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Highlights seleted from reent measurements of olour-singlet exhange proesses

at HERA are summarised. Partiular emphasis is plaed on energy and momentum

transfer dependenes and the deomposition of the data into an expansion in

Regge trajetories. The latest results in vetor meson heliity analysis, partoni

desriptions of hard di�ration and di�rative dijet prodution are also overed.

1 Introdution

When disussing the suess of the standard model, it is often overlooked that the bulk

of hadroni ross setions remain rather poorly understood within the gauge theory of

the strong interation, quantum hromodynamis (QCD). Before the advent of QCD,

many aspets of hadroni interations were understood in the framework of Regge phe-

nomenology, whih is based on the most general properties of the sattering matrix. In

Regge models, di�rative (elasti, dissoiative and, via the optial theorem, total) ross

setions are well desribed [1℄ at high energy by the exhange of the leading vauum

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

from lear.

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

and virtual photons, suh that di�rative sattering in the 

(�)

p system an be studied.

A variety of hard sales an be introdued to the problem, suh that HERA provides an

exellent opportunity to study di�ration in regions in whih perturbative QCD may be

appliable. This leads to the exiting possibility of gaining an understanding of di�ra-

tion and the pomeron at the level of parton dynamis and of studying the transition

between perturbatively alulable and perturbatively inalulable strong interations.

The H1 and ZEUS experiments have produed many new and innovative measurements

that have already led to improvements in the QCD desription of di�ration. This on-

tribution summarises the most reent developments in olour-singlet exhange physis

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

The generi olour-singlet exhange proess 

(�)

p! XY at HERA is illustrated in

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

being the loser to the outgoing proton diretion. The proesses prinipally onsidered

here are exlusive vetor meson prodution 

(�)

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

and semi-inlusive virtual photon dissoiation 

(�)

p ! Xp, for all systems X (�g 1).

The semi-inlusive harge exhange reation 

�

p! Xn is also disussed. Measurements
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Fig. 1: (a) Illustration of the generi proess 

(�)

p ! XY . (b) Exlusive vetor meson pro-

dution 

(�)

p! V p. () Semi-inlusive olour-singlet exhange 

(�)

p! Xp and 

(�)

p! Xn.

of proesses in whih the proton dissoiates to higher mass systems Y are desribed

elsewhere [3{6℄.

2 Kinemati Variables

With q and P denoting the 4-vetors of the inoming photon and proton respetively,

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-vetors of

the �nal state systems X and Y respetively, three further variables are introdued;

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 detetors makes it possible to measure all

kinemati variables de�ned in equations 1 and 2 in many irumstanes. Where both

Q

2

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

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

partiularly good �lter for hard di�rative proesses in whih the pomeron itself may

be perturbatively alulable in terms of the exhange 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 doument is prinipally onerned with the kinemati region in

whih jtj is small and a large value of Q

2

sets a hard sale.

For virtual photon dissoiation 

�

p ! Xp, the kinematis 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 fration of the proton

beam momentum transferred to the system X and � may be onsidered as the fration
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of the exhanged longitudinal momentum that is arried by the quark oupling to the

photon.

Where leading baryons are diretly tagged (see setion 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 desribe the proess 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-vetor of the �nal state nuleon and m

N

is its mass. Provided the

�nal state nuleon is exlusively produed at the proton vertex, the de�nitions (2) and

(4) of t are equivalent and z = 1� x

IP

.

3 Experimental Tehniques

Muh of the data presented here is seleted on the basis of a large rapidity gap adjaent

to the outgoing proton beam, identi�ed by an absene of ativity in the more forward

3

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

is a proton. This approah yields high aeptane over a wide kinemati region. Sine

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

X

grows,

measurements by this method are restrited to the region x

IP

<

�

0:05 in whih di�ration

is expeted to be dominant.

In a seond experimental method, �nal state baryons are deteted diretly. Purpose-

built forward proton spetrometers (FPSs) are exploited to detet and measure �nal

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

and measure leading neutrons [12,13℄. The diret 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 dissoiation proess. It also allows aess to an enhaned

region of x

IP

. However, the inomplete aeptanes of the forward proton and neutron

detetors limit the available statistis.

The exlusive prodution of vetor mesons is identi�ed through the absene of any

ativity in the entral and bakward parts of the detetors beyond that assoiated with

the vetor meson deay. The harged deay produts of the vetor mesons are deteted

with high resolution in entral traking devies. For the measurements desribed here,

the deay hannels �

0

! �

+

�

�

, � ! K

+

K

�

, J= ! �

+

�

�

and J= ! e

+

e

�

are

studied. Measurements have also been made using the deays ! ! �

+

�

�

�

0

[14℄,

�

0

! �

+

�

�

�

+

�

�

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

have also reently been reported [17℄.

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

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

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

letion proedure is favoured by ZEUS for studies of photon dissoiation [8℄. Without

3

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

beam and orresponds to positive values of rapidity.
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expliitly requiring a forward rapidity gap, the di�rative signal is extrated from the

low mass tail in the distribution in hadroni invariant mass M

X

visible in the entral

omponents of the detetor (see setion 4.3).

4 Dependenes on W and t

4.1 Parameterising Colour Singlet Exhange Cross Setions

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

pendenes of olour singlet exhange ross setions at HERA. This does not neessarily

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

means of parameterising the data and omparing proesses involving the sattering of

di�erent partiles at di�erent values of t or Q

2

.

Usually, only the minimal asymptoti Regge assumption is needed,

4

whih 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�etive leading Regge trajetory desribing the proess. Varying

x

IP

at �xed M

X

, Q

2

and t is equivalent to varying W

2

(equation 3). Sine W

2

� Q

2

throughout most of the HERA kinemati domain, 1=x

IP

in equation 5 is often replaed

simply by W

2

.

In order to additionally model the t dependene, it is neessary to introdue the

form fators of the interating partiles. These are usually approximated to empirially

motivated exponential funtions, suh that at �xed M

X

and Q

2

, the full W and t

dependene 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�rative proesses, the leading trajetory takes the universal linear form

�

IP

(t) � �(0) + �

0

t � 1:08 + 0:25 t [18℄. Where hard sales are present, the e�etive

pomeron interept �

IP

(0) is expeted to inrease and the trajetory slope �

0

is expeted

to derease [19℄.

4.2 VetorMeson Energy and Momentum Transfer Dependenes

Figure 2a shows the entre of mass energy dependene of various t-integrated vetor

meson ross setions at Q

2

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

dissoiation ontributions. In ommon with the total ross setion at Q

2

= 0 [24℄, the

energy dependene of the �

0

photoprodution ross setion follows that expeted for

the exhange of the universal soft pomeron of hadroni physis. In ontrast to this, for
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Fig. 2: (a) Various vetor meson ross setions shown as a funtion of W at Q

2

= 0, together

with the total photoprodution ross setion. (b) The Q

2

dependene of the parameter � =

�

IP

(0)� 1, extrated from �ts to the W dependene of exlusive �

0

eletroprodution. () The

Q

2

dependene of the slope parameter b for exlusive �

0

eletroprodution.

J= photoprodution, where a hard sale orresponding to the harm quark mass is

introdued, the W dependene of the ross setion is muh steeper.

Figure 2b shows the e�etive pomeron interept as a funtion of Q

2

for the proess



�

p ! �

0

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

evidene for a steepening of the W depedendene of the rho eletroprodution ross

setion as Q

2

inreases. It is thus apparent that the introdution of hard sales suh

as Q

2

or a heavy quark mass leads to an inrease in the e�etive �

IP

(0) desribing the

vetor meson prodution energy dependene.

The t dependene of vetor meson prodution 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

extrated value of b for � prodution is shown as a funtion of Q

2

in �gure 2. There

4

Triple Regge analysis has been applied to di�rative dissoiation in photoprodution [6,8℄.
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is a lear derease of b with inreased Q

2

. This indiates that the 

�

! V transition

beomes an inreasingly short distane proess as Q

2

is inreased. For the ase of J= 

photoprodution, b � 4:5 GeV

�2

, similar to that for the � at large Q

2

, again indiating

that exlusive J= eletroprodution is already a hard proess at Q

2

= 0.

4.3 The Di�rative Dissoiation Cross Setion at Low x

IP

The t dependene of the virtual photon dissoiation proess has been measured in the

di�ration 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 sattering harateristi of

a di�rative proess.
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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 extrations of �

IP

(0) for virtual photon dissoiation, together

with the value expeted for the `soft' pomeron that governs hadroni interations in the absene

of hard sales.

Virtual photon dissoiation data obtained by the rapidity gap tehnique are usually

presented in the form of a three dimensional struture funtion F

D(3)

2

(�;Q

2

; x

IP

), de�ned

in lose analogy to the inlusive proton struture funtion 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 tehnique at 356

points in �, Q

2

and x

IP

spae, 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 exhange, a fatorisation of the x

IP

dependene is expeted of the form [28℄

F

D(3)

2

= f

IP=p

(x

IP

) F

IP

2

(�;Q

2

) ; (8)

where, for a ross setion 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 fator for the exhange 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 struture funtion of the pomeron [28℄.

When viewed in lose detail, the data do no quite obey the fatorisation 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

dependene of F

D(3)

2

is observed as �

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

trajetories in addition to the pomeron when x

IP

beomes large. Table 1 summarises

the trajetories that have most ommonly been onsidered in soft hadroni physis. In

a more omplete Regge treatment, the di�erential struture funtion 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 fator for the exhange 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 disussed Regge trajetories, together with their approximate

interepts and slopes, their isospin and the expeted ratio of uxes for leading proton and

neutron prodution. The exhange degenerate f , !, � and a trajetories are olletively referred

to as IR.

Allowing for the exhange of one further trajetory (IR) in addition to the pomeron

is suÆient to obtain a good desription of F

D(3)

2

throughout the measured kinemati

range. In �ts to intermediate Q

2

data [26℄ based on equation 10 in whih �

IP

(0),

�

IR

(0) and the values of F

IP

2

and F

IR

2

at eah (�, Q

2

) point are free parameters, the

5

Interferene terms are also possible, in partiular, that between IP and f . In [26℄, there was found

to be little sensitivity to the presene or absene of this term.
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interept of the seondary trajetory is found to be �

IR

(0) = 0:50 � 0:11 (stat:) �

0:11 (syst:)

+0:09

�0:10

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

degenerate partners.

In their analysis of virtual photon dissoiation, 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 seond term parameterises the ontribution from non-di�rative proesses at

largeM

X

. The operationally de�ned di�rative ontribution D is aeptane orreted

to give the ross setion in intervals ofM

X

, W

2

and Q

2

for the proess ep! eXY with

M

Y

< 5:5 GeV [8℄. The W dependene of the di�rative ontribution at �xed Q

2

and

M

X

6

is then used to extrat the t averaged value of the pomeron interept, �

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�etive pomeron interept is signi�antly

larger than the values �

IP

� 1:1 obtained from soft di�rative proesses [18℄ and is

similar to that desribing exlusive J= photoprodution. To date, there is no evidene

for a variation of the e�etive �

IP

(0) with Q

2

within the deep-inelasti regime. However,

the values extrated from photon dissoiation 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

detetors allows the study of olour singlet exhange proesses to be extended to the

region of omparatively large x

IP

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

models is expeted to be dominated by sub-leading exhanges.

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

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

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

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

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

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

H1 de�ne leading proton and neutron struture funtions, F

LP (3)

2

and F

LN(3)

2

re-

spetively, 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 struture funtion is measured in the region 0:6 < z < 0:9 in

12 bins of x and Q

2

, one of whih 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 dependene of leading baryon prodution at low z [31℄. Figure 4b shows the z

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

ture funtions on z in an example bin of x and Q

2

. The deomposition of the data aording

to a Regge model is superimposed. (b) Dependene 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 trajetories onsidered are summarised in table 1. The ex-

hange of isosalar trajetories leads to the prodution of leading protons only. Isove-

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

dissoiative proesses are negleted, but have been shown to be small [12℄.

The rate of leading proton prodution 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 produed by an isospin-0 exhange. The ontributions

from � and a exhanges must therefore be small and the models aordingly onsider

only IP, IR � f, ! and � exhange. With this ombination of exhange trajetories, the

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

ing ux fators and struture funtions as spei�ed in [32℄. The breakdown of the ross

setion into di�erent exhange ontributions is shown in �gure 4a. The predited z

dependene 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 prodution, the IR ontribution is found to be approximately twie as

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

<

�

0:9.

The neutron prodution ross setion is saturated by the predition for � exhange.
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5 Vetor Meson Heliity Analyses

Full extrations of the 15 spin density matrix elements governing vetor meson eletro-

prodution [33℄ have reently been made. The spin density matrix elements desribe

the transitions between the heliity omponents of the initial state photon and proton

and the �nal state vetor meson and proton.
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Fig. 5: (a) The full set of spin density matrix elements, shown for � eletroprodution as a

funtion of Q

2

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

The ratio of longitudinal to transverse photon indued ross setions 

�

p! �p, derived from

equation 14, shown as a funtion of Q

2

.

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

Q

2

as extrated by H1 [34℄. The hypothesis of s-hannel heliity onservation (SCHC)

states that the produed vetor meson should retain the polarisation of the inoming

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

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

usually expeted to hold for di�rative proesses [35℄. Where appropriate in �gure 5,

the dashed lines show the expeted values of the spin density matrix elements for the

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

zero for the matrix element r

5

00

. This deviation is also observed by ZEUS for both �

and � prodution [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 heliity ip to heliity onserving amplitudes to be 8�3%. The magnitude of the

heliity ip amplitude has been predited in a QCD inspired model [37℄, giving further

on�dene that perturbative approahes beome appliable to vetor meson prodution

where hard sales are introdued.



Di�rative Phenomena at HERA 11

Assuming SCHC, the matrix element r

04

00

is related to the ratio of ross setions R

for longitudinal to transverse photons aording 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�et on the value of R extrated by this method.

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

equation 14, as a funtion of Q

2

. The inrease in R with Q

2

is found to atten at large

Q

2

.

6 Partoni Interpretations of Colour Singlet Exhange

6.1 Vetor Mesons and the Gluon Struture of the Proton

Di�rative vetor meson prodution follows a similar desription to elasti hadron-

hadron sattering where no hard sales are present. However, when the sales Q

2

, t

or the mass of the valene quarks in the vetor meson beome large, deviations from

soft pomeron behaviour beome apparent (see setions 4.2 and 5). In suh ases, it is

natural to attempt to make a perturbative QCD desription. The usual approah is to

onsider the di�rative sattering of the q�q utuation of the photon, whih subsequently

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

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

have built models of hard vetor meson prodution that ontain the square of the gluon

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

the data [23, 38℄. Partiularly for the �, the suess of two-gluon exhange models is

tempered by theoretial unertainties suh as that assoiated with the vetor meson

wavefuntion.

6.2 Two Gluon Exhange Models and Virtual Photon Di�ra-

tive Dissoiation

The suess of two-gluon exhange models in desribing hard vetor meson prodution

motivates a similar approah to virtual photon di�rative dissoiation. The added

ompliation ompared to the vetor meson proess is that more omplex partoni

utuations of the photon suh as q�qg are expeted to play a role [39℄ in addition to

the simplest q�q state. A reent QCD motivated parameterisation of the di�rative

struture funtion in terms of the di�rative sattering 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 utuations are most signi�ant

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

2

,

generated by the interation of longitudinally polarised photons.
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Fig. 6: (a) ZEUS measurement of the � dependene of F

D(3)

2

at various values of Q

2

and

x

IP

= 0:0042, ompared to a model based on the di�rative sattering of partoni utuations

of the photon. (b) H1 measurement of theQ

2

dependene 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 whih both quarks and gluons ontribute at

the starting sale for evolution are also shown.

6.3 Di�rative Parton Distributions

In Regge models that onsider the exhanged trajetories as distint partoni sys-

tems [28℄, the � and Q

2

dependenes of F

D

2

at �xed x

IP

are sensitive to the parton

distributions of the exhanges. The � dependene is relatively at (�gure 6a), with sig-

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

2

dependene

at �xed � and x

IP

is shown in �gure 6b. Saling 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 fatorisable

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

z

IP

� x

g=IP

) gluon ontribution to the pomeron struture.

The H1 �ts to the x

IP

dependene (equation 10) have been extended to desribe

the � and Q

2

dependene 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 sale 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 setion in the newly measured region 200 � Q

2

� 800 GeV

2

[27℄ is also well

desribed by the extrapolated preditions based on the �ts at lower Q

2

. Though the

preise shape of the parton distributions are rather unertain at large z

IP

, more than

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

2

range studied

in all suh aeptable �ts.
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6.4 The Pion Struture Funtion

Sine the leading neutron ross setion an be generated entirely from the � exhange

predition within the Regge model desribed in setion 4.4, the quantity

F

LN(3)

2

(�;Q

2

; z = 0:7)=�

�

(z = 0:7) (15)

may be interpreted as a struture funtion for the pion, where �

�

(z) =

R

f

�=p

(z; t) dt is

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

�

2

is shown in �gure 7

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

data well.
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Fig. 7: An extration of the quantity F

LN(3)

2

(�;Q

2

; z = 0:7)=�

�

(z = 0:7), whih may be

interpreted as the struture funtion of the pion in the Regge model desribed in setion 4.4.

7 Hadroni Final States of Deep-Inelasti Di�ration

Many �nal state observables are sensitive to the partoni struture of the di�rative

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

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

?

IP entre of mass

frame), the natural diretion in that frame being the 

?

IP ollision axis. First HERA

results have appeared on event shapes [42℄, energy ow and harged partile spetra [43℄,

harged partile multipliities and their orrelations [44℄, dijet prodution [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 whih the system X is built from more

omplex partoni strutures than q�q at lowest order, in partiular, 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�rative parton distributions are

dominated by gluons arrying large frations of the exhanged momentum, boson-gluon

fusion (BGF) being the dominant hard proess.
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7.1 Di�rative Dijet Prodution

Dijet prodution is taken here as an example of reent HERA di�rative �nal state data.

The study of dijets is partiularly sensitive to the gluon indued BGF proess. The

jet transverse momenta p

jet

T

introdue a further hard sale to the problem, testing the

universality of the parton distributions extrated from F

D

2

and allowing hard di�ration

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 desribed

in [45, 46℄.

Figure 8a shows a measurement of the pseudorapidity distribution of di�ratively

produed dijets in photoprodution [45℄. A ombined leading order DGLAP �t is per-

formed to the dijet data at a sale E

t

and a measurement [48℄ of F

D(3)

2

. The relatively

high rate of dijet prodution annot be reprodued with a quark dominated pomeron.

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

distribution dominates the pomeron struture.
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Fig. 8: (a) The di�rative dijet photoprodution ross setion di�erential in pseudorapidity.

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

D

2

, in whih the

pomeron has a gluon dominated struture, are superimposed. (b) Di�erential ross setion for

di�rative dijet photoprodution as a funtion of x

jets



. The data are ompared with the pre-

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

parton distributions. The e�et of possible rapidity gap destrution due to spetator intera-

tions in resolved photon interations is shown by applying a onstant weighting fator hSi = 0:6

to all resolved photon interations in the simulation. () Di�erential ross setion for di�rative

dijet eletroprodution as a funtion 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 whih

BGF also dominates and to a model [52℄ of the exlusive prodution of q�q �nal states.

Figure 8b shows the x

jets



distribution in photoprodution [46℄. There are lear

ontributions from resolved as well as diret photon interations. 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

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

D

2

(setion 6.3)
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give a fair desription of the data with p

T

as the fatorisation sale. In the region

dominated by resolved photon interations (x

jets



<

�

0:8), there is some evidene for an

exess in the predition, whih may be related to rapidity gap destrution e�ets [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 expeted for the dominane of gluons with large frational

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

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

F

D

2

. One again, a good desription of the data is obtained with the fatorisation sale

taken to be p

T

. A two-gluon exhange model [52℄, ontaining only the q�q utuation of

the photon fails to produe the large ontributions at low z

jets

IP

, indiating that in this

piture, more omplex states suh as q�qg are required to generate the large p

T

and M

X

dijet �nal states.

8 Summary

The HERA experiments have produed a large volume of data onerned with di�ra-

tion and olour-singlet exhange. The kinemati range overed and preision of data

on exlusive vetor meson prodution and virtual photon dissoiation is ontinually

inreasing.

The e�etive pomeron interept desribing the entre of mass energy dependene at

�xedM

X

and t = 0 beomes larger where hard sales suh as Q

2

or a heavy quark mass

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

tive QCD based approah. For the ase of exlusive vetor meson prodution, models

based on the utuation of the photon into a q�q pair and the subsequent exhange of

a pair of gluons taken from the proton parton distributions suessfully reprodue the

enhaned energy dependene and other aspets of the problem. For the ase of vir-

tual photon dissoiation, models of this type an also desribe the data, provided the

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

Where large di�rative �nal state masses are produed, further exhanges, in ad-

dition to the pomeron, are in evidene. It is possible to deompose the data into

ontributions from a series of Regge exhanges, with pomeron, f and � exhange all

being signi�ant in leading proton prodution. The leading neutron ross setion is

saturated by the expetations for � exhange.

In models in whih partoni substruture is asribed to the exhanges, evolving

aording to the DGLAP equations, the pomeron struture is found to be dominated

by gluons arrying large frations of the exhanged momentum. This onlusion is

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

leading neutron ross setion has been used to extrat a struture funtion for the pion.

Complete analyses of the heliity struture of vetor meson prodution proesses

have now been made. In the high Q

2

regime, the ross setion for � and � prodution

by longitudinal photons beomes muh larger than that for transverse photons. In this

region, lear evidene is found for a violation of the s hannel heliity onservation

hypothesis.



16 Paul Newman

Aknowledgements

Thanks to Dusan Brunko and his team for organising suh a pleasant onferene, to

Rihard Mara�ek for showing me the darker sides of Eastern Slovakia and Pavel Murin

for putting my life at risk in the High Tatras mountains! I am also grateful to Martin

Erdmann and Paul Thompson for proof reading this doument.

Referenes

[1℄ K. Goulianos, Phys. Rev. 101 (1983) 169.

[2℄ P. Newman, hep-ex/9707020.

[3℄ H1 Collab., S. Aid et al., Nul. Phys. B472 (1996) 3.

H1 Collab., C. Adlo� et al., Zeit. Phys. C75 (1997) 607.

[4℄ ZEUS Collab., Conf. Paper 788, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

[5℄ ZEUS Collab., J. Breitweg et al., Eur. Phys. J C2 (1998) 247.

[6℄ H1 Collab., C. Adlo� et al., Zeit. Phys. C74 (1997) 221.

[7℄ H1 Collab., S. Aid et al., Nul. Phys. B463 (1996) 3.

[8℄ ZEUS Collab., J. Breitweg et al., Zeit. Phys. C75 (1997) 421.

[9℄ F. Low, Phys. Rev. D12 (1975) 163.

S. Nussinov, Phys. Rev. Lett. 34 (1975) 1286.

[10℄ ZEUS Collab., M. Derrik et al., Phys. Lett. B369 (1996) 55.

H1 Collab., paper 274 at Int. Europhys. Conf. on HEP, Jerusalem, August 1997.

H1 Collab., paper 380 at Int. Europhys. Conf. on HEP, Jerusalem, August 1997.

H1 Collab., Conf. Paper 570, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

[11℄ ZEUS Collab., M. Derrik et al., Z. Phys C73 (1997) 253.

[12℄ H1 Collab., C. Adlo� et al., DESY 98-169, submitted to Eur. Phys. J. C.

[13℄ S. Bhadra et al., Nul. Instr. and Meth A394 (1997) 121.

[14℄ ZEUS Collab., M. Derrik et al., Zeit. Phys. C73 (1996) 73.

[15℄ H1 Collab., Conf. Paper pa01-088, 28th Intern. Conf. on HEP, Warsaw, Poland (1996).

[16℄ H1 Collab., C. Adlo� et al., Phys. Lett. B421 (1998) 385.

H1 Collab., Conf. Paper 572, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

[17℄ ZEUS Collab., J. Breitweg et al., Phys. Lett. B437 (1998) 432.

H1 Collab., Conf. Paper 574, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

[18℄ A. Donnahie, P. Landsho�, Phys. Lett. B296 (1992) 227.

[19℄ L. Frankfurt et al., Phys. Rev. D54 (1996) 3194.

A. Martin et al., Phys. Rev. D55 (1997) 4329.

I. Royen, J. Cudell, hep-ph/9807294.

[20℄ ZEUS Collab., M. Derrik et al., Phys. Lett. B377 (1996) 259.

[21℄ H1 Collab., S. Aid et al., Nul. Phys. B472 (1996) 3.

[22℄ ZEUS Collab., J. Breitweg et al., Z. Phys. C75 (1997) 215.

[23℄ H1 Collab., Conf. Paper 572, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

[24℄ ZEUS Collab., M. Derrik et al., Z. Phys. C63 (1994) 391.

H1 Collab., S. Aid et al., Z. Phys. C69 (1995) 27.

[25℄ ZEUS Collab., J. Breitweg et al., Eur. Phys. J. C1 (1998) 81.



Di�rative Phenomena at HERA 17

[26℄ H1 Collab., C. Adlo� et al., Zeit. Phys.C76 (1997) 613.

[27℄ H1 Collab., Conf. Paper 571, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

[28℄ G. Ingelman, P. E. Shlein, Phys. Lett. B152 (1985) 256.

[29℄ L. L�onnblad, Comput. Phys. Commun. 71 (1992) 15.

[30℄ G. Ingelman et al., Comput. Phys. Commun. 101 (1997) 108.

[31℄ ZEUS Collab., Conf. Paper 789, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

[32℄ A. Szzurek et al., Phys. Lett. B428 (1998) 383.

B. Kopeliovih et al., Zeit. Phys. C73 (1996) 125.

[33℄ K. Shilling, G. Wol�, Nul. Phys. B61 (1973) 381.

[34℄ H1 Collab., Conf. Paper 564, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

[35℄ F. Gilman et al., Phys. Lett. B31 (1970) 387.

T. Bauer et al., Rev. Mod. Phys. 50 (1978) 261.

[36℄ ZEUS Collab., addendum to Conf. Papers 792, 793, 29th Intern. Conf. on HEP, Vanouver,

Canada (1998).

[37℄ D. Ivanov, R. Kirshner, Phys. Rev. D58 (1998) 114026

[38℄ ZEUS Collab., J.Breitweg et al., DESY 98-107, submitted to Eur. Phys. J. C

[39℄ M. Ryskin, Sov. J. Nul. Phys. 52 (1990) 529.

N. Nikolaev, B. Zakharov, Z. Phys. C53 (1992) 331.

M. W�ustho�, Phys. Lett. D56 (1997) 4311.

W. Buhm�uller et al., Nul. Phys. B487 (1997) 283.

W. Buhm�uller et al., DESY 98-113, hep-ph/9808454.

[40℄ J. Bartels et al., , DESY 98-034, hep-ph/9803497.

[41℄ M. Gl�uk et al., Z. Phys. C53 (1992) 651.

M. Gl�uk et al., Z. Phys. C67 (1995) 433.

[42℄ ZEUS Collab., J. Breitweg et al., Phys. Lett. B421 (1998) 368.

H1 Collab., C. Adlo� et al., Eur. Phys. J. C1 (1998) 495.

[43℄ H1 Collab., C. Adlo� et al., Phys. Lett. B428 (1998) 206.

ZEUS Collab., Conf. Paper 787, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

[44℄ H1 Collab., C. Adlo� et al., Eur. Phys. J. C5 (1998) 439.

[45℄ ZEUS Collab., J. Breitweg et al., DESY 98-045, submitted to Eur. Phys. J.

[46℄ H1 Collab., C. Adlo� et al., DESY 98-092, Submitted to Eur. Phys. J.

[47℄ ZEUS Collab., Conf. Paper 785, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

H1 Collab., Conf. Paper 558, 29th Intern. Conf. on HEP, Vanouver, Canada (1998).

[48℄ ZEUS Collab., M. Derrik et al., Zeit. Phys. C68 (1995) 569.

[49℄ P. Bruni, G. Ingelman, pro. Int. Europhys. Conf. on HEP, Marseilles, July 1993, 595.

[50℄ J. Bjorken, Phys. Rev. D47 (1993) 101.

E. Gotsman, E. Levin, U. Maor, Phys. Lett. B309 (1993) 199.

E. Gotsman, E. Levin, U. Maor, Phys. Lett. B438 (1998) 229.

[51℄ H. Jung, Comp. Phys. Commun. 86 (1995) 147.

[52℄ J. Bartels et al., Phys. Lett. B379 (1996) 239.

J. Bartels et al., Phys. Lett. B386 (1996) 389.


