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Towards a unified description of total and diffractive structure functions at DESY HERA
in the QCD dipole picture
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It is argued that the QCD dipole picture allows us to build a unified theoretical description, based on
Balitskii-Fadin-Kuraev-Lipatov dynamics, of the total and diffractive nucleon structure functions. This descrip-
tion is in qualitative agreement with the present collection of data obtained by the H1 Collaboration. More
precise theoretical estimates, in particular the determination of the normalizations and proton transverse mo-
mentum behavior of the diffractive components, are shown to be required in order to reach definite conclu-
sions.@S0556-2821~98!03011-2#

PACS number~s!: 13.60.Hb, 12.38.Bx
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I. MOTIVATION

Considering the phenomenological discussion on the p
ton structure functions measured by deep-inelastic scatte
of electrons and positrons at the DESYep collider HERA, it
is striking to realize that the proposed models, on one s
for the total quark structure functionF2(x,Q2) @1# and on the
other side for its diffractive componentF2

D(3)(x,M2,Q2) @2#,
are in general distinct. Indeed, the models@3# aiming at the
description of F2(x,Q2) use a QCD-inspired ‘‘hard
Pomeron’’ parametrization related either to a Dokshitz
Gribov-Lipatov-Altarelli-Parisi~DGLAP! @4# evolution with
extrapolation at smallx @5# or to Balitskii-Fadin-Kuraev-
Lipatov ~BFKL! @6# dynamics. On the other hand, most
the models proposed for the diffractive component of
quark structure function rely on a ‘‘soft Pomeron’’ picture
diffraction, assuming a point-like structure of the Pomer
considered as a compound particle@7,8#.

It has been known for some time, however, that at h
energies the elastic scattering and diffraction dissociation
hadrons are closely related@9#, being both a reflection of the
same phenomenon, namelyabsorptionof the incident par-
ticle wave in the target. It seems therefore interesting
verify if the same applies also to the incident virtual photo

In the present paper we investigate this question in
framework of the QCD dipole picture@10,11#. This picture
turned out already to be successful in the description of
total virtual photon-nucleon cross section~i.e., of total
nucleon structure functionF2 @12#!. The purpose of the
present paper is to verify if the so-called rapidity gap eve
@3# discovered recently at HERA can also be described al
these lines. Diffractive dissociation of the virtual photons
the framework of the QCD dipole picture was recently d
cussed in@13,14#. It was argued that the diffractive cros
section consists of two components.

Component I. Theinelastic component when the gluo
570556-2821/98/57~11!/6899~7!/$15.00
o-
ng

e

-

e

n

h
of

o
.
e

e

ts
g

-

cascade which evolved from the incident virtual photon
teracts inelastically with the target, see Fig. 1~a!. This com-
ponent ~corresponding to the 3-Pomeron interaction in t
Regge terminology! contributes mainly to the region of ver
large massM of the diffractively excited system:b!1,
where, as usual,b5Q2/(Q21M2).

Component II. Thequasielasticcomponent when theqq̄
pair emerging from the virtual photon scatters elastica
from the target, see Fig. 1~b!. This component contributes t
the region of smaller massesb>0.2.

The model calculations of Refs.@13,14# provided the for-
mulas for differential cross sectionds/dM2 of both compo-
nents I and II. Unfortunately, for technical reasons, so
rather drastic assumptions had to be made.

~a! The calculations were performed in the limit of larg
impact parameters. The integrated cross section was the
timated by integration only up to a certain cutoffbmin . This
procedure leads to a serious underestimate of the cross
tion @15#.

~b! The target nucleon was treated as a collection of s
eral QCD dipoles all of the same size and sitting at one po

FIG. 1. ~a! Inelastic diffraction~component I!; ~b! Quasielastic
diffraction ~component II!.
6899 © 1998 The American Physical Society
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This assumption neglects the effects of nucleon form-fac
and thus leads to an overestimation of the cross section

We are thus led to the conclusion that there are at pre
no reliable predictions for theabsolute normalizationof the
diffractive cross sections of the virtual photons. In this si
ation, in order to compare the predictions with the data,
decided to treat the normalization constants in the two co
ponents as arbitrary parameters and restrict ourselves to
comparison of the observed dependence on kinematic v
ables to that predicted by the formulas of Refs.@13,14# ~cf.
also@16#!. Our work should thus be treated as an explorat
search which is a guide for further investigation and sho
be repeated once more reliable calculations are availa
Within thesecaveatsour investigation leads to the conclu
sion that the data on rapidity gap events published rece
by H1 Collaboration@2# are reasonably well described by th
QCD dipole picture and thus the Good-Walker idea see
consistent with these data.

The plan of our investigations is as follows. In the ne
section we remind briefly the QCD dipole picture results
the total photon-nucleon cross section, introduce the ne
sary notation, and perform a fit for the total structure fun
tion. In Sec. III we summarize the formulas for diffractiv
cross section of the components~I! and~II !. These results are
compared to the data@2# in Sec. IV. Finally Sec. V contains
our conclusions, as well as an outlook for further work.

II. PROTON STRUCTURE FUNCTIONS

In the QCD-dipole picture of high-energy scattering
two initial small-size (r , r̄ ) onia ~massiveqq̄ states!, the
total cross section at fixed impact parameters(b) can be
obtained from the all-order QCD resummation of the
ementary dipole-dipole cross sectionss(r,r̄), where dipole
states of transverse diameterr ~respectively,r̄) appear in the
wave function of the initial states of transverse diameter

~respectively,r̄ ) at the ‘‘time’’ of interaction. This ‘‘time’’
variable is represented by a rapidity variable lnc/j, wherec is
a phenomenological constant@17# andj is the Bjorken vari-
able labelling the softer end of the produced dipole. O
writes

s tot5E d2bs~b!

5E dr

r
n1~r ;r,j!E dr̄

r̄
n1~ r̄ ,r̄, j̄ !s~r,r̄ !, ~1!

where the partition of the total ‘‘time’’ lnc/x5lnc/jj̄ between
the target and projectile is arbitrary, providedj j̄5x.
n1(r ,r,j) is the multiplicity of dipoles of sizer, integrated
over the transverse distance from the center of the oni
generated from an initial dipole of sizer after a ‘‘time’’
lnc/j. It is given by

n1~r ,r,j!5E dg

2p i S r

r D g

eD~g!ln~1/j!, ~2!

where
r
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D~g!5
aN

p
@2c~1!2c~12g/2!2c~g/2!# ~3!

is the eigenvalue of the BFKL kernel@6#, andN53 is the
number of colors.

The elementary dipole-dipole cross sections are obtai
from the gluon-exchange graphs and give@10#

s~r,r̄ !58pa2E dl

l 3
@12J0~ l r!#@12J0~ l r̄ !# i

52pa2r,
2 @11 ln~r. /r,!#. ~4!

Inserting formulas~2! and ~4! in the cross section formula
~1!, one finds

s~r , r̄ ,j!52pa2r r̄ E dg

2p i S r

r̄
D g21

4

g2~22g!2
eD~g!ln~1/j!.

~5!

In order to obtain the virtual photon-proton cross sect
from Eq. ~5!, one has to integrate over the initial distribu
tions of dipoles inside the photon and the proton. Since
know neither the number nor the distribution of the dipo
in the proton, we simply define

E d2 r̄ ~ r̄ !22gF~ r̄ ![ne f f~g!@r 0~g!#22g, ~6!

wherene f f has the meaning of the average number of p
mary dipoles in the proton andr 0 is their average transvers
diameter.

The distributions of the primary dipoles in the virtual ph
tons are known@18,11# and thus the corresponding integra
can be performed with the result

sT,L~x,Q2!5
4Naemef

2

p
a2ne f fE dg

2p i
r 0

2S 2

Qr0
D g

3eD~g!ln~1/x!
4

g2~22g!2

3
G2~22g/2!G4~11g/2!

G~42g!G~21g!
HT,L~g!, ~7!

where

HT~g!5
~22g/2!~11g/2!

g~12g/2!
, HL~g!51. ~8!

HT,L refers to transverse and longitudinal photons, resp
tively. ef

2 is the total charge of the quarks whose flavor co
tributes to the reaction, andne f f5ne f f(1), r 05r 0(1), see
formula ~6!.

The path integral in Eq.~7! can be evaluated by the sadd
point method~giving good approximation asx→0). The re-
sult is

FT,L5
Q2

4p2aem

sT,L
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5HT,L~1!
pNa2ef

2

32
ne f fS x

cD 2DP r 0Q

2 S 2a~x!

p D 1/2

3expF2
a~x!

2
ln2S r 0Q

2 D G , ~9!

whereHL(1)51, HT(1)59/2, and

a~j!5@7aNz~3!ln~c/j!/p#21, DP[D~1!54ln2aN/p
~10!

are the well-known coefficients appearing in the solution
BFKL dynamics for the Pomeron@6#.

Formula~9! gives the prediction for the nucleon structu
functions in terms of four parameters: the strong coupl
constanta, the average number of primary dipoles in t
protonne f f , their average radiusr 0 , and the constantc fix-
ing the rapidity scale of the problem. It coincides with t
one used in the published fit@12# apart from the new param
eter c which sets the rapidity scale of the process, and
unavoidable in the leading log approximation of QCD. Th
justifies a new fit ofF2 using formula~9! which we have
performed assumingDP50.282~as in@12#! and leaving free
the three other parameters. The result is

DP50.282, c51.75,

Q05
2

r 0
50.622 GeV, ne f f53.8/ef

2 . ~11!

The fit ~displayed in Fig. 2! is using the published dat
from the H1 experiment@1#. We have only considered th
points withQ2<150 GeV2 to remain in a reasonable doma
of validity of the QCD dipole model. Changing this valu
does not appreciably change the quality and parameter

FIG. 2. Comparison of the 4-parameter fit with the H1 data. T
validity of the prediction extends beyond the domain included in
fit. We note a discrepancy at highx, high Q2 due, in particular, to
the absence of the valence contribution not considered in
present model.
f

g

is

of

the fit. Thex2 is 88.7 for 130 points. Although not include
in the fit, the data points at highQ2.150 GeV2 and x
,5.1021 are well described, while at higherx, an expected
contribution of valence quarks is needed.

Commenting on the parameters, let us note that the ef
tive coupling constant extracted fromDP is a50.11, close to
a(MZ) used in the H1 QCD fit. It is an acceptable value f
the small coupling constant required by the BFK
framework.1 The value ofQ0 corresponds to a transvers
radius of 0.4 fm which is in the correct range for a prot
nonperturbative characteristic scale. The value ofne f f deter-
mines the number of primordial dipoles in the proton to
about 6~if three flavors contribute to the process! which also
does not seem unreasonable. The parameterc sets the
‘‘time’’ scale for the formation of the interacting dipoles.
defines the effective total rapidity interval which is ln(1/x)
1 lnc, the constant being not predictable~but of order 1! at
the leading logarithmic approximation.

The obtained fit forF2 is very similar than the previously
published one in Ref.@12#, even with a betterx2. In the same
spirit, relation~11! provides a parameter-free prediction f
the gluon density~not shown in the figures! which is, as the
previous one@12#, in good agreement with the results o
tained by the H1 QCD fits based on a next leading or
~NLO! DGLAP evolution equation@1#. Using the factoriza-
tion properties of formula~11! and noting@12# that theFL
structure function is given by a similar formula withhT
1hL replaced byhL , one obtains a parameter-free predicti
for FL ~see Fig. 3!. Note that we obtain a prediction in agre

1The running of the coupling constant and other next leading
corrections are not taken into account in the present BFKL sche
This could explain the rather low value of the effectiveDP which is
expected to be decreased by the next leading contributions@19#.

e
e

e

FIG. 3. Comparison of our prediction for the longitudinal stru
ture functionFL and the H1 data. The prediction is somewhat low
than the measurement, but more precise data are needed to
more precise tests.
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ment with the~indirect! experimental determination forFL
@20#, but somewhat lower than the center values. Thus
would be interesting to obtain a more precise measurem
of FL to test the different predictions on theQ2 evolution as
already mentioned in Ref.@12#.

III. DIFFRACTIVE STRUCTURE FUNCTIONS

The diffractive structure functions are related to the c
responding diffractiveg* -nucleon cross sections by the r
lation

FT,L
D~3!~Q2,xP ,b![

Q2

4p2ae.m.

xP
21E d2b

bdsT,L

dbd2b
, ~12!

wherexP5x/b.
As already explained in the first section, in the QCD

pole model the diffractive structure functions are given
two components: inelastic and quasielastic. They were
cussed in@13,14#, where the formulas forg* -dipole diffrac-
tive cross sections were derived and used to construct
corresponding structure functions following the formu
These results are summarized below.

~I! Inelastic component:

FT,L
D~3!,inel~Q2,xP ,b!

5
16ef

2a5N

p
ne f f

2 S 2a~xP!

p D 3

xP
2122DP

3E
c2 i`

c1 i` dg

2p i S r 0Q

2 D g

V~g!HT,L~g!b2D~g!, ~13!

whereHT,L are defined in Eq.~8!,

V~g!5V~g!
2

g~22g!3

G4~22g/2!G2~11g/2!

G~42g!G~21g!
~14!

and

V~g!5E
0

1

2F1~12g,12g;1;y2!dy ~15!

(2F1 is the hypergeometric function!. In the interesting 3-
pomeron limit (b!1), the path integral can be evaluated
the saddle point method with the result

FT,L
D~3!,inel~Q2,xP ,b!

5GHT,L~1!
ef

2a5N2p

4 S 2a~xP!

p D 3

3xP
2122DP

r 0Q

2
b2DPS 2a~b!

p D
1
2

3expS 2
a~b!

2
ln2~r 0Q/2! D , ~16!

where G50.915 . . . is Catalan’s constant, HT(1)
59/2, HL(1)51.
it
nt

-

-

s-

he
.

The important features of Eq.~16!, pointed out in@13# are
as follows.

~a! An approximate factorization of thexP andQ2 depen-
dences.

~b! Important logarithmic corrections of the form
@ ln(1/xP)#23 to the main power law factorxP

2122DP . These
corrections lower the effective pomeron intercept for diffra
tive dissociation, in qualitative agreement with the data.

~c! There is a significant scaling violation, becauseFT,L
D(3)

depends explicitly onQ2.
~II ! Quasielastic component.
It was discussed in@14#, where the formulas for diffrac-

tive cross sections ing* -dipole collisions were given. From
these formulas one can derive the following expression
the diffractive structure functions:

FT
D~3!,qel~Q2,xP ,b!

5
Q4Ncef

2

2p3bxP

ne f f
2 E

r 0

`

d2bE
0

1

dz@z21~12z!2#z2~12z2!

3U E
0

r 0
drT~b,r,r 0 ,j!K1~Q̂r !J1~M̂ r !U2

~17!

and

FL
D~3!,qel~Q2,xP ,b!

5
Q4Ncef

2

p3bxP

ne f f
2 E

r 0

`

d2bE
0

1

dzz3~12z!3

3U E
0

r 0
drT~b,r,r 0 ,j!K0~Q̂r !J0~M̂ r !U2

, ~18!

where

Q̂25z~12z!Q2, M̂25z~12z!M2, ~19!

andT(b,r,r 0 ,xP) is the amplitude for elastic scattering of
dipole of diameterr on a dipole of diameterr 0 at impact
parameterb.

In Ref. @14# this amplitude was approximated by i
asymptotic form valid for largeb which reads

T~b,r,r 0 ,xP!

'pa2
rr 0

b2
lnS b2

rr 0
D xP

2DPS 2a~xP!

p D 3/2

ea~xP!/2ln2S b2

rr 0
D
~20!

and for that reason the integration overb was performed
from r 0 to ` @the meaning of the formula~20! for b,r 0 is
rather doubtful#.

The main qualitative features of this quasielastic com
nent, pointed out in@14#, are~a! a similarxP dependence as
the inelastic component, with important logarithmic corre
tions bringing down the pomeron intercept,~b! as expected,
the quasielastic component vanishes atb50 and actually
populates significantly only the regionb>0.2, and~c! the
dependence onb of the transversal and longitudinal structu
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FIG. 4. Prediction for the total~longitudinal1 transverse! diffractive structure function, see text. Dotted lines: the inelastic compon
I; Dashed lines: the quasielastic component II; Full line: the sum of both components~note that atb'1, the inelastic component is almos
0 and the dashed line coincides with the full line and thus is not apparent on the plot!.
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functions is dramatically distinct.FT dominates in the region
b<0.8, whereasFL takes over at smallb. The sum of the
two components, however, is almost constant in the ra
0.3<b,1.

IV. PREDICTIONS FOR HARD DIFFRACTION

The formulas presented in Sec. IV were obtained
@13,14# by calculating first the cross section ofg* on a single
dipole of a fixed transverse diameterr 0 in the limit of very
large impact parameterb. The obtained formulas were the
extrapolated untilbmin5r 0 and integrated frombmin to `.
Finally the result was multiplied byne f f

2 to account for the
number of the dipoles in the target nucleon~determined from
the fit of the formula forF2 to the data!.

These approximations allowed to perform explicit calc
lations and to discuss the general behavior of diffract
structure functions@13,14#. They are, however, not valid in
the important region, where the impact parameterb is of the
order of the size of the original dipoles@15# and therefore the
results given in the formulas of Sec. III cannot be treated
precise predictions of the QCD dipole picture~i.e., of BFKL
dynamics! for several reasons.
e

n

-
e

s

First, the asymptotic formula for large impact parame
ignores entirely the singularities of the dipole-dipole amp
tudes, which become important, when the impact param
is of the order of the size of the colliding dipoles. This defe
leads to a serious underestimation in the normalization of
calculated cross sections.2 However, the conformal invari-
ance of the BFKL dynamics@21,22# insures that the genera
dependence on kinematic variables remains—to a g
approximation—unaffected.

Second, the cross section for scattering on a single dip
of the sizer 0, even if multiplied byne f f

2 , cannot be directly
used for the estimation of the cross section on the nucl
target. The reason is twofold:~i! it is unlikely that all the
primary dipoles in the nucleon are of the same sizer 0 and
thus the distribution of their sizes must be taken into accou
~ii ! the single-dipole cross section ignores entirely the dis
bution of the transverse position of the primary dipoles in
nucleon, i.e., it ignores the effects of the nucleon form-fact
Although these effects are not present in forward scatte

2It was recently shown in@15# that this factor may even wel
exceed 100.
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amplitudes~and therefore they do not influence the calcu
tion of the total cross section!, they largely determine the
momentum transfer dependence and thus reduce signific
the cross section integrated over momentum transfer to
target nucleon.

To summarize, we note@15# two effects which were no
included in the calculations given in@13,14# and which are
expected to affect substantially the normalization of the
tained diffractive structure functions. In this situation befo
a more precise calculation is available, we treat the norm
ization of the two components as free parameters, in orde
phenomenologically evaluate the main conditions for a
of the unified description of proton structure functions. W
thus compare the experimental data to the formula

F2
D~3!5NinelF2

D~3!,inel1NqelF2
D~3!,qel, ~21!

whereF2
D(3),inel and F2

D(3),qel are constructed from the for
mulas~16!, ~17!, and~18! usingF25FL1FT .

Since this procedure can at best be considered only a
exploratory search, we did not try to perform a fit, but simp
tried a few values ofNinel andNqel to see if one can obtain
a qualitative agreement of Eq.~21! to the data. In Fig. 4 the
results of these calculations are shown forNinel516 and
Nqel56. One sees that a general description of the dat
quite reasonable forxP<0.01 except in the region of largeb,
where theQ2 dependence of the quasielastic componen
not fully adequate.

We find this result rather satisfactory, given the pres
status of the theoretical calculations. Thus—although the
nal answer must wait till more precise QCD dipole calcu
tions are available—our tentative conclusion is that the
isting data on rapidity-gap events do not rule out the BF
dynamics as a correct description of the diffractive pheno
ena involving virtual photons. Indeed a decisive test w
come along with more complete theoretical calculations, e
@15#.
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V. CONCLUSIONS AND OUTLOOK

In conclusion, we have shown that the BFKL dynamic
as represented by the QCD dipole picture, is in qualitat
agreement with the three-dimensional data on rapidity-
events being observed at HERA. Further theoretical work
needed, however, to arrive at more precise conclusions
particular, it is necessary:

~a! to evaluate theg* cross sections without the large-b
approximation used in@13,14#. The work on inelastic com-
ponent was recently completed@15# and the quasielastic
component will be available in the near future.

~b! Since the effects related to the nucleon form-factor
expected to influence significantly the results, a serious p
nomenological discussion of the nucleon form-factor in t
framework of the QCD dipole picture is required. More pr
cise data on momentum transfer dependence of the diff
tive structure functions would be of great help.3

We feel that this program is feasible and thus one m
hope that a unified picture of the high-energy diffractive p
cesses involving the virtual photons, based on BFKL dyna
ics, may indeed be constructed in the near future.

3The form-factor effects being unimportant for forward scatterin
the measurements of diffraction dissociation at zero momen
transfer would of course bring an important information to the pro
lem we consider. At this point one may notice that also the m
surements of the virtual photon shadowing in nuclei~which de-
pends mainly on forward diffractive amplitudes@23#! could provide
another practical method to learn about the diffraction at zero m
mentum transfer.
S.

No.

ys.
@1# H1 Collaboration, S. Aidet al., Nucl. Phys.B470, 3 ~1996!.
@2# H1 Collaboration, C. Adloffet al., Z. Phys. C76, 613 ~1997!.
@3# For a recent review, see J. Bluemlein, J. Huston, C. Roy

and R. Yoshida, ‘‘Summary of Working group I: hadron stru
ture;’’ P. Newman, ‘‘Colour singlet exchange in ep intera
tions;’’ D. Soper, ‘‘Diffraction in DIS and elsewhere,’’ Sum
mary talks given at the ‘‘DIS 97’’ conference, Chicago.

@4# G. Altarelli and G. Parisi, Nucl. Phys.B126, 298~1977!; V. N.
Gribov and L. N. Lipatov, Sov. J. Nucl. Phys.15, 438 ~1972!;
15, 675 ~1972!; Yu. L. Dokshitzer, Sov. Phys. JETP46, 641
~1977!.

@5# M. Glück, E. Reya, and A. Vogt, Z. Phys. C53, 127 ~1992!;
Phys. Lett. B306, 391 ~1993!.

@6# V. S. Fadin, E. A. Kuraev, and L. N. Lipatov, Phys. Lett.60B,
50 ~1975!; I. I. Balitsky and L. N. Lipatov, Sov. J. Nucl. Phys
28, 822 ~1978!.

@7# G. Ingelman and P. Schlein, Phys. Lett.152B, 256 ~1985!.
@8# A. Edin, G. Ingelman, and J. Rathsman, Phys. Lett. B366, 371

~1996!; Z. Phys. C75, 57 ~1997!; W. Buchmüller and A. He-
,

becker, Phys. Lett. B355, 573 ~1995!; Nucl. Phys.B476, 203
~1996!.

@9# M. L. Good and W. D. Walker, Phys. Rev.120, 1857~1960!;
H. I. Miettinen and J. Pumplin, Phys. Rev. D18, 1696~1978!.

@10# A. H. Mueller, Nucl. Phys.B415, 373 ~1994!; A. H. Mueller
and B. Patel,ibid. B425, 471 ~1994!; A. H. Mueller, ibid.
B437, 107 ~1995!.

@11# See also, N. N. Nikolaev and B. G. Zakharov, Z. Phys. C49,
607 ~1991!.

@12# H. Navelet, R. Peschanski, and Ch. Royon, Phys. Lett. B366,
329 ~1996!; H. Navelet, R. Peschanski, Ch. Royon, and
Wallon, ibid. 385, 357 ~1996!.

@13# A. Bialas and R. Peschanski, Phys. Lett. B378, 302~1996!; A.
Bialas, Acta Phys. Pol. B27, 6 ~1996!.

@14# A. Bialas and R. Peschanski, Phys. Lett. B387, 405 ~1996!.
@15# A. Bialas, H. Navelet, and R. Peschanski, Saclay Report

T97/131, hep-ph/9711236@Phys. Lett. B~to be published!#.
@16# M. Genovese, N. N. Nikolaev, and B. G. Zakharov, Sov. Ph

JETP81, 625 ~1995!; 81, 633 ~1995!.



-

57 6905TOWARDS A UNIFIED DESCRIPTION OF TOTAL AND . . .
@17# A. Bialas, Acta Phys. Pol. B28, 1239~1997!.
@18# J. Bjorken, J. Kogut, and D. Soper, Phys. Rev. D3, 1382

~1971!.
@19# G. Camici and M. Ciafaloni, Phys. Lett. B412, 396 ~1997!.
@20# H1 Collaboration, Phys. Lett. B393, 452 ~1997!.
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