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Abstrat: Reent measurements of the di�rative ross setion in deep-inelasti sat-

tering (DIS) at HERA are presented. The data are used to investigate the fatorisation

properties of di�rative DIS and to examine its quantum hromodynami (QCD) stru-

ture. Models based on the olour dipole approah to DIS are also tested.

1. Di�rative Deep Inelasti Sattering

At low x in DIS at HERA, approximately 10% of the

2

β

Figure 1: Illustration of the

kinemati variables used to de-

sribe di�rative DIS.

events are of the type ep! eXp, where the �nal state pro-

ton arries in exess of 95% of the proton beam energy [1, 2℄.

The kinematis of these proesses are illustrated in �gure 1.

A photon of virtuality Q

2

, oupled to the eletron, under-

goes a strong interation with the proton to form a �nal state

hadroni system X (mass M

X

) separated by a large rapidity

gap from the leading proton. No net quantum numbers are

exhanged. A fration x

IP

of the proton longitudinal mo-

mentum is transferred to the system X. The virtual photon

ouples to a quark arrying a fration � of the exhanged

momentum. The squared four-momentum transfer at the proton vertex is denoted t.

Events with this `di�rative' topology are interpreted in Regge models in terms of

pomeron trajetory exhange between the proton and the virtual photon. The large photon

virtualities enourage a perturbative QCD treatment of the proess. However, the parton

level interpretation is not obvious. In order to generate an exhange with net vauum

quantum numbers, a minimum of two partons must be exhanged in the t hannel.

The di�erential ross setion for di�rative DIS is often presented in terms of a di�ra-

tive struture funtion F

D(4)

2

(�;Q

2

; x

IP

; t), de�ned analogously to the inlusive proton

struture funtion F

2

. Experimentally, two omplementary methods have been used to

�
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measure F

D

2

. Reent measurements in whih the leading proton is measured in proton

spetrometers are desribed in [3℄. In this ontribution, data are presented for whih it

is not required that the leading proton is deteted and the kinematis are reonstruted

from the hadroni system X. This latter method yields the better statistial preision, but

does not allow a measurement of t. The results are therefore presented in the form of a

struture funtion F

D(3)

2

(�;Q

2

; x

IP

), orresponding to an integral of F

D(4)

2

over t.

The H1 ollaboration reently released new preliminary F

D(3)

2

data [4℄ (see �gures 2

and 3) based on a fator of 5 more luminosity than previous measurements.

1

In the

following setions, these data are used together with previous data from ZEUS and H1 to

test the fatorisation properties of di�rative DIS and its relationship to inlusive DIS.

2. Fatorisation Properties and Di�rative Parton Densities

In [4℄, the � and Q

2

dependene of F

D(3)

2

is studied
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Figure 2: Dependene of x

IP

F

D

2

on Q

2

for di�erent � values, with

�xed x

IP

= 0:003. The data are

ompared with the DGLAP QCD

�t desribed in the text (from [4℄).

with high preision by measuring the struture funtion

at four �xed values of x

IP

= 0:001, 0.003, 0.01 and 0.03.

As examples, the results for x

IP

= 0:003 are shown in

�gures 2 and 3. In �gure 2, saling violations with pos-

itive �F

D

2

=� lnQ

2

persist up to large values of � > 0:4,

on�rming earlier results [1, 2℄. Sine x = � � x

IP

, the

saling violations in �gure 2 an be ompared with the

saling violations of the inlusive F

2

at the same value

of x. When ompared at �xed x, the Q

2

dependenes

of F

2

and F

D

2

are similar for �

<

�

0:65 in the di�ra-

tive ase, suggesting that similar dynamis are at work

in the two proesses. At the highest �, the logarith-

mi Q

2

derivative of F

D

2

beomes negative and there is

a lear di�erene between the inlusive and di�rative

Q

2

dependenes at the same x [4℄. In this high � re-

gion, higher twist ontributions suh as elasti vetor

meson prodution are thought to play a major role in

the di�rative ross setion [5℄. The � dependene of

F

D

2

(�gure 3) is relatively at.

In [6℄, hard sattering fatorisation was proven for

a general lass of semi-inlusive proesses in DIS. A par-

tiular ase is leading proton prodution with spei�ed

values of x

IP

and t, orresponding to the �nal states

measured in di�rative DIS at HERA. The x and Q

2

dependene of the leading twist omponent of di�rative DIS an thus be treated in an

analogous way to inlusive DIS. `Di�rative parton densities' of the proton an be de�ned,

whih evolve aording to the DGLAP equations and an be used to alulate observable

ross setions when ombined with suitable oeÆient funtions.

1

The new H1 data are integrated over jtj < 1 GeV

2

and inlude a small ontribution (5 � 10%) from

proesses in whih the proton dissoiates to a system of mass less than 1:6 GeV.
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In �gures 2 and 3, the data are ompared with the
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Figure 3: Dependene of x

IP

F

D

2

on � for di�erent Q

2

values, with

�xed x

IP

= 0:003. The data are

ompared with the DGLAP QCD

�t desribed in the text (from [4℄).

results of a �t in whih the (�, Q

2

) dependene is ob-

tained by parameterising the di�rative light quark and

gluon densities at Q

2

0

= 2 GeV

2

and evolving to higher

Q

2

using the leading order DGLAP equations. The x

IP

dependene is assumed to fatorise from the (�;Q

2

) de-

pendene and is desribed by a Regge phenomenologial

ux fator suh that

x

IP

F

D(3)

2

= A(�;Q

2

)x

2�2h�

IP

(t)i

IP

� x

2�2h�

IP

(t)i

; (2.1)

where �

IP

(t) is the e�etive pomeron trajetory. The �t

desribes the data well and results in di�rative parton

densities dominated by the gluon density, whih extends

to large frational momenta. Similar di�rative parton

densities extrated from previous data have been highly

suessful in desribing hadroni �nal state measure-

ments in di�rative DIS [7℄.

The hard sattering fatorisation proof [6℄ makes

no predition for the (x

IP

, t) dependene. From the

QCD perspetive, the di�rative parton densities ould

vary in both shape and normalisation with these vari-

ables. However, the suess of Regge phenomenology in

desribing soft hadroni ross setions with a universal

pomeron trajetory suggests that there may be an ex-

tended `Regge' fatorisation property whereby the x

IP

dependene is driven by Regge asymptotis and is om-

pletely deoupled from the (�, Q

2

) dependene. The

dependene on (�, Q

2

) then represents a struture funtion for the exhanged pomeron [8℄.

In [4℄, the Regge fatorisation hypothesis is tested by measuring the data at a larger

number of x

IP

values

2

and performing a �t to equation (2.1) with free parameters for

the e�etive pomeron interept �

IP

(0) and A(�;Q

2

) at eah (�, Q

2

) point. At large x

IP

(equivalently small 

�

p entre of mass energyW ), ontributions from sub-leading exhanges

are required

3

in order to obtain a good �t to the data, although the normalisation and

e�etive interept of this ontribution is not well onstrained. The �t yields �

IP

(0) =

1:173�0:018 (stat:) �0:017 (syst:)

+0:063

�0:035

(model), the dominant upward model dependene

unertainty arising from the unknown ontribution of the ross setion for longitudinally

polarised photons. The Regge fatorisation hypothesis works well within the kinemati

range measured in [4℄, with no signi�ant variation of the e�etive �

IP

(0) with � or Q

2

.

There is thus no experimental evidene at the present level of preision for a variation of

the di�rative parton densities with x

IP

. The measured �

IP

(0) is ompared with previous

2

F

D

2

is measured at a total of 312 points in the (�;Q

2

; x

IP

) phase spae.

3

The �t yields a �

2

of 0.95 (1.25) per degree of freedom with (without) a sub-leading term inluded.
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DIS and photoprodution measurements and a reent ZEUS measurement in the low Q

2

transition region [9℄ in �gure 4. The result for di�rative DIS is signi�antly larger than

that desribing soft hadroni and photoprodution ross setions [10℄.

Simple Regge preditions for the total 

�

p ross
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Figure 4: Compilation of values ex-

trated for the e�etive pomeron inter-

ept in inlusive and di�rative ep sat-

tering, shown as a funtion of Q

2

.

setion lead at �xed Q

2

to

F

2

(x;Q

2

) / x

1��

IP

(0)

: (2.2)

Figure 4 also shows the e�etive pomeron interept

extrated from inlusive DIS at low x using equa-

tion (2.2) [11℄. The e�etive interepts desribing

the inlusive and di�rative energy dependenes be-

ome di�erent at large Q

2

. From equations (2.1)

and (2.2), Regge pole models predit a fator of ap-

proximately 2 di�erene in the power of the growth

of the di�rative and inlusive ross setions with

dereasing x (inreasing W ). Experimentally, the

ratio of di�rative to inlusive ross setions in DIS

is found to be relatively at as a funtion of x when

M

X

, � and Q

2

are �xed [2, 4℄. The situation for the

low Q

2

transition region is rather di�erent [9℄, sine

the Regge preditions for the ratio of di�rative to

inlusive ross setions work well.

3. Comparisons with Dipole Models

The hard sattering fatorisation proof for di�rative DIS does not speify the relationship

between the di�rative and the inlusive parton densities. Spei� models (e.g. [12, 5℄)

have been developed for this relationship. A popular approah is to onsider the interation

in the proton rest frame, in terms of the elasti and total ross setions for the sattering

on the target of q�q and q�qg utuations of the virtual photon, treated as olour dipoles.

Using ideas suh as the optial theorem, the same `dipole ross setion' an be used to

desribe total, elasti and dissoiative ross setions, thus unifying the desription of F

2

and F

D

2

. As yet, there is no onsensus on the proper way to treat the dipole ross setion.

In the \saturation" model [5℄, the q�q dipole ross setion is obtained from a 3 parameter

�t to F

2

data and is then used to predit F

D

2

, under the assumption that the di�rative

ross setion is driven by 2-gluon exhange.

4

A ontribution from q�qg utuations is added

in the di�rative ase, assumed to interat with the same dipole ross setion as the q�q

utuation. Figure 5 shows a omparison of the \saturation" model with various di�rative

data from ZEUS [2, 9℄. The desription is good for Q

2

� 4 GeV

2

. The q�qg ontribution is

learly needed at large M

X

. As yet, the model is not able to desribe the low Q

2

region.

Considering the small number of parameters, the model in [5℄ gives a good desription

of the new H1 data in [4℄, though there are lear disrepanies in the small �, small

4

The predition is for F

D(4)

2

at t = 0. To desribe the F

D(3)

2

data, an additional free parameter is needed,

orresponding to the exponential t dependene, parameterised as e

Bt

.
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Q

2

region. Inluding QCD evolution of the gluon distribution [13℄ does not improve the

desription of the data.

In the \semi-lassial" model
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Figure 5: Compilation of ZEUS F

D

2

data, ompared at

high Q

2

with the \saturation" model [5℄ and at low Q

2

with a Regge motivated parameterisation.

[12℄, the dipole ross setion is mod-

elled as the sattering from a su-

perposition of olour �elds of the

proton aording to a simple non-

perturbative model. All resulting

�nal state on�gurations ontribute

to the inlusive proton struture

funtion. Those in whih the sat-

tered partons emerge in a net olour-

singlet state ontribute to the di�ra-

tive struture funtion. The model

ontains only four free parameters,

whih are obtained from a om-

bined �t to previous F

2

and F

D

2

data. The model reprodues the

general features of the F

D

2

data in

[4℄, but also lies above the data

where � and Q

2

are both small.

Referenes

[1℄ H1 Collaboration, C. Adlo� et al., Z. Physik C 76 (1997) 613 [hep-ex/9708016℄.

[2℄ ZEUS Collaboration, J. Breitweg et al., Eur. Phys. J. C 6 (1999) 43 [hep-ex/9807010℄.

[3℄ F. Goebel, these proeedings.

[4℄ H1 Collaboration, abstrat 808, paper submitted to EPS Conferene on HEP 2001, Budapest.

[5℄ K. Gole-Biernat and M. W�ustho�, Phys. Rev. D 60 (1999) 114023 [hep-ph/9903358℄.

[6℄ J. Collins, Phys. Rev. D 57 (1998) 3051, Erratum-ibid. D 61 (2000) 019902

[hep-ph/9709499℄.

[7℄ R. Wihmann, these proeedings.

[8℄ G. Ingelman and P. Shlein, Phys. Lett. B 152 (1985) 256.

[9℄ ZEUS Collaboration, paper 435 submitted to International Conferene on HEP 2000, Osaka.

[10℄ A. Donnahie and P. Landsho�, Phys. Lett. B 296 (1992) 227 [hep-ph/9205235℄.

[11℄ H1 Collaboration, C. Adlo� et al., Phys. Lett. B 520 (2001) 183 [hep-ex/0108035℄.

[12℄ W. Buhm�uller, T. Gehrmann and A. Hebeker, Nul. Phys. B 537 (1999) 477

[hep-ph/9808454℄.

[13℄ K. Gole-Biernat and M. W�ustho�, Eur. Phys. J. C 20 (2001) 313 [hep-ph/0102093℄.

{ 5 {


