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High-Energy Proton-Proton Scattering and Nucleon Structure:
The Scalar Interaction in 0(4,2)*
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A formula is derived from the simple scalar interaction in the relativistic O(4,2) model of the baryons
that accounts for the high-energy proton-proton scattering at 6xed angle over a cross-section range of eight
decades, with a single over-aQ constant as the parameter. The theory also explains why there is an apparent
relation between the nucleon-nucleon scattering and the electromagnetic form factors. Further implications
and developments of the theory are discussed.

HERE is now a considerable amount of accurate
experimental data on large-momentum-transfer

proton-proton scattering' that shows that the earlier
phenomenological or semiphenomenological fits by
many authors' 9 only give the very qualitative form of
the data over a limited range. Krisch'0 has recently
given a universal empirical curve for the diAerential
cross section with six parameters, but at the expense of
neglecting the interference term which is not explained.

The purpose of this paper is to show that the high-
energy nucleon-nucleon scattering at fixed angle can be
well accounted for in the relativistic theory of composite
structures that uses the representations of the dy-
namical group 0(4,2) for the baryons. "In this theory,
the proton is the ground state of a composite structure
having infinitely many higher excited states. It is the
presence of these excited states that contains indirectly,
via the "wave function" of the system, information on
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with tl„=the tilting angle, g the parameters of the
Lorentz transformation, tanhf= p/8, and M,=l.;s the
generators of the I.orentz transformation. In the center-
of-mass frame,

pr ——m(cosh), 0,0,sinh)), ps m(cosh——$, 0, 0, —sinh$),

p.-=m(cosh), sin8 sinh$, 0,cos8 sinhf),

p4=m(cosh), —sin8 sinh$, 0, —cos8 sinhg); (3)

hence

s= mrs'cosh'$ t= 2wr'sinh'$(1 —cos8),
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the mesonic structure around the nucleon. The theory
has been successfully applied to explain the magnetic
moments, form factors, and mass spectrum, "as well as
partial decay rates" of hadrons.

In previous applications only the vertex function has
been considered. In the present new application of the
theory to scattering processes we adopt the following
simple physical picture: The two nucleons approaching
each other at fixed impact parameter simply transfer
momentum to each other, and their "wave functions"
are coupled via a scalar interaction. We therefore
evaluate the analog of the scalar coupling term gilt t(Pi)
Xf(Pr)lf (Pi)f(Ps) —exchange) in 0(4,2); that is, the
f(p)'s are now the boosted 0(4,2) states. The more gen-
eral current-current interaction will be discussed in a
future publication. More precisely, for two fermions the
scalar-scalar in.teraction amplitude in 0(4,2) has the
following form:

~ =g'{&&sps I
8 IrItpt)&&4p41& In,p,)—exchange}, (1)

where 8 is the interaction operator,
I np) are the "tilted"

and boosted (in that order) physical 0(4,2) states""
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(1=/(0,0,1), $2=)(0, 0, —1),
$2 = $(sln8~0~cos8)1 $4(—s1118, Oi —cos8) .

If we now 6rst take 4 to be simply the identity opera-
tor, we can evaluate the matrix elements in (4). For
this purpose we first make an Euler angle transforma-
tion and take the spin factors out:
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We have then
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For the ground state, 63=8i——6 and the remaining
matrix element in (6) can be evaluatecl as in the previous
form-factor calculations" "

FI/2, 1/2=F 1/2, -1/2=cosh2XD/cosll (2/ D) y

(7)
sinh2IPD ——coshtt sinh-,'xD.

Similarly, we evaluate the second factor in (4) and the
exchange term with the corresponding angles xi, ys, fD
and obtain

(d /«)-" =(g"is)[IF2(8,x ) I'+ IF'(&,x ) I'
Cos(4/1&+1//D ——yD —PD)[F —(t/, XD)F (t/, XII)

+F'(~ XD)*F'(~,X~)j) . (8)

Ke then express all the angles and the matrix elements
Ii in terms of the invariants s, I,, and N. The final result is
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FrG. 1. Proton-proton diBerential elastic cross section at fixed
angle as calculated from Eq. (9) together with experimental points
(Refs. I—5) for two angles Lnormalized at t= —9.11 and at
t = —7.03 iGeV/c}', respectivelyj.

It is clear from our derivation that the di6erential
cross section depends on the fourth power of the form
factor for a scalar vertex:

80 4&ga
(G/44(t) cosh'(-', xD)

dt s(s—4m2)

+Gs4(u) cosh4(2'Xlr)+cross term) . (10)

(1—at)" (1—au)'

s/44122 —ut/(42122)'
(9)

(1—a/)'(1 —au) 4

Now it is a characteristic of the 0(4,2) theory that the
scalar form factor, and the magnetic and the charge
form factors, although quite different in strength, have,
to a good approximation, the same functional depend-
ence of the form

where a= coshett/42/22, and the value of a as determined"
from the experimental form factor is @=1.4.

Figure 1 shows the differential cross section do/dt.
= L41r/(s —42122)]do/dQ plotted against t for two-
angles, 0=90 and 75, together with the experimental
points. A single analytic curve thus fits the experiment
quite well, and we see no reason to invoke a layer
(onion) structure for the proton with a number of differ-

ent empirical radii. "
'4 A. D. Krisch, in Lectures in Theoretical Physics (Gordon 8z

Breach, Science Publishers, inc. , New York, 1967), Vol. 98, p. 1;
M. M. islam and J. Rosen, Phys. Rev. Letters 19, 178 (1967);
19, 1360(K) (1967).

G (t) = 1/(1 —at)', G ~(t)=GII~(t)=1/(1 at)'. (11)—
Thus, the observation that the proton-proton diGer-

ential cross section is related to the electromagnetic
form factors"—which would be only accidental from
the usual point of view, because one is a strong and the
other an electromagnetic interaction —is now explained
in terms of the composite structure. Note also that the

"The relation between da/dt end the electromagnetic form
factor have been given in the quark model by L. Van Hove, in
Symmetry PrinciPles amE Fundamental Partides (W. H. Freeman
and Co., San Francisco, 1967), p. 173. See also T. T. Wu and C.
N. Yang, Phys. Rev. 137$, 708 (1965).



neutron has almost no electric form factor, yet e-p scat-
tering is about the same as p-p scattering.

Ke shouM like to clnphasize that the present simple
theory is valid only at 6xed angle. That means that the
couphng constant gs in Eq. (9) is still a function of tll
angle. We have more elaborate formulas than (9) in-
volving pxopagators in the I and I channels, or involving
DMre gcDcl"al scalar, pseudoscalar~ Rnd vcctox' lntclac-
tlons, %'ith which onc CRQ give R mole detailed 6t, of
thc dRtR. These consldcI'Rtlons, h0%'ever, always bring
Dc% pal alrlctcrs into thc thcoly RQd do not change xn an
essential way the salient feature of the nucleon-nucleon
scattering at high energies given by (9). Our objective

was to point out this feature in a simple way. A further
important point is the immediate applicability of the
present theory to inelastic processes of the form

%'here E, X axe arbitrary Ducleon resonances. These
amplitudes can be evaluated «om Eq (6) by snnpiy
inserting the appropriate higher-spin 0(4i2) state for
[I)—= ~pj's~) and evaluating the matrix elements.
Note that Rll known cxcltcd states Of bRI'yons CRQ bc
accommodated in a single representation of 0(4,2)."
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The suln of thc ~+p and g p forward clastic scattcllng amplitudes at high energies ls studied froIn the
standpoint of coInplcz angujar nloInentum. Experilncntal total cross scctiolls and leal parts, as ~cll as
thc Igi suIn I'ulc, alc used. It ls found that excellent 6ts can bc obtained using either tw'0 Rcggc poles (thcI' and the P ) or a pole and a cut (thc + and tbe PP). Tvro-pole 6ts indicate that the Pomcranchukon
lntclccpt llcs Bl the lntcI'val 0»92+&&(0)+1.00. Prospects for' Unprovlng these bounds with data at higher
energies are investigated.

L, INTRODUCTION

N lnvcstlgRtloD ls IDRdc of the slngUlRrlty struc-
ture ln thc angular-InomentUID plRnc of RIQpll-

tudes for which t-channel exchanges are restricted to
vacuuln quantum QUID4crs. Thc dlscusslon ls fuI'ther'

limited to the point 3=0 (corresponding to forward
elastic scattering). The present work is motivated by a
number of recent theoretical studies, ' ' each of which
has questioned the comInon assumption that thc leading
singularity is a simple pole (called the Pomeranchukon)
with intercept up(0) = 1.This assumption, as well as the
1IDpol"tRQcc of contrlbutlons I'lslng from RngUlRl-Ino-
Inentuln bx'Rnch points, ls stUdlcd phcnonMQologically.
RcccDt cxpcl lmcntRl IDeasurcITlcnts of pion-nucleon
total cross sectloDS Rnd for%'Rrd real pal ts Rt high encx'gy

by Foley 8g cl., to signi6cantly gI'cRtex' accuracy thRQ
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w'Rs previously availablc, are also important stimuli to
this Work.

Thc thcoI'ctlcRl fRcts Rnd ploposRIS thRt bear OD thc
proMCDl are discussed in Sec. II. The assumptions and
hypotheses to be tested in the subsequent phenorncnol-
ogy Rre indicated. It 18 ncccssary to bc rather rcstx'lctlvc,
Rs only a few paraIDctcrs cRQ bc DMRnlngfully dctcl-
mincd floDl thc dRta. In Scc. III %'c discuss thc choice
of experimental data to be used, the degree of our
con6dcncc ln theIQ~ and thc slgn16cance of Rny con-
clusions that numerical analysis might provide. The
numerical Inethods Rnd results are presented in Sec. IV.
Exccllcnt Gts Rlc obtRlncd with a rathel %'ldc lRngc of
expressions. However, we do obtain a lower limit for the
intercept of the leading singularity, which should be
reasonably model-independent. Finally, in Sec. V wc
sUIBIDRrlzc thc conclUsloQs 4Rscd 0D thc pI'cscnt cxpcI'1-
mental and theoretical situation and indicate the
prospects for resolving the rcDlaining ambiguities w'ith

data at higher energies than are presently a,cccssible.

As it is the purpose of this work to study the proper-
tlcs of BIDplitudes hRvlng vacuunl. quantu1Tl DUBlbcrs ln
t4c I channel lt Is important to consider expressions
which do Dot also have contributions from other quan-


