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Highlights sele
ted from re
ent measurements of 
olour-singlet ex
hange pro
esses

at HERA are summarised. Parti
ular emphasis is pla
ed on energy and momentum

transfer dependen
es and the de
omposition of the data into an expansion in

Regge traje
tories. The latest results in ve
tor meson heli
ity analysis, partoni


des
riptions of hard di�ra
tion and di�ra
tive dijet produ
tion are also 
overed.

1 Introdu
tion

When dis
ussing the su

ess of the standard model, it is often overlooked that the bulk

of hadroni
 
ross se
tions remain rather poorly understood within the gauge theory of

the strong intera
tion, quantum 
hromodynami
s (QCD). Before the advent of QCD,

many aspe
ts of hadroni
 intera
tions were understood in the framework of Regge phe-

nomenology, whi
h is based on the most general properties of the s
attering matrix. In

Regge models, di�ra
tive (elasti
, disso
iative and, via the opti
al theorem, total) 
ross

se
tions are well des
ribed [1℄ at high energy by the ex
hange of the leading va
uum

singularity or pomeron. The relationship between Regge asymptoti
s and QCD is far

from 
lear.

The lepton beam at HERA 
an be 
onsidered as a proli�
 sour
e of high energy real

and virtual photons, su
h that di�ra
tive s
attering in the 


(�)

p system 
an be studied.

A variety of hard s
ales 
an be introdu
ed to the problem, su
h that HERA provides an

ex
ellent opportunity to study di�ra
tion in regions in whi
h perturbative QCD may be

appli
able. This leads to the ex
iting possibility of gaining an understanding of di�ra
-

tion and the pomeron at the level of parton dynami
s and of studying the transition

between perturbatively 
al
ulable and perturbatively in
al
ulable strong intera
tions.

The H1 and ZEUS experiments have produ
ed many new and innovative measurements

that have already led to improvements in the QCD des
ription of di�ra
tion. This 
on-

tribution summarises the most re
ent developments in 
olour-singlet ex
hange physi
s

at HERA. A summary of older results 
an be found, for example, in [2℄.

The generi
 
olour-singlet ex
hange pro
ess 


(�)

p! XY at HERA is illustrated in

�gure 1a. The hadroni
 �nal state 
onsists of two distin
t systems X and Y , with Y

being the 
loser to the outgoing proton dire
tion. The pro
esses prin
ipally 
onsidered

here are ex
lusive ve
tor meson produ
tion 


(�)

p ! V p where V = �, !, � . . . (�g 1b)

and semi-in
lusive virtual photon disso
iation 


(�)

p ! Xp, for all systems X (�g 1
).

The semi-in
lusive 
harge ex
hange rea
tion 


�

p! Xn is also dis
ussed. Measurements
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Fig. 1: (a) Illustration of the generi
 pro
ess 


(�)

p ! XY . (b) Ex
lusive ve
tor meson pro-

du
tion 


(�)

p! V p. (
) Semi-in
lusive 
olour-singlet ex
hange 


(�)

p! Xp and 


(�)

p! Xn.

of pro
esses in whi
h the proton disso
iates to higher mass systems Y are des
ribed

elsewhere [3{6℄.

2 Kinemati
 Variables

With q and P denoting the 4-ve
tors of the in
oming photon and proton respe
tively,

the standard kinemati
 variables

Q

2

� �q

2

x �

Q

2

2q:p

W

2

� (q + P )

2

; (1)

are de�ned. In the 
ontext of �gure 1a, with p

X

and p

Y

representing the 4-ve
tors of

the �nal state systems X and Y respe
tively, three further variables are introdu
ed;

M

2

X

� p

2

X

M

2

Y

� p

2

Y

t � (P � p

Y

)

2

; (2)

where t is the squared four-momentum transferred between the photon and the proton.

The hermeti
 nature of the H1 and ZEUS dete
tors makes it possible to measure all

kinemati
 variables de�ned in equations 1 and 2 in many 
ir
umstan
es. Where both

Q

2

and jtj are small, 
olour singlet ex
hange at HERA follows a similar pattern to

that in soft hadron-hadron physi
s [5{8℄. The region of large jtj is believed to be a

parti
ularly good �lter for hard di�ra
tive pro
esses in whi
h the pomeron itself may

be perturbatively 
al
ulable in terms of the ex
hange of a pair of gluons from the proton

in a net 
olour-singlet 
on�guration [9℄. First measurements in this region are starting

to appear [4, 10℄. This do
ument is prin
ipally 
on
erned with the kinemati
 region in

whi
h jtj is small and a large value of Q

2

sets a hard s
ale.

For virtual photon disso
iation 


�

p ! Xp, the kinemati
s are usually expressed in

terms of the variables

x

IP

�

q � (P � p

Y

)

q � P

=

M

2

X

+Q

2

� t

W

2

+Q

2

�m

2

p

� �

Q

2

2q � (P � p

Y

)

=

Q

2

M

2

X

+Q

2

� t

; (3)

where m

p

is the proton mass. Here, x

IP


an be interpreted as the fra
tion of the proton

beam momentum transferred to the system X and � may be 
onsidered as the fra
tion
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of the ex
hanged longitudinal momentum that is 
arried by the quark 
oupling to the

photon.

Where leading baryons are dire
tly tagged (see se
tion 3), the measured quantities

are the transverse momentum p

T

and energy E

0

p

of the �nal state proton or neutron.

The kinemati
 variables used to des
ribe the pro
ess are

z � 1�

q:(p� p

0

)

q:p

'

E

0

p

E

p

t � (p� p

0

)

2

' �

p

2

T

z

� (1� z)

�

m

2

N

z

�m

2

p

�

; (4)

where p

0

is the 4-ve
tor of the �nal state nu
leon and m

N

is its mass. Provided the

�nal state nu
leon is ex
lusively produ
ed at the proton vertex, the de�nitions (2) and

(4) of t are equivalent and z = 1� x

IP

.

3 Experimental Te
hniques

Mu
h of the data presented here is sele
ted on the basis of a large rapidity gap adja
ent

to the outgoing proton beam, identi�ed by an absen
e of a
tivity in the more forward

3

parts of the dete
tors. The resulting data samples are dominated by the 
ase where Y

is a proton. This approa
h yields high a

eptan
e over a wide kinemati
 region. Sin
e

the size of the rapidity gap separating the systems X and Y de
reases as M

X

grows,

measurements by this method are restri
ted to the region x

IP

<

�

0:05 in whi
h di�ra
tion

is expe
ted to be dominant.

In a se
ond experimental method, �nal state baryons are dete
ted dire
tly. Purpose-

built forward proton spe
trometers (FPSs) are exploited to dete
t and measure �nal

state protons [11,12℄. Calorimetry is also installed along the forward beam-line to dete
t

and measure leading neutrons [12,13℄. The dire
t tagging method allows the system Y

to be positively identi�ed as a proton or neutron and is the only way of measuring the

t distribution for the photon disso
iation pro
ess. It also allows a

ess to an enhan
ed

region of x

IP

. However, the in
omplete a

eptan
es of the forward proton and neutron

dete
tors limit the available statisti
s.

The ex
lusive produ
tion of ve
tor mesons is identi�ed through the absen
e of any

a
tivity in the 
entral and ba
kward parts of the dete
tors beyond that asso
iated with

the ve
tor meson de
ay. The 
harged de
ay produ
ts of the ve
tor mesons are dete
ted

with high resolution in 
entral tra
king devi
es. For the measurements des
ribed here,

the de
ay 
hannels �

0

! �

+

�

�

, � ! K

+

K

�

, J= ! �

+

�

�

and J= ! e

+

e

�

are

studied. Measurements have also been made using the de
ays ! ! �

+

�

�

�

0

[14℄,

�

0

! �

+

�

�

�

+

�

�

[15℄ and various de
ay modes of  (2S) [16℄. Observations of the �

have also re
ently been reported [17℄.

In the study of photon disso
iation by the rapidity gap or leading baryon tagging

methods, the system X is measured in the 
entral parts of the dete
tors after requiring

that there be no 
alorimetri
 a
tivity forward of a given pseudorapidity. A third se-

le
tion pro
edure is favoured by ZEUS for studies of photon disso
iation [8℄. Without

3

In the HERA 
oordinate system, the `forward' positive z dire
tion is that of the outgoing proton

beam and 
orresponds to positive values of rapidity.
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expli
itly requiring a forward rapidity gap, the di�ra
tive signal is extra
ted from the

low mass tail in the distribution in hadroni
 invariant mass M

X

visible in the 
entral


omponents of the dete
tor (see se
tion 4.3).

4 Dependen
es on W and t

4.1 Parameterising Colour Singlet Ex
hange Cross Se
tions

The language of Regge phenomenology is generally used to dis
uss the kinemati
 de-

penden
es of 
olour singlet ex
hange 
ross se
tions at HERA. This does not ne
essarily

imply the ex
hange of universal Regge poles. It does, however, provide a 
onvenient

means of parameterising the data and 
omparing pro
esses involving the s
attering of

di�erent parti
les at di�erent values of t or Q

2

.

Usually, only the minimal asymptoti
 Regge assumption is needed,

4

whi
h states

that with t, M

X

and Q

2

�xed,

d�

dtdM

2

X

/

�

1

x

IP

�

2�

IP

(t)�2

; (5)

where �

IP

(t) is the e�e
tive leading Regge traje
tory des
ribing the pro
ess. Varying

x

IP

at �xed M

X

, Q

2

and t is equivalent to varying W

2

(equation 3). Sin
e W

2

� Q

2

throughout most of the HERA kinemati
 domain, 1=x

IP

in equation 5 is often repla
ed

simply by W

2

.

In order to additionally model the t dependen
e, it is ne
essary to introdu
e the

form fa
tors of the intera
ting parti
les. These are usually approximated to empiri
ally

motivated exponential fun
tions, su
h that at �xed M

X

and Q

2

, the full W and t

dependen
e is given by

d�

dtdM

2

X

/

�

1

x

IP

�

2�

IP

(t)�2

e

b

0

t

�

�

W

2

�

2�

IP

(t)�2

e

b

0

t

: (6)

For soft di�ra
tive pro
esses, the leading traje
tory takes the universal linear form

�

IP

(t) � �(0) + �

0

t � 1:08 + 0:25 t [18℄. Where hard s
ales are present, the e�e
tive

pomeron inter
ept �

IP

(0) is expe
ted to in
rease and the traje
tory slope �

0

is expe
ted

to de
rease [19℄.

4.2 Ve
torMeson Energy and Momentum Transfer Dependen
es

Figure 2a shows the 
entre of mass energy dependen
e of various t-integrated ve
tor

meson 
ross se
tions at Q

2

= 0 [5,7,14,17,20{23℄, after 
orre
ting for the small proton

disso
iation 
ontributions. In 
ommon with the total 
ross se
tion at Q

2

= 0 [24℄, the

energy dependen
e of the �

0

photoprodu
tion 
ross se
tion follows that expe
ted for

the ex
hange of the universal soft pomeron of hadroni
 physi
s. In 
ontrast to this, for



Di�ra
tive Phenomena at HERA 5

  H1 PRELIMINARY

-0.1

0

0.1

0.2

0.3

0.4

10
Q2 [GeV2]

ε
2

4

6

8

10

12

10
-1

1 10
Q2 [GeV2]

b 
 [G

eV
-2

]

H1 (Prel.) H1 ZEUS

CHIO NMC E665

(a)

(b)

(
)

Fig. 2: (a) Various ve
tor meson 
ross se
tions shown as a fun
tion of W at Q

2

= 0, together

with the total photoprodu
tion 
ross se
tion. (b) The Q

2

dependen
e of the parameter � =

�

IP

(0)� 1, extra
ted from �ts to the W dependen
e of ex
lusive �

0

ele
troprodu
tion. (
) The

Q

2

dependen
e of the slope parameter b for ex
lusive �

0

ele
troprodu
tion.

J= photoprodu
tion, where a hard s
ale 
orresponding to the 
harm quark mass is

introdu
ed, the W dependen
e of the 
ross se
tion is mu
h steeper.

Figure 2b shows the e�e
tive pomeron inter
ept as a fun
tion of Q

2

for the pro
ess




�

p ! �

0

p, as extra
ted from �ts to equation 6 after integration over t. There is

eviden
e for a steepening of the W depedenden
e of the rho ele
troprodu
tion 
ross

se
tion as Q

2

in
reases. It is thus apparent that the introdu
tion of hard s
ales su
h

as Q

2

or a heavy quark mass leads to an in
rease in the e�e
tive �

IP

(0) des
ribing the

ve
tor meson produ
tion energy dependen
e.

The t dependen
e of ve
tor meson produ
tion is studied by �tting data to the form

d�=dt / e

bt

, where in the 
ontext of equation 6, b = b

0

+ 2�

0

ln(W

2

=GeV

2

). The

extra
ted value of b for � produ
tion is shown as a fun
tion of Q

2

in �gure 2
. There

4

Triple Regge analysis has been applied to di�ra
tive disso
iation in photoprodu
tion [6,8℄.
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is a 
lear de
rease of b with in
reased Q

2

. This indi
ates that the 


�

! V transition

be
omes an in
reasingly short distan
e pro
ess as Q

2

is in
reased. For the 
ase of J= 

photoprodu
tion, b � 4:5 GeV

�2

, similar to that for the � at large Q

2

, again indi
ating

that ex
lusive J= ele
troprodu
tion is already a hard pro
ess at Q

2

= 0.

4.3 The Di�ra
tive Disso
iation Cross Se
tion at Low x

IP

The t dependen
e of the virtual photon disso
iation pro
ess has been measured in the

di�ra
tion dominated low x

IP

region using the ZEUS FPS [25℄. The data are shown

in �gure 3a, together with a �t to the form d�=dt / e

bt

. The result is b = 7:2 �

1:1 (stat:)

+0:7

�0:9

(syst:) GeV

�2

, revealing a highly peripheral s
attering 
hara
teristi
 of

a di�ra
tive pro
ess.
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Fig. 3: (a) Di�erential t-distribution in the kinemati
 region 5 < Q

2

< 20 GeV

2

, 0:015 <

� < 0:5 and x

IP

< 0:03, obtained using the ZEUS FPS. (b) Example H1 measurements of

x

IP

� F

D(3)

2

, together with the results of a �t to the parameterisation of equations 9 and 10.

(
) Comparison of H1 and ZEUS extra
tions of �

IP

(0) for virtual photon disso
iation, together

with the value expe
ted for the `soft' pomeron that governs hadroni
 intera
tions in the absen
e

of hard s
ales.

Virtual photon disso
iation data obtained by the rapidity gap te
hnique are usually

presented in the form of a three dimensional stru
ture fun
tion F

D(3)

2

(�;Q

2

; x

IP

), de�ned

in 
lose analogy to the in
lusive proton stru
ture fun
tion as

F

D(3)

2

(�;Q

2

; x

IP

) =

�Q

4

4��

2

1

(1� y + y

2

=2)

Z

t

min

t

0

dt

d

4

�

ep!eXY

d� dQ

2

dx

IP

dt

: (7)
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Measurements of F

D(3)

2

have been made by H1 using the rapidity gap te
hnique at 356

points in �, Q

2

and x

IP

spa
e, spanning the region 0:001 < � < 0:9 and 0:4 < Q

2

<

800 GeV

2

, integrated over M

Y

< 1:6 GeV with t

0

= �1:0 GeV

2

[26, 27℄. For a single

universal ex
hange, a fa
torisation of the x

IP

dependen
e is expe
ted of the form [28℄

F

D(3)

2

= f

IP=p

(x

IP

) F

IP

2

(�;Q

2

) ; (8)

where, for a 
ross se
tion di�erential in x

IP

, after integrating equation 6 over t,

f

IP=p

(x

IP

) /

Z

t

0

(x

IP

)

�1GeV

2

�

1

x

IP

�

2�

IP

(t)�1

e

B

IP

t

dt (9)

parameterises the 
ux fa
tor for the ex
hange i from the proton. Here, B

IP

= b

0

+

2�

0

ln(1=x

IP

) in equation 6. In equation 8, F

IP

2

(�;Q

2

) may be interpreted as being

proportional to the stru
ture fun
tion of the pomeron [28℄.

When viewed in 
lose detail, the data do no quite obey the fa
torisation of equation 8.

As an example, data at Q

2

= 18 GeV

2

and two di�erent values of � are shown in

�gure 3b. At �xed Q

2

, a variation in the x

IP

dependen
e of F

D(3)

2

is observed as �


hanges. In a Regge model, this is interpreted in terms of the ex
hange of sub-leading

traje
tories in addition to the pomeron when x

IP

be
omes large. Table 1 summarises

the traje
tories that have most 
ommonly been 
onsidered in soft hadroni
 physi
s. In

a more 
omplete Regge treatment, the di�erential stru
ture fun
tion then follows

5

F

D(3)

2

=

X

i=IP;IR;�:::

f

i=p

(x

IP

) F

i

2

(�;Q

2

) (10)

where f

i=p

is a 
ux fa
tor for the ex
hange i, similar in form to equation 9.

TRAJECTORY APPROX. �(0) APPROX �

0

ISOSPIN p : n

IP 1 0.25 0 1 : 0

f , ! 0.5 1.0 0 1 : 0

�, a 0.5 1.0 1 1 : 2

� 0 1.0 1 1 : 2

Table 1 Summary of 
ommonly dis
ussed Regge traje
tories, together with their approximate

inter
epts and slopes, their isospin and the expe
ted ratio of 
uxes for leading proton and

neutron produ
tion. The ex
hange degenerate f , !, � and a traje
tories are 
olle
tively referred

to as IR.

Allowing for the ex
hange of one further traje
tory (IR) in addition to the pomeron

is suÆ
ient to obtain a good des
ription of F

D(3)

2

throughout the measured kinemati


range. In �ts to intermediate Q

2

data [26℄ based on equation 10 in whi
h �

IP

(0),

�

IR

(0) and the values of F

IP

2

and F

IR

2

at ea
h (�, Q

2

) point are free parameters, the

5

Interferen
e terms are also possible, in parti
ular, that between IP and f . In [26℄, there was found

to be little sensitivity to the presen
e or absen
e of this term.
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inter
ept of the se
ondary traje
tory is found to be �

IR

(0) = 0:50 � 0:11 (stat:) �

0:11 (syst:)

+0:09

�0:10

(model), 
onsistent with the ex
hange of the f or one of its ex
hange

degenerate partners.

In their analysis of virtual photon disso
iation, ZEUS �t the hadroni
 invariant mass

distribution at �xed W and Q

2

, to the form

dN=d lnM

2

X

= D + 
 e

b lnM

2

X

; (11)

where the se
ond term parameterises the 
ontribution from non-di�ra
tive pro
esses at

largeM

X

. The operationally de�ned di�ra
tive 
ontribution D is a

eptan
e 
orre
ted

to give the 
ross se
tion in intervals ofM

X

, W

2

and Q

2

for the pro
ess ep! eXY with

M

Y

< 5:5 GeV [8℄. The W dependen
e of the di�ra
tive 
ontribution at �xed Q

2

and

M

X

6

is then used to extra
t the t averaged value of the pomeron inter
ept, �

IP

, by

�tting to the form

d�

ep!eXY

dM

X

(M

X

;W;Q

2

) /

�

W

2

�

2 �

IP

�2

; (12)

derived from equation 5. The results are shown in �gure 3
 and are 
ompared with the

H1 result, �

IP

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

+0:030

�0:035

(model), amended to �

IP

assuming b = 7:2� 1:4 GeV

�2

[25℄ and �

0

IP

= 0:26� 0:26 GeV

�2

. The two experiments

are found to be in good agreement. The e�e
tive pomeron inter
ept is signi�
antly

larger than the values �

IP

� 1:1 obtained from soft di�ra
tive pro
esses [18℄ and is

similar to that des
ribing ex
lusive J= photoprodu
tion. To date, there is no eviden
e

for a variation of the e�e
tive �

IP

(0) with Q

2

within the deep-inelasti
 regime. However,

the values extra
ted from photon disso
iation at Q

2

= 0 are signi�
antly smaller [6, 8℄.

4.4 Leading baryons at Large x

IP

The extensive 
overage in �nal state baryon energy of the leading proton and neutron

dete
tors allows the study of 
olour singlet ex
hange pro
esses to be extended to the

region of 
omparatively large x

IP

(equivalently small z - see equation 4), whi
h in Regge

models is expe
ted to be dominated by sub-leading ex
hanges.

A large fra
tion of DIS events are found to 
ontain forward baryons in the �nal state

outside the large z di�ra
tive region. For example, ZEUS �nd [31℄ that approximately

12.5 % of events have a leading proton or neutron with 0:6 < z < 0:9 s
attered through a

polar angle � < 0:8 mrad. Fragmentation models [29,30℄ that are su

essful in des
ribing

energy 
ow in the photon fragmentation and 
entral plateau regions fail to reprodu
e

the rates and energy distributions of the low z leading baryons.

H1 de�ne leading proton and neutron stru
ture fun
tions, F

LP (3)

2

and F

LN(3)

2

re-

spe
tively, in a similar way to F

D(3)

2

;

F

LB(3)

2

(x;Q

2

; z) =

xQ

4

4��

2

1

1� y + y

2

=2

Z

t

min

t

200

d

4

�

ep!eXN

dx dQ

2

dzdt

; (13)

6

The variable � is thus also �xed.
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where the integration limit t

200

is de�ned through equation 4 by the 
ondition p

T

=

200 MeV. The di�erential stru
ture fun
tion is measured in the region 0:6 < z < 0:9 in

12 bins of x and Q

2

, one of whi
h is shown in �gure 4a [12℄. ZEUS perform a similar

analysis for data integrated over x in two regions of Q

2

. They have also measured

the t dependen
e of leading baryon produ
tion at low z [31℄. Figure 4b shows the z

dependen
e of the slope parameter b, obtained by �tting the leading proton data to the

standard exponential form d�=dt / e

bt

.
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0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

H1 DATA(a)

(b)

Fig. 4: (a) Dependen
e of the leading proton (open points) and neutron (
losed points) stru
-

ture fun
tions on z in an example bin of x and Q

2

. The de
omposition of the data a

ording

to a Regge model is superimposed. (b) Dependen
e of the t slope parameter on z, with a


omparison to a similar model.

Both 
ollaborations 
ompare their low z leading baryon measurements with simple

Regge pole models. The traje
tories 
onsidered are summarised in table 1. The ex-


hange of isos
alar traje
tories leads to the produ
tion of leading protons only. Isove
-

tor ex
hanges yield protons and neutrons in the ratio 1 : 2. Contributions from proton

disso
iative pro
esses are negle
ted, but have been shown to be small [12℄.

The rate of leading proton produ
tion is larger than that for leading neutron produ
-

tion throughout the region 0:6 < z < 0:9 (�gure 4a). This implies that leading protons

in this region are dominantly produ
ed by an isospin-0 ex
hange. The 
ontributions

from � and a ex
hanges must therefore be small and the models a

ordingly 
onsider

only IP, IR � f, ! and � ex
hange. With this 
ombination of ex
hange traje
tories, the

data are 
ompared to models similar in form to equation 10, with assumptions regard-

ing 
ux fa
tors and stru
ture fun
tions as spe
i�ed in [32℄. The breakdown of the 
ross

se
tion into di�erent ex
hange 
ontributions is shown in �gure 4a. The predi
ted z

dependen
e of the t slope parameter is superimposed in �gure 4b. Given that there are

no free parameters in these models, the agreement with data is remarkably good. For

leading proton produ
tion, the IR 
ontribution is found to be approximately twi
e as

large as the � 
ontribution, with the IP ex
hange 
ontribution smaller still for z

<

�

0:9.

The neutron produ
tion 
ross se
tion is saturated by the predi
tion for � ex
hange.
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5 Ve
tor Meson Heli
ity Analyses

Full extra
tions of the 15 spin density matrix elements governing ve
tor meson ele
tro-

produ
tion [33℄ have re
ently been made. The spin density matrix elements des
ribe

the transitions between the heli
ity 
omponents of the initial state photon and proton

and the �nal state ve
tor meson and proton.
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Fig. 5: (a) The full set of spin density matrix elements, shown for � ele
troprodu
tion as a

fun
tion of Q

2

. The dashed lines show the expe
ted values assuming SCHC and NPE. (b)

The ratio of longitudinal to transverse photon indu
ed 
ross se
tions 


�

p! �p, derived from

equation 14, shown as a fun
tion of Q

2

.

Figure 5 shows the spin density matrix elements for the � at three di�erent values of

Q

2

as extra
ted by H1 [34℄. The hypothesis of s-
hannel heli
ity 
onservation (SCHC)

states that the produ
ed ve
tor meson should retain the polarisation of the in
oming

photon. The hypothesis of natural parity ex
hange (NPE) states that the quantum

numbers ex
hanged in the t 
hannel should have positive parity. Both hypotheses are

usually expe
ted to hold for di�ra
tive pro
esses [35℄. Where appropriate in �gure 5,

the dashed lines show the expe
ted values of the spin density matrix elements for the


ase of SCHC and NPE. There is a signi�
ant deviation from the expe
ted value of

zero for the matrix element r

5

00

. This deviation is also observed by ZEUS for both �

and � produ
tion [36℄. It implies that there is a non-zero probability for longitudinally

polarised photons to yield transversely polarised � mesons. H1 measure the ratio of

single heli
ity 
ip to heli
ity 
onserving amplitudes to be 8�3%. The magnitude of the

heli
ity 
ip amplitude has been predi
ted in a QCD inspired model [37℄, giving further


on�den
e that perturbative approa
hes be
ome appli
able to ve
tor meson produ
tion

where hard s
ales are introdu
ed.
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Assuming SCHC, the matrix element r

04

00

is related to the ratio of 
ross se
tions R

for longitudinal to transverse photons a

ording to

R =

�

L

�

T

=

1

�

r

04

00

1� r

04

00

; (14)

where the polarisation parameter � � 0:99 at HERA. The breaking of s-
hannel heli
-

ity 
onservation has only a small e�e
t on the value of R extra
ted by this method.

Figure 5b shows a 
ompilation of HERA and �xed target results for R, extra
ted using

equation 14, as a fun
tion of Q

2

. The in
rease in R with Q

2

is found to 
atten at large

Q

2

.

6 Partoni
 Interpretations of Colour Singlet Ex
hange

6.1 Ve
tor Mesons and the Gluon Stru
ture of the Proton

Di�ra
tive ve
tor meson produ
tion follows a similar des
ription to elasti
 hadron-

hadron s
attering where no hard s
ales are present. However, when the s
ales Q

2

, t

or the mass of the valen
e quarks in the ve
tor meson be
ome large, deviations from

soft pomeron behaviour be
ome apparent (see se
tions 4.2 and 5). In su
h 
ases, it is

natural to attempt to make a perturbative QCD des
ription. The usual approa
h is to


onsider the di�ra
tive s
attering of the q�q 
u
tuation of the photon, whi
h subsequently


ollapses into the ve
tor meson state. The simplest way to generate a 
olour singlet

ex
hange at the parton level is via the ex
hange of a pair of gluons. Several authors

have built models of hard ve
tor meson produ
tion that 
ontain the square of the gluon

distribution of the proton [19, 37℄. These models are able to give good des
riptions of

the data [23, 38℄. Parti
ularly for the �, the su

ess of two-gluon ex
hange models is

tempered by theoreti
al un
ertainties su
h as that asso
iated with the ve
tor meson

wavefun
tion.

6.2 Two Gluon Ex
hange Models and Virtual Photon Di�ra
-

tive Disso
iation

The su

ess of two-gluon ex
hange models in des
ribing hard ve
tor meson produ
tion

motivates a similar approa
h to virtual photon di�ra
tive disso
iation. The added


ompli
ation 
ompared to the ve
tor meson pro
ess is that more 
omplex partoni



u
tuations of the photon su
h as q�qg are expe
ted to play a role [39℄ in addition to

the simplest q�q state. A re
ent QCD motivated parameterisation of the di�ra
tive

stru
ture fun
tion in terms of the di�ra
tive s
attering of q�q and q�qg states [40℄ is


ompared to ZEUS measurements at a �xed small value of x

IP

in �gure 6b. In this

model, the medium � region is populated dominantly by q�q �nal states originating

from transversely polarised photons. The q�qg photon 
u
tuations are most signi�
ant

at low �. Finally, there is a signi�
ant higher twist 
ontribution at large � and low Q

2

,

generated by the intera
tion of longitudinally polarised photons.
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Fig. 6: (a) ZEUS measurement of the � dependen
e of F

D(3)

2

at various values of Q

2

and

x

IP

= 0:0042, 
ompared to a model based on the di�ra
tive s
attering of partoni
 
u
tuations

of the photon. (b) H1 measurement of theQ

2

dependen
e of x

IP

F

D(3)

2

at � = 0:4 and x

IP

= 0:02.

The results of a DGLAP �t to the 1994 data in whi
h both quarks and gluons 
ontribute at

the starting s
ale for evolution are also shown.

6.3 Di�ra
tive Parton Distributions

In Regge models that 
onsider the ex
hanged traje
tories as distin
t partoni
 sys-

tems [28℄, the � and Q

2

dependen
es of F

D

2

at �xed x

IP

are sensitive to the parton

distributions of the ex
hanges. The � dependen
e is relatively 
at (�gure 6a), with sig-

ni�
ant 
ontributions at large fra
tional momenta. An example of the Q

2

dependen
e

at �xed � and x

IP

is shown in �gure 6b. S
aling violations with positive �F

D

2

=� logQ

2

persist to large values of �

>

�

0:4 and extend to large Q

2

� 800 GeV

2

. In fa
torisable

partoni
 pomeron models, these features indi
ate the need for a signi�
ant `hard' (large

z

IP

� x

g=IP

) gluon 
ontribution to the pomeron stru
ture.

The H1 �ts to the x

IP

dependen
e (equation 10) have been extended to des
ribe

the � and Q

2

dependen
e of all data with 4:5 � Q

2

� 75 GeV

2

in terms of parton

distributions for the pomeron. Singlet quark and gluon distributions are parameterised

at a starting s
ale Q

2

0

= 3 GeV

2

and are evolved to larger Q

2

using the DGLAP

equations [26℄. The results from the best �t of this type are shown in �gure 6b. The


ross se
tion in the newly measured region 200 � Q

2

� 800 GeV

2

[27℄ is also well

des
ribed by the extrapolated predi
tions based on the �ts at lower Q

2

. Though the

pre
ise shape of the parton distributions are rather un
ertain at large z

IP

, more than

80 % of the pomeron momentum is 
arried by gluons throughout the Q

2

range studied

in all su
h a

eptable �ts.
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6.4 The Pion Stru
ture Fun
tion

Sin
e the leading neutron 
ross se
tion 
an be generated entirely from the � ex
hange

predi
tion within the Regge model des
ribed in se
tion 4.4, the quantity

F

LN(3)

2

(�;Q

2

; z = 0:7)=�

�

(z = 0:7) (15)

may be interpreted as a stru
ture fun
tion for the pion, where �

�

(z) =

R

f

�=p

(z; t) dt is

the pion 
ux at z = 0:7. Under this assumption, an extra
tion of F

�

2

is shown in �gure 7

in a previously unexplored low-x region. The GRV parameterisation [41℄ mat
hes the

data well.
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Fig. 7: An extra
tion of the quantity F

LN(3)

2

(�;Q

2

; z = 0:7)=�

�

(z = 0:7), whi
h may be

interpreted as the stru
ture fun
tion of the pion in the Regge model des
ribed in se
tion 4.4.

7 Hadroni
 Final States of Deep-Inelasti
 Di�ra
tion

Many �nal state observables are sensitive to the partoni
 stru
ture of the di�ra
tive

intera
tion and 
an be used to 
onstrain QCD motivated models. The natural frame

in whi
h to study the �nal state is the rest frame of the system X (


?

IP 
entre of mass

frame), the natural dire
tion in that frame being the 


?

IP 
ollision axis. First HERA

results have appeared on event shapes [42℄, energy 
ow and 
harged parti
le spe
tra [43℄,


harged parti
le multipli
ities and their 
orrelations [44℄, dijet produ
tion [45, 46℄ and


harm yields [47℄.

A summary of most of these measurements 
an be found in [2℄. They have 
on-

�rmed that there are large 
ontributions for whi
h the system X is built from more


omplex partoni
 stru
tures than q�q at lowest order, in parti
ular, at large values of

M

X

and where large transverse momenta are generated. In the language of a partoni


pomeron, all of these measurements 
on�rm that the di�ra
tive parton distributions are

dominated by gluons 
arrying large fra
tions of the ex
hanged momentum, boson-gluon

fusion (BGF) being the dominant hard pro
ess.
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7.1 Di�ra
tive Dijet Produ
tion

Dijet produ
tion is taken here as an example of re
ent HERA di�ra
tive �nal state data.

The study of dijets is parti
ularly sensitive to the gluon indu
ed BGF pro
ess. The

jet transverse momenta p

jet

T

introdu
e a further hard s
ale to the problem, testing the

universality of the parton distributions extra
ted from F

D

2

and allowing hard di�ra
tion

to be tested at Q

2

= 0 as well as in DIS. Estimators x

jets




and z

jets

IP

of the photon and

pomeron momenta that are transferred to the dijet system 
an be obtained as des
ribed

in [45, 46℄.

Figure 8a shows a measurement of the pseudorapidity distribution of di�ra
tively

produ
ed dijets in photoprodu
tion [45℄. A 
ombined leading order DGLAP �t is per-

formed to the dijet data at a s
ale E

t

and a measurement [48℄ of F

D(3)

2

. The relatively

high rate of dijet produ
tion 
annot be reprodu
ed with a quark dominated pomeron.

Good �ts are obtained with a variety of parameterisations in whi
h a `hard' gluon

distribution dominates the pomeron stru
ture.
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Fig. 8: (a) The di�ra
tive dijet photoprodu
tion 
ross se
tion di�erential in pseudorapidity.

The results of 
ombined �ts to the dijet data and to a measurement of F

D

2

, in whi
h the

pomeron has a gluon dominated stru
ture, are superimposed. (b) Di�erential 
ross se
tion for

di�ra
tive dijet photoprodu
tion as a fun
tion of x

jets




. The data are 
ompared with the pre-

di
tions of the POMPYT Monte Carlo model, based on two sets of gluon dominated pomeron

parton distributions. The e�e
t of possible rapidity gap destru
tion due to spe
tator intera
-

tions in resolved photon intera
tions is shown by applying a 
onstant weighting fa
tor hSi = 0:6

to all resolved photon intera
tions in the simulation. (
) Di�erential 
ross se
tion for di�ra
tive

dijet ele
troprodu
tion as a fun
tion of z

jets

IP

. The data are 
ompared to the RAPGAP model

based on two gluon dominated sets of parton distributions, to the LEPTO model in whi
h

BGF also dominates and to a model [52℄ of the ex
lusive produ
tion of q�q �nal states.

Figure 8b shows the x

jets




distribution in photoprodu
tion [46℄. There are 
lear


ontributions from resolved as well as dire
t photon intera
tions. Compared through

the POMPYT [49℄ Monte Carlo model with partoni
 models of the pomeron, it is


lear that quark dominated parton distributions underestimate the dijet rates by large

fa
tors. The gluon dominated partons derived from the QCD �ts to F

D

2

(se
tion 6.3)
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give a fair des
ription of the data with p

T

as the fa
torisation s
ale. In the region

dominated by resolved photon intera
tions (x

jets




<

�

0:8), there is some eviden
e for an

ex
ess in the predi
tion, whi
h may be related to rapidity gap destru
tion e�e
ts [50℄.

Figure 8
 shows the z

jets

IP

distribution in DIS [46℄. There are signi�
ant 
ontributions

in the region of large z

jets

IP

, as expe
ted for the dominan
e of gluons with large fra
tional

momenta in the ex
hange. The data are 
ompared through the Monte Carlo program

RAPGAP [51℄ with the gluon dominated pomeron parton distributions extra
ted from

F

D

2

. On
e again, a good des
ription of the data is obtained with the fa
torisation s
ale

taken to be p

T

. A two-gluon ex
hange model [52℄, 
ontaining only the q�q 
u
tuation of

the photon fails to produ
e the large 
ontributions at low z

jets

IP

, indi
ating that in this

pi
ture, more 
omplex states su
h as q�qg are required to generate the large p

T

and M

X

dijet �nal states.

8 Summary

The HERA experiments have produ
ed a large volume of data 
on
erned with di�ra
-

tion and 
olour-singlet ex
hange. The kinemati
 range 
overed and pre
ision of data

on ex
lusive ve
tor meson produ
tion and virtual photon disso
iation is 
ontinually

in
reasing.

The e�e
tive pomeron inter
ept des
ribing the 
entre of mass energy dependen
e at

�xedM

X

and t = 0 be
omes larger where hard s
ales su
h as Q

2

or a heavy quark mass

are introdu
ed. Together with numerous other observations, this motivates a perturba-

tive QCD based approa
h. For the 
ase of ex
lusive ve
tor meson produ
tion, models

based on the 
u
tuation of the photon into a q�q pair and the subsequent ex
hange of

a pair of gluons taken from the proton parton distributions su

essfully reprodu
e the

enhan
ed energy dependen
e and other aspe
ts of the problem. For the 
ase of vir-

tual photon disso
iation, models of this type 
an also des
ribe the data, provided the


u
tuation of the photon to q�qg states is also 
onsidered.

Where large di�ra
tive �nal state masses are produ
ed, further ex
hanges, in ad-

dition to the pomeron, are in eviden
e. It is possible to de
ompose the data into


ontributions from a series of Regge ex
hanges, with pomeron, f and � ex
hange all

being signi�
ant in leading proton produ
tion. The leading neutron 
ross se
tion is

saturated by the expe
tations for � ex
hange.

In models in whi
h partoni
 substru
ture is as
ribed to the ex
hanges, evolving

a

ording to the DGLAP equations, the pomeron stru
ture is found to be dominated

by gluons 
arrying large fra
tions of the ex
hanged momentum. This 
on
lusion is


on�rmed through the measurement of �nal state observables su
h as dijet rates. The

leading neutron 
ross se
tion has been used to extra
t a stru
ture fun
tion for the pion.

Complete analyses of the heli
ity stru
ture of ve
tor meson produ
tion pro
esses

have now been made. In the high Q

2

regime, the 
ross se
tion for � and � produ
tion

by longitudinal photons be
omes mu
h larger than that for transverse photons. In this

region, 
lear eviden
e is found for a violation of the s 
hannel heli
ity 
onservation

hypothesis.
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