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ERRATA

The second paragraph on p. 6 should be replaced with the following

material:

This formula is compared with the data.11 in Figs. 2a and 2b. The dif-
ferential cross section at 90° is seen to be consistent with s—lq for
10< s< ZO(GeV)z, and with s“12 for s > 20 (GeV)z. This is in agreement
with the form factor which is ~ t **" for the range 2-9 (GeV)2 and ~ t~2 for
t>9 (GeV)Z. The fact that R(z) is independent of energy is well-verified by
the data plotted in Fig. 2b. The angular dependence of this curve is very
close to that of the predicted (1—z2)“6 for 1tl and [ul > 4 (GeV)z. (See

revised Fig. 2a on reverse side. We thank Dr. G. Cocconi for pointing out

an error in the original figure.)
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ABSTRACT

A formalism for handling the scattering of composite systems
is presented. Using this formalism, the contribution to bound state
scattering at large energy and angle from the interchange force is
calculated. This force leads to elastic cross sections which behave

at fixed angle like the sixth power of the form factor and for which
dg /do
dt / dt 90°

p-p and 7-p data shows excellent agreement. A new test of the

is an energy independent function of z. Comparison with

existence of a pointlike coupling of the photon to partons is suggested.
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If hadrons are composite,as indicated by the recent SLAC deep inelastic
electron nucleon scattering measurements, then they will interact simply by
the interchange of their constituents--just as electron interchange provides a
force in elastic atom-atom scattering. In the special case of the quark model,
two protons can scatter through the interchange of a single n or p quark. In fact
we shall argue that in the region of large energy and momentum transfer, where
coherent regge effects may be small, such interchange interactions are the
dominant hadronic force. Thus the large s, t, aﬁd u dependence of exclusive
scattering processes is determined by the bound state wave function at small
distances. In our calculations we utilize the fact that the form factors deter-
mine this short distance behavior of the bound state wave function as well as its
dominant spin structure. Drell and Yan1 have shown that the threshold behavior
of the deep inelastic structure function Fz(w) is determined by this same region
of the wave function.

The interchange force leads to an asymptotic fixed angle cross section
which contains six factors of the elastic form factor, rather than four as in
the Wu-Yang model. 2 In addition the interchange theory predicts that the ratio
of the differential cross section to its value at 90 degrees is a universal function
of z =cosf CM for large t and u. This model also predicts quite different
angular distributions for processes which should look the same in the Wu-
Yang model, such as K+p and K p, and that there should be a striking difference
in the energy dependence of the 90° cross sections of photon processes relative
to their corresponding vector meson analogues.

In this paper we introduce a natural formalism‘for covariant bound state
computations utilizing old fashioned perturbation theory3 in the infinite momentum

frame. We illustrate the technique and its advantages by considering the GE
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and GM form factor of the nucleon in a composite model.4 The diagram for this
vertex is shown in Fig. la. For the case of all spinless particles, each charged

parton constituent a, contributes to the elastic form factor a term of the form

1
2 2 dx - —
Fla)= 7\3/;1 k / X Ytk gl (A -x)g) (1)
0

where
2

- M 3 )
p“—<P+2P, 0,, P

(2)

- (LB ) 2 . =2 _ 5.
1, <2P,ql,0 q° =-q,;” =-29-p,

and the theory is defined in a limiting frame where P — infinity. The onshell

intermediate particle momenta are parameterized as

(3)
1;; =-k + (1 -X)K

The bound state wave function Zpl(Tzi) in Eq. 1 describes the breakup of the
composite system into an elementary parton constituent and the remaining core5
which we treat as a single particle. The core represents the combined effect

of the remaining constituents. Generally we may write zpl as
3 €)= 0f -8, +ie) s, ) )
1Vl 1 ac ac

where the two particle invariant mass Sac is given by

=2 2 2
9 kl+ma(1—x)+xmc
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The vertex function, ¢, reduces to a coupling constant in the case of a lowest

order Feynman diagram calculation.

If
g~ s ()
then
2,2
l—O(m /ql) on-1
F 2, dx x N 1
@) 1-x zp(x) —2n
0 1
(7)
—>2 -— ——»2
~ (@) log q, .
The function N zp(x) is given by
o (&)
X (1-x)

The fact that i depends only on the covariant variable S guarantees that N
is a smooth function of x and that the Drell Yan threshold relation,
FIZJ(X) =(1 - X)Zn—l for x — 1, is satisfied. ®

The inclusion of spin is straightforward. If we assume that the proton is
a bound state of a spin 1/2 parton and a spin 1 core (with 'yu coupling), then we
obtain the scaling law: GM~ GE for large t. 7 The dipole behavior of the form
factor results if ¢ (S) = S—3. If the core has both spin 1 and spin 0 components
(as is natural in the quark model) with the same wave function behavior, then
the asymptotic scaling relation is unchanged.

We turn now to a consideration of the scattering of two bound states. The
interchange mechanism leads,in general, to three different graph topologies. These

are shown in Fig. 1b which also shows that the ut topology must, in general, be

symmetrized with respect to the role of the partons and cores. This is also true of



the st and su topologies. In the case of pp scattering only the last two diagrams

contribute when one uses the valence quark model assignments for the constituents,

i.e., the parton can only be a p or an n quark and the remaining core must have the

guantum numbers of pn or pp respectively. For simplicity, we will continue to use

the quark model as a guide, but our results are true in many other models as well.
As an example we give the result for the tu diagram using the labelling of

Fig.1b. Summing over the four allowed time orderings, we obtain
1
M(u, t) =/dzk / . S
1 2 2
0o X (1-x)

x gy B)vg® + (1 -x) )y + (1 -x) - xr )y, K -xT )

9)

where the transverse vectors —1_'1 and 311 satisfy Y‘I . 51 =0, u= —?12, and t = —12. 8
Surprisingly,the familiar energy denominator, A = E1 + E2 - Ea - Eb - Ec - Ed’

appears in the numerator. It is given by

9 5 (K, - xr ) +('E1+(1—x)ql) +m
A=M + M, - X1 %)
(10)
2 _ 2 2 2 2
2mX = x(mc + md) + (l—x)(ma + mb)
For proton-proton scattering the asymptotic behavior is
- n-2,_ _n-2 XZFIZ‘L - %) 7,
M@u,t) o -4fdx sz(x)x (1-x) X(1-x%)
0
(11)
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With the inclusion of spin which leads to additional spin or kinematic factors

under the integral sign,9 the final asymptotic result for p-p scattering islo

(12)

where

R(z) = f(z)(1 - 22) 70

Z =cos00M.

f(z) is a slowly-varying function of z for z2 not near 1.

This formula is compared with the dai:a11 in Figs. 2a and 2b. The differ-
ential cross section at 90° is seen to be consistent with s_12 for s > 10 (GeV)Z.
The highest energy points may favor a slope of 14, which would result if the
form factor behavior were t—z' 3 instead of ‘c_2 near t =20. Interestingly
enough, the form factor does appear to fall faster than a dipole in this
region, The fact that R(z) is independent of energy is well-verified by the data
plotted in Fig. 2b. The angular dependence of this curve is very close to that
of the predicted (1 - zz)'6 for {t| and |ul >4 (GeV)z.

Similar results can be obtained for all two-body hadron-hadron and photon-
hadron scattering processes. For the case of m-p scattering, where the pion
is taken as a bound state of a spin 1/2 parton and a spin 1/2 core, both the st
and ut diagrams of Fig. 1b contribute. If we assume that the asymptotic power

dependence of the pion form factor is t—ﬂ, then the result for 7rip is

+ +
(), o B @)” _ _R%@) (13)
dt/ + 4440 4+4)
T p S s
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with

H'(z) = 28t + g5t
H(z) = H + 285,
and
Y = g2y - 22 + 2yt
B = ¢yt - 2) 20 + )2

The g's are slowly varying functions of z for z2 not near 1. HSt, which in
the present case has only a small imaginary part, is similar in magnitude to
1'% for all z > 0. This, of course, tells us that the 7r+p cross section should
be roughly equal to the 7 p cross section in this region. The ut terms,
however, dominate for sufficiently negative z and lead to a rising cross section
there.

In Fig. 3a we have plotted the 90° T p Cross section'? and conclude that

-3/2

it falls approximately as s_8 , requiring{ =1 wvr ~ 8 for spin 1/2
constituents). In Fig. 3b we have plotted R™(z) as calculated from the experi-
mental data available at three different energies. Again it is certainly consist-
ent with an energy independent universal function of z which is very much like
that predicted using Eq. 13. The asymmetrical behavior of R(z) around z=0 is'
due primarily to the different asymptotic behavior of the pion and nucleon wave
functions, which breaks the symmetry of the ut term, and to the intrinsic
asymmetry of the st term. The overlain curve is calculated by setting gSt = gut.
A similar analysis can be made for Kip scattering. Using the quark model
assignments the exotic reaction K+p has only a ut term while K p has only an st

contribution. If the K form factor falls at the same rate as the 7~ form factor,

+
then the energy dependence is the same as for the mp case. K p should be



relatively flat when compared to the K p cross section; the latter should have no
enhancement for z near -1, (until one reaches the exotic backward peak), while
having the same forward peaking as the former. The 5 GeV data13 indicates
that this is indeed the case, but higher energy data is required before a meaning-
ful comparison can be made in a region without regge effects. (In some sense
the mere presence of a nonexotic backward peak in K+p demands that the above
contrast be present.) In addition, the interchange theory predicts that the K+p
amplitude is real while the K p amplitude is almost purely real, and that the
K+p cross section should be somewhat larger than K p at 90°. 14

In the parton model, the photon couples in a point-like fashion to the hadronic
constituents. Thus photon processes will fall more slowly in energy than their
corresponding vector meson analogues when the interchange mechanism
dominates. For example the differential cross section for photo pion production
at 90° is predicted to fall as s_13/ 2 (for spin 1/2 partons), whereas the cross
section for mp — pp at t =u is predicted to fall at least as fast as s~8, if the p
form factors fall at least as fast as the pion form factor. Comparison of these
reactions at large energy and angle is a crucial test of the validity of this model
and the existence of a point-like coupling of the photon. 15

So far we have made little use of the selection rules imposed by the valence
quark model assignments for the hadronic parton and core constituents. Some
additional predictions are for instance that pp and np elastic scattering cross
sections should become identical at large energy and angle. In particular n-p
should become symmetric about 90°. In addition both receive contributions only
from ut diagrams which are purely real; hence neither should exhibit any

polarization in this region. In comparison p - p which receives contributions

purely from the st topology should exhibit some polarization and be strongly
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skewed in favor of z > 0, although for fixed z it should fall in s at the same
rate as p-p (s—lz).

In general the meson nucleon interactions receive contributions from both
st and ut topologies but always in a well defined ratio. The angular dependence
away from 90° can be different from process to process (though some are
identical; e.g., 7r0p—» TrOp: np — np: np — 7r+n =3:1:y/2/3 in the amplitudes)
but all fall with the same s_8 power, For ”charge exchange'' reactions such as
T p — 77011 the st and ut terms enter with opposite signs, unlike the elastic
scattering cases, so that one could expect the charge exchange reactions to be
up to an order of magnitude smaller at 90°. Tn general those meson nucleon
interactions which receive contributions from st topologies could be expected
to exhibit some polarization, although estimates tend to indicate that the
imaginary part of the st contribution is always small compared to its real part.
Certain of the kaon reactions, e.g., K+—p, receive no st contributions and
should not exhibit polarization.

We also note that if the y“ coupling of the spin 1 core of the nucleons is
present, then asymptotically one should see helicity conservation in the meson
nucleon interactions, total helicity conservation in p-p scattering, but helicity
should not be conserved in y-p — w-p at large angles. In the case of
p-p — p-p, helicity should again be conserved.

Finally, measurements of the process p-p — nA++ can be used to determine
the A wave function and to check the zero polarization prediction for such a
process at large s, t and u. In general, any quasi-two-~body reaction will yield
new information concerning the wave function of the produced particle and its

constituents.



In conclusion, we have presented a particularly simple explanation of
large s, large angle scattering which agrees quite well with the existing data.
It provides, via systematic comparison of relative normalizations, energy and
angle dependencies, a unique opportunity to determine the wave functions of the
hadrons and the properties, e.g. , quantum numbers and spin, of their consti-
tuents.
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dependence given by f(z) (1 - zz)'4. Thus spin effects can alter the

angular dependence.

We have also examined the effects of absorption on the basic interchange ‘
interaction. Since absorption has a much larger range than the inter- ‘
change force, its main effect is to change the normalization without

affecting the energy or angular prediction.

C. M. Ankenbrandt, et al., Phys. Rev. 170, 1223 (1968); J. V. Allaby et al.,

Phys. Letters 23, 389 (1966) and Phys; Letters 25B, 156 (1967); C.W.

Akerlof, et al., Phys. Rev. 159, 1138 (1967). Although the points have not

been plotted, our curves are consistent with the results of G. Cocconi,

Phys. Rev. 138, 165 (1965).

D. P. Owen et al. , Phys. Rev. 181, 1794 (1969); V. Chabend et al.,
Phys. Letters 38B, 441 (1972).

V. Chabaud et al., Phys. Letters 38B, 445 (1972).

It is interesting that the 5 GeV/c data suggests that the former process has
more striking interference minima than the latter. This is consistent with
the interfering K+p Regge contributions being purely real and K p Regge
terms being purely rotating phase as suggested by the usual exchange
degenerate picture. A thorough analysis should be worthwhile.

-12 -



15.

The consequences of this point-like coupling for two photon processes have
been discussed by S. J. Brodsky, F. E. Close and J. F. Gunion, SLAC-
PUB-1012 and 973. These papers provide further examples of some of

the calculational techniques used here.

- 13 -



la.
1b.
2a.
2b.
3a.

3b.

FIGURE CAPTIONS

Form factor diagram.

Basic scattering topologies.

Log-log plot of do/dt at 90° vs. s for p-p scattering.

A plot of R(z) at various energies for p-p scattering. Sample errors are shown.

Log-log plot of do/dt at 90° vs. s for T p scattering.

A plot of R™(z) at the three highest available energies for T p scattering.

J(z) is predicted from Eq. 13 to be J(z) = 5

errors are shown.
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