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Real photoabsorption and the proton structure function at low z
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We investigate real photoabsorption and proton structure function data from the laboratory frame
viewpoint, in which the 2: dependence renects the space-time structure of the process. Both the real
and virtual photon data are well described by a simple model in which the striking enhancement
observed at DESY HERA at very low x and high q is associated with contributions from heavy
long-lived Quctuations of the incoming photon. As q becomes smaller, the effect is predicted to
decrease rapidly and shift towards x = 0.
PACS number(s): 13.60.Hb, 12.40.Vv, 14.20.Gk

I. INTRODUCTION

In this paper we consider the high energy behavior of
the total photoabsorption cross section combination

~»(v Q') = ~~(v Q')+ ~s(v Q )

and the associated small x behavior of the proton struc-
ture function, which is given by

F.(* Q') =, ~»(v Q')

for large v && 2Mx. They are conveniently characterized
by the Regge-pole-inspired parametrization

(v, Q') = a~(Q')v '+a~(Q )v "

point of hadron dominance models. Such models em-
phasize the link between real and virtual photons and
provide a natural framework for describing the onset of
scaling. For example, they give a good description of elas-
tic p-meson production for both real and highly virtual
photons; they provide an interpolation between real pho-
toabsorption and deep inelastic scattering data on pro-
tons in the intermediate x-region 0.02 & x & 0.1; and
they successfully predict the observed shadowing behav-
ior for real photoabsorption and deep inelastic scattering
on nuclei in the same kinematic region. The suggestion
[8] was that this approach could be extended into the
"HERA" region x 0.01 if the observed low x rise is as-
sociated with the contribution of high mass Quctuations
of the photon which become important at high Q2. The
discussion centered on the value of the coherence length:2

which implies

Eg(x) = a~x' + artx' m2+ Q2
1 1

Mx1+ m'/Q2 '

in the scaling region. Interest centers on the observed
behavior of the e8ective Pomeron intercept a,~. For real
photons, the data are consistent with the typical hadronic
behavior [1] n~ = 1.08 and the same behavior is consis-
tent [2] with structure function data in the intermediate
x-region 0.02 & x & 0.1. However experiments at the
DESY ep collider HERA [3—5) observe a sharp rise in
the structure function at small x ( 0.02 which can be
parametrized using an effective intercept o.~ = 1.3 [6].
Theoretical discussion of this e8'ect usually centers on
perturbative QCD, and in particular on the prediction
cr~ = 1.5 obtained in the leading ln(1/x) approximation
[7]. However such discussions are normally restricted
to large Q2, and cannot be easily extended to low Q
and real photons. They cannot lead to a parametriza-
tion valid for all Q, which is required, for example, in
calculating radiative corrections; and they cannot shed
light on the transition between the contrasting energy
dependences observed for real and highly virtual pho-
tons, which is one of the most interesting features of the
data.

Here we consider a complementary approach suggested
by one of us [8] which adopts the laboratory frame view-

which represents the typical distance traveled by a Buc-
tuation of mass m in the laboratory frame. At short co-
herence lengths, corresponding to large x values x & 0.1,
these states are essentially bare qq pairs and a hadronic
component of the photon has not developed. At mod-
erate coherence lengths, corresponding typically to in-
termediate x values 0.02 & x & 0.1 for typical masses
m2 = Q2, they are assumed to have the single hadron-
like behavior expected for constituent qq pairs or vector
mesons. However at very small x the photon Buctua-
tions can be very long lived, for example, L 100 fm for
x 10 and m Q, and it is plausible to assume
that they can develop into the hadronic Gnal states ob-

For recent discussions of these points, and many earlier
references, see [8, 9] (elastic rho production), [8, 10] (real and
virtual photoabsorption); and [11,12] (nuclear shadowing).

For an interesting discussion of the role of the coherence
length in another context, see Del Duca, Brodsky, and Hoyer
[13).
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served in e+e annihilations. For low masses, these can
be approximated by a sum of vector mesons; but for high
masses complicated multihadron jetlike structures are ob-
served. The proposal [8] was that the aforementioned rise
in E2 at small z is associated with just these multihadron
states, but only a brief qualitative discussion was given.
Here we investigate whether this idea can quantitatively
describe both the photoproduction and structure func-
tion data in the &amework of a simple model. Further,
since the nature of the interaction of such complicated
intermediate states with the proton is far from clear, we
shall assume two simple but contrasting behaviors to see
how this afFects the fits to the data, and the predictions
in the interesting but experimentally unexplored inter-
mediate Q2 region.

To do this, we adopt a two-stage approach. The idea
is that the new phenomena are associated with multi-
hadron states which can only play a role for masses m
and coherence lengths / which are greater than some crit-
ical values m ) mg and l ) I,. By (2) this implies that
they are confined to energies

v ) v, :—m~t, /2 (Q' = 0),

in photoproduction, and to the kinematic region

/mm

FIG. 1. The hadron dominance model Eq. (5).

sent a more complicated structure on average. Single
hadronlike behavior of the intermediate states can be
incorporated by assuming a Regge-type energy depen. —

dence,

p(v, m ) =p (v, m )+ p (v, m )
= f~(m )v ~ '+ fR(m )v "

where f~(m ), fR(m2) are smoothly varying functions of
mass chosen to lead to approximate scaling at large Q2.
In particular, if we assume

for structure functions. Taking the reasonable values
m J ——10 GeV and l = 10 fm for example gives v = 250
GeV and x, (10 GeV2)= 0.01. We therefore first for-
mulate a hadron dominance model the simplest we can
think of—and adjust its parameters to Gt "pre-HERA"
data in regions v ( v, for Q2 = 0 and x ) z, (q ) for
Q g 0; and then introduce the suggested high mass,
long coherence length e8'ects to extend it into the new
kinematic regions explored by HERA.

p (v, m ) = av (m )

for the dominant difFractive term, we have

F~ = ~.:-
(m2+ q2)"

where the parameters mo and

Ma
2 7t 0.'

(8)

II. THE FORM OF THE PARAMETRIZATION

can be adjusted to fit the data in the "pre-HERA" re-
gion. These data have been conveniently parametrized
by Donnachie and Landshoff [2] in the form

In the hadron dominance model, the total cross sec-
tion for photoabsorption is given by an expression of the
form

p(m, m', s)
2 2

corresponding to Fig. 1. The main contributions are ex-
pected to come Rom elastic and near elastic components
in which the two mass values m and m' are not very
diferent. Equation (5) is therefore often replaced by a
simple diagonal approximation

~ ( q2) ~J' +~R

where

( f12

&Q +&a j
( 2 ~R

(Q'+ oR)

Ay = 0.324, ay ——0.562, Q.y = 1.08,

A~ ——0.098, a~ ——0.0111, o.~ ——0.55. (10)

o~„(v Q ) = dm

where p(v, m ) is an effective quantity, meant to repre-

For reviews, see, for example, [14,8], and references therein.

This form was proposed on purely empirical grounds, but
is very similar to parametric forms which have long been
used to summarize the predictions of hadron dominance
models [14]. Here we replace their I"z+ by the hadron
dominance form (8), leaving the Regge component F2R,
which is very much smaller than the di8'ractive term in
the regions of interest, unchanged. In this way we arrive
at the parametrization
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FIG. 4. Predicted structure function at small x corre-
sponding to fit A. The data [5] correspond to Q = 15GeV
(solid circles) and Q = 8.5 GeV (open circles) and the curves

d1G V'(from the top down) to Q = 15, 8.5, 5, 2.5, and 1 GeV, re-
spectively.

FIG. 5. Predicted structure function at small x corre-
sponding to fit B. The data [5] correspond to Q = 15GeV
(solid circles) and Q = 8.5 GeV (open circles) and the curves
(from the top down) to Q = 15, 8.5, 5, 2.5, and 1 GeV, re-
spectively.

for 8 ~ Q ~ 15GeV: essentially, m~& and l, deter-
mine the Q2 and the x dependence of the low x en-
hancement, including the threshold x (Q2) by Eq. (4);
while A determines its magnitude. The resulting values
then used to predict the real photoabsorption cross sec-
tion and the structure function in the unexplored region
x ( 0.01, Q2 8GeV .

We first consider the recent Hl data [5] at small x,
which are consistent with but more precise than the ear-
lier data [3, 4]. Good fits of both types are found corre-

1sponding to the parameter values fit A: o. = 1.08,

0.3

cr /mb

0.25
O H1

ZEUS

x ( x, (mg, l„Q2). Because of this, the fit to the
intermediate-x data of Fig. 2 is either completely un-
changed (fit A) or very slightly modified at the highest
Q2 values for the lowest x values without spoiling the
agreement with experiment (fit B) [16].

The corresponding predictions for the real photoab-

mJ ——16GeV, 1, =15fm, A'=27 GeV '

Gt B: n' = 1.27,

m =8GeV, l =6fm, A'=062GeV

(14)

0.2

respectively. These are compared in Fig. 3 for ~~

12 GeV, while the predicted Q2 dependence is shown
in Figs. 4 and 5. As can be seen, an enhancement of
the desired form is obtained, which is confined to small

0.15

0.1

We restrict ourselves to Q 15 GeV since we are inter-2 ~

ested in the transition region from real photons to deep inelas-
tic behavior. The Donnachie-Landshoff parametrization (9)
and (10) is a good fit to the intermediate x data in this same
Q region, but will of course break down eventually since it
gives exact scaling as Q -+ oo.

Because we have for simplicity used 8 functions to separate
the different regions in (13), there is a discontinuity in the
derivative of E2(x) at x = x, . This could easily be smoothed
slightly by using gentler thresholds, but given the accuracy of
the data, this is not necessary.

0.05

10 10 &s / GeV

FIG. 6. Fits to the real photoabsorption data correspond-
ing to fits A (solid line) and H (dashed line). The Donnachie-
Landshoff parametrization (9) and (10) is shown for compar-
ison (dotted line).
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6. Assorption cross sections [17—19] are shown in Fig.
can be seen, the enhancement &om the high mass, long-
lived states is confined to high energies and is relative y
small. Nonetheless the predictions are a little high com-
pared to the ZEUS data, especially for fit B. The source
of this problem is clear: the cross section that follows
from the Donnachie-Landshoff form (9) and (10) already
completely saturates the experimental high energy cross
section. Since our basic vector mesonlike contributions
have been constructed to reproduce this parametrization,
and we have then enhanced them at large masses and
large coherence lengths, some disagreement is inevitable.
The key point is that if it is not too large, one could hope
to correct it by slightly modifying the parameters of the
conventional hadronlike contributions, so that they still
fit the "pre-HERA" data but do not already saturate the
real photoabsorption cross section at very nign energies.
One simple but not unique way to do this is to lower o.„
slightly, and then repeat the analysis.

Since we follow the same procedure as before, we shhall
summarize it rather briefiy. The pre-HERA data are still
well fitted if the parameters in the Donnachie-Landshoff
form (9) are replaced by

A~ ——0.350, ay ——0.530, a~ ——1.06,
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FIG. 8. Predicted structure function at small x corre-
sponding to fit B' The d. ata [5] correspond to Q = 15 GeV
(solid circles) and Q = 8.5 GeV (open circles) and the curves
(from the top down) to Q = 15, 8.5, 5, 2.5, and 1 GeV, re-
spectively.

AR ——0.073, cR ——0.010, aR ——0.55 .

Again we retain the Regge component E2 but replace theR

dominant diffractive component E2 by a hadron domi-
nance representation (8) with parameters

= 1.06 mo = 0.499 Ge+ + = 0.679 GeV
(17)

We then modify the behavior of the heavy, long-lived
13states in accordance with our final representation

and obtain two different fits as before corresponding to
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FIG. 7. Predicted structure function at small x corre-
sponding to fit A'. The data [5] correspond to Q = 15 GeV
(solid circles) and Q = 8.5 GeV (open circles) and the curves

d]. G V'(from the top down) to Q = 15, 8.5, 5, 2.5, and 1 GeV, re-
spectively.
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FIG. 9. Fits to the real photoabsorption data correspon-d-
ing to fits A' (solid line) and B' (dashed line). The modified
Donnachie-Landshoff parametrization (9) and (16) is shown
for comparison (dotted line).
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the parameter values fit A'. o.' = 1.06

mJ ——16GeV, l = 15 fm, A' = 32 GeV

fit R': o.' = 1.27,

7'J —8 GeV, / = 5 fm, A' = 0.64 GeV

respectively. The corresponding fits to the structure
function data at low x are shown in Figs. 7 and 8, and
are very similar to our previous fits A and B. However
the predictions for real photoabsorption are now in good
agreement with the data, as shown in Fig. 9.

IV. SUMMARY

long-lived Buctuations of the incoming photon. Two con-
trasting assumptions on the energy dependence of the
scattering of these states by the proton have been made,
leading to fits which differ at very small x 10 as can
be seen in Fig. 3. However they are very similar for the
range 2x10 4 (x 2x10 and Q 8GeV, in
which the well-known small x enhancement has been ob-
served at HERA. The most important predictions con-
cern the behavior of this enhancement in the interme-
diate Q range 0 ( Q 6 GeV, which has not yet
been explored experimentally. The fits give similar re-
sults for this Q dependence in the relevant x region
2 x 10 ( x 2 x 10, as can be seen by compar-
ing Figs. 4 and 5; and as Q becomes smaller, the effect
is predicted to decrease rapidly and shift towards x = 0.

Real photoabsorption and proton structure function
data at small x exhibit very diferent energy dependence
at fixed Qz. Here we have shown that both can be well
described by a simple hadron dominance model in which
the striking enhancement observed at HERA at very low
x and high Qz is attributed to contributions from heavy
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