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A renormalizable [SU(2) X Y] weak gauge model is studied in which spontaneous breakdown generates
masses for all fermions except neutrinos and gauge bosons except the photon and at the same time destroys

the original P and CP invariance of the Lagrangian.

A connection between the heavy-electron-to-electron

mass ratio and the size of CP violation is pointed out. A free-quark-model calculation of lowest order CP
violation in the K% K° mass matrix is used to test whether the model can accommodate the measured CP
violation (|€| = 2 X 10~%) and the bound on heavy-lepton mass (M > 1 GeV). Assuming reasonable and
consistent values of certain quark and Higgs-particle mass ratios, it is found that the model is consistent with
known weak-interaction phenomenology if the mass of the heavy electron is less than about 6 GeV. The
dominant leptonic decays of the heavy electron, E, are E~ — 1~ + (V) + v§, where (V) refers to the usual
lepton (I = e or p) antineutrino but v§ refers to a right-handed electron neutrino associated with the E.

I. INTRODUCTION

CP violation was introduced into renormalizable
gauge models of weak and electromagnetic inter-
actions soon after the upsurge in model building
began in 1971 and 1972. Both explicit' and spontan-
eous® origins for CP-violating effects have been
considered in detail in the literature.

In many of the models which have been proposed,
with or without CP violation, new leptons are
needed to fill in multiplets of the underlying gauge
symmetries assumed.® Searches for heavy leptons
have been under way for some time, and recent
SLAC results* on anomalous e u production in e*e”
annihilation provide grounds for speculation that
heavy leptons exist with a mass of approximately
2 GeV. If a heavy lepton exists, the ratio of the
electron mass to heavy lepton mass is certainly
very small, and one might ask whether this small
ratio is related in any way to the small CP viola-
tion observed in K decays.

I suggest here that the small value of the € para-
meter, which is characteristic of CP violation
(e~2x107%), and the necessarily small value of
the ratio of electron mass, M,, to heavy lepton
mass, M (if the latter exist, M,/M;<5x10"%)
have a common origin in the spontaneous break-
down of leptonic gauge symmetry, parity, and CP.
In order to support this view, I present a model in
which such a common origin of € and M, /M oc-
curs.® The dominant leptonic decays of the heavy
electron of this model are consistent with the
observations at SLAC,* and read

E ~I"+([@})+vs.

The right-handed counterpart of the electron neu-
trino is associated with the heavy electron and the
usual right-handed electron (muon) antineutrino is
associated with the electron (muon). This decay
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scheme gives the usual sequential e*u¥ signature
as in the events reported at SLAC.* The scheme
which I present would require a three-body decay
of each heavy particle—four missing neutral par-
ticles in all for e*e” - u*e*+missing neutrals. A
distinctive feature is that the neutrinos have the
same helicity in the final state of each decay par-
ticle.

The model is initially [SU(2) X Y], gauge sym-
metric, parity-invariant, and CP-invariant and
spontaneously breaks down to the residual electro-
magnetic gauge symmetry. The vacuum-breaking
parameters supply masses to all particles except
photon and neutrinos, and the relative phase be-
tween scalar and pseudoscalar vacuum expectation
values supports all CP breaking. A close relation-
ship is found between the CP-violating angle and
the electron to heavy-electron mass ratio.

The model is described in Sec. II, where the
couplings necessary for the K° — K° mass-mix-
ing calculation of Sec. III are spelled out. The
relationship derived in Sec. III between the mea-
sured CP parameter, €, and the model’s underly-
ing spontaneous breaking CP parameter, 0, is
discussed in Sec. IV. The conclusion is that the
model accommodates known weak-interaction
phenomenology if the heavy-electron mass, Mg, is
in the range 1 =M, =6 GeV.

II. THE MODEL

In this section, I define the gauge model of weak
and electromagnetic interactions whose properties
and consequences I wish to examine. The model
is the same as the one previously discussed by
McKay and Munczek® in a different context and
without CP violation included. For ease of ref-
erence and in order to define all of the CP-violat-
ing parameters, I review the basic features of the
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646 DOUGLAS W. MCKAY 13

model even though some of them have already been
discussed in Ref. 5.

Leptons

The symmetry of the Lagrangian is chosen to be
[SU(2) X ¥],,,,, With parity conservation before
spontaneous breaking ensured by treating left and
right symmetrically in the original Lagrangian,
which is also CP-invariant. In the lepton sector,
fermion fields are defined as®

VeL+VeR
¢e=< >, £g=eR+EL, (1)

e, tEp

and similarly for the muon p, the heavy muon M,
and the muon neutrino v,. One needs at least

two complex doublets of spin-zero particles in
order to create parity-invariant Yukawa coupling
to the leptons which, after spontaneous breakdown,
provide masses for ¢, E, pu, and M. The choice
of scalar fields is

S1 t
s= <sz+7\s/‘/2§> ’ t=<t2+)\t€w/1/-2E> , (2)

where the permitted relative phase between the
vacuum expectation values of s and ¢ is arbitrarily
assigned to the ¢ field (an account of the potential
energy is given in Appendix A). Under parity
transformation we choose s -s, t-—~¢f. The gener-
al solution to the potential energy extremum prob-
lem admits this relative phase when there are two
complex doublets with neutral members, as dis-
cussed by Lee.” This phase was arbitrarily set
equal to zero in the study of Ref. 5. I wish to con-
centrate on parametrization of CP-violating effects
via this phase in the present work.

In addition to the local SU(2) X ¥ gauge transfor-
mations, an additional global y, transformation is
assigned and the Lagrangian is required to be in-
variant under this transformation. The choice of
transformations is

w;=eiu75d), gr=e-ia75£, S'=S, t=t.

The weak-leptonic couplings of the fermions and
scalar mesons are then limited to the form

°c(wcak-Yukawa) = ngaefeST¢e+ ﬁgbefeh tT Zpe
+He.te—~u. (3)

After spontaneous breakdown, as assigned in Eq.
(2), mass terms for e, E, u, and M emerge, but
the v, and v, fields remain massless. The mass
terms are

gla ;b\, cosb-ib ), sinfy,)e

+E(@ A, +b A, cos6 —ib 2\, Sinby)E+e—~p, (4)

which can be put in standard form by redefining the
fermion fields and requiring that the mass terms
not contain the y; bilinear form. The CP-violating
effects will then be shifted entirely to the physical
Higgs-particle couplings (in the unitary gauge).

If one makes the substitution

e-—e“"‘e/z”’se, E_,ei(aE/2)75E (5)

and requires that the mass terms in Eq. (4) have
the form m¥yy, one finds that

tana = Aeh e siné

¢ a\,-b,,cosb’

(6)

Asb, sinf
a ==
tana a\,+b 2, cosb’

where

M,=[(a )+ (b2,)? - 2a,b A\, cosO /2,

(7
Mg=[(a)?+(®A,)? +2a,b A, cos6] /2.

The relationship among the masses and CP-violat-
ing phases 6,q,,a, is represented geometrically
in Fig. 1. A similar set of relations holds for
muon parameters. From Fig. 1 we see that if
M,/Mg<<1, then b \,~a\, and 6 <1 is necessary.
The lower bound on charged lepton masses has
been established to be ~1 GeV 2 so that if E-type
leptons exist at all, the condition M,/M; <1 is
certainly true phenomenologically. It is this
connection between the small electron to heavy-
electron mass ratio and a small CP-violation
angle and a “maximal P violation,” b 2, a2,
which makes a more thorough study of C P-violation
effects in the model of interest. I turn directly,
then, to quark representation and CP-phase-angle
choices in order to lay the groundwork for an es-
timate of the CP-violation effects in the kaon sys-
tem within the framework of this model. A dis-
cussion of CP-violating effects in u decay is re-
legated to Appendix B.

Ce

Qels Ge)s

FIG. 1. Geometrical representation of the relation-
ships among the quantities M, , Mg, @g, Aga,, and
A.b, defined in the text. ‘
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Quarks

The quarks are assigned to four singlets and
two doublets of [SU(2) X ¥],.,,, and each singlet
transforms as S’ =¢” #5%'S and each doublet as

<(PL+(P§¢e"'°‘1

N, coSh+ )y Sinb  + Ny oS0 e %2+ N, sin g et®

c tepe i
Q.=
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D’ =¢'"s%'D under the global y, group. Anticipat-

ing that the quark mass terms, which are all gen-
erated by the coupling to the scalar fields, will be
CP-violating combinations of ¥} and ¢y ) bilinear
forms, I define doublets

>,

’
~q, sinb,+ 1 cosbf - Ny sinb e'*2+ x;ecosece’%)

and singlets
- i ’ = ia ’
0=Nge'*s+Ny, o0,=Age'*s+nrp,

- -i = - i
p=Pre '+ @, p.=crpe ‘+cy.

The phases o, -a, are chosen in such a way that
the fields @, ®’, etc. have real masses and all
CP-violation effects are contained in the quark
couplings to the scalar fields. In the unitary
gauge, which is the gauge I shall use in calcula-
tions of perturbation theory amplitudes, the physi-
cal Higgs-particle couplings to quarks and leptons
carry the CP violation. The angle 6. in Eq. (8) is
the Cabibbo angle, and the familiar charmed quark
mechanism® for canceling AS=1 neutral currents
has been invoked.

The Yukawa couplings of these eight quarks—the
three usual quarks @, 3, x of SU(3), the charmed
quark ¢, and heavy counterparts for each—are
chosen to be

L (weak-hadronic-Y ukawa)
=V 2glo(As'+By,t")(cos8Q - sinb Q) + H.c.
+0,(Cs"+Dy,t")(sinb Q + cos6Q ) +H.c.
+p(As"+ Byt")Q + p(Cs' + Dy5t"Q,
+H.c.]. 9

These couplings ensure that, after spontaneous
breakdown of the weak SU(2) XY to U(1),,,, all
quarks acquire mass. The § and 7 representa-
tions are defined by §=i7,(s")7 and ¥ =i7,(t")T and
are SU(2) (but not Y) equivalent to s and ¢.

The masses and coupling parameters are real
if the angles «; are chosen to be

tano, .=, B sin6/(Ax + Bx, cosé) ,
tana, ; =X, B sin6/(AX, +Bx,cos) ,
tana; =X, D sin6/(Cr,+ DX, cos6) ,
tana, ,=X,Dsin6/(Cxr +Dx,cosb),

(10)

where 6, 1, and X, are again the vacuum para-

(8)

r

meters defined in Eq. (2). The relationships be-
tween the masses and the (real) coupling constants
are determined to be

Mg 5. =[(A AP+ (2, B2\, A B cosb]' /%,

Mg o =[(0 AP+ (X, B F2A )\, AB cosf]*/? an

My,
Mz:.c‘

[(A,C)*+ (X, D)* 22\ ,CD cosb]* /2 |
[(A, TP+ (x,D)*¥2x,x,CDcosb]' /2,

and diagrams akin to Fig. 1 can be drawn for each
of the unprimed-primed quark pairs with their
corresponding phase angles (e.g.,q,,a;,m,,mg
~0 5,0y, Mg, Mg.).

The Yukawa couplings (9) will, with phases chos-
en as in (8) and (10), produce CP-violating terms
whose contribution to the K°«—K?° transition amp-
litude will give a handle on the relation between
8, the fundamental CP parameter in this model,
and €, the modulus of the phenomenological CP-
violation parameter in the neutral kaon system.
Before turning to the description of the K° —EK°
amplitude calculation, described in the following
section, I shall define the unitary gauge and spell
out the couplings of the charged, physical Higgs
scalar to the quark fields. These will be the cou-
plings of interest in the approximation employed
in the next section.

The gauge-covariant derivatives of the scalar
fields are defined as

D,s=8,s—igL s+i(g'/2)B s, (12)
D,t=8,t—igL t+i(g'/2)B ¢,
where L and B are the triplet and singlet gauge
fields of [SU(2) x¥], and L, =L - 37. From the
invariant kinetic-energy terms (D s)'D“s
+(D, t")D"t there arises a mixing
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- 9,8 -2, t]Wre’+H.c., (13)

with s, and ¢, the destruction operators for the
positive component of the scalar and pseudoscalar
doublets, respectively, and with W= (L - 7L?)/V2
the destruction operator for the positive W boson.
To remove the mixing (13), the physical charged
Higgs particle M, is defined as

sinBM,=s,, cosfM,e'®=-1t , (14)

where cosg=x,/(A 2+ 22 and sinf=x,/(A 2+ >)/?
will be used for brevity in a number of subsequent
expressions. The choice of physical neutral Higgs
fields is discussed in Appendix A. The complete
condition for unitary gauge, which determines the
choice of Higgs fields, reads

KN+ s{s", = H.c.=0. (15)

J

In the unitary gauge, defined by Eq. (15), the
masses of the charged gauge boson, W, and the
neutral one, Z, are given by

MW= %()‘32 + )\tZ)l /2
and (16)

2 12\1/2

M, gty o +g Y M
which is the same relationship between M, and M,
as in the Weinberg-Salam!® model.

As mentioned above, the quark couplings to the
charged Higgs particles are of special interest. In
particular, the \®M,, xcM,, N®M,, and INcM,,
couplings determine the CP-violation effects in the
K°-K° system in the approximation used. One
finds the following expressions for these couplings
from examination of Egs. (8), (9), (10), and (14):

W

LM, NE) =—g—cosecM;*§i[(A sing+Be™ *®cosple” 1%5(1 - v,)- (A sinB+Be” ®cosp)e” *41(1 +v,)]P+H.c.,

V2

£(M Jic) = £ sinf M} (A sing+Be™ °cosp)e” **%(1 - y,)~ (C sing+ De” ** cosp)e” *°8(1 +y;)]c + H.c.,

V2

amn

LMA?) =-g—sinecM1*5C[(C sing+ De” *° cosB)e” *6(1 —y;) - (A sinf+B cospe” %™ t*7(1 +y,) |2+ H.c. ,

V2

LM xc) =—g"cos9cM1*X[(C sing+De” *®cosp)e™ i%(1 ~ y,)~ (C sinB+De” **cosB)e” i%(1+y,)]c+H.c.

vZ

Armed with these interactions and the W-meson
interactions, which are the same as in the usual
Weinberg-Salam model, one can compare CP-
conserving amplitudes to CP-violating amplitudes
in lowest order for the reaction XM — AN which, in
the free-quark picture, can be related to K°~K°,
The construction and comparison of these amp-
litudes is the problem addressed in the next sec-
tion.

III. CP VIOLATION IN THE X91~ A3 TRANSITIONAL
AMPLITUDE

In the spirit of Lee, Primack, and Treiman®!
and Gaillard and Lee,'? I shall evaluate the lowest-
order free-quark model graphs for X1 —2%. Then
I shall simulate the |[K° and |K°) states by the
appropriate J?=0" |9X) and |T\) free-quark states
at rest, as done by Lee’ in discussing the € para-
meter in the context of the same 8-quark version
of the George-Glashow!® model which was studied
by Lee, Primack, and Treiman.

The diagrams of interest are shown in Figs. 2
and 3. I adopt the point of view that graphs which
involve an M,, the charged Higgs scalar, are sup-
pressed by at least an order of magnitude. There-

—

fore, the CP-conserving amplitude is approximated
by the W-meson graphs of Fig. 2. The CP-con-
serving amplitude T7¢P=*, which is the same as in
the Weinberg-Salam model and has been calculated
by Gaillard and Lee,'? can be expressed in the
following form:

TCP=+=2(3g%sinf,cos8 ) I(M,M,,M_,Mgy)

u(l-')’s)v

1- _
x T, Zys)UmUﬂ/ S Vg (18)

The approximation has been made that high-intern-
al-momentum contributions dominate the integral

X W N BN T
' - wo wQ
—_——— - —
« w* N D4 A

FIG. 2. CP-conserving W-mesons box diagrams for
the AS = 2 amplitude A 9T — A . Each internal fermion line
can be either a p quark or a ¢ quark; so each diagram
shown summarizes four possibilities.
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IMy,My,M,,Mg), whose form is

I(MW,MW,M,__,M@)
d*q q° [ 1 1
(2,")4 (qz _sz)z
which has the value'?
i1 Mg
1672 M_WE_ M}
when M 2> Mg?. Equation (19) does not include
contributions to I1(M, M, M, M) which come from
the g“q"/M,? part of the unitary-gauge propagator.
These (finite) terms each bring in an additional
factor of M ?/M,? or M¢/M,? and can be safely
ignored. This will also be the case for the follow-
ing CP-violating amplitude which results from the
graphs of Fig. 3. Using the couplings listed in Eq.
(17) and the usual W-meson gauge couplings, one
obtains the expression

2
= ’ (19)
\qz_Mcz qz—M6’2>

IMy,My,,M_,M )=

MM,

TCP- -
aM,?

=2isinfo tag—0,-a;)

X ow X R 5
—_—— > '4 '
|
S
|
|
N Wt 5N A
x w5 X N
——>———‘w == ]
+ - W ‘M{
n
S N R S
oM X N

FIG. 3. Mixed W and M, (Higgs-particle) box diagrams.
These diagrams contribute to CP violation in A 91— A
and consequently inK%—+K?9.

(z8%sinf,cosb,)?

X LMy, My, Moy M )2V UnUyVr = 2Vy5CqUsys Vor = Viy u Usllsy * Vu + Vv v s UsUny v Vi) - (20)

In arriving at expression (20), I have assumed that tanf=1 (A,=),) because the dependence on quark mass~
es simplifies in this case. The CP violation is supported by the 6-dependent factor

’ !
sin(og+ @ = @, = 05) = ga:_e{(%l_: -%—2\)[@% % (}VIE—MU) /cosze]

where the angles a,;, a4, «,, and a, are defined
in Eqgs. (8) and (10). The reality of the coupling
constants in Eqs. (17) and (3) imposes the follow-
ing conditions:

.2

My =M;? .
For quarks, lacosea——%—M‘;, i=9,@,\,c;

M;"+M,;
(22a)
For leptons, 1=cosé >M§-'”—_—M£"‘— (22b)

ME'M +Meu

To make the effect of this factor (21) more trans-
parent, one notes that the quartet of unprimed
quarks will dominate the known hadron structure if
M'>> M, which implies that cos6~1 when com-
bined with (22a). Assuming that M,# My, one can
show thatsin(a,+ o - @, — @;) has no extremum in
the range (22a), and simply changes monotonically
by a small fraction. It is reasonable, then, to re-
place the expression in braces by its value at
cosf=1 and to obtain

. tan6 (M3 Mg
sin(o;+ ae—az—aﬁ)z—r(ﬁ—:— —1\7—:1)’ (23)

)2 (\;II: %—;’)\)Z/COSZGT/Z}, (21)

e
Mo My, A M,y

r

where M/M' terms have been neglected. Putting
all this together and using the fact that
I(MW7MM1’MclM(P)/I(MW)MW’Mc’M(P)zMWZ/MMlz’
I obtain'*

le| = TCP=~ (N ~-T0)
\/— TCP=* XN =T 2)

31 MiMg /My Mg
~ 75 3o’y <M)\ )| 4

This is the principal result of the present sectinn.
In obtaining this estimate of the relationship be-

~ M N N N
=T = 1 |
| f
) - M Im
| |
——d e g e —— — ——J-—.>» -—I—*——

N ™M by N A
FIG. 4. CP-violating charged Higgs-particle (M)

box graphs. These are assumed to be suppressed by
M| mass as discussed in the text.
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tween the phenomenological CP parameter € and
the spontaneous CP-violation parameter 6 of the
model, I have maintained the results for CP-con-
serving effects in rare K decays obtained by
Gaillard and Lee.'? The condition to do this is that

M"?/M, P<1, (25)

where M’? is the square of (or product of any two)
heavy quark masses. One finds the constraint (25)
by comparing the CP-conserving parts of graphs
shown in Fig. 3 and Fig. 4 with the W-meson
graphs, Fig. 2, in the approximation that external
momenta are ignored.

Finally, I reiterate that expression (24) follows
from the free-quark model amplitude (18) and
(20) after mocking-up the K ° and K ° states by
free |MX) and [NA) quark states with JP=0" at
rest, in the manner of Ref. 7.

IV. DISCUSSION OF RELATIONSHIP BETWEEN
PHENOMENOLOGICAL AND YACUUM
CP-VIOLATION PARAMETERS

In Sec. III, I obtained the formula, Eq. (24),
which related the measured parameter € to the
CP-violating phase angle 6 between the complex
scalar and pseudoscalar field vacuum expectation
values as introduced in Sec. II. The angle 6 de-
pends on the electron to heavy-lepton mass ratio,
a number on the order of 1073~107* or less. This
observation motivated the effort to link M, /Mg
with the phenomenological € parameter, which is
of the same order of magnitude (€ =2X 107%) as the
experimental upper bound on M,/My. The difficulty
now is that hadronic parameters M;/M,, My /Mg,
and M,Mgz /M, * have been necessarily introduced
into the formula which relates 6 with €. These
quark mass parameters are difficult to estimate,
and I shall conclude by discussing some plausible
values for them and the consequences for the value
of M,/Mj.

As mentioned in the preceding section, a con-
sistency requirement on the ratio of heavy quark
masses, M’, to charged Higgs-particle mass M,,,1
is that M’ 2/MM12<< 1. To relax this restriction
would require a complete reworking of the analy-
sis of the Gaillard-Lee'? type, where only W-boson
effects were accounted for. A rather prominent
role for the Higgs particles in weak interactions
might be possible in the framework of the present
model. For example, it was noted in Ref. 5 that
only a surprisingly weak statement, MzM, /M, *
< %, followed from analysis of the M, effects in
1 decay. However, such a complete reanalysis is
not the point of the present study. Therefore, in
the spirit of the Sec. III calculation, a lower limit
on tand is obtained by setting'®

MMy, /My *=155. (26)

This assumed value yields a lower limit on tané
for a given value of My /M> — Mgy /Mg in the sense
that larger values of M§\M51',;/MMl2 would be incon-
sistent with the neglect of CP-conserving M, ef-
fects of this order and neglect of CP-violating
effects of order (M’/M M1)4 in Sec. IIIL

Finally, we need some estimate of the factor
M5 /M, =M /My in Eq. (24). Clearly, M} /i,
>1, i=9,@®, A, c is required if this model is to
accommodate the popular picture that known had-
ronic structure arises from four types of rela-
tively light-weight quarks bound by color-SU(3)
gauge gluons. Therefore, as a guess at the mini-
mum value for this ratio, we take'’

M /M,=100. (27

As mentioned by Gaillard, Lee, and Rosner,!®
SU(4) chiral symmetry mass formulas for the
pseudoscalar mesons when My =My require that

Me=My=M,/25 <M. (28)

Finally, one notes that if Mg=Mg =My =M., then
the light quark couplings to M, are all the same
and the quark couplings to the neutral Higgs par-
ticles are SU(4) singlet, and only SU(3) [SU(4)]
singlet hadronic states are formed below (above)
charm threshold in decay of neutral Higgs scalars.
If the neutral Higgs scalar contributions to non-
leptonic weak decays could be enhanced, then their
SU(3) singlet coupling to quarks would allow a Lee-
Treiman'® type of Al =% mechanism. The modifi-
cations of the model needed to achieve this are
under study, and I mention it here simply to pro-
vide motivation for the assumption that all zeavy
quark masses are equal. This latter assumption
combined with the values (26), (27), and (28) leads
us to the estimate

SR [T Ty
€|~ 75 3|tand My? \M, ™ My
3
arwa i tanf X 25

or (29)

8vV2
tanf~ 6=r——x10"3=1,5%x10"%,
5
If the estimate (29) is combined with the reality
condition on the L (weak-Yukawa) coupling con-
stants

(1 - M32 /ME2)2

1= cos?f>——-4"—=C
(10,2 /M)

one obtains
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6~1.5%10"*<2M, /My
or
My <6 GeV,

where the equality holds when the scalar and pseu-
doscalar couplings of electron to Higgs particles
are exactly equal (recall that X =X, has already
been assumed).

It is worth noting here that, because the W
boson couples heavy electron and muon only to
vight-handed neutrinos, one does not expect
charged heavy-lepton production via conventional
neutrino beams in this model.®

In summary, I suggest that the small CP-viola-
tion parameter and a small ratio of electron to
heavy-electron mass can both arise from the same
spontaneous vacuum breaking of local gauge sym-
metry, parity, and CP. In the specific model
studied in this paper, I find that a heavy lepton in
the mass range 1 =M, =6 GeV would be in agree-
ment with known weak phenomenology. The upper
limit was found by calculating CP violation in the
K°+—E° mass mixing in a free-quark approxima-
tion, and then making plausible estimates of and
consistency requirements on quark mass para-
meters. The bound is reached when A =X, and a,
=b,, which means equal magnitude of scalar and
pseudoscalar vacuum breaking and equal scalar
and pseudoscalar couplings to Higgs fields.

The recently reported anomalous e signal in
e*e” annihilation experiments* now allows room
for interpretation as heavy-lepton production with
mass at about 2 GeV. Althouh a clean lepton mass
prediction in this model has not been obtained, the
calculations presented here show that the quanti-
ties € =2 x107% and M_/M=2.5%10"* could have
the same spontaneous-breaking origin.
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APPENDIX A

The potential energy of the scalar fields and the
choice of physical Higgs fields are summarized
in this appendix.

The unitary gauge conditions on the scalar fields
read

- Im¢ , Re(® ,+ Ret, Im(#) ,— Ims, Re(s),
+Res, Im(s),=0 (A1)
for the charged components, and
Ret, Im(#),+ Im¢, Re({#), + Res, Im(s),
+Ims,Re(s),=0 (A2)

for the neutral ones. The relative s+ ¢ phase is
chosen to make a and b, the scalar and pseudo-
scalar couplings, relatively real. The phases of
singlet fermion fields are then chosen to make the
scalar couplings real. The phases of the doublet
fermion fields and scalar fields are chosen so that
the vacuum expectation of s is real. The vacuum
expectation values then have the form shown in
Eq. (2). The choice of charged Higgs field has
been given in Eq. (14), which satisfies (A1) when
Im(s),= 0. The neutral sector is more complicated.
One finds that a properly normalized, diagonal
kinetic energy is produced by the field choices

F,=V2 (- sinf Imt, + cosf Ret,),

F,=V2 (cosé Imt, + sinf Ret,)/cosp, (A3)

F,=V2 Res,.
However, mixings among F;, F,, and F; result
from the potential-energy Lagrangian, which I
discuss next.

Masses are guaranteed for the independent fields

M,, F,, F,, and F; by including in the Lagrangian
the terms o2, 72, A%, and xTy, where

o=sts =\2/2g%, 1=tTt-)2/2g8"

B (A9)
A=sti—tTs —2i sinoa, /282, x=1's.

Mixing terms such as o7 can also occur. As a
sufficient potential-energy expression, I offer
V/g2=Ao'2+BT‘°‘+CA2+DXTX +EoT. (A5)
The charged Higgs particle M, gains mass
M,,lz =D(AZ+1,?) (A6)
from the DxTy term of (A5).

The neutral fields are completely mixed by the
interactions (A5), and a diagonalization which
preserves the kinetic-energy from is effected by
the orthogonal transformation

F, = (- sing siny + cosé’ cos¢ cosyp)f,
- (sing cosy + cosb’ cos¢ sing)f,
+5iné’ cos¢fs,
F,=(cos¢ siny + cosé’ singpcosy)f, (A7)
+ (cos¢pcosy — cosd’ sing sing)f,
+s8iné’ singfs,,
F,= - siné’ cosyf, + sinf’ sinyf, + cosb’f,.

Diagonalization of the mass matrix for f,, f,, and
fs, defined in (A7), results in three complicated
equations for 6’, ¢, and § in terms of A, B, C,
E, 6, and 8, and they can be solved in principle
for these independent, orthogonal neutral fields
f1, f2, and f;. In the absence of the term Eo7 in



652 DOUGLAS W. MCKAY 13

Eq. (A5), all mixings would be of order sinf and
could be treated perturbatively. Neutral Higgs-
particle effects are not dealt with in this paper,
so I shall not dwell further on the details of their
diagonalizations and couplings.

APPENDIX B

Muon decay parameters are peculiarly insensi-
tive to the presence of lowest-order M, contribu-
tions in this model. The relevant couplings, which
can be extracted from Egs. (3), (5), (6), and (7)
areZO

L=gepy My < :fE ) ei(%2=%) + H.c.
v

M,
+g L pvpM ¥ (ﬁt) (% 2~%) + H.c.

g _— —
+ﬁeLWue+H.c.+%quu,,+H.c. (B1)

The effective Lagrangian for u— evv decay is, in
second order,

G _ — - —
Loty = _‘/‘E‘ [e(l _Ys)yxveyﬂy)\“—e(l ‘Vs)Y)\VeVH'YsYl)‘\

- webe(1+ vy, Tput we 2e(1+v)v, Vuvsul
(B2)
where w=MgM,/M, * and where A=q,/2 - ag-ay/2
+ay. The parameter A can be expressed in terms
of M, , My, My, My, and 6, but its specific form
will not be needed. Following the notation of
Commins??, one finds that

Ayg=1, Al==1, A;==1, A4=1,
(B3)
Ag=—we'®, A= -we'®, Ap=we'®, Ap=we's,

and consequently that

Cy=C4=—(1+3we'?),
(B4)
C4=Cy=(1-3we'd).

All other ¢; and ¢ are zero. The decay param-
eters K, h, p, 6, 11, and ¢ take on the values

K=16(1+3w?

h= -1+3w?
1+30?

£=-1 (B5)

p=06=%, n=0.

Thus, only K and % are affected by the presence
of the M, exchange amplitude. The experimental
value |#|=1.00% 0.14 puts a weak constraint on w,
w <3, as mentioned in Ref. 5. We see that CP-
violation effects do not show up at all to this order.

The muon decay case has been considered in
detail because the situation is relatively clean,
and any constraints on parameters are free of
uncertainties of the strong-interaction effects.
Because the neutrino momenta are not measured
and are therefore integrated out in the phenomeno-
logical analysis of muon decay, any CP-violating
effects show up only indirectly. For example,
£#-1if C,=C4* and Cy=C}. Direct tests of CP
violation in decays of baryons require a detailed
analysis of quark models. In a free-quark picture,
the T violation in neutron g8 decay will be propor-
tional to the T violation amplitude in the free N
quark decay, GFtanO(MélMx/Mmlz)M;l/Mm. Using the
estimates in the text and My <M, this T-violation
amplitude is less than 4X 107°G,. The present
limit in neutron 8 decay is at the 1% level and in
N!°8 decay the limit is at the 0.1% level. This
free-quark estimate is small enough to be com-
patible with present limits, but large enough to
motivate detailed estimates of T violation in had-
ronic weak decays. This problem and the problem
of the electric dipole moment of the neutron are
under study.

IR. Mohapatra, Phys. Rev. D 6, 2023 (1972); A. Pais,
ibid. 8, 625 (1973); R. N. Mohapatra and J. C. Pati,
bid. 8, 2317 (1973).

°T. D. Lee, Phys. Rev. D 8, 1226 (1973); T. D. Lee,
Phys. Rep. 9C, 143 (1974); R. N. Mohapatra and J. C.
Pati, Phys. Rev. D 11, 566 (1975); R. N. Mohapatra
and J. C. Pati, ibid. 11, 2558 (1975); R. N. Mohapatra,
J. C. Pati, and L. Wolfenstein, iid. 11, 3319 (1975).

3J. D. Bjorken and C. H. Llewellyn Smith, Phys. Rev.
D 7, 887 (1973). These authors review the features
of heavy leptons in a number of models.

‘M. L. Perl ef al ., Phys. Rev. Lett. 35, 1489 (1975);
see also M. L. Perl, Report No. SLAC-PUB-1592,

1975 (unpublished).

®Metric, spinor, and y-matrix conventions are those of
J. D. Bjorken and S. D. Drell, Relativistic Quantum
Fields (McGraw-Hill, New York, 1965).

"See especially the second article of Ref. 2.

8. Alles-Borelli et al ., Lett. Nuovo Cimento 4, 1156
(1970); M. Bernardini et al ., Nuovo Cimento 17,
383 (1973). In the model which I consider, a coupling
of the heavy electron to a right-handed neutrino field
via the charged W-gauge boson emerges from the
gauge-invariant ¢, kinetic energy term in the Lagran-
gian. This coupling produces an effective Lagrangian
via W exchange which gives the heavy, sequential lep-



13 HEAVY-ELECTRON MASS AND

ton decays of the type searched for at ADONE as well
as at SLAC (Ref. 4). The interaction reads

_g_ Tt <u§) e]
75 [E W 5 )Ve|+He.,
which, when combined with a conventional electron or

muon coupling, yields a second-order W -exchange
effective Lagrangian

Gp —
Lerr :‘/—EL[e'Y)\(l —'Y5)VBV2(1 —'Ys)')’)\E

YA A=y VT (1 -y )y E].

The heavy lepton couples via the W-gauge boson to the
right-handed component of the v¢ field while the elec-
tron couples via W to the left-handed component.

%S. L. Glashow, J. Iliopoulos, and L. Maiani, Phys.
Rev. D 2, 1285 (1970).

'%S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); 27,
1688 (1971); A. Salam, in Elementary Particle Theory:
Relativistic Groups and Analyticity (Nobel Symposium
No. 8), edited by N. Svartholm (Almqvist and Wiksell,
Stockholm, 1968), p. 367.

'B. W. Lee, J. R. Primack, and S. B. Treiman, Phys.
Rev.D 7, 510 (1973).

M. K. Gaillard and B. W. Lee, Phys. Rev. D 10, 897
(1974).

13H. Georgi and S. L. Glashow, Phys. Rev. Lett. 28,
1494 (1972).

CP VIOLATION IN A GAUGE... 653

14The prescription of Ref. 7 is used to relate the quark
amplitudes to the K ? states.

15See Appendix B.

8This value ensures that M 1 contributions to semilep-
tonic decays, which contain one factor of M’ /MMl, are
suppressed by at least a factor of 10. By using the
experimental branching ratios of m—ve to T —uv and
similarly for kaons [ Particle Data Group, Phys. Lett.
50B, 1 (1974)] one can obtain the bound

’ r 2 2
MMy < o.07(Me)” My
M, M,) Mg

by evaluating the M, contribution to the 7 and leptonic
decays with Mg =M,. Unfortunately, this bound in-
volves the unknown ratio of (M,/Mg)?, where (M,2/Mp?
>2 (Ref. 15), and is not helpful in evaluating Eq. (24).

7In view of (28) and the estimates of Refs. 12 and 18
that M, ~ 2 GeV, one needs a ratio this large to ensure
that all of the primed quark masses can be an order
of magnitude larger than all of the unprimed ones.

BM. K. Gaillard, B. W. Lee, and J. Rosner, Rev. Mod.
Phys. 47, 277 (1975).

5B. W. Lee and S. B. Treiman, Phys. Rev. D 7, 1233
(1973).

2g . p. Commins, Weak Interactions (McGraw-Hill, New
York, 1973), pp. 38—42. The notation of Commins is
used in Appendix B. The v; is opposite to the Bjorken
and Drell convention used in the rest of this paper.



