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Abstract

We investigate in a fully covariant manner the electro-
magnetic(EM) and axial form factors(FFs) of the nucleon and
EMFF of the pion, assuming that the current interaction with
the hadéon is mediated through a point-like coupling with
(anti-)quarks which constitute the hadron. First we express
FFs in terms of invariant amplitudes which describe the
hadron off-shell quark scattering. Next we relate the asymp-
totic behaviour of FFs to the behaviour of the above mentioned
amplitudes in the Regge limit, using the fundamental assumption
of the parton model. Based on the obtained relations, we discuss
the Regge trajectory functions, especially, their zero intercepts.
Furthermore we make speculations on, for example, possible

relations between FFs and their dependence on Q2.



§‘l. Introduction

It has become clear that the parton models properly express
the processes in which the space-like photon takes part.l) Upon
these results we investigate, in this paper, elect?éﬁégnetic(EM)
and axial form factors(FFs) of the nucleon and EMFF of the pion,
especially, their asymptotic behaviour and possible relations
between them. Until now, there are several papersz)’3)’4)in which
FFs of the nucleon have been treated in the framework of the
parton models,. However, in these papers, only Fl(one of the EMFFs
of the nucleon) has been treated and/or FFs have been calculated
either in a non-covariant way or neglecting the spin of quarks*)
or essencially on the on-shell approximation for guarks. In this
paper we calculate the FFs in the covariant manner)without using
the assumption of the validity of the on-shell approximation
for guarks and relate them to the (anti-)quark nucleo;:gzzllering
amplitudes.

In the next section we express the EMFFs of the nucleon in
terms of the invariant amplitudes which describe the off-shell
guark scattering off the nucleon. In §3, we investigate the asymp-

5) of the

totic behaviour of FFs, using the fundamental assumption
parton model that the invariant amplitudes (which are introduced

in §2) tend rapidly to zero, as the moduli of the invariant mass
squares of the quarks increase. We relate, assuming the Regge
behaviour for the guark nucleon scattering amplitudes, the asymptotic
damping power of FFs to the Regge trajectory. In § 4, we discuss

the results obtained in.§3, and make further speculations, keeping

in mind the correspondence between our results and those of the

*) A guark parton will be expressed simply as a quark.
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parton model of Feynman. In the Appendix A, we exXpress the
axial FFs of the nucleon in the invariant amplitudes. In the
Appendix B, we describe the EMFF of the pion in the off-shell
gquark pion scattering amplitudes. In the Appendix C, we give the

"on-shell" quark nucleon scattering amplitudes in terms of the

invariant amplitudes introduced in §'2.

§'2. Electro-magnetic form factors of nucleon

In this section we express the EMFFs of the nucleon in terms
of the invariant amplitudes describing the off-shell quark nucleon
scattering. We give the formulation on the axial FFs of the

nucleon and the EMFF of the pion in the Appendices A and B, respectively.

density *)
We assume that the EM current/,iM(x), is expressed as
. _ } - ; .
]/A(X)—%eiz['ﬁlfi(x), Ly (1)

where the suffix i specifies the kind of gquarks, e, the charge
of the quark i in the unit of the proton charge and "ﬁ(x) the
field of quark i. We sandwitch the Eg. (1) by the one nucleon
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and M is the nucleon mass. After some algebra, Eg. (2) can be
re-expressed as follows:
*) We use the following definitions :the metric tensorg guy=(+,—,—,—),

Vo= Vo712 ana 0173 1.
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where k'=k+g and p'=p+g (see Fig. 1).

Next, taking into account the parity(P) invariance, we decompose
the nucleon off-shell quark scattering amplitude corresponding to
Fig. 2 into invariant amplitudes as follows (in the following dis-
cussion, we neglect the suffix i which specifies the kind of guarks

for simplicity) ¢
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where the suffices ' and 5' accompanying the crotchet represent
the (d'ﬁ') element of the latter part of the direct products of

the 9 matrices. On the other hand, the former part of them concerns



the spinors of the nucleon. In Egq. (4), repeated indices are summed.

guffices 5 and i (and j) run from zero to three and from zero to two,

respectively) Fr—Fom—tdr, a-d

~ . £
‘=24, «P=-qn0, %= ~% q(0)+-—5q(l))/a :
A(3 . 0V > (2)e A
q,(A V= type a W Wb @7 B g, = e,
A = k+k', s=(ptk) %,  u=(p-k )%, V=s-u
and
24 112
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In Eq. (5), & is chosen to satisfy the conditions (we choose £ > 0.)

. . .. A .
q(1). q(j)= gl], q(3)“ q(l)= 0
and
Fay
q(3)2= _1. (6)
Thus, § is expressed as
2
y? 2 A
2 ¥ - —

Also, the propagator for a quark S%(k) satisfies the following

spectral representation :

e o)
S (k)= j‘“‘ E,'(a')k <
F kz" G_,:.
with (7)
(zerar =1

We find from the charge conjugation (C) invariance (therefore
from the time reversal (T) invariance) that the invariant amplitudes
introduced in Eq. (4) are either even or odd under the replacement
of k2 and k'z. We enumerate below the amplitudes which are odd

under this replacement !
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It is straightforward task to represent the BMFFs of the

nucleon in terms of the invariant amplitudes by using Egs. (2) ™7

{(g). (As mehtioned previously, we write the expression for a single

quark with the charge 1.} The results are as follows:*)’f)
2 2 2
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*) See the next page (page 7),
+) See the attached page (page 6-1).



1) If we assume that the integral over ) , in Egs. (9) and (11), 6 can be
deforme950 as to enclose the s- and u- singuralities without inter-
secting any other singularities, at least leading term of FFs as Q2

—> 0o shown in the next section, vanishes. We assume this is not

the case. We will not discuss this point any further, leaving it

to Ref. 4).
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*) Let X be the momentum which is perpendicular to P and g, then

.2 .
£°/4 equals to - %%

At this stage, we can easily prove, using the property (8), that

(which is defined by Eg. (2)) satisfies the conservation law of
**)

Bu
the current, i.e., g-A =0.

§ 3. Asymptotic behaviour of form factors
In this section, we investigate the asymptotic behaviour of
FFs which are presented in the preceding section. Throughout this

5)

section, we use the fundamental assumption that any invariant
amplitudes, defined in the preceding section, tend rapidly to zero
as !kzl and/or ik'zl goes to infinity. This assumption 1is used
usually in the parton models.

In the following, we investigate the asymptotic behaviour of
GMonly. We can discuss other FFs in the same way. We are interested
in the region where Q2 is very large. We separate the range of the

automatically
*%) Since the conservation law of the current is/satisfied in our

covariant treatment, it imposes no restrictions on the invariant

3)

amplitudes, in contrast with the argument of Hughes.



integration on Y into following three regions; (I) s::Qz, u is finite,
2 _ o . both .

(If) u=0“, s is finite and (JL)/|s| and (u| are large. We infer,
from the data on the 2-body scattering of hadrons, that there is
little contribution from the region [[Il . We assume this is the case.
The contribution of the region I (IL) to Gy corresponds to that of
the configulation where the EM current couples to the guark (anti-
guark) having the large part of the momentum of the nucleon e.g.,
in the Breit frame.

First we treat the contribution of the region I. We decide the

asymptotic behaviour of invariant amplitudes under the limit,

s::Qz——~d>oo , u, k2 and k'2 are finite, (13)

by the following procedure. We define the scattering amplitudes

of the reaction: nucleon + on-shell anti-guark(with mass m) ———>

*
nucleon + on-shell anti-gquark(with mass m'} as follows )(see Fig. 3)

i A if ;fz
(2 z:(r).fi—(p Je<h j:}: ) )

f) 2z ‘
[ H(s,t)1®@1 + HP 1@ Pv + HP7%® ;-I-H“”q}@?}f.«/
+ IV 701 + T%a-7007 + 9% a-T®% '*’«7;-4-1@73-,843
x UCP) U (~R) SFCpr i~ pl-i) (14)
where

*) The reason why we change the mass of the anti-quark between the
initial-and final-state is as follows. Since the mass of the anti-
quark in the initial- and final-state must be equal, there are several
invariant amplitudes which contribute to FFs but do not appear in the
expression of the on-shell amplitudes. In order to overcome this
difficulty we assume that their behaviour in the region under

consideration agrees with the behaviour which is decided by our

{ continued to the next page 8-1 )



procedure.

In the case where the gquarks can not escape from hadrons, our
following argument becomes rather artificial. It is highly desirable

to investigate the Reggeization problem of Green's functions

containing bound states.
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These amlitudes can be represented by the linear combinations
*
of the invariant amplitudes ) defined by Eg. (4 }. We give the results
in the Appendix C.

. 6 . . . .
It is known)by the discussion on the Reggeization that the

(i), ( 2 )1 **)

amplitudes H s and I l)'s behave as (Q7) in the limit

5 X —tzan-u9 90., u finite, where {(u) is a Regge trajectory
function, exchanged in the u-channel { which is called the di-guark
channel in the following discussions). What we want to know 1s the

behaviour of the invariant amplitudes appearing in Eg. (4 ) in the

S
limit (13). At the first sight, from Eg. (C-3), B(Z)(G), for example,

—i v v s
seems to behave as(sz““} /2. However there are two possibilities

that this behaviour would not be valid. One is that several amplitudes

A's and B's,appearing in the expression of H's and I's, behave with

those . t/
higher power of Q2 than /inspected above, { say B(z)(olu(ﬂf)duq+'/1 )

2

2)=m2(m' )} so

and cancelling each other for any finite u and kz(k'

2, (u)~1

that H's and I's behave as (Q7) The other is that several

A's and B's behave with a lower power on Q2 {say B(Z)(O)av (QZ)&(u)_3/2).
We assume, however, in this paper that among the B's, appearing in

Eqg. (10), all of B's which make main contributions to GM in sz-—a-oo

*) Strictly speaking, we must consider the invariant amplitudes
defined by an egation in which the guark field operators of
Eq. (4) are replaced by different kind.

**) They behavg)differently in a region, ;quo(l/Qz), but our

following results remain unchanged even if we take of this fact.
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*)

{see below) do not satisfy either one or both of these possibilities.

Thus we can decide the behaviour of A's and B's in the limit
(13) from the Regge behaviour of all H's and I's. (The Regge trajec-
torny function of(u) does not depend on k2 and k'2 due to the factori-
zability of the Regge pole.) The results are that in the expression

of As (Eg. (10)) the terms other than the 1lst, 3rd and 13th terms
M

(which behave as (QZ)&(u)—l) behave as (Qz)d(u). Therefore A behaves

G
2 2 A {u)

M
in the limit (13) as £, (s, k, k') x (Q2) where E;gs—Qz, and
G

ﬁ% does not vanish identically by our assumption mentioned above.

M
Now we have learned from the above discussions that GM behaves, up

to a factor of log Q2, as

6y (0%) ~ ©*7h,  as o*——> oo (15)

where of is the maximum value of «(u) in the region u<0. (If the
function o (u) is a mono-increasing function of u, ¥ equals to «(0)}.
We assume this is the case.}

The contribution of the region J[ to Gy is given by the equation
similar to Eg. (15), where & stands for «(0) for the nucleon-quark

channel (which is called the 4-gquark channel in the following).

It folloes from similar discussions that GE Gi and Gg behave
r

as {for definitions of the axial FFs, see the Appendix‘%.)}

of =
G5 and Gg ~ (Q2) lr

2
GE’ M as Qw3 po, (16)

Also we obtain the result (SALwie A14umi$x B.)

F ) ~ @72 e gP s 0o | (17)

*}) We calculated, as an example, the amplitudes corresponding to
Fig. 4. Though it does not hold for the case of the scaler and
cases
ps couplings, our assumption holds for the/ of the vector and axial

vector couplings. (Though this~example may not be suitable for the

situation where the nucleon is thought to be a bound state of quarks,)
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In Eg. (17) dm‘stands for dmﬂO) where.%m}u) is the Regge trajectory
function for the pion (anti)quark channel (which is called the

guark channel in the following).

§'4. Discussions and speculations

In the subsection 4.1, we discuss the results obtained in the
previous sections. In the subsection 4.2, we conjecture the behaviour
of FFs and relations between them, keeping in mind the correspondence
between our results and those of the parton model of Feynman.l)
4.1 Discussions

The results obtained in the preceding section show that all
four FFs of the nucleon behave with the same power of Q2 as Q2 gbes
to infinity, i.e., they show that the ratio of any two FFs tends to

constant values as Q2 goes to infinity.

The contribution of the region I(]J[) discussed in the preceding
section corresponds to that of the configulation where the current
couples to the guark (anti-quark) having a large part of the momentum
of the parent nucleon, e.g., in the Breit frame. However, it is
usually thought that the probability of an anti-quark occupying a
large part of the nucleon momentum is small compared with the one
of quark. Therefore we can infer that the contribution of the region
Tl is smaller than that of the region I. This means that the zero
intercept o (0) of the Regge trajectory exchanged in the 4-quark
channel is smaller than that of the diguark channel. This is consistent

7), by the quaxrk

with the result of the phenomenological analysis
line diagrams, of the 2-body and quasi 2-body reactions of hadrons.
That is, the larger the number of quarks and anti-quarks constracting
the Regge trajectory, the lower the zero intercept A (0) of the

trajectory, though the guantum numbers of the channels under consid-

eration are exotic. If gqq and gqgg states really exist and their
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masses are sufficiently large, slopes of the trajectories corre-
sponding to them are not steeper than that of the ordinary Regge
trajectories appearing in the hadron physics. This means that the
range of the force in the former is shorter than that in the latter.
The experimentB) on GM(Qz) seems to be consisteht with the be-

2 This shows that of(0) of the di-quark channel is

9)

haviour of (Qz)_

nearly equal to -1. Experiments seems to show that F,; behaves as

2)_1, which means that the zero-intercept of the guark trajectory

(Q
is nearly equal to 1/2. And if this is the case }hiﬁrajectory is
flat since the quark, if any, lies on this trajectory. That is to
say, it can be thought that quarks are not Reggeized and the pion-
(anti)quark scattering in the high energies is described by the
exchange of elementary quarks with form factors. (Quarks are thought
to be elementary on the present stage of energy and momentum transfer!)

In concluding this section, we would like to make a ciﬂmint.
If the trajectory of the di-guark channel {(gg channel) iq/o; cut
generated by exchange of two Regge trajectories of the gquark channel,
oA (0) must be nearly equal to zero (ignoring the quark mass dependence).
Since ol{(0) seems to be equaloto -1, we can say that a force is tion.

The assumptiono,(e)=s /2 1is essential for this inspec/

acting between guarks./This point will be discussed also in the next sub-~
section.
4.2 Several speculations on FFs of the nucleon

It is well known from the data on deep inelastic electroproduc-
tion by SLAC-MIT grouplo) that the quarks having a large part of the
momentum of the proton in the infinite momentum frame is mainly the
up quark. Hence we can conclude that the configulation where the
current couples to up{down) gquarks in the proton(neutron) mainly

contributes to FFs in the limit Q2—~%-&o. For the configulation

where the current couples to quarks having a large part of the
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momentum of the nucleon, e.g., in the Breit frame, also takes effect
within this limit in our case}-ﬁhe;efnre we can make the following

prediction (for the notations eé and eh, see the Appendix A);
G)s(proton)/G's(neutron)——————€> -2,

and

2
/ 1 ]
Gsfs(proton)/G5 s {neutron) ———> ep/en as  Q > e, (18)

1)

The experimental datal is, roughly speaking, consistent with

GM(proton)/GM(neutron)f /UP/C%AnCr—LS in the presently available

2

region, 02< 1.75 (GeV/c)®. If the prediction (18) is valid, this

ratio will reach to -2 in the region with larger Qz, say QZE; Qg.

The datall) on GE(proton) and GE(neutron) are available in the
2 2 SO
region, 97 < 4 (GeV/c)“, and the ratio of them &s positive. Therefore

probably
if our prediction (18) is valid,/GE(neutron) must turn negative at

a point Q%S Qg (this value of Qg may be different from the one of
the previous QS) because the ratio reaches -2 in sz_Qg. Let us, now,
estimate roughly the wvalue of Qg. We assume that the structure func-

12)

tions of the deep inelastic electroproduction nearly satisfy the

Biorken's scaling law in the region inzQe(w)z.*) Following Feynman

we discuss them in the Breit frame defined by the current and the

quark coupling to it (see Fig. 5). Since p equals to QW/2, the

Bjorken's scaling law approximately holds in the region P>Py =

Qe(w»uu/z. Although what we want to know is the value of Qe(w)2 at
2

w=>1, if we choose, instead, the value of Qe(Z) as 9 {GeV/c)2 from

the awvailable datalz)'

we obtain pO:-B. If the argument of Feynman's
naive parton model holds for the region where the nucleon has a
larger momentum than Py in the Breit frame, cour prediction (18)

also holds in the same region. The counting picture of quarks is

essential ingredient for these arguments. Then we can estimate

Q§=(2p0)2Q936 (Gev/c)z. This wvalue of Qg is of couse very rough.

*) For the notations, see Ref. 1}

L
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Having been explained in the beginning of this subsection, it
is natural to think that & (0) of proton-anti up guark channel is
larger than that of proton-anti down gquark channel. If these two
trajectories are increasing functions of the argument and are
pararell, uu and dd exotic states, if any, have larger masses than
the ud exotic state, if any. That is, the attractive force between
u and d is stronger than that between u(d) and u(d). Of course we

do not know whether this originates simply in the Coulomb force.
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Appendix A

In this Appendix we present the definition on axial FFs of the
nucleon and express them in terms of the invariant amplitudes
defined in‘EZ. We assume that the axial current density can be
represented as

.5 I : ,
j/u(X) =% eiz[y,{(x), 13’5&%(::)] ' (A-1)

where ei is the axial charge of the quark i.

Then we ebsain wwnk

e
I

EL*<'£~»', s'\ j5<o> '3, s'> 54 -p-)
i —‘/ 2 2 (A_Z)

In the same way as in the EM current, Ai can be explessed as

.
A = - ) el §d4k~—Jd4_X atx’ exp{i(kox - k'.x')} x

M ; (zw)¥
o’ ' ' - ' = (A-3)
X <}P r S I Ti%ﬂ(x)r ‘Vlfd(x )}IP; S>(J.1 )f;?
Using Egs. (A-2), {(A-3) and (4), we obtain the explessions for
the axial FFs of the nucleon,
N 2 (‘_r d‘l’- ‘ /
(Tg('&)r — \,\,Jc{v dk*dp't — i X
4.9 4 kl__a_z kll-(r,z
* A s (v, @ &, k' =, 5" ) (A-¢)
T
with N
e ; . / Q .2 (z)(e)
A 5 (V Q h }-{" ) 5—/ a ) = - gz —_ b B
M @
et _ . QL (3
+rr’ 2T e B - Lrr(ahf) 4 ase e
Q
R 1 3e, o) Coove (2
— 24"25‘5 I3 — £ Ega & B
5. 0% _y(z,e) 2, (%)
~(5_~'—15+)—N—é5 + & &7 8B +
2 e :
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A ¥ (N f—':_ -y ()
+ 33 @g‘gi " v+ 33 2g? v
7 2
' ! 'Uz "Gj- L / . ; (S) (2) f‘ Va ‘S.)(])
-1 2 - - f ~-— ) t 233 \} £ B + 57 Y2 oo
tii (s -f ) 17 e B
. S (¢)(c) v o LE)C)
— (a_*-?; 6+)Q& )3 <. g-& 5 (4-5)
and N N L
s s,y A (gr) = AR ch Ak dk
G, CRIENEC I k P
dv Az’ T 2 2 F;) (A -¢
X . —— [ s (v, 8, k%, R, 0,9
l__q_z, ‘kr?-_'_ i L =
with Vﬁ e
2 2 2 / : - (¢ e (5ol
Aos (v, 8% K kS 7 ) = (8, - — ) AY —38 =5 A
[
ﬁf' /} f x};)(n / ﬁ— {571(2)
. - : o - F-e s
~ g (P )+ 235 55 53—
, P (€1(o) . v S 6) () (A-17)
+ é+ E;'t A — &+ 0z A ,
where
N Lo A0 _ 2ME o (d)
= o= .

The FF proportional to ?%%M in Eg. (A-2) must vanish identically
because of the fact that the axiai current ii(x) (Eg. (A-1)) is
even under the C-conjugation. We can show in the same way as in the
proof of current conservation in the EM current case that this FF

vanisheidentically.

Rppendix B
In this Appendix, we give a formulation of the pion EMFF, F,..
We decompose the pion off-shell guark scattering amplitude into

the invariant amplitudes as,

-~ / . i _ ! . . . ;
GE$(F 5 3 ;R F) - (sz; J dx ATy exfit.(k*Z— k~1’)§ X



PN T Y, PV E D

= { Sf;(h)}dd/ E MU)(S/ -t:—QZ/ L“\?-} k"l)

+ M(ucmi(m‘y . M(”({/})'Zi_[zc{)‘ff (599,]
L
x {Sé(k’)}ﬁ,ﬂ §(rrk’-pk) (B-1)
The EMFF of the pion F,_(Q°),defined as
2,24p"] 3.0 By s e-pa) = pE 07, (B-2)

can be represented, in the invariant amplitudes, as follows:

— TC A ] A o F
{:T(Qa] = — — \J(dv]/ {,ik-z C{krl - 1{ -___[_3:--— x
- 2aa koo pir e
x A ("vj of, kY, R, e ) (B-3)
FTE.
with r - y )
AF (v Gl,hi,wzfr,f‘)': &, = M
T
. Vl 2 g; | l\/! (Z)CC)
53/ — Pl =
5l i $3 ( ~2 ¥ ~f >‘T 2 _} a
N T e '23C1) (2¢2) TN
+ %3 iZH(Z —33 L e M 33 = £
mQ at Q
R (3)Ca, 1) i (3/€2,9) (B-4)
(21— al - a‘ M + E_ :q\-a ﬁ/" )

In the Egq. {(B-4), EZ:wQZ + 4/HL( we use the same notation ajas in
P is the pilon mass,

the nucleon case. } We can show, in the same way as in the case of
the nucleon, that the quantity %M satisfies the current conservation

law.
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Appendix C

In this appendix, we represent H's and I's defined in Eq. (14)

in the invariant amplitudes in Eg. (4).

HT = Ay e gt | ey nd g g vmy )
e £ ar Sas
v (3)¢0,4)
——= A o ( v? ,_@2_}h2) (3)C4, 2}
28 @ \ g2 -
+ VMg om_ (212, ¢)
g:a‘a (C‘{)
hlti’ﬂh} h;zz .I"H’z -
, 2
k{CZJ . L A‘z)‘°’_~ v A SICLN eijlfii @) my A (3)¢e, 1)
@ £ a8’ ced as
o, | C -2
+ vy (r¢t2) o mz‘ (32(2,¢) ( )
2 /4 W__.____—._.._({..f. = A ’
£ Qg o~ q? ) ‘
s @ k_z'_‘.lf"ll} krz’:': l"’l’l
H{?): A(q,) B M4 4(5‘)(”” w_ ('!t*_tbl)/_](-f)(’-)ﬂ__l/m- A(I)(”
3 : s0a@d
(Cc-3)
_ (&z_i_m;_#ﬁ)'q(é}(c‘) Vmem_ i)y ¢61(2)
£@ g/ t A -
£4a%g da
ki=m® ke m'?*
(4 L eato) v : ’ )
- = — 4 _ ACS)(Z) a w2 .
—~ — i - (5')(3) vV m . i
L m_
ae
k‘l.:yhlj (2_: i L
(’S) {4.‘) s / !
T = HY (A5 — 8.) t=1,2,3, ¢ (c~¢)

In the above egquations,

m + m'

{it

9

my



References

1) See for example, R, P, Feynman, Photon-Hadron Interactions

({ W. A. Benjamin, Inc., New York, 1972 ).

2)

4)

6)

7}

9)

10) See for example, A. Bodek et al, Phys. Letters 51B (1974), 417.

11)

S. D. Drell and T. M. Yan, Phys. Rev. Letters 24 ( 1970 ), 181;
K. Kitani, Lett. Nuovo Cim. 4 (1972), 555;

S. Matsuda, Phys. Letters 43B (1973),7292;

J. F. Gunion, S. J. Brodsky and R. Blankenbecler, Phys. Rev.

D8 (1973), 287;

K. Ghoroku and T. Kawabe, Kyushu Univ. preprint, KYUSHU-75-HE-2,

April, 1975.

R. P. Hughes, Nucl. Phys. B66 (1973), 189.

M. B. Einhorn and G. C. Fox, FNAL preprint, FERMILAB-Pub-74/57
-THY, June, 1974.

See also, M. B. Einhorn, FNAL preprint, FNAL-Conf-74/67-THY,

July, 1974.

P. V. Landshoff, J. C. Polkinghorne and R. D. Short, Nucl. Phys.

B28 (1971), 225;

19

P. V. Landshoff and J. C. Polkinghorne, Phys. Reports 5 (1972), 1.

See for example, P. D. B. Collins, Phys. Reports 1 (1971), 103.
M. Imachi, T. Matsuoka, K. Ninomiya and S. Sawada, Prog. Theor.

Phys. 38 (1967}, 1198; ibid 40 (1968}, 357.

J. G. Rutherglen, Proc. 4th Int. Symposium on Electron and Photon

Interactions at High Energies, Liverpool, 1969, ed. D. W. Braben

(Daresbury Nuclear Physics Lab.,1969), p.l61l.

C. J. Bebek et al, Cyclotron Lab,. Harvard Univ. preprint.

Besides the Ref. 8), see R. Wilson, Proc. 19271 Int. Symposium

on Electron and Photon Interactions at High Energies, Cornell

Univ., 1971, ed. N. B. Mistry (Lab. of Nuclear Studies, Cornell



20

Univ.), p. 97;

G. Weber, Proc. 1967 Int. Symposium on Electron and Photon

Interactions at High Energies, SLAC, 1967 (U. S. Atomic Energy

Commission}, p. 57.

12) G. Miller et al, Phys. Rev. D5 (1972), 528.

Figure Captions

Fig. 1. Schematic representation of the form factor, corresponding
to Eg. (3). Double lines, single lines and wavy line show the
nucleons, the quarks and the photon, respectively.

Fig. 2. Nucleon off-shell quark scattering diagram.

Fig. 3. Kinematics for the process, nucleon+on-shell quark(with mass
-— 3 1
m) nucleon+on-shell quark(with mass m'}.
Fig. 4. Born diagrams for the process shown in Fig. 2. Dashed line
shows the exchanged particle(scalar,ps,vector or axial vector).

Fig. 5. Nucleon current scattering diagram in the Breit frame

defined by the current and the quark to which the current couples.
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