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The strikingly different high energy behaviors of real photoabsorption cross sections withQ250 and the
low x proton structure function at largeQ2 are studied from a laboratory frame viewpoint, in which thex and
Q2 dependence reflects the space-time structure of the interaction. This is done using a simple model which
incorporates hadron dominance, but attributes the striking enhancement observed at DESY HERA at very low
x and highQ2 to contributions from heavy long-lived fluctuations of the incoming photon. Earlier published
predictions of the model for the then unknown behavior of the structure function at smallx and intermediate
Q2 are shown to be strikingly confirmed by recent experimental data. A simultaneous analysis of real photo-
absorption data and structure function data for 0<x,0.1 and 0<Q2<15 GeV2 is then reported. An excellent
fit is obtained, with all parameters in the restricted ranges allowed by other physical requirements.
@S0556-2821~97!02523-X#

PACS number~s!: 13.60.Hb, 12.40.Vv, 13.60.2r

I. INTRODUCTION

At high energies, the real photoabsorption cross section

sgp~n,Q250!'aPnaP211aRnaR21

is characterized by the interceptaP'1.08 of the ‘‘soft’’
Pomeron familiar from hadron scattering@1#, together with
an effective contribution from lower-lying Regge trajectories
with aR'0.55. The same behavior characterizes the proton
structure function in the intermediatex region 0.02<x<0.1,
but experiments at the DESYep collider HERA @2,3# in
1993 first observed the much sharper rise in the structure
function at smallx,0.02 and largeQ2.8 GeV2 associated
with the ‘‘hard’’ Pomeron. Here we focus on the transition
between these contrasting behaviors in the intermediateQ2

region 0,Q2,8 GeV2 using an approach suggested by one
of us @4#. This was used to predict the behavior at interme-
diate Q2 in 1994 @5#, but there was no data with which to
confront the predictions. Subsequently the experimental situ-
ation has been transformed by precise data both at highQ2

and in the hitherto unexplored region of lowx and interme-
diate Q2 @6–8#. Here we examine whether the new data at
intermediateQ2 agree with the prior predictions of the
model, and whether its greater precision and its extension to
smallerx values enable the intercept of the hard Pomeron to
be determined more precisely by the data.

The model used is described in the next section. However,
it will be useful to first summarize the underlying approach
@4#. This adopts the laboratory frame viewpoint typical of
hadron dominance models, and emphasizes the role of the
coherence length
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1

Mx
, ~1!

which represents the typical distance traveled by a vacuum
fluctuation of the photon of massm. Our assumptions on the
nature of the dominant states at different coherent lengths are
summarized in Fig. 1. At short coherence lengthsl , l 0'1

fm, corresponding to largex valuesx.0.1, we assume that
these states are essentially bareq̄q pairs and a hadronic
component of the photon has not developed. At moderate
coherence lengths, they are assumed to have the single-
hadron-like behavior expected for constituentq̄q pairs or
vector mesons. However, at very long coherence lengths, the
photon fluctuations can eventually develop into the hadronic
final states observed ine1e2 annihilations.1 For low masses,
these states can be approximated by a sum of vector mesons,
but for high masses complicated jetlike final states are ob-
served. The idea is that the new phenomena at very smallx
are associated with complicated jetlike states which only
play a role for massesm and coherence lengthsl which are
greater than some critical valuesm.mJ and l . l C . By Eq.
~1! this implies that they are confined to energies

n.nC[mJ
2l C /2 ~Q250! ~2!

in photoproduction and to the kinematic region

x,xC~Q2![
1

Ml C

Q2

Q21mJ
2

~3!

for structure functions. The remaining states withm,mJ
and/or l , l C will completely dominate outside this region.
They are included using conventional hadron dominance
ideas which emphasize the link between real and virtual pho-
tons and provide a natural framework for describing the on-
set of scaling in the region2 xC,x,0.1. For example, they

1For an attempt to understand the role of the coherence length
from a more fundamental dynamical viewpoint, see Del Duca,
Brodsky, and Hoyer@9#.

2In hadron dominance models which give approximate scaling,
the bulk of the contributions for a givenQ2 comes from intermedi-
ate states with 0,m2,n Q2, with n a small integer. The average
value is of orderm2'Q2, for which the coherence lengthl'1/2Mx
by ~1!.
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give a good description of the transition between real photo-
absorption and deep inelastic scattering data on protons in
the intermediatex region 0.02<x<0.1 @4,10#, and they suc-
cessfully predict the observed shadowing behavior for real
photoabsorption and deep inelastic scattering on nuclei in the
samex region @11–13#.

II. SIMPLE MODEL

In the hadron dominance model,3 the total cross section
for photoabsorption is given by an expression of the form

sgp~n,Q2!5E dm2E dm82
r~m,m8,s!

~m21Q2!~m821Q2!
, ~4!

corresponding to Fig. 2. Conventional hadron physics and
duality with the parton model both require large ‘‘diagonal’’
m5m8 and large ‘‘off-diagonal’’mÞm8 components to be
present, and the latter must be explicitly incorporated if the
approximate scaling behavior of the shadowing for deep in-
elastic scattering on heavy nucei is to be understood@11–
13#. However, these off-diagonal contributions are domi-
nated by terms in which the two mass valuesm andm8 are
not very different. Equation~4! is therefore often replaced by
a simple diagonal approximation

sg p~n,Q2!5E
m0

2

`

dm2
r~n,m2!

~m21Q2!2
, ~5!

wherer(n,m2) is an effective quantity, meant to represent

the more complicated structure on average.4 Single-hadron-
like behavior of the intermediate states can be incorporated
by assuming a Regge-type energy dependence

rP~n,m2!5 f P~m2!naP21

for the dominant diffractive contribution, wheref P(m2) is a
smoothly varying function of mass chosen to lead to approxi-
mate scaling at largeQ2. In particular, if we assume

rP~n,m2!5anaP21~m2!12aP, ~6!

this gives

F2
P5AxnaPE

m0
2

`

dm2
~m2!12aP

~m21Q2!2
~7!

for the soft Pomeron contribution to the structure function,
where

A5
Ma

2p2a
.

This formula obviously embodies single-hadron-like behav-
ior aP'1.08 for all intermediate states. Here we modify it
by adjusting the contributions fromm.mJ andl . l C , which
is meant to roughly characterize the region in which single-
hadron-like behavior has given way to a more complicated
behavior. This behavior is unknown, and so we parametrize
it by the simplest possible generalization of Eq.~6!, in which
A andaP are replaced by new parametersÃ andaP8 to allow
for a different magnitude and energy dependence. In this way
we arrive at a representation of the form

3For reviews, see, for example,@4# and @14# and references
therein.

4If Eq. ~5! were exact, in the context of scaling ine1 e2 annihi-
lation and deep inelastic scattering it would imply that the total
cross sectionssm for statesm scattering on nucleons decreased
approximately asm22. This counterintuitive result is sometimes
known as the Gribov paradox. It implies that the mean free paths in
nuclear matter increase likem2, so that shadowing would die away
at large Q2 at fixed x. These problems do not occur in ‘‘off-
diagonal models’’ of the form~5!, when the effective quantity
r(n,m2) results from destructive interference between diagonal and
off-diagonal terms in Eq.~4!. ~Again, see@4,12,14# and references
therein.!

FIG. 1. Hadronic behavior of the photon for different values of
the coherence lengthl and invariant mass squaredm2 of the photon
fluctuations, wherel 51/2Mx for m25Q2. Herel C andMJ are the
critical values of the coherence length and fluctuation mass that
separate the two types of hadronic behavior. Another critical coher-
ence lengthl 0'1 fm separates the hadronic and purely electromag-
netic behavior.

FIG. 2. The hadron dominance model~4!.
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For data fits, this is conveniently rewritten as

F2
P5u~mC

2 2mJ
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where the integrals can be conveniently approximated by
rapidly convergent series, as shown in the Appendix, and the
critical coherence length is replaced by an effective critical
mass,

mC
2 ~x,Q2![Q2S 1

xMpl C
21D , ~10!

which, unlikemJ
2 ~and l C), depends onQ2 and x. The real

photon equivalent is

sgp
P ~n,0!5u~2n/ l C2mJ

2!$BnaP21@~m0
2!2aP2~mJ

2!2aP#

1CnaP8 21@~mJ
2!2aP82~2n/ l C!2aP8 #

1BnaP21~2n/ l C!2aP%

1u~mJ
222n/ l C!@BnaP21~m0

2!2aP#, ~11!

where

B[
2p2a

2.568M p

A

aP
, C[

2p2a

2.568M p

Ã

aP8
, ~12!

and the numerical coefficients are chosen to give the cross
section in mb for masses in GeV.

In addition to the contributions associated with the hard
and soft Pomerons, there is also an additional contribution
associated with lower-lying Regge poles. This is a small cor-
rection in the region we are considering, and we incorporate
it using the simple empirical form

F2
R~x,Q2!5ARx12aRS Q2

Q21aR
D aR

, ~13!

proposed by Donnachie and Landshoff@15#, with the Regge
interceptaR50.55. The total structure function is then given
by

F2~x,Q2!5F2
P1F2

R. ~14!

In the ‘‘pre-HERA’’ regions n,nC (Q250) and
x.xC(Q2), Eq. ~9! reduces to the simpler form~7!, and our
parametrization~14! can be made numerically almost identi-
cal to the empirical Donnachie-Landshoff parametrization
@15#, which is known to give an excellent fit to photoproduc-
tion data and to structure function data in the intermediate
region 0.1.x.0.01. Correspondingly, data in this region ef-
fectively determine the parametersA, m0 , AR , and aR in
Eqs.~9! and~13!. The additional parametersÃ, aP8 , mJ , and
l C in Eq. ~9! describe the behavior at very smallx, with mJ
andl C constrained to be a few GeV and a few Fermi, respec-
tively.

III. PREDICTIONS AT INTERMEDIATE Q2

In 1994@5#, the parametersA, m0, AR , andaR were fixed
by fitting the simple representation, Eqs.~7!, ~13!, and ~14!
to the ‘‘pre-HERA’’ data on real photoabsorption and the
structure function at intermediatex values 0.02,x,0.1. The
additional parametersÃ, aP8 , mJ , andl C in the final form~9!
were then determined by extending the fit to include the then
recently available H1 data@16# at smallx and largeQ2.8
GeV2 and used to predict the behavior at intermediateQ2

(0,Q2,8 GeV2), where no data existed. In particular, the
dramatic rise at smallx observed at highQ2 was predicted to
decrease rapidly and shift towardsx50 as Q2 becomes
smaller. In this short section, we compare these predictions

FIG. 3. The 1994 fits@5# to the 1994 H1 data@16# at Q2512
GeV2, for the valuesaP8 51.27 ~dashed line! and aP8 51.08 ~solid
line!.
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with the subsequent H1 measurements@6#, in order to test the
validity of the model.5

Before doing this, we consider the quality of the 1994 fits
for Q2.8 GeV2. This is illustrated in Fig. 3 for the Regge
intercepts

aR50.55, aP51.08, ~15!

together with both a ‘‘conventional’’ valueaP8 51.27 and a
very unconventional choiceaP8 51.08 for the intercept of the
long-lived, high mass states associated with the hard
Pomeron in this approach. As can be seen, this intercept was
not well determined by the existing data, because of the lim-
ited x range covered. However, the 1996 H1 data@6# are
more precise and extend to smallerx values. Plotting the
same curves against these new data in Fig. 4 leads to a clear
preference foraP8 51.27, although there are small discrepan-
cies between the precise new data and the fit, since the pa-
rameters of the latter were determined by data of lower ac-
curacy.

We now compare the 1994 predictions for the intermedi-
ate Q2 region 0,Q2,8 GeV2 with the 1996 H1 data, re-
stricting ourselves to the caseaP8 51.27 in light of the pre-
vious discussion.6 Since in 1994 there were no data at all in
this region that could be used to help determine the param-

eters of the fit, the curves shown in Fig. 5 represent a genu-
ine prediction. When taken in conjunction with Fig. 4, they
show that theQ2 dependence predicted by the model is in
excellent agreement with experiment.

IV. GLOBAL ANALYSIS

In the last section we focused upon the 1996 H1 data at
small x and intermediateQ2 because the parameters of the
1994 predictions were fixed by highQ2 data from the 1994
H1 experiment. Here we report the results of a simultaneous
x2 fit to all the recent photoabsorption data in the wider
kinematic region 0<x,0.1 and7 0<Q2<15 GeV2. In do-
ing so, we allow all the parameters in the diffractive term~9!,
including the Regge interceptsaP andaP8 , to be determined
by photoabsorption alone, in order to see whether the result-
ing values accord with reasonable physical expectations.
However, since the nondiffractive term~13! makes only a
small contribution in this region, we keep the Regge inter-
cept fixed at the valueaR50.55 obtained from hadron scat-
tering data, leavingAR andaR as variable parameters.

The data used in the fit comprise the smallx data of the
H1 @6# and ZEUS@7# Collaborations, the small and interme-
diatex data of the E665@8# Collaboration, the intermediatex
data @17# of the NMC Collaboration, and the real photoab-
sorption cross sections@18–22#. Obviously, we need to con-
sider the consistency of the different experiments. The ZEUS
and H1 data cover a similar kinematic region, and are con-
sistent within errors, as we shall see. In addition, forx'0.015Since the 1994 fits were based on the 1993 H1 data at largeQ2,

we initially compare their predictions at lowerQ2 to later data from
the same experiment. The data from ZEUS and other experiments
will be discussed explicitly in the next section.

6For 331024,x,531023, the predictions are insensitive to the
choice ofaP8 , but outside this range the value 1.27 rather than 1.08
is preferred.

7We restrict ourselves toQ2<15 GeV2 since we are interested in
the transition region from real photons to deep inelastic behavior.
Our simple model will of course break down eventually, since it
gives exact scaling asQ2→`.

FIG. 4. Comparison of the 1994 fits@5# with the 1996 H1 data
@6# at Q2512 GeV2. The curves again correspond toaP8 51.27
~dashed line! andaP8 51.08 ~solid line!.

FIG. 5. Comparison of the 1994 fits@5# with the 1996 H1 data
@6# at Q251.5 and 5 GeV2 for aP8 51.27 ~dashed line!.
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there is data from both E665 and New Muon Collaboration
~NMC! at low and intermediateQ2, as well as highQ2 data
from ZEUS and H1. As can be seen from Fig. 6, the experi-
ments are consistent with each other, except for the three
NMC points at (x,Q2)5(0.0125,3.26),~0.0125,4.52!, and,
especially,~0.008,3.47!.

The resulting fits to the various data sets are shown in
Figs. 7–11 and the correspondingx2 contributions listed in
Table I, where in all cases, the statistical and point system-
atic errors have been combined in quadrature. As can be
seen, good fits are obtained for all data sets with the possible
exception of the NMC data, which contributes 94 towardsx2

from 66 data points. However, it is clear from Fig. 10 that
the fit is satisfactory, except for a few points, usually towards
the edge of the kinematic range of the experiment, which
make a very large contribution tox2. For example, the three
NMC points discussed above contribute 23 towardsx2, and
on examining Fig. 6, it is difficult to see how any smooth
curve, which fits the rest of the data, can do any better.

With this small caveat, we conclude that the consistency
of the data and the quality of the fit are very satisfactory. The
corresponding parameter values are given in Table II to-
gether with their errors.8 In addition, we have performed a
series of seven fits in which one of the data sets listed in
Table I is omitted, and the remaining six are fitted, in order
check whether the parameter values are sensitive to small
changes in the data set. The results are summarized in Table

III. As can be seen, the parameters are fairly stable against
such changes, except for the parametersAR and aR associ-
ated with the small nondiffractive term~13!. These are only
separately well determined9 if the NMC data, covering the
intermediatex region, are included.

We now comment briefly on the values obtained for the

8These errors are, of course, correlated; the full error matrix is
available on request.

FIG. 6. Comparison of the data from various experiments at
x50.0125 ~lower set! and x50.008 ~upper set!, where the latter
have been scaled by a factor of 2, for clarity. The E665 points for
x50.008 have been obtained by linearly interpolating between
x50.007 and 0.009, and the HERA data have also been interpo-
lated slightly from neighboring points. The dashed~solid! lines
show the result of the global fit described in the text forx50.0125
~0.008!, respectively.

FIG. 7. Comparison of the global fit with the 1996 H1 data@6#
for representativeQ2 values.

FIG. 8. Comparison of the global fit with the 1996 ZEUS data
@7#.

9The ratio is well determined by real photoabsorption data.
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parameters. In contrast to the 1994 fits, the intercept

aP8 51.28960.007 ~16!

of the hard Pomeron is well determined, while the value

aP51.05960.007

of the intercept of the soft Pomeron is similar to, but perhaps
slightly lower than, the valueaP51.08 favored by the analy-
sis of hadronic total cross sections@1# in terms of a simple
Regge pole model of the Pomeron. The value

m050.6860.01

is somewhat below ther mass, as predicted long ago by
generalized vector dominance models with off-diagonal
terms,10 while the value of the parameter

mJ52.5160.02

corresponding to the transition from resonance dominance to
jetlike behavior accords well withe1 e2 annihilation data.
Finally the value for the characteristic distance over which
jetlike behavior develops for heavy states is

l C53.4560.06 fm.

This is also very reasonable, given the usual estimatel'1
fm for the characteristic distance over which lightq q̄ states
develop into vector mesons, based on, for example, the onset
of nuclear shadowing effects in photoproduction on nuclei.

V. SUMMARY

We have given a unified treatment of both real and virtual
photoabsorption data in terms of a modified hadron domi-
nance model, in which the striking enhancement observed at
HERA at very lowx and highQ2 is attributed to contribu-
tions from heavy long-lived fluctuations of the incoming
photon. We have shown that the published predictions of the
model for smallx and low and intermediateQ2,8 GeV2,
where no data previously existed, are confirmed by recent
data, that the model gives an excellent fit to the much im-
proved real photoabsorption and proton structure function
data over the whole region 0<x,0.1 and 0<Q2<15 GeV2,
and that the values of the parameters of the model, deter-
mined from this real and virtual photoabsorption data alone,

10This follows naturally from the destructive interference between
the diagonal and off-diagonal terms@14,23#.

FIG. 9. Comparison of the global fit with the E665 data@8# for
representativex values.

FIG. 10. Comparison of the global fit with the NMC data@17#.

FIG. 11. Comparison of the global fit with the real photoabsorp-
tion data@18–22#.
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are in good agreement with physical expectations and other
sources of information.
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APPENDIX: EVALUATION OF INTEGRALS

Data fits were performed using theMINUIT routine to
minimize x2 with respect to the parameters of Eq.~9!. This
is computationally quite involved and speed and efficiency
are at a premium. For this reason the integrals in Eq.~9! were
evaluated by using a convenient series expansion rather than
the normal methods of numerical quadrature.

The integrals in Eq.~9! can be easily written as linear
combinations of integrals of the form

E
b

` z2e

~Q21z!2
dz, 0,ueu,1, ~A1!

where the lower limits usually arise from the step functions,
and can depend onx andQ2. Writing Q2y5z,

E
b

` z2e

~Q21z!2
dz5Q22~11e!J~r ,e!, ~A2!

where

J~r ,e!5E
r

` y2e

~11y!2
dy

and r 5b/Q2.
If r>1, then

J~r ,e!5
1

r eS 1

11r
1

e

r H lnS 11r

r D2
1

11eJ 2e~1

1e! (
n51

`
~21!n11

n~n111e!r ~n11!D . ~A3!

If r ,1, then

TABLE I. Breakdown ofx2 into contributions from different
data sets to the global fit.

Data source Number of points x2

Structure function data H1 64 35.7
ZEUS 47 47.1
NMC 66 93.9
E665 77 74.0

Real photoabsorption Caldwell’73 9 8.8
Caldwell’78 30 33.8

HERA 3 2.3

All data 296 295.6

TABLE II. Parameter values and errors resulting from the glo-
bal fit. ~Natural units, based on the GeV, are used throughout.!

Diffractive ~Pomeron!

m0
2 0.4666 0.008

aP 1.0596 0.007
A 0.6296 0.022
mJ

2 6.28 6 0.08
aP8 1.28960.007

Ã 0.4576 0.019

l C 17.5 6 0.3

Nondiffractive ~Regge!

AR 0.1636 0.029
aR 0.0396 0.009
aR 0.547~fixed!

TABLE III. Parameter andx2 values for fits with one data set in turn excluded.

Omitted data set
Structure function Photoabsorption

H1 ZEUS E665 NMC Caldwell’73 Caldwell’78 HERA

m0
2 0.455 0.465 0.463 0.508 0.458 0.463 0.469

aP 1.054 1.059 1.055 1.067 1.049 1.050 1.064
A 0.628 0.628 0.638 0.655 0.654 0.653 0.617
mJ

2 5.823 6.497 6.303 6.277 5.945 5.911 6.339
aP8 1.291 1.316 1.290 1.274 1.286 1.287 1.290

Ã 0.432 0.410 0.454 0.490 0.458 0.455 0.451

l C 13.48 16.90 17.42 11.60 17.82 17.72 17.32
AR 0.170 0.164 0.155 0.012 0.137 0.138 0.176
aR 0.0459 0.0402 0.0392 0.00029 0.0382 0.0334 0.0412

x2 259 236 221 188 286 262 293
No. of points 232 249 219 230 287 266 293
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E
r

` y2e

~11y!2
dy5

pe

sin~pe!
2E

1/r

` ye

~11y!2
dy. ~A4!

Hence

J~r ,e!5
pe

sin~pe!
2J~1/r ,2e! ~A5!

and the series forr .1 in Eq.~A3! can be used. These series

have two advantages ensuring speed and accuracy of com-
putation: The series are alternating, and so, provided the
number of terms is not too large in view of the numerical
precision used, the error in the expansion is known and the
degree of accuracy easily controllable; the expansion vari-
able is the ratio of the integrand lower limit toQ2 and for
many of the points this is sufficiently far from unity for the
series to converge adequately after only a few terms. Even
for a unit ratio, the convergence is not prohibitively slow.
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