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We construct a toy gauge model in which the Cabibbo angle is generated by the effects of weak
interactions. The model is so arranged that in the absence of the weak and electromagnetic interactions
the 9t and A quarks are both massless and degenerate with each other. The weak interaction splits this
degeneracy and thus generates an angle between the strong and weak interactions. The value of the
angle is determined in terms of certain parameters (experimentally measurable but unknown) that
appear in the model. More interestingly, we abstract from this model the following statement: In the
limit of vanishing Cabibbo angle, chiral symmetry becomes exact. It is argued that this statement holds
for a large class of models. We suggest that in the real world this relation is also valid. A certain
phenomenon involving CP violation and various options one inay have in constructing a gauge theory

including CP violation are discussed.

I. INTRODUCTION

The origin of the angle' between the strong and
the weak interactions has long been shrouded in
mystery. It would appear that this mystery will
remain unresolved until both of these interactions
are clearly understood. Meanwhile, we would like
to discuss in this paper an attempt to understand a
possible mechanism for generating this angle.

Our starting premise is that in the limit when
the weak interaction is switched off, the 9 and A
quarks are degenerate (and hence the Cabibbo an-
gle is undefined). We will construct a toy model
in which this is so and in which the weak interac-
tion splits this degeneracy and picks out the eigen-
states corresponding to the 3 and to the A quark,
thus defining a direction for the strong interaction.
The discussion will be in the framework of the
gauge theory of weak interactions. It would clearly
be too extravagant to hope that at present such a
model would reproduce reality, and so, while pay-
ing due respect to the prominent selection rules,
we will not be overly concerned with a detailed
comparison with experiment.

We will not only set the masses of the 9% and the
X quark equal, but we will also set them equal to
zero and to the mass of the ® quark. We will have
to arrange for this state of affairs in a natural
way so that the masses acquired by the quarks
from the weak interaction are calculable. “Natural-
ness” is a powerful constraint on the model and
has been particularly emphasized by Weinberg in
a series of papers.? If we are to suppress neutral
strangeness-changing currents by adopting the
proposal of Glashow et al.,® we will have to intro-
duce the @’ quark. It turns out that in order to
satisfy naturalness and other selection rules, we
are obliged to introduce two other quarks, called
7 and s in what follows. The reader would not be

surprised to learn that a multitude of gauge and
Higgs* fields also demand to be let into the theory.
Unfortunately, they bring with them a large num-
ber of parameters, in principle measurable but at
present unknown, so that we find, annoyingly
enough, that we can only calculate the Cabibbo an-
gle 6 in terms of these parameters. In particular,
6 is but one of a number of Cabibbo-angle-like an-
gles. Our result is thus a relation between these
angles. While we do not obtain an absolute predic-
tion for 6, it is possible to learn something from
our final equations [Egs. (4.2) and (4.3)]. In par-
ticular, in the limit of exact chiral symmetry, the
Cabibbo angle vanishes. Hence, if we insert the
observed small amount of chiral-symmetry break-
ing, we tend to predict a small angle. A rough
numerical analysis given in Sec. V shows that the
numbers tend to be in the neighborhood of the
actual values.

The model we present has the interesting feature
that by minimizing the potential in the tree approx-
imation one is unable to determine whether or not
CP invariance is broken. This is discussed in Ap-
pendix B, which also includes a classification of
the different ways in which CP violation may ap-
pear in gauge theories. Some readers may wish
to skip to Appendix B at this point.

In Sec. II the construction of the model is briefly
outlined. We then go on to split the 91-1 degeneracy
in Sec. III. The Cabibbo angle is generated in Sec.
IV. In Sec. V we analyze our results and in Sec.
VI we make a few comments. The Higgs potential
is briefly discussed in Appendix A. Appendix B
has already been mentioned above.

II. CONSTRUCTION OF THE MODEL

In order for a massless fermion ¢ to acquire
mass from the weak and electromagnetic interac-
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FIG. 1. In order for a massless quark g to acquire
mass, ¢q; has to become X; by the emission of a gauge
particle W and gy has to become X by the absorption of
W. X is some massive quark.

tions, it will be necessary to have a gauge boson
W which transforms ¢, to X, and g to X, where
X is some massive fermion.>® (See Fig. 1.)
Hence @ 5, My, and Az must belong to some non-
trivial multiplet under the gauge group. We are
thus immediately threatened by the possible pres-
ence of V+ A currents which will (a) upset low-en-
ergy phenomenology, and (b) void’ the successes
current algebra had had with nonleptonic decays.
This poses an important constraint on our model
construction.

We choose the gauge group to be G =SU(2),
x8U(2) xSU(2), xU(1) and the charge to be @ =T,
+Typ+Ts4 +3y [Where y is the generator of U(1)].
As had already been mentioned, we have six
quarks,? called @, ®’, » (which have charge +%) and
¢, A, s (which have charge —5). (The charge as-
signment obviously may be changed according to
taste.) These will be assigned to six doublets:
three transforming like (3,0, 0), y=3%, under G
and called ¢;;, and three transforming like
0, 3,0), y=5, and called y; (i =1, 2,3). A Higgs
field ¢ transforming like the complex (3, 3, 0), y
=0 representation of G is introduced to join ¢;
and ¢;,. The part of the Lagrangian £ describing
this coupling will be taken to be

3 3 3
D il @iert Z fisir@dsr+ Z R ¥ s
i=1 i=1 i=1

2.1)

where f;,, fi3 andh;, are Yukawa coupling con-
stants. We define

P =T *T,, (2.2)
where the asterisk denotes complex conjugation.
¢ transforms in the same way as ¢ under G. In
order to ensure that Eq. (2.1) is natural we re-
quire that £ be also invariant under the discrete
symmetry K:

p-+ip, ¢—-ig,

bip =i s Yir— g (2.3)

Y2r~ _id}zR ’ d’an" _iz/)aR .

K suppresses nine other terms which otherwise
must appear in (2.1).

Let us suppose for the moment that we can con-
struct a Higgs potential such that the vacuum ex-
pectation value of ¢ has the value

@=(5 o) (2.9)

[and so also (@) =(39)]. In Appendix A we will ar-
gue that this is indeed possible. In that case it is
not hard to see by inspection that (2.1) has been
carefully arranged so that one charge +% quark
and two charge -3 quarks are massless.

We identify these as the @, 9%, and A, quarks.
The subscript 0 on 9, and A, will remind us that at
this stage oM, and A, are degenerate states and the
distinction by strangeness has no meaning as yet.

To study the mass spectrum in detail let us in-
troduce the notation

§iL> ( §in)
ip = and = .
Viz (TIiL Vir Mir
Then Egs. (2.1) and (2.4) generate the mass terms
EiLMiEjij"'T’iLM?jan ’ (2.5)
where
0 f12 fla

ME=v| 0 £, fos (2.8)
0 f32 f33

(2.7)
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One may now readily verify that there are four ro-
tation matrices R} '} such that

0 0 0

(RE'M*Ri=| 0 me. O |, (2.8)
0 0 m,
mg 0 0

(RNHM™R]=( 0 0 0|, (2.9)
000

where me:, m,, m, are determined by M® and
M". R} and R; are determined only up to an arbi-
trary rotation in the 2-3 plane, which fact again
reminds us that o, and A, degenerate. An explicit
determination of Rf:}'z reveals that there is no con-
straint among the masses me¢/, m,, m, and the
angles that appear in R,f;g. R and R} are both ro-
tations about the 1 axis, which tells us that £, and
1,r are both eigenstates, clearly to be identified
as @ ; and sg, respectively. By redefining appro-
priate linear combinations of y,r and ;5 as Y,z
and ¥, we can finally write
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(2.10)
Similarly, we may put ¢;, into the form
—@® sina +cosa(®’ cosB +7 sinpB)
lplL = s ’
L

(2.11)
Yo = <(Pcosa +sina((3};'cosB +rsin3)) . (@.12)

(1] L
b = (—(P smf +rcosB> . (2.13)

0 L

Here a and B are two angles simply related to the
angles appearing in R}'" and determined by the
various Yukawa coupling constants in Eq. (2.1).
Notice that we have succeeded in ensuring that
each of the @, N, A quarks can be transformed into
a massive quark by a gauge field, and at the same
time in avoiding any unpleasant nonexotic V +A
currents.

We assume that the strong interaction consists
of an Abelian gauge theory or, if one prefers, a
non-Abelian gauge theory in which some hidden de-
grees of freedom (“color”) are gauged. This as-
sumption ensures many desirable properties, as
was emphasized by Weinberg.® In particular if a
non-Abelian gauge theory is assumed, we may le-
gitimately calculate the quark mass shifts without
taking strong interactions into account. Thus the
strong interaction in this model is invariant! un-
der G, =[internal SU(3)] x[gauge SU(3)] x[chiral
SU(3)]. The internal and chiral SU(3) are to be
broken by the electromagnetic and weak interac-
tion.

There is as yet no contribution to the process in
Fig. 1, because with the form of (¢) given in Eq.
(2.4), Wi and W% are mass eigenstates.!' To mix
W; and W% we introduce two other sets of Higgs
field: x, transforming like a complex (3,0, 3), ¥
=0 under G, and y, transforming like a complex
0,%,%), y=0. We also introduce a complex dou-
blet n which transforms as n— e'®®" ¢!, These
Higgs fields perform an essential service by gen-
erating the appropriate mass spectrum for the
gauge fields, but do not play any role in low-ener-
gy phenomenology since they are all forbidden to
couple to the fermions by the gauge group G. The
interactions of these Higgs fields with each other
and with the gauge fields are considered in Appen-
dix A. The details do not concern us here; suffice
it to say that three positively charged gauge me-
sons emerge as eigenstates, to be denoted by W§
(with masses pg? B=I, II, IlI). They are given by

Wau=RpsWhy, (2.14)

where B=L,A,R and Rgg is some three-by-three
rotation matrix. We are finally prepared to switch
on the weak interaction, to compute the quark
mass shift, and to observe the splitting of the ¢,
and A, degeneracy and the generation of the
Cabibbo angle.

III. SPLITTING THE 01-A\ DEGENERACY

It is clear that the photon and the three neutral
massive gauge fields Z4 (8=1, II, II) do not con-
tribute to the mass shift of the ®, N, and A quarks.
It suffices to consider in Fig. 1 the contribution of
the three W3, mesons.

Furthermore, to lowest order in the weak and
electromagnetic interaction, we need not be con-
cerned with the mass shift of the (already) mas-
sive exotic quarks ®’, s, and ». It is not neces-
sary to include the effects of the s quark in evalu-
ating the effect of the perturbation on the degener-
ate Jy-2, system. Let us introduce the two-by-two
mass matrix m for the J,-1, system by saying that
the perturbation produces an effective £ which in-
cludes the term

£eff=_(ﬁo Xo)Lm<Szo> +H.c. . (3.1)
X /r

A straightforward calculation then gives

me =sinal,, (3.2)

_ ( sina cospler sina singl,

m= ( —sinBle: cospl, ) ’ (3.3)
Here, for i=s, ®’, and 7,
Ii=m; gé”z ZRLBRRB

8
1 AZ
% J; daln e (i =allm
(3.4)

where g p is the gauge coupling constant associ-
ated with SU(2), g and A is the Pauli-Villars cut-
off used to compute the three Feynman diagrams
contained in Fig. 1.

A noteworthy feature of the expression for I;
[Eq. (3.4)] is that I; is independent of A2, since
78Ry sRzslnA2=0. This verifies the general con-
clusion from renormalization theory that correc-
tions to natural symmetries in gauge theories are
finite and calculable.

m is easily determined from Eqgs. (2.10)-(2.13)
by inspection. It is an asymmetric matrix which
must now be brought to diagonal form.

IV. GENERATING A CABIBBO ANGLE

The matrix m determines for us which linear
combination of 9,5, and A,z and of 9N and Ay, in
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fact corresponds to the physical 31 and A quarks.
To discover this we have to find two two-by-two
rotation matrices R, and Ry such that

RImRg=the diagonal matrix (m”‘ 0 )
0 m

(4.1)

(Incidentally, all these rotations we are perform-
ing also ensure that there is no parity violation or
strangeness nonconservation in order «.) The ma-
trices R, and Ry and the masses mg, and m , are
uniquely determined by m. The angle of rotation
in R, is of course the Cabibbo angle 6 since

N,=Ncosh +Arsinb.

(The angle of rotation in Ry, also determined here,
is a sort of right-handed Cabibbo angle which gov-
erns the relative ratio of various as-yet-unob-
served exotic pieces in the right-handed current
such as @4y, and @ ; v, \g but which may become
of interest in the unpredictable future.)

Let us consider only the ratio mm/m x- Solving
Eq. (4.1), we would then find 6 and my/m , as func-
tions of the three variables a, 8, and x=1Ie./I,.
Tedious but straightforward arithmetic gives

1—x2
= si i — 4.2
tan26 =sino s1nZB<Kx2+L>, (4.2)
Mg _ Vcos26-1
m, Vcos26+1 °
To simplify our formulas we have introduced the
notation

(4.3)

Ve sz;{zxszifi“Q’ (4.4)
K =sin®g - sina cos?8, (4.5)
L =cos?B - sina sin®3, (4.6)
P=sin?B +sin’a cos?8, 4.7)
Q=cos?B +sin’x sin®g. (4.8)

Equations (4.2) and (4.3) represent our main re-
sults. Unfortunately, the angle 6 is given in terms
of a number of experimentally unknown quantities.
Note that @ and B are also Cabibbo-like angles
which govern the ratio of various exotic pieces in
the left-handed current [Eqs. (2.11)=(2.13)]. To
sum up, we have determined mq/m,, me/m,, and
two of the four Cabibbo-like angles in the theory in
terms of the other two angles and m, /m,, me:/m,,
unfortunately all unknown at present. (Typically,
wg?> m;? so that I,=constxm;.)

The ratio mgy/m , is a fundamental quantity gov-
erning the amount of chiral-symmetry breaking.

In the standard (3, 3) + (3, 3) model*? of symmetry
breaking

Lsp =Uy +EgUg +E5Uy (4.9)

the deviation of €, from —V2 (the value corre-
sponding to m ,% =0 and exact chiral symmetry) is
related to m./m . The result usually quoted™ is
that g~ ~1.25 and €=~ -0.02, which corresponds
to mg,/m \ ~ 3 and me/mg ~0.4. (The reader will
recall that the determination of these numbers suf-
fers from a great deal of uncertainties.)

V. DISCUSSION AND A BRIEF ANALYSIS

Although 6 is not determined, one may consider
undertaking the following analysis: Take mg/m
as given (to be, say, ~35) and eliminate x between
Eq. (4.2) and Eq. (4.3) so that §=6(a, 8). Letting
o and B run through their natural domain we find
that 6 is in fact bounded. Such an analysis'* turns
out to be quite complicated and is probably not
warranted by our model. We shall opt for a less
systematic analysis.

First, let us consider some special limits. For
instance, let o - 0. In this limit'® we find that 6-0
and mg,/m ~ 0, me/m,—~0. This is encouraging
since experimentally 6 and my/m , are both small.
Referring back to Egs. (2.11)-(2.13), we see that
this situation is not at all surprising. As a -0,
®, and N, find themselves in the same multiplet.
As a result, neither of them can become massive,
and N, =N, giving 6 =0. This conclusion, that in
the limit of vanishing Cabibbo angle chival sym -
metry becomes exact, in fact appears to be gener-
ally true, as long as the nonexotic quarks are as-
signed to doublet representations of SU(2) and ac-
quire masses from radiative corrections. We
have explicitly verified this in a number of mod-
els.’® A moment’s thought will convince the reader
of the plausibility of this theorem.

On the other hand, it is rather easy to construct
models in which @ and ¢ are assigned to larger
multiplets together with other quarks and in which
the “theorem” is not true. We would like to con-
jecture that in the real world the doublet represen-
tation of SU(2) plays an important role and that
this “theorem” is in fact true.!”

There is a suggestive argument that @« may be
small. So far we have not said anything about the
lepton sector. Clearly, the lepton sector will in-
fluence the hadron sector if lepton-hadron univer-
sality is to be maintained. The simplest theory of
leptons known is that of Weinberg and Salam.!® In
this model, we have

(22), w00 (32,

transforming like (3,0, 0), ez, uzas (0,0,0). De-
fine 6=1-G4/G, =the deviation of the rates of 8
decay and u decay from equality. In our theory
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6 =1~ cosa cosd and so o must be small. The de-
termination of 6 suffers from severe uncertainties
stemming from theoretical difficulty in calculating
the radiative correction to 8 decay. A typical val-
ue quoted® is 5~2%. The uncertainty in 9 as de-
termined from K decay (0.21< 6= 0.27) certainly
allows a value of o as big as 0.1, say.

Let us proceed with the assumption that o is in-
deed small and ~0.1. With o ~0.1, the quantities
K and L defined in Egs. (4.5) and (4.6) are both
positive unless the angle 3 is very small (3 0.1)
or very close to 7/2 [(7/2 -B)< 0.1]. We now refer
back to Eq. (4.2),

tan26 = sina sin28 i)

an26 =sina sin Kei+Ll )’
and note that the factor n(x)=(1 -x2%)/(Kx2+L) is
bounded above and below:

_I%=n(uo)sn(x)sn(0)=%. (5.1)

Since K = sin?8 and L=~ cos®B, to a good approxima-
tion tan26 is bounded (given the various assump-
tions we have made):

—2a cotp stan26 <2q tanB. (5.2)
With @ ~0.1 the bounds are very stringent unless
either cotB or tang is large, of the order ~2.5.

For the purpose of illustration and in order to get
a feeling for the equations governing 8 and mm/m X
we will choose tang~2 or 3, which gives B~ 3w
—0.33. With this choice tan29 =0.0667(x), which
forces n(x) to be large (~10) if 6 is to have roughly
the right value. This forces x=~ me:/m, to be
small. For illustrations some typical numbers
are as follows: x=0.14 implies sing ~0.24 and
Mg/my~%, and x=0.1 implies sing ~0.26 and m,/
my~ 5. The values for mg/m, that emerge are
perhaps a factor of § too small, but the purpose
of this (very rough) analysis is not to fit “data”
(which is certainly possible). Rather, we have il-
lustrated how it is possible that the small value of
6 is correlated with small chiral symmetry break-
ing.

VI. COMMENTS

(1) The mass acquired by the ® quark is given in
Eq. (3.2). Taking the determinant of Eq. (4.1) we
find that

mgm=sinale I, . (6.1)

We thus obtain a simple relation between the
masses of the exotic quarks and the masses of the
nonexotic quarks:

(me?/mgmy) =sina(m,*/mem,). (6.2)

With @ small and ~0.1 we see that we can fix (m ¢/

mg) to be ~ 4 if (m, /m ¢+) is of order 1. Hence
(with the various choices we have made) a hierar-
chy of quark masses emerges in this model,
namely, that

mesS mg<my,<mesmg<m,. (6.3)

(2) Perhaps one unsatisfactory feature of this
model is that if we take g, ~gr~e we have m ¢
~amg, Mg, my~amer, am, (a is the fine-struc-
ture constant). u, will typically range from ~30
GeV to ~100 GeV. The exotic quark masses
mg,mer,m, may range from anywhere up to ~10
GeV or ~30 GeV, so that (7)exotic quark /1152 << 1.

The nonexotic quark masses will then be anywhere
up to ~100 MeV or ~300 MeV. Since we do not
know a reliable way to relate quark masses to had-
ron masses, we feel that the only reliable mea-
sures are the ratios my/m ) and m ¢/my which are
determined by current algebra. Some readers
may be perturbed by the fact that the proton-neu-
tron mass difference is due to electromagnetism
and to weak interaction (via u,), while the nuclear
mass itself comes from the weak interaction. This
need not be an inconsistency, of course, since no
one has exhibited a connection between nucleon
mass and quark masses. Indeed, if the quarks are
not physical particles then only the group-theoretic
pattern u,+€;u, +€,u, governed by the ratio of
their (unphysical) Lagrangian masses is relevant.
Gell-Mann®® has postulated the existence of a
scale-breaking but chiral-symmetric term in the
Lagrangian. Perhaps some such term is neces-
sary here.

(3) The sign of the Cabibbo angle in this model
may be changed by making a y, transformation:
Ap—=X; and Ap— =, The y, transformation also
changes the right-handed current and the exotic
pieces of the left-handed current.
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APPENDIX A: THE HIGGS POTENTIAL

We have four sets of gauge fields: ¢, x,, x,, and
n. The Higgs potential V consists of all the gauge-
invariant terms that can be formed out of the Higgs
fields consistent with the discrete symmetries we
impose. We shall impose three independent dis-
crete symmetries: K, K,, and K,. Under K, ¢
- i¢@. Under K,, x,—-ix,. Under K,, x,—~ix,. We
decompose V as follows: V=V,+V+V'+V,. V,
contains 15 terms, viz.,
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Vo=c,tre T‘/’ +Cp trXIX: +C3 trX;‘Xz +C4[ tr((PT(P)] 2 '*‘Cs(terTXl)z +Cs(trX'IXz)2 +Cq tr(pT(p terT)(x

+eatro To trxlx, +eotrxlxa trxdxs +C10tre Too To +oy trxlxaxTxa + 12 trxd XaXa X2

t
+Ci3 terwxlxz +Cutr(P(PTX1XI +Cys trXI)ﬁXzXz .

V consists of those terms gotten by putting tildes
on the terms in V,. Recall that g, =7,x¥7,, X.
=T,X¥Ty @ =T,9*7,. Because of K,K,,K,, each
term in V can display only even number of tildes.
V’ contains terms like tr ¢' 7% @ try! 7, x, and

trr, "7, 9tr7, ¢'7,¢ (plus terms gotten from
them by adding tildes) which are allowed because
we use complex (3, 3) representations. Finally, Vv,
contains terms involving 7. A number of possible
terms are ruled out by imposing CP invariance.

In view of the large number of terms in V, a
simplifying assumption is needed. The standard
assumption is that given the charge @ (in this case
Q =Ty, +Tyg+Ts4+3Y) only those fields neutral un-
der @ develop vacuum expectation values. It is
clearly necessary in order to have light in the the-
ory. One can easily see that the point at which all
@ +0 fields have vanishing vacuum expectation val-
ue is an extremum of the Higgs potential. It has
been implicitly conjectured by workers?! in gauge
theory that this extremum may be made into a
minimum by restricting the parameters in V to
suitable domains. This is plausible because of the
large number of parameters.

We can thus write, without loss of generality,

=i (), (a2)
=5 (5 3), (a3)
@0 = (") ) (a4)
()= (“’2“’) (45)

where a,b, o, B, v, z,w, h are all real. The poten-
tial is a quartic polynomial in a, b, a, B, v, 2,w, h
and cosines of various combinations of the phase
angles. We assume that we cannot, with no loss
of generality, look at those terms not depending on
v, 2 when determining the value of v and z at the
minimum of V. We thus consider the prototypical
potential

V,=f022+f1(v2 +22)+f2(712 +2%P
+fav2z?, (A6)

where f; are themselves functions of
a,b,a,B,w, h, and the phase angles. It is easy to

see that by suitably adjusting the f,’s the minimum
of V, occurs for z=0and v2=—f,/2f,.

(A1)
Similarly, we consider
Vs = f4b2+ f1(@® +b®) + f5(a® +b?)?
+f45a%b®. (AT)

By adjusting f; one may arrange the minimum of
V; to occur for a#0 and b #0. The same remarks
apply to @ and B. It is also presumably possible
to adjust things so that w=0. We defer a discus-
sion of the phase angles to Appendix B.

With this set of vacuum expectation values, the
mass spectrum discussed in the text is readily
generated.

APPENDIX B

The various phase angles are intimately con-
nected to possible CP violation. We require that
our Lagrangian be invariant under the CP trans-
formation which sends ¢ - ¢*, etc. This is equiv-
alent to changing the sign of the phase angles
Pvs Pzy Ps Pay @ Thus the Higgs potential is an
even function of ¢,, ¢,, ¢;, ¢;, ¢, for small phase
angles. The point at which all these phase angles
vanish is evidently an extremum and presumably
may be made into a minimum of the potential. In
that case CP invariance of the theory will be en-
sured.

The following phenomenon arises here because
of the large number of Higgs fields. Clearly ¢,®
always occurs in combination with z2. In the tree
approximation we have arranged things so that z
vanishes. Thus ¢, is undetermined by minimizing
the potential in the tree approximation. One would
then be obliged to calculate the potential beyond??
the tree approximation. The potential in some
higher-loop approximation is minimized at a point
at which z#0. The question of whether or not ¢,
=0 is a minimum and consequently of whether or
not CP is a good symmetry will then, and only
then, be decided. (In this model, it appears that
by a simple choice of the sign of a certain coupling
constant in the Higgs Lagrangian we can ensure
that the point ¢,=0 is a minimum.)

So far, the gauge theory of weak interactions has
not clarified the origin of CP violation. We would
like to take this opportunity to list the various op-
tions?® one has regarding the inclusion of CP vio-
lation in a gauge model. Firstly, one may simply
write down a CP-noninvariant Lagrangian. This is
illustrated, for example, by the model of Mohapa-
tra?* and the model of Pais.?® A more interesting
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possibility is that the Lagrangian is in fact CP-in-
variant. Theories in which this is so may be sub-
divided into four types:

Type I. When one minimizes the potential in the
tree approximation, one finds that the minimum is
not invariant under CP. An example is the model
of Lee.2®

Type II. The minimum of the potential in the
tree approximation does conserve CP. Further-
more, the minimum of the exact potential is also
guaranteed to conserve CP. An example is the
original model of Weinberg.!® One particular way
in which this phenomenon can come about is illus-
trated by Weinberg’s model: The theory is so
simple that it admits of a rotation which ensures
that no phase angle can appear.

Type III. As in Type II, the minimum of the po-
tential in the tree approximation respects CP.
However, when the potential is computed including
loops the minimum no longer respects CP.

Type IV. Finally, there is the interesting pos-
sibility that one does not know whether the mini-
mum of the potential in the tree approximation re-

spects CP or not. The question has to be decided
by computing the potential to include loops. The
model presented in this paper is an example of
this type. It is unfortunately, in same sense, a
trivial one since one apparently may ensure the
absence of CP violation by the simple expedient
of choosing the sign of a certain coupling constant.
In conclusion, we would like to emphasize the
following point. Theories of Type II are charac-
terized by the small number of Higgs fields and
consequently by a freedom to utilize the gauge
group to rotate any phase angle away. On the oth-
er hand, if one constructs a model involving many
Higgs fields and if one labors to ensure that the
minimum of the potential in the tree approximation
respects CP, then more likely than not the model
would be of Types III and IV and may generate CP
violation in higher order. This seems to us an
attractive possibility in trying to explain CP viola-
tion, particularly if one subscribes to the philoso-
phy that Higgs fields are not fundamental fields
but are dynamical manifestations.
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We discuss an effective Lagrangian model of vector mesons interacting with themselves and photons,
which yields finite lowest-order dynamical electromagnetic corrections to the vector-meson masses. The
strong-interaction part of the Lagrangian is given by a renormalizable model of °t Hooft, based on
massless Yang-Mills fields which acquire mass by the Higgs-Kibble mechanism. The relationship of this
vector field to the usual massive Yang-Mills field and of our electromagnetic interaction to that of
Kroll, Lee, and Zumino is discussed in the light of a suggestion made by Lee and Zinn-Justin that the
renormalizable vector field may be a regularized version of the usual massive vector field. The mass
shifts of the charged and neutral p mesons are found to be small and nearly equal, well within present

experimental uncertainties in the p-meson masses.

I. INTRODUCTION

Theories based on vector-meson dominance of
the hadronic electromagnetic form factors have
yielded finite electromagnetic mass differences
for spinless mesons,® but generally suffer from
the serious defect that the radiative corrections to
the vector-meson masses themselves diverge.?
Recently, renormalizable Lagrangian models have
been proposed, based on massless Yang-Mills
fields which acquire a mass as a consequence of
spontaneous symmetry breaking.3-5 In such mod-
els the free-field propagators of the gauge fields
are more convergent than in the Kroll-Lee-Zumino
(KLZ) model® of vector-meson dominance, and
may lead to less divergent or finite electromagnet-
ic mass differences.

For the Lagrangian of strong interactions we
shall make use of a model proposed by 't Hooft and
shown by him and Veltman to be renormalizable.*
This model is based on a Lagrangian locally invari-
ant under a group U(1) xSU(2), which we shall call
GV and contains a triplet of massless vector
fields V, and a scalar field which is a complex
spinor representation of GV, The four Hermitian
components of the scalar can be regarded as a
singlet o, which acquires a nonzero vacuum expec-
tation value o, as a consequence of spontaneous

symmetry breaking, and a triplet J, which con-
tributes the longitudinal component of the vector
field when the latter acquires mass, as explained
by Higgs and Kibble.”

We wish to use the Lagrangian referred to as an
effective Lagrangian, introducing electromagnetic
interaction in a wgy analogous to KLLZ. However,
this raises some problems of physical interpreta-
tion which are connected with the presence of the
auxiliary scalar fields introduced to implement
the Higgs-Kibble mechanism. For example, the
most convellient gauge is one in which the propaga-
tors of the ¥, o, and Vu fields are diagonalized
and in which the vector propagator has a manifest-
ly gauge-invariant form, but the last appears to
have a pole at zero mass. Although it has been
shown in similar cases that this pole is not really
present in the renormalizable theory,’ it is not ob-
vious how to make this argument succeed if we lim-
it ourselves to tree diagrams (in the strong-inter-
action sense), as in the present case. However,
following the suggestion of Lee and Zinn-Justin
that the scalar fields may be only a device to reg-
ularize the usual massive Yang-Mills theory,
which may be renormalizable even though power-
counting arguments suggest that it is not, we give
a possible resolution to the problems of physical
interpretation in Sec. III. This makes use of the



