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We comment on our result. Concerning the S-wave
scattering lengths, Hamilton’s® new values are
a3=—0.09140.005 and 2a,+a;=0.270-4-0.008, which
yield a;42a5=—0.002490.008. As regards the P’
parameters, a diversity of results appears in the liter-
ature. Barger and Olsson!! gave ap =0.3940.24; Rarita
et al.'?> gave ap=0.57 with ypr=14.8 mb BeV or

10 J. Hamilton, Phys. Letters 20, 687 (1966).

11'V. Barger and M. Olsson, Phys. Rev. 146, 1080 (1966).

12 W. Rarita, R. J. Riddell, Jr., C. B. Chiu, and R. J. N. Phillips,
Phys. Rev. 165, 1615 (1968).
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ap=0.73 with v p- =21 mb BeV; Meshcheriakov et al.,’?
imposing ap-=0.50, obtained v p = 13.86 mb BeV; while
Igi,** who was the first one to propose the existence of
P’, gave yp=3.054"1=18.3 mb BeV for ap=0.4
(vp=21.6 mb). Although the experimental uncertainties
in ReC™®(») may still be large, we believe that our
method provides a better method for the determination
of all these parameters, since all the integrals [Egs. (5),
(7), and (9)] are superconvergent.

18V. A. Meshcheriakov ef al., Phys. Letters 25B, 341 (1967).
1 K. Igi, Phys. Rev. 130, 820 (1963).
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The observed total weak-interaction current g,"*(x) and the observed total electromagnetic current g, (x)
are assumed to be, respectively, the same local operators, apart from constant multiplicative factors, as the
hypothetical charged intermediate boson field W, (x) and the corresponding neutral intermediate boson field
W, (x). The field algebra satisfied by these current operators is discussed. It is shown that, neglecting higher-
order weak-interaction effects, one can obtain finite higher-order electromagnetic corrections for the known

. hadrons and leptons, such as the electromagnetic mass shifts of p, =, e, u, etc., and the radiative corrections

to the weak decays of these particles.

I. INTRODUCTION

HE purpose of this paper is to show that within
the general framework of field-current identi-
ties™™? it is possible to derive finite higher-order elec-
tromagnetic corrections for the known hadrons and
leptons, provided one identifies the observed weak and
electromagnetic current operators, J,** and ¢,”, as
proportional to some weakly coupled fields such as the
(hypothetical) intermediate boson fields. In order to
show that such field-current identities are indeed pos-
sible, let us first examine the definitions of these ob-
served current operators.
The total electromagnetic current operator g, is,
by definition, related to the electromagnetic field 4 , by*

oF,,
a (1.1)

= eﬂ(ﬂy'y ,
0xy

* This research was supported in part by the U. S. Atomic
Energy Commission.

IN. M. Kroll, T. D. Lee, and Bruno Zumino, Phys. Rev. 157,
1376 (1967).

2T. D. Lee, S. Weinberg, and Bruno Zumino, Phys. Rev. Letters
18, 1029 (1967).

3T. D. Lee and Bruno Zumino, Phys. Rev. 163, 1667 (1967).

4 Throughout the paper, the subscript u denotes the space-time
index, u=4 is the time component, x4=4¢, and u=4 (or j, or k)
denotes the space component. All repeated indices are to be sum-
med over.

where e is the unrenormalized charge of the electron
(60<0), and
9 ]
Fp=—A4,—A,.
0xy ax,

To give a precise definition of the total observed weak-
interaction current operator §,"*(x), we assume that
the bilinear product

x5 (D) = iva(x)ty eya(14-v5)l(x) (1.2)

is an observable, where /(x) and »;(x) represent field
operators of the particles /= and »,, respectively, I=¢ or
&, and the dagger denotes the Hermitian conjugate. The
observed total weak-interaction current §,"(x) is then
defined to be proportional to the derivative of the .S
matrix with respect to sx**(e) or sx" (). We have

S ()= — (1.3)
11—V (x)= = , .
vz asi(e) sa"E(u)
where
Gr10-tmy?, (1.4)

which denotes the Fermi coupling constant of the weak
interaction, and my is the nucleon mass. In (1.3), the
equality [3S5/3s\%%(e)]=[8S/dsn"*(u)] expresses the
u—e symmetry property of the weak interaction.
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Throughout the following discussions, we assume the
following:

(i) All presently known leptonic and semileptonic
weak processes such as

v+ A — +B (1.5)

and

A — B+-I4n (1.6)

are transmitted by the hypothetical charged intermedi-
ate boson field W ,(x).

(ii) There exists a neutral intermediate boson field
W, which is the source of the electromagnetic field;
ie.,

Jur=xW 0,

where « is a constant.

(iii) In the absence of all other fields, these inter-
mediate boson fields satisfy a set of non-Abelian field
algebra and the Lagrangian is invariant with respect
to the corresponding symmetry group, the simplest
possibility being the SU, symmetry.

This last assumption is needed to distinguish between
the electromagnetic field 4, and other possible linear
combinations of the neutral spin-1 fields such as 4,/
= A ,+ (const) W 0. The field algebra, or the correspond-
ing symmetry, is satisfied when one sets 4,=0, but not
A,/=0.

According to (i), the transition matrix elements of the
weak-interaction Hamiltonian for (1.5) and (1.6) are
given by

FBIW A=) | ) (e)+5x" () ], (L.7)

where Wi(x) is the usual charged intermediate boson
field, fis related to Gr by

f/mw*=Grp/V2, (1.8)

and mw is the mass of the charged intermediate boson.
Comparison between (1.3) and (1.7) leads to the current-
field identity

w5 (@)= — (mw?/ )W u(x) .

For all presently known weak reactions (1.5) and (1.6),
the matrix element (B|W\|4) is O(f). Therefore,
(B| gu™|4) is 0(1).

In Sec. IT we discuss an SU,-triplet model of inter-
mediate bosons, W+, W9, and W—. These intermediate
boson fields are related to the observed current opera-
tors by (1.9) and

gln(x) = (mW2/f0)Wuo(x) )

where fo may differ from f by a numerical factor, de-
pending on the details of the model. For example, as we
shall see, a particularly simple choice for the SU; model
discussed in Sec. II is

(1.9)

(1.10)

fo=2V2f. (1.11)
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Different symmetry requirements could lead to different
choices of the ratio (fo/f); those will be given in Ap-
pendix A. In general, we assume that fo is of the same
order of magnitude as f;i.e.,

fo=0({)

fo¥/mw*=0(Gr). (1.12)

From these field-current identities, one finds that, to
all orders of ¢? and G, the total electromagnetic current
operator §,” satisfies, among others, the following field
algebra:

and, therefore,

[tgi‘y(r)l)ygiv(/yt)]: [547(711)7547(/’”] =0 ’ (113)
[547(7;0;5]'7(7/70]: (sz/foz) Vj63<7’—‘ 1',) ) (114)
and
E(a/at) gj‘y(ryt) - ing4”’(r,t),3k"(r',t):|
= —i(mw?/ f*)mo?6;16°(r—7")
—i(f2/mwH g% (r, ) g™ (r,t)T
+ 35 (r,t) g (r,1) J8*(r—1"),  (1.15)

where m, is the bare mass of the neutral intermediate
boson. It is important to note that in (1.15) the coeffi-
cient of the quadratic term g;*¢g,"*t is —i(Gr/V2); it
can be neglected if one is not interested in higher-order
weak-interaction effects. The commutator between
39;*(r,t)/ 0t and J,7(r',t) becomes, then, a ¢ number.

Note added in proof. This commutator can be a ¢
number to all orders in ¢ and Gp, provided that one
does not apply the Yang-Mills theory to the inter-
mediate boson system; otherwise, this commutator is a
¢ number only if higher-order weak-interaction effects
are neglected.

By introducing additional boson fields, the relevant
group can be easily enlarged to, e.g., SU2XSUs,, or
SU3XSUs. The corresponding field algebra can also be
derived. Furthermore, if one wishes, the interaction be-
tween the hadrons and the intermediate bosons can be
made to preserve the usual isospin symmetry. Thus, for
example, there is no O(f?) term in the mass difference
between different hadrons of the same isospin multiplet.
Such a general treatment is given in Appendix A. The
usual theory of vector and axial-vector dominance in
strong interactions assumes a different form in the
present case; these will be discussed in Appendix B.

In all these cases, independently of the particular
group structure assumed, the electromagnetic interac-
tions between all known particles, hadrons and leptons,
are mediated only through W?° via the sequence

known particlese W2y

W= known particles. (1.16)

In this sequence, the interaction between W° and the
known particles is O(f) and that between W and v is
O(e/ f). One may combine this chain of neutral spin-1
boson propagators into a single term called the effective
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photon propagator D,(g%). As ¢*— 0, D,(¢?) — ¢72, but,
as we shall see,

D(¢*) = 0(¢™), (1.17)

provided all higher-order weak-interaction effects are
neglected. The general properties of such an electro-
magnetic interaction are discussed in Sec. III, and the
detailed behavior of this effective photon propagator
D, (¢?) is given in Sec. IV. The ¢~® dependence of D,(¢?)
at large ¢? makes it possible to obtain finite values for
many previously divergent radiative correction calcula-
tions which were evaluated in a theory without I¥°. The
present theory gives a convergent result if the previous
integral diverges like either O(lng?), or O(g?), as the
square of the virtual photon momentum ¢%— c. This
includes the electromagnetic mass shifts of any spin-3
and spin-0 charged particles, such as e, u, p, m, etc.; it
also applies to the radiative corrections to the weak
decays of these particles. The details of these radiative
corrections will be given in a separate paper.

In contrast, the higher-order weak-interaction effects
remain divergent, at least in the perturbation series ex-
pansion. In this sense, the present formulation cannot,
as yet, be regarded as a fundamental theory, but one
that provides unambiguous rules to obtain finite radia-
tive corrections within the general framework of the
local field theory.

as qz_, o,

II. SU,-TRIPLET MODEL OF
INTERMEDIATE BOSONS

We first discuss a simple system consisting of the
electromagnetic field 4,, the three intermediate boson
fields W ,0(x),

W u(x) = (A/NV2)[W () —iW *() ] (2.1)

and
W (@)= AN [W ) (@) +iW () ],

the usual four lepton fields e(x), u(x), v.(x), and v.(x),
but, for clarity of presentation, only two hadron fields
g1 and g¢s. If one uses the Sakata model® of the usual
triplet pt, #° and A, then

(2.2)

Q=p
and
ge=mn cosf-X sinf, (2.3)
where 6 is the Cabibbo angle.®
It is convenient to define
vi(x) q1(x)
wuw=("") ad ww=(" ), o
I(x) qa(x)

6§7. Maki, M. Nakagawa, Y. Ohnuki, and S. Sakata, Progr.
Theoret. Phys. (Kyoto) 23, 1174 (1960). If one uses the quark
model [M. Gell-Mann, Phys. Letters 8, 214 (1964); G. Zweig,
Conseil Européen pour la Recherche Nucléarie Report (unpub-
lished) ], then it is necessary also to include the interaction between
W0 and gs= —# sinf-4-\ cosf because g¢s is charged.

8 N. Cabibbo, Phys. Rev. Letters 10, 513 (1963).
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where the neutrino fields ».(x) and »,(x) are described
by the two-component theory

yvi(x)=vi(x). (2.5)
Thus, in the familiar decomposition’
‘l’a(x) = KI/GL(x)"}‘KbaR(x) ) (26)
where a=1 or k,
Yol () =5(1+vs)¢a(x) 2.7)
and
Yo (x)=3(1—vs)¥a(x), (2.8)
one has for the lepton field
wew=( > ) (29)
x)=- . 9
PRV CERATE)

The total electric charge operator Q can be written as
Q=I3+3Z, (2.10)

where Z is related to the usual baryon number  and
the usual total leptonic number L (defined to be +1 for
I~ and »;) by

Z=N—1L, (2.11)

and I3 is related to the Pauli matrix 73 by I3=21r; for
¥ and ¢ For the intermediate boson field, Z=0, and
I3=1, 0, and —1, respectively, for W,, W,° and W *.
Itisimportant to note that /3 is #ot the usual third com-
ponent isospin operator 7's. For the hadrons, I3=T;
415, and S is the strangeness.

In accordance with assumptions (i), (ii), and (iii),
the total Lagrangian for this simple model is a sum of
three parts, the spin-1 boson field part £ie14, the matter
part Lmatter, and the interaction part Ling:

£= Lriclat Lmattert Lint, (2.12)
Lriola= — 3Fu?—2(1+0)(W,.) = tmw?(W,)2, (2.13)

i)
vema,tter: _‘l’aT<'Y4'Yy5“‘+Ma>ll/a y (2.14)

X
and

£ int= — t\/?fl: (tl/GL)tY‘{YI‘ (TIWM1+ T2Wu2)ll/aL]
—i%fo[‘!,/atyﬂ/u(T 3+Z)¢a]W“0 , (2.15)

7 Such decomposition has been used since the early days of
parity nonconservation. We note that the total Lagrangian (2.12),
except for the mass term, is invariant under a U X Uz symmetry
group which transforms W, — W, Y5 — s, 4, — 4,, but

‘p‘L) - \l/cL) (lﬁeR) ‘pgR
u and -9
('/’uL Yl Vil ‘PuR)’
where # and v are two arbitrary (2X2) unitary matrices. In addi-
tion, it is also invariant under the usual U, X U gauge group gen-
erated by the total charge Q and the total baryon number N.
The total lepton number L is one of the particular generators of
the UsX U, group. From (2.10) and (2.11), one sees that I3=Q
—3N+-3L is always conserved. This UsX U, group has been dis-
cussed by G. Feinberg and F. Giirsey [ Phys. Rev. 188, 378 (1962)]
and T. D. Lee [Nuovo Cimento 35, 945 (1965)].
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where W, denotes the SU, triplet W,!, W,2, and W),
the components of W,= (W,,W,2W.,9 are related to
those of W, by

Wo=W 5+ (eo/ fo) 4.4
and .
Wi=W,, for i=1 and 2,

. 9 . 9 o s
anz—Wv—"‘_Wu_fO(WnX Wv) )
dxy ax,

== (71,7,73) denotes the usual set of three Pauli ma-
trices, all repeated indices are to be summed over, the
subscript ¢ varies over e, u, and %, and M, is the ap-
propriate mass matrix. In (2.13), the parameter 7 is a
constant which, as we shall discuss in Sec. I1I, is impor-
tant for the renormalization problem of the intermediate
boson.

The choice of the numerical factor between f and fo
depends on the approximate symmetry properties of the
model. For example, a particularly simple choice is

fo=2V2f. (2.16)
Therefore,
foz/mw2= 4\/2GF ,

and (2.15) becomes

Line=—1} fo@a )y ayuetal W,
— i3 folWa Y evuZat WaB) v syt B0, (2.18)

In this case, the SU, symmetry is violated by the elec-
tromagnetic field 4 ,, the mass matrix M,, and the term
inside the square bracket in £y given by (2.18). Thus,
in the absence of ¥,% and 4,, the Lagrangian £ trans-
forms like an SU. scalar, provided it operates only on
states with Z= N—L=0. Other choices® of the numeri-
cal factor (fo/f) are also possible, which would lead to
different symmetry requirements for the model. All our
discussions are, however, valid independently of the par-
ticular value of (fo/f).

This simple model can be easily generalized to include
arbitrary varieties of other hadron fields y;. In the fol-
lowing, ¥» represents all hadron fields which can be
either the quarks, or the known baryons, or the strongly
interacting spin-1 mesons, etc. In the general case, the
total Lagrangian £ can in place of (2.12), be, written as

L= Lietat+ L1+ L1, (2.19)

where L4014 is given by (2.13) and £; denotes the lep-
tonic part of the previous (Lmattert Lint) ; 1.€.,

£1=(2.14)4(2.15), (2.20)

8 Another simple choice is fo=V2f cosf, where 8 is the Cabibbo
angle. In this case, the T'=1 part of the vector interaction in Lt
between the hadrons and the intermediate bosons preserves the
usual isospin symmetry. Thus, for example, to first order in f,
the magnitudes of the (virtual) transition matrix elements for
w0 = 04 W, 20— a4 W-, 20 - 7 +WH, ot — 72+ WO, and
7t — 70+W+ are in the ratio 0:1:1:1:1. For a discussion of the
%f\%le)al relation between fo and f, see Appendix A, especially Eq.

(2.17)
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but summing over only ¢=e¢ and u. The hadronic part
£» now also includes the usual strong interactions; it is
assumed to have the general functional form

En=LaWnDn, W) . (2.21)

Under the infinitesimal transformation of the triplet
field

(Z) - (Z:)+i2_1’2(f/f0)(‘r1601+72502)(1+‘/5)(Z:)

and
9343,
where ¢; and ¢, are given by (2.3) and
gs= —mn sinf-+\ cosf,

we assume that the general hadron field ¢ transforms
as

lﬁh——) 1l/h+ (T1601+ Tzaeg)lllh. (2.22)
The operator D, in (2.21) is given by
d .
Dv‘ph': (:3—+f0T‘ Wv)tph . (2.23)
Xy

The matrix T has three components, T= (77,72,7T°),
where 7T and 72 are determined by (2.22), and 77 is re-
lated to the total charge operator Q by

T0=4Q. (2.24)

Since in the general form (2.21) £; may also depend on
W, we assume

£4=0 ifall y,=0. (2.25)

This eliminates the possibility of an isolated term such
as —i9W,2in £;.

From the general Lagrangian (2.19), one finds that
the Maxwell equation becomes

uy

= (eomw?/ fOW.S. (2.26)

Xu

The equation of motion of the intermediate boson field
is

9 .
(1 + n)_Wm_ mwzwv
ox,

= fo[sy(h)+ sv(e) + S,(,U,)]
+ o+ (WX W), (2.27)
where s,(e), s,(u), and s,(%) are, respectively, the source
functions due to Y., ¥,, and Y. By using (2.15), we find

that, for the simple case that ¥ is given by (2.4), the
components of s,(a) are given by

s2(@) =i v (rs+2Z)Ya (2.28)
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and

sf(@)=a272(f/ fobalyers(14vs) Tidba,  (2.29)

where k=1, or 2 and ¢ can be ¢, or g, or /. For the gen-
eral case (2.19), s,(e) and s,(u) remain the same, but the
components of s,(%) become

5,4 (h) = € (0.83/ OV ) — (881 OW,,) JW
+(a/axu)[(a£h/aWwi)—(a"eh/ani)]
=2 [0Ls/aD T,

where the sum extends over all hadron fields ¥, and
€% is +1, —1, or 0 depending on whether (ijk) is an
even permutation of (012), an odd permutation, or
otherwise.

In the Coulomb gauge, the electromagnetic field 4, is
given by

(2.30)

Aj=A4;* and As=1id, (2.31)
where the transverse part 4, is divergence free,
V;A;#=0. (2.32)
and ¢ is determined by the Laplace equation
V2p=i(eomw?/ fo) W . (2.33)

It is convenient to choose ¥1, ¥», and the spatial com-
ponents 4 and WW; as the general coordinates; their
conjugate momenta are, respectively,

Pi=w, (2.349)
Pr=—1i(0L1/3D ), (2.35)
It = — Ey== (94,%/91) , (2.36)
and
(Pr)i=i[(1+n)Wa— (9£1/ W) )
+(0Lr/0W;0)]. (2.37)
Thus, for v=4, (2.27) becomes
W= my2[iV;(Pw)+ifo(Pw)i X W;
+ifo2a PaTva], (2.38)

where the sum extends over ¢=e, g, and all hadron
fields. For the leptons, a=e, or u, similarly to (2.22) and
(2.24), we define T=(7",T2%1°) to be T =142"Y%(f/ fo)
Xr1i(14+7s), T*=i271%(f/ fo):(1+75), and T°=iQ=13
X(r5+2).

By following the usual derivation of field algebra??
and by using (1.9) and (1.10), one finds that indepen-
dently of the detailed structure of £&, the total observed
current operators g,” and J,** satisfy, in addition to
(1.13) and (1.14),

[G%(r,), 97 (7' ) 1= [ g™ (r,8),di™ (' ,1) ]
= [(giWk(rxt);ngk(r’;z)T:lz 0 (2'39)
and

[(ﬂ 4wk(r,z)’(g#y (/:t)] = Eg47(7)t);5MWk(r/,t)]

=597 (r,0)8%(r—7"). (2.40)
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If £ satisfies
[6£h/6W4i°(r,t) - aoBh/GWuo(r,l),Wjo(r',t)]= 0, (241

then by using the results given in Appendix A of Ref.
3, it can be readily verified that the total electromagnetic
hadron current g, satisfies (1.15), where the bare mass
mo 1s given by

me?= (1+n)"mw+(eo/ fo) mw?. (2.42)

All these commutation relations (1.13)-(1.15), (2.39),
and (2.40) are valid to all orders in ¢ and Gr. As an
example of (2.41), £, can be of the form

M u* @)W+ 21’ @, Dabi) 5
where M ,,°= 0£,/0W,,° depends only on ;.

Remarks

(1) Recently, several authors have shown® ! that
in a theory without intermediate bosons the application
of field algebra leads to an infinite mass difference be-
tween 7% and #°. In the present case, if one neglects the
higher-order weak-interaction effects, the equal-time
commutator between (9/9)g,"—1iV;94" and . is, ac-
cording to (1.15), a ¢ number. By following the same
argument used in Refs. 9 and 10 (which is, in turn, based
on the general method developed by Bjorken'?), it is
easy to show that the second-order electromagnetic
mass shift of the pion must be finite.

(2) In the absence of other fields, the equal-time com-
mutator between the charged intermediate boson fields
W 4(r,t) and W (r',t)! is simply proportional to W O(r,1)
X 8%(r—7"). From (2.28) and (2.29), one sees that this
simple relation is no longer valid in the presence of the
matter field. Thus, the equal-time commutator between
g+ and g4t leads to a new operator which is different
from the observed current §,”. This new operator can-
not be exactly proportional to an intermediate boson
field in the theory. This is of course a general feature of
only intermediate boson theory, reflecting only the well-
known fact that, except for

ze(x) T yevae(x) +iut (2)y eyau(x),

all other neutral bilinear combinations of the lepton
fields are not coupled to the hadrons. Nevertheless, it
is possible to extend the field-current identity to the
commutator between §4** and g;"*', provided the uni-
versality between hadrons and leptons is somewhat
altered. For example, if one wishes, one may assume that
the field-current identity can be applied to the com-
mutator between g;** and ,**' and that such a field-
current identity is violated not by the hadrons, but

® G. C. Wick and Bruno Zumino, Phys. Letters 25B, 479 (1967).

10 M, B. Halpern and G. Segré, Phys. Rev. Letters 19, 611
(1967); 19, 1000 (1967).

11 B. W. Lee and N. T. Nich, Phys. Rev. 166, 1507 (1968); see
also, J. Schwinger, Phys. Rev. Letters 19, 1154 (1967).

12 J. D. Bjorken, Phys. Rev. 148, 1467 (1966).
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only by the leptons. As we shall see, this necessitates the
introduction of additional intermediate boson fields.
This generalization is given in Appendix A.

(3) The usual idea of vector and axial-vector domi-
nance by p, ¢, w, 41, etc., can be incorporated into the
present theory; they correspond to the identification
that the hadronic source function s,(%) in (2.27) is pro-
portional to a linear sum of these strongly interacting
spin-1 meson fields. The details are given in Appendix B.
It will be shown that (2.41) is satisfied, commutation
relations (1.15) holds, and therefore the 7%, w° mass
difference remains finite. Furthermore, in such a case,
the usual isovector part of the hadronic electromagnetic
form factor [ F 457(¢?) Jr—1 for any real or virtual photon
transition

A — Bty

is related to the correspondingly defined form factor
F4p°(g? of the transition

A — B+p°

at the same 4-momentum transfer ¢, by

[Fa5"(¢*) Jr=1= ( )F a8°(g?). (2.43)

W2 )( p2
q2+mw2 q2+m,,2
Such an identity holds for all hadron states 4 and B,
if higher-order electromagnetic and weak-interaction
effects are neglected. Similar conclusions hold also for
the isocsalar part (J,*)r—o provided one replaces p,° by
an appropriate mixture of the ¢° and w® meson fields.

III. NEUTRAL INTERMEDIATE BOSON AND
ELECTROMAGNETIC INTERACTION

In order to examine more clearly the properties of the
electromagnetic interaction in the present theory, it is
useful to exhibit in the Lagrangian only its explicit de-
pendence on W,° and A,; the charged intermediate
boson field can be grouped together with other particles.
We note that for either the SU,-triplet model of the in-
termediate bosons, or the more general case discussed in
Appendix A, the total Lagrangian (2.19) or (A36) of the
entire system can also be rewritten in the form

L= '—%(1+ﬂ)GAuvz"—%sz(Wﬂo)z_%Fuﬁ
+Ly@,D.%,Gw), (3.1)

where W ,° is the neutral intermediate boson field, ¢
represents ¥, ¥, and all other intermediate boson fields
except W .0,

A a9 J .
Guv= __WVO_____W“O , (3.2)
0x, ax,
WO=W 4 (eo/ fo) A, (3.3)
d .
D, %= (———}— i foQW,")\b , (3.4)
Xy

and Q is the total charge operator.
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The Lagrangian (3.1) is clearly invariant under the
electromagnetic gauge transformation. It follows from
either the Maxwell equation (2.26) or the equation of
motion of W,° that

aw,0
=0

ax,

(3.5)

In (3.1) the interaction of the electromagnetic field 4,
with ¢ occurs only through the combined field 17,0, The
usual minimal electromagnetic interaction corresponds
to the requirement that £y is independent of G,,; this
would be the case!d if in (2.21) the function £; is inde-
pendent of W0 In the following, unless explicitly
stated, it is not necessary to assume the validity of the
minimal electromagnetic interaction.
We consider the spectral representation

(vac|[W,%(x),W,°(0) ]| vac)

62
= /Uw(MZ)I:5,,,v"M_2< >:|Aw(x)dM2 , (3.6)
0x,0x,
where
Ay(x)=— i(27r)*3/((12—I—M2)—1/2
Xsin[ (q?+M?2)Y% ] exp(iq-1)d3qg (3.7)
and
aw(M?)=0.
By using the equal-time commutator
[:W40(7’,t),Wj0(1’,,t)] = mW_2V163(7’_r/) ’ (38)
one has!
/M’2ade2= mw 2. (39)

By using (1.15), or (A41), and setting the vacuum
expectation value of the second term on its right-hand
side to zero,'® one derives the additional sum rule

/ owd M= (mo/m)?, (3.10)

13 That the term —%(1+4%) (W,,,,)2 in (2.13), or the term

—1(149) (W)%in (A13), can be cast into the minimal interaction
form follows from the general discussions given by T. D. Lee
[Phys. Rev. 140, B967 (1965)7].

1 K. Johnson, Nucl. Phys. 25, 435 (1961).

15 Relative to the first term on the right-hand side of (1.15), or
(A41), the second term is formally smaller by a factor Gr% As
already noted in Ref. 2, the vacuum expectation of the covariant
tensor (vac| g, vEg,"E* 4 g, 7% v | vac), where . *=g,f for <4
and — Y4 for u=4, or (vac|gCelmgdCtinJ mJ,n|vac) for the more
general model discussed in Appendix A, has opposite signs for
w=v spacelike and timelike. Such a term can be explicitly shown
to be zero if one adopts a suitable regularization procedure, such
as the ¢-limiting process discussed by T. D. Lee and C. N. Yang
[Phys.] Rev. 128, 885 (1962)] and T. D. Lee [4bid. 128, 899
(1962) 7.
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where m, is given by (2.42). To see the physical mean-
ing of mo, let us define the bare mass of W?° to be the
mass of W?° determined by the spectrum of (3.1) in the
absence of £y4. By setting £4=0, it can be readily veri-
field that the square of the bare 17 mass is

mo?= (14-n)"‘mw?+(eo/ fo) 'mw?,

which is (2.42). Similarly, by examining the spectrum
of the total Lagrangian (2.19) or (A36) in the limit of
fo=0, but keeping (eo/ fo) finite, one can conclude

(149)"Y2mp=Dbare mass of W=, (3.11)

which is the same as mo only if the W°—+y coupling

(eo/ fo) is zero.
We note that

m02= faWdM2//M“20WdM2

is independent of the wave-function normalization of
W 0. For convenience, we will fix the normalization?® of
W0 by requiring that the spectrum of the quadratic
expression

(3.12)

1A~ 1 1z
- ZG,uvz_ §mW2(WMO)2_ Zp IWZ

(3.13)

is the same as the physical spectrum. This choice relates
the parameter mw to the physical mass of W0 We have

mw=physical mass of Wo=mw[ 1+ (eo/ fo)2]*/2. (3.14)

This particular convention has the advantage that
in a perturbation series expansion in which the total
Lagrangian is

L=Lo+ L1, (3.15)
the unperturbed Lagrangian is
L£o= (3~13>+£free(¢) ) (3.16)

and the perturbation is
£1= '—‘%nGApvz'i" £¢(¢,Dvo¢;énv)—' Oefree(‘p) ) (3‘17)

where £ie(¥) denotes the free-field part of £, (with
the observed mass of y), the unperturbed spectrum is
already adjusted to be the same as the physical spec-
trum;in addition, as we shall see, the expression — {nG 2
is particularly convenient for the cancellation of in-
finities in the perturbation series expansion.

If we limit ourselves to the case that ¢ consists of only
spin-0 and spin-} particles, then the Lagrangian (3.15)
gives a renormalizable theory; the .S matrix is finite to
any given order of its perturbation series expansion of
£1. For example, in the propagator of W the vacuum
polarization term due to pair creations of ¢ and ¢ is
infinite; because of the conservation law (3.5), it must

16 See Ref. 1 for a detailed discussion of the various possible
choices of the wave-function renormalization for a spin-1 meson
field.
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be of the form

(9% w—qu9)F(¢?) , (3.18)

where F(g?) contains the usual logarithmically divergent
integrals. These infinities can be cancelled by the counter
term —19G,? in (3.17) by choosing

n=—ReF(¢*=—mw?), (3.19)

where Re denotes the real part. The resulting W propa-
gator depends only on the difference

(9% w—qug,)[F(¢?) —ReF(¢*= —mw?) ],

and is, therefore, finite. In (3.1), the coupling constant
fois already the renormalized (i.e., finite) coupling con-
stant, and W,0 the renormalized field operator. The de-
tails of such perturbation series have been analyzed in
the literature.}” Furthermore, it has been shown! that
the unrenormalized charge e, is finite. If one neglects
O(eo?) and O(fo?), but keeps all orders in (eo/ fo), then
one has the approximate relation that s is the physical
mass of W#;ie.,

physical mass of W°
(3.20)

~ 271/2
physical mass of Wi_l:1+(60/f0) 1

From (3.19), one sees that the perturbation series ex-
pansion of 7 has divergent terms. Yet, if one sums over
the perturbation series, n must be finite. This follows
directly from the two sum rules (3.9), (3.10), and
ow=0. The integral [MlcwdM?=mp~? must be
finite. If the unrenormalized theory of W is divergent,
then [owdM?= «, and one has mo= « but n=—1.

In the present theory, owing to the necessary inclu-
sion of the spin-1 charged intermediate boson, the com-
plete Lagrangian (3.1) cannot be renormalized by using
the usual perturbation series expansion. Nevertheless,
we will assume that the spectral representation (3.6)
does exist for finite values of fo and mw, and that the
sum rules (3.9) and (3.10) hold. Consequently, 7 is
finite. The failure of the power-series expansion is at-
tributed to the presence of possible singularities, such as
fo? Info, etc., in the theory.

IV. PROPAGATORS
The covariant propagator of W0 is defined to be

ow ra

—i/ IQuqv
Qo) grmr—id

T

M2

D7 (g) = :|sz, @1

where ow is given by (3.6), € is a positive infinitesimal
quantity, ¢, denotes the 4-momentum (q,iqo), and
¢2=q2—qo?. The Fourier transform of D,,%(g) is related
to the vacuum expectation value of the time-ordered

17T, D. Lee and Bruno Zumino, Nuovo Cimento (to be
published).
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product 7(W ,%(x),W,%(0)) by
(vac| T(W (x),W,%(0)) | vac)

- f D,.7(q) expliner)dadge

+i f M0 wdM?8,:8,:4(%), (4.2)

where §%(x)=03(r)8(¢).
Let

D,,% (g)= covariant propagator of W,0.  (4.3)

Similarly to (4.2), the Fourier transform of D,‘,, (¢)
differs from (vac|T(W,%(x),7,°(0))|vac) only in the
approprlate contact term proportional to §,6,48*(x). It
is convenient to express D,,% (q) as

D, (9)=—iQ2r) [Dw(g)dwt+Ew(g®qup]. (4.4)

From the definition (3.3) of W,°, one sees that Ew(g?)
X qug» depends on the gauge of A4,(x). The gauge in-
variance of the theory ensures that this longitudinal
part Ew(g%)g.q, does not contribute to the evaluation
of the transition matrix elements for any physical
processes.

In (3.1), the electromagnetic field 4, is coupled to ¢
only through fo#,°. Thus, we can deﬁne an effective
photon propagator Dyy(y)?:

9,,7(q)=fi?Dw" ()~ [/PDw" ()0,  (4.5)

where e is the renormalized charge and e, the unrenor-
malized charge. In this subtraction, all other param-
eters, such as 7, fo, and mw, are kept fixed; ie.,
[D,.7 (g)Jep=o is the covariant W,® propagator for the
problem in which the Lagrangian is the same (3.1), ex-
cept that ep=0. Similarly to (4.4), we may write

Dy (9)=—(2m) [ Dy(¢*) 0+ E(¢*)gugs ] (4.6)

In (4.5), the renormalized charge ¢?is determined by the

requirement that
Dy(¢®)—q? as ¢*—0. 4.7

We will now show that as ¢2 approaches infinity, D,(¢?)

goes to zero much faster than ¢—2.

ow €0 2 1
s GI)
¢*+M>—ie Jo/ \¢

() 2 €0 2 1 1
~(G) e 2 (G) ()]

f 0 f 0. 92 mo?

11
X / ———————(—~——)sz (4.8)
PHM—i\M? mg?

18 See, e.g., Appendix A of T. D. Lee and C. N. Yang, Phys.
Rev. 128, 8385 (1962) ; K. Johnson, Nucl. Phys. 25, 431 (1961)

Theorem 1:

Dw(g9=N? f
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where
N=[14(eo/ fo)2(14+n) T . (4.9)

This theorem can be proved by following exactly the
arguments used in Ref. 17. For completeness, the details
are given in Appendix C.

Theorem 2:
lim ¢D,=0.

q2->0

(4.10)

Proof: The sum rules (3.9) and (3.10) imply that

1t
/ ow(———«>dM2= 0.
M2 e

v mo

(4.11)

Furthermore, by using (4.8), one finds that as ¢>—
Dw(g®) — (14+n)"g?,

which is independent of eo. Theorem 2 then follows on
account of (4.5).

Theorem 3: At fixed values of (ey/fo)? and (14-19), but
setting fo=0, one has
mwmo?
Dy(¢*)= , (4.12)
¢*[g*+ (A+n)"'mw® Lg*+mo* J(1+n)

where m,? is given by (2.42).

Proof: In the limit fo=0, the field W,0 is not coupled to
any ¥; ie., in the Lagrangian (3.1), £, becomes inde-
pendent of W.0. [As fo— 0, the minimal interaction
between W,° and ¢ certainly vanishes. We assume here
that the same also holds for the nonminimal interaction,
if it exists.] Theorem 3 can be readily proved by con-
sidering the explicit dynamical solution for the Lagran-
gian (3.1) in the absence of £y.
We note that in the limit f,=0,

ow(M?) = (mo/mw)*6(M*— (4.13)

moz)
and

= e[ 14 (eo/ f0)2(1+n) T, (4.14)

If one sets, in addition to fo=0, also =0, then m, re-
duces to

Mmw= mw[l-l- (eo/f())z:lll2 )

and D, becomes simply
mW27’7lW2
¢ (g Hmw?) (@ +mw?)

Theorem 2 states that without any approximation, as
g2— o, D,(¢% approaches zero faster than any con-
stant times ¢—2. Theorem 3 states that at fixed (eo/ fo),
but neglecting O(fo?), D,(¢?) — (constant)qg~® as ¢*—
o, We recall that in the perturbation series expansion
in £, which is given by (3.17), the counter term 7, ac-
cording to (3.19), can be regarded as O(fo?). Thus,

D(¢)= (4.15)
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neglecting O(fo?) but keeping (eo/ fo) fixed [therefore,
O(e?) is also neglected], one finds that D.,(¢?) is given
by (4.15).

Theorem 4: The renormalized charge e is related to the
unrenormalized charged e by

32= 602{]\7_ (302/f02)mW4

1 171
X/ow[———:l—dﬁf2} , (4.106)
M2 m®IM?

where N is given by (4.9).
Proof : This theorem can be easily derived by using (4.8)
and taking the limit ¢2fo2Dw(¢?) at ¢®?=0.
From Theorem 4, it follows that
Neg?=e2y 1 [1(1—2y)V/?], (4.17)

where

y=2N-2(e/ f¢?) / mw M=M= mg)owdM?. (4.18)

As fo— 0, but at fixed values of (eo/fo) and (1+47),
y— 0 and, therefore, (4.17) reduces to (4.14). This limit
requires us to choose in (4.17) the negative branch
—(1—2y)1/2, instead of the positive one. By using (4.9)
and (4.17), one finds that

el*=e{y[1—(1—=2y)"" "= (¢*/ [H) A+m)}~". (4.19)
According to (4.11), one has

/ M=M= mi ) owd M2
= / (M—2—mq?)2owdM?, (4.20)

which implies that
y=0.

(4.21)

The requirement that eo? should be real and positive
(which is also the necessary condition that there is no
ghost state) leads to the following inequalities:

(fo¥/e)>(1+n)y  [1—(1—2y)"2]=(147) (4.22)
and
v}, (4.23)

ie.,

(f02/e2) g 4N—2/m W4(M—2"’}'}10_—2)_2o'de2

>4 / mw (M 2—mi ) 2o wdM?. (4.24)

From (4.19), one sees that

eg?=e?. (4.25)
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Furthermore, at finite values of €%, f¢?, and mp?, the
unrenormalized charge e¢® is also finite.! As y varies
from 0 to %, NV (eo/e)? varies from 1 to 2, and (eo/e)? from

1=+ (e/ f)* 121 (4.26)

2[1=2(1+n)(e/ fo)*T'=2. (4.27)

If the integral Sow dM? diverges [ Note added in proof.
It turns out that the inequalities (4.28) and (4.30) are
actually valid independently of whether the integral
JSow dM? is divergent or not] then (147%)=0, N=1,

1= (ee?/e) =2, (4.28)

to

(4.16) reduces to
er= 602[1— (602/fo2)mW4 /M—4d'de2:l , (429)
(4.24) becomes

(fo/€?) §4mw4/M_4ode2 , (4.30)

and the inequality (4.22) imposes no limitation of fo2.
On the other hand, in the mathematical limit of fo=0,
but at fixed (eo/ fo) and (14 1), one finds, by using (4.13),
that the inequality (4.24) imposes no restriction on
(fo?/€%) and only the inequality (4.22) remains.

For the realistic case, it is important to know the
values of the right-hand sides of (4.22) and (4.24), or
(4.30) if fowdM? diverges. At present, it remains an
open question whether f¢* can be much smaller than
e?=(4w/137), or fo? should be of the same order of
magnitude as ¢% In the latter case, one sees that, by
using (1.8), mw would be comparable to (e2/4V2G )2
%’40mN.

As already noted in the Introduction, the present
theory requires the electromagnetic interaction between
all known particles to occur only through the chain
(1.16). Thus, neglecting all higher-order weak-interac-
tion effects, the W°—~—WW? sequence gives rise to the
effective photon propagator D,(¢?) which is given by
(4.15) and is O(g®) as ¢>— . As a result, the elec-
tromagnetic shifts and the radiative corrections of weak
decays of spin-0 and spin-} particles can become finite.
The details of these calculations will be given in a subse-
quent paper.
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APPENDIX A: GENERALIZATION
OF THE MODEL

In the absence of leptons, the total electromagnetic
current §,* and the total weak-interaction current g,"*
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become, respectively, their hadronic components J,”
and J,"k. It is useful to decompose J,7 into an isovector
part (J,¥)r=; and an isoscalar part (J,")r—o,

Jur= )t () 1o,

and to decompose J,** into a sum of vector parts
(V%) s and axial-vector parts (4 ,%¥)g,

J V= cosO (V%) s=o+ (4 %) s—0
+ sinB[( Vka) S=1+ (A "wk) S=l] ’

where 6 is the Cabibbo angle and the subscript .S
denotes the change in strangeness. We assume that
these current operators (J,")r, (V,"%)s, (4,7%)s and
their Hermitian conjugates are members of a set of NV
operators

(A1)

(A2)

{]“‘1}={]“1,]“2,~ : ']MN}a (AS)

called the set of observed hadron current operators. In this
Appendix, these current operators are assumed, in the
absence of leptons, to satisfy the complete field algebra
related to a symmetry group G, where G can be either
SU3;XSUs, or some other groups, and NV is the total
number of generators of G.

For clarity, we first discuss the system without lep-
tons. The field current identities (1.9) and (1.10) imply
that there should exist a corresponding set of N inter-
mediate bosons {I¥,*}. These intermediate boson fields
W, are related to the observed hadron current operator
J® by

J (@)= =3 (mw?/ )W (x), (A4)

where f is given by (1.8), f?/mw?=Gr/V2.

For example, if G=SU;XSUs, the set {W,*} con-
sists of eight vector intermediate bosons W,"* and
eight axial-vector intermediate bosons W,4* where
A=1,2, ---, 8. In the usual notations of SU; indices the
charged intermediate boson field W, in (1.9) and the

neutral intermediate boson field W,° in (1.10) are re-
lated to these W,V:» and W ,4* by

Wu=3[(W,71—iW,"?) cosf+ (W ,V4—iW ,75) sinf
+ (W A=W ,42) cosh
4+ (W, A4—iW ,45) sinf]  (AS)
and
W 0= (%)1/2[W,,V'3+3—”2W,,V’8:] .

The field-current identity (A4) becomes

(V™) s=o=—3(mw?/ )W,V 1 —iW V%),

(4,7%) g=0= —3(mw?/ f)(W ,A1—iW ,4:2), etc.

The infinitesimal transformations of the symmetry
group G can be represented by

(A6)

W @ — W a4 Cabe(50) W 1, (A7)
1 Z5nd Zu W COR 7S (A8)
A= Ay, (A9)
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where all superscripts ¢, b, and ¢, vary from 1 to N, §6¢
is a set of infinitesimal numbers, C%¢ is the totally anti-
symmetric structure constant of the symmetry group G,
— 147 is the matrix representation of its Hermitian
generators on ¥ which satisfies

[Ta’TbJ= CabeTc s

A, is the electromagnetic field, and y¥» represents all
hadron fields which can be of either half-integer or in-
teger spin.

The usual electromagnetic gauge transformation of
the first kind

exp(iQa)
is assumed to be a member of G, where « is a constant
denoting the angle of rotation and Q is the total charge

operator in units of e. Under the transformation
exp(iQa), the electromagnetic field 4, is invariant, but

W o — W o4-Cove(Eda) W e (A10)
and

¥ — YntTo(E%) Y,

where £!-- - £V are constants depending on G.
The total Lagrangian £ for a system without leptons
can be written as

(A11)

£= Lrietat+La,
where, similarly to (2.13) and (2.21),
Lriewa= —Fmw?(W,*)?—1(1419) (Wwa)z_ iFwt, (A13)

(A12)

L= LW, Dn, W, (A14)
Wae=Wo+4(eo/ 4, (A15)
. Ja J . . w
Wmaz __an.__W“a_'_ sza bGWv vac , (A16)
Oxy ox,
and
a9 .
D= <—+ 2 fT“W,“)aph. (A17)
Xy

The function £, can be an arbitrary function of ¥, D¥s,
and W ,,% Furthermore, except for the electromagnetic
gauge transformation, £ is not required to be invariant
under G. The factors 2 and # in these expressions are due
to the corresponding factor § in (A4) and (AS), so that
f satisfies (1.8).

From (A12), it follows that the Maxwell equation
becomes

dF,,
=eo/,", (A18)
xy
where
Jyr=¢EJ,0=—3(mw?/ f)EW,°. (A19)
In the absence of leptons, (1.10) becomes
JY=—(mw?* fo)W,0. (A20)
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Thus, one identifies

W0 (%)= (&/OW,*(x) (A21)
and
fo=(2f/8), (A22)
where
£= (gogo)12, (A23)

For the case of G=SU3XSUj, by using (A6), one sees
that

£=2/V3, fo=V3f (A24)

and, therefore,
(fo*/mw*)=3Gr/V2. (A25)

Similarly to (2.27), the intermediate boson field W,*
satisfies

(1+n)iWw“—mw2Wy“
A )OS 205 (h), (A26)
where
52(h)=—C¥[(3L1/ W ?)— (3:£1/ OW,,2) TWu°
+(8/ 92) [ (9L1/ W ?)— (9£1/ OW,,%) ]
—% (0Ln/dDNR) T, (A27)

where the sum extends over all hadron fields.

Just as in Sec. II, for convenience, we use the Cou-
lomb gauge and choose ¥4, W, and the transverse elec-
tromagnetic field At as the generalized coordinates;
their conjugate momenta are, respectively,

Ph= ——i(a£h/0D4¢h) )

(Pw)y=iL (1) W= (0&/OWs)
+(9L4/aW;4%) ], (A29)

(A28)

and
Hjtr: ,__E].tr= (6Aj“/at) :

Thus, for =4, (A26) becomes
W e =mw[iV;(Pw®);—2i [C*(Pw");W;*
+2if 32° PaT%Yn]. (A31)
A

(A30)

By following the usual derivation of field algebra??
and by using (A4), one finds that independently of the
detailed structure of £, the hadron currents J,* satisfy

[T, ,9)]1=0, (A32)
[T 4(r,8), T 837 8) = C®T 4°(r,1) 83 (r—7") , (A33)
and
[T 4(r,t),T 2(7' ) J= C2beT #(r,)83(r—7") 4 (2V2G p)~*
X {890V, — eCo¥t[ A #(7,t) Tren} 8°(r—7"), (A34)

where e is the renormalized electric charge and (4 /) en
the renormalized field, related to the unrenormalized
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quantities ep and 4. by
e(A itr)ren= eoA itr . (A35)

Equations (A32)-(A34) are valid to all orders in ¢ and
G, provided that there is no lepton. We note that the
coefficient of the gauge-covariant derivative {§°*V;
—eC“’”E”[A itr(f,t)]ren} n (A29) iS

(Z\QGF)_Ig&S X10%mny?,

instead of (m,/g,)*=22X 10~%my? given by Refs. 2 and 3.
The presence of the leptons requires the total Lagran-
gian (A12) to be replaced by

£=(A12)+ £ (A36)
and
d
=— K7 u'———'oA,.o ! i
fi=—3 )y I:v ( i )+<m +om >]z<x>
ad
-3 Vl(x)T747n?(1+75)Vl(x)
— [ Z Cim(®) ey (14+va) ()W +H.c.], (A37)

where W, is given by (AS5), and, similarly to (A21), w,o
is related to W,e by

W0(x) = (£ ) W,o(%) . (A38)

From (A36), it follows that the Maxwell equation is the
same as (2.26),

oF ,,

=—(eomw?/ f)W.0,
X

and that the total electromagnetic current operator g,”
satisfies an almost identical set of equal-time commuta-
tion relations as in the case of the SU, model of W+ and
W discussed in Sec. IT. Equations (1.13) and (1.14) re-
main valid. Equation (1.15) has to be slightly modified,
since fo is now given by (A22). We have

[g,-"(r,t),gﬂ(r’,t):]= Eg47(7’,t),g47(7”,t)]= 0 ’ (A39)
LIa7 (0,957 (+' ) 1= (2V2G p)*£2V;8%(r—7") (A40)
and
[(a/at)]jv(r’t)—'ivj]47(rat)1]k7(r’7t)]
=— i(zijp)"lfsz25jk63(f— 7’/) - ’L(Z\[ZGF)
X gaCelmgbColn ] m(y 1) J12(r,0)83(r—7"), (A41)

provided that (2.41) is satisfied. These commutation
relations of J,” are valid, with the inclusion of leptons,
to all orders in ¢? and Gp. It is important to note that
the results derived in Secs. III and IV also apply to the
present general case.

In this generalization, one finds that without leptons
the observed hadron currents can satisfy the complete
field algebra of any symmetry group G. According to
(A14), the interaction between the hadrons and the
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intermediate bosons can occur both through Dy and
the possible dependence of £; on W% We note that if
G is the chiral SU3X.SUj; group, then the D,y term by
itself preserves the usual isospin symmetry. The viola-
tion of isospin symmetry for the nonleptonic weak proc-
esses must, then, be either due to the I¥,,°-dependent
term in £5, or due to some other terms in £; not di-
rectly involving the intermediate boson fields. Similar
conclusions also apply to violations of other symmetries,
such as parity conservation, particle-antiparticle con-
jugation, etc.

APPENDIX B: VECTOR AND AXIAL-VECTOR
DOMINANCE IN STRONG INTERACTION

We continue the discussions given in Appendix A and
assume that the hadron fields ¥ consist of a set of &V
strongly interacting spin-1 meson fields ¢,}, - - ,¢,~ and
some other fields, denoted by ¢4’, which can be of either
integer of half-integer spin. Under the infinitesimal
transformations of G, the fields ¢,* transform in the
same way as W,°; i.e., similarly to (A7),

bu® —> G+ C0(0) 9, °. (B1)

For the simple SU,-triplet model discussed in Sec. II,
there are only three relevant strongly interacting fields
o, 0.2 and ¢,°, each of which is an appropriate linear
sum of the known spin-1 fields p, ¢, w, A1, K4¥, etc.
The corresponding transformations (B1) for these three
fields are determined by (2.22) and (14-7Q86°), where
Q is the total charge operator and §6° is the correspond-
ing infinitesimal angle of transformation.

In either the general case, or the simple SU,-triplet
model, we formulate the idea of vector and axial-vector
dominance by ¢, to mean simply that the entire
hadronic source function which generates the inter-
mediate boson field is proportional to ¢,% Such a rela-
tion can be derived by assuming the function £; in the
Lagrangian (A14) to be of the form

Lr= _%m¢2(¢“a) 2+ £h’(¢h,1Dﬂl¢h,:¢nva) ) (BZ)
where
a -
D,'¢,.'=(——+gra¢,«>¢h', (83)
Xy
do=a.+2f/gW.e, (B4)
. 9. 9 o
Pw=—10,"——¢,*+gC* g, ,°, (B 5)
0xy ox,

and £,/ can be an arbitrary function of ¥/, D,’¥»’, and
¢w% It is important to note that we may choose, for

convenience,
mes=m,=observed neutral p-meson mass. (B6)

Tn this choice, the above field operator ¢,* becomes al-
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ready the renormalized field! and g the renormalized
p coupling constant, where

(g%/4m)=24. (B7)
From (A17), it follows that
DYy’ = D' +gT¢, 4w’ . (B8)

Furthermore, by setting ¢ to be the column matrix
¢5¢1
b= . ’ (BQ)
"
one obtains
0 .
(Dy¢,.)“=——¢a W2 fCW b, (B10)
Xy
and therefore
‘ﬁuva: (zf/g)ana'}“ (D#¢V)a_ (Dvd;,‘)"
+gC” bc¢“b¢yc .
Thus, the expression (B2) satisfies the condition re-
quired by (A14) that £; is a function only of yx, Dis,
and W%, where ¥4 denotes both ¢, and ¢4'.

By using (A12) and (B2), one can easily verify that
(A26) can now be written in a simpler form

(B11)

Ja . s s
(AH9)—Wiur—mp*W,o=2 f(141)Co> W, ' W ¢

x" —2f/gmebe, (B12)

and ¢,* satisfies

d 0Ly 9Ly
__._(_ - + - >_m¢2 pa: gSva , (B 13)
0xu\  00u® Odyu®
where
Y TN oLy
Svaz Cabc<_ - + - >¢“c_Zl T“ll/h' ,
a¢uvb a¢vub aDv/‘phl

where the sum Y’ extends over all hadron fields, except
¢,. Identical results can also be obtained for the simple
SUs model discussed in Sec. II. According to (B12), the
entire hadronic source function (A27), or (2.30), that
generates the intermediate boson field W,¢, is simply

5,2(h)=—(my*/g)p". (B14)

It is convenient to choose 4,*, W;2, ¢;2, and ) as
generalized coordinates. Their conjugate momenta are,
respectively, ILtr= —E;tr,

(PWa)j='i(1+77)W4ja—’i(2f‘/g) )
X[(9L1/9¢sj")— (0Ln'/99s*)], (B15)
(P4?);=—i[ (0Lw'/ 8s;*)— (8 LK’/ 3is®) ], (B16)
19 This corresponds to the choice ¢,2= (ms%/mp)(9,2)?, where

(¢,2) is the unrenormalized field and m,? the unrenormalized mass.
See Ref. 1 for further details.
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and
Py'=—i(0L4'/0DN) .

By combining (B15) and (B16), one finds
i1 Wye= (Pw);—(21/8)(Ps?);.

Furthermore, since (P4%); commutes with W;e=1¥;°
—2(eo/ f)A* at equal time, condition (2.41) is fulfilled.
Thus, the observed total electromagnetic current
9u¥=—(mw?/ fo)W 0 satisfies (1.15) or (A41), as well
as all other equations of field algebra, such as (1.13) and
(1.14), or (A39) and (A40).

In the following we will briefly discuss several conse-
quences of the present formulation of vector and axial-
vector dominance:

(1) The matrix elements of W2, A, W,*W,?, etc.,
between any states |4) and |B) which consist of only
hadrons (and leptons) but without photons or inter-
mediate bosons can be classified according to their
minimum power dependence on e and f. For example,

(BIW,e|4)=0(f),

(B17)

(B|4,]4)=0(), (B18)
(B|W Wb | A)—(vac|W W, | vac)=0(f*),
etc. By using (B12), setting
e0=0, 7=0, and neglecting O(f?), (B19)

one obtains

(BIW .| 4)=2(f/3)

m4,2

q2 mw2

quqv
X I:auv‘i‘__z](B I¢‘va I A ) ’ (BZO)

mw

where ¢, is the 4-momentum difference between the
states 4 and B, and ¢?=(g,)% To the same approxima-
tion, the corresponding matrix element of the observed
hadron current J,*=—3(mw?/ f)W,* is, then, given by

2, 2
(BTl )= =g
q2+mw2
Qug»
x[aw+ ‘ :I(B]¢,“]A>. (B21)
sz

Thus, the form factor relation (2.43) follows; i.e.,

’mW2

m 2
(Fap")r—a= ( >< d >FAB” )
q2+mw2 q2+mp2

(FapM)r=1=(B|(J,M)1=1]4),
Fas*=—g (g*+m,2){(B|pL| 1),

p.’ denotes the neutral p-meson field, and it is a member
of the set {¢,°}.

where

(B22)

T. D. LEE
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(2) By using (B13)-(B17), one finds that
b4t =mg 2 [iV;(Ps?);—igC%(Py?);;°
+ig ¥ PV T ]. (B23)
The fields ¢,%, therefore, satisfy?:3
[¢ia(rst>a¢ib(7/7t)]= 0 ) (B24>
[¢4a(7:i))¢4b(7,1t)]= - (g/mp2)
X Cobehyo(r,)83(r—7"), (B25)
and
[o4°(r,0),:°(r" 1) 1= — (g/m ,2) C24h;(r,2) 8% (r—7")
+m,2590V;8%(r—7"), (B26)

where, on account of (B6), m is set to be m,. All these
commutation relations hold to all orders in ¢ and Gp.
[See Appendix A of Ref. 3 for other commutation
relations. ]

(3) Let us consider the spectral representation of the
vacuum expectations of the commutators between the
observed hadron currents and those between ¢, By
choosing all space components J;* and ¢;* to be Hermi-
tian, we may write

(vae|[7,%(),J,3(0) ]| vac) = / [mb(Mw

62

—aJ’“b(M2)< ):lAM(x)dM2, (B27)

0x,0x,

<V3.Cl [¢,."(x),¢,, b(O)] l vac)=/ ,:U¢Eb(M2)5pv

62

—a’¢“b(M2)< )]AM(x)dM2, (328)

Xu0%,

where Ap(x) is given by (3.7). From CPT invariance,
the (NXXN) matrices o7=(0s%), o/ =(0,%), o4
=(04%?), and o4'= (04/?%) are all real and symmetric.
Furthermore, (¢,/—M%s;) and (0’ —M~20,) are posi-
tive, and o and o4 are positive definite.

The commutation relations (A34) and (B26) imply,
respectively, that

00

/ oy (M) AM = (VIG5 (B29)
0

and

00

/ o/ (M2 dM 2= m 25 (B30)
]

For M2<mw? the relevant states cannot contain any
intermediate bosons. By using (B21), one finds that,
in the approximation (B19) and for M2<mw?,

os=(m,*/g)*[1—(M*/mw®) J %oy (B31)
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and
0= (my*/g) oy +mw [1—(M*/mw?) ]
X[2—(M?*/mw?)]os}. (B32)

In the integral (B30), the main contribution should
be due to hadron states. Thus, one may approximate
this convergent integral by

J

where M is a characteristic mass determined by the
strong interaction. In the case where M turns out to
be much less than mw,

mwSMy4>my,

0

Mst
ayldM*= / a/dM?, (B33)
0

(B34)

then the matrix o’ satisfies, besides the exact equation
(B29), also the approximate equation,

Mst

/ o AM?22(m, /g)?. (B35)

APPENDIX C: PROOF OF THEOREM 1

To prove Theorem 1 in Sec. IV, we introduce the
transformation

A,/ =N7124 A N2 (14n) (eo/ f)W 0, (C1)
where
N=[14+1+n)(eo/ f0)*T". (C2)
The Lagrangian (3.1) becomes
= — A+ DNGu—Imy (7,02
‘_inle'i" £¢(¢’DV0\0’G#V) ) (CS)
where
a a
Gup=—W9——W 0, (C4)
0y 0,
. J . 9
Gup=—W,o0——W,0, (Cs)
0x, dx,
W0=NW 0+ (eo/ f)N 124,/ (Co)
0
D,°¢=[?H(fo’W““-l-eo’A“’)Q:l\l/, (1)
n
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(C8)

fo'=foo, and 60/=JV1/260. (Cg)

Let D" % (g), Duw**(q), Dw*"(g), and D" 4(q) be,
respectively, the sum of all Feynman-propagator
graphs in which the (initial, final) fields are (W ,0,W,9),
4,4, (4,,W.0, and (W,,4,"). These are, by
definition, covariant functions and D,%"W%(q) is the
same 0,7 (g) given by (4.1). We have

D7 (q)=9D,"(9)=

2n)t ) @P+M2—ie
qudv
M2

X|:6;w+ ]dM2 . (C10)

By using the theorem proved in Ref. 17, we can readily
establish the following relations:

—i /1 quqv eo’\?
D, 4= — <a,w— 1—(—) mwt
(2m)*\¢ ¢ Jo
ow 1 1 q2
X / <———~—><1+——>sz] (C11)
(]2+M2—ie M2 m02 WLQ2

and
—i qug»\ / €0’
DuvAW"DquA:*——(BW— # ><_0>mwz
q* I\fJ
ow 1 1
X / —————(—————)sz, (C12)
@+ M2—ie\mo® M?

(2m)*
where, apart from some trivial substitutions, (C11) is
the same as Eq. (26) in Ref. 17. For convenience, we
have adopted the Landau gauge in the above
expressions. )
By using (C6), one finds that the propagator D,,",
defined by (4.3), is

D,V =N2D,VW-+2(eo/ fo) N3/2D,, 74
+(eo/ o) ND w4

(C13)

Theorem 1 then follows. )
We note that as ¢2— 0, D,V is finite, but D,%
carries the photon pole.



