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An analysis of Pp interactions is made assuming that hadrons are composed of totally absorb-
ing subparticles. If quarks are assumed to be the basic constituents, their mass and radius
are in reasonable agreement with the Drell-Johnson model. If the subparticles are assumed
to be Schwarzschild spheres, the resulting mass and radius agree with Planck's character-
istic mass and length, respectively. Furthermore, the resulting mass density of partons
is of the correct order of magnitude to be gravitationally bound into nucleons.

In recent years composite models of hadrons
have been constructed to explain high-energy phe-
nomena. Such entities as quarks, partons, and
droplets have been proposed as the basic constit-
uents of hadrons. For convenience we shall refer
to partons as any basic subunits of hadronic mat-
ter.

In this paper pp interactions are analyzed, as-
suming such a composite picture in terms of the
impact representation of the optical model. PP in-
teractions are particularly amenable to such a
study because of the apparent pure imaginary scat-
tering amplitude at finite energies' and the absence
of discrete pP resonances. Within this framework
a number of authors have considered pp elastic
scattering in the asymptotic energy limit where
the real part of the amplitude is expected to be
zero. ' Measured differential cross sections ap-
pear to approach this limit with increasing energy.

The partial-wave expansion of the imaginary
part of the scattering amplitude, neglecting spin,
ls given by

oo

f(0) = . g (2l+1)(exp[-o.(k)g((k)]-1j2ik ,

xP, ( co8s),

where the absorption coefficient has been written

as a, product of two factors. Expressions for cross
sections are given by

0, = —
2 21+1 1-exp -0, kg, k (2)

o, =—, (2l+1)(l-exp[-a(k)g, (k)]),
2m

"
p2

(4)

Using (5) one can transform g, (k) -g(b), where
g(b) takes into account the density distribution of
two hadrons which are passing through each other
at impact parameter b and is given by

(~)

ps (pr) is the beam (target) particle hadronic mat-
ter distribution normalized to one parton. The u
and s coordinate axes are in the direction of the
beam particle.

The transformation to the impact-parameter rep-
resentation is usually given by
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It is instructive to consider the special case of
a single pointlike parton incident on a target par-
ticle of radius R. Assuming a uniform distribution
of static partons in the target particle gives

n(k)g (b)= (R'-k')' '/X(k)

(R'-b')'~'
= '"'4.R/3

where

X(k)= inelastic interaction mean free path for
the incident parton traversing the tar-
get particle,

o(k)= inelastic parton-parton cross section,

n= number of partons in target particle.

Thus we can write

o.(k)=so(k},

(R2 b2)1/2

4vR'/2

Generalizing to two identical hadrons of arbitrary
parton distribution we obtain (6) for g(b) and a(k)
= n'&x(k).

In (6) a static parton approximation is made so
that g(b) is energy-independent. This assumption
is justified on the grounds that the electromagnetic
proton form factors

G~(t) "Gs(t)-[u'/(u'-t)]',
with

u'= 0.71 (GeV/c)'

give a good fit to existing data. ' Thus, to the ex-
tent that the distribution of partons is similar to
the distribution of charge, we can take ps= p~
~ exp(-~12 r/r ), where

0.5

r (root-mean-square radius) = 0.8 F.

g(k} can be solved numerically for a given den-
sity distribution. The results of a Monte Carlo
digital computer calculation for a number of den-
sity distributions are shown in Fig. 1. Knowing

g(b) and using (5) one can determine g, (k). One
can then solve for o(k) in both (2} and (3) for mea-
sured values of cr, and g, using Newton's method. '
The results of a computer calculation for PP data
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FIG. 1. Results of a numerical calculation of g(b),
assuming density distributions of r e~ "0 (curve A),
e ""'& (curve B), and e~ "02 (curve C), all with a
root-mean-square radius of 0.8 F.

FIG. 2. (a) A plot of u~ [calculated from (2)] vs u&

[calculated from (3)] using measured values of 0~ and
o., at the same momenta (see Ref. 7). (b) Calculated
values of u, vs Py using mea»~red values of o~ (see Ref.
7). The curve is a best fit of (7) combined with (8).
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n(k) = n'a(k), (7)

where

assuming an exponential density distribution with
r =0.8 F are shown in Fig. 2(a).' (Data in Fig. 2

are from Ref. 7.) The result is in good agreement
with the required condition that o.,=e, .

In this formulation with the density distribution
normalized to one parton we have

n= number of partons which comprise the pro-
ton (antiproton),

o(k) = inelastic parton-parton cross section.

In the picture of two hadrons passing through
each other, an interaction occurs when a beam
parton interacts with a target parton. If we as-
sume that partons are perfectly absorbing or black
spheres of radius a, then
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FIG. 3. Comparison of differential cross section data with (1) and (4) as explained inthetext(seeRef. 8). (a) Datafrom
Ref. 9; (b) data from Ref. 10; (c) and (d) data from Ref. 11.
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v(4) = rr (2g +-
2k

To the extent that partons can be treated as free
particles one can write

(8)

where m equals the parton mass and P and y refer
to the parton ve'ocity, which equals the proton (an-
tiproton) velocity in the c.m. system.

In Fig. 2(b) the calculated values of a, from (3)
are plotted vs Py. The curve is a best fit to (7),
combined with (8), which gives

na=0. 85x10 "cm,
m/n=0. 14x10 "g.

The asymptotic value of n, (k) is 9.05 F'. Figure
2(b) illustrates the approach to this value as a
function of enexgy. If the assumptions leading to
(8) are valid, then one would expect pp cross sec-
tions to approach a constant at increasingly higher
energies.

Using (7) and (8) with the best-fit parameter
from total cross section measurements one can
also calculate differential cross sections with no
additional Parameters. Using (1) and (4), digital
computer calculations were made for a number of
energies; these are compared with experiment in

Fig. 3.8 (Data in Fig. 3 are from Refs. 9-11.)
Note that the slope expands with increasing energy"
and that the dips and maxima are essentially
at the correct -t values. The discrepancy in the
magnitude of do/dt at large fvalues -could be due
to spin effects or a small real part of the scatter-
ing amplitude.

Equations (9) and (10) impose two conditions on
the mass, size, and number of partons. A third
condition must be assumed in order to determine
m, n, and a uniquely.

In the quark model the third condition is that n
=3, which gives a=0.28 F and m=240 MeV. This
is in reasonable agreement with the dynamical quark
model of Drell and Johnson, "which has a quax'k

mass of approximately 300 MeV and a repulsive
interaction between quarks mediated by neutral
vector gluons with a range of approximately 0.2
F 14

The binding energy of a proton made up of n par-
tons of mass m is given by

B. E.=nm-m~„,n.

where G is Newton's constant and c is the velocity
of light. If we speculate that partons have this min-
imum radius, then (9), (10), and (12) give"

a= 1.3 x 10 cm,

m=0.9x10 ' g,
n=0.6x10".

Note that a and m are approximately Planck's
characteristic length [(KG/c')'~'=1. 6x IO "cm]
and mass [(((Ic/G)'~'= 2.2x10 ' g], respectively. "
In this case the binding energy of the proton using
(11) is approximately 3x 10~' QeV.

What force could give rise to such a tremendous
binding energy' The clue may lie in the heavens,
as it did in the formulation of the Bohr atom. Our
picture of -10"partons distributed as e " '& re-
sembles a globular cluster of 10' to 10' stars dis-
playing strong central condensation. Is it possible
that gravitational force which binds globular clus-
ters is also responsible for the tremendous bind-
ing energy required for a proton composed of many
massive partonsl

The gravitational binding energy of a spherically
symmetric body of mass density p is given by

B. E.= "p4wr'dr,GM„
0

where

M„= p 4w r' dr .
0

Thus Eq. (11) gives

5n'm G
proton (13)

quarks unless some mechanism were to prevent it.
Drell and Johnson introduce an effective single-
particle Hartree potential with infinitely rising
walls to accomplish this purpose.

SPeculations on a collaPsed-matter Parton model.
Partons are usually considered to be pointlike or
much smaller than the dimensions of the proton.
If partons are assumed to have mass, then, fxom
the general theory of relativity, there is a mini-
mum radius that can be associated with them, i.e.,
the Schwarzsehild radius given by'

a=, =1.48x10 "m cm (with m in g), (12)
2Gm

c

In this analysis the quark model predicts

B. E.= -220 MeV,

which means that the proton would decay into three
For many massive partons the observed mass
m~„,„ is orders of magnitude smaller than both
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the constituent mass (nm) and the mass defect
(5n'm'G/32r, c'). Hence, setting m „,=0 in (13)
gives

nm= ' =2.0x10" g
C

5G

where r, =(0.6/v12)X10 "cm. Thus, the value of
nm, obtained from pp data assuming collapsed-
matter partons, is of the correct order of magni-
tude for gravitational binding. From Eq. (13) it is
evident that only for extreme mass density is the
mass defect important relative to the constituent
mass. For example, the constituent mass of the
earth is approximately 10' times greater than its
mass defect.

It has previously been suggested that gravitation
is the underlying foundation of the theory of ele-
mentary particles, and, in fact, that particles cor-
responding to Planck's characteristic mass might
actually exist. " This analysis gives impetus to
the idea by suggesting that partons are collapsed
bits of matter corresponding to Planck's character-

istic mass and gravitationally bound together to
form hadrons.

Conclusion. The picture that hadrons are com-
posed of smaller, perfectly absorbing. constituents
is in good agreement with PP data. This analysis
suggests that if quarks are the fundamental sub-
particles of hadrons they are relatively light and
have a non-negligible radius relative to the radius
of hadrons. The speculation that hadrons are grav-
itationally bound "black holes" is an intriguing pos-
sibility which merits further investigation.
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