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HADRONIC -SCATTERING AT SMALL AND LARGE 
MOMENTUM TRANSFERS1" 

H. M. Fried 
Department of Physics, Brown University 
Providence, Rhode Island 02912 (USA) 

Abstract: The nature of possible corrections to the Cheng-Wu 
forward-direction amplitude is examined on the basis of a complete 
eikonal formulation, which suggests strong cancellations away from 
the Froissart bound, cT ^ £n^s. Two models of wide-angle scatter
ing, the interchange model and the hadronic bremsstrahlung model, 
are briefly discussed and compared. 
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These remarks will be divided into two distinct categories: 
A) A brief but general discussion of the small-angle eikonal for-

2 3 
malisra; and B) A brief report on two recent models ' for hadronic 
scattering at large momentum transfers. With the newly reported 
rise of a_(pp), and Cheng-Wu phrases filling the air, the discus
sion of topic A may be useful in placing that and similar calcula
tions in some sort of general (field theoretic) perspective. 
Items B stand as two friendly rivals in a rapidly growing field, 
models which purport to give a description of wide-angle hadronic 
processes, with each based upon a simple and intuitive (and differ
ent) framework. 

A. Small-Angle Scattering 
In any local, relativistic, quantum field theory, the elas

tic nucleon-nucleon (non-spin-flip) amplitude T(p. + p? ->• p ' + p ') 
at high energies and close to forward directions (|t|/s « 1) may 
be written in eikonal form 

T(s,t). is 
2m2 

d b e n 1 - e ixO> ;s) (1) 

with 

2 Re d2b [l - e ^ (2) 

and ix given by the sum of all connected, t-channel amplitudes 
(whose coordinates are set equal to and integrated over the posi
tions of the fast nucleons' classical currents). This identifica
tion of the eikonal rests upon the validity of the eikonal limit, 
in which one supposes that any structure exchanged between the 
nucleons always involves momenta significantly smaller than those 
of the fast nucleons. 
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In massive photon QED, one has the pictoral relation 

*-I 
2 

where ix, = - i •§— K (yb), as s + », and by itself defines the so-
called Relativistic Eikonal Approximation. In a leading-log s 
calculation, Cheng and Wu have estimated ix 2 i n terms of the sum 
over tower graphs, 

loops 

for large impact parameter b , in terms of the Constantsa., which 
2 1 

when substituted into (2) produces a„ ^ tn s. This arises, in the 
Froissart manner, because the fd b integral cuts off for b =b ^£ns, 

1 a max ^ 
which condition is simply determined by the requirement |ix2l - !• 
The intuitive appeal of the Cheng-Wu calculation lies in their ob
servation that for fixed s, and b -»• •», one may expect that ix + iXo* 
since only that part of the eikonal with the smallest t-channel 
threshold should be important. However, the physics requires the condition [LY] < 1 to define b (s) , in which b and s must grow n ' max 
simultaneously; and hence the remaining contributions to the eikonal, 
not considered by Cheng and Wu, can play a significant role. 

In the context of a special, but simple, model theory, these 
terms have been estimated, and display strong cancellations from 
the Cheng-Wu result. Here, one constructs graphs from external 
nucleon lines, (vertical) neutral vector meson (NVM) lines, and 
(horizontal) "scalar pion" lines, with the eikonal given by the sum 
over the connected graphs (at least one pion line must connect any 
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NVM line to the remainder of the graph), 

© 
3 + 

© F-f-" 
One may write a similar graphical expression for crT, 

oO 

<TT = Z ^ = Z 
V\=T. 

V... 

where n refers to the number of vertical NVM lines, and the sums 
include disconnected graphs; all nonplanar "checkerboard" graphs 
are contained in these sums. In the approximation of assuming 
Regge behavior between each pair of NVM lines, one obtains 

2i  — Re I 
m n=2 

• in i 
ix n 
iT

 y 

where x = g /4tr , y = (s/u ) 2̂  a/2 2,2 
m A 
32*

? 

(5) 

, and X and g are cou
plings of pion to NVM, and NVM to nucleon, respectively. 

Two features of this result are worth noting: (a) the i 
factor (unitarity!) providing cancellations between successive 
real terms, and (b) the rapidly growing sdependence (^(s0)2 J 
which suggests that such cancellations are important. In the spirit 
of this analysis, (5) is hardly a convergent series, and some pre
scription must be applied in order to give meaning to the complete 

1 —a/8 — ̂ 
o . One such form has been adopted and produces a ^s (£ns)

 2 

»■ 0, indicating the possibility of complete cancellation. Regard

less of whether a actually vanishes as s -*■ <*>, the basic lesson to 
be learned from the calculation is simply that one should expect 
strong cancellations from the Froissart limit. If this model has 
any truth, once one begins to estimate the ix^t o n e c a n n o t stop. 
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By itself, the n=2 term generates the Froissart bound, a la Cheng 
and Wu, while contributions of higher n provide cancellations away 
from that upper limit. In view of the high current interest in ' 
this question, better estimates of (5) would be most useful. 

B. Wide-Angle Processes 
In contrast to the very complicated forward-scattering situ

ation, it is possible to propose relatively simple models which may 
be relevant to hadronic scattering at large momentum transfers. 
There are at least a half-dozen such theories now extant, of which 
two will be briefly described "here. All such models display some 
variant of scaling, in the form of the predictions 

doy 
dt s i Fi(t/s) (6) 

which relates da/dt near 90° (in the CM, |t| ̂  s/2) to a power fall 
off with s and an asymptotic function of angle only; the subscript 
i denotes a particular scattering process. 

2 
The interchange model (IM) uses the intuition of atomic re

arrangement collisions, generalizing electron exchange to quark or 
parton exchange in hadronic collisions, 

^wA = >C (7) 

where the non-intersecting (diagonal) lines of (7) correspond to 
the interchanged quark/partons. Each blob represents a hadron-
parton form factor whose large-variable behavior may be inferred 
from the experimental proton form factor, itself constructed out of 
the same blobs. Assuming a dipole fit for the proton's form factor, 

_2 each blob should asymptotically decrease as t ; and insertion of 
this information into the integrals corresponding to (7) generates 
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the form (6) with n = 12, a number which can be decreased by 
assuming a less rapid blob fall-off. A single normalization con
stant completes this two-parameter input model. 

Simultaneous predictions, depending upon the sort of quark 
exchanged, may be made for all wide-angle processes, in particular 

- ± ± pp, pp, k~p, ir~p elastic, pion and kaon charge exchange and photo-
9 pion production. Wherever measurements have been made one finds, 

at least, qualitative agreement with the IM predictions. For 
example, the ratio rrrJ- /IT-] of the model at 90 and non-r ' Mt-'pp Mt-'pp 
asymptotic energies easily reproduces the experimental ratio 

-2 ^ 2 x 10 . For wide-angle pp scattering at the highest available 
energies, the model fits the data over wide ranges of s and t as 
well as any two-parameter model possibly could. Further refine
ments have been made, and are in progress now, especially relating 
to inelastic processes. Clearly, the predictive power of the inter
change model is very high, while present comparison with a variety 
of experimental data is quite favorable. 

An alternate view of wide-angle scattering is provided by 
3 the hadronic bremsstrahlung model (HBM), with intuition based upon 

soft-photon physics, in a relativistic generalization of the Schiff 
wide-angle potential theory scattering approximation. Here, a 
typical Born approximation which can in principle describe large 
momentum transfer processes, is modified by the exchange of multiple 
soft, virtual, neutral, vector mesons (SVNVM) between external 
hadronic legs of the particular process, thereby providing kinema-
tical (s,t,u dependence) damping of the simple Born approximation, 

l w f t - <*—> \Y<U (8) 

There are no infrared divergences here because the NVM are massive; 
one sums up that portion of every graph which would be infrared 
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divergent were the NVM mass allowed to vanish. The model may be 
applied to the proton form factor, and to pp scattering, and yields 
a very simple, two-parameter description of these processes; one 
parameter sets the overall scale, and the other combines proton-VM 
coupling g, VM mass p, and a (covariantl) soft-momentum cut off u 
into the constant y 2l "9" *n{l + y 2/p ) • In terms of (6), one 
finds n = 11.2, while the angular fit about 90 is of the same 

PP b 

quality as that of the interchange model. 

In order to describe the scattering of other hadrons, a 
statement of their coupling to the exchanged SVNVM must be made; 
this may be done in the simplest manner by assuming that the NVM 
is the OJ, which couples to the hypercharge current. Predictions 
then follow which also resemble the existing (non-asymptotic) data, 
although there are certain specific differences between those of 
the IM and the HBM (as there must be since SU(3) is violated in the 
amplitudes constructed by multiple u exchange only). For example, 
one finds a strong similarity between KN and NN processes in the 
HBM, rather than between KN and uN processes of the IM. More 
asymptotic data, especially for irN reactions, will be needed to 
distinguish between these models and reality. Inelastic predictions 
have also been made on the basis of the HBM, some of which should 
shortly be put to experimental test at NAL. 
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