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Diffractive production and the total cross section in deep inelastic scattering
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We explore the consequences for diffractive production,g* p→Xp, in deep inelastic scattering at low values
of x>Q2/W2!1 that follow from our recent representation of the total photoabsorption cross section,sg* p ,
in the generalized vector dominance or color dipole picture that is based on the generic structure of the
two-gluon exchange from QCD. Sum rules are derived that relate the transverse and the longitudinal~virtual!

photoabsorption cross section to diffractive forward production ofqq̄ states that carry photon quantum num-
bers~‘‘elastic diffraction’’!. Agreement with experiment in theW2 and Q2 dependence is found forMX

2/Q2

!1, whereMX is the mass of the produced systemX. An additional component~‘‘inelastic diffraction’’!, not
actively contributing to the forward Compton amplitude, is needed for diffractive production at high values of
MX . Our previous theoretical representation of the total photoabsorption cross section,sg* p5sg* p(h), in
terms of the scaling variableh[(Q21m0

2)/L2(W2) is extended to include the entire kinematic domain,x
<0.1 and allQ2 with Q2>0, where scaling inh holds experimentally.

DOI: 10.1103/PhysRevD.66.094005 PACS number~s!: 13.60.Hb
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I. INTRODUCTION

Any theory of diffractive production,g* p→Xp in deep
inelastic scattering~DIS!, at low x5Q2/W2!1 has to dis-
criminate between, and take into account, two distinctly d
ferent components: an ‘‘elastic’’ and an ‘‘inelastic’’ one. Th
elastic component, by definition, consists of all and o
those final statesX that carry the quantum numbers of th
photon. Accordingly, the~imaginary! elastic diffractive pro-
duction amplitude is responsible for the~virtual! forward
Compton scattering amplitude that, via the optical theore
represents the total photoabsorption cross sect
sg* p(W2,Q2). The inelastic component contains hadron
statesX that do not carry photon quantum numbers. In p
ticular, the inelastic component contains statesX of spins
different from the spin of one unit carried by the photon.
obviously, does not contribute to the Compton forward sc
tering amplitude.

Direct evidence for an inelastic component in diffracti
production in DIS is provided by the experimentally o
served properties of the hadronic state in diffractive DIS. T
thrust and sphericity distributions of the stateX are approxi-
mately identical@1# to the ones observed ine1e2→qq̄→
hadrons. The strong alignment of the jet axis of the (qq̄)
stateX in its rest frame with respect to the virtual photo
direction, however, is different from the 11cos2u depen-
dence observed ine1e2 annihilation, and this difference
provides evidence for the presence of higher spin state
the systemX. Also, in hadron-hadron interactions, diffractiv
production of states, different in spin from the initial bea
particles, is a common feature. The change in spin is c
nected with a change in parity that obeys the natural-s
parity connection (21)DJ @2#.

In the present investigation, we consider elastic diffra
0556-2821/2002/66~9!/094005~10!/$20.00 66 0940
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tion in its connection with the total virtual photoabsorptio
cross section. In terms of the virtual forward Compton sc
tering amplitude, DIS at lowx corresponds to diffractive
scattering of the hadronic (qq̄) states the photon fluctuate
into, as conjectured by generalized vector dominance@3# a
long time ago. Theqq̄ states the photon is coupled to intera
via a two-gluon exchange@4# with the target nucleon. Theqq̄
states form a color dipole, and the forward scattering am
tude resulting from the two-gluon exchange becomes dia
nal when expressed in terms of the~transverse! quark-
antiquark separation in position space@5#. When transformed
into momentum space, off-diagonal transitions of a destr
tive nature appear with respect to the masses in the prop
tors of the incoming and outgoingqq̄ states, essential for th
convergence of the whole formalism, as anticipated by o
diagonal generalized vector dominance@6# in the pre-QCD
era.1 Our approach@8–10# to DIS, which is based on the
generic two-gluon exchange structure and incorporates
empirical scaling ofsg* p(W2,Q2)5sg* p„h(W2,Q2)… with
h[(Q21m0

2)/L2(W2) @8#, is appropriately called the gen
eralized vector dominance~GVD! or color-dipole picture
~CDP!.

In the present paper we will show that the total cro
sectionsg* p at small x can explicitly be represented by
sum rule that contains the elastic diffractive production a
plitude integrated over the masses of the diffractively p
duced statesX. The direct connection ofsg* p and diffractive
production by the sum rule will be seen to suggest an
proved expression forsg* p5sg* p(h) in the GVD-CDP,
such that the GVD-CDP covers the full kinematic ran

1Compare also Ref.@7# for a discussion of the relevance of of
diagonal generalized vector dominance.
©2002 The American Physical Society05-1
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where scaling inh was established@8#, i.e. x,0.1 with all
Q2>0.

A comparison of the results for elastic diffraction with th
experimental data forg* p→Xp reveals the presence of
large excess in high-mass production, i.e. forb[Q2/(Q2

1MX
2)!1. This excess is to be associated with inelastic d

fractive production.
In Sec. II we briefly present the GVD-CDP forsg* p . In

Sec. III we describe elastic diffraction. A comparison of t
representations in Secs. II and III implies the sum rules
Sec. IV. The comparison with the experimental data for d
fractive production in Sec. V reveals approximate agreem
for small diffractively produced masses, i.e. forb→1, while
showing the mentioned excess forb→0. The improved rep-
resentation ofsg* p(h) is given in Sec. VI, while Sec. VII
summarizes our main conclusions.
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II. THE VIRTUAL FORWARD COMPTON SCATTERING
AMPLITUDE AND sg* p

The virtual forward Compton scattering amplitude at lo
x, as mentioned, results from the diffractive scattering ofqq̄
states on the proton,

qq̄1proton→qq̄1proton, ~1!

where both the incoming and outgoingqq̄ pair carry the
quantum numbers of the photon. In particular, the incom
and outgoingqq̄ states in Eq.~1! have spin 1. Thex→0 limit
of the two-gluon-exchange virtual forward Compton scatt
ing amplitude is embodied@8# in the position-space represen
tation @5# for the transverse and longitudinal parts of t
photoabsorption cross section,sg* p andsg* p ,
T L

h
e

ce
sg
T,L* p~W2,Q2!5E dzE d2r' (

l,l8561

ucT,L
(l,l8)~rW' ,z,Q2!u2s (qq̄)p~rW'

2 ,z,W2! ~2!

with the Fourier representation of the color dipole cross section,

s (qq̄)p~rW'
2 ,z,W2!5E d2l's̃ (qq̄)p~ lW'

2 ,z,W2!~12e2 i lW'rW'! ~3!

that incorporates color transparency and~hadronic! unitarity @8#. In Eqs.~2! and~3! we use the conventional notation, in whic
rW' denotes the transverse interquark separation andz the fraction of the~virtual! photon momentum carried by thequark. Th
transverse gluon momentum is denoted bylW' . The square of the photon wave function reads2

(
l,l8

ucT,L
(l,l8)~rW' ,z;Q2!u253•

4p

~16p3!2E d2k'8 E d2k'MT,L* ~kW'8 ,z,Q2!MT,L~kW' ,z,Q2!exp~ ikW'8 2kW'!rW' , ~4!

where

MT* ~kW'8 ,z,Q2!•MT~kW' ,z,Q2!5

8pa~kW'8 •kW'!(
f

Qf
2@z21~12z!2#

@z~12z!Q21kW8'
2 #@z~12z!Q21kW'

2 #
~5!

and

ML* ~kW'8 ,z,Q2!•ML~kW' ,z,Q2!5

32paQ2(
f

Qf
2z2~12z!2

@z~12z!Q21kW8'
2 #@z~12z!Q21kW'

2 #
. ~6!

Substitution of the photon wave function~4! and the dipole cross section~3! into ~2! takes us back to the momentum spa
representation of the photoabsorption cross section

sg
T,L* p~W2,Q2!5

3

16p3
•2
E dzE d2k'E d2l's̃ (qq̄)p~ lW'

2 ,z,W2!•uMT,L~z,kW' ,Q2!2MT,L~z,kW'1 lW' ,Q2!u2. ~7!

2In contrast with Ref.@8#, we include the color factorNc53 in the wave function squared.
5-2
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Here,kW' denotes the transverse momentum of the quark
the qq̄ state that originates from the~virtual! photon. The
two-gluon exchange interaction of theqq̄ pair in Eq. ~7!

involves integration over the~transverse! momentum,lW' , of
the gluon. Guided by the empirical scaling law@8#,

sg* p~W2,Q2!5sg* p„h~W2,Q2!…, ~8!

with

h~W2,Q2!5
Q21m0

2

L2~W2!
, ~9!

whereL2(W2) increases slowly with energy andm0 denotes
a threshold mass, the distribution in the gluon moment
inthe GVD-CDP is approximated@8,9# by a d function situ-
ated at the average~or effective! gluon momentum deter
mined byL(W2), i.e.

s̃ (qq̄)p~ lW'
2 ,z,W2!5s (`)

1

p
d@ lW'

2 2z~12z!L2~W2!#.

~10!

The asymptotic value of the color dipole cross section~3!,
s (`), turned out to be constant in good approximation@8#.
The factorz(12z) in Eq. ~10! is a model assumption that i
particularly relevant atQ2@m0

2. The energy dependence o
L2(W2) was parametrized@8#, alternatively, by a power law
or by a logarithm,

L2~W2!5H C1~W21W0
2!C2,

C18lnS W2

W0
2

1C28D .
~11!
wi

09400
inFor later reference, we note the representation of the tra
verse and the longitudinal cross section~7! obtained upon
substitution of Eq.~10! and upon having carried out all inte
grations except the one overkW'

2 . In terms of theqq̄ mass,

M25
kW'

2

z~12z!
, ~12!

we find3

sg
T* p~W2,Q2!5

aRe1e2

3p
s (`)E

m0
2
dM2

1

Q21M2 F M2

Q21M2

2
1

2 S 11
M22L2~W2!2Q2

A@M21L2~W2!1Q2#224L2~W2!M2D G
~13!

and

sg
L* p~W2,Q2!5

aRe1e2

3p
s (`)E

m0
2
dM2

1

Q21M2 F Q2

Q21M2

2
Q2

A@M21L2~W2!1Q2#224L2~W2!M2G .

~14!

The total photoabsorption cross section,sg* p(W2,Q2)
5sg

T* p1sg
L* p , scales in the variableh given by Eq.~9!:

i.e.,

sg* p~W2,Q2!5
aRe1e2

3p
s (`)I (1)~h!, ~15!

with
I (1)S h,m[
m0

2

L2~W2!
D 5

1

2
ln

h212A~11h!224m

2h
1

1

2A114~h2m!
ln

h@11A114~h2m!#

4m2123h1A @114~h2m!#@~11h!224m#
,

~16!
iable
t

be
neg-
er
the dependence ofI (1) on m0
2/L2(W2) being negligible for

m0
2/L2(W2)!1. We also note the asymptotic form

sg* p~W2,Q2!

5
aRe1e2

3p
s (`)H ln~1/h! for h→m0

2/L2~W2!,

1/2h for h@1.
~17!

The agreement of the photoabsorption cross section
photoproduction forQ2→0 determines the product

Re1e2s (`)5s (`)3(
f

Qf
2 . ~18!
th

With three active quark flavors,Re1e252, we haves (`)

>80 GeV22>31 mb, while with four active flavors,Re1e2

510/3 ands (`)>48 GeV22>18.7 mb@8#. For further ref-
erence, we note the parameters entering the scaling var
h and theW dependence ofL2(W2), as determined by the fi
to the total cross section@8#. For the power law in Eq.~11!
we have

3Here we ignore the additive ‘‘correction terms’’@8# that assure an

identical threshold mass,m0, for the incoming and outgoingqq̄ pair
in the forward Compton amplitude. The correction terms will
given below. For the transverse cross section, the correction is
ligible, while in the longitudinal one, contributions are of the ord
of 10%.
5-3
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m0
250.1660.01 GeV2, W0

258826246 GeV,

C150.3460.05 ~GeV2!12C2, C250.2760.01,
~19!

while for the logarithmic dependence,

m0
250.15760.009 GeV2, W80

2510156334 GeV2,

C1851.64460.14 GeV2, C2854.160.04. ~20!

We note that the GVD-CDP with scaling inh leads to the
important conclusion@9# that
09400
lim
W2→`
Q2fixed

sg* p~W2,Q2!

sgp~W2!
51, ~21!

i.e., virtual and real photons have the same cross sectio
infinite energy~‘‘saturation’’!.

III. ELASTIC DIFFRACTION

We turn to diffractive production. The diagonal form~2!
of sg

T,L* p in transverse position space develops its full pow

when considering diffractive~forward! production, g* p
→Xp. Indeed, the diffractive production cross section
stateX of spin 1 in the forward direction, via the two-gluo
exchange generic structure (x→0) becomes@11#
tum
ing

he

ical
dsg
T,L* p→Xp~W2,Q2,t !

dt
U

t50

5
1

16pE0

1

dzE d2r' (
l,l8561

ucT,L
(l,l8)~r' ,z,Q2!u2s (qq̄)p

2
~rW'

2 ,z,W2!. ~22!

The representation~22! contains the square of~the imaginary part4 of! the forward production amplitude for reaction~1! that
enters~2! linearly and necessarily only involvesqq̄ pairs that couple to the photon and accordingly carry photon quan
numbers~‘‘elastic diffraction’’!. The factor 1/16p in Eq. ~22! stems from the application of the optical theorem when pass
from the forward scattering amplitude of reaction~1! to the total cross section,s (qq̄)p . Diffractive production of higher spin
states~inelastic diffraction! requires an additive term,s (qq̄)p

2 →s (qq̄)p
2

1Ds (qq̄)p
2 in Eq. ~22!.

Note the close analogy of Eq.~22! to the simpler0 dominance formula, where in photoproduction@13#

ds

dt U
t50

~gp→r0p!5
1

16p

ap

gr
2

sr0p
2 . ~23!

The constantap/gr
2 denotes the photon-r0 coupling strength as measured ine1e2 annihilation. The generalization~22! of Eq.

~23! is an outgrowth of the diagonalization of the processg* p→Xp that is specific to the use of the variablesrW' andz. It is
precisely with respect to these variables that the processg* p→Xp is truly elastic: aqq̄ dipole being specified byrW' andz and
carrying photon quantum numbers undergoes elastic forward scattering.

Inserting the photon wave function~4! as well as the representation~3! for the dipole cross section into Eq.~22!, we obtain
the momentum space representation

dsg
T,L* p→Xp~W2,Q2,t !

dt
U

t50

5
1

16p

3

16p3E0

1

dzE d2k'F E d2l's̃ (qq̄)p~ lW'
2 ,z,W2!@MT,L~kW' ,z,Q2!2MT,L~kW'1 lW' ,z,Q2!#G2

. ~24!

We emphasize the distinctive difference between Eqs.~7! and ~24! with respect to the order in which the square of t
integrand is taken and the integration over the transverse gluon momentum,lW' , is performed.

Upon substituting Eqs.~5! and ~6! into Eq. ~24!, and upon carrying out angular integrations with Eq.~10!, the diffractive
forward production by transverse photons becomes

4Neglecting a potential contribution from a real part to the (qq̄)p forward scattering amplitude seems justified on phenomenolog
grounds from the empirical knowledge on photon- and hadron-induced reactions@2#. For a brief theoretical estimate of the~small! ratio of

the real to imaginary part of the (qq̄)p forward scattering amplitude with two-gluon-exchange interaction, compare with Ref.@12#.
5-4
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dsg
T* p→Xp

dt
U

t50

5
aRe1e2

3316p2
~s (`)!2E dM2

M2 F M2

Q21M2
2

1

2 S 11
M22L2~W2!2Q2

A@M21L2~W2!1Q2#224L2~W2!M2D G 2

, ~25!

while for longitudinal ones,

dsg
L* p→Xp

dt
U

t50

5
aRe1e2

3316p2
~s (`)!2 E dM2

Q2 F Q2

Q21M2
2

Q2

A@M21L2~W2!1Q2#224L2~W2!M2G 2

. ~26!

The integrands in Eqs.~25! and~26! yield the mass spectra,dsg
T,L* p→Xp /dtdM2, for diffractive forward production (t>0) of

statesX of unit spin by transversely and longitudinally polarized photons, respectively.
Taking the sum of Eqs.~25! and ~26!, one finds

dsg* p→Xp

dt U
t50

5
aRe1e2

3332p2
~s (`)!2E dM2

M2 F12
~M21Q2!22~M22Q2!L2~W2!

~M21Q2!A@M21L2~W2!1Q2#224L2~W2!M2G . ~27!

The integrand in Eq.~27! yields the mass spectrum for the case of unpolarized photons. Carrying out the integral in Eq~27!,
we find the total elastic forward production cross section in the mass interval (M1

2 ,M2
2),

ds
g* p→Xp

(M1
2 ,M2

2)

dt U t505
aRe1e2

3p316p
•P0~Q2,L2~W2!,M2!U

M
1
2

M2
2

~28!

with

P0„Q
2,L2~W2!,M2

…5
1

2
ln

~L21Q2!~AX1Q21L2!1M2~Q22L2!

AX1M21Q22L2

2
L2

AL2~4Q21L2!
ln

AL2~4Q21L2!AX1L2~3Q22M21L2!

Q21M2
, ~29!
n

qs.
where the short-hand

X„M2,Q2,L2~W2!…[@M21L2~W2!1Q2#224L2~W2!M2

~30!

is being used andL2[L2(W2) in Eq. ~29!.

IV. THE SUM RULES

A comparison of the mass spectra in Eqs.~25! and ~26!
with the expressions for the total cross sectionsg

T,L* p in Eqs.

~13! and~14! allows one to represent the total cross sectio
in terms of diffractive forward production,g* p→Xp, of
statesX that carry photon quantum numbers~elastic diffrac-
tion!. One finds the sum rules

sg
T* p~W2,Q2!5A16pAaRe1e2

3p E
m0

2
dM2

M

Q21M2

3A dsg
T*

dtdM2
U

t50

~31!

and
09400
s

sg
L* p~W2,Q2!5A16pAaRe1e2

3p E
m0

2
dM2

AQ2

Q21M2

3A dsg
L*

dtdM2
U

t50

. ~32!

For the unpolarized cross section, by taking the sum of E
~31! and ~32!, we have

sg* p~W2,Q2!5A16pAaRe1e2

3p

3E
m0

2
dM2

M

Q21M2 FA dsg
T*

dtdM2
U

t50

1AQ2

M2A dsg
L*

dtdM2
U

t50

G . ~33!

In order to simplify the notation in Eqs.~32! and ~33!, we
have dropped the argumentsW2, Q2 t, andM2 that the dif-
fractive production cross sections dsg

T,L* p /dM2dt depend

on. We stress that the sum rules~31!–~33! follow from the
5-5
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two-gluon exchange structure of QCD that is contained
the representation of the cross sections~2! and ~22! in con-
junction with the form~3! of the color-dipole cross section
The d-function ansatz~10! for the gluon-momentum distri
bution, also used in the above derivation of the sum ru
does not introduce much loss of generality. It is sugges
and supported by the empirical scaling inh; the gluon trans-
verse momentum is fixed to coincide with its average
effective value determined byL2(W2) @9#.

It is amusing to note that Eq.~33! is the GVD analogue of
the photoproduction sum rule from vector meson domina
@13#

sgp~W2!5 (
V5r0,v,f, . . .

A16pAap

gV
2Adsgp→V0

dt
U

t50

.

~34!

Indeed, multiplying the~imaginary part of the! amplitude for
g* p→Xp by the propagator factorM2/(Q21M2) and a fac-
tor 1/M for the strength of the photon coupling normaliz
by Aa•Re1e2/3p, implies ~31!.5 An additional well-known
factor of AQ2/M2 @15# is needed for the longitudinal cros
section in Eq.~32!. Note that this derivation of the sum rule
~31!–~33! is dependent on the production mechanism
g* p→Xp insofar only as theQ2 dependence induced by th
transition from the timelike four-momentum squared,PX

2

5M2, of the final stateX to the spacelike four-momentum
squared,Q2, of the virtual photon coupled toX is assumed to
be fully contained in the aforementioned~propagator! fac-
tors. In other words, it is assumed that the underlying tr
sition from the timelike to spacelike four-momenta with r
spect to the vector stateX does not affect dsg

T,L* p /dM2dt at

t50. This condition is fulfilled in the GVD-CDP based o
Eqs.~2!, ~3! and ~22! with Eq. ~10!.

The above derivation of the sum rules~31!–~33!, based on
the comparison of the QCD-based mass spectra for ela
diffraction in Eqs.~25! and ~26! with the ones forsg

T,L* p in

Eqs. ~13! and ~14!, demonstrates explicitly that the QCD
based color-dipole picture implies GVD for low-x DIS. The
terminology GVD-CDP for our approach to DIS at lowx is
appropriate.

The experimental validity of the photoproduction su
rule ~34! was carefully investigated in the late 1960s and
early 1970s@16#. Insertion of the experimental data for th
total photoproduction cross section on the left-hand side
Eq. ~34!, and of the cross sections for vector meson forw
production on the right-hand side, revealed a discrepanc
22% that led to the formulation of generalized vector dom
nance@3#. A recent experimental test of Eq.~34! at HERA
energies was presented in Ref.@17#.

An analogous direct experimental test of the sum ru
~31!–~33! for virtual photons is more difficult to be carrie
out. The diffractive forward production cross sections in E
~22! and Eqs.~31! to ~33! refer to the production of spin-1

5Based on this GVD argument, the sum rule~31! was indeed
given before@14#.
09400
n

s,
d

r

e

r

-

tic

e

in
d
of
-

s

.

~vector! states; otherwise the produced states would ne
couple to the photon and build up the imaginary part of
~virtual! forward Compton scattering amplitude. A direct e
perimental verification of Eqs.~31! to ~33!, accordingly, re-
quires the projection of the spin-1 component contained
the diffractively produced stateX of massM. In addition,
diffractive production by transverse and longitudinal photo
has to be separated; an assumption ofs-channel helicity con-
servation@15#, as in vector meson production, may be he
ful, as long as no direct separation of production by tra
verse and longitudinal photons will be available.

We note that, independently of their direct experimen
verification, the sum rules~31!–~33! are of theoretical inter-
est. They most explicitly demonstrate that Eq.~22! @contain-
ing a dipole cross section,s (qq̄)p , identical to the one in
sg* p in Eq. ~2!# describeselastic diffraction, elastic with
respect to the photon quantum numbers carried by the
coming and outgoingqq̄ states; had the diffractively pro
duced stateX quantum numbers been different from the on
of the photon, e.g. a different spin, the sum rules~31!–~33!
could never be valid. In order to incorporateinelasticdiffrac-
tion, the dipole cross section in the expression for diffract
production~22! has to be replaced by the addition of a ter
describing inelastic diffraction.

V. COMPARISON WITH EXPERIMENTAL RESULTS ON
DIFFRACTIVE PRODUCTION

We turn to a comparison of our results on elastic diffra
tive production with the experimental data. The ZEUS C
laboration has presented data@18# for the mass distribution
integrated over the distribution in momentum transfert. As-
suming an exponential behavior, exp(2bt), the experimental
data ondsg* p→Xp /dMX are related to the mass spectrum
the integrand of Eq.~27! by

dsg* p→Xp

dMX
52MXE dt e2bt

dsg* p→Xp

dtdMX
2 U

t50

5
2MX

b

dsg* p→Xp

dtdMX
2 U

t50

. ~35!

In Eq. ~35! we use the notation of the ZEUS Collaboratio
by the replacementM→MX . In Fig. 1, following the repre-
sentation of the data by the ZEUS Collaboration, we sh
the energy dependence ofdsg* p→Xp /dMX for various
massesMX and various fixed values ofQ258 GeV2 to Q2

560 GeV2. As in the total cross section~15!, in Eqs. ~27!
and ~35!, we have used6 Re1e2510/3 as well ass (`)

548 GeV22, and7 b57.5 GeV22. Figure 1 shows that dif-

6The total cross section is equally well represented in the th
flavor option, Re1e252 but s (`)580 GeV22. In this case,b
512.5 GeV22 is to be used.

7A detailed analysis of the effect of a potentialQ2 or M2 depen-
dence of the slope parameter seems somewhat premature in vie
the available data and the incompleteness of the theory with res
to inelastic diffraction.
5-6
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fractive production at low masses is approximately descri
by elastic diffraction, i.e., by diffractive production of thos
spin-1 states that saturate the~imaginary part of the virtual!
Compton forward scattering amplitude. For the high
masses ofMX55 GeV andMX511 GeV, as expected, elas
tic diffraction does by no means fully represent the diffra
tive cross section. The discrepancy between theory and
periment decreases with increasingQ2, however, i.e. with
increasingb[Q2/(Q21MX

2). In Fig. 2 we show theQ2

dependence in a plot ofQ2dsg* p→Xp
/dMX againstQ2. As

anticipated from Fig. 1, forMX52 GeV there is reasonabl
consistency between the theoretically calculated produc
of spin-1 states and the experimental data.

In Fig. 3 we show the ratio

r tot5

E
Ma

Mb
dMXdsg* p→Xp /dMX

sg* p

~36!

as a function of the energyW. As anticipated from the pre
vious figures, there is some discrepancy in normalization
also in energy dependence. Note, however, that the en
dependence, as a consequence of the different structu
the expressions forsg* p in Eq. ~7! and fordsg* p→Xp /dt in
Eq. ~24!, is quite similar. The naive expectation~15! that the
linearity with respect to the dipole cross section in the to
cross section~2! and the nonlinearity in the diffractive pro
duction cross section~22! lead to distinctly different energy
dependences is not valid.

FIG. 1. The ZEUS data for diffractive production,g* p→Xp, as
a function of the energy,W, for different massesMX and photon
virtuality Q2 compared with the GVD-CDP predictions for elast
diffraction. The excess of the data with respect to theory is du
diffractive production of statesX of massMX that do not couple to
the photon, and accordingly cannot contribute to the~virtual! for-
ward Compton amplitude that builds up the total cross sect
sg* p .
09400
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The substantial excess of the cross sect
dsg* p→Xp /dMX for MX55 GeV andMX511 GeV is due
to the production of states that do not couple to the pho
and accordingly do not contribute to the imaginary part
the virtual forward Compton scattering amplitude~inelastic
diffraction!. From the thrust and sphericity analysis of th
diffractively produced states@1#, we know that these pre
dominantly consist of hadronizedqq̄ states with some~fairly
small! admixture of aqq̄ 1 gluon component. The excess
dsg* p→Xp /dMX must be associated with states of sp
higher than the photon spin. With increasingQ2, due to

to

,

FIG. 2. As in Fig. 1, but forQ2dsg* p→Xp
/dMX as a function of

Q2 for different massesMX .

FIG. 3. The ratio of the cross section for diffractive producti
to the total cross section as a function of the energy,W, for different
values ofMX and Q2. The theoretical curves, as in Figs. 1 and
show the predictions from the GVD-CDP for the component
diffraction that saturates the imaginary part of the virtual forwa
Compton amplitude~elastic diffraction!.
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propagator effects, the relative contribution of low mas
becomes increasingly more suppressed, and the diffrac
process becomes more elastic. The discrepancy betwee
theoretical curves and the experimental data is decrease
high Q2, or, in terms of the frequently employed variab
b5Q2/(Q21MX

2), elastic diffraction becomes dominant fo
b→1.

Any theory of high-mass~smallb) diffraction has to obey
the constraint that the component needed in addition to
elastic one be truly inelastic in the sense of being unabl
contribute to the imaginary part of the forward Compt
scattering amplitude. After all, the forward Compton amp
tude is saturated by the elastic component which contrib
the amount to diffractive production that is shown in Figs
to 3. It is worth stressing again the fairly general validity
the sum rules~31!–~33! that saturation property is based o

Some recent theoretical work@19–21# on diffractive pro-
duction of large masses, i.e.,b!1, concentrated on adding
quark-antiquark-gluon (qq̄g) component to theqq̄ wave
function of the photon. Even though the data on diffract
production are accounted for, this approach suffers from
serious inconsistency, as, without justification, the additio
qq̄g component is only taken into account in the phot
wave function entering diffractive production@i.e., in Eq.
~22!#, while being ignored in the total cross section@i.e., in
Eq. ~2!#, thus disregarding the optical theorem. From a t
oretical point of view, the interplay ofqq̄ andqq̄g compo-
nents in the wave function for diffractive production and t
total cross section is analyzed in@22#. The approach of Ref
@22# treats theqq̄ and qq̄g components of the photon o
equal footing. It does not contain a truly inelastic compone
Accepting a universal~model-independent! validity of the
sum rules in Sec. IV, an approach purely based on an ela
component that describes diffractive production is likely
fail for the total cross section. Indeed, inserting an amplitu
for diffractive production into the sum rules that coincid
with experiment, the resulting total cross section is likely
disagreee with experiment, since agreement with experim
is achieved by the much smaller amplitude for elastic diffr
tive production by itself. A clear discrimination betwee
elastic and inelastic diffractive production is made right fro
the outset in the color-dipole approach of@23#. It is not en-
tirely clear from the presentation in@23# by what means a
potential contribution of the ‘‘inelastic’’ component to th
imaginary part of the virtual forward Compton scatteri
amplitude is excluded.

VI. IMPLICATIONS FOR sg* p

In view of the comparison of our results for elastic d
fraction with the experimental data, it will be enlightening
return to the theoretical description of the total cross sect
sg* p . The strong decrease of the theoretical results for e
tic diffractive production with increasing mass,M[MX , by
no means implies that contributions due to large masse
the integral representations~13! and ~14!, or, equivalently,
~31! and ~32!, for the transverse and longitudinal total cro
sections become negligible. This may be explicitly seen
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evaluating the integral representations as a function of
upper limit,m1

2. Indeed, the sum rules~31! and~32! suggest
this upper limit to be approximately given by the upper e
of the diffractively produced spectrum of masses.

The integration of Eqs.~13! and ~14! then yields

sg
T* p5

aRe1e2

3p
s (`)F Q2

Q21M2
1

1

2
ln

Q21M2

AX1Q21M22L2

2
2Q21L2

2AL2~L214Q2!

3 ln
AL2~L214Q2!X1L2~3Q22M21L2!

Q21M2 GU
m

0
2

m1
2

~37!

and

sg
L* p5

aRe1e2

3p
s (`)F 2Q2

Q21M2
1

Q2

AL2~L214Q2!

3 ln
AL2~L214Q2!X1L2~3Q22M21L2!

Q21M2 GU
m

0
2

m1
2

,

~38!

whereL2(W2) is given in Eq.~11!, andX„M2,Q2,L2(W2)…
is defined in Eq.~30!. The sum of Eqs.~37! and ~38!, for
m1

25`, reduces to Eq.~16!. For completeness, we also giv
the previously mentioned correction terms that have to
added to Eqs.~13! and~14! as well as to Eqs.~37! and~38!,
in order to assure identical lower limits,m0

2, in the initial and
the final state of the~virtual! Compton forward scattering
amplitude. The expressions given for these terms in Ref.@8#
may be simplified to become one-dimensional integrals t
are to be carried out numerically. For the realistic case
L2.4m0

2, one finds

Dsg
T* p5

aRe1e2

6p
s (`)E

(L2m0)2

(L1m0)2

dM2
1

~Q21M2!

3F 1

2p
arccosS L21M22m0

2

2ML D
1

M22L22Q2

pAX
arctanAYG , ~39!

and

Dsg
L* p5

aRe1e2

6p
s (`)E

(L2m0)2

(L1m0)2

dM2
1

~Q21M2!

•

2

pAX
arctanAY, ~40!
5-8
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where

Y[
~M1L!21Q2

~M2L!21Q2
•

m0
22~M2L!2

~M1L!22m0
2

. ~41!

A comparison of the theoretical results forsg* p for different
values of the upper limit,m1

2, with the experimental data

FIG. 4. Data for the total photoabsorption cross section,sg* p ,
as a function of the scaling variableh compared with the GVD-
CDP predictions obtained for different values of the upper bou
m1

2, on the diffractive mass spectrum that is integrated over in
imaginary part of the virtual forward Compton scattering amplitu
describingsg* p . ~a!–~c! refer tom1

25100 GeV2, m1
25`, andm1

2

5484 GeV2, respectively.
09400
@24–28# is shown in Fig. 4. We emphasize that the expe
mental data cover the full range of the kinematic variab
(x,0.1, all Q2, including Q250) where scaling inh was
established in a model-independent analysis@8#. The results
in Fig. 4 are quite remarkable. They show that~i! a restric-
tion of m1

2 to values~e.g. m1
25100 GeV2) below the upper

limit of the mass where appreciable diffractive producti
was observed experimentally leads to values ofsg* p that for
h>10 lie much below the experimental scaling curve, i.e
nonvanishing elastic diffractive production of large mass
MX is necessary for saturation of the forward Compton a
plitude, even though~ii ! the previously used@8,9# value of
m1

25` for h*10 leads to results that lie above the expe
mental data.

The highest mass bin where appreciable diffractive p
duction occurs, according to the results@1# from the ZEUS
Collaboration, is given byMX522 GeV. Accordingly we use

m1
2.~22 GeV!25484 GeV2 ~42!

which yields good agreement with the experimental data
sg* p(h) in the full kinematic range ofx<0.1, allQ2 includ-
ing Q250, where scaling inh was established in a mode
independent analysis of the experimental data.

The fact that an upper limit for the diffractively produce
mass should enter the forward Compton amplitude at fin
energy,W, is not unexpected. It is gratifying that its valu
~42! of m1522 GeV, coincides with the upper limit of th
range of masses where diffractive production,g* p→Xp, is
experimentally found to occur. Beyond that mass, inclus
of the mass spectrum from the GVD-CDP overestimates
total cross section,sg* p . This deficiency, in an approximat
and admittedly somewhat crude manner, is repaired by
stricting the range of integration by the upper limit in E
~42!. The deviation from scaling inh resulting from the in-
troduction of this upper limit is a fairly mild one.

VII. CONCLUSION

We summarize as follows:
~i! Our ansatz for DIS at lowx that is based on the gener

structure of the two-gluon exchange from QCD supp
mented by the empirical scaling behaviorsg* p5sg* p(h)
leads to sum rules that explicitly expresssg* p as an appro-
priate integral over the square root of the elastic diffract
forward production cross section. The agreement of the
pression forsg* p with the experimental data explicitly dem
onstrates that DIS at lowx is understood in terms of diffrac
tive forward scattering of massiveqq̄ pairs on the nucleon
~GVD-CDP!.

~ii ! A comparison of the theoretical results for elastic d
fractive production, i.e. the production of statesX in g* p
→Xp that carry photon quantum numbers, is the domin
mechanism forb[Q2/(Q21MX

2)→1. The excess of the ex
perimental data with respect to elastic diffraction observ
for b!1 is attributed to inelastic diffraction, i.e. to the pro
duction of statesX that do not carry photon quantum num
bers and are not contributing to the imaginary part of
virtual Compton forward scattering amplitude.

,
e
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M. KURODA AND D. SCHILDKNECHT PHYSICAL REVIEW D 66, 094005 ~2002!
~iii ! The connection between the total photoabsorpt
cross section and diffractive production suggests an ex
sion of the kinematic range, in which the total photoabso
tion cross section,sg* p , is represented by the GVD-CDP
This range now includes the full kinematic region whe
scaling inh holds,x<0.1 and allQ2>0.

~iv! Any serious theoretical model for diffractive produ
tion must be examined with respect to its compatability w
the experimental data for the total virtual photoabsorpt
cross section that is related to~elastic! diffraction via the
optical theorem.
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