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I. Introduction

The large cross sections and regularities observed in experiments on inelastic
electron-proton scattering have led to intensive theoretical efforts atteﬁxpting to
understand the origin of the observed behavior of the scattering, particularly the
deep inelastic scattering at high energies and large momentum transfers. In this
talk we will also be discussing deep inelastic electron-nucleon scattering, with
particular attention to the ways in which the behavior of elastic scattering and
nucleon resonance electroproduction are related to the behavior of deep inelastic
scattering. As we will see, there are close and striking connections between the
resonance and deep inelastic behaviors, cénnections between low and high energies
which provide some striking examples of the idea of duality — an idea which had
its origins in considerations of purely strong interaction processes. t

Before discussing duaiity, however, we will first review in the next section
the present s};ate of the available experimental information on inelastic electron-
nucleon scattering. That will put us in a position to discuss the behavior of the
resonances, show the relations to deep inelastic behavior, and genei‘ally discuss
duality as applied to inelastic electron-nucleon scattering. Finally, in the last
part of this talk we will discuss some additional aspects of some theoretical
models proposed so far to explain deep inelastic scattering, as well as some

very interesting open questions on the nature of the hadronic final state.

II. The Experimental Situation and Scaling

Presumably everyone here knows about the famous structure functions W

1
and WZ’ which summarize the results of inelastic scattering of electrons on
nucleons. 1 They are determined from the doublé differential cross section,

2 2_.2 . ’
d"o 4a"E" .28 2 20
d0dET - q4 [ZWI(V ,qz) sin” 3+ WZ(V,q ) cos -2-], (1)

-2




for scattering of the incident electron of energy E through an angle 6 to a smaller
energy E' due to the exchange of a single virtual photon, which has laboratory
energy

v =E-E' (2)
and four-momentum squared

2

[STRSN

q2 = 4EE' sin 3

Through knowledge of v and q2 (from measuring the incident and scattered
electron), the invariant mass W of the final hadrons is fixed by
s=wi=2mp + My-a 4

We can also consider inelastic electron scattering as a collision between the
exchanged virtual photon and the target nucleon. One is then simply studying the
total cross section for the process '+" + nucleon — hadrons, where the hadrons
have an invariant mass W and we are able to vafy the mass of the incident photon
beam (i.e., qz) and its longitudinal and transverse polarization by changing the
electron's angle of scattering and energy. | Through the optical theorem, we are
just studying the imaginary part of the forward amplitude for virtual photon-
nucleon scattering, an object which lends itself easily to application of our
accumulated wisdom on forward hadron-hadron scattering amplitudes. The ampli~-
tudes Wl(v ) qz) and Wz(v ' qz) are then just the imaginary parts Qf the two invari-
ant amplitudes for forward virtual photon-nucleon scattering (averaged over

nucleon spins) and are related by

2
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and (5)
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to the total virtual photon-nucieon cross sections O and og for transversely
and longitudinally polarized photons. The longitudinal total cross section og is
kinematically forced to vanish at q2=0, while Oy at q2=0 is simply the total
photoabsorption cross section into hadrons for real photons.

The first deep inelastic scattering ex:perimen’cs2 not only showed the large,
point-like magnitude of the cross section referred to in the Introduction but also
provided evidence for the scaling behavior proposed by Bjorken. 3 We take
"scaling" as the statement that as v and qz—m , VW, and W1 become nontrivial
functions of the dimensionless ratio w =2MNv /! q2 only, rather than functions of
both v and q2 separately as would be the case a priori. Since scaling is a state-
ment of behavior as v and q2-—>°o , any other dimensionless variable w' such
that w' - w as v and qz—»oo is, in principle, just as suitable for defining scaling
behavior. The experimental data,which only exists at finite values of v and q2,
could scale in some other variable w' sboner in the sense that VW2 and W1
Wouldbbecome independent of q2 (and thus equal to their q2—>oo limiting values)
if they are studied as functions of q2 for fixed w' rather than w.

This is in fact the case for inelastic electron-proton scattering. If we con-
sider data points with W > 2 GeV, so that for the moment we stay away from the

prominent N* resonances, then there is a more rapid approach to scaling be-

havior if we use the variable

|3

2
M
1 W sy
w'—1+—-§—1+ 5 =W+ —5 . (6)
qa q q
Clearly w'— w in the limit v, qz—m considered by Bjorken. 3 While one could

consider the more general form w'=w + mz/qz, a best fit4 for m2 gives a value

of m2 = M?\I +0.1 GeVZ, and we use the value m2 = M§

expression for w' in terms of W2 =g and qz. There is also evidence from a

because of the simple
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new analysis5 of inelastic neutrino-nucleon scattering data that w'=1+ Wz/q2
results in scaling sooner than w does. We shall therefore use ' as the scaling
variable in what follows.

In order to actually test for the presence of scaling behavior in the experi-
mental observations of inelastic electron scattering one must separate the ‘con—
tributions of W, and W, to the double differential cross section in Eq. (1). This
is accomplished experimentally by measuring the scattering at the same value
of v and q2, but at different angles. Separation of W1 and W2 is equivalent,
through Egq. (5), to a knowledge of R= O'S/ Orp> and the value of R obtained by
averaging over the present da’ca4 between w'of 1 and 10 is 0.18 = 0.05. In other
words, the scattering is dominated by transverse photons. 6 There is no indica-
tion of any strong dependence on v, q2 or w'. With R=0.18, Fig. 1 shows sz
and .‘Z.MNW1 as functions of w' for various q2 intervals and W > 2 GeV. Both
vW2 and W1 clearly scale, i.e., are functions of w'to within the accuracy of
the data for w' in the range 1< w'< 10, as long as q2 21 GeV2 and W 2 2 G;eV.7

For inelastic neutrino-nucleon scattering one is not yet able to separate the
(three) different form factors. There is, however, evidence for a consequence
of scaling behavior of the structure functions, namely, the apparent linear rise

of the total cross section with incident neutrino energy. Specifically, the data

from propane g:ive5

G*M._E

o =(0.52 % 0.13 — (M

per nucleon.

An alternate way of looking at the inelastic electron-proton scattering data
is shown in Fig. 2, where the experimentally measured combination8 of total
cross sections a~T+ €og is plotted against q2/ W2 for various hadron masses W.
Also shown is G,zE(qz) + (q2/4M12\I) Gi/l(qz) ‘, the analogue of ot og for W=0.94 GeV,
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i.e., elastic scattering. Notice in particular the slow (like 1/qz) falloff of

Ot €0y when 1/9 < q2/W2 < 1/3 corresponding to the relatively flat part of
sz between w'of 4 and 10 in Fig. 1. But when q2’/W2 becomes large we come
below the knee in v W, and Ot ey falls rapidly, roughly like 1/q6 for fixed W.

From Eq. (5), a 1/q6 behavior for o ,+0 as q‘?‘ —. implies that sz x (Wz/qz) 3.

T 'S
(w'- 1)3 as qz/Wz-—m or w'— 1. The behavior 0'T+o-S « l/q6 as q2—+co at fixed
W is of course just the behavior of the elastic analogue of 0-T+o-S,

G%(qz) + (q2/4M§T) Glzw(qz), at large q2 if we take dipole forms for GEp(qz) and
GM p(qz). We will return to this point later. For now, we would just emphasize
the close similarity in behavior of the cross section for different values of W
when considered as a function of qz/Wz. As noted many times previously, the
deep inelastic (W > 2 GeV) cross section does fall with increasing q2 more slowly

than elastic scattering at the same value of qE, particularly for values of q2 in

the few GreV2 range for which w' is in the range where sz is approximately
constant. But for sufficiently largé values of q2 the cross section for any fixed
W falls rapidly, very much as elastic scattering does already at values of q2 of
a few GeVZ. This would have been realized much sooner if it were not that,
because of scaling, the behavior of elastic scattering for q2 values of a few GeV2
should properly be compared with inelastic scattering at, for example, W=2 GeV
and q2 values in the 10 to 20 GeV2 range!

In contrast to the region near w'=1, for w' > 10 there is presently no data

over a large range of qz, nor is there a separation of W. and W2 to permit a

1
conclusive investigation of possible scaling behavior. If we use the same (small)

value of R=as/o-T found for w' < 10, then the available data with q2 21 G‘reV2 are
consistent with scaling and shovv4 sz decreasing with w'for large w'. From

- the relation of W, and W2 to the total cross sections o, and Ogs OT from a

1 T

-6 -




Regge pole analysis, one expects W, and Wl/w' to behave at large w' as (w'a'l,

where « is the Regge intercept (at t=0) of the relevant exchange in forward vir-
tual photon-nucleon scattering. If this is the Pomeron, corresponding to diffrac-
tive virtual photon-nucleon scattering, then o¢=1 and W, and Wl/ w' ghould be
constant at large w', while they should decrease if "ordinary" exchanges and a
corresponding nondiffractive component of virtual photon-nucleon scattering are
present in the scaling region; From the available data, 4 and assuming scaling
for all w' as long as q2 >1 GeVz, either or both » W, and W, /@' appear to de~
crease by ~20% between their maxima at w'=~6 and w'=~25. This is because
both VWZ and Wl/ w' appear to decrease by ~20% over the above w' range if we
~assume R=0 for w' > 10, and, as the assumed value of R for w' > 10 is increased,
the values of sz obtained from the measﬁred differential cross sections in-
crease, but those of Wl/ w' decrease. Alternately one can consider directly the
values of o, at points where a separation of o, and o_ has been made.4 In

T T S
particular, at q2 =1.5 GeVZ, O is a maximum near w'=4 and falls with increas-
ing energy at least as much as the total photoabsorption cross section does over
the same v or W2 range at q2=0. Thus there is evidence from the large w'

dependence of VWZ and W or O for some nondiffractive component or

1
"ordinary" exchanges in virtual photon-nucleon scattering in the scaling region.
Its exact magnitude, however, is beyond the ability of the energy dependence of
the present data at large w'to reveal. In particular, even assuming scaling, one
cannot show if VW2 and Wl/ w! have already reached their asymptotic values or
continue to fall as w'—ew,

A more direct piece of evidence for the presence of an visospin dependent;

and therefore nondiffractive component of the amplitude is the observation of a

difference between inelastic scattering from protons and neutrons. Neglecting

-7-<




possible deuterium corrections, 9 the data indica’ce4 neutron inelastic cross
sections that are definitely smaller than the proton cross sections over a large
kinematic range. In particular, assuming the same value of R=0'S/0'T for the
neutron and proton, then uWZn/ v sz is smaller than unity at leas‘t for w'< 6,
and vWZn scales within the accuracy of the data. The quantity szp - szﬁ is

a maximum near w'=4, at which point VWZp -r Wy, 0.1 and szn/vwzpz 2/3.
While the neutrino data may also suggest that the scattering of neutrinos on neu-
trons and protons is also different, 5 the electron data is the most direct and
conclusive evidence for an isospin dependent, nondiffractive component of the
virtual photon-nucleon amplitude in the scaling region.

From the above discussion of the results of the present inelastic electron
scattering experiments it is clear that the existing Single arm experiments are
rather complete. Aside from refinements on existing measurements and filling
in some accessible but unexplored regions between existing measurements at
presently available beam energies, the next step experimentally is to investigate
the nature of the hadronic final state. In fact we already have preliminary results
from Cornell10 on rho electropfoduction, which indicate that the rho plus nucleon
final state forms a decreased percentage of the total hadrons produced as q2 in-
creases from zero to ~1 GeVz. Experiments have also been performed at CEA
and DESY11 on forward 7" and proton electroproduction, and several other elec-
tron or muon experiments with observation of the final hadrons are planned at
DESY, Cornell, SLAC, and NAL. Up to now our only view of the entire (charged)
hadronic final state comes from a few hundred neutrino produced events in a
heavy liquid bubble chamber. 5 This very interesting subject is in its infancy
both experimentally and theoretically, and we shall return to it again in the last

section of this talk.




III. Resonance Behavior and Duality in Deep Inelastic Scattering

We are all familiar with the correlation in purely hadronic amplitudes be-
tween the presence and properties of low energy s-channel resonances and the
presence and properties of "ordinary" (non-Pomeron) t-channel exchanges at
high energies. This correlation of resonances and "ordinary" exchanges is part
of the "two component’ pir.ﬂ:ure12 of duality for two-body amplitudes in which
Pomeron exchange or diffraction scattering at high energies is connected to
(or, is "dual'' to) the low energy 'background", while the exchange of "ordinary"
trajectories is connected to the low energy resona.nceé. This connection is made
quantitative through the use of finite energy sum rules 13 which relate integrals
over the imaginary part of the amplitude at low energies to the properties of
the high energy amplitudes. 14

Since we have seen that experimental evidence for a nondiffractive compo-
nent of the forward virtual photon-nucleon amplitudes exists, we expect that low
energy resonance electroproduction will have a behavior which is correlated with
that of the deep inelastic scattering. 15 To examine this question, we have plotted

in Figs. 3-7 the function sz at various values of q2 between 1 and 3 GeVz,

obtained16 by interpolating the published 6° and“10° data17 up to a hadron mass,
W, of 3 GeV. The solid line, which is the same in all cases, is a fitl8 to all
data with W 2 2 GeV and q2 21 GeVz, Where scaling is observed to hold in w'.
We shall use the term ''scaling-limit-curve' to refer to this smooth fit to the
data in the region of scaling behavior. Above W=2 GeV, where there are no
prominent resonances, the interpolated values of sz at fixed q2 agree with the
scaling-limit-curve, sz(w') , as they should.

From the figures we can distinctly see the prominent N* resonances for

values of qz where vW, scales for W > 2 GeV. A given resonance (including
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the elastic peak), occurs at wé—-— 1+ M%/q2 and moves toward w'=1 as q2 ‘in..
creases. The prominent resonances do not disappear with increasing q2 relative
to a "background" under them. (Note that for values of q2 beyond about 3 GeV2
the present data in the low W region is not of sufficient quality statistically to
reveal whether the prominent resonances are still there.) Instead, the promi-
nent resonance bumps roughly remain of the same magnitude relative to "back-
ground' and follow in magnitude the height of the scaling-limit-curve at the
corresponding value of w'. This can be seen more clearly in Figs. 8-10, where
the heigh’cs19 of the N*(1238), N*(1520), and N*(1688) nucleon resonance bumps
in qu divided by sz( wi,{) (where wh: 1+ Mi{/q2 corresponds to the given

" resonance and value of q2 measured in the 6° and 10° inelastic scattering experi-
ments) are plotted versus qz. Clearly, the ratio of height of the resonance bump
to the magnitude of the scaling-limit-curve at the same point in w' remains
roughly constant as q2 changes from 1 to 3 GeVz.

Thus at least the prominent resonances have a behavior which is strongly
correlated with the behavior of sz in the region of scaling behavidr. In addi-
tion a recent analysiszo of 1R=crs/o-T for W < 2 GeV shows the same small value
(consistent with zero) that is found in the scaling region <;f deep inelastic scat-
tering. Althbugh we cannot determine what the many broad, low spin, N* reso-
nances that we know exist from 7N phase shifts are doing without a detailed
partial wave analysis of the hadronic final state, the behavior of the prominent
N* resonances that we can see and separate give us the clue as to what is happen-
ing. 15 In the duality framework we say that the nucleon and other N* resonances
at low energy éorrespond to the presence of non-Pomeron exchanges at high
energy, which will result in a falling o, or sz(w') curve at high energies and

T
a difference between neutron and proton inelastic scattering.
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What is unique fo studying duality in electroproduction is the experimentally
observed scaling behavior. This allows us to consider data at fixed values of w'
but different values of q2 and Wz, both within and outside the region where
prominent resonance bumps exist. Thus we can compare data where there are
prominent resonances directly with data for sz(w‘) at large q2 and W2 where.
nature has accomplished the appropriate averaging of the many broad resonances
and background or t-channel exchanges present there. Thus, without any inter-
polation from high to low energies using a theory or model, one can see in
Figs. 3-7 the clear oscillations of sz in the low W region about the scaling-
limit-curve, which represents either the average of many resonances and back-
ground or t-channel exchanges at large Ww.

In spite of warnings to the contrary, some have been confused by the use of
w' rather than w in the analysis given above and in Ref. 15 into thinking that the
conclusions depend on using w' rather than w. But neither the decrease of VW2
or o, at high energies, nor the difference between neutron and proton elastic
scattering or N* electroproduction and the similar difference between neutron
and proton inelastic scattering, nor the small value of R measured in both the
resonance region and deep inelastic scattering, nor the presence of prominent
resonance bumps in sz for values of q2 where scaling holds above W=2 GeV,
nor even the semi-quantitative correlgtion between the height of the prominent
resonance bumps and the magnitude of the scaling-limit-curve depend on using
w'. All of these important aspects of the physics which are basic to our argu-
ments can be seen when we look at the data when plotted with respect to other
variables like w. In some ways the. particular choice of variable is similar to the
situation in the choice of Vigb OF 8 in extrapolating high energy fits or models of

pion-nucleon charge exchange into the low energy region. While extrapolation
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with some variables results in better averaging of the resonance region, the
essential physics, which was the impetus for much of the original thinking about
duality, does not change, e.g., the correlation between zeroes in the a,tigular
distributions of the prominent resonances and the zeroes at fixed t in the high
energy spin flip and spin nonflip amplitudes. 13 Similarly in electroproduction,
the essential physics does not depend on w'.

That is not to say thét w' does not have advantages. First, as we saw in the
last section, scaling occurs earlier in w'. Second, if W, is considered as a
function of w, the nucleon pole term in sz, cofrespbnding to elastic scattering,
always occurs at w=1. All the other resonances are at values of w > 1 and move
toward w=1 as q2 increases. Using w'=1+W2/q2, however, the nucleon and all
other resonances occur at values of @' >1. The nucleon is then not treated in a
special way. As we will see shortly, this allows one to understand in an alter-
nate way the connection found pi*eviously between the behavior of the elastic form
factors and of VWZ as w'—1. Third, the use of w' allows a much more local
averaging of the region below W=2 GeV where there are prominent resonances.
In short, while the use of w' does not affect the basic arguments, it does direct
one's attention to certain aspects of the physics and make what is happening
rather clear even to a cursory viewer.

As mentioned previously, our qualitative discussion of duality can be made
quantitative in terms of finite energy sum rules. If q2 and Vmax 2¥€ in a region
where sz scales, then by a derivation closely paralleling that of the usual finite

energy sum rules, 13 we fi.nd15’ 16

2
ZMN Ymax 1+anax/q
5 dy VWZ(V,qz) =/ dw' VWz(w') (8)
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where len =2M,.v +M§T—q2 is chosen above the region of prominent reso-

ax N max
nances. Equation (8) states that for v < Y max’ VWz(w') acts as a smooth

average function for VWZ(V ,qz) in the sense of finite energy sum rules.

The validity of the sum rule in Eq. (8) can be tested by using interpolations
to fixed qz, such as in Figs. 3-7 on the left-hand side and the scaling-limit-curve,
sz(w'), on the right-hand side. Using Wmax=2' 0 and 2.5 GeV, and values of
q2 between 1 and 4.5 GeVz, one finds that the agreement of the two sides is to
10% or better over the whole ‘range of qz, while each side is separately changing
by over an order of magnitude. 16 Considering the stétistical as well as syste-

matic errors present in both the data and the interpolation to fixed q2, the agree~

‘ment is extremely good. Furthermore, the prominent resonances and elastic

peak are a significant part of the agreement of the two sides of Eq. (8); their
removal from the left-hand side would destroy it. _
The success of the sum rule, the apparently almost resonance by resonance
averaging seen in Figs. 3-7, and the behavior of the prominent resonances in
"following " PWy(w ", leads us to ask what must be the behavior in q2 of a given
hadronic final state of mass W, if it is to participate in the scaling behavior of
vWZ.' It is rather simple to show'? that if G(qz) is the excitation form factor
of the hadronic final state of mass W and

&) — (/A2 ©)

g —oo
while » W, can be parameterized by

— (' -1P (10)
w!'—1

sz

then the coexistence of the two behaviors demands that

n=p+1. (1)
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If we apply this in the low energy region to a given resonance of mass MR’ then
all resonances which follow sz(w') in magnitude (as we have seen the prominent
N* resonances do) must have the same power of falloff in q2 as q2 — oo, and this
power is related to the power with which VWZ rises at threshold. Presumably
this includes the elastic peak, or zeroeth resonance, which has n ~ 4. That the
resonance excitation form factors all have a behavior at large q2 which is similar
to the behavior of the elastic form factors is well known. 2,4 Further, we saw
in Section II that p =~ 3, so that Eq. (11) is also at least approximately satisfied.
Equation (11) for the case of the elastic peak is just the relation of Drell and
Yemz1 first found in an enfiirely different way in the parton model.

All these successes of attempts to i'elate the resonance region to scaling and
deep inelastic scattering suggest that the finite energy sum rule average in
Eq. (8) can actually be made over é, much more local region of W. In particular,
the possibility that the scaling behavior is reflected in the behavior of the reso-
nances on an almost resonance-by-resonance basis leads us to try using Eq. (8)
over very small fegions of W of order a few hundred MeV. While we generally
have no detailed partial wave decomposition of inelastic scattering so that we
could study each of the resonances present in a given W range, there is one place
where we know exactly what resoné.nces are present — namely, at the elastic ‘peak in
VWZ. It is then interesting to carry the assumption of local duality to an extreme
and assume that the area (in the sense of the left-hand side of Eq. (8)) under the
elastic peak in vWZ for large q2 is also the same as the area (in the sense of the
right-hand side of Eq. (8)) under the scaling-limit-curve between w'=1 and a value

of w' corresponding to a hadron mass Wt around physical pion threshold. Taking
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the derivative with respect to q2 of both sides of the resulting equation gives

_ ty_(_1 2.d 2 2
vW, \w'=1+ — "(w'-1> <—q dqz G (q )> s (12)

where

) = ; (19

Thus, given some very strong assumptions, Eq. (12) allows us to caleculate
VWz(w') in terms of the elastic form factors once we have chosen Wt‘ Given
Wt’ we would presumably only expect such strong assumptions to work when the
elastic peak is pushed into the threshold region of sz(w'), i.e., when
q2 > 1 GeV2 and w'- 1=Wf/q2 «<1.

However, independent of what value we choose for W,, a number of semi-
quantitative results follow. First of all we again obtain the Drell-Yan relation21
between the behavior of G(qz) at large qz and sz near w'=1, as one can easily

convince oneself from Eq. (12). Next, by comparing Eq. (12) for neutrons and

protons that near w'=1 we obtain

\ 2
2 d
vW 4 3 [Gn(qz)]
Zn _ dq | > /p) 2 =0.47 (14)
"Wop 2 d 2 ooy Mt

-q :i? [Gp(qz)]

This is in agreement with at least the trend of the available da.ta‘L (which extends
downto w'=~1.7), but only experiments at smaller values of w' can verify the

truth of Eq. (14). In addition, if we apply the same assumptions of elastic
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dominance in a finite energy sum rule for Wl’ then we obtain

R=o /o, —>0 , (15)
w'—1

which is again quite consistent with our experimental knowledge. 4

The actual result16 of computing v W o from the measured proton elastic

2
form factors and Eq. (12) is shown in Fig. 11 for Wt= 1.08 and 1.23 GeV, to-
gether with the large angle data points4 near w'=1, While we obtain the correct |
shape for w'< 1.5 in either case, one must go to a value of Wt ~1.23 GeV to
obtain a calculated curve which passes thfough the data in this region. Stated
another way, the elastic contribution to the left-hand side of Eq. (12) equals the
area under sz(w') from w'=1 all the way up to an w' which corresponds to a
hadron mass juét below the first resonance. We are actually hampered here by
our lack of knowledge of GEp(qz) at large qz. While GMp(qz) dominates Eq. (12)
as qz——»oo or w'—1, changing the form of GE p(q‘?') for values of q2 beyond the
presently explored region can make nonnegligible changes in the calculated
sz(w . This is even more true of GEn(qz), for which we have no knowledge
at large qz. So, strangely enough, the calculation of the inelastic structure
functions through Eq. (12) runs into difficulties because of lack of knowledge of
elastic scattering! It will clearly be quite interesting to have data on heutron
elastic and resonance excitation form factors for q2 21 GeVz to compare with
the deep inelastic electron-neutron data near w'=1., We may yet find ourselves
in the embarrassing position of having the predictions of Egs. (14) and (15)
found to be true experimentally at values of w'away from 1 where the

elastic forrﬁ factors and Eq. (12) predict deviations from the asymptotic (w'— 1)

behavior.
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In summary, the correlations between elastic scattering, resonance electro-
production and the scaling behavior of deep inelastic scattering are very close.
Besides the striking qualitative connections,some of which can be seen in
Figs. 3-10, there are quantitative connections through finite energy sum rules
which are satisfied to within the errors in the existing data. Even the very
extreme assumption of averaging over only the elastic delta function leads to at -
least qualitatively the correct behavior and shape'of the scaling-limit-curve
near w'=1. Taken all together, this represents one of the most striking examples
of the many connections that exist between low and high energy behavior and of

the general ideas of duality.

IV. Some Open Questions and Comments

The arguments in the last sections and experiment show that there is a sub-
stantial nondiffractive component present in virtual photon-nucleon scattering in
the scaling region. Our arguments or experiment, however, do not rule out the
presence of some diffractive (or Pomeron exchange) cor;lponent, particularly
at large w'. From the success of the relations between the elastic and resonance
form factors and VWZ(w') near w'=1, as We’lll as from the measurements of
inelastic electron-nucleon scattering in the same region, it seems that there is
little or no diffractive component near w'=1. Fuﬁher, from the size of the
prominent resonance bumps which we can see at q2 ~] GreV2 we estimate using
the connection of resonances to non-Pomeron exchanges and that the resonances
are to be added to the '"background", that at least a quarter of sz at w'=5 or 6
(where VWZ =~ (.33) is due to the nondiffractive component. We thus expect sz

to decrease at least to ~ 0.25 at very large w', but cannot demonstrate that the

drop will be more than this.
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There are, however, a number of theoretical reasons to expect an even
larger nondiffractive component and a correspondingly greater drop with in-
creasing w'. First, if there is an isospin one exchange in the t-channel of
virtual photon-nucleon scattering, as the observed difference in neutron and
proton scattering implies exists, then one expects a corresponding isospin zero,
non-Pomeron, exchange also. In Regge pole langtiage, if A2 exchange is present,
then its SU(3) partner the P' or f also should be there if allowed by quantum
numbers. In fact, from forward meson-baryon scattering;22 or from a quark-
parton model of inelastic scattering one expects the P' to make a contribution
to forward virtual photon-proton scattering which is roughly twice that of the
AZ‘ Second, if we demand that certain sum rules be valid, then much more
than 25% of qu must be associated with non-Pomeron exchanges.23 The rele-

4

vant sum rules here include the Gottfried sum rule2 and that of Cornwall,

Corrigan and Norton, 25 as well as combinations of these with other sum rules. 26
Third, since there are presumably many other resonances present that cannot
be seen as bumps in sz at q2 =1 GeVz, our estimate of 25% for the non-
diffractive part is certainly an underestimate, perhaps by a factor of two or
better at w'=5 or 6.

All these theoretical i'a.rg'uments" point toward W, falling to ~0.15 or
less as w'— o, and they imply that at w'=5 or 6, half or more of the magnitude
of qu is to be associated with the nondiffractive, non-Pomeron exchange part
of the amplitude. If this is true, and I emphasize that it has not been prdven,
then deep inelastic scattering is qualitatively different26 at the maximum in VWZ

near w'= 6 from elastic hadron-hadron scattering at say v. . =6 GeV where non-

lab
Pomeron exchanges are only 20 to 30% of the Pomeron exchange part of the

forward amplitude. If for example the non-Pomeron and Pomeron exchange

- 18 -




parts of sz are equal at w'=~ 6 then one may have to go to values of w' between
50 and 100 to find oneself in the same situation as in elastic hadron-hadron
scattering at a few GeV'! |

Among other things this could well mean that trying to fit VWZ(w') to one
or two Regge terms starting at w' — 5 may be a very dangerous business.
Asymptotia may be far away and Regge behavior, in the sense of a description
in terms of a few trajectories, may start at much larger values of w'. This
might also imply difficulties for attempts to relate the structure functions in the
scaling region to the real (q2=0) photon-nucleon total cross section. 21 While 1
do not feel that these attempts have been entirely successful quantitatively up
to now in any case, é, large difference between the raﬁo of non-Pomeron to
Pomeron parts of the amplitude at q2=0 and in the deep inelastic region could
provide an insurmountable obstacle to their success. |

Even in the absence of a definitive settlement of the question of how big the
diffractive part of the amplitudé for dbeep inelastic scattering actually is, a
number of authors have tried to construct models of electroproduction where the
hadronic final state is entirely a sum of r.esonances.28 Naturally, many of these
attempts have been within the framework of the Veneziano model. Up to now,
all such attempts have been affected by at least one of two diseaseszgz either
they have bad asymptotic behavior in v or q2 (e.g., Gaussian form factors, no
scaling behavior, violation of current algebra constraints) or they lack factori-
zation of the resonance couplings, which should be a basic property of any modei
based on resonances. In addition most of the models which agree with some
aspect of experiment involve at least as many ad hoc assumptions or parameters
as there are results obtained. Even so, such models often provide theoretical

laboratories for examining certain questions and for showing the consistency of

- 19 -




one kind of behavior with another. In particular, such models do show very
explicitly the compatibility of a model world built entirely of resonances with
the existeﬁce of scaling behavior and with the observed shape of v'Wz(w').

The beginnings of experimental observations of the hadronic final state in
deep inelastic scattering make it an opportune time to discuss bi'iefiy where
experiment and theory stand with respect to the quantum numbers and distribu-
tions of the produced hadrons .30There are already some restrictions from existing
experiments on possible theories. For example, up to qz ~]1 GeV2 the completed

10 Al 11 e e . -
CEA™" and DESY, ~ as well as the inelastic neutrino

experiments at Cornell,
events in the CERN heavy liquid bubble chamber, 9 already make it fairly clear
that the final state is made up largely of pions and nucleons. 31 For W< 2 GeV,
this is also implied by the promment N* resonance bumps (whose decay modes
are known) that can be seen in the single arm experiments. Also if the trend of
the CEA data11 continues to higher q2 and v, then the nucleon is not a '"leading"
particle along the direction of the incident virtual photon, i.e., as in photopro-
duction, the nucleon in the final state does not tend to go with large momentum
along the direction of the photon's three-momentum. The 'leading' particles
along the photon's direction will then have to be pions, as in photoproduction.

In short, the little bits of experimental evidence we now have point toward
the final state hadrons in electroproduction at q2 ~1 GeVz, where scaling be~
havior has already set in, not being wildly different from the final hadrons in
photoproduction. If this statement holds up under the much more detailed experi-
mental tests at larger q2 and W2 to which it will soon be subjected, we can
already rule out a number of theories — examples are those theories which con-
sider the nucleon or other baryons to be "partons' which wo_uld then be found in

the final state moving along the incident photon's direction, those which predict
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large numbers of baryo_n—anti—baryon pairs in the final state, those which predict
a large perqentage of strange particles, etc.

More generally it would seem that the most naive versions of the parton
model as applied to electroproduction also have serious difficulties if the
"eading' final hadrons in electroproduction are similar to those in photopro-
duction, i.e., are mostly pions. This is because the measured value of
R= o-S/o-T suggests spin 1/2 partons, and because the sum rules for the sum of
the parton charges squared and for the mean squared charge give small values
for these quantities.4 Both these facts would argue against the spin zero, in-
tegrally charged pion being a parton. In other words, what is needed in the
naive parton models for interacting inside the nucleon with the incident virtual
photon is not the same as what it seems is likely to be observed outside in the
final state travelling along the direction of the incident photon. While one can
always claim final state interactions change the naive partons to the final state
hadrons, this makes it difficult to make unambiguous predictions for the final
state hadrons.

The real question still remaining is how are the pions and nucleons dis-
tributed in the final state and what, if any, are the differences with photopro-
duction. Does, for example, the cross section for the diffractively produced
rho and nucleon final state disappear relative to the overall total cross section
at large qz, as the Cornell expei'iments 10 suggest it might? Is the multiplicity
changing with q2 (fixed W) 2 Is the charged multiplicity anything like in photo-
production where it is quite consistent with a logarithmic increase with incident
momentum up to 10 GeV at which point the average charged multiplicity in 4p

Taby

interactions is nearly four?

-21 -




Without answering these questions, let us at least divide the proposed theories
into two classes. 2 In the first class are those theories which predict a finite
average multiplicity, n, in the Bjorken limit of v and qz—»co , but w or (w" fixed.
In this case scaling is directly reflected in the hadron multiplicity and at least
one particular multiplicity must also be finite in the Bjorken limit (barring un-
damped oscillations). Included in this class are the multiperipheral models33
which exhibit scaling and where n « fnw, as well as some models where particular

32,34

channels exhibit scaling. The second class is where the average multiplicity

‘of final hadrons is infinite in the Bjorken limit. cluded here are models as

different as those which say the multiplicity is some increasing function of v
or Wz, e.g.,n« !anz, but does not depend on qz, and some recent Work35 on the
predictions of the idea of limiting fragmentation which predicts that 1 increases
with q2 at fixed W.

While I would guess that the models in the first class will be shown to be
wrong experimentally (Will for example, a final étate with W=3 GeV and
q2 =1 G‘reV2 really have the same multiplicity as one with W=9 GeV and
q2 =9 GGVZ ?), I suspect that those mentioned above in the second class are also
wrong. In particular, the increase in the photon's three-momentum as q2 in-
creases at fixed W leads one to expect excitation of different partial waves as

q2 changes at fixed W. Everything may not be as in photoproduction. Hopefully

there are still some surprises waiting for us.
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10.

11.

FIGURE CAPTIONS

The functions W, and VW2 plotted versus w'= 1+W2/q2 for W > 2 GeV and

1
various ranges of q2 assuming R = a'S/o-T = 0,18,

Measured va;lues4 of O + eo-s for various final hadron masses, W, plotted
versus q2/W2. The solid line is Gip(qz) + (q2/ 4M12\I) G%,Ip(qz), the elastic
analogue of OOy under the assumption of dipole form factors. Values

for the N*(1520) cross section are taken from the thesis of M. Breidenbach. 19
The function szp(v , qz) plotted versus ' =__1 + W2/q2 from an in;;erpolation
of data to a fixed g2 value of 1.0 GeVZ. The solid line is the scaling-limit-
curve, qu(w'), a smooth fit18 to the data in the scaling region where

q2 21 GeVz, W 2 2 GeV. The arrow indicates the position of the elastic

peak.

Same as Fig. 3, but for q2 =1.5 GeVz.
Same as Fig. 4, but for q2 =2.0 GeVz.
Same as Fig. 5, but for q2 = 2.5 GeVz.
Same as Fig. 6, but for q2 = 3.0 GeVz.

The ratio of the height of the N*(1238) bump in ¥ W, to the value of the scaling-

2
limit-curve, sz(w’), at the corresponding value of w'=1+ Mlz\r,k/q2 for values
of q2 between 1.0 and 3.0 GeVz. Values for the height of the resonance bump

are taken from fits to the 6° and 10° inelastic spectra by M. Breidenbach. 19
The values of v Wo(w "} are from G. Miller. 18
Same as Fig. 8, but for the N*(1520).

Same as Fig. 9, but for the N*(1688).

t
the measured proton elastic form factors. The data points are from the

Computed values of szp(w') for W, =1.08 and 1.23 GeV using Eq. (12) and

large angle experiments,4 plotted assuming R=0.18.

- 27 -



- 04 |

03 ~

0.2

ol r

I R=0.18

W:2 GeV

+ |sq252

L x 2<q254

o 4<q25 8
& 8<q2sl2

o |2<q2

4

] { i ! I} ]
3 4 5 678910
w = (W2+q2) /q?

Fig. 1

20



1000

L T T 1T 1T 177171 I 1 1T 1T TTT i T T T T T 17 1—
- ) ]
- 62+-—-62 (x10%) 1
- 4M i
g %
IOO j__ K .__:
E + ‘e E
o Q i
i ° ™ \\‘& e * 7
S B Q\\ \\‘l * * _
2 LN %
7 N
8 10 /g2 &:\ll’ * s gu
+ _ " ]
[ — . ‘
b - | | ]
I SRR I
5 ? 4 \\
r x N¥(1520) (x2) §
- e W=2.0 GeV b -
- L W=30 GV Voo
i o W=4.0 GeV / 7
i 1/q° * -
O.l ! i | S 1 I I l i H | IS T I i | ‘ I 1 Lt Lil
0.0l Ol |

||||||




Fig. 3




0.5

04

03

02

Ol

R=0.15

50 60 7.0

Fig. 4




R=0.15

Fig. 5



O | R=0.15

5.0 60 70 8.0 20 100

Fig. 6



=30 R=0.15

50 60 70 80 90 100

Fig. 7



I I I _ _ I 1 I _
| O
L & o =
5 N3
) |
N
= S i
*
< QN
4 Q o
- NS oo
8 2
| - QN |
. O
PN
- | 4 9
_ _ _ _ _ _ | _ o
o o © © v T M N = O
= O O S O o © O o

[
N
O
(2% 3 +1=m) 2/




N*uszo)

20

G2(GeV/c)?
Fig. 9

3.0

1.0




N*(1688)

30

20

1O

o
S 2
[¢D
O
~— Ll
aJ

O




0.0

R=0.8

W;=108 GeV

0.010

Wy=1.23 GeV

1 | l ‘l 1 L1 11
or o2 04 06 0810

Y
J -~ I 1788C15

0.00|

Fig. 11




