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It is proposed that the relationship m„/m„= m, /I, is a zeroth-order relationship of the spontaneously
broken Lagrangian. This relationship is achieved by a symmetry which exchanges fields of different charges,
and SU(2) && U(1) )& U(1) is the smallest extension of SU(2) X U(1) by which one can implement such an
exchange symmetry. Extended to leptons, the scheme achieves m, /m„—m„/m, = m„/m, in a natural way.
Limited to light quarks and leptons and the Higgs particles to which they couple, the model considered has
identical neutral-current parametrization to the standard Weinberg-Salam model ~ When heavy quarks and

leptons are introduced, and an extra Higgs field is added to provide their masses, the neutral-current
parametrization is modified. The limit to the Weinberg-Salam case is discussed. Various sets of parameter
values can be chosen which provide an adequate description of neutrino scattering data, polarized electron
scattering from deuterium, and any one of the results of the different atomic parity violation experiments in

bismuth.

INTRODUCTION

Current-algebra estimates of quark mass values
typically find that m„/m~ ~ —,

' and m~/m, ~ —'.'

These "current quark" ratios suggest that the up
and down quark masses are small, 10 MeV or so,
and even the extreme case rn„= 0 has been inves-
tigated' because it would allow one to understand.
CP as a natural conservation law of the strong in-
teractions. ' Requiring that chiral SU(3) is an ap-
proximate symmetry of the strong interactions
leads to the statement that ni„g0, however. ' A
careful analysis by Langacker and Pagels' which
includes corrections to chiral-symmetry breaking
shows that a, rather small ratio m„/m~=0. 38+0.13
is needed. The observation that this ratio is of the
same order of magnitude as that of m, /m, (Ref. 4)
leads us to suggest in this paper that m„/m~
= m, /m, is a zeroth-order relation of the Lagran-
gian. Our viewpoint is that these relations and
the large difference in mass scales between rn,
and I, on the one hand and m~ and m„on the other
hand should be achieved without requiring gd hoc
order-of-magnitude differences between various
Yukawa couplings.

We start with the usual SU(2) &&U(1) gauge theory'
of left-handed doublet fermions to see what condi-
tions are needed to generate mass relationships
of the type discussed above. We work out in de-
tail an example where an interchange symmetry
is enforced between singlets: u~ —s~ and d~—c~. The scheme requires two Higgs-particle
doublets for implementation. The exchange sym-
metry between quarks of different charge can
only be carried out with a more complicated elec-
tromagnetic current than in the SU(2) XU(1) theory,
and at least another U(1) group whose gauge field
is mixed with the photon must be appended to

SU(2) XU(1) in order to satisfy the symmetry re-
quirement on the quark kinetic energy terms.

The electron and muon doublets are handled in
a fas hion similar to that of the quarks, and the
mass ratio m, /m, is naturally of the same order
of magnitude as the m„/m, and m~/m, ratios. As
remarked above, our objective is to achieve the
large differences among quark masses and among
lepton masses with Yukawa couplings of the same
order of magnitude.

Neutral. currents are considered, and we see
that when only light fermions and the Higgs parti-
cles to which they are coupled are included, the
analysis of Georgi and Weinberg' ensures that all
of the neutrino neutral-current interactions are
identical to those of the standard model. ' The ex-
ample we choose is shown to have the further pro-
perty that parity-violating effects in the electron
neutral-current interactions are also identical to
the standard model, and the conditions that this
be true are pointed out.

Finally, we consider the inclusion of heavy
quarks and leptons in the scheme, and we point
out that addition of a third Higgs particle provides
masses for heavy quarks of charge -', and ——,

' and
accommodates the 7 lepton and its neutral partner.
At this point we reconsider the neutrino and elec-
tron neutral-current interactions and we show that
the parameters of our model allow agreem'ent with
neutrino and antineutrino scattering data, with po-
larized-electron scattering, and with any one of
the bismuth atomic parity-violation results.

QUARK MASS RATIOS

We start with the proposal that m„/m~ = m, /m,
(Ref. 4) should be incorporated as a zeroth-order
relationship of the Lagrangian after spontaneous
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breaking of the gauge symmetry. We can achieve
this result if we couple the left-handed doublets
and right-handed singlets of quarks to two differ-
ent Higgs-particle doublets as follows:

Sr(q~Pt~Pa) = i oi [(miuR4 tD, / ™2usgtD2r)+(miss42 D21, ™ass%'D,z)(42)0

+(MicsgtD&r ™2cs$2D&z)+(M&dsg; D2/ ™2dsP;D&z)] + H.c.

This Yukawa Lagrangian is invariant under the ex-
change symmetry P, —P; (where Qf means charge
conjugate), u„—s„, cs ds, and D, /

—D2/.
There is an additional global phase symmetry Q&- e' &P,. and qs-e'&qs which is obeyed by this in-
teraction Lagrangian, Eq. (1). The eigenvalues
of the mass matrix are identified with physical
masses according to the relationships

m, '=-,'(&'m'+M'+ [(&'m'- M')'+ 4e'(m M)']"'},
m„'= —,'(&2m'+M' —[(e'm' —M') +4& (m. M)']'/ },

F2D, P, ~= 8„—zkV —'/2 C, j p. . .
1

(5a.)

while the quark singlet fields have covariant de-

rivativess:

to ensure that the quark kinetic energy terms are
exchange symmetric. With an additional U(1)
gauge group we can require that one gauge field,
call it C, obeys C - -C under the exchange sym-
metry. We may write the covariant derivatives of
the spin-zero fields as

(2)

m, '= —,
' [m'+ e'M'+ [(m'- &'M'}'+ 4&'(m M)']'"},

m = lm + e M' —[(m' —e'M')'+ 4e (m M)']"'},
where & =(P,)//(P&) has been introduced and we de-
fined rn =ns) + m), M .=M( +M2, rn M =rn)M]
+ m, M, . With the conditions that

e[m2M2 (m M) 2]1/2 e[ 2M2 ( .M) 2]i/2
(& ],

pm +M rn +qM

Zg ~CfD uz —— 8 — B +q2C uI, ,v 0 Q2 3

D~cg = ~~ — B~ + $2C~ cg p

Sg ~Q'D sa= su, ~2 +g q2Cp, ss ~

h I

I

(5b)

we find the desired relationships

md m

c ms

[mM —(m M)]/
[( 2 2+ M2)( 2 P e2M2)]1/2

Special cases of the conditions of Eq. (3) are

(3) Finally, we have

DD)2= 8 —ig V+ B D)2gg

for quark doub1ets. V is the usual 3x3 represen-
tation of the SU(2) gauge fields:

3

y= V, 7-,. 2 .
m'M' —(m M)'

(e'm'+ M') (m'+ &'M')

The «&1 case corresponds to an approximate
symmetry under P, -—Q, and us--us, ds--d„
in the Lagrangian which includes the spin-zero
potential. The parameters rnfy rn2y Mfp and M2
are all taken to be of the same order of magnitude
in our estimates.

Because the P, and P, fields couple to only one
neutral gauge field combination, there are two
massless gauge fields unless additional spin-zero
fields are included. The simplest choice is a
pair of singlets, a neutral g and a charged g, which
interchange (q —X) under the discrete symmetry
C —C, P& Q&, u~ s~, dR c, D& D2. The.
covariant derivatives of q and y are then

KINETIC-ENERGY SYMMETRY AND NEUTRAL CURRENTS

The 8"boson couples to the usual Cabibbo com-
bination of quark fields. However, the exchange
symmetry between quarks of different charge re-
quires that at least one more neutral gauge boson
mixed with the electromagnetic field be introduced

D,q= 8 —~ (q,B„—q,C„) r/,

Sg
D.x = s. - ~2 (q P. + q2C. ) x

respectively.
.The photon field & is the linear combination
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A=l q2 .„B+ qi C+ q iq 2 V
( 2+ 2+ 2 2)1/2

(
2 y 2+ 2 2)1/2 ( 2+ 2+ 2 2)1/2

qg qp qy Q'2 qz qy q2
(7)

involving all three neutral gauge fields, B, C, and

V3, where the Lorentz indices have been suppres-
sed. .

LEPTONS AND NEUTRAL-CURRENT INTERACTIONS

We fashion the lepton couplings after those of
the standard model, and we introduce right-handed
charged singlets e„and p, R and left-handed doub-
lets E~ and M~. Let us focus on the gauge field
couplings and the consequent neutral-current in-
teractions. We write

D eR = (s, +i&2gq2C„)eR,

D~ /2R = (9„+iW2gq 2C~) 111R

(8)

D,E~ = s —ig V —
~2 C~ E2,

D M~= 8 —ig V — C M~,
1

where

and similarly for the doublet M~. The interchange
symmetry for leptons is then required to be e~

p,„~and E~ —M~~, where CP stands for the
charge-conjugation and parity transformed fields,
along with the previous p; —Q2 symmetry.

A Yukawa interaction which obeys all of the
symmetries of our model and which has global
phase assignments such that

0 e e-E~ez-8' &F~e~ and M~IJ,z- e' ~M~p, z

[see discussion following E11. (1)] reads

Z„(leptons) = A(E~Q;eR+ MRQ2/2~) + H.c.
+B(/1fr Q '1 eR + ERQ 2/2/) + H.c.

in a form which explicitly shows the g —Q2 ex-
change symmetry. The L,A on the charge-con-
jugated fermion fields indicate (1 —y, )/2 helicity
projections, respectively, applied after charge
conjugation. The ratio of electron mass to muon
mass which follows from this Lagrangian after
spontaneous symmetry breaking is

m, 4 —B + higher order in e .
mg (A'+ B

The case e =0 corresponds to Q, ——Q, and eR-—e~ symmetry, while A. =B corresponds to F~—M~ symmetry.
This result is compatible with our quark model

expressions when «&1, and so m~/m, = m„/m,
—m, /m . The decay/2 -e e'e can proceed by

I

neutral-Higgs-boson exchange, but the branching
ratio is several orders of magnitude less than the
10 ' experimental value when M„- M~.

An SU(2) &&Us(1) && Uc(l) (Ref. 8) scheme of weak
and electromagnetic interactions of light quarks
and leptons has emerged from our considerations
of quark and lepton mass ratios. It has the same
neutrino neutral-current interactions as the stan-
dard model. This is guaranteed by the theorem
of Georgi and Weinberg, which states that "at
zero momentum transfer the neutral-current in-
teractions of any fermion f' (vz in our case) which
is both electrically neutral and neutral under Q2

[UR(l) in our case] will be precisely the same as
if the gauge group were just G, XU(l) [SU(2) XUc(1)
in our case] and broken only by (Q,)" (a, role played
by both (Q,) and (Q2) in the present ease). '

Our model has the further property that the
axial-vector current of the quarks and leptons
does not contain U(l)R. The axial-vector current
is not mixed with the photon either, so the parity-
violating V A neutral-current interference terms
of all fermion fields, charged and neutral, satisfy
the Georgi-Weinberg conditions, and parity-viola-
tion effects in atoms and in polarized-electron—
deuteron scattering are also the same as in the
standard model. This feature of the q'=0 neu-
tral-current phenomenology is identical to that of
a class of SU(2) XU(1) && U(1) models discussed by
Deshpande and Iskandar, designated case a in
their paper. " The parameter which plays the role
of the Weinberg-Salam-model parameter sin g~ is

sin O=q, q2 /(q1 +q2 +q, q2 ) —sin'8 . (10)

This quantity is the square of the mixing coeffi-
cient between the photon field g and the V, field
of the gauge triplet, E11. (7).

To summarize the foregoing analysis, we see
that the condition

d ~~(( 1
Vlg Vlg

a relationship between ratios of quarks of different
charge, re1luires an extra. U(l) gauge group which
is coupled to electromagnetism. Ne find that the
simplest choice of scalar fields and their vacuum
expectation values which provides masses for all
gauge fields except the photon then leaves the neu-
tral-current results of the SU(2) x Uc(1) x UR(1)
model completely identical to those of the stan-
dard model. Next we discuss the effects due to
heavy quarks and leptons in the above scheme.
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HEAVY QUARKS, THE 7', AND NEUTRAL-CURRENT
PARAMETERS u~ =.-g-2b = —0.19+ 0.06

. -0.235 + 0.046,
The 7 lepton doublet" and heavy quarks, whose

presence is signaled by the T and Y', ' can be in-
corporated with no substantial change of our pre-
vious discussion if a separate Higgs-particle
doublet

0.35 + 0.07
u~ -g 2b—2 b

~

~
~ II

~

~ t0.286+ 0.069,

0.0 + 0.11d~=g+b=
0.0 + 0.169,

is introduced. It is coupled only to the SU(2)
gauge bosons and to the Us(l) gauge boson

and therefore it cannot interact with the light
quarks and leptons. A heavy quark doublet (D~)z
and quark singlets t~ and b„of charge 3 and 3,
respectively, can then be coupled to P3. Similarly,
a lepton doublet T~ and a singlet r~ can accommo-
date the ~ and its neutrino. '3 The Yukawa coup-
lings of $3 generate the masses of the heavy quarks
and the 7 after spontaneous breakdown. One can
naturally obtain the hierarchy (q)0 &g, )o &($2)0
» ($,)0 in the spin-zero-meson potential.

The modifications to the neutral-current inter-
actions of the light quarks due to the presence of

$3 are best presented by showing the explicit
forms for the neutrino and electron neutral-cur-
rent interaction coefficients. We expect devia-
tions from the results of the standard model, since
Q, transforms nontrivially under both the SU(2)
group and the Us(1) group. ' The group Uc(1),
under which the Q, and &f&2 fields coupled to light
quarks transform, plays the role of the U(1) dis-
cussed in Ref. 7, while Us(1) plays the role of G2.

We adopt one of seve.ral commonly used notations
for the neutral-current interactions to write

G
cCNc(V) =

~2 Py (1 —y5) V

& [uzuy" (1 —y&)u+ usuy~(l + y5)u

+dzdy~(1 —y5) d+ dsdy~(1+ y5) dj

for the neutrino interactions with quarks, '~ and

c(„=c —g —4b, c2„=c—3g —5b — se c,2 2

c,~ = -c + g+ 2b, e~„=-c2„. (12)

Detailed expressions for g, b, e, and se = sin 6)

are given in the Appendix. The parametrization
of the standard model is recaptured by the limit
(Q,)0/(q)o ——0, which implies that @= 0 and b

= —,
' sin'8, while c= —,'. When ($3)o/(q)0-0, the con-

ditions are met which ensure the same neutrino-
scattering parametrization as in the standard
model. " The replication of the electron parity
violation parametrization follows as a corollary,
since the axial-vector current of the fermions is
neutral under Us(1), which is the G, of Georgi and
Weinbe rg. '

As is clear from the above discussion in refer-
ence to Eqs. (11) and (12), we can closely approxi-
mate the neutral-current results of the standard
model by choosing g to be small. lt is of interest,
however, to examine the neutral-current para-
meters for a variety of values of g, b, e, and s~'.
Values of u„, d~, nl, , and d~ have recently been ex-
tracted from hadronic neutral-current data. '

Parity violation in electron-deuteron scattering
and in optical transitions in bismuth depends upon
the parameters

C =- (c,„—2c,~) + (c,„——,'c„)(1—y)'/(1+ y)'

=1.845' —2.535g —6.725b —0.23' s~

0.40 + 0.07
Ld =-c+b=

-0.397 + 0.04,

where the top value in each brace is that of Abbott
and Barnett, '4 the bottom that of Langacker and
Sidhu. ' We find for the electron parity-violation
parameters the expressions

Z„c(e) =~ (c, ey, y, euy'u+ c, ey, euy y, u

+c, ey„y, edy d+c, ey, edy y, d)

for the V & interference which produces parity
violation in electron interaction with quarks. '

For the model expanded to include heavy fermions
and the field P„we find for neutrino parameters

C = 0.445 + 0.075,

while three different values of Q are found by

(13 ')

Q„=584(c,„+1.15c,~)

=-584[0.15(c —a) + 1.70b], . (14)

where (1 —y)'/(I+y)'=0. 23 at the value y = 0.21."
For the parameter Q, the experiment at SLAC'6
dete rmines
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TABLE I. The experimental values of weak-neutral-current quantities and the Weinberg-Salam-model values for
various choices of sin 0&. This corresponds to the case a =0, b =(sin 0)/3, c =+2 of our model.

Experiment
dI C(y = 0.21) Cz

—0.19 + 0.06
-0.235 + 0.046

0.0 +0.11
0.0 + 0.169

0.35 + 0.07 —0.40 + 0.07
0.286 + 0.069 -0.397 + 0.046

0.445+ 0.075
0 +20

-39+ 7 d

-120+ 40
0.20 + 0.15 —0.50 + 0.08

sin 0=3b
Theory

C(y = 0.21) Cv

0.15
0.18
0.21
0.24
0.30

—0.10
—0.12
-0.14
-0.16
-0.20

0.05
0.06
0.07
0.08
0.10

0.40
0.38
0.36
0.34
0.30

—0.45
-0.38
-0.43
—0.42
-0.40

0.57
0.499
0.428
0.358
0.216

—93
—103
-113
-123
—143

—0.20
—0.14
—0.08
—0.02
+0.10

-0.5
-0.5
-0.5
—0.5
-0.5

Values of Abbott and Barnett, Ref. 13.
Values of Langacker and Sidhu, Ref. 13.
Values of Washington experiment, Ref. 16.
Value of Oxford experiment, Ref. 17.
Value of Novosibidsk experiment, Ref. 18.

three different experiments:

Q = 0 y 20, U. Washington'~

Q = -34+ 7, Oxford U. '8

Q = '-120 y 40, Novosibirsk'~ .

(14 ')

(14")

(14"')

and, by folding in v, e scattering results, " the val-
ues

cv = 0.09+ 0.07,

c„=-0.5J + 0.07

cv= 3a+ 6b —c,
cg= -0 —c ~

Recent experimental values are

cv = 0.20 a 0.15,

c~ ——-0.5 + 0.08,

(15a)

(16a)

(15b)

(16b)

Finally, the scattering of muon neutrino and anti-
neutrino off electrons depends upon the parame-
ters

are quoted by the authors of Ref. 20.
In Table I we show values for the various quan-

tities in the Weinberg-Salam model case a=0,
b=(sin'8)/3, c= —,

' for a set of b values. In Table
II selected values of g, b, and c and the corres-
ponding values of the experimentally accessible
quantities us, ds, uz, d~, Q„, C, c~, and c„are
shown. The last column shows the fractional
change in C as y changes from 0 to 1. The varia-
tions are comparable to those of the standard
model for the range 0.15 & sin 8~ & 0.30.

TABLE II. The values of experimentally accessible quantities and values for some choices of a, b, and c in the model
when $3 and heavy fermions are introduced. a =0 corresponds to the standard model parametrization and to our SU(2)
&&U(1) XU(1) model with no Q3 Higgs doublet. Note that all (a, b, c) entries except the seventh (0.17, 0, 0.35) are within one
standard deviation of the SLAC value for C, the electron-scattering parameter, for an allowed range of sin 0. The ex-
pression for C in terms of a, b, c, and sin 0 is given in Eq. (A7), and the C~m and C,„values are explained there.

c
C(y = 0.21)

min max Cv
[C(y = 1)—C(y = 0)]max

C(y = 0.21),„

0.02 0.05
0.02 0.07
0.04 0.04
0.08 0.03
0.11 0.01
0.14 0
0.17 0
0.17 -0.02

0.49 —0.12
0.49 -0.16
0.47 -0.12
0.43 —0.14
0.42 -0.13
0.40 -0.14
0.35 -0.17
0.36 -—0.13

0.07
0.09
0.08
0.11
0.12
0.14
0.17
0.15

0.39
0.35
0.39
0.37
0.40
0.40
0.35
0.40

—0.42
—0.42
-0.43
-0.40
—0.39
-0.40
-0.35
-0.38

0.497
0.356
0.477
0.364
0.404
0.357
0.213
0.340

0.500
0.359
0.484
0.379
0.426
0.383
0.246
0.363

-91
—110
-77
—60
-37
-23
-15

+3

-0.13
—0.05
-0.09
-0 01
—0.03
'+0.02
+0.16
+0.03

—0.51
—0.51
—0.51
-0.51
—O. 53
—0.54
-0.52
-0.53

0.39
0.04
0.34
0.04
0.11

-0.08
-0.97
-0.12
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By eornparing entries in Table II with those in
Table I we notice that there are choices of the
values of g, b, c and a range of values of sin'8
which give agreement with experiment comparable
to that of the standard model with 0.18 &sin2g~
&0.24, but which yield Q values which are small
in magnitude, close to the values of the Washing-
ton" and/or Oxford'8 measurements. The stan-
dard Weinberg-Salam model agrees, of course,
only with the Novosibirsk' value. The values in
Table II also indicate that, just as in the one-para-
meter model, an increase in the value of c~ into
the range 0.1 to 0.2 tends to reduce the value of
C, the electron-asymmetry parameter, to unac-
ceptably low values. Not surprisingly, the three-
parameter fit allows more leeway.

As the foregoing discussion shows, a pararne-.
trization of neutral-current effects which has a
natural limit to the one-parameter description of
the standard model can nonetheless yield a wide
range of values of Q„while still being in agree-
ment with the electron-scattering asymmetry re-
sult. With the present status, of the data, we feel
that the one-parameter description is still tenta-
tive —perhaps an approximate picture with sub-
stantial corrections. Improvement in all neutral-
current data is needed to narrow the range of
possibilitie s.

CONCLUSIONS AND SUMMARY
1

We have proposed that the interesting phenomen-
ological relationship obtained in several current-
algebra analyses

PBg

pyg 20

suggests a pattern:

~=—~ «]. .m

m m

Implementation of this unorthodox relationship
between ratios of masses. of quarks which have
different charges led us to an SU(2) xU(1) xU(1)
extension of the standard model. When only light
quarks are considered, the simplest scheme
which provides masses for all gauge bosons ex-
cept the photon leads to neutral-current effects
identical to those of the standard model because
the conditions of the Georgi-Weinberg theorem'
are satisfied for the neutrino, and a corollary to
the theorem applies to the axial couplings of elec-
tron and quarks.

A simple extension of the model to include
heavy quarks and leptons leads to a modification
of the neutral-current results. The change is
small if the vacuum expectation value of the spin-
zero field Q3, which couples only to heavy quarks

APPENDIX

The parameters a, 5, c, and se'= sin 8 are re-
lated to gauge coupling constants and vacuum ex-
pectation values in the following way:

sin cya=- c, (Al)

2 2

b=xc sin'8 sin z q,
(s

' + q i' + ~ i'q i')) '

sin'o
c=~ 1+ cos o.

)

.where

x =g'(r1),'/M„',

cos'o. =g'((P, ),'+ (P,),')/M„',

sin'u =g'(Q, )0/1V1 ',
sin'8=qf tfp /(Iffy +4/ +gf g9 )

~ 2 2 2 2 2 2 2

(A2)

(AS)

(A4)

(A5)

(A6)

As remarked in the text, a= 0 reproduces the
parametrization of the standard model. For the
neutrino couplings, this is just the result of Ref.
6, since a o.($,)o/(q)~, and $3 breaks SU(2) and
Ue(1). The fact that the electron parity violation
.becomes identical to the standard model follows
because the axial-vector electron and quark neu-

and leptons, is small compared to the vacuum ex-
pectation value of a singlet scalar field q. The
neutral current depends upon four correlated
parameters when Q3 is included. As displayed
in Table II, there are different choices of para-
meters which give satisfactory agreement with
neutrino scattering and electron scattering and
with any of the three parity-violation results in
bismuth. " '~ The parametrization satisfies

us+ d„=u~+ d~ = ~(c(„+c(~)

as in the standard Weinberg-Salam case and it has
a natural limit (when (Q,)/(q) - 0) to the standard-
model one-parameter description. Pne might ex-
pect that agreement with neutrino and electron
scattering would determine values of parameters
which produce agreement only with the Serphukov
value. This is not the case.

Problems which we have not addressed are CP
violation'and the decay of hadrons which are com-
posed of heavy quarks. It is possible that these
questions are related, as exemplified by a model
recently investigated by us." Pur focus in the
present paper is the interesting connection be-
tween quark mass ratios, the extra U(1) gauge
symmetry, and neutral-current phenomenology,
and so we have not taken up at this point the de-
tailed questions of CP nonconservation and heavy-
hadron spectroscopy.
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tral currents couple only to C and not to B. This '

is a generalization of the result of Hef. 6.
Regarding parametrizations based on Eqs. (Al),

(A2), (A3), and (A6), we note that values of the
parameters are correlated, and that a=--0, c ~ 0,
and 1 ~ sin'0 ~ 0 must be maintained.
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