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Sele
ted topi
s in . . .

� Di�ra
tive Ve
tor Meson Photoprodu
tion and

Ele
troprodu
tion.

� The Di�ra
tive Disso
iation Cross Se
tion in DIS.

� The Hadroni
 Final State in DIS Di�ra
tive

Disso
iation.

� Leading Baryons and Other Colour Singlet

Ex
hanges.



Di�ra
tive Pro
esses and the Pomeron

Soft di�ra
tion: elasti
, total and disso
iation 
ross

se
tions.
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(via the opti
al theorem)

It is useful to think in terms of the ex
hange of an obje
t

with net va
uum quantum numbers - the \pomeron" (IP).

� �

IP

(t) ' 1:081 + 0:26t [IP `traje
tory'℄.

� `FACTORISES!' Des
ribes the energy dependen
e of

all su
h hadron-hadron 
ross se
tions where s� t.

� BUT The partoni
 stru
ture of the intera
tion is

unspe
i�ed! . . . This stru
ture 
an be investigated at

HERA.
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Di�ra
tion at HERA

At the HERA ep 
ollider, di�ra
tive 


(?)

p intera
tions 
an

be studied.
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All �ve kinemati
 variables 
an be measured:

� Q

2

� 0, jtj � 0. ! similar to soft h-h di�ra
tion.

� Large Q

2

. ! 


�

probes IP stru
ture.

� Large jtj. ! sear
h for perturbative (BFKL?) IP.

. . . the non-perturbative $ perturbative transition.
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Experimental Te
hniques

1. Rapidity Gap Sele
tions (H1, ZEUS).

γ( )

{ (MX)X

p

W

p

Largest rapidity

! gap among

�nal state hadrons.

�� large when

M

X

�W

2. Dire
t Tagging of Leading Baryons (H1, ZEUS).

γ*

p p/n(E) (E )

May or may not

 be a large

rapidity gap.

x

IP

= E

0

=E

if ex
lusive p / n

at proton vertex.

3. De
ompose Visible M

X

Distribution (ZEUS).

Exponential suppression in M

X

distribution for \standard" DIS.

Di�ra
tive 
ontribution identi�ed

as ex
ess at small M

X

above

�t to Ae

b lnM

X



`Elasti
' Ve
tor Meson Produ
tion
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Phenomenologi
al parameterisation in Regge theory:
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For soft pro
esses, expe
t �

IP

(t) � 1:08 + 0:25t.

Signatures of hard pro
esses:

� In
rease in e�e
tive �

IP

(0).

� De
rease in �

0

IP

.

� R

2
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Possible quantitative QCD des
ription where hard s
ales

availiable:

Simple ex
hange of 2 gluons

at lowest order.
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Ve
tor Meson Signals

Ve
tor Meson Produ
tion Studied over a wide range in

kinemati
 variables Q

2

, t, W , m

V

.

Results on �, !, �, J= , �, �

0

,  
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Energy Dependen
e of Ve
tor

Meson Photoprodu
tion
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E�e
tive �

IP

(0) depends on ve
tor meson mass at Q

2

= 0.



Energy Dependen
e of Ve
tor

Meson Ele
troprodu
tion
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E�e
tive �

IP

(0) depends on Q
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and ve
tor meson mass.

J= has strong W dependen
e at Q

2

= 0

�, � dependen
e on W steepens with Q

2

� steepens faster than �?



t Dependen
e of Ve
tor Meson Produ
tion

Fits to d�=dt / e

bt
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For J= , b � 4� 5 at Q

2

= 0.

Slope parameter de
reases as Q

2

or the ve
tor meson mass

in
reases.

If b! R

2

p

as s
ales in
rease and in
reasingly small sized q�q


on�gurations are a
tive, R

2

p

� 4 GeV

�2

; R

p

� 0:4 fm.



Ratios of Ve
tor Meson Cross Se
tions
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Æ Proton Diss

ZEUS Preliminary

�(�)

�(�)

�(J= )

�(�)

jtj

jtj

Ratios J= =�, �=� tend

towards naive SU(4)

predi
tions for 
avour

independent produ
tion

me
hanism as s
ales

Q

2

, jtj in
rease.



�

0

Heli
ity Analysis

Spin density-matrix elements for 


�

! �

0

extra
ted from

angular distributions (�

�

, �

�

of �! �

+

�

�

, and � between

lepton s
attering and � produ
tion planes).
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indi
ating a

signi�
ant

probability for

longitudinal 


�

! transverse �

s-
hannel

heli
ity 
onservation

& natural parity

ex
hange.

Ratio Heli
ity Flip Component / Non Flip = 8� 3 %.

Also observed by ZEUS in � and � ele
troprodu
tion

The heli
ity-
ip 
omponent is predi
ted in a model of

ve
tor-meson ele
troprodu
tion based on the ex
hange of

two gluons from the proton (Ivanov & Kirshner).



Ratio of Longitudinal to Transverse

Photon Cross Se
tions

Under approximation of s-
hannel heli
ity 
onservation:
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ross se
tion dominant at large Q

2

.



Example pQCD Model of VM Produ
tion

Indi
ators of `hard' pomeron e�e
ts and dominan
e of �

L

en
ourage a perturbative QCD approa
h . . . .

J= , (�

L

+ �

T

)

Compared to model of Frankfurt et al.,
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dt
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xg(x; �

2

)

�

�

2

with �

2

= (Q

2

+m

2

 

)=4

and di�erent gluon distributions.

Similar approa
hes have been applied to � at high Q

2

.

. . . Distinguish between gluon distributions / pQCD

models?



In
lusive Di�ra
tive DIS, 


?

p! Xp

γ( )

{ (MX)XQ2

p

t

W

p (or low mass
p-excitation)

(small)

� Q

2

= �q

2

(Photon virtuality)

� W

2

= (q + p)

2

(


?

p 
entre of mass energy)

� t = (p� p

0

)

2

(4-momentum transfer squared)

� M

2

X

= X

2

(Invariant mass of X)

Long distan
e physi
s at p - vertex:

x
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=

q:(p�p

0

)

q:p

'

Q

2

+M

2

X

Q

2

+W

2

= x

IP=p

! Fra
tion of p momentum transferred to IP.

(IP ex
hange dominates at low x

IP

)

Short distan
e physi
s at 


?

- vertex:

� =

Q

2

q:(p�p

0

)

'

Q

2

Q

2

+M

2

X

= x

q=IP

! Fra
. of IP momentum 
arried by quark 
oupling to 


?

.

(x

Bj

= � � x

IP
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Measurement of the t Dependen
e

5 < Q

2

< 20 GeV

2

0:015 < � < 0:5

x

IP

< 0:03

ZEUS 1994
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From Dire
t

Proton tagging

Fit to

d�

dt

/ e

bt

b = 7:2 � 1:1(stat:)

+0:7

�0:9

(syst:) GeV

�2

! Highly peripheral s
attering.

! Slope parameter b is 
onsistent with that

expe
ted from soft hadron-hadron di�ra
tion.



The \Di�ra
tive" Stru
ture Fun
tion F

D(3)

2

In rapidity gap based analyses, t is not measured.

Semi-in
lusive 
ross se
tion measurements are presented as

a `di�ra
tive' stru
ture fun
tion F

D(3)

2
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; x
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ep!eXY
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(1� y +
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) F
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; x
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)

In the H1 
ase, jtj < 1 GeV

2

and M

Y

< 1:6 GeV.

|||||||||||||||{

If the pIPp vertex fa
torises (as expe
ted from

hadron-hadron physi
s) then . . .

γ

pp
IP
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qγ

pp
IP= x

F
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) f
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(x

IP

) F

IP

2
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)/ �

. . . su
h that x

IP

dependen
e is universal at all � and Q

2

.



The x

IP

Dependen
e of F

D(3)

2

Regge theory gives us a means of parameterising the long

distan
e physi
s at the proton vertex:

f

IP=p

(x
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Z

t

min
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)

�1GeV
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e

B
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t

dt

with �

IP

(t) = �
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(0) + �

0

IP

t.

|||||||||||{

x

IP

dependen
e is found to vary with � . . .

H1 1994 Data
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. . . in a Regge model, the measured data require a

minimum of two ex
hanges:

Good �ts obtained throughout kinemati
 range using:

F
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F

D(3)

2

with Phenomenologi
al Regge Fit.

H1 1994 Data
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di�ra
tive

dependen
e on

energy.

� 1=x

IP

Deviations from simple Regge model at large x

IP

, small �.



The pomeron inter
ept and Q

2

From H1 Phenomenologi
al �ts:

�

IP

(0) = 1:203� 0:020 (stat:)� 0:013 (syst:)

+0:030

�0:035

(model)

Larger than in soft hadron-hadron physi
s (�

IP

(0) � 1:1).

Similar to ex
lusive J= produ
tion.
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Comparison of H1 and ZEUS results:
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ZEUS 1994
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H1 1994

. . . No signi�
ant variation with Q

2

within measured

kinemati
 range to present pre
ision.
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Inter
ept of the sub-leading ex
hange in the H1 �ts:

�

IR

(0) = 0:50� 0:11 (stat:)� 0:11 (syst:)

+0:09

�0:10

(model)

Consistent with f , !, � or a ex
hange.



DGLAP Fits to F

D(3)

2

(x

IP

; �;Q

2

)

Can we think of the pomeron as a partoni
 obje
t with

single partons entering the hard intera
tion?

. . . Investigate the deep-inelasti
 stru
ture of the ex
hange.

Extend the Regge �ts to x

IP

dependen
e with a QCD

motivated model of the �=Q

2

dependen
e.

� Paramterise IP q

s

and g distributions with Cheby
hev

polynomials at starting s
ale Q

2

0

= 3 GeV

2

.

� Assume a � stru
ture fun
tion for IR.

� Evolve to Q

2

> Q

2

0

using NLO DGLAP equations.

H1 1994

(a)  Q2=4.5 GeV2 Gluon, fit 3

Light Quarks, fit 3

zf
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(b)  Q2=12 GeV2

(c)  Q2=75 GeV2
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A

eptable �ts only

when IP is dominated

by \hard" gluons.

g

pp

qγ

q

IP (1-z)

(z)

� 90% gluon at Q

2

= 4:5 GeV

2

, � 80% at Q

2

= 75 GeV

2

.

Un
ertainties: appli
ability of DGLAP evolution / higher

twist e�e
ts?



S
aling Violations of F

D(3)
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luding data for

0:8 < Q

2

< 800 GeV

2

Rising s
aling violations over large range of Q

2

up to large

� [
.f. F

2

(x;Q

2

)℄.

Highly suggestive of a gluon dominated me
hanism.



Two-gluon / BFKL Models of F

D(3)

2

Can F

D

2

be viewed in terms of a 2-gluon ex
hange model?

q�q / q�qg produ
tion via the ex
hange of 2 gluons / BFKL

ladder from the proton.

γ* q

q

q

q
γ*

g

p p

gg
�

Investigate de
omposition of data into leading / higher

twist 
ontributions, longitudinal / transverse photon

intera
tions, q�q / q�qg �nal states.

e.g. Re
ent model (Bartels, W�ustho�) with 3 signi�
ant


ontributions in 
onvenient form to �t to F

D

2

data.
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2-gluon / BFKL Ex
hange Models

Nikolaev & Zakharov, Bialas & Pes
hanski and Bartels &

W�ustho� models:

x IP
 F

2D
(3

)

Q
2  =

 8
 G

eV
2

ZEUS 1994
BEKWNZ BPR
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Photon 
u
tuation /

2-gluon ex
hange

models 
an be

made to �t F

D(3)

2

,

even at large �

BP 
ontains extra IR 
omponent (required by H1 data)



� dependen
e in the Bartels - W�ustho� model.

Typi
al de
omposition of the data in � and Q

2

in a

two-gluon ex
hange model.

 F
2D

(2
)

Q2 = 8 GeV2

ZEUS  1994
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Mixture of q�q and q�qg �nal states.

Higher twist 
ontribution important at large �.

These models make 
lear predi
tions for the partoni



omposition (q�q, q�qg) of the �nal state X



New F
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Extrapolations of both DGLAP and 2-gluon ex
hange

models 
an des
ribe the data up to Q

2

= 800 GeV

2

.



Soft Colour Rearrangement Model

of F

D(3)

2

(IP-free!)

Start from standard matrix elements / parton showers

des
ription of F

2

(x;Q

2

) (dominantly BGF at low x).

Additional non-perturbative intera
tions a�e
t �nal state


olour 
onne
tions but not parton momenta.

Implemented in the Monte Carlo model LEPTO 6.5

Only one free parameter! - Probability of Soft Colour

Intera
tions . . . to be �xed by data.



Comparison of F

D(3)

2

(�;Q

2

; x

IP

) and LEPTO 6.5
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� H1 1994 Data

| LEPTO

[Pr(SCI) = 0:5℄

� reasonable

shape in x

IP

.

Does not des
ribe

Q

2

dependen
e.

Fails at high �

(= low M

X

non-perturbative

region).



The �nal state X at low x

IP

Many hadroni
 �nal state observables are sensitive to the

QCD Stru
ture of Di�ra
tion

� Thrust, Spheri
ity

� Energy 
ow

� Parti
le spe
tra, multipli
ities, 
orrelations

� Open 
harm produ
tion

� Jet rates

||||||||||||

Studies are made in the rest frame of X (� 


?

IP 
entre of

mass).

p

T

et
. measured relative to the photon (
ollision) axis in

this frame.

γ( )

X

X

IP



Predi
tions for the �nal state X

In terms of DGLAP evolving IP model, distinguish

between quark and gluon dominated pomeron.

IP

q
γ

[q]

IP

q

γ
g

[q] IP

qγ

q

g

[g]

O(�)

QPM

O(� �

s

)

QCD-C

BGF

" "

Quarkoni
 IP Gluoni
 IP

Dominant q�q Dominant q�qg

Low p

T

/ aligned High p

T

/ non-aligned

Few jets Many jets

� 3




�

3




� 8




8




Hard pro
esses

up to O(�

s

)

In terms of 2-gluon ex
hange models, investigate the

de
omposition of the data into of q�q, q�qg �nal states.



Charged Parti
le p

?

T

Distribution

p

?

T

measured relative to 


?

axis in rest frame of X

 pT
*2 (GeV2)

1/
N

 d
n/

dp
T

*2
  (

G
eV

-2
)

H1 1994 DATA 〈MX〉  = 12 GeV
EMC 〈W〉  = 14 GeV

RG-F2(fit 3)RG-FD

RG-F2(fit 1)RG-FD

LEPTO 6.5
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Gluons required to

generate hard

p

?

T

distribution.

BGF / q�qg 
ontributions.

Thrust - measure of `2-jettiness'

q q  PARTONS
_

1/2

ISOTROPIC

T << 1

Gluons required to generate

lower thrust than q�q.

Hadronisation e�e
ts de
rease

thrust at low M

X

.



Di�ra
tive Dijet Produ
tion

Sear
h for dijet stru
tures as 
omponents of the system X

Cone algorithm requiring p

jet

T

> 5 GeV relative to 


(?)

axis in rest frame of X.

γ

γ

Can measure fra
tions of 


(?)

and IP momentum transferred

to the dijet system.

x

jets




= (P:u) = (P:q)

z

jets

IP

= (q:v) = (q:[P � Y ℄)

||||||||||||

H1 1994

(a)  Q2=4.5 GeV2 Gluon, fit 3
Gluon, fit 2
Light Quarks, fit 3
Light Quarks, fit 2

(b)  Q2=12 GeV2

(c)  Q2=75 GeV2
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The results are


ompared with 3

sets of IP and IR

parton distributions

from DGLAP �ts to F

D

2

,

evolving with p̂

T

as a s
ale.

`Flat' and 'peaked' gluon

dominated pomeron and

quark dominated pomeron.



Dijet p

jet

T

Distributions

p

jet

T

relative to 


?

axis in rest frame of X
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POMPYT F2
D fit 2 (I  R)

Photoprodu
tion

Sub-leading ex
hange


ontribution � 15%
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H1 Data
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DIS

Data reasonably

des
ribed by

gluon dominated IP

Quark dominated IP

low by a fa
tor � 5



x

jets




and z

jets

IP

Distributions

Fra
tion of 
 momentum entering the hard s
attering.
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H1 data
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D fit 2 (<S> = 0.6)

POMPYT F2
D fit 2 (direct photon)

POMPYT F2
D fit 2 (<S> = 1.0)

POMPYT F2
D fit 3

Photoprodu
tion

Both dire
t x




= 1

and resolved x




< 1


ontributions observed.

Possible rapidity gap

destru
tion e�e
ts

where there is a

photon remnant.

Fra
tion of IP momentum entering the hard s
attering.
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γ

DIS

LEPTO - Pr(SCI) = 0:5

is 
lose to DIS data.

q�q �nal state alone


annot des
ribe data.

q�qg states also required.

�
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�

�



Combined DGLAP �t to F

D

2

and photoprodu
tion dijet rates

Taking various parameterisations for quark and gluon

stru
ture of the pomeron . . .
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`hard' gluons.
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ZEUS 1994
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hard quark + (hard + leading) gluon Resulting fra
tion of

ex
hanged momentum


arried by gluons

is � 70 - 90 %

in region a

essed.



Leading Baryon Produ
tion in DIS

ZEUS and H1 
an dete
t and measure forward protons

and neutrons with a wide range of energies.

γ*

p p/n(E) (E )

z (H1) = x

L

(ZEUS) = E

0

=E

(x

L

= 1� x

IP

if ex
lusive

p / n at proton vertex.)

|||||||||||||{

Leading protons: H1 (p

T

<

�

0:2 GeV, 0:7

<

�

x

L

<

�

0:9)

ZEUS (p

T

<

�

0:85, 0:6

<

�

x

L

<

�

1)

Leading neutrons: H1 (p

T

<

�

0:2 GeV, 0:2

<

�

x

L

<

�

1)

ZEUS (p

T

<

�

0:85, 0:2

<

�

x

L

<

�

1)

|||||||||||||{

Several interesting issues . . .

� Can standard fragmentation models des
ribe the

proton fragmentation region?

� Are Regge models appli
able to the soft physi
s at

the proton vertex in the large x

IP

region?

� In large x

IP

region, probe the sub-leading ex
hanges,

espe
ially I = 1 �-ex
hange.
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x

L

Distributions of Protons and Neutrons

ZEUS PRELIMINARY 1995
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Di�ra
tive

region.

� 12:5% of DIS

events have a

leading p or n

(� < 0:8 mrad;

0:6 < x

L

< 0:9).

Lots of leading baryons outside di�ra
tive region.

Colour dipole (ARIADNE) and parton showers + SCI

(LEPTO) fragmentation models fail to predi
t rates and

shapes.

Leading proton rate > leading neutron rate. (expe
t

n = 2p if only I = 1 ex
hange (e.g. �).



Regge models of Leading Baryon Produ
tion

Try to simulataneously understand leading protons and

neutrons in terms of 
ombinations of ex
hanges.

Similar models employed by both 
ollaborations - IP, IR, �

ex
hange.

IR is isos
alar (f , !), ! 
ontributes to leading protons

only.

|||||||||||||{

�




�

p!NX

(z; t; �;Q

2

) �

X

i=IP;IR;�

f

i=p

(z; t) F

i

2

(�;Q

2

)

where � =

x

1�x

L

|||||||||||||{

Assume: IP �(0) � 1:2, I = 0 - p

IR (f , !) �(0) � 0:5, I = 0 - p

� �(0) � 0:0, I = 1 - p, n

Fluxes f

i=p


onstrained by hadron-hadron data.

For F

i

2

, assume low-x stru
ture fun
tion universality

(GRV-� for all 
ontributions).



Leading Protons 
ompared with Regge Model

ZEUS PRELIMINARY 1995
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distribution

Di�ra
tive

region.

Sub-leading

ex
hanges.

Slope parameter

b where

d�

dt

/ e

bt

as a fun
tion

of x

L

The Regge model des
ribes the x

L

and t deopenden
e of

the proton data integrated over x and Q

2

.



Leading Protons and Neutrons v. Regge model

H1 De�ne leading proton and neutron stru
ture fun
tions

in the same way as F

D(3)

2

, but for p

p

T

< 200 MeV.
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Proton and neutron x, Q

2

x

L

dependen
es well des
ribed.

� ex
hange predi
tion saturates

neutron 
ross se
tion.

(Also true for pp! nX et
.)

z = x

L

� 1� x

IP

(ep! epX)

(ep! enX)



Investigation of the pion stru
ture fun
tion

Sin
e � ex
hange satureates the neutron produ
tion rate,

within the Regge model the quantity . . .

F

LN(3)

2

(�;Q

2

; x

L

= 0:7) = �

�

(x

L

= 0:7)

where �

�

=

R

t

min

t

0

f

�=p

(z; t)dt � 0:131

. . . 
an be interpreted as a pion stru
ture fun
tion.

H1 Preliminary
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Mat
hes GRV parameterisation (based on high x

Drell-Yan data) well.

A measurement of the pion stru
ture fun
tion in a

previously unexplored low x region?



Summary

� Colour-singlet ex
hange pro
esses 
onstitute a

signi�
ant fra
tion of the DIS 
ross se
tion.

� Data span the transition between `soft' and `hard'

di�ra
tion.

� Properties of the e�e
tive IP des
ribing ve
tor meson

produ
tion depend on Q

2

, t, m

V

.

� Where the pomeron is `hard', 2-gluon ex
hange

models of ve
tor meson produ
tion are su

essful.

� IP ex
hange also signi�
ant in DIS di�ra
tive

disso
iation at low x

IP

.

� �

IP

(0) des
ribing F

D(3)

2

larger than in soft hadroni


intera
tions.

� F

D(3)

2

and �nal state studues indi
ate that the IP is

dominated by `hard' gluons.

� Clear eviden
e for q�qg as well as q�q �nal states in DIS

di�ra
tive disso
iation.

� Additional meson ex
hanges present at larger x

IP

; �

dominant in neutron 
hannel, additional isosinglet IR

(f , !) in proton 
hannel.


