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In the np case one of the hehcity flip amphtudes, 
0+ +, causes a secondary maximum to appear at small 
angles («15°). Although this maximum might be 
washed out, more experimental data would be valuable 
to study this feature of the absorption model. 

The ratio of the irp to Kp charge-exchange cross 
sections at the same cm. momentum, particularly at 
0"̂ , can be used to test the SU3 prediction of coupling 
constants. However, this test should be carried out at 
higher energies (e.g., > 6 BeV) than where data pres­
ently exist in order to get outside the irp resonance 

region. Thus, additional data, especially at higher 
energies would clearly be of value. 
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Bernstein and Lee and, independently, Meyer and Schiff have recently published calculations of the neu­
trino electromagnetic form factor, obtaining results differing by a finite constant term. This difference can be 
traced back to how the W-meson contribution is regularized: The Bernstein-Lee calculation is gauge-invari­
ant at every step, while Meyer and Schiff simply impose over-all neutrino charge neutrality at the end. The 
^-limiting process in addition sums a class of electromagnetic radiative corrections and assigns the value 
\na~^ to the logarithmically divergent term in the TF-meson contribution. Since the finite term, which is al­
most comparable to \na~^ in magnitude, is not fixed by the ^-limiting method, the neutrino form factor has 
actually been determined only to order of magnitude by this method. For this reason and because the W 
mass is large (or infinite), we have determined the largest part of the neutrino form factor from the charged 
lepton contribution using a guage-invariant direct-interaction theory. This is obtained, without further cal­
culation, from the photon vacuum polarization. The Ve charge radius thus measures the same integral that 
appears in the perturbation-theory calculation of Zse-^^, the charge renormalization in quantum electro­
dynamics. 

INTRODUCTION 

IN the weak interaction theory, either based on the 
local four-fermion current-current self-interaction 

(F theory) or on the intermediate boson model (W 
theory), (eve) (eve) and (JUĴ J (IJLV^) couplings would 
exist to the lowest order in the weak coupling constant 
G {F theory) or ĝ  (pjz theory). An immediate conse­
quence of this interaction is that the neutrinos would 
have electromagnetic interaction through the genera­
tion of a charge form factor in the sequence^: 

( i ) F theory: vi;=±vi+l^+l-^Pi+y, (1) 

(ii) IF theory: vi:;±l-+W+:;=±l~+W++y^vi+y, (2) 

where l==e or /x. The matrix element of the neutrino 
electromagnetic current operator Jf, evaluated between 
initial and final one-neutrino states in a 75-invariant 

CP-invariant theory^ is 

* This work was supported in part by the U. S. Atomic Energy 
Commission. One of the authors (S. A. B.) also gratefully acknow­
ledged the hospitality of the Physics Division of Aspen Institute 
for Humanistic Studies where part of this work was done. 

1 In order to satisfy gauge invariance or energy-momentum 
conservation, the coupling must be to photons off the ^̂  = 0 mass 
shell, i.e., to virtual photons or to plasmons. 

(/1 / , I v)=iv{p')y.(i+yMp)Fiq'), (3) 

where p and p^ are, respectively, the initial and final 
four momenta and q^=(p~p^y. F(q^) is the neutrino 
form factor, which, in lowest order electromagnetic and 
weak interaction, originates from the Feynman dia­
grams of Figs. 1 or 2. 

The explicit form of F{q^) has recently been calcu­
lated by Bernstein and Lee^ and independently by 
Meyer and Schiff̂  in the W theory for the case of vector 

FIG. 1. The lowest order 
diagrams contributing to 
the neutrino form factor 
{l = e or fi) in the W theory. 

2 We do not consider the question of whether a consistent 
quantum electrodynamics exists for a massless spinor field. 

3 J. Bernstein and T. D. Lee, Phys. Rev. Letters 11, 512 (1963). 
4 Ph. Meyer and D. Schiff, Phys. Letters 8, 217 (1964). 
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FIG. 2. The lowest order diagram contri­
buting to the neutrino form factor (/=e or n) 
in the F theory. 

mesons of unit gyromagnetic ratio. Their results for 
/(O), which is related to the "charge radius'' {r^} by 
the relation (r^}=(3Ge/S1^'^^/2)f{0), agree for the term 
in the mass-singularity and in Ina, but differ by a finite 
nontrivial constant of the same order as Ina [cf. /ii(0) 
in columns 2 and 3 of Table I ] . This difference traces 
back to how the PF-meson contribution is regularized: 
The Bernstein-Lee calculation is performed with the 

gauge-invariant ^-limiting process; Meyer and Schiff 
use a Feynman regulator for the lepton propagator in 
the diagram (ii) of Fig. 1, while imposing the charge 
neutrality condition 

F(q^) = 0, at ^ 2 ^ 0 . (4) 

In Table I, we also include our own results using 
Bernstein-Lee and Meyer-Schiff regularization. In 
column 4 we present the results of using an invariant 
cutoff A on the four-dimensional integration in place of 
regularization of the integrand. 

The W-iatson contribution to the neutrino forai factor 
can, however, be determined only to order of magnitude 
since the limiting value G(<x>),^ which is dropped in the 
Bernstein-Lee and Meyer-Schiff calculations, may be 
comparable to other finite or logarithmic terms re-

TABLE I. Summary of results of calculation of /fe^), where p = q^/4:m^. Numerically, — (5/3) lnck: = 8.20, and with M= 15m^, we have 
i\n(MymJ^) = 7.22, iln{iW/me^)=21Al, Bernstein and Lee have /,,(0) = - 1 5 . 2 1 , /„^(0) = - 1 . 0 2 ; Meyer and Schiff have 
fy^{0) = — 15.60, fvAO) = —1.41. Our 7^-theory (direct current-current interaction) calculation gives, with cutoff A = if,/^^(O) = — 21.6, 
/ , (0) == — 7.4. With a larger value for A, there would not occur such a near equality between /i(0) and /ii(0) for ?/̂ . 

Theory 

Authors Bernstein-Lee 
(Method used) ( l i m i t i n g process) 

4 M^ 2^ 
fi (0): [Diagram — In 

(i) in Fig. 1 ] 3 mi^ 9 

fu (0): [Diagram 
(ii) in Fig. 1 ] 

/(0) = /i(0)+/ii(0) J 

r 5 A2 16b 
- I n 
3 ilf 2 9 

1 5 A2 7° 
- I n 

1 3 Jlf2 6 

5 4 i f s 
Ina In 

3 3 m^ 

5 4 ilf2 
— IncK— In 

3 3 m^ 

4 m^^ 
/ . . ( 0 ) - / . / 0 ) — I n — 

3 Me^ 

M)-m 
20 4 

9 Zp 

-2d 

25*' 

18 

{W theory) 
Meyer-Schiff 

(Regularization 
lepton propagate 

4 if2 2 
— In 

3 wz2 9 

5 A2 13 
- I n 
3 lf2 6 

5 A2 5« 
- I n 
3 M 2 4 

5 4 ilf2 
Ina In 

3 3 m-? 

5 4 If2 
I n a — In 

3 3 mi^ 

4 w^2 
— I n — 

3 m^ 

in 
^r) 

43d 

18 

36 

Present 
calculation 

(invariant cutoff) 

4 if2 2 
— In 

3 m^ 9 

5 A2 5 
- I n 
3 M2 6 

5 4 Jf2 i9d 

— I n a — In 
3 3 wr* 18 

4 m^^ 
— I n — 

3 Me^ 

{F theory) 

Present 
calculation® 

4 A2 2 
— In—+-

3 mi^ 9 

4 A2 2 
— In—+-

3 mi^ 9 

4 m^^ 
— In 

3 mj^ 

20 4 

9 3p 

<-TM' 3 \ 2p)\ p) 

Xln-
(1 + 1/^)1/2+1 

1 
(l + l / p ) l / 2 - l 

Xln-
(1+1/^)^/2+1 

1 
( l + l / p ) l / 2 - l 

» Bernstein and Lee do not give /i(0) and /ii(0) separately, but only /(O) after (5/3) ln(A^/M^) has been converted into — (5/3) Ina. We have calculated 
/i(0), which is finite without cutoff, finding agreement with Meyer and Schiff. 

^ Obtained by subtracting above value for /i(0) from Bernstein and Lee's quoted result for /(O). 
« Our own calculation. We have not pursued the difference between our results for /ii(0) and those of Bernstein and Lee and of Meyer and Schiff because 

of the inherent ambiguity in the constant term in fu (0). 
d The substitution ln(AV-M2) -* ~lna has been made. « See Ref. 8. 

^ The e:jcistence of G(co) is basic to the method of Refs. 3 and 4̂  but its magnitude is not computable by the theory. 
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tained. The ^-limiting process can be regarded as a 
generalization of the gauge-invariant Pauli-Villars 
regularization method: This prescription is known to 
suffer from a lack of uniqueness concerning the constant 
term in /ii(0).^ The finite constant terms cancel out of 
the differences A ( 0 ) - / . / 0 ) and f{q^)-f(0), so that 
these differences are of higher accuracy than f(q^) 
itself. 

The TF-meson contribution is, in the ^-limiting theory, 
/ii(0) = 6.4 or 7.0, independent of any of the masses. 
It is, however, not yet clear whether the W meson exists: 
If it does, its mass must be large compared with the 
lepton masses. The TF-meson contribution is thus, at 
least in the case of Ve, small compared with the charged 
lepton contribution, and in any case is left somewhat 
ambiguous by the ^-limiting calculation. 

We have therefore chosen to omit the IF-meson con­
tribution entirely and to determine the neutrino form 
factor by a gauge-invariant F theory, using the W mass 
only as a cutoff. Our results are, therefore, applicable if 
the W meson does not exist or if, because of its large 
mass, it contributes inappreciably to the neutrino struc­

ture. We do not consider the F theory necessarily to be 
the infinite mass limit of the W theory.^ 

THE NEUTRINO FORM FACTOR IN 
THE F THEORY 

The neutrino form factor in the F theory is now ob­
tained directly from the calculation of the same lepton 
in quantum electrodynamics, being careful only to 
maintain gauge invariance. The relevant interaction 
Lagrangians are given by 

Electromagnetic interaction: 

Lint^^=-ie4^ly^,^plA^ (5) 

weak interaction: 

iiut^='^^= - (iG/^/2){hy,il+y,)h} 
X{f,T,.(l+7B)W+H.c., (6) 

after a Fierz rearrangement. The matrix element for 
the diagram in Fig. 2 is then 

where 
i{Kp')y^{i^+yMp))Ti,,iq'), (7) 

n, . (g2)=n . , (92)= . 
G ie -J-TT{y.{l+y,)S(k)y,Sik-q)-y.{l+y,)Sik)y,S(k)}d% 

Sikh 

V2 (27r)4 

G ie r 
- - - — / Tr{y.S(k)y,S(k-q)-y.S{k)y,Sik)}d'k 

V2 (27r)4 J 
k+inti 

k^+mt^ 

(8) 

(9) 

The expression (9) shows that only the electron or muon vector current contributions to Ili,y(q^). The parity viola­
tion effect is governed by the neutrino at the four-point weak vertex. The polarization tensor li^viq^) in Eq. (9) is 
thus, if we make the substitution Ge/\/2 —» e'^, exactly the famihar photon vacuum polarization tensor in quantum 
electrodynamics. Thus, without further ado,^ 

n..(g2) = (Mv-^ 'UC(^2) , (10) 
where, in lowest order perturbation theory, 

Ciq')=-—HUq') 

/AH 18 r l / 1 \ / ly/^ /(i+i/p)i/2+u-| 
- f ln(—) +f - + ( l ) ( l+-) Inf-̂  — ) 

W V 9 Lp \ 2p/\ p) \(l+l/p)i/2_i/J 
\ ^ 16x2 I 

Substituting (10)-(12) into (7), and then comparing with (3), we obtain 

G e 
F(q^) = -q^C(q^)^-

\^167r2 
•q'fig'), 

(11) 

(12) 

(13) 

/ A 2 \ 18 (1 / 1 \ / ( l + l / p ) i / 2 + l \ 1 
/ ( ? 2 ) = - | l n — ) - - + f - + l - - ) ( l + l / p ) i / M n — - - ) , (14) 

W ( V 9 [p \ Ipl \ ( l + l / p ) i / 2 - l / ) 

«W. Pauli and F. Villars, Rev. Mod. Phys. 21,434 (1949). N. N. Bogoliubov and D. V. Shirkov, Introduction to the Theory ojQuantized 
Fields (Interscience Publishers, Inc., New York, 1959). 

' G. Feinberg and A. Pais, Phys. Rev. 133, B477 (1964). 
' J . M. Jauch and F. Rohrlich, The Theory of Photons and Electrons (Addison-Wesley Publishing Company Inc., Reading, 

Massachusetts, 1959), Chap. 9. Note that the right-hand side of Eqs. (9-66) and (A5-27) should have an over-all negative sign. 
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2 
Bubbles 

FIG. 3. The bubble diagrams which are of arbitrary order in e, 
but only first order in G. The virtual particles at the G vertex 
must be electrons or muons, but the bold-face bubble receives 
contributions from all charged particles. 

where the Dirac equation for the neutrino has been 
used. The charge neutrality condition (4) appears in 
Eq. (13) as a consequence of gauge invariance. The ex­
pressions (10) and (11) are also gauge invariant. From 
Eq. (14), both /(O) and f(q^) - /(O) can be easily derived; 
the results are given in the last column of Table I. Our 
expression for f(q^) — f{0) is identical with that of 
Bernstein and Lee [their Eqs. (9) and(lO)] {M'^:^mi\q^). 

I t is now clear that the v^ charge radius (f^)=6C(0) 
measures Z^~^=l—(^l2e/G)C{0) the principal (elec­
tron) part of the lowest order perturbation theoretic-
calculation of Zf'^j the charge renormalization in 
quantum electrodynamics. If we consider, furthermore, 
all orders in electromagnetic radiative corrections, but 
only the first order in G, we sum over all the bubble 
diagrams (Fig. 3). The result is^ then to replace Ge by 
GeZ^^^^=Geo, i.e., to renormalize the electron charge 
wherever it appears. 

Parenthetically, we can comment on the higher order 
weak interaction effects, restricting ourselves to lowest 
order in e but considering diagrams of arbitrary order 
in G, i.e., the chain diagrams in Fig. 4. For a fixed value 
of G, or in the small momentum transfer region, apply-

2 
Chains 

=t>-xty<tXy^ 
FIG. 4. The chain diagrams which are of arbitrary 

order in G^ but only first order in e. 

ing the arguments of Landau et al}^ or Feinberg and 
Pais,^ we conclude that f{q^) vanishes in the limit of 
infinite cutoff A. In this respect the results of F theory 
and of W theory are very different. 

CONCLUSIONS 

Summing up, we conclude that : (i) The qualitative 
observation of the Ve and v^. electromagnetic form factors, 
while not bearing strongly on the questions of the exis­
tence of W mesons and the validity of ^-limiting process, 
would indicate the neutrino-charged lepton couplings 
that are operative; (ii) the difference between the Ve and 
Vfj. form factors or the expression f(q^) — f(0) is inde­
pendent of W structure and f-limiting process; (iii) 
should the W meson not exist, a measurement of the Ve 
charge radius determines the electron part of the charge 
renormalization Z^J-'^, as given in conventional quantum 
electrodynamics. The answers to the qualitative ques­
tions of the existence of neutrino form factors and of a 
difference between them, may be obtained sooner than 
an exact measurement of the momentum dependence of 
the neutrino form factors. Thus, far from discouraging 
the neutrino form factor experiments, the present note 
is intended to emphasize just what is likely to be 
learned from them. 

Note added in proof. After this work was submitted 
for publication we learned that Ya. B. Zel'dovich and 
A. M. Perelomov, Zh. Eksperim. i Teor. Fiz. 39, 1115 
(1960) [English transL: Soviet Phys.—JETP 12, 777 
(I960)] have also referred the neutrino form-factor 
calculation to the vacuum polarization tensor in quan­
tum electrodynamics. Our results for the neutrino 
charge radius are, however, not exactly the same: Our 
result C(0)=(Ge/ \^47r ) ( l /3x) [ - ln (AVw2)+i ] (ob­
tained by invariant cutoff) differs in the sign of | from 
their formulas. The principal point is that the Ve charge 
radius is inherently ambiguous but is related by 
( r2 )=-6 (G/v5e) (Z3 . - i - l ) , where G/^l2e= (l.OlXlO-i^ 
cm)2, to the perturbation-theory charge renormaliza­
tion. This idea is apparently suggested already in 
Ref. 9. 

^ M. A. Ruderman, University of California Laboratory Report 
UCRL-10336, 1962 (unpublished). 

^°A. Abrikosov, A. Galanin, L. Gorkov, L. Landau, 
I. Pomeranchuk, and K. Ter-Martirosyan, Phys. Rev. I l l , 321 
(1958). 


