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We use the notion of Lorentz contraction of a composite cluster combined with vector-
meson dominance of the one-photon exchange to derive the asymptotic form of the nucleon
form factors. For the three-quark model we find a t prediction which fits the data very
well at large spacelike t. Only the observed vector mesons, p, ~, and P, are used. Our re-
sults predict deviations from the scaling laws which are directly related to the nonvanishing
electric form factor of the neutron and are of the same magnitude.

I. INTRODUCTION

There are two classes of attempts to fit the elec-
tromagnetic form factors of the nucleons. The
first one tries to find a simple analytic expression
without giving it any theoretical justification. The
best known is the dipole fit. ' More recently we
have seen a superposition of exponentials' and a
ratio of 1" functions. ' The data have now become
accurate enough so that clear deviations from the
dipole fit are evident' especially at high (negative)
t. The second method uses dispersion relations'
and vector-meson dominance. ' This has not been
very successful in the region of large spacelike
momentum transfer. In order to get fair agree-
ment with the data, either large negative coup-
lings to unobserved vector mesons had to be as-
sumed, ' or several ad hoc structure parameters
had to be introduced. An extensive list of refer-
ences on additional work on form factors can be
found in review articles. "

We propose a different approach. We assume
that the nucleon at rest is a bound state of three
quarks (or partons). We calculate a quark-nucleon
form factor in the region of large spacelike mo-
mentum transfer by making a Lorentz transforma-
tion of the arguments of the quark wave func-
tions. "" Combining this with the dominance of
only the established vector mesons, we find excel-
lent agreement with experiment.

Our results depend to a certain extent on the
choice of the quark wave function. We find the best
fit for a symmetric Gaussian wave function. We
have tried an antisymmetric Gaussian and an antj-
symmetric exponential wave function. We find
that they both fit very badly at small t.

We assume that the photon couples to the quark
through the known vector mesons p, cg, f. The
vector meson then couples directly to a single
quark, forming the vertex shown in Fig. 1. There
is also a class of vertices where the vector meson
breaks up into a number of pions, which then inter-
act with the same or with different quarks, as
shown in Fig. 2.

We assume that the vertex of Fig. 2(a) is domi-
nant, and neglect the others. It is conceivable
that they might provide small corrections to our
results at low momentum transfers.

An approach somewhat similar to ours has been
tried by Fujimura, Kobayashi, and Namiki. "
They use the relativistic wave function due to
Takabayashi. " With one adjustable parameter
they obtain reasonable agreement with the data.
Because they have a four-dimensional harmonic
oscillator wave function, they get a different de-
pendence of the form factor on the number of con-
stituents. In order to get a t ' behavior they have
to introduce an additional Lorentz factor into the
already covariant meson propagator. Our results
show that this is not needed. Barut" has proposed
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an interesting group-theoretical method which de-
pends only on the Lorentz-transformation proper-
ties of the final state.

In Sec. II we briefly review our main assump-
tions about vector dominance, quark additivity,
and wave-function contraction. In Sec. III we re-
view in detail the application of vector dominance
to nucleon form factors. In Sec. IV we derive the
nucleon form factors in terms of quark form fac-
tors, using the additivity assumption. The quark
form factors are derived in Sec. V, assuming that
the quarks look like point Dirac particles. The
results of Secs. III-V are combined in Sec. VI to
give explicit expressions for the nucleon form fac-
tors. In Sec. VII we discuss the scaling laws. We
show that the departure from the exact scaling is
related to the nonvanishing of the neutron charge
form factor. In Sec. VIII, we compare the form
factors which result from a symmetric Gaussian
wave function with the data. In Sec. IX we discuss
some antisymmetric wave functions. Our conclu-
sions, a discussion of the discrepancies at low
momentum transfer, and some open questions are
presented in Sec. X.

Our assumptions concerning the meson propaga-
tors are given in Appendix A, where we also dis-
cuss the influence of the 2m threshold and the finite
width of the p meson. In Appendix B we derive the
p-cu mixing parameter from the decay rates cu -3m,
P-3m. In Appendix C we discuss the effect of a
small anomalous quark magnetic moment on the
nucleon magnetic moments.

II. REVIEW

Consider the process described by the vertex in
Fig. 1. A photon becomes a vector meson which
attaches itself to one of the quarks in a hadron.
The hadron then changes from a quark cluster of
type A, with momentum p, to a cluster of type B
with momentum p'. The matrix element of the
electromagnetic current for this transition is,
according to the vector-dominance model, '

&BI&", IA& =Bc»n»(t)&BI&»" IA&
V

Here, d»(t) is the propagator for the vector mes-
on V, (c») is a set of constants, and Z"» is the

strong-current source of the vector meson V.
We assume that the strong-current matrix ele-

ments depend additively" "on the constituent
quarks. That is

&BI&» IA&=K&BI&,"» IA&,

&Bl~,"» lA&=&&BI~," IA&»»((p-P')'), (3)

where «B~J," ~A&& depends only on the momenta
and the spine, and S»(t) depends on the spatial
wave functions of the quark clusters.

The spatial form factor is, in the nonrelativistic
case,

n-1
S', (V) = II d';0*((x )) "'"

V ((x.H
i=1

where fi=p —p', and g„, p~ are the rest-frame
wave functions, and n is the number of quarks.
The quark positions xi, relative to the center of
mass, are such that

(4)

Q x,. =0.
i=1

(5)

We generalize this to the relativistic case by re-
placing the rest-frame wave functions by properly
Lorentz-contracted ones tt)„, p~~ and evaluating the
integral in the p+p' Breit frame. The correspon-
dence between a moving frame and the rest frame

a)

where J,"~ is the strong current carried by the
quark q.

As discussed in I, the transition from A to B
looks most instantaneous in the Breit frame
[where P+P' = (2P„t)) has no spatial component],
particularly at large momentum transfer. It seems
physically reasonable, therefore, to use an im-
pulse approximation in which the transition is re-
garded as instantaneous in this frame.

We evaluate the matrix elements & B~J,"» ~A & by
equating them in the p+ p' Breit frame to the ma-
trix elements of the current of a pointlike quark
by the use of Lorentz-boosted wave functions. It
turns out that

(b)

FIG. 1. Vector dominance of the photon propagator.
The vector mesOns p, co, or p are attached to a single
quark. In the expression for the form factor, the sum
over all three quark lines is understood.

FIG. 2. {a) The diagram which is retained in the ac-
curate calculation of the p propagator. {b) This diagram
was neglected. Similarly, no 3m intermediate states
were included in the p, co calculations.
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= Hpx] ~ (8)

We assume that an observer in the Breit frame
sees the same (spinless) probability amplitude as
an observer in the rest frame. Thus we identify

is obtained by assuming that all the quarks move
on world lines parallel to the total momentum p or
p'. This amounts to neglecting the relative motion
of the quarks inside the cluster. As shown in I,
this implies that a Breit-frame vector x,. corre-
sponds to the rest-frame vector

y,. = vector part (L2 '(x, , 0)j

placing ~q2 by z~q, thus increasing the disper-
sion in momentum.

III. VECTOR DOMINANCE

According to the usual ideas of vector domi-
nance, ' the electromagnetic current can be writ-
ten as a sum of those meson fields which carry
the same quantum numbers as the photon. The
experimentally observed particles are the p, ~,
and p mesons. Hence we write

J '„(x)™p'„"(x)+ &u„(x)+ ~ y„(x), (11)
P td

This leads to the expression for the relativistic
form factor

n- l
S,„(q')=g d x,g*((H x j)e'2 "P„((H x,j),

s=1

where y, y, and yz are coupling constants.
This is of the form

d t(x) =d'„2(x)+d „'(x),

where the isovector part of the current is

(12)

a =1 —t/4m„', (10)

and n is the number of subparticles in the cluster
A.

This result has a simple physical interpretation.
In the Breit frame the wave functions pp„, pp~ have
their supports Lorentz-contracted in the direction
of motion. The contraction is given by the Lorentz
factor (1 —ti')'". The contraction of the support
implies that the integral will be reduced by one
such factor for each integration along the direc-
tion of motion. A bound state of n particles has
n- 1 independent position vectors, therefore,
n- 1 integrations. We thus expect a factor
(1 tt 2)(n 1) /2 Howev-er (1 2)P1/2 ls l/owh2en

expressed in terms of the invariant momentum
transfer t.

The contraction of the support in x space im-
plies a corresponding expansion of the support in
momentum space. For example for a Gaussian
wave function the form factor is a function of ip/
b~q, where Aq2 is the uncertainty in momentum.
The substitution il2- q2/t2 has the effect of re-

(8)

where the integral is to be performed in the Breit
frame. Equation (8) can be written in manifestly
covariant form, as the Breit-frame q' can be ex-
pressed as a function of q' = (p- p')' and the
masses.

For the case of the elastic electromagnetic form
factors, A is the same as B. A change of variables
in (8) changes the argument of S and introduces a
Sacobian. It leads to the relationship

S(t) = a"-""S' (-t/o)

between the relativistic and nonrelativistic form
factors. Here t=q' is spacelike, and

m 2

d "(x)= '
p '(x)

P

and the isoscalar part is
2 2

d „'(x)=
2

&u„(x)+
2

~ 41„(x).
Y fit Yg

(13)

(14)

d'x A Jp3xyo B = AI3B

dxA Joxo B =2 AYB

(15)

(18)

where I, and Y are the generators of z isospin
and hyperchar ge.

It is assumed that the p couples to the isospin
current J'„, and that the &d and the (QI) couple to an
appropriate mixture of the hypercharge current,
Y„, and the baryon number current, N„.

Following Kroll, Lee, and Zumino, ' we write

(A I p„' IB& =gD2(t)(A Id'„' fB&,

(A I ld„ IB& =D (t)(A fd „ IB&,

(A I @„f B& =D~(t)(A
I
O'„

I
B&,

as well as

g~Y~ =cos8l,
~

—s 8~ (18)

g„N„=sing„J „+cos g„J„,
from which it follows that

(19)

(A I Q„ IB& =D&(t)[cos(8„-8„)]

x(A I (cos8„g„1'„+sin8rg„N„) I B),
(20)

We obtain some information about the coupling
constants by requiring that for all states IA&, IB&,
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2' D (0)=1
2y

(22)

&Al(u„ IB& =D (t)[cos(8„-8„)]

x& A
I
(-sin 8„g„Y„+cos 8„g„N„)I B) .

(21)

Here g, g„, g~ are coupling constants, 6}„and 0„
are the +-p mixing angles for the hypercharge
and the baryon number currents. The D„(t) are
the vector-meson propagators with t= (p„—ps)'.
Expressions for these propagators that take into
account the finite p width and the two-m-meson
threshold are derived in Appendix A.

Substituting (12), (13), (20), and (21) into (15),
we find

as the coefficient of &A I
Y

I
B&.

The set (24), (25) can be solved for the (t) and
(d coefficients

m -1 s ln l9~

2y„2 g D (0)' (26)

as the coefficient of (A INIB& and

2

(cas(s„—s,)] '(- " ss, (D)s' s„
Y td

2

Ds(D)casa
l

s„=-'
2y $

(25)

or
2

mp

2y( gDp(0)
'

Substituting (20) and (21) into (16) we obtain

(23)

my 1 cosl9y
2yy 2 g„D~(0)

We introduce the normalized propagators
(V = p, ((), (p)

(27)

2

[cos(8„—8„)) ' D (0)cos8„
QJ

2

D s(0) siss
) (, = 0

yg

(28)

Now we have for the isovector and isoscalar cur-
rents

(24) &A IZ'„'IB& =t, (t)&A l~'„IB&, (29)

&A I&'„ I» =
2 [n,(t)(c,&A I Y„I»+ c,&A IN„ IB))+d,.(t)((1—c„)&A I Y„ IB) —c„(A IN„ IB))], (3o)

with

cos(9~ cos I9~

cos(8r —8«)

~g cos8~sinl9~
gr co (8r — «)

(31)

(32)

Y„=—,'((Py„d'+ Ry„st —2'„A.), (33)

where O', X, A. are the quark fields. The baryon
current behaves like

In the quark model, "the hypercharge current be-
haves like

where

X —Cy+ CN (37)

or
x =+0.10 + 0.02 (38)

~ = -0.13+ 0.04 . (39)
The data are fitted slightly better for the positive
value x=0.1.

is the parameter that determines for us the amount
of u-p mixing. In Appendix B, we calculate from
the observed relative rates of the decays (II) - 3m
and u —3p the values

„N= ( (P„y+6Xy„%+Xy„X) . (34)

The matrix elements of these currents between
states which contain no A. quarks are therefore
identical, i.e.,

(A IY„ IB) =&A IN„ IB) . (35)

IV. ADDITIVITY OF QUARK AMPLITUDES

The matrix elements of a conserved current of
type 5 (fis)spoin, hypercharge, or baryon num-
ber) for a spin-a hadron of type A can be ex-
pressed as

This is particularly true for the nucleon form fac-
tors. In this case we have

&A lz„' I B) =-.' [xn,(t)+ (1 —x)~.(t)](A IN„ IB&,

(36)

& p —,'s.'A l~„, I p-.'s, A &

=s.;((')(El(c)s, c" s~Fl(t)) .,((').
(40)
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Here q = p' —p, t = q' and F» E', are form factors.
It is more customary to use the "electric" and
"magnetic" form factors defined by

G, (t) =F',(t)+4,F'(t),
A

G", (t) = F ',(t)+ F', (t) .
(41)

In the p+p' Breit frame the matrix element can
be expressed directly in terms of these form fac-
tors as

&
p'-, s,'A I(J«o(3'«) Ipbs. &&

G',„(t)=g,„s(t),
G",„(t)= g,„s(t),

where

(51)

(52)

The quark SU(6) wave functions" for the proton
(P) or the neutron (b() with spin "up" are

Ip&& =(b)'~6'((4'»t -6'»() Io&, (49)

I«& =(b)'"st((6'tst(-6'(st() I0&, (50}

where 6', , gt~ are Bose creation operators" for
6' or X quarks of spin s,.

We can now write, using (47) and {48) in (43)
and (44),

(42)

where the p, are two-component spinors.
Under the assumption that each quark contri-

butes additively, we find that

3

g«A Z gbI

M
8'b~ = g gb e((1 + t"() .

m

(53)

(54)

n

G'(t) = s(t) g q'G, . (t),
i=1

(43)

Using the wave functions of (49), (50) we obtain
the charges shown in Table I. In the table

n

G "(t}= s(t) g ~'q'G,"(t), .
i=1

(44)

V. THE QUARK FORM FACTORS

where S(t) is given in (9) and, for the ('th quark,
qi is its charge, ~' the expectation of its z spin,
and G, , Q",. are its effective electric and magnetic
form factors.

(55)

5=(t ~- t .}&(2+t, + t,), (56)

where p. ~ and p„~ are the 6'- and Bt-quark anoma-
lous magnetic moments and Jr' = ~A is the nucleon
mass.

The parameter 5 is evaluated from the nucleon
magnetic moments in Appendix C. We find

We now make the assumption that the form fac-
tors for coupling a quark to a strong current are
those of a pointlike Dirac particle" with an effec-
tive mass m and possibly a small anomalous mag-
netic moment tb, The form factors G,. in (43) and
(44) are defined by writing the matrix elements of
the current operator between quark states as

{ps.'(l(jb. , jb) I-ps, i&

=gb G„(t)(t(, (t(, , Gb;(t)q «((t«, o(t(,

5 =+0.0243 .
From Table I we see that the charge~ satisfy

GYP gNP y gYn +Nny

g Yt(b gNttb y g Yn gNn

According to (51) we then have

G'„,(t) = G'„,(t),
and, from (52),

G"„(t)=G„" (t),

(57)

(58)

(59)

(60)

For point quarks this must be

where jLi. , is the anomalous magnetic moment.
Thus we take

Gb;(t) =1

(45)

(46)

(47)

and corresponding equalities for the neutron. This
result also follows directly from (35).

TABLE I. The different b charges [Eqs. (51) and (52)]
for proton and neutron, as computed with the wave func-
tions (49) and 50).

both as constant.

(48)

m(j -r((()

m(p~ —
~5 6)

m(~-~5 n)

l
2 -m(~ +~ t5)

m('-+-'~)
3 4

m(~ +456)
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VI. NUCLEON FORM FACTORS

The nucleon matrix elements of the electromag-
netic current are now, according to (29) and (36),

&& I~„'I» =&p(t}&&I&'„I»+-'~~,.(x, f)&& I&„I»,
(61)

g,G„"(I)
1 d u,G.'(I)

l „G,"(t) G,"(I)

where the numbers c and d are

c = QI ——,'6)(l —F5)-',
d =-v(I ——,'5)(I- v6)-'(I+ —.'5) ',

(68)

(69}

where we define

d, .(x, t) =xr.,(t)+(I —x)n. „(t). (62)

Gz~~
= Ã'(, a S(t),

G„„=8~„s(t),

GI~A BlgA ( ) &I

G„„g~„s(t),-

(64)

with the constants g, g given in Table I.
We can now collect the above results and write

for the different nucleon electromagnetic form
factors

G, (I) = -,'(~, + ~, .)S(t), (65a)

G, (I) =m [(v ——,'5)6, + (/ —/5)h ~ ]S(t), (65b)

G„(f)=--,'(~, —r, .)S(t), (65c)

G„"(I)=m[(-g ——,'5)a, + (~+~5)~, .] S(t) . (65d)

This linear relationship between the strong and
the electromagnetic currents carries over to
linear relationships between the form factors.
That is,

G„(t) = A (t)G, „(t)+—,
' aq (x, t)G„„(t), (6

where F denotes F. or ~ and A is p or n for pro-
ton or neutron.

From Eqs. (51) and (52) we have

~, (t) = n, (t) = (1- f/m, ') '. (70)

both of order of magnitude one. They are close to
c 3 and d= & which are the values for 5 = 0.

A nonzero value for Gs(t), therefore, implies a
proportional deviation from the scaling laws. This
prediction is independent of the wave-function part
S(t}of the form factor. It provides, therefore, a
test of our vector-dominance and quark-model
assumptions.

We have plotted the deviations of the proton
form factors from the scaling law given by (67)
in Fig. 3. Our equation predicts a positive devi-
ation for all t, whereas the 1970 DESY data"
show a negative deviation for t ) 1 (GeV/c)2. If
this deviation is confirmed by additional data,
then on the basis of (67}we could predict that
G~(t) should be negative in this region. " This
would also suggest that there may be something
wrong with the vector-dominance assumption, per-
haps due to the presence of other vector mesons.

Figure 4 shows our prediction for the neutron
magnetic-form-factor scale law. We predict
about a 5/, negative deviation. This is still well
within the experimental error. " However, Eq.
(68) and the proton data suggest that there may
actually be a positive deviation.

If the masses of p, ~, and P were all the same,
we would have

VII. SCALING LAWS

One of the most puzzling aspects of the experi-
mental data is the scaling laws. It is found" that
within the experimental error,

(66)

PP GP( t

G"(t)
0 2 P

~ f30nn
o DESY

for all measured spacelike t values. The data
also show that G~(t) is very small, "of the order
of 0.06. Somewhat more recent data" show small
deviations from (66).

We find that these two facts are related. Our
model shows that the departures from the scaling
laws must be of the same order of magnitude as
the departure of G~(f}//G,"(t) from zero. For,
from (65) we see that

—0.2-

-0.4-

—06-
I I

3
—t (GeV/c)~

P,G, (t)
1 P,G„(t)

G "(t) G~(t) (67)
FIG. 3. The scaling law for the proton electric and

magnetic form factors (67). The data are from Refs.
20 and 21.
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In this limit

(71)

pole fit

D"(t) = p (1 —t/0. 71) (75)

and the scaling laws would be exact. The depar-
tures from the scaling laws and also the non-
vanishing Gr(f) are therefore due to the meson
mass splitting.

VIII. THE SYMMETRIC GAUSSIAN

A very deep but finite potential well will have
wave functions that look very much like those of
a harmonic-oscillator potential near the origin.
If quarks were bosons in such a potential, then

the nucleon's spatial wave function would be

P(x„x„x,) =N exp[--2a'(x, '+ x,'+ x,')], (72)

where N is a normalization factor.
This wave function is also reasonable if the

quarks are parafermions'4 of order three. It is
also appropriate if they are in an antisymmetric
state in some hidden quantum number, as in the
three-triplet model. " In both of these two cases,
the quarks in the known hadrons will behave like
bosons.

This wave function leads to the relativistic form
factor

We find the constant a in (73) by requiring that
the curve pass through the experimental point at
t=-15.1 (GeV/c) . The result is

1/6a' =0.498 (GeV/c) '. (76)

We get

dG„
GV

= 0.05 (GeV/c) ' . (77)

and

G'=0.25 (GeV/c) ' for x=0.1 (78)

The solid lines in Fig. 5 show G~(t) relative to
the dipole fit as computed from (65b) and (73).
The upper curve is for x =+0.1, and the lower
curve is for g=-0.13. The agreement is slightly
improved over the crude fit at low t, and is not
significantly affected at high f. There is a dis-
crepancy of about 5% at t&3 (G-eV/c)', which
we discuss below.

Figure 6 shows GPt) from Eq. (65c), for ~= 0.1
and x= -0.13. The fit is reasonable considering
the scatter of the experimental points. We do not
fit, however, the observed slope at t =0,"

G ' = 0.17 (GeV/c) ' for ~ = -0.13 . (79)
(73)

G~ (f)/g, = (1 —t/m ') 'S(&) . (74)

This crude fit approximates the data very well
as shown by the curve in Fig. 4. We have plotted
G,"(t)/D,"(t), where D,"(t) is the experimental di-

If we neglect the complications due to the different
masses of the vector mesons then we would ex-
pect that

It may be noted that the slope of the neutron
electric form factor at t=0 is independent of the
wave function, since

d 1 d d—G (t) =-— —& (t) ——& (t)
dt ",o 2 dt ~ dt

(80)

The fact that this is too low by a factor of 2 indi-
cates that the threshold effects due to two and
three z-meson states cannot be neglected.

l

y G"(t)h

p„G&(t)
0.2—

—0.2-

—0

-0.6-

x=-.l3
x =+.I

I.2

~ I.I

X o.

I 0
CV

o .g

.8

-dominance

x=-.l3

0 I

I

8 g

7 i I I I I I I I I I I I I I I I I I I ' I I I

0 2 4 6 8 I 0 I 2 l4 I 6 I 8 20 22 24
—t (G eV/c)

-t {Gev/c)

FIG. 4. The scaling law for the neutron magnetic
form factor.

FIG. 5. Comparison of the proton magnetic form fac-
tor with the dipole fit. The dotted curve is the result of
p dominance alone. The solid curves are our full f'its
with p, cu, p for the two x values.
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IX. ANTISYMMETRIC WAVE FUNCTIONS

One of the arguments used against the possibility
of an antisymmetric quark wave function was that
the nucleon form factors would have zeros in t."
No such zeros have been observed. Meyer" dem-
onstrated that this argument was false by construct-
ing an antisymmetric wave function whose corre-
sponding form factor has no zeros. Kreps and de
Swart ' had shown numerically that the zeros of
an antisymmetric wave function could be pushed
out beyond present-day experiment.

We wish to point out here that since the nonrela-
tivistic form factor So(t) goes over into the rela-
tivistic one by (9), So is used only for q'& 4M'. If
So(q') has only zeros for q'& 4M' these will never
show up in the relativistic form factor.

If the quarks are fermions, in a deep but finite
harmonic-oscillator potential well, then the appro-
priate wave function is

y(x„x„x,) = N(x, ' —x,')(x,' —x,')

and

R = (xi +x '+x ')' '

f (R) = ~R-~&~&-»&~

(87)

(88)

This is totally antisymmetric, but it yields the
form factor

S,(q') = —", (y+8)-'G(y), (89)

with

and

G( y) = 19y'+48y +88y'+80y +40

y = (1+2q'/3b')"' —1,

(90)

(91)

which, as Meyer showed, has no zero. After the
relativistic corrections are made, this becomes

Meyer" has considered the wave function

q(x„x„x,) =R '(x,' —x,')(x,' -x,')(x,' -x,')f (R),

(86)
where

x exp[--,'a'(x, '+x, '+x, ')] .
The resulting form factor is

s(&) = F(a ) exp(,),
f/6a'

(81)

(82)
A =2/3b'. (93)

S(t) =(1 —t/4M ) 'S,(-t/(1 —t/4M')), (92)

and we obtain the curves shown in Fig. 8. Here
& =0.1 and the parameter varied is

where, with

h = -f/[(1- ~/4M')3a'], (83)

In Fig. 7 we have plotted several curves for
GI", (t)/p~ with x =0.1. The parameter varied is

P(h) =1 —63h +Qh' —vugh'+', ~~ h —~h'. (84)

Agreement with the data is very poor.
With the nonrelativistic form factor and with an

intermediate p meson, Meyer can find a b such
that he finds a very good fit to G~"/p~. We can
only conclude that this is an accident, as the in-
clusion of relativistic corrections destroys his
fit.

A =1/6a~ (86)
X. CONCLUSION

The fit is very poor; the curves fall off too rapid-
ly at large l t~.

We have found a fit to the proton magnetic form
factor which is justified by physical principles. It
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FIG. 6. The electric form factor of the neutron.
The data are from Ref. 22.

FIG. 7. Comparison of the data for the proton magnetic
form factor with the antisymmetric Gaussian model.
The parameter varied is A =1/6a, Eq. (85).
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shows an asymptotic behavior which is in agree-
ment with experiment and is quite accurate for
spacelike momentum transfers greater than 3
(GeV/c)'. This fit requires only one parameter
not given by independent data. This parameter,
the size of the proton quark core, can be fitted
using a single point at high momentum transfer.
It determines the coefficient of the t ' behavior.

We have made the assumption that the nucleons
are composed of n subparticles. We find best
agreement with the data for nucleons made of
three boson-like quarks bound in a harmonic-
oscillator-like potential. These quarks interact
with the photon through only the known vector me-
sons p, (d, and p.

Our curves for the symmetric Gaussian model
deviate somewhat from the data at low t. In this
region, which corresponds to large values of x,
of course, our impulse approximation should be
expected to break down, as the internal motion of
the quarks becomes significant. Also, the wave
function could have an exponential tail for large
x and this could contribute here.

Several other factors could also cause small
corrections. More complicated intermediate
states, where the g mesons attach to different
quarks, as shown in Fig. 2(b), could contribute.
The region near t =0 is quite close to 2p and 3m

thresholds of our propagators. In Appendix A we
have investigated the influence of the 2m threshold
in the p propagator on the t=0 slope of 6,".

We can rule out, on the basis of our fits, the
possibility that the quarks are fermions in an
harmonic-oscillator potential. We can also rule
out that the quarks are fermions with Meyer's
wave function —it is not possible at present to rule
out completely the presence of yet unknown vector
mesons. " These mesons, if introduced with posi-
tive couplings, will not change the t ' behavior but

APPENDIX A: THE VECTOR-MESON

PROPAGATORS

The co and P mesons have very small widths.
Therefore, especially in the region of negative t,
we may take

D (t) =(m ' t)-
D g (t) = (m &

' —t) '
(Al)

(A2)

The p, however, has a very large width. More-
over, its 2II threshold is close to the q'( 0 region.
We must, therefore, construct a more realistic
approximation to the physical propagator.

The vector-meson propagator is actually a ten-
sor of the form

D, „(t)=g„„D(t)—P„P„E(t), (A3)

with invariant functions D(t), E(t). Only part D
can contribute to the couplings to a conserved cur-
rent. This function has a branch point at t =4m, '
with a cut along the positive real axis. For very
large t we expect the propagator to look like a
simple pole

D(t)-t ', as ~t1- (A4)

At the threshold, since the spin of the p is one,
we expect the discontinuity to go like (t —4m, 2)"'.

The simplest function which satisfies these re-
quirements is

they might contribute at small t.
The Lorentz factor (l —t/4m~') "~ in our expres-

sion for the form factors leads to a nearby singu-
larity and therefore to a poor prediction for the
m-meson electromagnetic form factor. Vector
dominance leads to too steep a falloff if applied to
the inelastic form factors W„W, of the proton.
These and related problems are under investiga-
tion.

1.2

I.I

Za

D 9

I

.8

I. 1 28
I, I?8
I.228
1.2?8

(A5)

D '(t) =A(t —m '+tl" m ),
where I'~ = I" is the p width. Defining I. by

D (t) = t —a+XL(t),

(A6)

(AV)

we find

with free constants a and X and c =4m„'. We eval-
uate a and A. by requiring that, near t =m ',

7 s I I I I I I I I I I I I I I I I I I ': I I I I I

0 2 4 6 8 10 12 l4 l6 I8 20 22 24
-t (CeV/c)

2

FIG. 8. Comparison of the data with the result of
Meyer's wave function after relativistic corrections are
applied. The parameter varied is A =2/352, Eq. |,'93).

where

(A8)

(A9)
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and

a =mq'+Xf. (x(mq')),

vx'/m, —ra', .2'
P

B' =—Re L(x(t)) .d
df

(A1o)

(A11)

(A12}

we find that the decay rate V-3m is given by

12 '' d'
3 2M~ . ~„2g]
x I&olJ (0)I3w&l',

where

qv =(Mv~0} ~ &f =ps™rr

(B3}

Note that

D(0) = -1/a.
Thus, for the p meson, we have

(A13)
From (20) and (21) we see that

(0 I J„I 3v& = (-g„sin 8„+g„cos8r) &0IA. I»&
cos r

t (t) =
a —t —XL(x(t))

(A14)

We get from the values ' I'p=120 MeV, Mp 760
MeV

(ol J~@I3v& =(grcos8~+g„sin8r) &0IA„I3v&
Cos (91 —6lg

(B4)

a =0.569 (GeV/c)'

X = 0.0336 (GeV/c)' .

(A15)

(A16}

The slope at t =0 can also be computed; we find

good agreement with the dipole fit. Unfortunately,
this slope then becomes flatter very quickly. A

comparison with the small-t data is shown in

Fig. 9.

APPENDIX B

In this appendix we will evaluate the ~-Q mix-
ing parameter x [Eq. (36)] from the decay rates
of (d, (I} into three m mesons.

The parameter x is given by (31), (32), and (37)
as

COS 6I1,x= cosg& +~ sln8~cos(8r —8g) gr

Let 4v„(x) denote the field operator of either the

p or the (d meson and let

J'„(x) = (E+m, ')4'„(x)

They are of the form

&o I
J'„

I »& =&v&0 IN„I »&,
where we have used the fact that

(B6)

&ollV„I»& =e„.e)PiPIPIF(f ~ Py), (B8)

F being a scalar function of the invariant inner
products. We assume that F is slowly varying
and replace it by a constant. Note that

&OI NI3&& —-[(g,pmxp~+ ~2p~xp~+ ~~exp~].
(B9)

For our purpose we need only to estimate the inte-
gral in (B3) as a function of M». Let

(o I y„l »& = (o I lV„ I
3 v& (B7)

as no X quarks are present in either the
I 0& or the

I 3v& state.
The matrix element (0 I N„I 3v& should be a pseudo-

vector orthogonal to Qp, . The simplest form is

be its source. By standard LSZ (Lehmann-
Symanzik- Zimmermann) reduction techniques,

l.2

'l.0.

0.9
0 2 3

-t (GeV/c)~

FIG. 9. The behavior of the data and our Qt for very
small t values where the 27r threshold is important.

p~ =Mvv»

m, ' =0.02M, ',
then

I &o I NI »& I
'= (Mv')',

with a fractional error of the order of
I
0.02

—m, '/Mv'I, which is negligible. We find for
the mass dependence

R(V 3 )-M '-"'-'-'Iw I'

to within O(0.02am, '/Mv'), and thus

R(Q-3w) Mz ' cos8„+(g„/g„)sin8r
R(&u- 3v) M -sin8„+(gr/g„) cos8r

(B10)

(B11)

{B12)

(B13)

(B14)
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This becomes, with a little algebra,

ff(4 -3v)
ft(~ —3v) M„'(1—x)"

where x is given in (36). Let

(B15)

Since x=y/(1+y) we have either

g =+0.10+ 0.02

x = -0.13+ 0.04.

(B24)

(B25)
M. 'ft(4 - 3v)

y =
( 3 )

tan &r

and, from (26) and (27)

(B16)

(B17)

y~ '=3.1+0.7, (B19)

Now (M /M&)' =0.159 and from Ref. 17 (p. 19)

'/4v=4. 0+0.9, (B18)

APPENDIX C

In this appendix we evaluate the parameter 5,
Eq. (56), in terms of the ratio of the nucleon mag-
netic moments.

The nucleon magnetic form factors, evaluated
at t =0, give the magnetic moments

(Cl)

(C2)

hence

~ ~ ~

2
= 0.73 + 0.28 .

y t'ai

From the Particle Data Tables, "we have

(B20)

From Eq. (65) we find

y., = m(1 —v'5),

q„= --', m(1+-,'5) .
(C3)

(C4)

R((o- 3v) = (0.87 + 0.04)(12.7 + 1.2) = 11.6 + 1.15,

(B21)

The ratio p~/p„would be exactly --,' if the 6' and
X quarks had no anomalous magnetic moments.
Calculating 6 from the observed p~/p, „we find that

It (y —3v) = (0.181+ 0.049)(3.9 s 0.4) = 0.705 + 0.207 . e =+0.0243. (C5)

We find

0.159 0.705 '"
(Q Q139)~/

0.732 11.06~ ~

~

=+0.12 a 0.03.

(B22}

(B23)

It is, of course, possible that the deviation of

p~/p„ from --,' is due not to the quark anomalous
magnetic moments, but to a contribution at I; =0
from intermediate multipion states. This remains
a problem to be settled. The effect on the form
factors is small, less than 1/().

~R. Hofstadter, Rev. Mod. Phys. 28, 214 (1956).
2T. T. Wu and C. N. Yang, Phys. Rev. Letters 20,

1213 (1968).
3R. Jengo and E. Remiddi, Lett. Nuovo Cimento 44,

309 (1969).
4P. N. Kirk et al ., SLAC Report No. SLAC-PUB-656

(unpublished); D. H. Coward et al ., Phys. Rev. Letters
20, 292 (1968).

5Y. Nambu, Phys. Rev. 106, 1366 (1957); %. R. Frazer
and J. R. Fulco, ibid. 17, 1603 (1960).

N. M. Kroll, T. D. Lee, and B. Zumino, Phys. Rev.
157, 1376 (1967); H. Joos, in Special Problems in High

Energy Physics, edited by P. Urban (Springer, Vienna,
1967), p. 320.

M. Goitein, J. R. Dunning, and R, Wilson, Phys. Rev.
Letters 18, 1018 (1967); ~ng-yuen Ng, Phys. Rev. 170,
1435 (1968); T. Massam and A. Zichichi, Nuovo Cimento
44A, 309 (1966).

J. G. Rutherglen, in the International Symposium on
Electron and Photon Interactions at High Energies, 2969,
edited by D. W. Braben and R. E. Rand (Daresbury Nu-
clear Physics Laboratory, Daresbury, Lancashire,
England, 1970). See also Ref. 21.

~T. Appelquist and J. R. Primack, Phys. Rev. D 1, 1144

(1970).
A. L. Licht and A. Pagnamenta, Phys. Rev. D 2, 1150

(1970) (hereafter referred to as I).
~A. L. Licht and A. Pagnamenta, Phys. Rev. D 2, 1156

(1970) (hereafter referred to as Ig.
K. Fujimura, T. Kobayashi, and M. Namiki, Progr.

Theoret. Phys. (Kyoto) 43, 73 {1970); ibid. 44, 193
(1970).
~3T. Takabayashi, Phys. Rev. 139, B1381 (1965).
4A. O. Barut, Phys. Rev. 161, 1464 (1967), and in

Coral Gables Confer ence on Fundamental Interactions
at High Energy II, edited by A. Perlmutter, G. J. Iver-
son, and R. M. Williams (Gordon and Breach, New York,
1970), p. 199.

R. Van Royen and V. F. %'eisskopf, Nuovo Cimento
50A, 617 (1967).

~6E. M. Levin and L. L. Frankfurt, Zh. Eksperim. i
Teor. Fiz. Pis'ma Redaktsiyu 2, 105 (1965) [Soviet
Phys, JETP Letters 2, 65 (1965)j.

'7H. J. Lipkin and F. Scheck, Phys. Rev. Letters 16,
71 (1966).
' A. Pagnamenta, Symmetries and Quark Models

(Gordon and Breach, New York, 1970), p. 291.
~80. W. Greenberg and M. Resnikoff, Phys. Rev. 163,



NUCLEON FORM FACTORS, VECTOR DOMINANCE, . . . 2821

1844 (1967).
~ W. Bartel et al. , Phys. Letters 33B, 245 (1970); Ch.

Berger et al. , ibid. 28B, 276 (1968).
2~E. Lohrmann, in Proceedings of the Lund International

Conference on Elementary Particles, edited by G. von
Dardel {Berlingska, Lund, Sweden, 1970), p. 11.

Our neutron data are taken from the compilation of
G. Weber, in Proceedings of the Third International
Symposium on Electron and Photon Interactions at High
Energies, Stanford Linear Accelerator Center, Stanford,
California, 1967 (Clearing House of Federal Scientific
and Technical Information, Washington, D. C., 1968),
p. 59.

3A negative G~ (t) for 1&—t &4 (GeV/c) is also sug-
gested by an analysis of the neutron data by C. R. Schu-
macher and I. M. Engle, ANL-HEP Report No. 7032

(1970).
240. W. Greenberg, Phys. Rev. Letters 13, 598 (1964).

M. Y. Hahn and Y. Nambu, Phys. Rev. 139, B1006
(1965).
~6V. E. Krohn and G. R. Ringo, Phys. Rev. 148, 1303

(1960).
YA. N. Mitra and R. Majumdar, Phys. Rev. 150, 1194

(1966).
R. F. Meyer, Lett. Nuovo Cimento 2, 76 (1969).

2~R. E. Kreps and J.J.de Swart, Phys. Rev. 162, 1729
(1967).

H. Hogaasen and A. Frisk, Phys. Letters 22, 90
(1966); R. K. Logan, J. Beaupre, and L. Sertorio, Phys.
Rev. Letters 18, 259 (1967).

Particle Data Group, Rev. Mod. Phys. 42, 87 {197o)~

PHYSICAL REVIEW D VOLUME 4, NUMBER 9 1 NOVEMBER 1971
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Assuming that leptons heavier than muons exist in nature, we consider their decay modes
and the correlations between the decay products of l and l in the colliding-beam experi-
ment; e+ +e -l++l . Far above the threshold, the helicities of l+ and l tend to be oppo-
site to each other. Near the threshold the directions of spins of l+ and l prefer to be
parallel to each other, and the sum of the two spins prefers to be either parallel or anti-
parallel to the direction of the incident electron. Because the parity conservation is violated
maximally in the decays of l+ and l, the angular distributions of decay products depend
strongly on the spin orientation of the heavy leptons. Since the spins of l+ and l are strong-
ly correlated in the production, we found a strong correlation between the energy-angle dis-
tributions of the decay products of l+ and l . The decay widths of l into channels v, v, e
v

7
v

p p vg + v7Ã, v, p -, v,K *, v,A &, v, Q, and v, + hadron continuum as functions of the
mass of l are estimated.

I. INTRODUCTION

Since muons exist in nature for no apparent rea-
son, it is possible that other heavy leptons may
also exist in nature. If one discovers heavy lep-
tons, one may be able to understand why muons
exist and obtain some clue as to why the ratio of
the muon mass to the electron mass is roughly
m„/m, =210. Searches for these leptons have been
attempted in the past, "and no doubt people will
be looking for these particles in the e'+e collid-
ing-beam experiments' (e'+ e —l'+ l ), pair
photoproduction experiments' (y+z-l'+l +z*),
and neutrino experiments from the electron
machine' (v, +z- l +z*). We have made extensive
calculations for these cross sections. This paper
deals mainly with the decay correlations in the
reaction, e'+e -l++l .

%e assume that if heavy leptons exist the lep-
tonic current in the usual current-current effec-

tive Lagrangian' of the weak interaction is given
by

J& &,
——v&y (1-y5)p+v, y (1-y )e5+ yv(1 —y, )l,

and the electromagnetic interaction of the heavy
lepton is exactly like that of an electron or a muon.
The major difference between the heavy lepton and
the muon is that, whereas the muon is lighter than
any strongly interacting particle, the heavy lepton,
if it exists, is expected to be heavier than the K
meson; and hence the heavy lepton decays' into
hadrons in addition to electron and muon.

In the electromagnetic scattering of an electron,
it is well known that at high energies [(m/E)-Oj
the helicity of the electron remains the same dur-
ing the scattering, whereas at low energies
[(m/E) -1] the direction of the spin with respect
to a fixed coordinate system in space is pre-
served during the scattering. ' In Sec. IV we show
that analogous things happen in the reaction e'+ e


