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Photon-proton and photon-photon scattering from nucleon-nucleon forward amplitudes
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We show that the data ongp and gg interactions can be derived from thepp and p̄p forward scattering
amplitudes using vector meson dominance and the additive quark model. The nucleon-nucleon data are pa-
rametrized using a model where high energy cross sections rise with energy as a consequence of the increasing
numbers of soft partons populating the colliding particles. We present detailed descriptions of the data on the
total and elastic cross sections, the ratio of the real to imaginary part of the forward scattering amplitude, and

the slope of the differential cross sections forpp, p̄p, gp, gg, gp˜gV andgg˜ViVj reactions, whereV
5r,v,f. We make a wide range of predictions for future DESY HERA and CERN LHC experiments and for
gg measurements at CERN LEP.@S0556-2821~99!00717-1#

PACS number~s!: 11.80.Fv, 12.38.Lg, 13.60.Hb
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I. INTRODUCTION

We show that the data ongp andgg interactions can be
derived from thepp and p̄p forward scattering amplitude
using vector meson dominance~VMD ! and the additive
quark model. We first show that the data on the total cr
section, the slope parameterB of the elastic differential cross
section, and the ratio of the real to imaginary part of t
forward scattering amplituder for pp and p̄p interactions
can be nicely described by a model where high energy c
sections grow with energy as a consequence of the increa
number of soft partons populating the colliding particles@1#.
The differential cross sections for the Fermilab Tevatron a
the CERN Large Hadron Collider~LHC! are predicted. Us-
ing this parametrization of the hadronic forward amplitud
we calculate the photoproduction cross sections, slope
rameterB and r value from VMD and the additive quar
model. We then obtaingg cross sections which are param
eter free, demonstrating the approximate validity of the f
torization theorem using recent data from the CERNe1e2

collider LEP.
All cross sections will be computed in an eikonal forma

ism guaranteeing unitarity throughout:

s tot~s!52E $12e2x I (b,s)cos@xR~b,s!#% d2bW . ~1!

Here,x is the complex eikonal (x5x
R
1 ix I), andb is the

impact parameter. The even eikonal profile functionxeven

receives contributions from quark-quark, quark-gluon a
gluon-gluon interactions, and therefore

xeven~s,b!5xqq~s,b!1xqg~s,b!1xgg~s,b!

5 i @sqq~s!W~b;mqq!1sqg~s!W~b;Amqqmgg!

1sgg~s!W~b;mgg!#, ~2!
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wheres i j are the cross sections of the colliding partons, a
W(b;m) their overlap function in impact parameter spac
parametrized as the Fourier transform of a dipole form f
tor. This formalism is identical to the one used in ‘‘mini-jet
models@2#, as well as in simulation programs for minimum
bias hadronic interactions such asPYTHIA andSYBILL.

In this model hadrons asymptotically evolve into bla
disks of partons. The parametrization of the rising cross s
tion, asymptotically associated with gluon-gluon intera
tions, is simply parameterized by a normalization, an ene
scale, and two parameters:mgg which describes the ‘‘area’’
occupied by gluons in the colliding hadrons, andJ(51
1e). Here,J is defined via the gluonic structure function o
the proton, which is assumed to behave as 1/xJ for smallx. It
therefore controls the soft gluon content of the proton. T
introduction of the quark-quark and quark-gluon terms
lows us to adequately parametrize the data at all energ
since the ‘‘size’’ of quarks and gluons in the proton can
different. In the present context, this model represents a c
venient parametrization of thepp and p̄p forward scattering
amplitude.

The photoproduction cross sections are calculated fr
this parametrization assuming vector meson dominance
the additive quark model. For the probability that the phot
interacts as a hadron (Phad), we use the valuePhad51/240
which can be derived from vector meson dominance. O
results show that its value is indeed independent of energ
is, however, uncertain by 20% because it depends
whether we relate photoproduction top-nucleon or nucleon-
nucleon data~in other words,pN andNN total cross sections
only satisfy the additive quark model to this accuracy!. Sub-
sequently, following Ref.@3#, we obtaingp cross sections
from the assumption that, in the spirit of VMD, the photon
a 2 quark state in contrast with the proton which is a 3 quark
state. Thegp total cross section is obtained from the ev
©1999 The American Physical Society24-1
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eikonal for pp and p̄p by the substitutionss i j˜
2
3 s i j and

m i˜A 3
2 m i .

We will thus produce a parameter-free description of
total photoproduction cross section, the phase of the forw
scattering amplitude and the forward slope forgp˜Vp,
whereV5r,v,f. Interestingly, our results on the phase
Vp˜Vp are in complete agreement with the values deriv
from Compton scattering results (g1p˜g1p) using dis-
persion relations. We also calculate the total elastic and
ferential cross sections forgp˜Vp. This wealth of data is
accommodated without discrepancy.

The gg cross sections are derived following the sam
procedure. We now substitutes i j˜

4
9 s i j andm i˜

3
2 m i into

the nucleon-nucleon even eikonal, and predict the total c
section and the differential cross sections for all reacti
gg˜ViVj at a variety of energies, whereV5r,v,f.

The high energygg total cross section@4# has been mea
sured by two experiments at LEP. While these measurem
yield new information on its high energy behavior at cent
of-mass energies in excess ofAs515 GeV, they may repre
sent the last opportunity to measure thegg cross section, and
the two data sets appear to disagree. However, it has
argued that the original data are consistent within the er
@5# and that the observed disagreements are due to two
ferent Monte Carlo programs used to extract the quoted
ues. We here point out that our analysis nicely accomm
dates the L3 result@6#. Our model approximately satisfies th
factorization theorem,spp /sgp5sgp /sgg , because of its
small eikonal. The OPAL data do not satisfy it. In fact, n
model incorporating the additive quark model and factori
tion can accommodate the OPAL data. VMD and factori
tion are sufficient to prevent one from adjustingPhad , or any
other parameters, to change this conclusion.

An interesting theoretical issue emerges when it is noti
that we applied the additive quark model to the full hadro
eikonal, not just to the quark subprocesses. This was n
choice; the data clearly enforce it. For example, if we do
apply the quark counting rules to the gluon-gluon subp
cess, the model fails to reproduce the forward slope of
gp˜gV reactions and the ratio of the imaginary to real p
of the gp˜gp forward amplitude. It, in fact, fails dramati
cally. The result may suggest a structure of the nucle
where the gluons cluster around the original valence qua
as in the valon model@7#. This picture is reinforced by cor
relation measurements between quarks and gluons, de
from the observation of multiple parton final states in had
collisions @8#.

II. HIGH ENERGY PROTON-PROTON
AND PROTON-ANTIPROTON SCATTERING

In this section we discuss our QCD-inspired parametri
tion of the forward amplitudes. To determine its paramete
we fit all high energy forwardp̄p and pp scattering data
above 15 GeV, for the total cross section (s tot), the ratio of
the real to the imaginary part of the forward scattering a
plitude (r), and the logarithmic slope of the differential ela
tic scattering cross section in the forward direction (B).
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Then, we compare the experimental data for the elastic s
tering cross section and for the differential elastic scatter
with our results. Finally, a prediction is made for the diffe
ential elastic scattering at the LHC.

Our QCD-inspired parametrization satisfies crossing sy
metry; i.e., it is either even or odd under the transformat
E˜2E, whereE is the laboratory energy. This allows us
simultaneously describep̄p andpp scattering. It also satisfie
analyticity and unitarity because of the eikonal formalis
Since the total cross section asymptotically rises as log2 s,
our QCD-inspired parametrization complies with the Fro
sart bound. The eikonal formalism for calculatings tot , r
andB is given in Appendix A. Details of the analyticity, th
Froissart bound, and the QCD-inspired eikonal are given
Appendix B.

The even part of our QCD-inspired eikonal contai
quark-quark, quark-gluon and gluon-gluon components. T
gluon-gluon component dominates at high energy and
pends one, mgg , a threshold massm0, and a normalization
Cgg8 . The quark-quark and quark-gluon interactions are
rametrized bymqq and by terms which are constant, Reg
behaved, and logarithmic as a function of the energy.

In all 11 parameters are used, and their values are
sented in Table I. The low energy region, where the diff
ences betweenp̄p and pp scattering are substantial, large
determines the 7 parameters necessary to fit the odd eik
and the quark-quark and quark-gluon contribution to

TABLE I. Value of the parameters used in the fit.

Fixed Fitted

m050.6 GeV C55.4260.16
e50.05 Cqg

log50.16760.037
mqq50.89 GeV Cgg8 5(1.0360.12)31023

mgg50.73 GeV CRegge
even 528.862.0

modd50.53 GeV Codd57.5560.30
as50.5 s0510.360.88 GeV2

FIG. 1. The total cross section forpp and p̄p scattering. The
solid line and squares are forpp and the dotted line and circles ar

for p̄p.
4-2
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PHOTON-PROTON AND PHOTON-PHOTON SCATTERING . . . PHYSICAL REVIEW D60 054024
even eikonal. Thus, they largely decouple from the high
ergy behavior. Hence, forAs*25 GeV, where the difference
betweenp̄p andpp scattering becomes small, only 4 param
eters are needed to describe all data.

We fit all the highest energy cross section data@E710@9#,
Central Detector Facility~CDF! @10# and the unpublished
Tevatron value@11##, which anchor the upper end of ou
cross section curves. The results of the fit are shown in
1. Data forr values andB are simultaneously fitted by ou
model in Figs. 2 and 3.

It can be seen from those figures that we obtain a sa
factory description of all 3 quantities, for bothp̄p and pp
scattering. Thex2 of the fit is reasonably good~considering
the large spread in some of the experimental data, as we
the discrepancies in the highest energy cross sections!, giv-
ing ax2/NDF51.66, forNDF575 degrees of freedom. From
Fig. 2, we note that the fit tor is anchored atAs
5550 GeV by the very accurate measurement@12# of UA4/2

FIG. 2. The ratio of the real to imaginary part of the forwa

scattering amplitude forpp and p̄p scattering. The solid line and

squares are forpp and the dotted line and circles are forp̄p.

FIG. 3. The nuclear slope parameter for elasticpp andpp̄ scat-
tering. The solid line and squares are forpp and the dotted line and

circles are forp̄p.
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and passes through the E710 point@13#. The statistical un-
certainty of the fitted parameters is such that at 25 GeV
cross section predictions are statistically uncertain
'1.3%, at 500 GeV are uncertain to'1.6%, and at 2000
GeV are uncertain to'2.5%.

In Fig. 4 we show the prediction for the elastic cro
section along with the data for bothp̄p andpp. The agree-
ment is excellent. We note thatselastic is rising more sharply
with energy than the total cross sections tot . Comparing Fig.
1 with Fig. 4, we see that the ratio of the elastic to total cro
section is rising with energy. The ratio is, of course, bound
by the value for the black disk@14,15#, i.e., 0.5, as the energ
goes to infinity.

Having fixed all parameters specifying our eikonal, w
calculateds/dt, for various values ofAs. The differential
cross section at the Tevatron (As51800 GeV) is shown in
Fig. 5 along with E710@16# data. The agreement over
decades is striking. The differential cross section forAs

FIG. 4. Elastic scattering cross sections forpp and pp̄ scatter-
ing. The solid line and squares are forpp and the dotted line and

circles are forp̄p.

FIG. 5. The elastic differential scattering cross section for

reaction p̄p˜ p̄p at As51800 GeV. The data points are from
E710.
4-3
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BLOCK, GREGORES, HALZEN, AND PANCHERI PHYSICAL REVIEW D60 054024
514 TeV, the energy of the LHC, is plotted in Fig. 6.
particular, at smallutu, we predict that the curvature param
eterC ~see Appendix B for details! is negative. For energie
much lower than 1800 GeV, the observed curvature has b
measured as positive. For 1800 GeV, we see from Fig. 5
the curvature parameterC is compatible with being zero
Block and Cahn@14,15# have pointed out that the curvatu
is predicted to go through zero near the Tevatron energy
that it should become negative thereafter. Asymptotically
proton approaches a black disk. Its curvature is always ne
tive @14,15#, C52R4/192, whereR is the radius of the disk
Thus, the curvature has to pass through zero as the en
increases. ‘‘Asymptopia’’ is the energy region~energies
much larger than the Tevatron! where the scattering ap
proaches that of a sharp disk.

With the parameters we obtained from our fit, we pred
the total cross section at the LHC~14 TeV! as s tot5108.0
63.4 mb, where the error is due to the statistical errors
the fitting parameters.

III. PHOTON-PROTON REACTIONS

We assume that the photon behaves like a two quark
tem when it interacts strongly. We therefore obtaingp scat-
tering amplitudes by performing the substitutionss i j

˜

2
3 s i j and m i˜A 3

2 m i in the even eikonal for nucleon
nucleon scattering, so that

xgp~s,b!5 i @ 2
3 sqq~s!W~b;A3

2mqq!

1 2
3sqg~s!W~b;A3

2 mqqmgg!

1 2
3 sgg~s!W~b;A3

2mgg!#. ~3!

Using vector dominance, the photon-proton total cro
section is then written as

s tot
gp~s!52PhadE $12e2x I

gp(b,s)cos@xR
gp~b,s!#% d2bW ,

~4!

FIG. 6. The elastic differential scattering cross section for

reactionp̄p˜ p̄p at LHC.
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where Phad is the probability that a photon interacts as
hadron. We use the valuePhad51/240. This value is found
by normalizing the totalgp cross section to the low energ
data, and is very close to that derived from vector dom
nance, 1/249. Usingf r

2/4p52.2, f v
2 /4p523.6 and f f

2 /4p
518.4, we findSV(4pa/ f V

2)51/249, whereV5r,v,f ~see
Table XXXV, 393 of Ref.@17#!.

With all eikonal parameters fixed by the nucleon-nucle
data, we can now calculates tot

gp(s). The result is shown in
Fig. 7. It reproduces the rising cross section forgp, using the
parameters fixed by nucleon-nucleon scattering. This pre
tion only uses the 9 parameters of the even eikonal, of wh
only 4 are important in the upper energy region. The ac
racy of our predictions are;1.5%, from the statistical un
certainty in our eikonal parameters.

We next consider the ‘‘elastic’’ scatterings

g1p˜rv irtual1p˜r1p,

g1p˜vv irtual1p˜v1p,

g1p˜fv irtual1p˜f1p. ~5!

Here the photon virtually transforms into a vector mes
which elastically scatters off of the proton. The strengths
these reactions isO(a) times a strong interaction cross se
tion. The true elastic cross section is given by Compton s
tering on the proton,g1p˜g1p, which we can visualize
as

g1p˜rv irtual1p˜r1p˜g1p,

g1p˜vv irtual1p˜v1p˜g1p,

g1p˜fv irtual1p˜f1p˜g1p. ~6!

It is clearlyO(a2) times a strong interaction cross sectio
and hence is much smaller than ‘‘elastic’’ scattering of E
~5!. Thus, we justify the use of Eq.~4! to calculate the total
cross section, since only reactions with a photon in the fi
state are neglected.

e
FIG. 7. The total cross section forgp scattering.
4-4
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PHOTON-PROTON AND PHOTON-PHOTON SCATTERING . . . PHYSICAL REVIEW D60 054024
We evaluater and the slopeB for the ‘‘elastic’’ scattering
expressed in Eq.~5! using Eqs.~A12! and ~A17!. It can be
seen from those equations that our predictions are fre
Phad factors and are independent of normalization, it be
the same for eitherrp,vp or fp final states.

The dependence ofr with the energy is shown in Fig. 8
Damashek and Gilman@18# have calculated ther value for
Compton scattering on the proton using dispersion relatio
i.e., the true elastic scattering reaction for photon-pro
scattering. We compare this calculation, the dotted line
Fig. 8, with our prediction ofr ~the solid line!. The agree-
ment is so close that we had to move the two curves apa
that they may be viewed more clearly.

In Fig. 9 we show our results for the slopeB as a function
of the energy. The available experimental data for ‘‘elasti
rp andvp final states are also plotted. Again, the agreem
of theory and experiment is very good.

FIG. 8. Ratio of the real to imaginary part of the forward sc
tering amplitude for the ‘‘elastic’’ reactionsg1p˜Vi1p, where
Vi is r0, v0 or f0. The dotted curve is for Compton scatterin
from dispersion relations@18#. It has been slightly displaced from
the solid curve for clarity in viewing.

FIG. 9. Nuclear slope parameter for the ‘‘elastic’’ reactiong
1p˜Vi1p, where Vi is r0, v0 or f. For the reactiong1p
˜r01p, the inverted triangles are the Zeus data, the circles are
H1 data, and the triangles are the low energy data. For the rea
g1p˜v01p, the squares are the Zeus data.
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We note that the results forr andB are very critical to our
analysis. We have assumed that, in some manner, the gl
are related to the quarks. For a two quark system, such a
photon, the factors of 2/3 multiplying a cross section a
A3/2 multiplying m are the same for gluon-gluon as fo
quark-quark. If we relax this assumption and only use th
factors in the quark, we get a sharp disagreement with
predictedr value, being considerably larger than the Com
ton value. The problem is further exacerbated in the pred
tions for B, with slopes from 11 GeV22 ~at 5 GeV! to
16 GeV22 ~at 80 GeV!, which are much larger than the ex
perimental values. This clearly has implications for consti
ent dynamics, which we will discuss further on.

To calculate the elastic cross sectionsselastic
Vp and differ-

ential cross sectionsdsVp/dt as a function of energy, we us

selastic
Vp ~s!5Phad

Vp E u12eixgp(b,s)u2 d2bW , ~7!

-

he
on

FIG. 10. The ‘‘elastic’’ photoproduction cross section, for th
reactiong1p˜r01p. The squares are Zeus data, the circles
H1 data, the diamond is E665, and the inverted triangles the
energy data.

FIG. 11. The ‘‘elastic’’ photoproduction cross section for th
reactiong1p˜v01p. The circles are Zeus data, and the squa
are the low energy data.
4-5
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BLOCK, GREGORES, HALZEN, AND PANCHERI PHYSICAL REVIEW D60 054024
wherePhad
Vp is the appropriate probability for a photon to tu

into V, with V5r,v or f. The differential scattering cros
section is given by

dsVp

dt
~s,t !5

Phad
Vp

4p
U E J0~qb!~12eixgp(b,s)! d2bWU2

, ~8!

wheret52q2.
Since we normalize our data to the cross section fo

with xgp, and not to (s tot
p1

1s tot
p2

)/2, we must multiply all
f V

2/4p by 1.65. Hence, our effective couplings aref r eff
2 /4p

53.6, f v eff
2 /4p538.9, andf f eff

2 /4p530.4.
Our evaluation of the ‘‘elastic’’ cross section for the r

actionsg1p˜r01p and g1p˜v01p is shown in Figs.
10 and 11, respectively. In Fig. 12 we sum all of our pred

FIG. 12. The total ‘‘elastic’’ photoproduction cross section~dot-
ted line!, i.e., the sum ofg1p˜r01p, g1p˜v01p, andg1p
˜f01p. For comparison we also show the total photoproduct
cross section~solid line! along with the data.

FIG. 13. The differential cross section for the ‘‘elastic’’ reactio
g1p˜r01p. The solid curve and the circles date of~data of Bal-
lam et al.! are atAs54.3 GeV, the dashed curve and triangles~H1
data! are atAs555 GeV, and the dotted curve and diamonds are
As573 GeV ~Zeus data!.
05402
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tions for the elastic vector interactions forr, v and f and
divide this sum by the ratio ofselastic/s tot . We find that the
fraction of the total cross section forgp reactions that is
contributed by the three light vector mesons (r, v andf) is
'0.60. The remaining fraction can be made up of a mixt
of heavier vector meson states and continuum states.

The differential cross section,ds/dt, for the ‘‘elastic’’
reactionsg1p˜r01p, g1p˜v01p and g1p˜f01p
is plotted in Figs. 13, 14, and 15, respectively. The agr
ment, in absolute normalization and shape, of our results
all three light vector mesons with the experimental data
all available energies reinforces our confidence in the mo

IV. PHOTON-PHOTON INTERACTIONS

In this section, we considergg interactions. As was done
for gp interactions, we will start from the eikonalxgp(s,b)
and multiply every cross section by 2/3 and multiply eachm
by A3/2. Therefore,

n

t

FIG. 14. The differential cross section for the ‘‘elastic’’ reactio
g1p˜v01p at As580 GeV. The circles are the Zeus data.

FIG. 15. The differential cross section for the ‘‘elastic’’ reactio
g1p˜f01p at As570 GeV. The circles are the Zeus data.
4-6
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xgg~s,b!5 i @ 4
9 sqq~s!W~b; 3

2 mqq!

1 4
9 sqg~s!W~b; 3

2 Amqqmgg!

1 4
9 sgg~s!W~b; 3

2 mgg!#. ~9!

Using vector dominance we obtain

s tot
gg~s!52Phad

2 E $12e2x I
gg(b,s)cos@xR

gp~b,s!#% d2bW ,

~10!

wherePhad51/240 is the probability that a photon will in
teract as a hadron. In Fig. 16 we plot our results fors tot

gg(s)
as a function of the energy, and compare it to the various
of experimental data.

We also make predictions for ‘‘elastic’’gg reactions, in
which both photons turn into vector mesons, and then e
tically scatter off of each other, i.e.,g1g˜Vi1Vj˜Vi
1Vj , whereVi ,Vj5r, v, f. We consider here 6 reaction

FIG. 16. The total cross section forgg scattering. The data
sources are indicated in the legend.

FIG. 17. The cross section for the ‘‘elastic’’ reactiong1g
˜r01r0.
05402
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g1g˜r01r0 g1g˜r01v0

g1g˜r01f0 g1g˜v01v0

g1g˜v01f0 g1g˜f01f0.

No data exist for these reactions, but they may be obtaine
LEP in the foreseeable future. The total ‘‘elastic’’ scatteri
cross sections are calculated using the eikonalxgg multiplied
by the factorsPhad

Vi Phad
Vj ,

selastic
gg ~s!52 Phad

Vi Phad
Vj E u12eixgg(b,s)u2 d2bW ~ if iÞ j !

~11!

5Phad
Vi Phad

Vj E u12eixgg(b,s)u2 d2bW ~ if i 5 j !.

~12!

FIG. 18. The cross section for ‘‘elastic’’gg reactions. The solid
curve is for the reactiong1g˜r01v0, and the dotted curve for
g1g˜r01f0.

FIG. 19. The cross sections forgg ‘‘elastic’’ reactions. The
solid curve is forg1g˜v01v0, the dotted curve forg1g˜v0

1f0, and the dashed curve is forg1g˜f01f0.
4-7
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The factor of 2 takes into account that either photon co
turn into a given vector meson.

We show in Figs. 17, 18, and 19 the energy depende
of these cross sections. The slopes are shown in Fig. 20.
slopes are, of course, the same for all elasticgg reactions.

The differential cross section for the ‘‘elastic’’gg reac-
tions is given by

ds

dt
~s,t !52 Phad

Vi Phad
Vj

1

4p
U E J0~qb!~12eixgg(b,s)! d2bWU2

~ if iÞ j ! ~13!

5Phad
Vi Phad

Vj
1

4p
U E J0~qb!~12eixgg(b,s)! d2bW U2

if i 5 j . ~14!

In Figs. 21–26 we show the differential cross section

FIG. 20. The nuclear slope parameter for the ‘‘elastic’’gg re-
actions g1g˜r01r0, g1g˜r01v0, g1g˜v01v0,g1g
˜r01f0, g1g˜v01f0, andg1g˜f01f0.

FIG. 21. The differential cross section for ‘‘elastic’’gg reac-
tions atAs55 GeV. The solid curve is for the reactiong1g˜r0

1r0, the dotted curve forg1g˜r01v0, and the dashed curve fo
g1g˜v01v0.
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these reactions for different center of massgg energies.
Measuring theutu structure of the differential cross section
would be most interesting.

V. SUMMARY AND CONCLUSIONS

Our conclusions for the total cross section forgp andgg
are summarized in Fig. 27. In order to scale nucleo
nucleon,gp, andgg cross sections to a common curve, w
have multiplied thegp cross sections by 1/Phad ~5240! and
the gg cross sections by (1/Phad)

2(52402). The nucleon-
nucleon calculation is made using the even eikonal. For c
ity, we have not included the Opalgg experimental data.
Basically, both the data and our theory approximately sat
the factorizations tot

nn-even/s tot
gp5s tot

gp/s tot
gg , an immediate con-

sequence of the eikonal being much smaller then unity in
energy region considered~up to '2 TeV). x!1 is consis-

FIG. 22. The differential cross section for ‘‘elastic’’gg reac-
tions at As55 GeV. The solid curve is forg1g˜r01f0, the
dotted curve forg1g˜v01f0, and the dashed curve forg1g
˜f01f0.

FIG. 23. The differential cross section for ‘‘elastic’’gg reac-
tions at As520 GeV. The solid curve is forg1g˜r01r0, the
dotted curve forg1g˜r01v0, and the dashed curve forg1g
˜v01v0.
4-8
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tent with other evidences that the Tevatron energy is be
‘‘Asymptopia.’’

All data are in agreement with our QCD-inspired eikon
model which parametrizes the even eikonal. When appro
ate quark counting factors and an energy independent fa
Phad51/240 are introduced, we can accommodate allgp
data. With the same procedure we can describe the totagg
cross section. We stress that thegp and thegg experimental
data are consistent withPhad being energy independent, an
with the factorization theorem.

We showed that VMD, combined with quark countin
fits all available ‘‘elastic’’gp data. It correctly predicts the
phase of the forward scattering amplitude for true Comp
scattering,g1p˜g1p. Our model predicts that the thre
light vector mesons,r, v andf, account for roughly 60% of
the totalgp cross section.

Finally, our analysis suggests dynamical consequen
We pointed out that gluons are treated in the same footin

FIG. 24. The differential cross section for ‘‘elastic’’gg reac-
tions atAs520 GeV. The solid curve is forg1g˜r01f0, the
dotted curve forg1g˜v01f0, and the dashed curve forg1g
˜f01f0.

FIG. 25. The differential cross section for ‘‘elastic’’gg reac-
tions at As570 GeV. The solid curve is forg1g˜r01r0, the
dotted curve forg1g˜r01v0, and the dashed curve forg1g
˜v01v0.
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quarks. When we link the 2/3 factors exclusively to the qua
composition of our eikonal, we get strong disagreement w
the measured nuclear slope parametersB for gp ‘‘elastic’’
interactions, as well as disagreement between ther values
that we predict for ‘‘elastic’’ scattering~such asg1p˜r0

1p) and the dispersion relation calculation@18# for Comp-
ton scattering on a proton,g1p˜g1p.
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FIG. 26. The differential cross section for ‘‘elastic’’gg reac-
tions atAs570 GeV. The solid curve is forg1g˜r01f0, the
dotted curve forg1g˜v01f0, and the dashed curve forg1g
˜f01f0.

FIG. 27. The solid curve is the fitted total cross section
nucleon-nucleon scattering, using the even eikonal. The do
curve is the predicted total cross section forgp scattering multi-
plied by 1/Phad (5240). The circles are thegp data multiplied by
1/Phad . The dashed curve is the predicted total cross section forgg
scattering multiplied by (1/Phad)

2(52402). The squares aregg
total cross section data multiplied by (1/Phad)

2.
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APPENDIX A: EIKONAL FORMULATION

In order to ensure unitarity, we introduce the eikonal fo
malism in the two-dimensional transverse impact param
spacebW . We use the complex analytic eikonals,xpp(b,s)
5xeven(b,s)2xodd(b,s) and x p̄p(b,s)5xeven(b,s)
1xodd(b,s), even or odd under the transformationE˜2E
whereE is the proton laboratory energy. This work large
follows the procedures and conventions used by Block
Cahn @14#. We write the center-of-mass differential elas
scattering cross sectionds/dVc.m. , the invariant differential
elastic scattering distributionds/dt and the total cross sec
tion s tot in terms of the center of mass scattering amplitu
f c.m. as

ds

dVc.m.
5u f c.m.u2, ~A1!

ds

dt
5

p

k2
u f c.m.u2, ~A2!

s tot5
4p

k
Imf c.m.~u50!, ~A3!

wherek is the center of mass system momentum,u is the
center of mass system scattering angle, andt522k2(1
2cosu) is the invariant four-momentum transfer. The cen
of mass scattering amplitude@14# is given by

f c.m.~s,t !5
k

pE eiqW •bWa~b,s! d2bW , ~A4!

wherea(b,s) is the scattering amplitude in impact parame
space,d2bW 52pb db, andqW is a two-dimensional vector in
impact parameter spacebW such thatq252t. Our complex
eikonal, x(b,s)5xR(b,s)1 ix I(b,s), is defined so that the
complex scattering amplitude in impact parameter spaceb is
given by

a~b,s!5
i

2
~12e2x I (b,s)1 ixR(b,s)!. ~A5!

Using the optical theorem,s tot(s)54p Im$ f c.m.(s,0)%/k,
the total cross section is given by

s tot~s!52E $12e2x I (b,s)cos@xR~b,s!#% d2bW , ~A6!

where we used Eq.~A4! evaluated in the forward directio
(t50). From Eq.~A2!, we can evaluate the elastic scatteri
cross section as
05402
-

-
er

d
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r

selastic~s!5
p

k2E u f c.m.~s,t !u2 dt

5
1

k2E u f c.m.~s,t !u2 d2qW

5
1

p2E E E eiqW •(bW 2b8W )a~b,s!

3a* ~b8,s! d2qW d2bW d2bW 8

5
~2p!2

p2 E E a~b,s!a* ~b8,s!d2~bW 2bW 8! d2qW d2bW

54E ua~b,s!u2 d2bW

5E u12e2x I (b,s)1 ixR(b,s)u2 d2bW . ~A7!

Thus, the inelastic cross section, defined ass tot(s)
2selastic(s), is given by

s inelastic~s!5E $12e22x I (b,s)% d2bW . ~A8!

A convenient way of calculating the differential elastic sc
tering cross section is to introduce an integral representa
of J0 @see Eq.~9.1.18! of Ref. @19##,

J0~z!5
1

2pE0

2p

eiz cosf df, ~A9!

and rewrite Eq.~A4! as

f c.m.~s,t !52kE
0

`

J0~qb! a~b,s!b db

5
k

pE J0~qb! a~b,s! d2bW . ~A10!

We can then write the differential scattering cross section

ds

dt
~s,t !5

1

4p
U E J0~qb!~12e2x I (b,s)1 ixR(b,s)! d2bW U2

.

~A11!

To calculater, the ratio of the real to the imaginary pa
of the forward nuclear scattering amplitude, we write

r~s!5
Re$ f c.m.~s,0!%

Im$ f c.m.~s,0!%

5

ReH i E ~12e2x I (b,s)1 ixR(b,s)! d2bW J
ImH i E ~12e2x I (b,s)1 ixR(b,s)! d2bW J . ~A12!

The nuclear slope parameter is defined as
4-10
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B~s!5
d

dt F ln
ds

dt
~s,t !G

t50

. ~A13!

Expanding the exponential of Eq.~A4! aroundq50 we get

f c.m.~s,t !}E F11 iqW •bW 2
1

2
~qW •bW !21•••Ga~b,s! d2bW .

~A14!

With this expansion and the definition ofB we can eventu-
ally write the general expression forB as

B5

ReH E
0

`

db b a~b,s!E
0

`

db b3a* ~b,s!J
2U E

0

`

db b a~b,s!U2 . ~A15!

If the phase ofa(b,s) is independent ofb ~this is the case
when we either have a factorizable eikonal or an eikonal w
a constant phase!, this expression reduces to the more tra
table form

B5

E
0

`

db b3a~b,s!

2E
0

`

db b a~b,s!

5

E b2a~b,s! d2bW

2E a~b,s! d2bW
. ~A16!

We note thatB measures the size of the proton, i.e.,B is
related the average value of the square of the impact pa
eterb, weighted bya(b,s). Introducing the eikonal, we find

B5
1

2

E ~12e2x I (b,s)1 ixR(b,s)!b2 d2bW

E ~12e2x I (b,s)1 ixR(b,s)! d2bW
. ~A17!

The t dependence of the elastic differential cross sect
is described at smallutu as

ds

dt
~s,t !5Uds

dt
~s,t !U

t50

eBt1Ct21•••

5Uds

dt
~s,t !U

t50
F11Bt1S B2

2
1CD t21•••G .

~A18!

The curvature parameterC is given by
05402
h
-

m-

n

C~s!5
1

32

E ~12e2x I (b,s)1 ixR(b,s)!b4 d2bW

E ~12e2x I (b,s)1 ixR(b,s)! d2bW

2
1

16F E ~12e2x I (b,s)1 ixR(b,s)!b2 d2bW

E ~12e2x I (b,s)1 ixR(b,s)! d2bW
G 2

,

~A19!

where it was assumed that the phase of the eikonal is in
pendent ofb @see Eq.~4.45! of Ref. @14##. We see that the
curvatureC can be positive, negative, or zero, whereas
nuclear slope parameterB must be positive.

APPENDIX B: QCD-INSPIRED EIKONAL

The even QCD-inspired eikonal is given by the sum
three contributions: gluon-gluon, quark-gluon, and qua
quark. They are individually factorizable into a product of
cross section times an impact parameter space distribu
function, i.e.,

xeven~s,b!5xgg~s,b!1xqg~s,b!1xqq~s,b!

5 i @sgg~s!W~b ;mgg!1sqg~s!W~b ;Amqqmgg!

1sqq~s!W~b;mqq!#, ~B1!

where the impact parameter space distribution function

W~b;m!5
m2

96p
~mb!3K3~mb! ~B2!

is normalized so that*W(b;m)d2bW 51. As a consequence o
both factorization and the normalization chosen for t
W(b;m), it should be noted that

E xeven~s,b! d2bW 5 i @sgg~s!1sqg~s!1sqq~s!#,

~B3!

so that s tot
even(s)52Im$ i @sgg(s)1sqg(s)1sqq(s)#%, for

small x.
To model the gluon-gluon interaction after QCD, w

write its cross section as

sgg~s!5CggE SggQ~ ŝ2m0
2!Fgg~x1 ,x2!dt, ~B4!

whereSgg59pas
2/m0

2 is the cross section scale,ŝ5ts, and
Fgg5** f g(x1)g(x2)d(t2x1x2)dx1dx2. For a scaling
parametrization of the gluon structure functionf g(x)
5Ng(12x)5/x11e, we can carry out the integrations an
explicitly expresssgg(s) as
4-11
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sgg~s!5Cgg8 SggNg
2(

i 50

5 H a~ i !2
b~ i !

i 2e

i 2e

2t0
i 2eS a~ i !2

b~ i !

i 2e

i 2e
1

b~ i !

i 2e
log~t0!D J ~B5!

where Cgg8 5Cgg/q, t05m0
2/s, a(0)52a(5)5

2411/10, a(1)52a(4)52975/2, a(2)52a(3)52600
and b(0)5b(5)529, b(1)5b(4)52225, b(2)5b(3)5
2900. The constantNg is given by Ng5 1

2 (62e)(52e)
•••(12e)/5!. The normalization constantCgg8 and the
threshold massm0 are parameters to be fitted.

We note that the high energy behavior ofsgg(s) is con-
trolled by

lim
s˜`

E
m0

2/s

1

dtFgg~t!;E
m0

2/s

1

dt
2 logt

t11e
;S s

m0
2D e

logS s

m0
2D ,

~B6!

where e.0. The cutoff impact parameterbc is given by
cWgg(bc ;mgg)s

elog(s);1, wherec is a constant. For large
values of mb, we can now write it as
c8(mggbc)

3/2e2mggbcse log(s);1, with c8 another constant
Therefore,

bc5
e

mgg
log

s

s0
1OS log log

s

s08
D . ~B7!

As long ase.0, we reproduce the Froissart bound fro
QCD arguments as we go to very high energies, i.e.

s tot52pS e

mgg
D 2

log2
s

s0
. ~B8!

The usual Froissart bound coefficient of the log2(s/s0) term,
1/mp

2 520 mb, is now replaced by (e/mgg)
2;0.002 mb.

Note thatmgg controls the size of the area occupied by t
gluons inside the nucleon.
n,

D

05402
The quark-quark interaction is simulated by a const
cross section plus a Regge-even falling cross section. It
be approximated by

sqq~s!5SggS C1CRegge
even m0

As
D , ~B9!

whereC andCRegge
even are constants to be fitted.

The quark-gluon interaction is simulated by

sqg~s!5SggCqg
loglog

s

s0
, ~B10!

where the normalization constantCqg
log and the square of the

energy scale in the logarithmic terms0 are constants to be
fitted.

The total even contribution is then written as

xeven5 i H sgg~s!W~b;mgg!

1SggS C1CRegge
even m0

As
D W~b;mqq!

1SggCqg
log log

s

s0
W~b;Amqqmgg!J , ~B11!

and it can be made analytic by the substitutions˜se2 ip/2

~see the table on p. 580 of Ref.@14#, along with Ref.@20#!.
The odd eikonal,xodd(b,s) i 5soddW(b;modd), accounts

for the difference betweenpp and pp̄, and must vanish a
high energies. It can be written as@see Eq.~5.5b! of Ref.
@14##

xodd~b,s!5CoddSgg

m0

As
eip/4 W~b;modd! ~B12!

where the normalization constantCodd is to be fitted.
’’
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