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I. INTRODUCTION

High energy hadron-hadron scattering amplitudes at fixed
momentum transfer have two components: a diffractive com-
ponent~Pomeron exchange! and a mesonic Regge exchange
component. Since the latter decreases with energy, Frois-
sart’s unitarity bound becomes a constraint on the diffractive
component: at high energies hadronic total cross sections
cannot exceed (p/mp

2 ) ln2 s. Although fits to total cross-
section data incorporating lns and ln2 s terms have been
made, it has been noted that the unitarity bound does not rule
out a term of the formX(s/m2)e with small but positivee.
Indeed, for saye50.08,m'1 GeV, andX<25 mb, the uni-
tarity bound violation would not set in@1# until energies of
1024 GeV are reached. At such super-Planckian energies the
theoretical underpinnings of QCD become meaningless and
experiments become impossible. With this in mind, Don-
nachie and Landshoff@2# have successfully fit high energy
hadronic total cross sections to expressions of the type

sAB5XABse1YABs2h, e50.08,h50.45. ~1!

For the 10 measured total cross sections
(pp,p̄p,pn,p̄n,p6p,K6p,K6n) 15 ~or 17! parameters~de-
pending on whether or not one requiresXnp5Xpp and
XK1p5XK1n! are needed: five~or seven! X’s and tenY’s.
Taken at face value, these fits and subsequent refinements
thereof@3# are at odds with a number of ideas grounded in
the quark model and a QCD-string approach to hadron scat-
tering; we have in mind ideas like two-component duality,
string tree level exchange degeneracy or Chan-Paton rules,
flavor U~3! symmetry, universality of vector-meson cou-
plings. We wish to show that one can successfully imple-
ment these ideas as constraints from the beginning and ob-
tain fits different from, but of comparable quality to, those of
Refs.@2,3#.

II. SOME THEORETICAL IDEAS ON HIGH ENERGY
HADRON SCATTERING

We start by explaining how each of the just-mentioned
ideas constrain high energy hadronic total cross sections.

A. Universal and flavor U„3… symmetric vector meson
coupling pattern

Although in QCD the nine light vector mesons appear as
qq̄ bound states whose coupling pattern is to be dynamically
calculated, it has been known for a long time that the ob-
served pattern closely follows the pattern which would be
expected if these mesons were flavor gauge bosons. Specifi-
cally this means that~suppressing Lorentz and Dirac indices!
in the familiar 333 matrix representation, the coupling of
these vector mesonsV to baryons B is of the form
Tr(B̄@V,B#)1Tr(B̄B)TrV ~here the ratio of the two terms’
coefficients is determined by requiring the decoupling of the

f from the proton!. Moreovergr0 p̄p5 1
2 gr0p2p1, since the

third component of the proton’s isospin is half that of the
positive pion’s. Strictly speaking, only att5mr

2'mv
2 does

this coupling pattern determine the residue pattern of the
odd-signature Regge poles on whose trajectory the vector
mesons lie. We will assume that the same pattern is valid
also att50. All this then yields four linear relations between
the five odd-charge-conjugation total cross-section combina-
tions. With the notationDAB5sAB2s ĀB , where sAB de-
notes theAB total cross section, these four relations take the
familiar form @4,5#

D p̄p55Dp2p, D p̄n54Dp2p , DK2p52Dp2p ,

DK2n5Dp2p . ~2!

Of these five differences,Dp2p involves only r exchange,
whereas the remaining four involve bothr andv exchange,
predominantly the latter. The derivation of the relations~2!
assumes ther and v trajectories’ intercepts to be equal:
ar(0)5av(0)512h. We first fit, in Fig. 1~a!, Dp2p to an
expression of the form

Dp2p5dpps2h ~3a!

and obtain

h50.54, dpp512.93. ~3b!

Excellent fits to the remaining four cross-section differ-
ences are then obtained by multiplying the function~3! by
the integers given in Eqs.~2! ~see Fig. 1!. We have checked
that, not
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FIG. 1. Single Regge pole fits constrained by Eqs.~2! to the odd signature cross-section differences.

56 2597HIGH ENERGY HADRONIC TOTAL CROSS SECTIONS



surprisingly, the parameters obtained in the fits of Refs.
@2, 3# also obey the constraints imposed upon them by Eqs.
~2!.

We should point out that here and throughout this paper
we normalize coefficients so thats is measured in GeV2 and
we use the data of Ref.@3#. All the above fits, as well as all
those to follow in Sec. III, were made using data for
s>20 GeV2. Points at lower energies are also displayed in
some of the figures 1, 3, 5.

B. Exchange degeneracy/Chan-Paton rules

In the limit of large number of colors, QCD reduces to a
string theory in which mesons are open strings with a quark
at one end and an antiquark at the other@Fig. 2~a!#. The
strings themselves are tubes of color-electric flux. Baryons
are also viewed as systems of three strings with a quark at
each of the three open ends, the three other ends meeting at
a node@Fig. 2~b!#. When this string picture applies, hope-
fully for three colors already, then hadronic amplitudes obey
duality ~we use this word in the sense that the sum of the
resonance contributions in thes channel gives rise to the
imaginary part of the Regge contribution in the crossedt
channel!. This, in turn, requires the degeneracy of the odd
and event-channel mesonic Regge pole trajectories and the
equality of their residues, for otherwise the amplitude for,
say, pp scattering would have a Regge pole contribution
with nonvanishing imaginary part even though there are no

pp resonances. The near degeneracy of the observedv andr
meson masses on the one hand, and of thef anda2 meson
masses on the other, is as required by exchange degeneracy.
The equality of the isospinI 51 residues yields further con-
straints, to wit

spn2spp50, sK1n2sK1p50. ~4!

As can be seen from Fig. 3, the kaon difference is compatible
with zero, but thepn2pp difference, though very small,
appears not to strictly vanish. It can be fit to a combination of
a Pomeron-Regge cut and of a small Regge pole term,
though the individual contributions of these terms are hard to
determine from the data. Even a pure cut gives a good fit.
We can therefore safely assume that at string tree level both
equations ~4! are obeyed. By combining with the just-
discussedI 51 exchange degeneracy relations their isospin
I 50 counterparts, one imposes the full Chan-Paton rules and
this then requires the absence of a mesonic Regge exchange
contribution inpp, pn, K1p, andK1n total cross sections.
This requirement is strongly violated in the fits of Refs.
@2,3#. The reason for this is simple to understand. Before its
ultimate rise at very high energies, any of these cross sec-
tions,spp in particular, decreases with energy. In a fit of type
~1! this is only possible if a Regge term is present and the
particular Regge term needed to fit the decrease in the low
energyspp turns out to be very large:'7Dp2p . The fits of
type ~1! make two simplifying, but otherwise arbitrary as-
sumptions, one concerning the nature of the Pomeron as a
unique ‘‘effective’’ Regge pole, and the other concerning the
absence of Regge-Regge cuts. We shall see below that by
relaxing these assumptions, fits of comparable quality which
do not violate thisI 50 exchange degeneracy requirement
are readily obtained.

III. EXPERIMENTAL TEST OF PRINCIPLES A AND B

Before we get to these new fits, we must first analyze in
some detail the full implications of the assumptionsA and
B above~Secs. II A and II B!. There are 10 measured total

FIG. 2. Mesonic and baryonic strings~35q̄, s5q!.

FIG. 3. Test of theI 51 exchange degeneracy relations~4!. The solid curve in~a! represents a pure Pomeron-Regge cut fit.
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cross sections and Eqs.~2! and ~4! provide six linear rela-
tions among them, thus leaving four independent combina-
tions, which we choose asDp2p , spp , sp1p , andsK1p . Of
these, the odd charge-conjugation combinationDp2p is
dominated, as was already mentioned, by the exchange of the
r Regge pole, and this is well borne out by the data, as was
known for decades. So we really have to fit only the remain-
ing three cross sections. To do so, let us consider each of
them separately. Let us start withspp . We write the generic
formula

spp5Pp~s!1Yps2h1Zps2l, ~5!

where Pp(s) is the Pomeron contribution,Yps2h is the
f -v-a2-r Regge contribution, andZps2l is a contribution
due to Regge-Regge cuts and to thef 8 Regge pole. Now let
us consider each of these terms. First of all, the Regge con-
tribution Yps2h would be absent at the string tree level. At
this level the other two terms would be absent as well. In-
deed in a string approach, the Pomeron is ‘‘f -dominated’’
@6,7# at both ends. In other words, one of the protons emits
an openf string, which closes up into a Pomeron and then
reopens into anotherf string which gets absorbed by the
other proton~see Fig. 4!. This process gets iterated and at the
next and later steps involves thef 8 as well, as shown in Fig.
4. The consecutive steps are suppressed by OZI rule breaking
so that the ensuing breaking of exchange degeneracy is
small. There is strong evidence in favor of this
‘‘ f -dominated’’ Pomeron in the photoproduction of the
r,v,f,J/c vector mesons@7#. For us the important point is
that exchange degeneracy is exact only at the string tree
level. Its small breaking is caused primarily by Pomeron-
f - f 8 mixing. As such, the first two terms in Eq.~5! are ex-
pected to be there, with the understanding that the coefficient
of the Regge term is small when compared to that in the fit to

Dp2p . The last term in Eq.~5! represents the contribution of
Regge-Regge cuts and of thef 8 Regge pole term induced by
the string loop effect of Pomeron-f - f 8 mixing ~see Fig. 4!.
Both the Regge-Regge cuts and thef 8 pole have an intercept
;0, sol'1 in Eq. ~5!.

We now turn to the Pomeron termPp(s). This term is a
stand-in for the Pomeron Regge pole and for the multi-
Pomeron cuts, as was already pointed out in Ref.@2#. There
all this complexity was lumped into a unique power law
se, for reasons of simplicity, rather than on the basis of any
theoretical considerations. Here we will relax this ‘‘simplic-
ity’’ constraint and set

Pp~s!5Xpse1Cpsm, 0<m,e . ~6!

The best fits we obtain form50, so that the last term in Eq.
~6! will be a constant.

We will thus simultaneously fitspp , sp1p , andsK1p to
the forms

spp5Xpse1Cp1Yps2h1Zps2l,

sp1p5Xpse1Cp1~Yp1dpp!s2h1Zps2l,

sK1p5XKse1CK1YKs2h1ZKs2l. ~7!

The two old parametersh and dpp , which appear here,
have been determined above from fitting the odd charge con-
jugation combinations of total cross sections:h50.54,
dpp512.93. That it is preciselydpp which appears in Eq.~7!
is a straightforward consequence of assumptionsA and B
above. The 14 new parameters which appear in Eq.~7! are
fortunately not all independent or unconstrained. First, all the
Y’s originate in exchange degeneracy breaking and must
therefore be small compared todpp . The value ofl must, as
we saw, be near 1. The quark model determines the ratios

3Xp

2Xp
'

3Cp

2Cp
'1 ~8a!

and the ‘‘f -dominated Pomeron’’ requires

XK

Xp
'

CK

Cp
'

1

2 S 11
mr

2

mf
2 D 50.886. ~8b!

Equation ~7! then really introduces only seven parameters
and the small departures from unity of the other just-
mentioned combinations of parameters. With all this in mind
we now present our fits of type Eq.~7! in Fig. 5. The corre-
sponding values of the parameters are

e50.135, h50.54, l51.01,

Xp56.26, Cp524.4, Yp50.88, Zp5196,

FIG. 4. Thef -dominated Pomeron.
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3Xp

2Xp
51.04,

3Cp

2Cp
50.84, Yp521.9, Zp551,

XK

Xp
50.9,

CK

Cp
50.83, YK520.88, ZK50.12. ~9!

This fit is of comparable quality to the fits of Refs.@2,3#.
It has the following characteristic features.

The exchange degeneracy breaking parametersYp , Yp ,
andYK are indeed very small compared toDpp .

The Pomeron exponente is larger than in most previous
fits, but such a larger value was already contemplated in Ref.
@8# in the context of very high energies. In any case, even
with this larger exponent the Froissart bound is comfortably
obeyed even beyond the Planck energy.

The constraints~8! are well obeyed by the leading
Pomeron terms~X coefficients! and obeyed at the 15% level
for the subdominant terms~C coefficients!.

At first sight the f 8-Regge-Regge-cut parameterZp ap-
pears large.Zp plays for our fit a role similar to that of the
large exchange degeneracy breakingYp parameter in Refs.
@2,3#. This f 8-Regge-Regge-cut term falls much faster with
energy than an ordinary Regge term, so it makes sense to
compare its low energy contribution in thepp amplitude,
CUT;196s2l11'196, to thenonvanishing real partof the
pp Regge term which is Re(R);5Dpps

2h11'65s0.46. Even
at the low values540 GeV2, we findCUT/Re(R)'0.55 and
this ratio decreases ass20.46. The Regge cut andf 8 contri-
butions are thus consistently smaller than the Regge pole
contributions. Similar arguments can be made for thepp and
Kp amplitudes as well. The important new feature here is
that this f 8-Regge-Regge-cut term represents atheoretically
expectedexchange degeneracy and duality violation.

IV. CONCLUSIONS

From all this we conclude that all hadronic total cross-
section data are compatible with the stringy principlesA and
B above. The reason for the apparent discrepancy between

FIG. 5. Fit of the form Eqs.~7! and~8! to the three independent cross sectionsspp , sp1p , andsK1p . The parameters of this fit are given
in Eq. ~9!.
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the fits of Refs.@2,3# and these principles is that for simplic-
ity, they ~i! ignored Regge-Regge cuts and~ii ! fit the
Pomeron to a single power law. The remarkable power of the
principlesA andB is that, even after abandoning these sim-
plifications, the necessary number of parameters did not in-
crease. Actually, after all constraints were met, we found this
number to havedecreased.

In a forthcoming paper we shall further explore these

principles in the light of recent developments in open string
theory.
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FIG. 5 ~Continued!.
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