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Hints from existing data suggest that deviations from scaling behavior should appear at
momenta lq I & 20 GeV . We interpret the deviations as due to structure of the hadronic
constituents at 10 ~~ cm and make experimental predictions.

The observed scaling behavior for deep inelas-
tic electron scattering suggests that hadrons may
be composed of pointlike spin-& constituents
(partons) from which the virtual photon scatters
incoherently. ' In configuration space, one says
that the virtual photon is probing the leading
light-cone singularity of the current commuta-
tor. ' The picture seems almost too good to be
true, in that the onset of this presumably asymp-
totic phenomenon occurs for surprisingly small
values of the mass (Q'—= —q') and laboratory ener-
gy (v) of the virtual photon. Nonetheless, it is
tempting to proclaim that we have glimpsed the
elementary, structureless building blocks from
which hadrons are constructed: that nothing re-
mains between us and the light cone.

Here we wish to propose a less exuberant per-
spective on the meaning of scaling: that it repre-

sents the probing of just another lay'er of matter, '
and that hints of the structures to be discovered
in the next layer axe already in evidence. Our
view is old-fashioned, in that it anticipates the
repetition of a story which has occurred in other
areas of physics.

Phenomena very similar to the scaling in elec-
tron-nucleon scattering have been observed pre-
viously in the scattering of electrons from atoms
and from complex nuclei. ' For virtual photons
with Q' s (300 MeV)' individual nucleons in the
nucleus scatter coherently and the resonant level
structures of the nucleus are displayed. But al-
ready at Q' —= (500 MeV')' the coherent excitations
have essentially disappeared and the cross sec-
tion is dominated by incoherent scattering from
individual nucleons and by the quasielastic peak,
which occurs at Q' =-2Mv, with I the proton
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mass. This is in fact similar to the scaling seen
in the electron-nucleon case, except that in the
nuclear case the would-be scaling is violated by
the production of pions and by the nucleon form
factors which vary with Q'. However, we wish
here to concentrate on the essential similarity,
which is that in both cases the virtual photon
scatters incoherently from the constituents of the
target. There are two salient features of the nu-
clear example which we wish to stress:

(a) The onset of incoherence takes place for Q'
less than the square of the mass of the constitu-
ent, and this is perfectly understandable since
the nucleus is a weakly bound system. Incoher-
ence sets in when Q' »1/I. ', where L is the in-
ternucleon spacing, L-1 fm.

(b) The quanta (pions, p mesons) which bind the
nucleons to form the nucleus also give the nucle-
on structure (form factors) which causes the sim-
ple sealing behavior to be violated (and in the nu-
clear case, it happens that it is violated before
it can begin, since by the time Q' is la, rge enough
for the individual nucleons to scatter incoherent-
ly, the electromagnetic current is already prob-
ing within their structure clouds).

Unimaginatively, we suggest that a similar pic-
ture applies to the electron-nucleon case. This
suggests a natural explanation of the early onset
of incoherence, as in (a) above. And, as in (b),
we expect that the quanta (gluons) which bind the
constituents also give them sturcture. However,
unlike the nuclear analogy, scaling does occur in
this case, so we have evidently not yet seen the
form factor of the constituent nor have the gluons
been produced. These facts are accounted for by
asserting that the gluon is very heavy. The mass
of the gluon defines a scale of new physics, where
simple scaling fails and we begin to study the
structure of the constituents of the nucleon. We
would still expect the constituents to have such
structure even if relativistic effects are impor-
tant in the nucleon.

What present hints are there for the "scale" at
which this "new physics" appears '? The proton's
magnetic form factor G„(Q')falls with large Q'
more rapidly' than the dipole shape G„~(Q')= (1
+ Q'/0. 71 GeV') '. This point has been empha-
sized by Massam and Zichichi' for a number of
years. The exact nature of this falloff and the
quantitative behavior of G~ for large Q' cannot be
specified accurately or uniquely because of the
limited data in the observable region Q' & 25
GeV'. However, we extract one conclusion from
the analyses: A fit to G~(Q') over the enfire ex-

is the structure function of the individual constit-
uents, due to their gluon clouds. " Notice that
this factorization (2) is precisely what happens in
the nuclear analogy. The details of this analysis
will be presented elsewhere in a fuller descrip-
tion of this work. "

The second hint as to the scale for "new phys-
ics" comes from deep inelastic electron-photon
scattering data. The experimental separation of
the structure functions W, and W, has actually
been performed for just a small number of data"
points in the interval 1.5 & Q' & 10 GeV'. If we
wish to use these points to test scaling, we are
restricted too small values of &u -=2P q/Q' = 2 and
we find that ~W, (v, Q'} seems to decrease as Q'
increases from 1.5 GeV' to 10 GeV'. If we attri-
bute this effect to a finite constituent size, the
correction multiplies the usual scaling function

vW, (v, Q') —= F,(u;)(I —2Q'/MG'), (4)

and a crude analysis of the data yields 34~'-100

perimental range requires a large mass parame-
ter M~-10 GeV to be introduced. A simple modi-
fication of the dipole formula which fits the data
ls

G„(Q')= (1+Q'/0. 71 GeV') '(1 —Q'/M~'). (1)

It is possible (see below) that the second factor
is an approximation to the familiar resonant form
(1+Q'/MG') ' =1 —Q'/M~' for Q'/M~' «1. The
more detailed analysis of Massam and Zichichi'
based on vector dominance theory with c, p, y
mixing gives M~= 7.7+1.1 GeV. The appearance
of a large mass 34~-10 GeV suggests the possi-
bility of a new large mass scale, or short dis-
tance scale, 1/M~-2x10 "cm, on which quali-
tatively new phenomena will occur.

In bound-state models of the proton the dipole
behavior of the form factor G„emerges naturally
if the constituents are pointlike. ' The large mass
scale appearing in the correction in (1}is then
associated with a, small but finite size, -1/Mq,
for the constituents themselves. Using a solvable
relativistic bound-state model we have verified
that it is possible to factor G„(Q')into two terms
as in (1'). That is, we have shown that one can
write, in the kinematic region M' «Q' «M~',

(2)

where G„~(Q') 1/Q' asymptotically is the dipole
form for pointlike constituents, and, for Q'/M~'
« 1~
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a 50 GeV', as in (1). We have also verified the
factorization property of (4) in a relativistic
bound-state model. '

The trend in the data for ~ =- 2 which we have
interpreted by Eq. (4) has been given an alterna-
tive explanation by Bloom and Gilman, "who ac-
count for it by proposing that the scaling variable
is v'-=++M'/Q'. Since dF, (~)/d&u&0 at &v=2,

their proposal also accounts qualitatively for the
observed decrease of vW, (a =2, Q') as Q' increas-
es. To decide between their interpretation and
ours, it will be sufficient to have accurate S",
—vW, separated data for u &4 (where dE, /dv-0,
so that according to Bloom and Gilman the effect
should disappear) and/or for larger Q' values
(where according to Bloom and Gilman the effect
diminishes, while according to our hypothesis it
becomes more pronounced).

It is then our conjecture that the deviations
from dipole behavior and scaling are measure-
ments of the form factor of the nucleon's constit-
uents. If our interpretation of the already avail-
able data is correct, then two experimental con-
sequences follow immediately. First, as accu-
rate data for the individual structure functions

W, and vR', become available for deep inelastic
lepton-nucleon scattering at larger Q' values, Q'

=20 GeV', deviations from scaling should become
quite apparent according to (4).

Second, the total cross section for electron-
positron annihilation to hadrons (in the one-photon
approximation) should have the form

o(p '+e —y-hadrons) o-q '(1+ 2q'/Ma') (5)

in the kinematic regipn M «q «M~ . Equatipn

(5) shows the most striking consequence of our
speculations: The form factor of the constituent
has a positive slope and therefore, to leading or-
der for small 0 &q'/Ms' «1, the total annihilation
cross section should increase relative to its
Pointlihe behavior ~1/q'. IFC(q')I' appears in (5)
as a modification of pointlike behavior because
the emerging pair of constituents produced by the
electromagnetic current interact via massive
gluon exchange. This interaction has a very
short time scale i, - 1/M~ «1/vq'. Therefore
the produced constituents, which as a result of
their final-state interactions become the observed
final hadrons, do not behave as if free and point-
like. The presence of a q'-independent compo-
nent in (5) should be tested soon by colliding-
beam experiments now in progress or being pre-
pared.

The behavior of the constituent form factor at

q'-M~' is, strictly speaking, outside the frame-
work of the hypothesis which we have so far ad-
vanced. Stated most conservatively, our specula-
tipns fpr M « Iq ~«M& require only that the nu-
cleon constituents have an electromagnetic struc-
ture on the scale of M~

' -0.02 fm, and there
need not even be a particle with mass M~ corre-
sponding to the gluon. However, following Yuka-
wa, we do expect that some such particle should
exist, and if we suppose that this particle is a
vector meson with the quantum numbers of the
photon [or, alternatively, a unitary singlet cou-
pled to the photon via SU(3) breaking] then we
might actually see it as a resonance in Ec(q') at
q'-M~'. On the other hand, if there is no gluon,
or if there is a gluon which does not couple to
the photon (e.g., a scalar gluon) then the behav-
ior of F~(q') for q'-Ma' is a dynamical question
about which we cannot even begin to speculate.

In a completely analogous way the scaling law
predicted" for the process P+P —p, '+ p, +had-
rons on the basis of a pointlike constituent model
is modified by the identical factor as in (5):

where q' is the square of the dimuon mass, s is
the square of the total collision energy, and the
ratio q'/s is finite.

These ideas of constituent structure and mas-
sive gluons have further experimental implica-
tions to which we now turn. The deep inelastic
neutrino cross sections now being explored at the
National Accelerator Laboratory should exhibit
corrections to sealing due to constituent size, in

analogy to the deep inelastic electron scattering.
Moreover, there is an important new feature that
will be probed in these experiments: the behavior
of the cross section and structure functions above
the conjectured threshold for gluon production.
Since energy transfers v as large as several hun-
dred GeV can now be achieved in the lab, hadron-
ic final states of masses Mz' =2M v(1 —Q'/2M v)
& (20 GeV)2 will be produced. Therefore, we can
cross the threshold for producing real gluons of
mass M~-10 GeV, if indeed they do exist. The
salient qualitative feature is the observation of a
nonsealing bump when we cross the production
threshold. Furthermore, this threshold for the
production of the postulated fluons will reveal
whether they are indeed heavy or, instead, weakly
coupled light objects as described in Ref. 10.

Massive gluons, if they exist, will also be pro-
duced in purely hadronic interactions. The natu-
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ral suggestion is to associate the recently ob-
served rise" in total hadron-hadron cross sec-
tions at the CERN intersecting storage rings in
the energy interval s -(30 GeV)'-(55 GeV)' with
the opening of new inelastic gluon production
channels. Similarly the long tail" in the large
transverse momentum distributions for the inclu-
sive particle distribution, which rises sharply
above the extrapolated slope exp( —bP i) for pi
&2.5 GeV, suggests the possibility of production
and eventual decay of a massive particle. Beyond
these crude observations a more detailed hadron
dynamics in the framework of the parton model
(and with lighter gluon masses, -1-2 GeV) is

given in the recent paper by Casher, Nussinov,
and Susskind, "whose preprint arrived after we
completed the work we are here reporting.

Finally we comment that our interpretation of
constituent structures and deviations from scaling
implies modifications of the usual view of the
light-cone singularities of current products. In-
dependent of the ultimate behavior of such prod-
ucts for x„x"-0, it is clear that in the presently
probed region, 1/t)I' =x&x"» 1/Mo', we are not
yet asymptotic. It is natural then to find non-
scale-invariant corrections to the light-cone alge-
bra in this region. " As an example of the sim-
plest behavior, consider the modification

(Z"(x), Z(O)(=—))), '«x'«M '() —2M, &, 2
(V(~)r"&'r"('(0) —('(Ol) "&'w"))(~)]I,

where the factor in curly brackets is the usual
light-cone commutator, "with g the triplet of
quark fields and Q the quark charge matrix.
Evaluating (7) between nucleon states and taking
its Fourier transform, we recover the broken
scaling behavior of (4). We shall discuss else-
where" the consequences of our hypothesis for
current algebra near the light cone and at equal
times.
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