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� inclusive reaction ( γ*p → Xp )

� vector mesons  ( γ*p → VM p )

� deep virtual Compton scattering ( γ*p → γp )
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Diffractive scattering

colourless
objects

/5*

Large fraction of events (~30% of σtot) in which:

� beam particles emerge intact (elastic) or 
dissociate into low mass states ;,< (MX, MY « s)

� there is a W-channel exchange of a colourless object

� emerging systems hadronize independently
⇒ Large Rapidity Gap (/5*) if s large enough: y ≈ ½ ln s/MX
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Experimental observations in diffractive scattering (soft process):

� ZHDN�HQHUJ\�GHSHQGHQFH of cross sect. ⇒ V v Va����

� YHU\�VPDOO�VFDWWHULQJ�DQJOHV�⇒ exponential dep. : dσ/d|t| v H�EÂ_W_

� E�VORSH LQFUHDVHV�ZLWK�HQHUJ\�

successfully parameterized by the 5HJJH WKHRU\, 
⇒ exchange of trajectories, αj(t) = DM���+D
M·t   (j = π, 5, 7).

The Hadronic level: Regge Theory

 �V��D5
������

b(s) = b0 +2 Â�D
5 · ln(s/s0)

D5���  �����H  �³LQWHUFHSW´, GHWHUPLQHV�WKH�HQHUJ\�GHSHQGHQFH
of σtot (∝ sα

5
(0) –1 = ε ) and σel, σdiffr (∝ s2ε )

D
5  �³VORSH´, determines the growth with energy of the transverse
extension of the scattering system (⇒ colour radiation cloud), 

⇒ FKDUDFWHUL]HV�WKH�FRQILQHPHQW�IRUFHV�LQ�4&'

$FFHVV�WR�D
5 RQO\�LQ�GLIIUDFWLRQ
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From Hadrons to Partons

+(5$��4&'�PDFKLQH��6HYHUDO�DGYDQWDJHV�
� diffraction in DIS is PXFK�VLPSOHU than in hadron-hadron,

since only one large (~ 1 fm) non-pert. object (hadron) is present
� H[FHOOHQW�DFFHSWDQFH for diffractive dissociated system: asymmetric 

beams (Ee± = 27.5, Ep = 820(920) GeV) open up the γ*-hemisphere
� virtual-γ provides YDU\LQJ�UHVROXWLRQ�SRZHU: Q2 : 10-8 → 105 GeV2

(corresponding to probing distances ∆r : 103 → 10-3 fm)

⇒ study the transition between soft and hard regimes
� small-[ ⇒ KLJK�SDUWRQ GHQVLWLHV ⇒ saturation 

$ERXW�����RI�WKH�',6 HYHQWV at HERA at small-[ DUH�GLIIUDFWLYH.

Since 1988: 8$���7HYDWURQ��+(5$� hard diffraction
from hadronic degrees of freedom to KDGURQLF VXEFRPSRQHQWV
and TXDQWXP�ILHOG�WKHRULHV, i.e. in terms of 4&'
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Hard Diffraction in QCD

� +DUG�4&'�IDFWRUL]DWLRQ LQ�GLIIUDFWLYH�',6�SURYHQ (Collins, 1998)

which validates the concept of:

� 'LIIUDFWLYH�3DUWRQ 'LVWULEXWLRQV (Veneziano et al., Berera et al., 1994)

DPD’s are FRQGLWLRQDO�SUREDELOLWLHV of finding, in a fast proton, 
a parton L with momentum fraction \, while the proton (intact) is 
scattered with mom. transfer W and losing ξ ≡ [P
DPD’s REH\�WKH�XVXDO�'*/$3�HYROXWLRQ�HTXDWLRQV.

� GLIIUDFWLYH�',6�LV�ILUPO\�URRWHG�LQ�4&'��

OLNH�LQFOXVLYH�',6�
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The diffractive cross section in DIS
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= fraction of 5-momentum carried
by the quark coupling to the γ*

p p’

5-remnant

X

5([
5
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e e’

γ*

Q2

Integration over t gives )�
'�����E�4��[5�, which is often measured.

where )�
'�����E�4��[5�Y��is the 

diffractive structure function and:

Two more variables ([
5

and W) to describe the proton vertex:
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Models for Hard Diffraction: the DIS Frame

,QJHOPDQ�6FKOHLQ PRGHO (born for hadron-hadron, 1984)
Apply concept of soft-pomeron to hard scattering, DVVXPLQJ�

�� 5HJJH IDFWRULVDWLRQ,
5 structure function

factorizes from 5-flux:

�� 5 KDV�D�SDUWRQLF VWUXFWXUH, 
like for real hadrons

e e’

p p’

5-remnant

X

5([
5
)

γ* (Q2)

β

W

)�
'��� �E�4��[5 �W�  �)5�S�[5�W�Â)�

'����E�4��

5-flux factor�
���[5�

�D5�W���

in Regge approach

diffractive
structure
function
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J
�o TT IOXFWXDWLRQV���TTJ��«��

At small-[, the lifetime τosc ≈1/([Mp) large, up to 1000 fm at HERA, 
⇒LQWHUDFWLRQ�EHWZHHQ�D�FRORXU�GLSROH (the qq state) DQG�WKH�SURWRQ:

Models for Hard Diffraction: the target frame
Physical picture of DIS most easily seen LQ�WKH�SURWRQ�UHVW�IUDPH�

∫ ⋅Ψ= ),(),,(),( ,, U[4]UUG]G4[ �

GLSROH

�
�

/7

��'LIIU

/7 σσ

p p’

γ*

]

1-]
U

Ψ T,L = γ*T,L→ qq wave function
σGLSROH = dipole-proton cross-section
] = Eq/Eγ*
U = transverse separation of qq.

process indep.

Diffraction: colour-singlet exchange 
⇒ σGLSROH modelled at lowest order in

pQCD by two gluon exchange. 

J
�o TT
_

J
�o TTJ
_

VGLSROH
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Inclusive measurements:
the diffractive 

Structure Functions
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Reduced diffractive cross section: σr
D(3)

Preliminary H1 measurement of VU
'���  �)�

'��� ± [y2/(1+(1-y)2)]·)/
'��� �

� data at different x
5

show that
factorising the x

5
dependence

is a good approximation.

� striking feature of data:
strong scaling violations up to 
β = 0.5 (x = 0.1, for F2) ⇒ gluons!

������4

�

������*H9

�

�������E �����
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Diffr.  parton densities from NLO QCD fit

NLO QCD fit to σr
D

assuming 
Regge factorization:

JOXRQ�GHQVLW\

PXFK�ELJJHU�WKDQ

TXDUN�GHQVLW\�

 
GLIIUDFWLYH�H[FKDQJH�

PHGLDWHG�GRPLQDQWO\

E\�JOXRQV
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Gluon momentum fraction

The diffractive exchange 
is dominated by the

diffractive gluon density

which carries an integrated
fraction 75 ± 15 % of the
exchanged momentum

Probability that 
a gluon initiates the 
diffractive scattering
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Diffractive PDF’s applied to jets and charm
Test of QCD factorisation
(not Regge factorisation!):
apply DPD’s to other processes.

'LMHWV and '
 production in
diffractive DIS at HERA
(syst. errors on DPD’s
not yet propagated):

� shapes of distributions well
described by predictions
obtained with DPD’s

� normalisations: ≈ ok

⇒ no evidence for breakdown of
hard QCD factorisation

=(86�GLIIUDFWLYH�'
�SURGXFWLRQ
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Cross section ratio: diffractive/total

� little Q2 dependence at high MX (low β)
� flat in W
� G\QDPLFV�RI�GLIIUDFWLYH�',6�UHPDUNDEO\�VLPLODU�WR�LQFOXVLYH�',6
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Exclusive (or Elastic)
production of

γ∗p →VM p
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Vector Mesons production at HERA

4� γ* virtuality 0 < Q2 < 100 GeV2

:JS c.m. energy of γ*p system 20 < Wγp < 290 GeV
W 4-mom. transfer squared at p-vertex 0 < |t| < 20 GeV2

90 Vector Meson U���Z��I��-�\��\
��b

Experimentally:  very clean processes in wide kinematic range

+(5$�� VLPXOWDQHRXV�FRQWURO�RI�GLIIHUHQW�VFDOHV��4���_W_��0�
90

(ODVWLF��RU�H[FOXVLYH� SURWRQ�GLVVRFLDWLYH

e’e

p p’

γ*

90

e’e

p Y

γ*

90

4�

W

:JS
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A hard scale is often present at HERA ⇒ perturbative QCD applicable
,Q�WKH�WDUJHW�IUDPH, VM production is a 3-step process:

Models for Elastic VM production
Elastic Photoproduction (Q2 ~ 0) of light
Vector Mesons (VM) is a soft process.

No hard scale ⇒
Vector Dominance Model u Regge theory:
γ* fluctuates into VM before the interaction

VM
(ρ0, ω, φ)

I
2
VMγ*

p p’

VM

3.  VM is formed (well after the interaction)

r

If dipole size: U� ���>]���]�4� ��PT
�@ò is small

(large mq or γ*L at high Q2) ⇒ qq pair resolves gluons ⇒ S4&'

γ*
1.  γ* → qq oscillation 

B

p p’

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

B
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Elastic VM: pQCD predictions

�� )DVW�ULVH�ZLWK�HQHUJ\��:
��D5�� W!���� �

V/ v [��4�] ÂDV
� �4HII

�� Â >[J�[�4HII
��@

�| >[����@�|:��� ([ ≈ 1/W2)

���8QLYHUVDOLW\�RI�W�GHSHQGHQFH� H
�E�J_W_�

⇒ E�J a���*H9
�� LQGHSHQGHQW�RI�:��D
5  ��

4XHVWLRQV�

� 'R�WKHVH�S4&'�EDVHG�PRGHOV�GHVFULEH�+(5$ 90 GDWD"

� $W�ZKLFK�VFDOH�4HII
� VKRXOG�[J EH�HYDOXDWHG"

i.e. which (or which combination)
of 4�, 090

� and _W_
is the scale of the process?
For example, in Ryskin model
4�

HII  ó Â (4� + 090
� + _W_) 

γ* VM

p p’

4�

W
0�

90

*OXRQ�IURP�)�
VFDOLQJ�YLRODWLRQV
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Elastic VM in photoproduction (Q2  0)

Fit σel ∝ Wδ (δ ≈ 2(α
5
(< t >)) gives:

δ ≈ 0.22 ³VRIW´ :�GHS� IRU�U���Z� I
δ ≈ 0.8 ³KDUG´�:�GHS� IRU�-�<

-�<�GHVFULEHG�E\�S4&' PRGHOV

if steep gluon from fits to
F2 scaling violations are used:

e’e

p p’

γ*

5

VM

0
�

90

⇒the VM mass is a 
scale for the hard process 
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W-dependence of elastic VM in bins of Q2

W dep. steepens vs. Q2

⇒ soft → hard regime
(like for MJ/ψ)

e’e

4
�

p p’

γ*

5

VM
ρ0

transition soft → hard

Fit ρ0 and J/ψ elastic cross 
sections with W

G
:

J/ψ already steep
at Q2 = 0

⇒Q2 is a scale
for the 
hard process 
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Size of ρ0 and J/Ψ mesons

Size of ρ0 shrinks with Q2,
while J/ψ is small already 

at small Q2

 
XQLYHUVDO�_W_ GHSHQFHQFH

if the scale (Q2 or M2) is large

dσ/d|t| ∝ e-E·|t|

the |t| distribution slope, b,
is the Fourier transform 
of the spatial extension

of the VM

U�

-�\

4� �*H9��

E
��
*
H9

��
�
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⇒ study proton dissociation to investigate high-|t| dynamics

Photoprod. of proton-dissoc. VM at high |t|

����
_W_��*H9��

elastic:
a�H±�Â_W_

proton dissoc.:
a�H±���Â_W_

GV²
G_W_

���

���

���

��

γ
J/ψ

p Y
W

γ*p → J/ψY at Q2 ~ 0

High-|t| domain: little explored so far.

At high-|t|, proton dissociative production dominates.  Example:
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Photoprod. of proton-dissoc. VM at high |t|
J
S�o -�\<

J
S�o I<

J
S�o U�<

�W��*H9��
G
V
�G
W
�Q
E
�*
H9

�
�

//$�%)./

//$�%)./

//$�%)./

WZR�JOXRQ

WZR�JOXRQ

WZR�JOXRQ

Recently, Forshaw and Poludniowski
fitted the ZEUS data for 

p-dissociative photoproduction
of ρ0, φ and J/ψ mesons:

� BFKL LLA approach: 
consistent with data

� two-gluon-exchange approach at LO:
inadequate

³6PRNLQJ�JXQ�IRU�%)./"´

Dependence at large |t|:
� GVJSo 9< �G_W_ v _W_�Q (not exponential)
⇒ indication that ODUJH�_W_�PD\�SURYLGH�D
KDUG�VFDOH�WR�DSSO\�SHUWXUEDWLYH 4&'
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Deeply Virtual
Compton

Scattering (DVCS)
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Deeply Virtual Compton Scattering (DVCS)
is the diffractive production of real-γ in DIS: ep → epγ (γ*p → γp)

� theoretically pure: no VM wave-function (non-pert.) involved
� particularly interesting, since it gives access to:

� Re(Mγ*p → γp)
� 6NHZHG�3DUWRQ 'LVWULEXWLRQV �63'� which are

fundamental quantities for exclusive processes in QCD

Similar to elastic 
VM production, 

but γ, instead of VM,
in final state 
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Skewed Parton Distributions

• usual parton distributions are diagonal: [� { [� ⇒ p = p′ ⇒ W� �
• Skewed Parton Distributions are non-diagonal:

[� z [� ([1 - [2 = [) ⇒ p ≠ p′ ⇒ DOORZ�W�z �
Very useful concept since they account for:

- parton kT (in addition to long. momenta)
- two-particle correlations in the proton

[� [� [� [�
or

t t

�

The DVCS process is also a two-parton exchange

Notice: most of the data shown above are at small-|t|, where the
SPD can be approximated by the conventional parton distributions
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Q2 dependence of DVCS
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W dependence of DVCS

δ larger than ~ 0.2 
⇒ hard process

Hint for a Q2 dependence of δ

Promising for future
extraction of generalised
(skewed) parton distributions
in H1, ZEUS and HERMES 
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Conclusions
� ,QFOXVLYH�GLIIUDFWLRQ�

– scaling violations up to β = 0.5 ⇒ gluons initiate (75 ± 15) % of diffraction

– DPD’s extracted in inclusive diffr. can be applied to dijets and charm

– G\QDPLFV�RI�GLIIUDFWLRQ�UHPDUNDEO\�VLPLODU�WR�WKDW�RI�LQFOXVLYH�',6

� 9HFWRU�PHVRQV�

– Q2, the VM mass and |t| provide a hard scale to apply pQCD

– size of ρ0 meson at large Q2 similar to J/ψ ⇒ XQLYHUVDO�_W_ GHSHQFHQFH

� 'HHSO\�YLUWXDO�&RPSWRQ�VFDWWHULQJ�

– UHDFWLRQ�PHDVXUHG; described by pQCD

– promising for extraction of generalised (skewed) parton densities

In general, S4&' GRHV�D�JRRG�MRE


