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We reexamine the theory of hadronic photon-nucleon interactions at the quark-gluon level. The
possibility of multiple parton collisions in a single photon-nucleon collision requires an eikonal treat-
ment of the high-energy scattering process. We give a general formulation of the theory in which the
pp cross section is expressed as a sum over properly eikonalized cross sections for the interaction of
the virtual hadronic components of the photon with the proton, with each cross section weighted by
the probability with which that component appears in the photon, and then develop a detailed model
which includes contributions from light vector mesons and from excited virtual states described in
a quark-gluon basis. The parton distribution functions which appear can be related approximately
to those in the pion, while a weighted sum gives the distribution functions for the photon. We
use the model to make improved QCD-based predictions for the total inelastic photon-nucleon and
photon-nucleus cross sections at energies relevant for DESY HERA experiments and cosmic-ray ob-
servations. We emphasize the importance in this procedure of including a soft-scattering background
such that the calculated cross sections join smoothly with low-energy data. Our results show clearly
that high-energy measurements of the total inelastic pp cross section can impose strong constraints
on the gluon and quark distributions in the photon, and indirectly on those in the pion.

PACS number(s): 13.60.Hb, 12.40.Pp, 13.87.Ce

I. INTRODUCTION

The high-energy "hadronic" interactions of' the pho-
ton are currently a subject of considerable experimental
and theoretical interest. The virtual quark-gluon struc-
ture of the photon can lead to a significant inclusive jet
cross section in high-energy pp collisions. This cross sec-
tion and the quark and gluon distributions in the photon
will be measurable in future experiments at the electron-
proton collider HERA at DESY [1—3]. It is useful in
that context to have predictions [3] for the total inelastic
pp cross section through the HERA energy range. The
hadronic interactions of the photon in very-high-energy
photon-nucleon and photon-nucleus collisions have also
been studied recently [4—7] in the context of reports of
anomalously high muon content in PeV cosmic-ray air
showers [8]. These showers were apparently initiated by
photons from point sources of cosmic rays. However,
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their reported muon content was up to an order of mag-
nitude higher than expected in electromagnetic showers,
and approached that typical of proton-initiated hadronic
showers. This suggested that the hadronic structure of
the photon might play a role [4], an idea which has been
investigated in detail [5—7].

Although it now appears that "hadronic" photon-
nucleus interactions with realistic photon structure func-
tions cannot account for the apparent muon anomalies
[6]—and the cosmic-ray observations have so far not
been confirmed —theoretical questions with respect to
the proper calculation of photon-nucleon and photon-
nucleus cross sections remain. In particular, the large
numbers of partons (quarks and gluons) present in the
photon and nucleons at very high energies make multiple
parton-parton collisions likely in a single p-nucleon inter-
action, and can lead to violations of partial-wave unitar-
ity in simplified calculations. An eikonal treatment of the
scattering amplitude is necessary to remove this problem.
It was pointed out recently by Collins and I adinsky [9]

- that the method of eikonalization used in previous work
[6] was incorrect. Those calculations treated the hadronic
photon similarly to any other hadron, and used the for-
malism developed for nucleon-nucleon scattering [10] to
describe the photon-nucleon interaction. However, the
photon is not like an ordinary hadron which always ex-

0556-2821/93/48(3)/1048(13)/$06. 00 1048 Oc1993 The American Physical Society



HIGH-ENERGY PHOTON-NUCLEON AND PHOTON-NUCLEUS. . .

ists in a hadronic state consisting of quarks and gluons.
The photon is usually in a bare or nonhadronic state
with respect to the strong interactions and. only turns
into a virtual qq pair occasionally, with a total proba-
bility 'Ph d (( 1. The eikonalization should apply only
to the scattering of the resulting hadronic system. The
probability that the photon is in any particular hadronic
state should therefore appear as an overall factor in the
contribution of that state to a.», and must be extracted
from the corresponding eikonal function.

Collins and Ladinsky [9] estimated Shad using the vec-
tor dominance model with only the lightest vector states
included, with the result

4+a,,m
had p 3pp

'

P

ray showers, if the anomalies in fact exist. However, the
@CD contributions to the hadronie interactions of the
photon still lead to a rapid rise in ~~" at HERA ener-
gies as predicted in earlier calculations [3] and observed
in recent experiments [14]. The magnitude of the rise
provides a quantitative test of the whole picture. In par-
ticular, our results show clearly that measurements of
the total inelastic pp cross section at HERA can impose
strong constraints on the parton distributions in the pho-
ton, and indirectly on those in the pion.

In the following sections, we sketch the theoretical
background of our calculations (Sec. II), discuss the de-
tailed model (See. III), and present our calculations and
conclusions (Sec. IV).

II. THEORETICAL BACKGROUND

It was assumed that this factor could simply be divided
out of the @CD contributions to the eikonal function as
defined in earlier work, and included as an overall factor
in cr~" as noted above. Following this line of reasoning,
Collins and Ladinsky [9], Fletcher, Gaisser, and Halzen
[11],and Forshaw and Storrow [12] recomputed the pp to-
tal inelastic cross section up to cosmic-ray energies and
found it to be considerably smaller than previously sug-
gested [4—6].

We have also reexamined this question and have im-
proved earlier predictions [3] for the photon-nucleon and
photon-nucleus cross sections at energies relevant to
projects at HERA, and also the cosmic-ray observations
[6]. In the process, we have considerably improved the
theoretical treatment of the problem [13]. The pp cross
section is now expressed as a weighted sum of eikonalized
cross sections for the interactions of the hadronic com-
ponents of the photon with the proton. The weights are
the probabilities with which those virtual components
appear in the physical photon. We have developed a
detailed model which includes contributions from light
vector mesons and from excited virtual states with the
latter described in a quark-gluon basis. The "soft" con-
tributions to the eikonal functions are parametrized in
the form expected from Regge theory to assure that the
calculated high-energy cross sections connect smoothly
with the cross sections measured at lower energies. The
parton distribution functions which appear in the "hard-
seattering" contributions to the eikonal functions can be
related approximately to those in the pion. This ap-
proach allows us to use the (not-well-determined) pion
distributions to predict the high-energy behavior of the
pp cross section, and also gives an approximate predic-
tion for the parton distributions in the photon in terms
of these in the pion. We also develop an alternative ap-
proach based directly on the photon distribution func-
tions, but And that the simple approximations used in
[9, ll, 12] must be modified.

We find, in accord with the results of other authors
[9, ll, 12], that the inelastic pp cross section is strongly
suppressed at high energies relative to results reported
earlier [4—7]. The new results on p-air interactions make
it quite clear that the hadronic interactions of the photon
cannot explain the reported muon anomalies in cosmic-

Physical phatan state and the pp crass sectian

As noted above, the hadronic interactions of the pho-
ton are different from those of ordinary hadrons in that
the photon exists in a hadronic state only with a small
total probability 'Ph d. In the presence of the strong in-
teractions, but neglecting purely electromagnetic effects,
the incoming physical photon in a pp scattering process
can be described perturbatively as a superposition of a
"bare" photon and a set of virtual hadronic states,

le) phya = (1 +had) I'7) bare + ) lm) & &, (2)
m

where HI = HI(x, 0) is the pqq interaction:

HI = j A = e) e~gq ggq(x, P).

+had = ) +m ~

Given this structure, the inelastic pp cross section will
be given approximately as a sum of cross sections,

&;~~& = (1 Phad)&dir + ) +m&m (6)

The first term represents the inelastic interaction of the
bare photon directly with the proton (or the quarks and
gluons in it); the sum includes the interactions of the

The sum is restricted to hadronie states which ean be
treated as real incon1ing states in a subsequent scatter-
ing, that is, to states which last a time long relative to the
time necessary for the photon to traverse the target pro-
ton or the relevant structures in it, and hence are almost
on shell. The "bare" state lp)ba„ includes the short-lived
hadronic fluctuations which cannot be distinguished in
the pp interaction. The probability with which an ob-
servable hadronic state Im) appears in lp)&h~, is simply

I(mlHI lp) I'

(Q Q )

and



1050 HONJO, DURAND, GANDHI, PI, AND SARCEVIC 48

quasireal intermediate hadronic states with the proton.
We neglect possible interference terms involving final
states which can be reached from distinct initial config-
urations. We expect these to give very small average
contributions.

There are no rescattering corrections to the direct-
interaction cross section crd;, to lowest order in the elec-
tromagnetic coupling mern, and ~d;r can simply be iden-
tified at high energies and momentum transfers with the
inclusive direct-interaction cross section of QCD:

@CD
Jl

2J,min
dp J

(7)

4'Ir mern

2 ) (8)

Here the f's are the number distributions of the quarks,
antiquarks, and gluons in the proton, do~, /dpi'& is the
relevant differential p-parton scattering cross section, and
s is the invariant mass of the p-parton system. The lower
bound p~;„on the transverse momentum p~ in the
scattering parametrizes the point at which semihard and
soft processes merge.

The theoretical problem at this point involves the cal-
culation of the probabilities P~ and the hadronic cross
sections o~ in Eq. (6). The low-mass hadronic states in
the sum are just the vector-meson states p, cu, P. These
are normal hadronic states produced with probabilities
[is]

k=(k, Og, k),

(xk)'+ pz~, p~, xk ~,

M' = (E+ E')' —k' = pi/x(1 —x) « k' .

The lifetime of a qq system with mass M is given ap-
proximately by

r = 1/(E + E' —E,) = 2k/M' . (14)

The average longitudinal separation of the quarks during
the lifetime of the system,

I
~jj 2 &&jj,relative

&xk (i —x)kl
2 qE E' p 2kx(i —x) ' (is)

where k p~ = 0 and x = p k/~k~ is the fraction of
the (purely longitudinal) three-momentum of the photon
which is carried by the quark. The differential transition
probability dPqz for p —+ qq is then given for xk, (1—
x)k )) p~ and one flavor of quark by

3o. e2
d'Pqq ——

2 x + (1 —x) dxdp~
27r jpJ

With the same kinematic approximations, p~ and the
invariant mass M of the qq pair are related by

where fv is the pV coupling in the effective Hamiltonian
of the vector dominance model:

m~A V . (9)

The scattering of the vector mesons can be described
using the eikonal methods developed for high-energy
nucleon-nucleon [10] or meson-nucleon [16] scattering as
discussed below. We will treat the p and u as equivalent,
and will use the quark-model ratios for the couplings f~.
The contribution of the low-mass vector mesons to the
sllII1 1I1 Eq. (6) ls theI1

47ro.e) P~ov= APpop= 'A
2 0'p, '

v
(10)

where o p is the inelastic pp scattering cross section, A =
4/3 for equal pp, up, and &Pp cross sections, and A = 10/9
for complete suppression of the P contribution [17].

There is no strong resonance structure observed in the
vector ua, dd, and ss channels at higher masses, but
many possible nonresonant final states exist in inelas-
tic pp scattering. In this situation the relevant hadronic
states in Eq. (6) are best described inclusively in a quark-
gluon basis. We begin by considering the initial transi-
tion p —+ qq. We write the four-momenta k, p, and p' of
the photon, quark, and antiquark in terms of longitudinal
and transverse components as

is much smaller than the average transverse separation:

1 ~'p~
rg = r~—(—p~)&

E( (16)

corresponds to a root-mean-square transverse radius

for p~ &( k. If r~ is greater than, or on the order
of, the average transverse radius B~ of a vector me-
son, QCD confinement effects will clearly set in, and
the qq system will appear in a hadronic collision as a
"soft" system with a typical hadronic size and interac-
tions, e.g. , as a light vector meson. On the other hand,
for r~ & R~, the system of quark, antiquark, and the
connecting color flux tube will be smaller than a vec-
tor meson during its transit through the target. It may
still interact softly with the target, but with an intrin-
sic cross section which is reduced by a geometrical factor
of order (r~/R~) —(1/p~R~)z for large initial values
of p~. The high-momentum-transfer branching processes
of perturbative QCD lead to higher transverse velocities
but shorter intermediate lifetimes, and to only a small
average increase in the size of the system.

We can estimate B~ using the expected similarity of
the p and vr meson wave functions [18] and experimen-
tal results on the pion electromagnetic form factor. The
measured parameter pz = 0.47 (GeV/c)2 [19] in the se-
ries representation of the form factor

(17)
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(r~) ~ = 2/p = (350 MeV) (18) inel dir + +P P
pp QCD

We will identify B~ with this radius. Under this assump-
tion, the vector-meson-like behavior will hold for initial
values of p~ less than about 350 MeV. This value corre-
sponds to an average mass of the system (M) = s p~—
1.2 GeV, where the average is over the x distribution in
Eq. (12). This mass is comfortably between the masses of
the p(770) and u(783), which we are taking into account
explicitly, and the p(1450), which we are not. However,
it is sufficiently close to the mass of the P(1020) that P
production, which involves the relatively massive strange
quarks, could be suppressed, a possibility which we will
consider later. In the following discussion we will adopt
the value Qo ——p/2 = 350 MeV/c for the critical value
of p~ above which the hadronic states are no longer de-
scribable as vector mesons. The precise value of this pa-
rameter will not be essential.

Our expression for the inelastic pp cross section is given
at this point by

2 &em)+ eq
7r

Q

dpi 0 2
2

~qq(s p~o)
0 ~J0

(22)

In the next section, we discuss the calculation of the
hadronic cross sections crP and crqq

III. ESTIMATES FOR THE HADRONIC
CROSS SECTIONS

A. Vector-meson cross sections

The pp cross section and the lower-mass qqp cross sec-
tions in Eq. (22) are of hadronic magnitude, and are best
treated at high energies using an eikonal formalism. We
will follow the methods discussed in detail in [10] and
[16], and write a typical hadronic cross section in Eq.
(22) as

~1~~&] = (1 +had)nadir + ~+p&p + d&qe(xo pro)~w2
g (8) = 2 d 6 (1 —p & ( ' ))

where 'Ph~d may be dropped in the first term to leading
order in o.,~. The integral in the last term is over the
initial values of 2: and pi for the qq pair. The condition
that the intermediate hadronic state have a lifetime long
compared to the time necessary to traverse the target
imposes an upper limit on the integrations given by

~ = 2k/M2 = 2kx(1 —x) /p2~ )) R,
where B is the radius of the target. Thus,

pi (( 2kx(1 —x)/R ( k/2R.

(20)

(21)

This limit has little effect at high energies because of
the 1/g decrease of o.

qq at large momentum transfers,
and we will ignore it. For simplicity, we will also ignore
the possible dependence of cr~~ on xo. Then, using the
expression in Eq. (12) and integrating over xo, we find
that, to leading order in o., [20],

Semiclassically, e '~ is the probability that the two
incoming systems (the proton and the virtual hadronic
component ~m) of the photon) survive a collision at im-
pact parameter b. We will write the eikonal function y as
the sum of two terms corresponding to contributions from
"soft" and "hard" or low- and high-momentum-transfer
processes,

+SQfz + Re+QQD (24)

In the case of the p meson, we are dealing with a normal
hadron, and familiar arguments [10] can be used to relate
the hard component of y to o.&D, the inclusive parton-
level cross section for pp scattering:

2ReXq~cD(b, s) = App(6)0q~cD.

Since the @CD cross section is dominated by small-angle
scattering, we will use an expression appropriate to that
region:

PP
0QCD

U

d2:1 dX2 deaf,"(» pi)f,'.(x2 pi) 2' pi ( s/4 (26)

A (l )pp= d'|'pp(~) pp (lb —b'I) d bA„(b) =1.

(27)

Here f" and fP give the parton distributions in the pro-
ton and p meson, and do;z/dg is the cross section for
the scattering of partons i and j. The proton structure
functions are well known [21]. We will return later to
a discussion of the structure functions for the p meson.

AP„(6) is the parton density overlap function, expressed
as the convolution of the normalized transverse parton
densities in the p meson and the proton,

(28)

1
&P(|) =

(2 )2

v (vb)Ki(vb),
4m

G (k2 ) e~k~ b

(29)

The density p„(b) can be taken as the Fourier trans-
form of the proton electromagnetic charge form factor:

2

Gs (k&) —
~
1+ 2 ~, v = 0.71 GeV,

a choice which works well in the case of pp [22] and pp
scattering [10]. Then
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where K„(x) is the exponentially decreasing hyperbolic
Bessel function [23].

For the p meson, we use the density given by the
Fourier transform of the (less-well-known) pion form fac-
tor, since it is expected to be essentially the same as that
of the p meson in the quark model [16, 18]. The density
p~(b) is then given by an expression similar to that in the
first line in Eq. (29), but with [19]

G~(kz) = G (kz) =
~

1+ ~, p = 0.47GeV .

With this input,

p2
p&(b) = 2„Kp(~b)

and [16]

1 v p
p„(b) = vbKi(vb)4~ p2 —V2

2v
[Kp(vb) —Kp(pb))

(32)

The incident hadronic systems in a pp collision can
interact inelastically through soft as well as hard pro-
cesses, hence the presence of first term in Eq. (24). This
soft scattering is dominant at the energies explored so
far. We will parametrize Rey, ft using the same over-
lap function as above multiplied by an energy-dependent
factor with a form suggested by Regge theory:

2Rey,.ft = Ap„(b)c,.ft(s),

where [15, 24]

o.„"f,(s) = op+ oi(s —m„) '~ + cr2(s —m„) '. (34)

These choices work well in analyses of harp and Kp [16]
and pp [10,25] scattering.

B. qq-proton cross section

We will model the qq-proton cross section in Eq. (22)
using ideas similar to those above, but with changes
which reHect the fact that a qq system produced at an ini-
tial momentum transfer p~p ) Qp does not have time to
develop into a system of normal hadronic size. This will

I

2 k2
Rp ) p' (35)

where we will take 4Qp ——p = 0.47 (GeV/c) . The qq
profile function pqq(b) and the overlap function Aqq=„(b)
calculated using the analogues of Eqs. (29) and (27) are
then continuous with p„(b) and A~„(b) at p~p = Qp, and
approach a b function and pz(b), respectively, for p&p ))

0
We must also scale 0.»ft(s) in Eq. (34) so that the inte-

gral of the eikonal function 2Re y(b) (the intrinsic single-
interaction cross section) decreases with the geometrical
size of the qq system for p~p ) Qp. We will simply scale
by a factor (Qp/p~p) = (p/2p~p) and take

+ oft (S /4PJ P)+ oft' (36)

The qq and vector-meson terms are then properly con-
tinuous at p~p = Qp, while the soft qq-proton cross sec-
tion decreases as 1/p&p for p~p )) Qp as is expected for
higher-twist contributions [26]. The hard @CD contribu-
tions to the eikonal function for the qq-proton interaction
are again of the form given in Eq. (26), but with the par-
ton distributions in the p meson replaced by the parton
distributions f, (x, p~, p~p) which evolve from the initial
qq system produced at the transverse momentum @~0 and
observed at p~.

C. Jet and inclusive cross sections

The inclusive jet cross section o;~t(s, Q2) is defined to
be the part of the inelastic pp cross section which includes
events with at least one semihard parton-parton scatter-
ing with a momentum transfer pz ) Q, irrespective
of any soft processes which may occur. The semiclassical
probability that there is no parton-parton scattering with

p& ) Q in a hadronic collision at impact parameter b is
(b ~')e ' ~«D "' . Using this observation, we can rewrite

the cross section o ~,
&

associated with the hadronic com-
ponent ~m) of the photon as [10, 27, 28]

be refiected in the qq-proton overlap function Aqq &(b)
which will simply approach p„(b) for a pointlike qq sys-
tem, that is, for p~p )) Qp. We will parametrize this
change by using a form factor for the qq system with the
same form as G~, Eq. (30), but with p,

z scaled by a factor
p2&p/Qp&as suggested by our earlier discussion:

&m d2g y &
—2Re ZpeD —2Re Z, ft

spinel

g2g y &
—2Re ygcD(b, s,Q ) +

= o;„(s,Q2) + o„;„(s,Q2) .

d'2g ] —2Re +soft ~(b, s,Q ) &
—2ReggcD(b, s,Q )

(37)

Here

d2b y &
—2Rey&&D(b, s,Q ) (38)

is the total jet cross section. It includes events with

I

multiple independent parton-parton scatterings (multi-
jet events) as well as single-scattering events, all with or
without accompanying soft inelastic scattering processes.

.The eikonal function Rey&cD(b, s, Q2) is defined as in

Eqs. (25) and (26) with p&,„replaced by Q2 in Eq. (26).
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= od~, (s, Q ) + A'Ppo„p, t (s, Q )

dp'J 0 qqp( Q2 2

Q2 pip
2 O'em)+ e

7r

Rey,' « in Eq. (37) includes both the usual soft term
and the contributions from jets softer than the (observa-
tional) cut imposed, that is, with pi;„&p2i ( Q . It is
given by the sum of Rey, «and a modified ReyQQD cal-
culated for the restricted interval p2i .,„(pi ( Q . The
cross section o~ . t includes no jet events with pi & Q
as is evident from the probabilistic interpretation of the
factor e 'x«D in its definition in Eq. (37). The to-
tal jet cross section in pp scattering involves direct p-
parton interactions as well, and a generalized sum over
the hadronic jet cross sections with the weights 'P

o;~",(s, Q2) =oq~, (s, Q )+) 'P oP, (s, Q )

To calculate the multijet cross sections, we note that
the average number of parton-parton scatterings in a col-
lision at impact parameter 6 which involves the interme-
diate hadronic state ~m) is

n (b, s, Q ) = o~~D(s, Q2) A (b)
= 2RegqcD(b s Q )

Since the parton scatterings in our model are indepen-
dent, the probability of having n scatterings (2n jets)
in a hadronic interaction is given by a Poisson distri-
bution with the average number of scatterings equal to
n (b, s, Q2):

P„, (b, s, Q ) = —, n (b, s, Q ) e "-( "'~ i .

(41)

The probability distribution for n = 0, 1, . . . parton scat-
terings or 2n jets with p2i & Q2 averaged over alt inelastic
events is then given by [10, 28]

P(sQ)= ~„)P
,

db —n (bsQ) e" ('"~I, n&1,
inelas

(42)

m2) X g d2b 1 e
—2ReX,', (b, s,Q ) e n(b—,s,Q )

+ineias( )

The sum in Eq. (42) just gives o;~P~ up to the very small
single-jet contribution from the direct-interaction cross
section in Eq. (39). We note that the factors e

/

and (1 —e 2Rex o«) in the expression for P0 are simply
interpreted as the Poisson probability that there are no
hard parton-parton scatterings, and the probability that
there is a soft inelastic interaction in the hadronic colli-
sion in question.

We note finally that the average number of parton-
parton collisions with pi & Q is given by

n(s, Q ) = ) nP„(s, Q ).
n=l

(44)

Using the results above and the normalization condition
for the overlap function A(b) in Eq. (27), Eq. (44) is easily
shown to reduce to the statement that

no.~"„„=) P o.geo(s, Q2)

no ~"
++inelas

4 7$

dz1 d22 dpif,"( pi) d
*'

2 PJ

& f,'(~2, pi)

but with the photon structure functions given explicitly
as weighted sums over the structure functions for the
initial hadronic components of the photon, that is, with

f,'(»R. ) =).P f, (»R).
= &7'pf,'(» pi)

+ Cq) 2 ~em

7r
q

pJ 22

d~J 0 qq 2 2f; (*,pi, bio)
Q2 P~p

(47)

This is just what would be expected for f~ in the stan-
dard semiclassical picture of the parton model.

dxi dx2 dpif,"(*»p')
d

"
2 pJ D. Parton distributions in the hadronic photon

x ) .'P f, (» pi)

(45)

where the factors 'P~ are again the probabilities with
which the hadronic states ~m) appear in the photon. This
is just the usual expression for the inclusive hadronic pp
cross section,

The remaining problem is the specification of the par-
ton distributions for the p meson and the qq system which
appear in the expression for Rey@cD, There are no di-
rect measurements of these quantities. We have consid-
ered two approaches to the problem. In the erst, we
use the equivalence of the p and vr states in the quark
model up to spin effects to equate the distribution func-
tions fP to the corresponding distribution functions f,
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for the pion. This is a generalization of a standard ap-
proximation in the vector-dominance model for photon-
hadron interactions [29], and is a commonly used starting
point in the treatment of the photon distribution func-
tions [30—32]. Although the distribution functions for the
pion 33] are not known as well as those for the proton,
they have been tested in an analysis of high-energy vr+p

scattering [16] which involved the same @CD effects as
are important here, and seem to be satisfactory.

An alternative approach is to try to relate fP and f~~ to
f~ using a model to invert Eq. (47) approximately. (The
eikonal functions cannot be expressed directly in terms
of f~ as is evident from a comparison of Eqs. (22) and
(47)—see also [20].) The approximation used in earlier
work [9, 11, 12] was to equate fP to the corresponding
distribution function for the photon, with the probability
that the photon becomes a p meson divided out. This
gives the estimate

fP ~ fw/P (48)

f*"(»&L pLp) =
I I f,'(»IiL)
(pip ) (49)

This estimate does not include the contributions to f~ in
Eq. (47) from vector mesons other than the p, or those
from the excited qq hadronic states produced at initial
momentum transfers Qp ( pLp ( pL, both of which are

significant.

The contributions from the excited vector states are
expected to fall as 1/pLp. We will estimate these contri-
butions by assuming that

for pL ) pLp ) Qp, thus enforcing continuity in the
distributions, and integrating Eq. (47). The result, which
is properly independent of Qp for pL )) Qp, is given for
three light quarks by

f,' =
I

&'Op + - '
I f,'3 vr

(50)

The effect is to replace 'Pp in Eq. (48) by

'O' —A'P'O' = A'Op 1+
3vrA 4~) (51)

Numerically, O' 1 8'. for f2/47r = 2.2 and A = 4/3
(equal Vp cross sections for the p, ur, and P mesons),
and 'P' —1.58Op for A = 10/9 (complete suppression of
the P contribution). The last factor in Eq. (51), which
accounts for the contributions of the excited states to f~,
is equal to 1.35 for A = 4/3, a value which agrees well
with estimates in vector-dominance models [29].

The approximation for f~ in Eq. (50) neglects any de-
pendence of fqq on pLp other than that in the scaling
factor, for example, the eKect of the diferent ranges of
@CD evolution from pLp to pL for systems produced at
different pLp. It simply equates f~ to a multiple of fP
as in simple vector-dominance arguments [29], with 'P'
determined to make Eq. (47) an identity within the ap-
proximation used.

Additional purely perturbative contributions to the f~

are generated by the inhomogeneous term in the @CD
evolution equations for the quark distributions in the
photon [34]:

, (x, Q') =Se,' ' +2+(1 —x)2 + '-(Q') —Pqq I

—
I q,'(y, Q )+Pq~

I

— G"(y Q )
'dv

&&) kv
(52)

(& Q ) = ) PGql q,'(u Q )+PGG I I
G'(v Q )

where the P's are the usual quark and gluon splitting
functions. Forshaw [20] estimated these "pointlike" con-
tributions starting with vanishing distribution functions
at pLp = 1 GeV, and found them to be small at the
momentum transfers p~ which are relevant for our con-
siderations.

Finally, for either of the foregoing models for
f, , we can estimate f, (x, pL, pLp) simply as

(Qp/pLp) f, (x, pL). This estimate assumes that the
initial nonperturbative parton distributions fq~ at pLp )
Qp can be equated to the p-meson distributions at pLp
scaled by the size of the system, with the distribution
then evolved to p~ using the homogeneous part of the
@CD evolution equations (the evolution equations for the
p or vr do not have an inhomogeneous term). The final
distributions therefore include the effects of evolution all
the way from Qp to pL. A better treatment would use
the scaled distributions at Qp as input for evolution from

o~",
i
——hard;, + 2A'Pp d 6 (1 —e 'x'")

Here

) 2A
7r

PLP d2$ (1 e
—Re xqqs, )2~J0

(53)

p J Q to p&, again using the homogeneous version of the
evolution equations. This calculation may become worth-
while in the future, but we do not expect the differences
from the present estimates to be large since large values
of pL and pLp are suppressed by the rapid decrease in
the parton-level cross sections and the (Qp/pLp) scal-
ing, respectively.

To summarize, the total inelastic pp cross section is
given by
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2Re yp„(b, s) = Ai,i, (b) cr»«(s) + crQGD(s) (54)

qqu( ~»0)»«( ) p») + &qcD(s) p~o) ) (55)

where Aqq„ is given by Eq. (32) with p replaced by 2p~0,
cr,g~ is given by Eq. (36), and cr&&D is given by the ana-

logue of Eq. (26) with f~ replaced by fqq —(Qe/p~0)z f~
The results above differ from those in earlier work in

important ways. Thus the authors of [9], [11], and [12]
omit the last term in Eq. (53), estimate the p-meson
structure functions f~ in y~„using the approximation
in Eq. (48), and ignore contributions other than those
of the p, i.e. , take A = 1 in Eq. (53). Forshaw's re-
cent analysis [20] includes the last term in Eq. (53), but
with yqq„restricted to the purely "pointlike" contribu-
tions which he shows are small. His discussion neglects
the residual soft contributions from excited states. These
fall as 1/p2&0 in our model as expected for "higher-twist"
contributions, but are nevertheless important. The last
term contributes approximately 1/3 of the cross section
at the energies of interest in our applications. The direct
cross section is quite small, roughly 1.5% of the total at
HERA energies. We reemphasize, finally, that continuity
in the expressions at p~a = Qa is essential since "hard"
and "soft" processes are not clearly separated and must
merge smoothly.

IV. RESULTS FOR THE pp AND p-NUCLEUS
CROSS SECTIONS

A. py cross sections

Our calculations of the inelastic pp cross sections
were based on Eq. (53), with the eikonal functions
parametrized as described earlier. We note, in particular,
that our Regge-type parametrization of o., pt allows us to
connect the high- and low-energy cross sections smoothly.
Previous calculations [3,6, ll, 12] have taken cr»«as con-
stant, with the value chosen to fit the measured pp cross
section near its minimum at ~s = 8 GeV, and fail at
lower energies. The (eikonalized) soft cross section in the
"high-energy" range 7 GeV & ~s & 20 GeV actually
involves a significant contribution from the decreasing
terms in Eq. (34) which are necessary to fit the lower-
energy data. This affects the value of p~;„needed to
fit these data using the rising @CD contributions and,
hence, affects the increase in the cross section predicted
at high energies. We obtain quite reasonable fits to the
data for 3 GeV & 10 GeV [35] using the soft cross sec-
tion in Eq. (34), but have not tried to obtain a "best" fit
given the apparent inconsistencies in normalization be-
tween different experiments.

The cross section o& d for semihard scattering was
calculated using the exact formulas for the O(n2) parton-

where A~„, o~,"«, and o&~"&D are given in Eqs. (32), (34),
and (26), respectively. Finally,

2Re pqqp(b s p&0)

parton cross sections. The strong coupling n, (Q ) was
evaluated at the scale Q2 = p& for four flavors with
A@gD = 200 MeV. We used the proton structure func-
tions of Eichten et at. [36, 37]. The results do not change
significantly [6] for different parametrizations [21] of the
proton structure functions. For the two models we con-
sidered for the p-meson and qq structure functions, we
used the pion structure functions of Owens [33] and the
photon structure functions of Drees and Grassie [31]. The
photon structure functions of Duke and Owens [38] give
very similar results in the region ~s 20 GeV in which
there are data, but are unrealistically singular for x —+ 0,
and are not reliable for high-energy applications [6]. The
direct cross section in Eq. (7) was also calculated using
the proton structure functions of Eichten et at. [36], and
the same value of p~;„as used in the hadronic terms.
The direct cross section is always very small relative to
the hadronic cross section.

For the model based on the pion structure functions,
we used the value p~, ;„=1.45 GeV which was fixed
in earlier fits to the mp scattering cross sections [16].
The results are essentially independent of Q0 provided
pz,„))Q0, a condition which is satisfied for Q0 =
pz/4 —0.12 GeV [39]. The only adjustable parameters
are then the three cross sections o0, o.y, a2 which appear
in the soft cross section in Eq. (34), and the parameter
A which specifies the extent to which the P meson con-
tributes to the sum of cross sections in Eq. (10). The pa-
rameter o.2 is important only at very low energies. The
remaining parameters are reasonably well fixed by the
data between ~s = 3 GeV and ~s = 20 GeV once A is
specified. The parameters used for the two cases consid-
ered, A = 4/3 (no P suppression) and A = 10/9 (complete
P suppression) are listed in Table I.

The calculated cross sections are compared to the data
below ~s = 20 GeV in Fig. 1, which shows how the use
of a Reggeized soft cross section gives a smooth connec-
tion between the low-energy region 3 GeV ( ~s & 10
GeV and the high-energy region 10 GeV & ~s & 20
GeV, The effects of semihard parton scatterings begin to
be important in the latter region, and account for the
observed increase in the inelastic pp scattering cross sec-
tion. We have not attempted to fit the cross-section data
below v s = 2 GeV (E~ i b = 1.66 GeV) where resonance
effects become important.

We show the results for the region 3 GeV & ~s & 20
GeV in more detail in Fig. 2. This figure clearly shows
the increase in o~",

&
associated with the onset of semi-

hard parton scatterings. It shows also the importance
of including the lower-energy region in the analysis: The
observed rise in the cross section is relative to a falling
contribution from soft processes in this energy region.
This "background" is shown in Fig. 2 as the curve for the
eikonalized soft cross section calculated including the soft
contributions from the last two terms in Eq. (53), plus
the very small contribution from the direct cross section.
The two eases considered, A = 4/3 and A = 10/9, give
results for this background which are practically indis-
tinguishable even though the soft backgrounds are some-
what different.

The pp cross section can be calculated using Eq. (23),
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TABLE I. Values of the parameters used in the calculations shown in Figs. 1—5.

P suppressed
P included

I~o (mb)

22.3
19.2

Ir) (mb GeV)

15.0
13,1

cr2 (mb GeV )

5.0
3.9

the soft backgrounds determined above, and the pion
distribution functions in the @CD contribution to the
eikonal function. The results are rather close to the mea-
sured m +p cross sections in this energy range as would be
expected in a model which treats the p and )r as equiv-
alent. In particular, the calculated pp cross section is
about 11% lower than the average of the vr+p cross sec-
tions at ~s = 10 GeV when calculated using the soft
background determined for A= 10/9, and about 21'Fo low
when calculated using the soft background for A = 4/3.
The two cases bracket the measured pp cross sections
which are about 15'%%uo below the 7r+p cross section [15].

The cross sections predicted for the two cases diverge
mildly at higher energies as shown in Fig. 3. The di-
vergence is primarily due to the suppression of the P
contribution for A = 10/9. The soft background in the
two cases differs by less than 0.001 mb at ~s = 400
GeV. A curve close to the lower curve with A = 10/9 is
probably to be preferred since the data on photoproduc-
tion for v s —10 GeV show strong suppression of the
measured P-to-po production ratio relative to that ex-
pected in the vector-dominance model with quark-model
couplings [17, 40]. We also illustrate the effects of the
eikonalization procedure in Fig. 3 by including the result
obtained by simply adding the inclusive @CD cross sec-

tion for pp scattering to the eikonalized soft background,
a procedure followed in early theoretical estimates and
the comparisons with data given in [14]. The effects are
substantial.

As shown in Fig. 3 the predictions for a~",) based on the
pion structure functions are somewhat higher than, but
consistent with, the preliminary measurements at HERA
reported by the ZEUS and Hl Collaborations [14]. Since
the main contribution to oqcD at high energies arises
from the scattering of low-x gluons, a high value of the
calculated cross section would suggest that the gluon con-
tent of the pion had been overestimated in [33). The
approximate photon structure functions given by the ex-
pression in Eqs. (47) and (50) with f~ equated to f~
would then have a gluon content which is also somewhat
too large at low 2:.

Our results for the model based on the photon struc-
ture functions of Drees and Grassie [31] with the factor
'P' in Eq. (51) divided out are shown in Figs. 4 and 5.
The curves shown in these figures were calculated using
p~ m;„= 1.2 GeV and 1.4 GeV and the soft parame-
ters given in Table I. It was assumed that the P con-
tribution is suppressed. If it is not, the curves shown
would be higher at ~s=200 (400) GeV by 9 (15) pb
and 7 (ll) pb for p~, ;„=1.2 and 1.4 GeV, respectively.
The curves shown in Fig. 4 bracket the data for 6 GeV
& ~s & 20 GeV. An intermediate value of the @CD cut-
off, p~, ;n = 1.3 GeV, is clearly favored. The results

0.5
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0.2

I I I I I

I

Owens (pion)

p;„= 1.45GeV

sed

nalized ———

0.14

0.13

0.12

Owens (pion), p,„= 1.45GeV
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0.„«, eikonalized

0;1

0, 0
1

I

4 5 6 7 8 910

v's (GeV)

20

0.11

I I I I I

6 7 8 9 10 20

FIG. l. Inelastic pp scattering cross sectian for ~s & 20
GeV predicted by the model in the text using pion structure
functions. The data are from the references in [35]. The soft
contributions to the cross section were determined using data
for 3 GeV & ~s & 8 GeV only. The @CD contributions were
calculated using p~, ;„——1.45 GeV, the value determined in
[16] in a fit ta n+p cross sectians for 10 GeV & ~s & 26 GeV.

v's (GeV)

FIG. 2. Inelastic pp cross section for 3 GeV & vs & 20
GeV compared to the cross sections predicted using pion
structure functions, with the +meson contribution at full
strength or totally suppressed. The data shown are fram [35].
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0,5
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0.3
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p,.„= 1.4Ge V
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0.0
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0.0
1
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100
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FIG. 3. Predictions for o;~„",I for vts ( 400 GeV for the
model based on pion structure functions with the +meson
contribution present or totally suppressed. The lower-energy
data are from [35]. The preliminary HERA data at ~s = 200
GeV are from [14].

FIG. 5. Predictions for cr~",( for ~s ( 400 GeV for the
model base on the Drees-Grassie structure functions for the
photon with p~, ;„=1.2 GeV and 1.4 GeV, and complete
suppression of the +meson contribution. The lower-energy
data are from [35]. The preliminary HERA data at v s 200
GeV are from [14].

obtained at higher energies with the Drees-Grassie struc-
ture functions are shown in Fig. 5. The calculated cross
sections are significantly higher than those obtained us-
ing the pion structure functions, and rise more rapidly
at high energies. The predictions at ~s = 200 GeV are
clearly inconsistent with the preliminary measurements
of (T~~( at HERA [14]. The very rapid rise in the cal-
culated cross sections for ~s & 200 GeV is associated
with the rapid growth of the parton distribution func-
tions at the small values of 2; which become accessible at
these energies. The difficulty is also evident in the cross-
section curve for the additive model which rises much
more rapidly than the corresponding curve in Fig. 3.

The cutoE pJ mj„would have to be increased to
roughly 1.7 GeV to bring the calculated high-energy cross

section to the same level of agreement with the HERA
data as was obtained with the pion distribution func-
tions in Fig. 3. However, a value of p~;„ that large
would be inconsistent with the data for ~s ( 20 GeV as
shown by Fig. 4. In particular, the increase in the QCD-
enhanced cross section relative to the soft background is
less than 2.5 yb over the interval 8 GeV ( v/s ( 20 GeV
for p~ m;„——1.7 GeV. This is not sufhcient to account for
the observed increase even for a fiat background, that is,
ignoring the clear energy dependence of the lower-energy
data. It would therefore be necessary at the least to in-
clude a rising (Regge-like) term in the soft cross section
to Qt the data in the interval above. While we would

(oM E ' )' = v's (GeV)

0, 14

0.13

Drees —Grassie, P suppressed

p;„= 1.2GeV

p;„= 1.4GeV

a.„«, eikonalized

103
I I I I I I I

+y —air

104
I I I I I I I I

I

0.12

b

0.11

I I

6 7 8 9 10

Vs (Gev)

20
0 I I It( I I I

10~ 104 106 107 108

FIG. 4. Inelastic pp cross sections for 3 GeV & ~s & 20
GeV compared to the cross sections predicted using the Drees-
Grassie structure functions for the photon with p~, ;„=1.2
GeV and 1.4 GeV and complete suppression of the P-meson
contribution. The data are from [35].

(Gev)

FIG. 6. Predictions for n~",
I and o;~,'I" for v s ( 2 x 10

GeV or E~,1 b & 2 x 10 GeV for the model based on pion
structure functions.
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then most likely be able to fit the HERA cross sections
as well, the modified model would not predict those cross
sections unless the new parameters could be determined
elsewhere. We have therefore not investigated models of
this type in detail [41].

B. p-air cross sections

Our model for the hadronic interactions of the pho-
ton can be extended to photon-nucleus interactions using
Glauber's multiple-scattering theory [42] with the result

o.,„,',"= Ao g;, + 2A'Pp

+) 2e' —'—

d~b (@
dpQp

2
0 pip

f
b —exp

~

—) Reg~~
~ Cr)

d b(dlb —exp
1

—) bbey ~"
1 @). (56)

The expectation values are to be taken in the nuclear
ground state. Reg~ = ReA (~b —r~~~) is the eikonal
function for the scattering of the hadronic component
~m) of the photon on the jth nucleon, where r~~ is the
instantaneous transverse distance of that nucleon from
the nuclear center of mass, and b is the impact param-
eter of the photon relative to the nucleus. The integrals
were evaluated using shell-model wave functions for the
oxygen and nitrogen nuclei [43]. The eikonal functions
for pn and pp scattering were taken as equal.

In Fig. 6 we show the inelastic pp cross section for
laboratory photon energies up to 2 x 10s GeV (~s
2 x 10 GeV), calculated as described above using the
parton distribution functions of Eichten et aL [36] for
the proton and the pion structure functions of Owens [33]
for the photon with the P contribution suppressed. The
eikonalized pp cross section rises to 0.5 mb at E~ ~ b =
2 x 10s GeV, a large value for a photon-initiated process,
but still a small cross section on a hadronic scale. Since
the results obtained in [16] for harp scattering at equivalent
energies suggest that the gluon content of the pion given
by [33] is too large, the pp cross section shown in Fig. 6
should be regarded as an upper limit. A generous upper
bound on the p-air cross section is given by Ao.~",

&, which
reaches 7.2 mb for E~ ~~b = 2 x 10s GeV, and A~;, =
14,4. The actual cross section is lower, as shown in Fig.
6, reaching only 3 mb at E~~ b = 2 x 10 GeV. The
limit is far below the result cr~",

&

—90 mb obtained in [6]
using the incorrect eikonalization procedure noted in the
Introduction, and is clearly far too small to account for
the reported muon anomalies in cosmic-ray air showers.
The p-air cross section may still be large enough to be
interesting for shower evolution.

C. Conclusions ance. comments

Our main conclusion is simple: The proper treatment
of eikonalization in the calculation of inelastic pp inter-
actions is important even at rather low energies. This is
clearly seen in Figs. 3 and 5, and is in accord with the
observations of Collins and Ladinsky [9]. However, the
situation is somewhat more complex than envisaged by
those authors. The pp cross section is given as a weighted
sum of cross sections for the diferent hadronic compo-
nents of the photon, and cannot be expressed directly in
terms of the photon structure functions.

We have formulated a simple model which includes
contributions to the cross section from the low-mass vec-
tor mesons and from excited states described in a quark-
gluon basis. The soft cross sections and quark and gluon
distributions for the excited states are taken as scaled
versions of the corresponding quantities for the p meson,
and the distribution functions for the p are equated to
those for the pion. The model works well at lower en-
ergies using the cutoK p~ m;„ in the /CD contributions
which was determined for vrp scattering in [16], and gives
a reasonable but perhaps somewhat high cross section at
the energy of the preliminary measurements at HERA,
~s = 200 GeV [14). The discrepancy, if real [44], sug-
gests that the gluon content of the pion has been overes-
timated at small x in [33], a conclusion consistent with
that in [16].

We emphasize that our result at vs = 200 GeV is a
genuine prediction within our picture of the pp interac-
tion. The parametrization of the low-energy cross section
is essentially independent of the very small @CD contri-
butions in that energy range, and gives results for the
pp cross section which agree with observation [15]. The
only remaining parameter, p~, ;„,was fixed from the mN
scattering data, and was not adjusted to fit either the rise
in cr~" observed for 8 GeV + ~s + 20 GeV or the HERA
data. The vrp and pp cross sections are therefore tied to-
gether in a consistent picture which appears to be rather
stable. The soft backgrounds were quite similar in the
two cases and the same parton distributions were used,
and so a change in one of the components, for example,
the parton distributions, must be compensated by sim-
ilar changes in the other component in both vrp and pp
scattering. The two cannot be treated as independent.

The model also gives an interesting a priori estimate
for the quark and gluon distributions in the photon valid
at momentum transfers at which the pointlike compo-
nents of the photon are unimportant [20]:

(57)

where 10/9 ( A ( 4/3. It will be interesting to compare
future direct measurements of f~ at HERA with this es-
timate using the pion structure functions of Owens [33]
which are successful in the present application.

The version of the model in which the p distribution
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functions are estimated from the photon structure func-
tions f~ of Drees and Grassie gives high-energy cross sec-
tions which are too large to agree with the new HERA
data [14] if the observed rise in the data for 8 GeV
& ~s & 20 GeV is attributed entirely to a @CDcontribu-
tion which rises relative to a falling soft background. We
have not checked other sets of photon structure functions
directly. However, recent calculations by Forshaw and
Storrow [45], using the photon distribution functions of
Gliick, Reya, and Vogt [32] and Abramowicz, Charchula,
and Levy [46], give larger values of o&~~&D at ~s = 200
GeV than those obtained with the Drees-Grassie distri-
bution functions [31],and so a change to those f~'s would
not improve the fits. It may well be possible to fit both
the low-energy and the HERA data by including a rising
Regge-like term in the soft background, but the model
then loses predictive power unless that contribution and
the parameter pz ~;„can be determined independently
of the high-energy data [41].

Finally, extrapolation of o.~",&, and o~,&", to the high-

est cosmic-ray energies gives cross sections of a few mil-
libarns, large enough to be interesting, but much too
small to account for the reported muon anomalies in
photon-initiated air showers. The ultrahigh-energy cross
sections are of course very uncertain because of our lack
of detailed knowledge of the small-x behavior of the par-
ton distributions in the p meson and nucleon, but the
effects of proper eikonalization are strong enough that
much larger cross sections would appear to be precluded.
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