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Comprehensive approach to structure functions
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We present a model based on a dipole picture with a hard and a soft Pomeron in which large dipoles couple
to the soft Pomeron and small dipoles couple to the hard Pomeron. The parameters in the model are fixed by
proton-proton scattering and the proton structure functionF2(x,Q2). The model is then applied successfully to
the proton charm structure functionF2

c(x,Q2), the proton longitudinal structure functionF2
L(x,Q2), J/c

photoproduction, deep virtual Compton scatteringg* p→gp, the real photon-proton total cross sectionsgp
tot (s),

the real photon-photon total cross sectionsgg
tot (s), and the photon structure functionF2

g(x,Q2). Differences
between our predictions and data on charm production in real photon-photon interactions and theg* g* cross
sectionsgg

tot (s) are discussed.

DOI: 10.1103/PhysRevD.65.014019 PACS number~s!: 13.60.Hb, 12.38.Lg
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I. INTRODUCTION

The suggestion@1,2# that deep inelastic scattering at sm
x can be economically and successfully described by a t
component model comprising the soft nonperturbat
Pomeron of hadronic interactions, with an intercept;1.08,
and a hard Pomeron, with an intercept'1.4, has met with
considerable phenomenological success when applied
other reactions. Notable among these areJ/c photoproduc-
tion and the charm structure function of the proton@3,2#, and
exclusiver andf photoproduction at larget @4#. Successful
although this phenomenology is, it does not explain, for
ample, the relative strengths of the hard and soft Pomero
deep inelastic scattering or inJ/c photoproduction, or why
the charm structure function of the proton is complet
dominated by the hard Pomeron.

To answer questions such as these requires a spe
model for the diffractive process. This in turn necessita
consideration of the particle wave functions which enter
reactions, and to disentangle the dynamics of diffract
from wave-function effects it is necessary to treat seve
processes simultaneously. An example is provided by@5# in
which high-energy exclusive photo- and electroproduction
vector mesons were studied in a two-component mode
diffraction. The soft and hard Pomerons were modeled
nonperturbative and perturbative gluon exchange res
tively. This approach has the advantage of providing a co
mon kinematical structure in which it is possible to separ
the effects of the vector-meson wave functions from the
namics of the exchange. It was shown that the wave fu
tions determine many aspects of the data, including so
which might have been considered to reflect the dynamic
the exchange.

In this paper we follow the same philosophy and tre
hadron-hadron, photon-hadron, and photon-photon react

*Email address: ad@a3.ph.man.ac.uk
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in a uniform approach, but with a different model for the tw
Pomerons. The model is based@6–8# on a dipole picture
with two Pomerons in which small dipoles couple to the ha
Pomeron and large dipoles to the soft Pomeron. The proto
considered as a quark-diquark system i.e. effectively a
dipole. This is very convenient but not essential for the a
proach@9#. The dipole-dipole cross section@10,9# has been
obtained in a functional approach@11# to high-energy
hadron-hadron scattering, the functional integrals being
proximately evaluated in a specific nonperturbative mod
the stochastic vacuum model@12,13#. This model yields con-
finement and relates high energy scattering with low ene
data and with results of lattice gauge calculations. The to
dipole-dipole cross section is obtained as the forward s
tering amplitude of two dipoles averaged over all orien
tions. This is then transportable to any dipole-dipole-ty
reaction for which the wave functions of the participatin
particles are known.

In Sec. II we quote the results required for the pres
calculation and refer to the literature for motivation and ju
tification. In Sec. III the model is applied in turn to the pr
ton structure functionF2(x,Q2), the proton charm structure
functionF2

c(x,Q2), the proton longitudinal structure functio
F2

L(x,Q2), J/c photoproduction, deep virtual Compton sca
tering g* p→gp, the real photon-proton total cross sectio
sgp

tot (W2), the real photon-photon total cross secti
sgg

tot (W2), the photon structure functionF2
g(x,Q2), charm

production in real photon-photon interactions, and the virt
photon-photon cross sectionsg* g*

tot (W2). The parameters for
the dipole-dipole cross section are fine-tuned to prot
proton scattering and the criteria for defining small and la
dipoles are obtained from the proton structure functio
These parameters remain unchanged throughout, and
other processes are controlled by the relevant particle w
functions. Our conclusions are presented in Sec. IV.

II. THE MODEL

Our normalization of the forward scattering amplitud
Tab→cd for the reactionab→cd is such that the forward
©2001 The American Physical Society19-1
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A. DONNACHIE AND H. G. DOSCH PHYSICAL REVIEW D65 014019
elastic cross section is given by

d

dt
sab→cbU

t5tmin

5
1

16p2W4
uTab→cbu2. ~1!

If the outgoing particlec is the same as the incoming partic
a we obtain the total cross section from the optical theor
as

sab
tot5

1

W2
ImTab→ab , ~2!

whereW is the center-of-mass energy of particlesa andb.
In the model one calculates the expectation value of

light-like Wilson loops with transverse extensionRW 1 andRW 2.
After averaging over all directions and integrating over t
impact parameter one obtains the forward scattering am
tude of two dipoles@10,9#. The dipole-dipole cross section
obtained using the optical theorem~2!. At W5As
520 GeV it can be numerically approximated to an ac
racy of better than 10% by the factorizing form

sdip~R1 ,R2!50.67
1

4p2
~^g2FF&a4!2R1~12e2R1/3.1a!

3R2~12e2R2/3.1a! ~3!

where ^g2FF& is the gluon condensate in a pure gau
theory anda is the correlation length of the gauge-invaria
two-gluon correlator. The parameters are taken from lat
results@16# and fine-tuned topp scattering:

a50.346 fm, ^g2FF&a4523.77. ~4!

A quark-diquark picture is used for the proton so that
dipole formalism is applicable.

The model in which the cross section~3! has been ob-
tained leads to the formation of a color-electric string b
tween the quark and antiquark~or diquark! @14#. For smallRi
the cross section~3! shows theR2 behavior typical of dipole
scattering as obtained in perturbative QCD@15#. For larger
distances however, theR dependence of the cross secti
becomes weaker and finally linear. This linear increase of
cross section can be traced back to the interaction of
strings@9# formed between the quarks. The strings thus c
tribute essentially to high energy scattering. The ‘‘dipo
dipole’’ cross section parametrized in Eq.~3! is thus the re-
sult of a highly-nontrivial infrared behavior of th
nonperturbative model.

The amplitudeTab→cb is obtained by multiplying Eq.~3!
with the products of the appropriate wave functions, us
Eq. ~2! and integrating

Tab→cb5 iW2E d2R1d2R2E
0

1

dz1dz2cc*

3~RW 1 ,z1!ca~RW 1 ,z1!ucb~RW 2 ,z2!u2sdip~R1 ,R2!.

~5!
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HereRW is the distance vector from the quark to the antiqua
or diquark andz is the longitudinal momentum fraction o
the quark. It is assumed that the produ
cc* (RW 1 ,z1)ca(RW 1 ,z1) depends at most weakly on the pol

anglef of RW and so thef-dependence can be ignored.
For the photon wave functions we use the perturbat

expressions:

cg
l50,h,h̄~Q2,RW ,z!5A3aêf

22z~12z!Qdh,2h̄

2p
Q K0~eR!

cg
l561,h,h̄~Q2,RW ,z!5A3aêf

6A2

2p
„i e6 if@zdh,1/2d h̄,21/2

2~12z!dh,21/2d h̄,1/2#eK1~eR!

1m dh,61/2d h̄,61/2K0~eR!… ~6!

with

e5Az~12z!Q21mf
2. ~7!

Here R and f are the plane-polar coordinates of the tran
verse separationRW of the quark-antiquark pair,êf is the
charge of the quark in units of the elementary charge,mf its
mass, andh and h̄ the helicities of the quarks and the an
quarks; l50 indicates a longitudinal photon,l561 a
transverse photon. The functionsKi are the modified Besse
functions. These expressions can be used for photons of
virtuality. For photons of low virtuality we use the sam
expressions but with aQ2-dependent massmeff(Q

2) instead
of mf . This procedure has been justified in@17# and the
following linear parametrizations have been obtained fr
comparison with the phenomenological vector-current tw
point function:

meff~Q2!5H mf1m0q~12Q2/Q0
2! for Q2<Q0

2 ,

mf for Q2>Q0
2 ,

~8!

with

m0q50.2060.02 GeV, mf50.007 GeV,

Q0
251.05 GeV2 ~9!

for the up and down quark, and

m0q50.3160.02 GeV, mf50.15 GeV,

Q0
251.6 GeV2 ~10!

for the strange quark. In this paper we usem0q50.19 GeV
for the light quarks and 0.31 GeV for the strange quark. T
mass of the charmed quark was chosen as the median v
of the modified minimal subtraction scheme (MS) mass at
m5mc , mc51.25 GeV@18#.

In the quark-diquark picture of the proton we use a Gau
ian wave function
9-2
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FIG. 1. Examples ofsg* p
tot (Q2,W) for different values of the photon virtualityQ2 in GeV2 as indicated in the figures. The solid line

our model. The data are from ZEUS@25#, squares, and H1@26#, triangles.
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cp~RW !5
1

A2pRp

expS 2
R2

4Rp
2D . ~11!

The transverse radiusRp was also fine tuned@19#, in this
case to obtain the observed logarithmic slope for elasticpp
scattering at a center-of-mass energy ofW520 GeV:

Rp50.75 fm. ~12!

The wave function for theJ/c is taken from@19#. It is con-
structed in the following way. The spin structure is that o
massive vector current with massmc , that is it has the same
structure as the charm part of the photon wave function~6!.
An additionalz-dependent factor as introduced in@20# is also
included and the dependence on the transverse distanceR is
modeled by a Gaussian such as~11!. The mean radius is
fixed by the normalization condition and the electromagne
decay width.
01401
c

The stochastic vacuum model is a model for the infra
behavior of QCD and and was applied originally to hadro
hadron scattering alone@9,21,22#. It turned out that it yielded
reasonable results for photon-induced processes for ph
virtualities Q2 up to about 10 GeV2 @19,17,23#. For higher
values ofQ2 the model overestimates the cross sections. T
may have the following reason. For consistency of the mo
with low-energy theorems the strong coupling in the infrar
domain must have the frozen value@14# as'0.57. It is plau-
sible that upon introduction of a hard scale through a high
virtual photon the coupling of the gluons to the correspon
ing dipole is governed by that hard scale. Therefore we h
rescaled the results obtained for the dipole cross section~1!
by the factor

as~Q2!

as~0!
5

1

0.57

4p

11log~Q2/Q0
217.42!

~13!
9-3
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A. DONNACHIE AND H. G. DOSCH PHYSICAL REVIEW D65 014019
with Q0
251 GeV2. This corresponds to a running couplin

as(Q
2) in a flavorless scheme adjusted to giveas(0)

50.57.
As mentioned in the Introduction our main purpose is

apply the two-Pomeron approach to different processes.

FIG. 2. The soft and hard contribution to structure functions
different values ofx. Solid line hard contribution from the mode
dashed line soft contribution from the model. First row, prot
structure functionF2; second row, longitudinal proton structur
function FL ; third row, charm contribution to the proton structu
function F2

c : last row, photon structure functionF2
g/a.
e
re
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results of @1,2# strongly suggest that the soft Pomero
couples predominantly to large dipoles whereas the h
Pomeron couples to small dipoles. In order to be econom
with parameters we introduce a sharp cut and assume
only the soft Pomeron couples if both dipoles are larger th
a certain valueRc , whereas the hard Pomeron couples if
least one of the dipoles is smaller thanRc . Energy depen-
dence is introduced by hand into the dipole cross section~3!
by dividing the amplitude into a soft and a hard part with t
coefficientsss andsh :

Tab→cb~W!5 iW2
„ss ~W/W0!2es1sh ~W/W0!2eh

…

~14!

with

W0520 GeV, es50.08, eh50.42. ~15!

The soft Pomeron contribution is given by

ss5E
Rc

`

2pR1dR1E
Rc

`

2pR2dR2E
0

1

dz1dz2cc* ~RW 1 ,z1!

3ca~RW 1 ,z1!ucb~RW 2 ,z2!u2sdip~R1 ,R2!. ~16!

For the hard Pomeron it has been argued@24# that the appro-
priate dimensionless variable isRW for the following reason.
Highly virtual photons have a hadronic radiusR}1/Q, so in
order to ensure scaling behavior for the dimensionless qu
tity Q2sdip(R,W) the W dependence should come in th
combinationW2R2 which corresponds to the inverse of th
Bjorken variablex. If one dipole is small, sayR1<Rc , the
hard contribution should depend upon the factor (R1W); if
both dipoles are small, then upon the factor (R1R2W2).
Since the factorW2eh has been extracted in Eq.~14!, we
obtain, for the coefficientsh ,

t

sh5E
0

Rc
2pR1dR1E

0

Rc
2pR2dR2E

0

1

dz1dz2cc* ~RW 1 ,z1!ca~RW 1 ,z1!ucb~RW 2 ,z2!u2sdip~R1 ,R2!~R1R2 /Rc
2!eh

1E
0

Rc
2pR1dR1E

Rc

`

2pR2dR2E
0

1

dz1dz2cc* ~RW 1 ,z1!ca~RW 1 ,z1!ucb~RW 2 ,z2!u2sdip~R1 ,R2!~R1 /Rc!
2eh

1E
0

Rc
2pR2dR2E

Rc

`

2pR1dR1E
0

1

dz1dz2cc* ~RW 1 ,z1!ca~RW 1 ,z1!ucb~RW 2 ,z2!u2sdip~R1 ,R2!~R2 /Rc!
2eh. ~17!
r

ata
e
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III. RESULTS

A. g* p reactions

With the rescaling factor~13! and the energy dependenc
introduced in Eq.~17! we can describe the proton structu
function, or equivalently the totalg* p cross sectionsg* p

tot ,
from Q250 up toQ2'150 GeV2. The only free paramete
is Rc . In Fig. 1 we show some of the results forRc
50.22 fm compared with a sample of experimental d
from ZEUS@25# and H1@26#. We can also compare with th
fit to the data in@1# where the structure function was sep
rated into a soft and a hard part; the model reproduces theQ2
9-4
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FIG. 3. The charm contribution to the proton structure functionF2
c for different values ofQ2 as indicated in the figures. The solid lin

is the full result, the short-dashed line the hard Pomeron contribution and the long-dashed line the soft Pomeron contribution. Th
from ZEUS @27#, squares, and H1@28#, triangles.

FIG. 4. The longitudinal proton structure functionFL for different values ofQ2 as indicated in the figures. The solid line is the full res
and the dashed line the hard Pomeron contribution. The data are from H1@29#.
014019-5



o

rm

.
f t

o
l
a
ar
n
n

er
-
le

th
he

t
i

ard

del

nt

rd

m-
ole-

to
f

es
ton

the
n

n

for

-
y of

e
s.
nsi-
rgy
the

-
s

In-

o
n

A. DONNACHIE AND H. G. DOSCH PHYSICAL REVIEW D65 014019
dependence of the soft- and hard-Pomeron contributions
tained in@1# very well.

With Rc fixed, the model can be used to predict the cha
part of the proton structure function,F2

c(x,Q2), and the lon-
gitudinal structure function,FL(x,Q2). In both cases the
photon wave function is concentrated at smaller distances
the case of charm this is a consequence of the mass o
charm quark occurring in the argumente @see Eq.~7!# of the
modified Bessel function in the photon wave functions~6!.
For the longitudinal structure function it is a consequence
the factorz(12z) in the wave function of the longitudina
photon. This factor suppresses contributions from small v
ues ofe, which correspond to large distances. Thus the h
Pomeron is already dominant at moderate energies, as ca
seen from the second and third rows of Fig. 2. The stro
suppression of the soft Pomeron relative to the hard Pom
in F2

c(x,Q2), which is purely a wave-function effect, is no
table and provides an explanation for the almost-comp
flavor-blindness of the hard Pomeron commented on in@3,2#.
Comparison of the first and second rows of Fig. 2 shows
for the longitudinal structure function the increase of t
short range~hard part! with increasingQ2 is not as strong as
for the transverse structure function, a consequence of
less-singular behavior of the Bessel functions at the origin
the relevant photon wave function (K0 vs K1). Nonetheless
as the long range~soft part! of the longitudinal structure
function is even more suppressed at largeQ2 relative to its

FIG. 5. Cross section for the reactiongp→J/cp. The long-
dashed curve is obtained from the forward amplitude using a c
stant logarithmic slopeb56 GeV2 and the solid curve using a
s-dependent slope from Regge theory. The data are from H1@30#,
triangles, and ZEUS@31#, squares.
01401
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contribution to the transverse structure function, the h
Pomeron is dominant sooner inFL(x,Q2) than inF2(x,Q2).
In Figs. 3 and 4 we compare the predictions of the mo
directly with the experimental results for the charm@27,28#
and longitudinal @29# structure functions. The agreeme
with both data sets is clearly satisfactory.

It is instructive to compare the photoproduction ofJ/c
mesons with the charm structure functionF2

c . Experiment
tells us that the ratio of the soft Pomeron to the ha
Pomeron is much larger forJ/c production than for the
charm contribution to the proton structure function at co
parable energies. This can be easily understood in the dip

model approach. The virtualcc̄ pair in the photon wave
function has an extension of'1/mc , but theJ/c has a much
larger radius, in the range from a typical hadronic radius
the Bohr radius of order 1/(asmc). Therefore the overlap o
the charm part of the photon wave function with theJ/c
wave function obtains a larger contribution from distanc
R.Rc than does the square of the charm part of the pho
wave function.

In the approach presented here we can only evaluate
forward production amplitude. In an earlier investigatio
@19# with the same model at a center-of-mass energy ofW
520 GeV an effective logarithmic slope of the productio
cross section of about 6 GeV22 was found. For our calcu-
lation we have used the sameJ/c wave function as there. In
Fig. 5 we show the integrated production cross section
two cases: with a constant logarithmic slope ofb
56 GeV22 ~dashed line! and with a slope varying with en
ergy as predicted from Regge theory, where the trajector
the soft Pomeron has the slopeaPs

8 50.25 GeV22 and that

of the hard Pomeron@3# is aPh
8 50.1 GeV22 ~solid line!

with b56 GeV22 at W520 GeV. The agreement with th
H1 @30# and ZEUS@31# data is satisfactory in both case
The actual normalization of the cross section is rather se
tive to the special choice of the wave function, but the ene
dependence is much less so, as can be inferred from
general arguments given above.

In a recent paper@32# we investigated deep virtual Comp
ton scattering,g* p→gp, in essentially the same model a
here. In that paper, as in previous investigations@7,8# on gg
reactions, we used a somewhat different procedure@6# to
incorporate a hard scale into the nonperturbative model.

n-
FIG. 6. ~a! The integrated cross section for the reactiong* p→g p as a function of the virtualityQ2 of the incoming photon at an
averaged̂ W&575 GeV. ~b! The integrated cross section for the reactiong* p→g p as function of the center-of-mass energyW at an
averaged virtuality of the incoming photon of^Q2&54.5 GeV2. The solid line is the result of the model. The data are H1 results@33#.
9-6
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COMPREHENSIVE APPROACH TO STRUCTURE FUNCTIONS PHYSICAL REVIEW D65 014019
stead of the rescaling~13! used here, in@32# the dipole cross
section~3! was put to zero if at least one dipole was smal
than 0.16 fm. In Fig. 6 we show the integrated cross secti
as a function ofQ2 and ofW. The data are the H1 data@33#
after subtraction of the Bethe-Heitler contribution. Also
this case only the forward scattering amplitude has been
culated. For comparison with experiment the integrated cr
section has been obtained assuming a constant logarit
slopeb57 GeV22 which is the average value over theQ2

range of the data.
We reported in@32# a serious discrepancy between t

model and the preliminary data atQ253.5 GeV2 which was
also reflected in the normalization of the integrated cr
section. With the final data this discrepancy has disappea
The difference between the results of@32# and the presen
calculation is smaller than the experimental error bars.

The model prediction is compared with the realgp cross
sectionsgp

tot in Fig. 7. Note that the model predicts a signi
cant contribution from the hard Pomeron tosgp

tot , similar to
that found in@1#. However the data do not demand such
contribution as, due to the comparatively large errors at h
energy, the data can accomodate the standard soft-Pom
energy dependence.

B. g-g reactions

With the same approach and the same parameters we
also calculategg, g* g and g* g* cross sections. Sinc
some of the experimental results are obtained at relativ
low center-of-mass energies the Reggeon contribution,
8~b!, and the box diagram, Fig. 8~c!, have to be taken into
account. As an estimate for the Reggeon contribution we
the form given in@8#. It was pointed out there that there
considerable uncertainty in this contribution. We include t

FIG. 7. sgp
tot . The solid line is the full result. It has the followin

contributions: long dashes, soft Pomeron; short dashes,
Pomeron; dots, Reggeon. The data are from@34#.
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uncertainty when comparing our predictions with data. An
lytical results for the box diagram without any approxim
tions can be found in@35#. In the framework of Regge theor
it correponds to a fixed pole in the angular momentum pla
and has therefore to be added to the moving Regge-
contribution@8#. In the literature it is often quoted as quar
parton-model~QPM! contribution.

The principal difference betweengg andgp at high en-
ergies comes from the singularity of the photon wave fu
tion at the origin. This favors the hard component and the
fore it should become apparent even in the scattering of
photons. In Fig. 9 we show our result for the cross sect
sgg

tot together with OPAL@36# and L3 @37# data. The experi-
mental cross sections are rather sensitive to the Monte C
model used for the unfolding of detector effects, differe
Monte Carlo simulations producing different results. The
sulting uncertainty is contained in the errors on the OP
data. The L3 data shown are the average of the two extrem
In this case the energy dependence of the data is not c
patible with the soft Pomeron alone, and the additional c
tribution of the hard Pomeron is required.

The model predictions forF2
g/a are equally satisfactory

A comparison with data is made in Fig. 10. The agreem
with experiment is good for small values ofx. At largex the
increasing importance of the Regge term induces an incr
ing uncertainty in the predictions, but nonetheless they
main satisfactory forx<0.1. The model predictions for th
shape of the photon structure functionF2

g/a are very similar
to those for the proton structure function, as can be seen

rd

FIG. 9. sgg
tot (W). The solid line is the full result. The separa

contributions are: long dashes, soft Pomeron; short dashes,
Pomeron; dot-dashes, fixed pole~box diagram!; dots, Reggeon. The
data are from OPAL@36#, boxes, and L3@37#, triangles.
FIG. 8. Graphical representation of the dipole-dipole model contribution~a!, the Reggeon contribution~b! and the box diagram~fixed
pole, quark parton model! ~c!.
9-7
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FIG. 10. The photon structure functionF2
g/a for different values ofQ2 as indicated in the figures. The upper solid line includes the ‘‘f

Regge,’’ the lower solid line includes ‘‘half Regge.’’ The separate contributions are: long dashes, soft Pomeron; short dashes, hard
dot-dashes, fixed pole~box diagram!; dots, Reggeon. The data are from OPAL@38–40#, boxes; L3@41,42#, triangles; and ALEPH@43#, stars.
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comparing the first and last rows of Fig. 2. Indeed at la
Q2 the photon structure function exhibits precisely the sa
sensitivity to the hard contribution as does the proton str
ture function. To quantify this, in Fig. 11 we display the rat
R5(F2

g/a)/F2 for the soft and the hard contributions sep
rately as a function ofQ2. The ratio of the soft contributions
~dashed line! is practically constant. The hard contribution
F2

g is relatively favored at smallQ2, a consequence of th
singularity of the photon wave function at the origin, but t
ratio of the hard contributions tends to the same constan
that of the soft contributions at largeQ2. Of course this is a
model-dependent statement, but nonetheless it empha
the importance ofsgg

tot as a probe of the hard contribution.
There is an interesting discrepancy between the mo

and the experimental results for charm production ingg in-
teractions. Whereas we found good agreement with exp
ment for the charm structure function of the proton, see F
3, our model predictions for the reactiongg→cc̄X are about
a factor of 2 lower than the L3 results@44#, as can be seen

FIG. 11. R, the ratio of the soft and hard contributions of th
photon to the proton structure function. The solid line is the ratio
the hard contributions; the dashed line the ratio of the soft.
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from Fig. 12. There is a similar discrepancy with the OPA
@45# result for the charm contribution to the photon structu
function at smallx, see Fig. 13, but not at largerx where the
box diagram dominates. The small-x datum, taken at face
value, implies that the charm contribution is already at,
close to, its asymptotic fraction of the photon structure fun
tion. Indeed, within the erors, it exhausts the full structu
function.

The discrepancy cannot be removed by simple adju
ments of the parameters in the model, which are anyw
rather tightly constrained by other data. This can be s
from the following model-independent considerations.
very highQ2 charm production ing* g scattering should be
4
5 of the total cross section. A factor of2

5 comes from the
ratio of the square of the charm charge to the sum of
squares of the charges of all contributing flavors, and ther
an additional factor of 2 since thecc̄ pair can be created by

f

FIG. 12. Cross section for the reactiong g→cc̄X. The solid line
is the full result. The separate contributions are: long dashes,
Pomeron; short dashes, hard Pomeron; dot-dashes, fixed pole~box
diagram!. The data are from L3@44#.
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either photon. For moderateQ2 one has to take account o
the charm mass and make the replacementQ2→Qeff

2 . The
latter is the average of the expressionQ21mc

2/(z(12z))
occurring in the overlap integrals. The cross sect
4
5 sg* g

tot (Qe f f
2 ) is then an estimate for charm production ingg

interactions. A similar argument can be applied togp reac-
tions, where2

5 sg* p
tot (Qe f f

2 ) is the corresponding estimate fo
charm production with a photon of virtualityQ2. As the
product z(12z)< 1

4 then Q214mc
2 is the lower bound of

Qe f f
2 and therefore the cross sections with that virtuality p

vide an upper estimate for charm production. In Fig. 14~a!
we show the model prediction for the cross section for cha
production off protons atQ251.8 GeV2 and compare it
with the upper estimate25 sg* p

tot (Q214mc
2) and the experi-

mental data from ZEUS@27#. The comparison of the mode
with the estimate is reasonable and we note that the estim
indeed tends to be above the data. In Fig. 14~b!, where the
target is a photon instead of a proton, the experimental d
from L3 @44# are larger than the upper estimate4

5 sg* g
tot (Q2

54mc
2) which in turn is larger than the model, showing a

proximately the same relative magnitude as in the pro
case.

So the charm data may indicate thatgg and g* g pro-
cesses are really rather different from the correspondinggp
reactions. If treated in isolation, thegg andg* g data can be
described by:

FIG. 13. Charm contribution to the photon structure functi
F2 c

g /a. The solid line is our prediction atQ2520 GeV2, the
dashed line the hard Pomeron contribution and the dotted line
contribution from the box diagram. The squares are the OPAL d
@45# for charm at̂ Q2&520 GeV2. The stars are the L3 results fo
the full photon structure functionF2

g at ^Q2&523 GeV2, and the
upper curve our model result for the full photon structure funct
F2

g/a at 23 GeV2.
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Increasing the fraction of the hard-Pomeron and decre
ing the fraction of the soft Pomeron insgg

tot and, possibly,
giving the hard Pomeron a stronger energy dependence
we have used in our model.

Making corresponding changes inF2
g and modifying the

Q2 dependence of both terms, that is discarding the sim
picture of Eq.~11!. These modifications cannot be exclud
by the present data.

Note that our calculation does not include central prod
tion of charmed quark-antiquark pairs~doubly resolved pho-
tons!, but for this contribution to have a significant effect
would need to play a more important role ing-g collisions
than ing-proton interactions.

We note that results from perturbative QCD@46# using the
photon structure function from@47# report no such discrep
ancy with the data. This is interesting as forg* p reactions
the results of perturbative QCD are essentially indistingui
able from our model. The comparison between perturba
QCD and thegg charm data was done for the full proce
e1e2→e1e2cc̄, so we have converted ourgg cross section
to the full e1e2 cross section using the equivalent phot
approximation@35#. The threshold was taken aszth54mc

2

and Qmax
2 54mc

2 , in the notation of@18#. The result formc

51.25 is shown in Fig. 15~a! and compared with result
from perturbative QCD and experimental data. Here

he
ta FIG. 15. Cross section for the reactione1e2→e1e2cc̄. The
solid line is our model withmc51.25, the dotted line the box dia
gram alone and the long dashed line is NLO perturbative QCD@46#
with mc51.3 GeV. The data are: L3@44#, triangles; ALEPH@48#,
stars; DELPHI@49#, diamonds; OPAL@45#, boxes. The results a
lower energies~crosses! are from@50–53#. Open symbols refer to
preliminary results.
l
FIG. 14. Model prediction and upper estimates for the production of charm in~a! g* p and~b! gg reactions. Solid line the actual mode
prediction; dashed line the upper estimate from flavor charge independence. The data are from@27# ~a!, and L3@44# ~b!.
9-9
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FIG. 16. sg* g* ~a! L3 data@55# at ^Q2&53.5 GeV2. ~b! Preliminary L3 data@56# at ^Q2&515 GeV2, triangles and preliminary OPAL
data@57# at ^Q2&516 GeV2, boxes. The theoretical contributions are: long dashes, soft Pomeron; short dashes, hard Pomeron; do
fixed pole~box diagram!; dots, Reggeon; solid, sum.

FIG. 17. Separate contributions to thesg* g* (W) at fixed values ofQ1
25Q2

25Q2 as indicated in the figures: solid, Pomerons; dot-dash
fixed pole~box diagram!; dots, Reggeon.

FIG. 18. Separate contributions to thesg* g* (Q2) at fixed values ofW as indicated in the figures: solid, Pomerons; dot-dashes, fixed
~box diagram!; dots, Reggeon.
014019-10



oo
at
o

e
th

r-
le
lu

n
iv
av
in
e-

s

ur
th

th

-

e

ly-

d
t
le

oa
s
th

-

th

on
d
in
c

on
ced
the

so.
our
on
rom

less
s the
n-
be
rly-

ron
ent

due
in-
ly

is
ton
oft
of-
oton-
of
ies,
e, it
al-
As

tive
o-

n,
ted
nt

on
th-

COMPREHENSIVE APPROACH TO STRUCTURE FUNCTIONS PHYSICAL REVIEW D65 014019
agreement with the perturbative QCD results is rather g
and the discrepancy with experiment seems not dram
One reason for this is that the box diagram remains imp
tant up to the highest values ofAse1e2, see Fig. 15~b!, and
the discrepancy at highW in Fig. 12 is smeared out in th
full e1e2 data and is much less visible. This emphasizes
importance of comparing models withsg* g* rather than
with se1e2. We also note that there are significant diffe
ences at present among the preliminary data sets availab
it is perhaps too early to attempt to draw significant conc
sions.

Although it is perhaps premature to draw firm conclusio
from the charm data, it is clear that our nonperturbat
model cannot give the full answer when both photons h
high virtuality since it decreases much faster with increas
virtuality than purely perturbative contributions. The dipol
dipole cross section~3! behaves for small values ofR15R2
5R asR4, and therefore theg* g* cross section decrease
like 1/Q4 for Q25Q1

25Q2
2 and fixedQ2/W2. The perturba-

tive contributions decrease, up to logarithms, like 1/Q2 @54#.
This follows from a simple dimensional argument. In pert
bation theory with massless quarks, in forward scattering
only dimensioned quantities areW2 and Q2 as no internal
scale appears. Therefore for fixedQ2/W2 the cross section
has to be proportional to 1/Q2 ~see Fig. 16!.

However our model can be used as an estimate for
nonperturbative background ing* g* reactions. In Figs. 17
and 18 we show the different contributions tosg* g*

tot (Q2) as
a function of the common virtualityQ2 at fixedW and as a
function of W at fixedQ2. In Fig. 16 the theoretical contri
butions are displayed as a function ofY' log(W2/Q2) for
fixed ^Q2&53.5 and 16 GeV2. They are compared with th
L3 @55,56# and OPAL@57# data at̂ Q2&53.5 and^Q2&515
and 16 GeV2. We note that there is evidence for a pure
nonperturbative signal visible beyond the box diagram.

C. Summary and conclusions

We have used a simple dipole-dipole approach, adopte
the two Pomeron picture@1# in order to describe a grea
variety of high energy reactions. The picture of dipole-dipo
scattering is a consequence of our nonperturbative appr
which starts from the evaluation of lightlike Wilson loop
@11,10#. The dependence of the scattering amplitude on
dipole sizes is also determined in our model and related
low-energy and lattice results@12,13,9#. The energy depen
dence is put into the model by hand and inspired by theQ2

dependence of the hard and soft contribution found in@1#: if
at least one dipole is smaller than a critical valueRc the
energy dependence is governed by the hard Pomeron, o
wise by the soft one. The numerical valueRc'0.22 fm was
adjusted from comparison with the proton structure functi
With this single parameter theQ2 dependence of the soft an
hard contribution of the proton structure function obtained
@1# is reproduced very well. The behavior of different rea
01401
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tions is then controlled solely by the different wave functi
of the participating photons and hadrons. We have introdu
no saturation mechanism into the dipole cross section and
analysis shows that there is no compelling reason to do

There is one reaction which seems to jeopardize
simple picture, namely charm production in photon-phot
reactions where our model underestimates the results f
L3 @44# for the reactiongg→cc̄X by about a factor of two.
We have discussed this question in detail also in an
model-dependent approach and argued that, interesting a
discrepancy is, it might be to premature to draw final co
clusions. At any rate future data for this reaction might
very important for our general understanding of the unde
ing mechanisms of the dipole approach.

A consequence of our approach is that the hard Pome
is not a product of perturbative evolution but is also pres
in soft processes. For example, we have seen that thegg
cross section receives a non-negligible hard contribution
to the pointlike coupling of the photon and the resulting s
gularity of the photon wave function at the origin. Similar
there is a hard contribution to thegp cross section. It is
compatible with but not demanded by experiment. There
necessarily also a nonzero hard contribution to proton pro
scattering. In Table I we give the ratio of the hard to the s
plus hard contribution for different reactions and center-
mass energies. As can be seen the hard component in pr
proton scattering is so small as to be within the limits
experimental error at present energies. At higher energ
where its presence might be expected to be observabl
will be suppressed by unitarity corrections, therefore the v
ues for proton-proton scattering represent an upper limit.
the proton, unlike the photon, is a genuinely nonperturba
object, the difficulty of detecting a hard contribution in pr
ton proton scattering means that thegp total cross section is
of considerable importance in this respect.
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TABLE I. The ratio of the hard Pomeron to the total Pomer
contribution for the total cross sections of different reactions; wi
out any unitarity corrections.

W pp gp gg
@GeV#

20 0.0023 0.037 0.071
100 0.007 0.10 0.19
200 0.011 0.16 0.27
1800 0.048 0.45 0.62
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@46# S. Frixione, M. Krämer, and E. Laenen, Nucl. Phys.B571, 169
~2000!.

@47# M. Glück, E. Reya, and I. Schienbein, Phys. Rev. D60,
054019~1999!.

@48# ALEPH Collaboration, D. Buskulicet al., Phys. Lett. B355,
595 ~1995!; and note ALEPH2000-070, ALEPH2000-031,
ICHEP2000, Osaka, Japan.

@49# DELPHI Collaboration, M. Chapkin, V. Obratztsov, and A
Sokolov, DELPHI2000-64, in ICHEP2000, Osaka, Japan.

@50# JADE Collaboration, W. Bartelet al., Phys. Lett. B184, 288
~1987!.

@51# TPC/2g Collaboration, M. Alston-Garnjostet al., Phys. Lett. B
252, 499 ~1990!.

@52# TOPAZ Collaboration, R. Enomotoet al., Phys. Lett. B328,
535 ~1994!.

@53# AMY-Collaboration, N. Takashimizuet al., Phys. Lett. B381,
372 ~1996!.

@54# S.J. Brodsky, F. Hautmann, and D.E. Soper, Phys. Rev. D56,
6957 ~1997!.

@55# L3 Collaboration, M. Acciarriet al., Phys. Lett. B453, 333
~1999!.

@56# L3 Collaboration, contribution to XXX International Confer
ence on High Energy Physics, Osaka, 2000, L3 Note 2568

@57# OPAL Physics Note PN456, 2000.
9-12


