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It is shown that light-cone dominance ideas apply to exclusive processes as well. These
processes must include a photon of large virtual mass, as for example deep pion electro-
production. The method provides for a new general parametrization for amplit~ides in the
Bjorken limit. If correct, it will lend strong support to the ideas of light-cone expansions
of operator products and provide a way to study the structure, at short distances, of the
commutators of electromagnetic currents and strong sources.

The expans1on of operator products mhen their
space-time distance approaches the light cone,
recently suggested by one of us" and others, '
seems to be a, useful tool for analyzing processes
involving high virtual-mass photons. The region
of interest is the one for which both the energy
and the virtual mass of the photon are large with
a fixed ratio betmeen the two. This is the limit
for which Bjorken's suggestion' of the scaling be-
havior in deep inelastic scattering of eleetxons on
protons seems to be mell verified experimental-
ly. ' We shall call this the Bjorken limit.

A possible important use of the light-cone ex-
pRnslons ls thRt 1t pl ovldes fox' R pRl Rmetl 1zatlon
of the amplitudes in the Bjorken limit, in the
same way that Regge behavior controls the pa-
r ametx ization of the high-energy limit of hadron-
ic processes when all external masses are kept
finite. There, the energy dependence is predict-
ed, while the xesidue function is sensitive to the

particular model chosen. %e shall see that here
an analogous result is obta. ined.

Applications of the abave-mentioned expansions
have been proposed for inclusive processes and,
except for the well-known ease of deep inelastic
electron-proton scattering, these tests of the
light-cone expansions involve extra assumptions.
Typically one must assume that the same terms
that axe releva, nt in the Regge limit a,re also dom-
inant here or, if not, one must assume that limit-
ing procedures can be manipulated safely as dis-
cussed in Ref. 2.

Our purpose here is to show that further tests
of the idea can be made for exclusive processes
a.s well, with one or tmo electromagnetic cur-
rents, using certain assumptions about limiting
procedures to be specified below. By exclusive
processes we mean, following Feynman, process-
es lea,ding to a given final sta,te. As shomn below,
the general structure of these processes will pro-
vide for R stringent test of the validity of the op-
erator expansion. The predictions can be tested

in electroproduetion of pions or p's in the deep
inelastic region off hydrogen. Such experiments
are, in fact, being performed at Cornell. ' These
tests are relevant for checking the operator ex-
pansions of one electromagnetic current mith a
source of a. strongly interacting particle. The
moxe difficult experiment in mhich one produces
real photons instead of pions would test the struc-
ture of two electromagnetic currents.

Our result is that for the processes just men-
tionecl (see Fig. l) the invariant amplitudes +;
can be expressed in the Bjorken limit as

A;(v, o', t)- v" f, (~, t),

mhere t is the momentum transfer to the ta.rget,
(Y' is the absolute value of the squa. re of the four-
momentum of the virtual photon (spacelike mo-
menta have a negative square in our metric), v

is the energy of the photon in the laboratory sys-
tem, and u =2Mvjo', where M is the target mass.
The fa,ct that the d; Rre independent of ce Rnd t is
a test of the conjecture that states that the singu-
larities of the operator expa. nsions near the light
cone are c numbers. '

The pomer of our detailed predictions may be
inexeased if further assumptions are made. If
we conjecture that naive dimensionality holds for
the physical operator products, ' as happens to be
the case in deep inelastic electron scattering, we
can predict the values of d;. These may hold for
real photon production since we Rre dealing with

FIG. 1. Kinematics of two-particle final states in
e1ectroproduction.
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two electromagnetic currents. For the case of
pion or p electroproduction the commutator in-
cludes a purely hadronic source. Since it is
known from models that the compositeness of the
hadrons affects the commutator structure, ' it is
by no means obvious that naive dimensionality
should hold in this case as well. Nevertheless
we have computed for these processes the naive

4; so that comparison with the data may be easily
done for this model.

We first illustrate the method by studying the
scattering of scalar photons on scalar isospinless
particles, since the operator structure relevant
to our analysis remains essentially unchanged by
spin and isospin complications. Straightforward
application of the reduction formalism for the re-
action (see Fig. l)

o(k, ) +y(q) - o(k, )+ o(k, )

allows us to write the amplitude as

T —fdxe" '&o(k, )l [j(x), j.(0)]I o(k.)&~( x.-) (2)

where j(x) is the electromagnetic current and j (x) is the source of the scalar field. Factors irrele-
vant to our discussion have been omitted. In the rest frame of the target, choosing the photon momen-
tum in the Z direction, we have

q = (q„o, 0, q, ); k, = (M, 0, o, o); k; = (k;0, o, Ik;Ising;, Ik;I cos0, ) (i = 3, 4).

Let us define

q'=-o', o'&0; ~=2Mv/o', v=k, q/M,

Thus in the limit v- ~, co and t fixed, we have

q, = v+M/&u

s = (q + k, )' = M'-o'+ 2 vM; q, = v.

2M)k, )= [7(7'+4M')]' ', cos9, = (2M'+&u~)/co[~(7+4M')]'~',

and v restricted by

2M2/~ ( [y2 + 4yM2]1/2

The next step is to discuss the matrix element defined in expression (2). On invariance grounds it
follows that the matrix element can depend on x', x-k„x ~ k4, or k, ~ k4. Because of our choice of fixed
7 and cu, all these invariants are independent of v. Hence, all the v dependence has been isolated in
the exponential.

The standard argument can now be applied. The integral picks up contributions from ~x,-z ~

—v and,
barring pathological behavior, from (x, +z~ &&u/M. Hence (x,' —z'~ ~&u/Mv and because of causality [see
Eq. (2)] we have, finally, x'- &u/Mv-0 and hence light-cone dominance.

We can now apply the techniques of operator products expansions near the light cone. ' ' We get

T= fdxe"" (c)xF( xk„x ~ k„7), (4)

where

F (x ~ k „x~ k„~) = ffdn dP g (n, P, 7) exp[i (nk, + Pk, ) ~ x],

c (x) = 0(—x,)[(—x'+ iex, )"—(—x' —i ex,)'].

We can now use the identity

fdx e'""0( x,)[( x'+-iex, )'——(—x' —iex, )'] = c(d)h (k', k, ),
where

c(d) =m2'""I'(d+1)I (d+2), h(a, b) =e "'"[(-a+is) ' '—(-a-ie) " ']+[(a+is) ' '-(a-ie) " '],
and we arrive a.t

T =c(d)ffdndPg(n, P, 7')h($', $,),

(6)
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where

$0 = (q + nk, + Pk4)o = v, $2 = (q + nk, + Pk4)' = 2M v[n + 8(1—&u ')-m 'I.

In (9) we have assumed that only finite n and P contribute to (6).'0 Finally, we get

T- v 'f(+, 7),

where

f(+, T) = (2M) " 'c(d) ffdndpg(n, p, 7)k(n+p(1-(u ')-(u ', 1}.

A similar analysis can be performed for the production process

A, +y-A +A + ~ ~ ~ +A~

shown in Fig. 2. Setting

i; = (k, —k, ) (i = 4, ~ ~ ~, N),

we get

limA(v, a', t„t„~~ ~, t„)= v " 'f(~, t„t„~~ ~, t, ),

(9)

(12)

with the limit taken as v- ~ and o'-~ while f; = const, v = 2M v/o' = const.
We now apply our formalism to the more interesting case of electroproduction of pions from hydro-

gen. We specialize to this final state because it is currently being measured at Cornell, but we can
analyze other systems as well.

Without deriving the results of the kinematical analysis in detail, we quote from Salin" the relevant
formulas. To second order in electromagnetism, the amplitude can be expressed as

Tf, — e(k„k, ~ J„~k,); e„=u(P')y„u(P).

(See again Fig. 1. In this case k, and k, are the proton momenta and k, the pion momentum. ) The spin-
averaged differential cross section has the following expression":

'g' m, 'M' 5'(P +k, P' k, -k, ) d—'P' —d'k, d k,
i2(»)' l(Pk )'-I 'M'I'" (14)

where M and m, are the proton and electron masses and
4

~Tf, ~'= Q L;(q', v, coscp, C)T;(q2, v, 7).

y is the electron scattering angle in the laboratory frame, and 4 is the angle between the plane of the
electrons and the final

warplane.

The expressions for I-; may be found in Ref. 11. It can be checked
that T; are dimensionless (as far as asymptotic dimensions are concerned) so that assuming naive di-
mensionality, our predictions for the Bjorken limit are"

T, (q', v, 7.) = T, (u),. 7.) (i = 1, ~ ~ ~, 4). (16)

The same analysis can be done, for example,
for p electroproduction. We conclude that in the

Bjorken limit, the amplitudes for one-current
exclusive processes have (disregarding logarith-
mic terms) a simple form given by (1). This
suggests a natural way to parametrize the data
obtained from the deep electroproduction experi-
ments now under way at Cornell.

The precise forms needed to fit the data will

provide information on the dimensionality of the
operators involved in the operator expansions.

We thank M. Kugler for discussions.
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FIG. 2. Kinematics of many-particle final states in
electroproduction.
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It is shown that the algebra generated by the space integrals of the fourth components
of the electromagnetic current and the weak-interaction current is that of an SU(2) QU(1)
group. Let K be the generator of this SU(2) group. By requiring the )AK j =1 part of
these current operators, including their respective coupling constants, to form a K =1
triplet, one finds that the semiweak coupling constant g is related to the fine-structure
constant e by (47l) g =~@; therefore, in the absence of radiative corrections, the mass
of the (hypothetical) spin-l, charged intermediate boson is 87.29 GeV.

and

&+z &
u u u

wk ~ wk ~ wk
u -2u +

u

This note is motivated by 'he view that, per-
haps, the electromagnetic interaction and the
weak interaction are of the same origin, and that
the semiweak coupling constant g may, in fact,
be of the same order of magnitude as the elec-
tric charge e. In order to give such an idea a
quantitative basis, let us first examine the alge-
bra generated by the space integrals of the fourth
components of the electromagnetic current 8&&

and the weak interaction current 8„"",in the
absence of any strong interaction currents. As
usual, one may make the decompositions

where j& and J& (a=y or wk) denote, respec-
tively, the lepton current and the hadron current.
The lepton currents are known explicitly in terms
of the charged-lepton field g, and the neutrino
field g„, (f =e and p):

i Z =iE&ki y4ykP&
y='

and

j„""=ipse qi y,y„(l+y,)q„i,
where the symbol j' denotes Hermitian conjuga-
tion.

For the purpose of this note, one may just as
well consider a hypothetical world in which there
is no strong interaction; the only physical ob-
servables in this hypothetical world are assumed
to be simply the electromagnetic and the weak-
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