bslope bρρ decreases with Qdecreases with Q22 : : bbρρ ≈≈ bbJJ//ψψ at high Qat high Q22

universal |t|universal |t|--dependence if scale (Qdependence if scale (Q2 2 or Mor M22) is large) is large

softsoft hardhard

J/J/ψψ
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Universality of VM Production?Universality of VM Production?
VM cross-sections scaled by SU(4) factors:

ρ0 : ω : φ : J/ψ =  9 : 1 : 2 : 8

(Q2+MV
2) [GeV2]

no simple universality for VM if Qno simple universality for VM if Q2 2 + M+ M2 2 is used as scaleis used as scale
nanaïïve SU(4) may be altered by VM wave function effectsve SU(4) may be altered by VM wave function effects

…… more precise lookmore precise look
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Universality of VM Production : Ratio Universality of VM Production : Ratio σσVMVM//σσtottot

clear W dependence of clear W dependence of σσJ/J/ψψ//σσtottot

W independence of W independence of σρ/σtot cannot be explained by cannot be explained by pQCDpQCD or or ReggeRegge
…… but pattern similar to inclusive diffraction but pattern similar to inclusive diffraction ……??

J/ψ ρ pQCD:

σV ∝ α S/Q6 |xG(x,Q2)|2

σV/σtot ∝ W2λ/b

Regge:

σV ∝ W4 (α(0) − 1)

σV/σtot ∝ W2 (α(0) − 1) /b

Q2+M2

4 GeV2

δ
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study proton dissociation to investigate highstudy proton dissociation to investigate high--|t| dynamics|t| dynamics

ProtonProton--DissociativeDissociative VM ProductionVM Production in in γγpp : High |t|: High |t|

4321
|t| [GeV2]

elastic:
~ e–4·|t|

proton dissoc.:
~ e–0.6·|t|

dσ—d|t|
103

102

101

10

γ
J/ψ

p Y
t

γ*p → J/ψY at Q2 ~ 0

high-|t| domain: little explored so far
at high-|t|, proton dissociative production dominates :
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VMs at High tVMs at High t

ppowerower--like behaviorlike behavior

ρρ

φφ

J/J/φφ
dependence at large |t|dependence at large |t|

σσ//d|td|t| ~ (| ~ (t)t)--nn (not exponential)(not exponential)
described by described by BFKLBFKL--type behaviortype behavior
large |t| may provide a hard large |t| may provide a hard 

scale to apply scale to apply pQCDpQCD

H1 : n=3.00H1 : n=3.00±±0.08(stat)0.08(stat)±±0.05(sys)0.05(sys)
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VMs at High t : VMs at High t : σσVV//σσρρ and SU(4)and SU(4)

indication of indication of 
flavor independence flavor independence 
of VM production of VM production 
at high t?at high t?

φφ

J/J/φφ
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VMs at High t : tVMs at High t : t--Dependence of W and Dependence of W and αα’’P P 

WW--dependence doesndependence doesn’’t change with |t|, described by t change with |t|, described by pQCDpQCD
t provides a hard scalet provides a hard scale
ααPP(t(t) ?) ?
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Pomeron Trajectory in Dependence of |t|Pomeron Trajectory in Dependence of |t|

??

ZEUS : ZEUS : PomeronPomeron trajectory in trajectory in γγ**pp JJ//ψψpp same as in same as in γγp p JJ//ψψpp

change of production mechanism?  BFKL?change of production mechanism?  BFKL?
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ProtonProton--DissociativeDissociative ρρ0 0 ElectroproductionElectroproduction

factorization holds at proton vertex at low |t| : factorization holds at proton vertex at low |t| : 
probability of proton disscociation is independent probability of proton disscociation is independent of projectile of projectile 
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Exclusive Exclusive ρρoo in in γγ**pp : : HelicityHelicity StudiesStudies

measurements well described by measurements well described by pQCDpQCD model of 2model of 2--gluon exchangegluon exchange

singlesingle--flip amplitude significant at high tflip amplitude significant at high t

~T~T0101

singlesingle--flip flip »» double flip amplitudedouble flip amplitude

~T~T0101/T/T11--11

angular distribution of ρ ππ decay gives information about helicity
amplitudes Tλρλγ via spin-density matrix elements : test SCHC

σσ ((
co

s
co

s ((
ΦΦ )

) ))
 

σσ (
co

s(
2

(c
os

(2
ΦΦ )

) ))
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Exclusive Exclusive ρρoo and and φφ in in γγ**pp : R = : R = σσLL//σσTT

ZEUS 94
ZEUS 95
ZEUS 96/97 (preliminary)
H1 95/96
H1 (preliminary)

MRT  CTEQ(5M)

MRT  MRST(99)

Q2 (GeV2)

R
=σ

L
/σ

T

H1 and ZEUS

0
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ρρ

φφ

rise of R with Qrise of R with Q22

same Wsame W--dependence for dependence for 
σσLL and and σσTT
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Exclusive Exclusive ρρoo and and φφ in in γγ**pp : : σσLL

ρρ

φφ
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DVCS : IntroductionDVCS : Introduction

elastic production of real photon
dσ ∝ ||τ DVCS|2 + |τ BH|2 + ||τ*DVCS τBH| + ||τDVCS τBH*|

DVCS : DVCS : QCD process sensitive to underlying dynamics

BetheBethe--HeitlerHeitler :  QED process background and interference

H1,ZEUS H1,ZEUS : high Q2, small x DVCS > BH DVCS cross section
HERMESHERMES : low Q2, medium x BH  > DVCS DVCS asymmetries
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DVCS : ModelsDVCS : Models

GPD GPD based models Color Dipole Color Dipole based models

dominant at low x
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DVCS : Experimental SignaturesDVCS : Experimental Signatures
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W dependence matches WW dependence matches W0.7 0.7 behavior of hard VM productionbehavior of hard VM production

δ

DVCS : Cross Section DVCS : Cross Section vsvs WW
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DVCS : Cross Section DVCS : Cross Section vsvs QQ22

fit Qfit Q--2n2n : n = 1.54 : n = 1.54 ±± 0.07(stat) 0.07(stat) ±± 0.06(sys)0.06(sys)

QQ2 2 dependence well described by GPD or color dipole based   dependence well described by GPD or color dipole based   
models models (integrated over experimental t range)(integrated over experimental t range)

Q2 (GeV2)
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DVCS : Beam Charge and Spin Asymmetry DVCS : Beam Charge and Spin Asymmetry 

Φ: azimuth between γγ* 
and e scattering planes

explore BH-DVCS interference term

BH suppressed in asymmetry  measurements

BCA and BSA : access to full amplitude

beam spinbeam spin asymmetry pol. e beams

ALU ~ sign(e) • Im (BH•DVCS*) sin DVCS*) sin Φ
beam chargebeam charge asymmetry e+-e-

AC ~ Re (BH•DVCS*) DVCS*) coscos Φ
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DVCS : DVCS : KinematicKinematic Dependencies of BSADependencies of BSA

QQ22 tt xxBjBj

no significant dependencies on no significant dependencies on kinematickinematic variablesvariables
HERMES results limited by tHERMES results limited by t--resolution : resolution : 
recoil detector upgrade (2005recoil detector upgrade (2005--6)6)
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DVCS : Beam Spin Asymmetry for d and NeonDVCS : Beam Spin Asymmetry for d and Neon

deuterondeuteron NeonNeon

sizeable BSA for d and sizeable BSA for d and NeNe
ratio ratio AALULU

dd/A/ALULU
pp = 0.74 = 0.74 ±± 0.240.24

needed : disentangle coherent and incoherent contributions  needed : disentangle coherent and incoherent contributions  
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ConclusionsConclusions

Experimentally much progress has been achieved with high precision 
data in large kinematic region

Theoretically the overall picture looks o.k., but
- uncertainties still large
- full NLO calculation are missing

Scattering subprocess at hard scales understood in terms of pQCD
explore GPDGPDs = map of the proton wave function 

Can we achieve the same level of understanding here as with F2
p?

… more precise data (polarized and unpolarized) needed…
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…… and Outlookand Outlook

For the near future:For the near future:
- increased statistics of VMs at high Q2 will help (HERA II)
- H1 and ZEUS with e-beam spin rotators and e±

study DVCS interference effects at the highest scale
- DVCS studies at COMPASS (commissioned in 2001) and HERMES

For the For the near+Xnear+X future:future:
- improve detectors for diffractive measurements 

(Hermes recoil detector; EIC, HERA III…)


