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Abstract

Spontaneous Breakdown of Parity in a Class of Gauge Theories

by
Goran Senjanovid 

Advisor: Professor Rabindra Nath Mohapatra

We discuss SU(2)^ x SU(2)^ x U(l) based left-right symmetric gauge 
theory in which parity is broken spontaneously.. If the number of Higgs 
scalars is kept minimal (such that it can provide symmetry breaking to 
Uem(l) and give the mass to the fermions), then that theory at low 

energies agrees with the standard theory in the realm of both charged 
and neutral weak interactions. Important experimental consequences of 
that result are stressed. The analysis of both weak and strong 
CP-violation in such theories is presented. We show how in these 
theories both Cabibbo angle and CP violating phase can be related to 
quark mass ratios. Finally, the problem of calculability of neutrino 
mass and its possible remedies are given.
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1. Intrpduction
In the last decade we have witnessed tremendous experimental and theoretical

advances in the realm of the weak interactions. In 1967 for the first time a
consistent theory with unambiguous and finite predictions has been presented.^-
By the analogy with quantum electrodynamics and using the principle of spontan-

2eous symmetry breaking Weinberg and Salam have independently constructed a 
unified gauge theory of weak and electromagnetic interactions, based on the 
gauge group SU(2) x U(l), subscript L on SU(2) denoting that all the right-Lj

handed fermions are singlets under the group SU(2). In 1971 'tHooft, in a
3series of brilliant papers, has shown that such theories are indeed renormaliz-

able as was conjectured but not proved by original creators of the theory. That
has started the flow of theoretical and experimental work in the coming years.
In 1973 the existence of neutral currents which are the necessary outcome of
the Weinberg-Salam or the standard theory (hereafter, the standard model will

denote the original Weinberg-Salam model) was experimentally confirmed. That
result can in turn be translated as the fact that the standard model is the
minimal unified gauge theory of weak and electromagnetic interactions, and as
the experiments seem to suggest it is probably a phenomenologically correct
theory, at least at present energies. As far as neutrino induced neutral
interactions are concerned it is well established that for the value of 

2sin 0W - 0.25 (sin6^ is the theoretically free parameter, a function of gauge
coupling constants —  see section 1. in chapter II) the standard theory is in
excellent agreement with the experiment which in view of its simplicity is a
remarkable result. In the last year or so, however, somewhat disturbing
findings have been reported: although standard theory predicts a sizeable

4amount of parity violation in atoms, experimental results were consistent

with parity conservings atomic processes. But all the measurements were
-  1 -



performed for heavy atoms where the atomic calculations behind the experiments

cannot be taken without caution due to the crude approximations necessitated
by the large number of nucleons. Also, it should be mentioned that the
Novosibirsk group"* has obtained contradicting results: their findings agree

with the predictions of the standard theory. This discrepancy can and should
be resolved by performing experiments on light atoms such as hydrogen and
deuterium. However in this work we will ignore it and simply assume that the
standard theory will survive the mentioned conflicting situation in atomic
experiments. The reason is the following: very recently a group of
experimentalists at SLAC^ has measured polarized electron-nucleus scattering
amplitudes where the theory behind is well established parton model of hadrons

and therefore the results are much more unambiguous. The results are in
favor of the standard model: it gives excellent agreement with the experiment

2for sin V  0 .22. At this stage it is premature to say whether the small
2 'discrepancy between above value of sin 0^ and the one determined by neutrino 

2scattering (sin 6^= 0.25) should be taken seriously; we believe it is only fair 
to say that the standard theory is definitely in good standing.

However, there is an important link missing in the standard theory: it 
does not explain V-A character of 0 and y decay, it is put in by hand, as we 
mentioned, by allowing only the left-handed components of fermions to couple 
to charged gauge mesons. A few years ago an attempt has been made to construct 
a theory, in which both left-handed and right-handed fermions participate in 

0 decay, but the V-A character of the observed interactions emerges as a
result of a natural suppression of right-handed gauge currents. Namely, Pati,

7 8Salam and Mohapatra have discussed a gauge theory ’ based on the group 

SU(2) x SU(2) x U(l) which was completely left-right symmetric, except forL tv
the masses of Higgs scalars. This has in turn enabled them to make the

- 2 -



right-handed charge gauge meson W much heavier than W and thereforeK Li
obviously to suppress its contribution at low energies. It was subsequently

9shown by Mohapatra and author that such a picture can emerge as a result of
spontaneous symmetry breaking; namely a completely left-right symmetric
theory allows for an asymmetric (spontaneously broken) solution which violates
parity. In these theories the observed V-A structure of weak interactions
is only a low energy phenomenon which should dis.appear when one reaches the

3energies of order 10 GeV or higher. In such a picture, all interactions
above these energies are supposed to be parity conserving (the large mass of

W+ would not count at such energies) and describable by a single gauge coupling 
2constant g (g /4tt = a). The enlargement of the gauge group and increase in 

the number of Higgs scalars seems to be the necessary price to be paid in 
order to bring parity violation on the same (respectable) footing as the 
violation of other, continuous symmetries. Namely, one could try (as people 
did) to make a vector-like SU(2) x U(l) theory in which both the left-handed 
and right-handed fermions are in doublets. However, these theories are 

definitely in contradiction to neutrino experiments and are ruled out. 
Therefore, we are led naturally to the SU(2) x SU(2)_ x U(l) gauge theoryLi K + +which predicts the doubled number of charged gauge mesons (4-WT and WI) asLi R
opposed to the standard theory (2-W*) and also the doubled number of massive
neutral gauge mesons (two, against one in the standard model). In this paper
we analyze in detail some of the most important features of such a theory, led
through most of our work by the requirement of the minimal number of the
particles. Namely, we concentrate on a theory with a minimal Higgs assignment

which is necessary to break down the symmetry to the electromagnetic gauge
invariance and to provide the masses for fermions. As we shall see it turns

-3-



out similar to the fact that the standard model is a minimal gauge theory 
with V-A changed currents, that this minimal left-right symmetric theory 
seems to be the correct one. It, of course has to agree with the standard 
model in the interactions of neutrinos (that is dictated by experiment), but

predictions of both theories are identical both in the realm of charged and

neutral currents. In other words, at the tree level (order G ) up to theF

phenomenologically indistinguishable. With the increased precision of the 
present experiments and by going to higher energies they will, of course, 
be distinguishable —  we discuss that in chapter I.

This paper is mainly a review of some well known facts about left-right 
symmetric theories concentrated mainly on the work done by the author in 
collaboration mostly with R. N. Mohapatra and also G. C. Branco. The original 
result is the proof of the stability of the parity broken solution of the 
theory presented in Appendix A. Also, somewhat different derivation and 
explanation of the SU(2) x U(l) limit of the theory given by Pati, Rajpoot 
and Salam^ is given in chapter II and Appendix D. The paper is organized 
in the following manner:

Chapter II contains basic material and is necessary to follow the rest 
of the work. It is here that we discuss the choice of Higgs assignment, 

the pattern of symmetry breaking and the predictions of the resulting theory. 
In Appendixes A, B, C and D we offer some detailed proofs relevant for this 
chapter. We should mention that we completely concentrate on the minimal 
left-right symmetric gauge theory characterized also by the so-called 

manifest^ left-right symmetry (that is the same left and right charged

more than that it happens that in the limit

small corrections due to the finite mass of W these theories are otherwiseK
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currents). At the beginning of chapter II, we offer a very brief review
of some of the basic properties of the standard theory (which will probably
bore the reader, but is helpful for the comparison with the SU(2) x SU(2)L R
x U(l) theory).

In chapter III we discuss both the weak and strong CP-violation in these
kind of theories. Namely, left-right gauge theories allow for a particularly
interesting theory of CP-violation where the amount of CP-nonconservation is
linked to parity violation in nature. In section 2. of chapter III we examine
the question of strong CP-violation due to recently discovered instanton
effects and show how they can be naturally suppressed in SU(2) x SU(2) x U(l)L R
theories with resulting CP-violation of superweak nature mediated by the
exchange of heavy Higgs particles in the four quark case or the left-right

12symmetric generalization of Kobayashi-Maskawa theory where the fermionic 
currents violate CP through the interactions with gauge mesons in the case of 

six quarks.
Recently, a number of people have discussed the possibility of determining

Cabibbo angle as the function of light quark masses, by imposing the discrete

symmetry on the left-right symmetric gauge theories. In chapter IV we review
13their work and also present the model suggested by Mohapatra and the author

in which both Cabibbo angle and CP-violating phase are expressed through the
masses of light quark flavors. The discussion is again in the context of
left-right gauge theories.

One of the important features of these theories is that due to left-right
symmetry these theories predict both left and right-handed neutrinos which
are therefore in general massive. Although their masses can be taken to be

as small as we wish, the question remains whether it is possible to account
-5-



naturally for their small or vanishing masses (natural here;

in the sense of the technical language of gauge theories^ means without
adjusting the parameter of the Langrangian). In section V we present some

14pioneering work done in this direction by G. C. Branco and author. We 

have derived various constraints on left-right symmetric theories which 
they must satisfy in order to have calculable neutrino masses. We have also 
constructed a realistic model in which neutrinos are massless to all orders 
in perturbation theory.

Finally, in section VI we offer a summary and analysis of the presented 
material. We comment on possible differentiation between the Weinberg-Salam 
theory and the minimal left-right symmetric theory. In particular, we stress 
the importance of the possible discovery of the light neutral Higgs scalar 
which would serve to refute most of the left-right symmetric theories.

It is fair to emphasize once again that this work is by no means a 
complete analysis of the work done on left-right symmetric theories. For 
excellent review and thorough discussions of many different aspects of these 
kinds of theories we refer the reader to the articles by Mohapatra^ and

-6-



II. The minimal left-right symmetric SU(2), x SU(2)„ x U(l) gauge theoryL R
and it's relation to the standard theory of weak and electromagnetic 

interactions

This is the basic section of our work. Here we analyze in detail 
(including appendixes A, B, C and D) the symmetry breaking in left-right 

symmetric theories, with the special emphais on the spontaneous violation 
of parity. The theory we have in mind is the minimal theory in the terms 

of the Higgs sector, which manifestly preserves, parity prior to symmetry 
breaking. As we shall see, it is characterized by the same left and right 
charged currents; so that the dominant V-A character of B and y decay is 
then attributed to the large mass of W*, the right-handed charged gauge 
meson. We also present somewhat original derivation and explanantion of 

the phenomenologically very important fact: In the limit of very large mass
of right-handed charge gauge meson, the effective neutral current Hamiltonian 
in this theory is the same as in the standard theory. At the expense of 
maybe boring the reader, we start section II by reviewing some of the basic 
properties of the standard model of weak and electromagnetic interactions. 
Next, we analyze in detail the problem of symmetry breaking which manifestly 
breaks left-right symmetry showing that the asymmetric solution is the 
absolute minimum of the classical Higgs potential, in a range of parameters 
of the Langrangian. We then turn out attention to the charged sector of the 
theory, by discussing the 6 and y decay as seen in this theory and we present 
some speculations about the possible parity conserving character of weak 
interactions at high energies. Finally, we discuss the neutral gauge meson 
sector where we show the already mentioned equivalence with the standard 
model.

-7-



II.1. The standard theory; a review

The gauge group is SU(2)^ x U(l), with coupling constants g and g',
respectively. The 2N quarks and 2N leptons (N was 2 in the original

2cormulation of Weinberg and Salam, but today we know that N must be larger) 

in left doublets with right-handed components being singlets:

1L 2L
o\

o ,o o o V R* CR ’ SR’ (2.1)

where the superscript zero denotes that they are not eigenstates of the 
mass matrix and:

’V ’vf
*1L " ^2L =

. e .L .W.

eR’ PR....... (2.2)

The electric charge operator is defined as:

Q “ T3 + 2 (2.3)

where T and Y are generators of SU(2) and U(l) respectively. The minimal 
Higgs assignment that breaks the symmetry down to U^m (l) is the doublet under
SU(2):

r 4>+ 

<f>°
with the U(l) quantum number 1:

Y<fr = $ .

(2.4)

(2.5)
-8-



By minimizing the classical potential with a wrong sign for the mass 
term, one obtains:

(o
<$> = , (v is real) (2.6)

The gauge meson eigenstates in turn become: 

. + Wlu+ 1 W2y 2 1 2  2

A = (g'W„ + gB )     . m? = 0V 3y 6 v' yg2+g '2 A

+where \T are two massive charged gauge mesons, A is the photon and Z massive 
neutral gauge meson (W and B are gauge fields associated with SU(2) and U(l) 
groups, respectively). We can also write:

V  Sin9W W3p+ COS0W By

V  COS0W W3y- sin6W By (2'8)

with

tan0w = gf/g • (2.9)

Then we have the well-known relation between and M,Z

”wMz - ^  (2-10>
which implies the heavier neutral gauge meson than the charged ones.

Once we know the physical states we can display the currents. The

charged fermionic currents are obviously purely V-A in character (since only
+left-handed fermionic components are coupled to W~). The neutral current

-9-



interaction will have the usual photonic piece and the piece due to the 

exchange of the massive neutral gauge meson Z. In order to complete the 
review of the standard model, we display below the neutral current associated 
with the Z particle

JZ - - V f  Y (T,L - sin20Q »)f (2.11)y cosew  'y 3

1-Y5where f denotes fermions and L = — —̂  •
2 17The neutrino induced neutral current interactions suggest sin 0^ = 0.25

It seems also that the agreement with the recent SLAC experiment on the
polarized electron-nucleon scattering is obtained for the similar value of 

. 2sin 0̂ . In view of its simplicity, we can say that Weinberg-Salam theory 
has spectacular agreement with the experiment.

II.2. The minimal left-right symmetric theory and the spontaneous violation 
of parity

We have mentioned at the end of the previous section that Weinberg-
Salam theory has very good chances to turn out to be the correct theory of
weak and electromagnetic interactions. But isn't then any attempt to construct
a different gauge theory just a leisure game for an idle theoretical physicist?
We shall try to show that the answer to this question lies in the negative.
First, we wish to emphasize that the original motivation for SU(2) xSU(2)L R
x U(l) gauge theories was not phenomenological, but "philosophical" in a 
sense: it has been suggested as a possible explanation of the V-A structure
of the $ and y decay. Therefore, the fact that it agrees with the standard 
theory in most aspects at the present energies is only welcome; however, they 
will certainly differ at higher energies at which the mass of W* will play 
an important role.

-10-



The theory we have in mind is based on gauge groups SU(2) x SU(2)L R
x U(l) with coupling constants g , gD and g' respectively. The immediateL K
consequence of the left-right symmetry which we will impose on the 
Lagrangian is that left and right gauge coupling constants are the same:
gL = gR “ g. The 2N quarks and 2N leptons are placed in doublets (the
nature will choose N)

o>
1L =

*1L =

2L

2L

+ If—>-R

(2.12)

The representation content of fermionic multiplets is

QiL = (f.o i), QiR = (0 ii)

*iL 2 'l-0-'1’- *1R = (“-I--1) (2.13)

The electric charge operator is defined as

V 3 T3 L + T 3 R + 2 (2.14)

where T^, and TR and Y are the generators of the SU(2)^, SU(2)^ and U(l) 

respectively. In order to produce fermionic mass matrices we are led to the
following Higgs multiplets

$ =
,° o +
*1 *1
1*2 *2 

with transformation properties

4> = t24>*t2 (2.15)

* *
$ = ,0), * = ,0) (2.16)

-11-



As is obvious from (2.16) $ and $ serve to connect left and right 

fermionic multiplets and eventually after spontaneous symmetry breaking to 
produce the mass matrices, as we shall see later. Now, the most general 
form of <$> which preserves electromagnetic gauge invariance is 

k o
<$> =

But, then

k*
(2.17)

(T3L + V <f> ’ 0

Y<4» = 0 (2.18)

so that symmetry is broken down to U(l) x U(l). Therefore, in order to 
complete the symmetry breaking we obviously need more Higgs multiplets. The 
simplest choice (and the minimal one) is to introduce two Higgs doublets

(2.19)
r + i ’ + •
*L XR

XL = 0 ’ XR = 0
. V ,XR.

with the following transformation properties

xL(f,o,i), (0,-|,l) (2.20)

Under the parity operation the fields transform as follows



where W „ stands for left and right gauge mesons, respectively and f°L, ft.
denotes quark and lepton doublets and

The transformation property of under left-right symmetry leads
to symmetric fermionic matrices, as we show now. Namely, the most general 
Yukawa couplings are given by

ly - fiL < V  + bij})fJR + + ' V +)fiL (2'22)
where f° = (Q,^).

Now, left-right symmetry leads to the condition

a.. = a*., b.. = b*. . (2.23)iJ JJi ij Ji

From eq. (2.22) and using (2.17) we obtain the following fermionic 

mass matrices

hL . . = a k + b k'*111 ij ±3

M_.. = a..k' + b,.k* (2.24)2i3 13 i3

where subscript i = 1,2 denotes and fermions. If we ignore
for the time being the question of CP-violation, we can work with real 

Yukawa couplings and also assume that k and k' are real (in Appendix A we 
prove that for a range of parameters in the classical potential it is 
possible to achieve that). In that case obviously and M2 are real and 
symmetric, which means that we can diagonalize them by orthogonal transfor­
mations. In other words, we can find 0^ and 0^ such that



and

oTm .O. » Di i i i (2.26)

where denote diagonal up and down fermionic mass matrices (i = 1,2 stands, 

as before, for ^  and fermions). Since that means that left and
right Cabibbo like angles are the same, we have an example of a manifest
left-right symmetry characterized by the same left and right charged currents.
That in turn implies that W* must be very heavy. We wish to remark that
although in the case of two or more 4>’s it is possible to avoid manifest
left-right symmetry (that is one can have different left and right charged
currents), in the case of 4 quarks we are forced to the choice of heavy W*K
independently of the details of the Higgs sector.

It is remarkable that although the classical Higgs potential is symmetric 
under the following pattern of symmetry breaking emerges as the

L  K  ^  i —r  - i - i  i i ■

minimum of the potential for a range of parameters (for the proof we refer 
the reader to Appendix B)

o
<xL> - 0,

V

<$> (2.27)

The unbroken symmetry is U (1) generated by the charge operator asem
defined in eq. (2.14).

i. charged currents
The charged gauge meson mass matrix is then given by

-14-



The discussion of physical eigenstates is left for Appendix C. There

approximate physical states. Well, that in turn implies the usual Cabibbo 
like form of the charged currents with left and right mixing angles exactly 
the same as the product of manifest left-right symmetry. In other words, the 
form of the charged currents is

where 0 is an orthogonal matrix. In the case of 4 quarks it is given by:

where 0 is the Cabibbo angle.
The fact that left and right charged currents are the same is, as we 

stated earlier, crucial. It implies, that no matter what the number of 
quarks is, the right-handed charged gauge meson must be very heavy (see 
appendix C).

we also show how the tiny mixing between W and W can be essentially ignoredL R
in most of the analysis; in other words we can work with W and W asLt R

(2.29)

cos6 sin6
0 = (2.30)

-sin0 cos0



ii. Neutral currents

From (2.27) we obtain the following mass matrix for the neutral

gauge mesons
w; w:

w:

w,

B

1 2., 2 ,2. 1 2.. 2 , ,2.p, (k +k' ) -^g (k +k' )

1 2 ., 2 , , 2. 1 2 ., 2 , , 2 2. 1 ,2  -■^g (k +k' ) -̂ g (k +k +v ) -^gg'v

1 » 2 - 48S v
1 , 2  2 4?' v

2 2 2The eigenvalues are (in the approximation (k + k' )/v << 1)

\M = --—z cose

cos0
R

/cos20

with the angle 6 defined as
. 2

sin 0 =
g2+2g'2

(2.31)

(2.32)

(Notice that our definition of angle 6 is different from the usual one.) 
The neutral gauge meson eigenstates are given by

(2.33)

18

sine (wf + \r ) + ^cos2e b , m - oLy R y Ay
o o

cos0 WT -sin0tan0W_ -tan0/cos20 B Ly Ry y

x s ĉosgfl w3 _ tan0B
y cos0 Ry y (2.34)

From the above eigenstates it is a simple exercise to find the neutral 
current generated by the light massive gauge meson (the only one relevant at

-16-



low energies)

where

(2.35)

Since, from (2.32) cos0 we obtain the following important

result: in the limit of the large mass of W and with identification sin© *K

sin0^ the minimal left-right symmetric gauge theory predicts all the lowest 
order neutral current interactions to be exactly the same as in the Weinberg- 
Salam model.

More than that since we have e = gsin0 like in the Weinberg-Salam model, 
if sin0 = sin0^ we also predict the same masses for the light gauge meson as 
in the Weinberg-Salam theory:

In Appendix D we offer a more elegant and simpler derivation based on the

does not follow from Georgi-Weinberg theorem which concerns only neutrino 
interactions and assumes different pattern of symmetry breaking. It is 
rather the explanation which we now present that leads to our results.

M„ (LR) * (WS) 
L L

MZ(LR) * MZ(WS) (2.36)

This result is not new; it has been known to Pati, Rajpoot and Salam. 10

19work of Georgi and Weinberg. We should perhaps emphasize that the result

-17-



II.3. The SU(2) x U(l) limit of a minimal left-right symmetric theoryL

Here we analyze the hierarchy of symmetry breaking consistent with our
assumption v >> k, k1. The first stage of symmetry breaking occurs through

<XD>. It breaks SU(2) x U(l) down to U'(l), since R R

The effect of the first step of symmetry breaking through <X-D> is to giveR
the mass to heavy particles: the charged gauge meson W* and the neutral gauge
meson X. By the analogy with the Weinberg-Salam model (the reader should
notice that X-o in the SU(2) x U(l) group is like the usual doublet <f> in the K R
standard model

(2.37)

Y Yso that the generator of U'(1) is —  = T3r + -  . The coupling constantY'

that corresponds to U'(1) is then given by g"

1 or g" = — (2.38)
gft

Therefore

G = SU(2) x SU(2) x U(l) L K

G' = SU(2) x U'(1) (2.39)



Since we are assuming v >> k, k' we can now forget about x„ and theK

initial group and for the purpose of low energy physics start with 
G' = SU(2) x U(l) and a Higgs scalar $. Now it is easy to see that:

J_i

3L
k o 
o k'

k o 
o -k'

k o 
o k'

1
2

-k o 
o k'

(2.41)

situation completely analogous to the Weinberg-Salam model. There,
It is not difficult to see that we 

have the following correspondence between the two theories at low energies
T3L<<*>>WS = ~ 2  <<fl>WS’ 2 <(tl>WS ■i <<*» .2 w WS

WS model LR model

g
SU(2)l x U(l) SU(2)l x U'(l)

<<(,>ws
tan6w = g'/g

_ss_
+ e ' z+ 8 

k2 + k'2
tan6 5 g"/g _S_ (2.42)

/g^ + g,z
But then using well-known results from the Weinberg-Salam theory given 

in (2.7) we obtain the following gauge meson eigenstates:

A = g"WT3 + gB' , p 6 Ly 6 y

Z = gW. - g"B’ ,y Ly v
1 , 2 ^  „2Wl 2 . ,2. ■̂■(g + g ) (k +k' ) (2.43)

where A denotes photon and Z light massive neutral gauge meson. From the 
formula for g" (Eq. (2.3)) and using Eqs. (2.40) and (2.41) we easily obtain 
the formulas for gauge meson eigenstates as given previously. However,
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eq. (2.43) is more transparent for our purposes. It is obvious now that
we have a complete equivalence between the 

two theories. But that leads to tan0 “ tan0^, where once again: tan0 =

g"/g = gV*/g5+iT? , and 0W is the usual Weinberg angle as defined in 
eq. (2.9).

By now, it is generally accepted that the standard model has excellent
agreement with all the neutrino induced neutral current data. Namely, it

2conforms to all the experiments with sin 0^ determined to be approximately
0.25. The shadow of doubt has been cast on it by the atomic parity violation

results. The situation is still confusing, since Oxford and Washington
groups have observed parity violation on a level much smaller than the

standard model prediction (they are consistent with parity conserving atomic
processes), on the other hand the Novosibirsk group has obtained results
consistent with Weinberg-Salam theory. In view of that and very crude
approximations used in the atomic calculations behind these experiments (all
the results have been found for heavy atoms), one should take these results

with caution. Obviously, we need precise results for parity violation in
hydrogen and deuterium. Recently, a group at SLAC has measured the amount
of parity violation in polarized electron-nucleon scattering as a test of
neutral current effects which do not involve neutrinos. The results agree
with the predictions of the standard theory, however for slightly smaller 

2value sin 0W - 0.22 than the neutrino interactions suggest. At this stage 
it is maybe premature to conclude anything decisively, but the standard 

theory is definitely in good standing. We are reaching the stage in which 
radiative corrections will play a more and more important role. The question

-20-
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is: Where does it leave the left-right symmetric theory analyzed in this
paper. Obviously, in the limit of infinite mass of W* the SU(2)^ x SU(2)^ x 
U(l) and the SU(2) x U(l) theories are equivalent, so that they are equallyL

20in good (or bad) shape in that limit. We cannot say anything definitely
about the predictions with the finite My for the simple reason that we do

R
not know it (we know only its lower limit) and also at that stage one should
include the radiative corrections. One comment is worth mentioning: The
parity violation is maximal when so that effects due to finite

R R
cannot solve the possible discrepancy between slightly different predictions
for i-n the standard theory as given by neutrino and polarized electron-

21nucleon scattering; it could make that discrepancy only bigger (in other
words, we need more, not less parity violation in electron-nucleon scattering).
However, the radiative corrections in this theory may have interesting and

21large contributions for heavy Higgs scalars. Namely, it has been observed
v 22by A. Sokorac and the author in the context of neutral current parity

conserving left-right symmetric theories that the Higgs scalar contributions
2may be nontrivial in the form m^/M^ , therefore providing much larger

L
contributions than naively expected, in the case of heavy Higgs scalars. Of 
course, it remains to be seen whether these effects would appear in the case 
of the minimal left-right symmetric theory. If they do appear and the 
mentioned discrepancy in predictions for sin0^ persists in the future, it 
may provide an interesting case for the left-right symmetric theories. We 
hope that we have successfully argued in favor of left-right symmetry in 
nature being spontaneously broken. First, it puts on the same footing the 
breaking of gauge symmetry and discrete symmetry such as parity. Secondly,
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it is still in good shape in view of old and new experiments (more or less 
as the standard theory). Moreover, it may be the necessary enlargement if 

the standard model does not conform completely to the experiments. If the 
reader is still not convinced, we offer chapters III and IV, in which we 
discuss the appealing properties of these theories that both Cabibbo angle 
and CP violating phases may be determined through the light quark mass 
ratios and also as an interesting way out of the axion problem.

In passing, we would like to emphasize once again that we were forced 
to the described choice of Higgs sector on the account of what we know about 
charged weak currents and also by the requirement to have a minimal particle 
spectrum. The approximate equivalence at low energies of the standard model 

and the minimal left-right symmetric model in the realm of neutral currents 
turned out ot be a welcome consequence of such a pattern of symmetry breaking.

We finish this chapter by comparing the minimal left-right symmetric 
theory with the standard model in view of their complexities (or rather 
simplicity in the case of the standard model); that is we display in Table 1 
the price which may be necessary to be paid in order to understand the V-A 
theory of g and p decay. Prom Table 1 we see that from 5 particles 

(excluding fermions whose number obviously can be taken the same in both 
theories) in the standard model (3 massive gauge mesons, a photon and a 

physical Higgs scalar) we are led to 17 physical particles (6 gauge mesons, 
a photon and 10 physical Higgs scalars), a definitely large increase. 
Especially disturbing is the increase of the number of Higgs particles: 
from 1 to 10. It is interesting to observe that in order to construct a 
theory of weak and electromagnetic interactions Weinberg and Salam postulated

-22-



the existence of two new particles (neutral gauge meson and the neutral 

Higgs scalar; charged gauge mesons were suspected much earlier) and in 
order to understand the violation of parity it seems that we need a minimum 
of 12 new particles.
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III. Weak and strong CP violation

1. Weak CP violation

The question of CP violation in four quark SU(2) x SU(2) x U(l) gaugeL K
24theories has been discussed originally by Mohapatra and Pati. For details 

we refer the reader to their paper; here we only briefly recall some of their 
main results:

a) via the so called "isoconjugate" relations one has experimentally 
desirable relation

n, = n+ -  oo (3.1)

where

Tl_.
M(KL *1*1 * 

ij " H(Kg -*■ x±TTj) (3.2)

b) secondly, CP and parity violation are linked since q is proportional 
2 2to R, /K which is a measure of parity violation in charged weak currents 
L \

n+_ - sin(6L-6R)(mw )2 , 2 N sin2eR (3.3)
L . R sin26.

where angles 0 , 0D and phases 6 and 6 are defined by Cabibbo rotations L K L R

u
COS0

i i
sin0 e*^

I j nP
0*

C O S 0 ^ sin0^e^^R
S B

-sin0 e
I j

COS0.
L  ;

• d  “ i 6 R  -sin0 e «■R COS0-R
(3.4)

To illustrate their meaning we write the general form of charged currents



r+which couple to W and W , respectively. The question can be raised of how L K
to achieve complex rotations. Now, from our analysis in chapter II we have 
learned that quark mass matrices are given by (see chapter II)

We assume the theory to be CP invariant prior to symmetry breaking,

In Appendix A we have shown how one can even with a single <j> multiplet 
achieve complex k and k* (or at least one of them). That in turn implies 
that quark mass matrices in this case are symmetric and complex. Without 
much further ado we use the fact that such matrices can be diagonalized 
without the loss of generality by the following unitary transformations

(3.6)

with

(3.7)

that is we take a ^  and b ^  as real numbers. In eq. (3.6) k and k' are the 
vacuum expectation values of the Higgs multiplet $

(3.8)

i i*
UR " UL * 1 = X’2 (3.9)
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But from the form of charged currents in terms of unphysical weak 

eigenstates

■ 4  ' (" '>oL \  's’oL

Z)oi \  (s>oR (3'10)

and using

'■Vol. ■ U1L Ol* OoR - Vc>R1R

^s^oL = U2L ^ L ’ (s^oR “ U2R V r (3.11)

we obtain easily (see eq. (3.5))

UL,R = ^1L,R U2L,R * (3’12>

In terms of left and right Cabibbo rotations it means that

Ur = U* (3.13)

which leads to the relations (see eq. (3.4)

6R -  6L

6r - -6l (3.14)

In other words, we have the same left and right mixing angles and 
opposite phases. In the terminology of ambidextrous theories such theories 
have been baptized as pseudo-manifest left-right symmetric models (as to 

denote the difference between them and manifest models characterized by 
exactly the same left and right charged currents in the tree approximation).
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We can then express CP violating amplitude as a function of only two 
parameters

2“w
n+ = sin2S (3.15)

\
The above relation offers an interesting possibility: If we can

calculate or at least determine 6 as a function of say light quark masses, 
we will have the complete link between the P and CP nonconservation in nature. 
Actually, in collaboration with R. N. Mohapatra we have achieved that. We 
wil describe our results in section IV.

Another interesting relation emerges from (3.15)

2

—  * ais2i (3.16)
X

-3From n+ _ - 10 ; it then provides a possible upper bound on the mass of the
heavy right-handed charged gauge meson

2“w
-jp $ 10~3 (3.17)
“wL

However, as we shall see in section 2 of this chapter this kind of theory 
(a pseudomanifest left-right symmetric theory) may be in trouble in a sense 
that it cannot naturally account for the absence of strong CP violation 
induced by instanton effects. Therefore, eq. (3.17) must be taken with some 
caution (as the whole theory of CP violation which we just presented) and it 

certainly cannot be used as an experimentally confirmed upper limit for a
mass of wj.K
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Finally, before closing this section we discuss the magnitude of
electric dipole moment of the neutron in this kind of a theory. Namely the

prediction (eq. (3.1)) n+ _ = noQ that comes out naturally in this theory is
the same as in superweak theories of CP violation. It is important, therefore

to determine the order of magnitude of dn (the electric dipole moment of a
neutron) to be able to compare this theory with a superweak one. It is easy
to see that the graph shown in Fig. 1 will give dominant contribution to d^

+ +since the mixing between W and IL which is proportional to k'k* becomes nowL K
complex. It will give rise to the CP violating amplitude of the form

d F dy-0yvd (3.18)n yv 5
25It is easy to give order of magnitude estimate of dT1

d a eG_, m tanS ------— — (3.19)n F q Re _w
1 R

where m^ is typical hadronic mass of order of 1 GeV (since we work with quarks
it will be the mass of the charmed quark), £ is the mixing angle between W*JL
and WR and _w denotes the mixing matrix element. Since tan£ is 

L~ R
constrained experimentally to be not larger than approximately few percent,

26the present upper bounds on the electric dipole moment of the neutron imply

lm \  -WT W -2
5 ^ 7  * 10

L R Im V-wR
Unless a natural way which would suppress either £ or ■=--------- is

found, we can say that pseudomanifest left-right symmetric theories predict
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large dipole moment of neutron, at the level of the upper experimental limits.
In that respect they are easily distinguished from the superweak theory which
predicts extremely small dn. If in the future more precise experiments push
down the value of the electric dipole moment of the neutron, the safest way to
save left-right symmetric theories would be to make W - W  mixing real. ThatL R
also serves to suppress naturally the strong CP violating effects, as we shall 
see in the following section.

2. Strong CP violation
27Within the framework of Quantum Chromodynamics it has been established 

that multiple vacuum structure of non-abelian gauge theories leads to strong 

P and T- non-invariant effects. The effective Lagrangian describing this 
effect can be written as

*eff " C D̂et ®i0 qLqR + Det e”16 qRqL^ * (3.21)

Present upper limits on the electric dipole moment of neutron imply that 
-90 S 10 In the absence of a convincing mechanism to understand such a

28small value of 0, it has been suggested by Peccei and Quinn that it is 
best to introduce an extra global axial U(l) symmetry into the theory of 
weak, electromagnetic and strong interactions and remove 0 altogether by 

a U(l) symmetry transformation. In such theories strong CP non­
conservation is absent to all orders in the coupling constant. However,

29 30as has been noted by Weinberg and Wilczek in realistic models, the 
extra U(l) global symmetry is spontaneously broken, thus leading to a zero 

mass pseudo-Goldstone particle, the axion which acquires a tiny mass due to
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instanton effects. Given a gauge model of weak and electromagnetic inter-
29 30 31actions the coupling of the axion to matter can be predicted. ’ ’

Present estimates of the strength of these couplings in SU(2) x U(l) models1̂
32appear to be inconsistent with the results from reactor and beam dump 

experiments. Thus, one must search for credible alternative to the idea of 
axions. One alternative is to have the up quark to be massless. This 
however, appears to be in conflict with our understanding of chiral symmetry
breaking and therefore may be unacceptable.

33 34Recently, Bdg and Tsao and R. N. Mohapatra and the author have shown

that in left-right symmetric gauge models that conserve P and T prior to
spontaneous symmetry breakdown the problem of strong CP noninvariance can be
solved without the need for axions or massless quarks. We will describe that
work in this section. First let us notice that requirement of left-right
symmetry of the entire Langrangian prior to symmetry breaking implies that

33there is no strong CP violation at this level. Namely, as is obvious from 
eq. (3.21) under left-right conjugation: Det|q°q°| -► Det|q°q°|, therefore 0q
(the bare value of 0) must be equal to zero. We could expect naively that 

the problem is therefore solved. However, the story is not complete. Since 
we want to construct a theory which has weak CP violation, the unitary 
matrices that diagonalize the quark mass matrices will be complex, and unless 
they are unimodular, may induce 6. Namely, from eq. (3.11) we can easily 
obtain:

Det|vi°l - D“ < . D2LD1R°2R> * Detl V r I <3-22>
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where q and q denote the physical quark fields (eigenstates of quark mass L R
matrices). On the other hand, we have:

U M U = D iL i iR i (3.23)

where M^(i=l,2) are T3 = + ̂  and quark mass matrices, and denote

their mass eigenvalues:

(3.24)
' • rm 0 m, 0u d

’ 2 =0 m 0 mc J s
From eqs. (3.22), (3.23) we then obtain:

_ o  q Det(M1'M2)*
Det^ L qRl “ |Det M ^ j  Det I qLqR ̂ (3.25)

It is now evident that the condition which sets 6=0 at the tree level is 
equivalent to:

Det “l
Det M,

(Det M2)* 
I Det M j (3.26)

Although it can be arranged that thephase due to up quarks cancels the down 
35quarks phase, in this work we choose the simpler condition:

(Det M^)* = Det Mi (3.27)

which automatically satisfies eq. (3.26). As a result, after the diagonaliza-
tion of the fermion mass matrices, no strong CP-violating phase is introduced.
Thus at the tree level 0=0 naturally. We then compute the one loop contribu-
tion to the mass matrix. We show that, if the W -W mixing is real, the massL R
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matrix including the one loop effects continues to satisfy the relation in 

eq. (3.27). Therefore, any nonzero contribution to 6 can only arise at the 
two or higher loop level, thus providing a natural suppression of strong 

CP non-invariance.
We work first within the framework of four quarks and four leptons 

assigned as usual in a left-right symmetric manner to doublet representation 
of SU(2)'s. (Generalization to the case of six quarks is dealt with at the 
end.) To discuss spontaneous breakdown of P and T symmetries, we must 
specify the Higgs sector of the theory. We chose two Higgs multiplets that 
couple to the fermions: = (-j,-|-,0) i ■ 1,2; the rest of spontaneous
symmetry breaking is achieved in the standard manner as described in 

chapter II. Under left-right symmetry, the 4>'s transform as:

We now introduce additional discrete symmetry D, under which the fields 

transform as follows

We do not discuss the leptons, since an arbitrary leptonic mass matrix can 

be generated in our model consistent with all symmetries. The invariant

(3.28)

Yukawa couplings of 4>̂ 's to Q^'s are given by
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4  * + b‘*2I.V!2R

+ C«1L424r + «2L»2V
+ d(Q1Li2Q2R + Q2l*2V  + h.c. (3.29)

For a range of parameters in the Higgs potential, there exists a stable

V i j  and <*2>ij " ke±\iminimum energy configuration for which 

(k,k^ are real). Eq. (3.29) leads to the following quark mass matrices

ak„
M,

k(ce*a+de *a)
k(ce *a+de*'a) bk.

M„
ak2

k(ce ^a+de^a)

i “iak(ce +de
bk.

(3.30)

These mass matrices are hermitean and therefore satisfy eq. (3.27). As a
result 6*0 even after spontaneous breakdown. The resulting gauge interactions
have manifest left-right symmetry for charged currents. Incidentally these
mass matrices lead to an interesting relation between quark masses i.e.
mumc = mdm8 and also the following relation between mixing angles for up and 

2 2down quarks: (sin 0 /sin 0.) * (m -m,)/(m -m ).U u S u C U
We should mention at this point that we have tried hard to construct a

pseudo-manifestly left-right symmetric theory (as described in section III.)
that has natural absence of strong CP violation up to one loop. Namely, a
manifest theory characterized by hermitian mass matrices has equal left and
right charged currents, since UT **UD. But that means 0T“0_, so thatL K L R L R
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n+ _ = 0 (see the previous section) and the only way to have a theory of CP 
violation is to achieve that CP violating amplitudes reside in the Higgs 
sector (unless one is willing to sacrifice oneself to enlarge a gauge group, 
which we are not). After many trials we failed in such an attempt. Actually, 
we believe that we will be able to prove that the theory that can account for 

the suppression of strong CP violation has to be a manifest left-right 
symmetric theory. That would be a somewhat discouraging result since we have 
seen in section III.l that the pseudomanifest theory has many attractive 
features, especially that it links P and CP violation in nature and that it 
would provide an urgently needed upper bound on the mass of the right-handed 
charged gauge meson. Meanwhile, the problem is still open.

To discuss the one-loop effects, we let Ae*° = c e+^a + d e *a. Then 

by redefining ** e ia C^, **■ Q^, we see that the mass matrix becomes
real and symmetric and there is no CP-violation in the gauge interactions. 

Therefore, in our model any graph that involves only gauge-bosons and fermions 
will never induce 6. In particular, at the one-loop level, gauge boson con­
tributions to 0 vanish. To study the contribution of Higgs bosons to 6̂  ^°°P 

as well as the nature of weak CP-violation, we write the Yukawa couplings in 
terms of the redefined quark fields:



It is then easily checked that the Yukawa interactions induce- effective 
CP-violating four quark operators. Using eq. (3.31), we will now demonstrate 

that at the one-loop level even the Higgs-boson contributions do not induce 
strong CP-violation. We first note that all the divergent one loop graphs 

preserve the hermiticity of the quark mass matrices and thus do not induce 6. 

We then study the one loop graphs that are finite (see Fig. 2 for a typical 
graph). They involve mixing between the various Higgs bosons so we have to
study the 4> -type terms from the Higgs potential that mix the various Higgs

*f* *t*bosons. For a typical term of this type (Tr(4> 4>,4> 4>. )), the Higgs boson1 J K x,
+ +mixing looks like Tr <$.> <$.> $>, 4> + other possibilities. Since <4> >i j k £ 2 vac.

is complex, such graph could add a finite complex contribution to the quark 
mass matrix. A detailed calculation, to be presented in a subsequent 

communication shows that all such graphs are real, or add complex contribu­
tions in such a way that quark mass matrices still satisfy eq. (3.27). There 
is actually a simple reason why it happens. The reason in that, under left-

•j* — *f‘ *f*
right conjugation, -*■ and $2 ^2 * Since “ <J > and <$2> = <$2> »
the left-right symmetry is not at all broken by <$^> and <Qy>. (It is of
course broken by other Higgs bosons.) Thus, the one loop contributions we
described respect manifest left-right symmetry. Therefore, they lead only
to hermitean mass matrices. We, thus, prove that 0^ ^oaP = o. Thus, 0 may

—8only be induced at the two or higher loop level and is likely to be i 10
Even at the two loop level, it must involve either a gauge meson plus a
Higgs boson or two Higgs bosons. Since Yukawa couplings are usually 

m
^ g — ^ , the biggest contribution to 0 at two loop level could be“w
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2 2 -10 -3^ g (G_ m )sin6 = 10 , since the CP-violating phase 6 must be ^ 10 toF q
account for CP-violation in K°-decay.

36Our theory of CP-violation is superweak type. The reason is that,

after diagonalizing the fermion mass matrix, we obtain effective AS=2 CP-
conserving and CP-violating ̂ Hamiltonians. The effective coupling

for ^  is ’ where m^ is the typical mass of neutral Higgs bosons. We
have assumed m, * 300 GeV to suppress its contribution to K,-K0 mass 

v _2 1 2/ v ID
difference. The strength of H^ is Gp — sin 6. Thus, if we assume

-3 (-)  ̂ 376 5 10 , the effective H^ is of superweak type.

A six quark extension: To extend our considerations to the case of six

quarks, we add a third quark doublet = and define the action of

the extra discrete symmetry on as follows: " ^ 3̂  an(* Q3R ^r*
The invariant Yukawa coupling is given by

lY = a^lL$lQlR + b^2L*lQ2R + h^3lAQ3R

+ C^1L*2Q2R + ̂ 2L*2Q1R̂  + d(^LL*2Q2R + ^2L$2Q1R)

+ c' (Qĵ Q - jr + Q3l*2Q1RJ + d'(̂ lL*2Q3R + ̂ 3L$2Q1R)

+ f(W 3R + ¥ i V  +h-c- <3-32>
It produces the following quark mass matrices



M„

ak2
i, / ~itx. 3 ia, k(ce +de )
. , , -ia.,, +ia, k(c'e +d'e )

, , ia, , -ia, k(ce +de )

bk,"1 

fkl

/ i I j i “ia, k(c e 4d e )
fk.

hk. (3.33)

Since they are hermitian they lead to 6=0 naturally at the tree level. 
Moreover, each mass matrix has two complex off-diagonal elements with 
different phases. Therefore, unlike the four quark case, the CP-violation 
cannot be removed from the theory by redefinition of the phase of the quark 
fields. Thus, in this model, CP-violation resides in the gauge boson inter­
action. This provides a left-right symmetric generalization of the Kobayashi- 
Maskawa^ model. Again in this case, we verify that the 6^ ^OOp*0. In this
model CP-violating phase need not be very small; to account correctly for
0 38 —1-> 2tt decay it is predicted to be of order 10
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IV. Cabibbo angle. CP-violation and quark masses

One of the fundamental problems in the theory of weak-interactions is
to understand the origin of Cabibbo angle, the mixing angle between strange

and non-strange quark flavors. In most unified gauge theories of weak and
electromagnetic interactions, there exist one or more such flavor mixing
angles, which remain as arbitrary and undetermined parameters. Often these
mixing angles are taken to be complex in order to account for the phenomenon 

39of CP-violation. The magnitude of CP-violation remains arbitrary.
40Recently, a number of theorists have discussed one possible approach to the

problem, in which extra discrete symmetries are imposed on the gauge models

of weak and electromagnetic interactions to restrict the number of arbitrary
parameters that appear in the fermion mass matrix thereby yielding zeroth

41order relations between Cabibbo angle and quark-masses. Reasonable values 
for the Cabibbo angle can be obtained by appropriate choice of the quark 
masses. The CP-violating phase, however, remains a free parameter in these 
theories.

40We review here briefly the approach of Weinberg. He has succeeded by

the use of discrete symmetries to achieve the following form of the quark 
mass matrices

Mi =
9 «±

ai bi
(4.1)

where â, and b^ are real numbers, and i * 1,2 denotes T^ * -j and T^ * - -j 
quarks, respectively.
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The apparent trouble of the above mass matrices is that their 
determinants are negative: det < 0. But Weinberg notices that by a
chiral transformation one can always change a sign of a fermionic mass term, 

so that its sign has no physical meaning. The form of (4.1) is particularly 
interesting since it is through the mixings a^ that the light quark flavors 
u and d pick up their masses; if not for the mixing they would be massless. 
If we diagonalize above mass matrices by orthogonal transformations

°i Mi °i " Di (4.2)

where
m o m, o

D. = u , D„ = d
l ’ 2o m o mt c  ̂ s '

°i =
COS0 , sin0,
-sin0. cos0.i l

(4.3)

we easily obtain

2 m  2 tan 0. = —  , tan 0O = —  1 m 2 mc s
(4.4)

That completely determines Cabibbo angles as a function of light quark masses

0 = 0„ - 0. = tanc l 1
-1

m

1/2
- tan-1

mu
m

1/2
(4.5)

The usual current algebra estimates given then good agreement with the 

experimentally determined Cabibbo angle: = 13°.
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13Here we will describe the attempt by Mohapatra and the author to

extend the above approach in such a way as to determine both the real mixing
angles as well as the CP-violating phases in terms of the quark masses. We
work within an SU(2) x SU(2) x U(l) gauge model of weak and electromagneticL R
interactions based on four (light) quark-flavors. The extra (heavy) quarks 
to be included will be chosen as not to mix with the light quarks by imposing 
extra global symmetries on the theory.

We recall the important relation given in section III.4
V

n * sin26 (4.6)

which holds true in a pseudomanifestly symmetric left-right symmetric

theories characterized by: , 6=6 =-6 . A determination of 6 which weR L R L
seek would then lead to a direct relation between P and CO violation.

Our main results are the following: In an SU(2) x SU(2) x U(l) theoryL R
with four quark flavors, there are in general two real mixing angles and
three phases for each quark charge thus leading to ten arbitrary parameters.
As we have shown in section III.l, if we choose the Higgs mesons $(-^,^,0) to
transform under left-right symmetry as 4> ■«-+■ 4>+ and ignore W -W mixing effectsL R
then the number reduces to a total of two real angles and two phases. We will 
display discrete flavor symmetries, that enable us to obtain four "natural" 
zeroth order equations relating them to the quark-masses, thus determining 
all the parameters in terms of the quark masses. Higgs multiplets necessary 
to give the desired pattern of symmetry breaking are chosen as follows
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XL = (2>0,1)’ XR = (0’2,:L)* 1 " 1,2 *

The following discrete symmetries are imposed on the Langrangian

(i) Left-right (L*-*R) symmetry defined in the usual manner

f fiL iR

$+, $ +-+ $+, x^ (4.7)

(f^ are fermionic multiplets)

(ii) Discrete symmetry D

qil 1 Q1L’ Q1R Q1R

Q2L ^ _i Q2L’ Q2R ^ “Q2R

$ i$ $ ->■ -i$>
1 .1 1 1
XL L ’ XR XR
2 . 2  2 2 

XL " L ’ XR ■" ~XR (4-8)

other fields remain unchanged (Q^ are quark doublets, as usual). Consistent

with the above discrete symmetries, the following vacuum expectation values 
for the Higgs potential emerges for a range of values of the parameters in 
the Higgs potential
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<$>
klelal

, ia? k2e 4

<v_ > =

/ \ 
0 ' 0

s , i
J

and <xR> = , i
• L • ■ R •

(4.9)

Our main results follow from considerations of the quark mass matrix,
which is derived from the most general Yukawa Coupling (L^) involving 

43quarks invariant under the gauge symmetry and the discrete symmetries given 
in eq. (4.7) and (4.8)

^  " “SlL^lS +  ̂ Z L ^ Z R  + c «1L}Q2R + V V (4.10)

The quark mass matrices for the quark flavors of charge +-j (called M^) and 
charge --j (called M2) can be written down using eq. (4.9) and (4.10)

M1 "

'  ak^d101! ck2e ±a2
ck e ia2  ̂ 2 bkje101

M2 =
ak2e iot2 ck^e iotl
ck^e bk2e ia2

(4.11)

It is easily seen that these matrices can be diagonalized by the following bi-
43unitary transformation (D^ and D2 are the diagonal mass matrices for the up 

and down quark sector)

Mi UiR " Di (4.12)
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where

U.T = e^i  lL

1.6cos0^ e * sin0^

-e * sin0^ cos0^
(4.13)

and

UiR = UiL <A’14>

Eq. (4.12)-(4.14) lead to the following relations between the quark masses m^, 

m^, mg and m£ and the mixing angles 0^ and phases 6^ (i = 1,2)

61 = 62 = 6 (4.15)

2 2 2 2 2m m sin 0„cos26 + (m + m,)cos 0„ ■ 0 (4.16a)a s 2 s d 2

2m m sin^0.cos26 + (m^ + m^)cos^0. = 0 (4.16b)u c l  c u  l
2 2sin20 m - m

- i — I <4-16c>2 m - m c u
Eq. (4.15), (4.16a) - (4.16c) allow us to determine 0^, ©2 and 6 in terms of 
the quark masses

2„ 1 - A 2.. B ,1 - A„ ,, ,„v
cos ei = T ^ T  5 cos 2 = a (r ^ r ) (*'17)

where
2 ^ 2  2 2  m m , m + m m — m ,

5 '  A - Z B - f — f (4.18)
c u m + m ,  m - ms d c u

2 , 2  m + m , „

cos26 = -  - cot 0, (4.19)2m ,m 2d s
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The relation between Cabibbo angle 0£ and the angles 0^ and 0^ is
obtained by writing the left and right-handed charged currents J+ T =y, L
Py (l-yc)U N and J+ „ =  Py (l+yc)U N with P = (u,c) and N = (d,s)y j L y>K y o K

u = u+ U = ei(*2-*l> L 1L 2L
cos(02~01) sin(02-01)ei5
- s i n ^ - O ^ e  cos(02~0 ) (A.20)

with U* = IL. It thus follows that 0 = 0o-0-. The phase 4>_ — 0 can beL R c 2 1 1 2
+gotten rid of by redefining the fields WT D and becomes insignificant in theL)K

limit of small W -W mixing.Li K
We now proceed to present estimates of Cabibbo angle 0£ and the CP-

violating phase 5 using plausible values of quark masses. We first remark
that, within the framework of Quantum Chromodynamics, there is a considerable
amount of uncertainty in the values of the light quark masses that enter the
weak interaction Lagrangian. It is, however, generally believed that, a
hierarchy of the type mc > mg >> m^ > m^, where u and d quark masses close to
a few MeV's and c and s quark masses of the order of a few hundred MeV's is
probably close to the truth. Working in this spirit, we show in fig. 3. the
values of the mass ratios (m /m ) and (m,/m ) which yield 0„ = .23. It turnsc s d u c
out that, to satisfy eq. (A.17), we must have A 5 1 which leads to the 

following inequality among quark masses in order for our considerations to 
make sense

(m /m ) 5 (m /m )3 (4.21)d u c s
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Despite its appearance, for m,/m = 0  and in /m - 0, there is no contradic-d s u s
tion between current algebra results for irN scattering length, pseudoscalar
meson masses and eq. (4.21). For example, if <0|uu|0> = <0|dd|0>, iso-spin

2 + 2 orelation y (it ) = y ( i t  ) holds, regardless of the value of (m,/m ).d u
40Similarly, Weinberg estimates that for ttN scattering lengths, the only 

reliable prediction of theory is
V m_ - m_) m, - m“ L / d U\ /.avTr n ^  n, - a m  p - ir p, = + - ■ f2--(— --- ) (4.22)

N IT IT S

This prediction also does not put severe constraints on (m,/m ), therebyd u
allowing us the freedom to satisfy eq. (4.21). We have a range of values..
for m /m = 2.6, m /m = 1.2 to m,/'m - 9.5, m /m - 2  which yield 6 = .23 d u  c s  d u  c s  3 c
(see fig. 3). The value of mc is clearly smaller than the effective charm

fif fquark mass mc that enters the charmonium claculations but, the relation 
effbetween mc and mc is far from clear at this stage of the theory. We,

therefore, feel that the range of quark mass ratios given above (fig. 3) is
quite acceptable. The predcitions for sin26 depend on the choice of the mass

ratio m /m,. In Fig. 4, we present sin26 as a function of m,/m for the s d d u
choice of m /m, = 10. s d

To conclude, we would like to emphasize that, within left-right 
symmetric SU(2)T x SU(2) x U(l) theories, it is possible to predict theL R
Cabibbo angle and the CP-violating amplitude using only the values of light
quark mass ratios. Finally, we comment that there are ways to accommodate

heavier quark flavors within our framework without altering the results; one
44way is to decouple the heavier quark flavors from the lighter ones.

45Another way is to go to higher groups.
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V. The question of neutrino mass in left-right symmetric gauge theories

One of the outstanding problems in the theory of weak interactions is 
the understanding of the neutrino mass. All present experimental evidence 

is consistent with massless neutrinos and yet we lack a deep theoretical 
understanding of why this is the case. There is a simple theoretical 
principle which prevents the neutrinos from acquiring mass, namely y^ 
invariance. That is to say, the masslessness of the neutrinos is guaranteed 
in an ad hoc manner by only introducing their left-handed components. This 
is exactly the situation one encounters in the standard model. On the 
other hand, in left-right symmetric models, one has neutrinos with both 
left-handed and right-handed helicities and the challenge is then to under­
stand in a natural manner the bounds on neutrino masses. Usually in these 
theories the neutrino masses are kept small by arbitrary choice of the free 
parameters of the underlying Lagrangian.

With G. C. Branco we have addressed ourselves to the problem of the
neutrino mass in theories where both left-handed and right-handed neutrinos 

14are present. Our aim was twofold: (i) to derive the constraints on these
models which follow from the requirement of calculability of the neutrino 
mass; (ii) to construct a realistic left-right symmetric gauge theory in 
which the neutrinos are massless (to all orders in perturbation theory). We 
have succeeded in both and our results can be most simply stated as follows: 
calculability of the neutrino mass requires an "orthogonal" structure for 

the left-handed and right-handed charged currents. We now describe our work.
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1 1*As we know from section II, we must introduce fields

(i=l,2,...) in order not to have all the fermions massless. We remind the
reader that we need a minimum of two $'s in order to have different left

and right Cabibbo like angles (see from example ref. 15). It is clear that
we should choose a pttern of symmetry breaking such that have

vanishing mass at the tree level. Since only can couple to fermions,
46this can be achieved in two different ways:

(i) By forbidding any coupling of to the lepton doublets 
(this could be arranged, for example, by introducing an extra discrete 
symmetry).

(ii) By requiring that the neutral Higgs which couple to the neutrinos 
have zero vacuum expectation values, i.e.

o o 

o k.
«t > j vac. (5.1)

where stand for Higgs multiplets with non-vanishing coupling to Jt̂ ,
Case (i) would lead to a situation in which not only the neutrinos but

also the electron and muon are massless in tree approximation. Here, we will
concentrate on case (ii) in which the neutrinos have vanishing mass in tree

approximation, while the electron and muon acquire mass through the Yukawa
couplings to Higgs fields with non-zero vacuum expectation values. Once we
have obtained vanishing neutrino masses at the zeroth order level, the next
step will be to investigate if higher order corrections can give neutrino

masses. It is clear that this question is intimately related to the problem
of W -W mixing. To illustrate the connection, let us assume that there is L K
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t *at least one Higgs field $. such that <tr 4> t. 4> x„> t 0. This wouldi i 2 i 2 vac
imply a non-vanishing W -W mixing at the tree level, and one would thenL R
expect the neutrino mass to arise at one loop level through the diagram of 
Fig. 5. The evaluation of this diagram gives

^R-  = fsin2C*n - f  (5.2)
e “wL

+ +where £ is the mising angle between WT and WI. One could then naively thinkLi K
that such a scheme would lead to a calculable and naturally small neutrino
mass, the extra suppression factor (besides a) being given by the necessarily

46small mixing angle. However, the pioneering work of Georgi and Glashow
tells us that this attempt is doomed to failure, since the diagram of Fig. 5
cannot lead to a calculable neutrino mass. The reason can be easily seen
from the diagram of Fig. 6 which contributes to <$°> , where is aj vac. j
neutral Higgs with non-vanishing coupling to v v_. The contribution of thisL K
diagram to <$?> is infinite and therefore it must be cancelled by a j vac. J

counter term. This in turn implies that we should have <$?> f 0 at the3 vac.
tree level and therefore the neutrino mass becomes a free parameter of the 
theory. Since this is exactly the situation one wants to avoid, one obtains 

the following constraint on the pattern of symmetry breaking

<01tr t2 $* T2|0>tree = 0 (5.3)

where subscript i refers to all 4>'s. (Summation over i is not assumed).

Eq. (5.3) implies that there is no W -W mixing at the tree level. It turnsLi R
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out that this constraint can only be satisfied in a rather restricted class

of left-right symmetric models. This can be easily seen from the diagram of
Fig. 7. This diagram contributes to WT-W mixing and since it is infinite,L R
it requires a counter term. One is then again led to the situation in which

there is W -W mixing at the tree level. Since we have shown that this is L R
incompatible with calculability of the neutrino mass, we are naturally led
to the following constraint: the left-handed and right-handed charged weak
currents should be "orthogonal" to each other, when written in terms of the
physical particles. In other words, for any given up quark (Q = 2/3) the
left- and right-handed charged currents should couple it to different down

quarks (Q = - 1/3). Since the currents (u d(0 ))., (c s(0 ))T are known toc L c L
be present, it is clear that this constraint requires the introduction of a 
minimum of 8 quark flavors. It is then possible to arrange the flavor 
mixing in such a way that the diagram of Fig. 7 is not present, and therefore 
to avoid the previous difficulties. We now present our model.

The fermions are assigned in the following manner

Quarks



Leptons

Ve VU
r o i M r o

e »
L .V . 9

L m"(*’). 9

L if (*').

Ve V
y

'm° 1  ̂ O  )N
M - R N~W JR e(B'). R . y ( e ' ) .

(5.5)

where 6,4>,a,B,<p' and 6' are mixing angles for the pairs (d , sT ), (b. , b0T),L  ̂ XL 2.u

b̂lR* b2R^’ ÛR’ CR^’ 0^. NR) 311(1 (eR> ^R)> respectively.
The charged currents in left and right sectors are then manifestly 

47"orthogonal" to each other.
The mechanism of obtaining the above fermionic charged currents 

"naturally" was given in ref. 47. One first notices that it requires the 
following quark mass matrices (we discuss leptons later)

Mu < 3 •

Mct6
M

M

o M
d 
Bi

ia
o

(5.6)

2 1 where the superscripts u and d denote up (Q = -j) and down (Q = - -j) quarks
respectively; i * 1,2 counts the familiar light quark flavors u, d, s and c

and a = 3,4 stands for heavy quarks t^, t2» b^ and b£. Now the above
matrices are in turn diagonalized by bi-orthogonal transformations (we assume 
u dM and M to be real; this is we ignore the question of CP-violation)



where
V ( 9 ^ d) o ' • ou = < CD so c o ■J

• od = o v(ed)'
o V ( ^ ’d). * R o V(*")_ * R v(<t>d) o ,

and V are orthogonal 2x2 matrices. Comparison with eq. (5.4) tells us that
we have achieved our talk with the identification: 6 = ef-ej1, 4> =C Ii L L L
a = and 8 = 4>d-<J>!N Using a discrete symmetry of the type of ref. 50R K R R
one can consistently with the vanishing W -W mixing naturally obtain theL R
above mass matrices. However, such discrete symmetry is spontaneously
broken (as we shall see later) by the vacuum expectation values of Higgs
scalars and there is no way to guarantee that W -W mixing does not ariseL R
as a result of higher order effects. On the other hand, we failed to find

any graphs that could induce W -W mixing or equivalently neutrino mass.L R
In other words, the question of neutrino mass would remain unanswered in 

such a model. In view of that, we have tried and succeeded to find â 
discrete symmetry that would not be spontaneously broken by the tree level 
vacuum expectation values of the Higgs scalars and would imply a vanishing 
neutrino mass to all orders in perturbation theory. We now discuss our 
model in detail. A minimal number of 6$ multiplets is needed, three of them 
which couple to quarks and three of them that couple to leptons. We impose a 

discrete symmetry upon the Lagrangian



where q and £ denote quark and leptonic doublets; i = 1,2 refers to light 
fermionic flavors and a =3,4 to heavy fermions and the subscripts q or £ on 
$, stand for Higgs scalars that couple to quarks and leptons, respectively.

The relevant fields have the following transformation properties under 
left-right conjugation

L qR 5 *r
f
1 / .®1 ’ 4>2 *f'3 $2 ; f = £,q (5.10)

The above discrete symmetries restrict the Yukawa couplings to be of the 
form48

'•Y ‘ + ba6V ^ 8R + ‘fc/’i L ^ o R  + W 3V  +

+ Val/lV + 'I.A/yW  ‘o/bV  + h‘c- (5.11)

It can be shown that the following pattern of symmetry breaking emerges as a 
result of the minimization of the Higgs potential (for a range of the 

parameters)

<4>f>1 vac.
i,f 'ki °

; <42,3>vac.
o o 

fo k2,3
(5.12)

which in turn implies the desired form of the fermion mass matrices. Notice
that vg, are massless in tree approximation, since there are no couplings



of the type £.T However, as we mentioned before the discrete symmetryii* JR
D is spontaneously broken and therefore it is not clear at this point 
whether this appealing scenario remains unaltered in higher order perturba­
tion theory. Therefore, we further restrict the Higgs potential so that the 
Lagrangian is invariant under the additional discrete symmetry (the rest of 
the Lagrangian is automatically invariant)
R

f.T -*■ f.T ; fJY, -+ x,fJT1 ; f , —► -f T ; f _ -t,f„iL iL iR 3 iR ctL ctL otR 3 cxR

*1 * *1T3

*2,3 ~*2,3T3 (5.13)

where

fl o
T3 = (5.14)

0 -1V. J

In order to complete our program we have checked that the pattern of symmetry
breaking shown in (5.12) is consistent with the introduction of the new
symmetry. We emphasize again that since the symmetry R is not broken by the
vacuum expectation values (5.12) (and only by those), the pattern of symmetry
breaking will be unchanged to all orders in perturbation theory. This

49follows from the Georgi-Pais theorem: If a Lagrangian is invariant under
a discrete symmetry R and if the vacuum expectation values in tree approxima­

tion do not violate R, then the vacuum expectation values in higher order 
will still respect R (provided that there is no accidental symmetry
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present). In conclusion, we have succeeded to construct a realistic
gauge theory in which, in conformity with left-right symmetry, v and ve v
are four component Dirac particles, and yet they are massless. Before 
closing this section, we remark upon an interesting feature of our theory. 

Although the general analysis of Glashow and Weinberg, ̂  tells us that the 
neutral Higgs exchange cannot possibly conserve all the flavors, it is 
remarkable that the light fermionic flavors are exactly conserved (we will 
not present the rather simple proof of this fact). In other words, despite 
the fact that our Higgs sector is rather complicated, in lowest order Higgs 
exchanges naturally conserve both strangeness and charm.

In conclusion, we have presented here the various conditions that a 
left-right symmetric theory must satisfy in order to have a calculable 
neutrino mass and we have exhibited a minimal model where neutrinos are 
massless. One of the conclusions of our analysis is that manifest left- 
right symmetric theories are incompatible with a calculable neutrino mass. 
Our conclusion was based on the rather reasonable assumption that the 
electron and muon acquire mass through the coupling with neutral Higgs 

fields with non-zero vacuum expectation value. Since manifestly left-right 
symmetric theories have great aesthetical appeal, we would like to offer 
some speculations on the possibility (i) mentioned on page 47. . That is, 
we will consider the case in which the muon and electron (as well as their 

neutrinos) are massless in tree approximation. In this case there is no 
obvious conflict between equal left and right flavor mixing angles and 

calculability of the neutrino mass. However, one faces the problem of
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finding a mechanism which can generate the muon and electron masses in
higher orders. We have not fully analyzed this question but it is clear
that in order to give mass to y and e one would probably have to enlarge

the gauge group beyond SU(2) x SU(2) x U(l). Neverthelsss, once this non-Li R
trivial problem is solved, the rather interesting relation between m ande
m (similarly for m , v ) expressed by eq. (5.2), will then be valid, since £ u u
one would no longer face the danger of graph in fig. 6 (this graph would not 
be present).
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V. Summary and conclusions

In this work we have discussed and emphasized some of the basic properties 

of left-right symmetric theories:
(i) The initially completely left-right symmetric theory allows the 

pattern of symmetry breaking that violates parity at the level which is 
dictated by V-A structure of 8 decay.

(ii) The minimal such theory (minimal in the sense of the choice of the 
gauge group and the Higgs assignment within it) in the limit of pure V-A 

charged weak currents, agrees completely with the standard model both in 
the realm of charged and neutral currents. The corrections due to finite 
amount of V+A currents in this model are small and are in agreement with the 
experiment. That has important consequence that Weinberg-Salam theory 
cannot be singled out at present energies as a candidate for a unified gauge 
theory of weak and electromagnetic interactions.

(iii) The same minimal theory can account for the CP-violation in 

neutral kaon system. More than that, it achieves that in such a way as to 

link the amounts of CP and parity violations in nature. Although similar 
to superweak theories of CP violations in the sense that it predicts n+ =
nQo exactly, it differs from them in the prediction of the magnitude of 
electric dipole moment of neutron: whereas it is negligible in superweak

theories, here it is predicted to be generally at the level of the upper 
experimental bound. More precise experiments are obviously urged for.
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(iv) Both Cabibbo angle and the CP violating phase can in such theories 
be expressed as functions of light quark mass ratios only. Current algebra 
estimates lead then to acceptable numerical results.

(v) The strong CP-violation due to instanton effects can be naturally 

suppressed in left-right symmetric theories without involving the existence 
of a light scalar particle, axions or a massless quark. It is essentially 
due to the fact that P and CP are softly broken, so that potentially 
dangerous instanton effects which violate both parity and time reversal can 
be controlled and therefore avoided.

The burning question is then: How can we distinguish left-right 
symmetric and the standard theory? Now, they certainly differ at high 
energies, but what about present energies? The possible discovery of the 
charged Higgs scalar (or scalars) would not help (they are necessarily 
present even in the minimal left-right symmetric theories), since they can be 
accounted for in the SU(2)^ x U(l) gauge theory, if we increase the number 
of Higgs doublets. In our opinion, most clear signature against manifest 
left-right symmetric theory would be the discovery of a light neutral Higgs 

boson (its mass being of order of 10-100 GeV). Namely, these theories 
violate strangeness through the exchange of neutral Higgs scalars and since 

we know that neutral currents must conserve strangeness up to extremely large 
extent, it could only be explained by assuming neutral Higgs scalars to be 
very heavy. Therefore, the existence of light neutral Higgs scalars would 
obviously embarass any proponent of manifest left-right symmetry. However,
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it would not rule out all the SU(2) x SU(2) x U(l) theories that conserveL K
parity prior to symmetry breaking. Namely, as we pointed in section V, 

the left-right symmetric theory with "orthogonal" structure of left and 
right charged currents does conserve strangeness and charm, while violating 
heavy quark flavors. It is worth emphasizing once again, that such theories 

can predict calculable neutrino masses. In particular, we discussed a model 
that leads naturally to the massless neutrinos to all orders in perturbation 
theory.

One could (naively) hope that the discrepancy between the Oxford and
Washington atomic parity violation results which are consistent with the
parity conserving theory and the SLAC polarized electron-nucleon scattering
findings which favor parity violating theory would persist in the future.
Obviously then, the standard theory would be ruled out with its unambiguous
predictions which are the product of its appealing simplicity. On the other
hand, one would expect left-right symmetric theories to be able to conform
to such a situation, once sufficiently changed by enlarging the Higgs
sector. However, as we have shown in Appendix D it is an impossible task,
since all the parity violating effects in any left-right symmetric theory

52have the same structure as in the standard model (the difference only being
in a possible different strength of these effects). We then have a situation 
in which, although we may not be able to differentiate between the two types 

of the theories at the present energies, it could happen (we believe it is 
not likely) that both theories may be rejected if the discrepancy persists.
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The models that would benefit from the mentioned discrepancy are already 

being suggested. We deeply hope that they will not be called for. Our 
(prejudiced) belief is that the standard theory will turn to be correct 
at present energies and that eventually the heavy right-handed charged 
gauge meson will manifest themselves.
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Appendix A

The most general renormalizable potential that can be constructed with
i.*

V = - I y?. tr 4>+ $. + I A.., „ Tr4>!$ •Tr*7«>
ij=l,2 ^  1 3 ijk£.if2 ^ k£ 1 J k 1

+ Z Xiik£ Tr *lVk*4ijk£=l, 2 J

Left-right symmetry under which the fields 4>̂ and $2 transform as:
+$2 (f=l»2) dictates

(A. 1)

y .. = y .. iJ 31

X1212 = X2121’ Xiijk = Xiikj' Xijkk “ Xjikk

Xijk£ ” \ijk " \ilij = X jk£i (A. 2)

and and Xjcjjii-j describe the same terms. We look for the vacuum
expectation value of 4> in the form

<<!>> =
1 lake o

ia'k e
(A. 3)

where k and k' are real numbers. First, we will show that one of the phases 
can be always eliminated. Namely, under gauge symmetry the $> transforms in 
the following manner

(A. 4)

where U and U are unitary unimodular 2x2 matrices. So by performing Ii R
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rotations around the z axis, that is by choosing

U,
r ipTe L o 'elpR 0 '

— , u ■-ipTo e L R o e ^PR ̂ /

the <$> gets rotated away into

fk«i<‘riv pR)
<$' > k ,ei<c.’-tPR-PL)

Therefore, by choosing a' + p - pR L
expectation value of 4> in the form

0 we can always put the vacuum

<<!» =
, i5ke o

k'

We now analyze the behavior of the potential as a function of 6. 
(A.l), (A.2) and (A.7) we obtain

V = A + B cos6 + C cos26

where

A = + V22) + ^ n i i  + XH22 + *2211 + X2222^k +k' ^ k +k*

+ ^C^1221 + X2112 + 2X1221)k k ' + (XIlll + X2222)(k +k' * 

B = t_y12 + 4(X1112 + X1211 + X2221 + X2122 + XJ.ll2 + X2221J x

x (k2+k'2)] kk'

C " 4(2 X1212 + Xi212)k2k’2
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From

(A. 8)

(A.9)



The reader should notice that both B and C are proportional to kk'.

Therefore, if k’=0 or k=0 there can be no solution with 6^0. Assuming
that both k, k V O  (as it must be in reality to achieve realistic quark mass
matrices) we get the following condition for the extremum of the potential

0 = = ~ (B + 2C cos6)sin6 (A.10)

which implies two possible solutions

6^ = 0

62 = cos”1 (- B/2C) (A.11)

Now, the second derivative of <V> is then

92<V> = - B c o s 6 - 2C cos26 (A.12)
962

Therefore

92<V>
362 - B - 2C

I = 2c <A-13>96 62/0
We can see from (A.13) that both solutions are perfectly acceptable in 

different ranges of parameters. In other words

1) if C < 0, and -B+2|c|>0 the minimum of the potential occurs at the 
vanishing phase: <5̂ =0 (the other solution becomes local maximum of the
potential);
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2) if C > 0, -B-2C<0, the minimum is at the nonvanishing phase: 

cos<$2 “ -B/2C (|cos62|<1). (5^=0 solution is now a local maximum).
Also from the form of the potential given in (A.8), one has

<V> = A

<V> = A-C (A.14)
$2*0

so we see again that for C > 0, the solution with nonvanishing phase has a 

lower energy than a solution with a vanishing phase as we concluded previously 
(and vice versa in the case C<0).

We have then proved that even with a single $ we can have complex 

expectation values, result which then has a profound consequence that we do 
not have necessarily to increase the number of Higgs multiplets in order to 

explain the phenomenon of CP-violation in the neutral kaon system.
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Appendix B . Symmetry breaking in the minimal left-right symmetric theory

As described in section II, the theory consists of the following Higgs 
multiplets

We want to prove that the minimum of the potential will be in the form

Now, to simplify the calculation we will analyze the theory in the 
limit k'=0. Our results should be taken only approximately; but however 
they illustrate theimportant fact: parity can be broken spontaneously. In
order to ensure the existence of such a solution (k'=0) we require the 

Higgs potential be invariant under the following additional discrete symmetry 
D

The most general Higgs potential consistent with the left-right symmetry and 
the symmetry D is then given by

SU(2)l x SU(2)r x U(l)

xL(f,o,i), XR(0,^,1)

(B.l)

k o
<XL> = °» <XR> = 0  ’ <$> o k

(B. 2)

(B. 3)
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V - -y2 tr$+4> + X̂ (tr4>+4>)2 + X2 tr$+fl> 4>+$

+ —  (tr<J>+5 + tr$+3>)2 + “ tr $+$)2

+ A_ tr<J>+$ $+$ + A,[tr $+i G*"*"# + h.c.]J Z O

- P2(XlXl + XRXR) + Pit(XLXL)2 + (xRXR)

+ P2 Xl XL XR Xr +

+ aL tr $ $(XLXL + XRXR) +

+ o2(x^ 4 ’+ Xl + XR *+* XR) + °2(Xl ^ +Xl + XR$+$ XR)

+ B2(Xl **+Xl + XR$+$ XR) + Bj(xJ**+xL + XR*+* XR) (B.4)

We are looking for the minimum of the potential that preserves the U(l) 
gauge invariance

em

k o 0 o
<$> =

o !>r v 
.

UA►J
XV*

• VL •
, <XR> -

■ V
(B. 5)

From the conditions for the extremum we obtain

3V 2 2 2 2 9
= k [ - y j  +  2(X1+X2)k^ +  (4X3+X5+X6) k ,z  + (a^hxJ+Bj) (v ‘ + $  ] -  0

3V 2 2 2 2 2g^T = k'[-v1+2(X1+X2)k' + (4A3+A5+A6)k + (ctj+c^+Bp (vL+vR) ] = 0

- v^[-y2 + 2p^v2 + p2v^ + a^(k2+k’ 2) + (c^+Bpk*2 + (a2+B2)k2] = 0 

9V 2 2 2 2 2 9 9
3̂ r - V " V 2plVR + P2VL + )+(“2+B2)k +(a2+S2)k ]=0 (B*6)
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Obviously, there is a solution that extremizes the potential shown in 
eq. (B.5)

k' = vL = 0, vR = v t 0, k * 0

where v and k satisfy simpler equations

U1 " 2^ 1+x2 k̂2 + (a1+0t2+62^v2

U 2 * 2piv2 +

(B. 7)

(B.8)

We will now show that our solution also minimizes the potential, that is 
we will show that for a range of parameters of the potential the Higgs mass
matrix is positive-definite. To introduce our notation, we write

*1 *1
+
oxL o

XR
(B.9)

<t>2

i. charged Higgs sector
After some straightforward and tedious algebra, we obtain the following 

mass matrix for the charged Higgs scalar particles

0

0 (p2-2P;L)v2+(Aa-AB)k2

(Aa-AB)v (Aa-AB)kv

(Aa-AB)kv (Aa-Ag)k (B.10)
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where

Aa = a2~a2 ’ Ae 1 62-62 (B,11)

Now, since in the limit k'=0 W* and W* are exact gauge mesonL R
eigenstates, we find the following two charged goldstone bosons that

eventually become longitudinal components of W and W , respectivelyL R
+ 2 2 
GL - * 2  * V  °L

< --- i /2(k^t - » ar " 0 (B'12)R ( k V ) 1 /2  1 R Gr

The rest of diagonalization is then trivial; we also have two charged 
physical Higgs scalars

= XL * = (p2-2P1)v2 + (Aa-Ag)k2

2 "2  ̂l/2(v<t>l+kxR )» = (Aa_A6) (k2+v2) (B. 13)

Obviously, the conditions for minimum become the positivity of Higgs 
scalar masses

Aa-AB *= a2~a2 + B2_B2 > 0

p2_2pl * ° (B. 14)

ii. neutral Higgs scalars

We will work with real and imaginary components of neutral Higgs 
scalars, since they do not couple to each other in the mass matrix.
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Following the order of increasing complexity we first concentrate on the 
fields represented by imaginary components (in our notation denoted as
° *° ° ° i?li» v 2 i , X L i » XR i ->

, o 
*11

2i

*Li

XRi
with

A * 2k^(4X_ + X + - X0) + v^(Aa-Af3)3 J O I

B = (p2-2p1>v (B.15)

Again, we have two real neutral goldstone bosons which correspond to
two massive neutral gauge mesons. They are easily found to be (in the limit 

2 2k << v , since only in this limit we know neutral gauge meson eigenstates —  

see section III)

GZ “ *11 > "G ■ 0
it

o 2
GZ * XR1 > "Gx ■ ° (B.16)

We have also two neutral massive scalar particles



The positivity of their masses leads to the condition

A > 0 , B > 0 (B.18)

or more precisely

Aa-Ag > 0, P2-2P i > °» ^ 3 + *5+ *6~*2 > 0 (B.19)

which obviously does not contradict previously obtained condition, eq. 
(B.14).

Finally, we display the mass matrix of the real components of the 
neutral Higgs scalars

♦

♦

2r
o
Lr
o
lr
o
(Rr

4k (Xj+Aj)

2vk(a1+a^+B2)

2vk(a^+a2+g2)

4pj_v (B.20)

Obviously, we have four more massive Higgs particles: $2t ’ XLr an(* two
orthogonal linear combinations of <J>°r and x^r* The positivity of their 
masses requires additional constraints

4k2(A + A2) + 4p^v2 > 0

4pl<^l + X2̂  ” âl + a2 + > ° (B.21)

-69-



which does not contradict any of the previous conclusions. In other words, 
in the range of parameters

our solution is the local minimum of the classical potential. However, in 
order that our solution represents a stable particle configuration, it must 
also be an absolute minimum of the potential. There are two other possible 

symmetry breaking patterns which preserve the electromagnetic gauge 
invariance:

a) the case of unbroken gauge symmetry

b) the case of broken gauge symmetry, but conserved left-right symmetry

Now, the case a) is always a local maximum, since the second derivatives 

of the potential with respect to fields at the extremum are negative or 

zero

P2 “ 2p x > 0

4X3 + X5 + X6 - X2 > 0

4pi(*i + X2) - (o^ + a'2 + 62)2 > 0 (B.22)

<XL> = <XR> " <$> = ° (B.23)

<XL> = <XR> i 0 with
«fi> = 0

or
«P> + 0

(B.24)
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a2v - w. (B.25)
<}>=0

the rest vanish.

Similarly, in case b) independently of the value of <<(>>, at least one
of the Higgs masses is proportional to 2p^-p2 with a positive coefficient

and therefore becomes negative for the condition P2~2pl > ® ŝee eq* (®*22)).
We show that in the simplest case when Higgs multiplet (f> is not present
(generalization is trivial). From (B.6) taking k'=k=0 and v= v  =v^0 we getLi K

- p2 + (2p1+p2)v2 (B.26)

We have only two charged Higgs scalars xT an<* X« an<* they both becomeL K
longitudinal components of W* and W*, respectively (now <xT> ^ 0.Li R L
Similarly, the two imaginary components of neutral Higgs scalars xf and XdL R
become neutral Goldstone bosons. The real components mix among themselves 
and lead to the following mass matrix

Lr

Rr

2 2 ^P^v 2p2v

2 22p2v (B.27)

whose eigenvalues in turn become



n^2 = 2(2p1 + P2)v2

m22 = 2(2Pl - p2)v2 (B.28)

But forp2 ~ 2p^> 0, which was one of our minimum conditions —  see eq.
2(B.22), m2 < 0 so that this solution becomes a local maximum (or more

precisely a saddle point)•

Since the symmetric equations for <XT> and <XD> allow onlyL K

KV  • " V  ■ 0
<xL> - <xR> * 0
<XL> = 0, <x^> 0 (or vice versa) (B.29)

It is then evident that our asymmetric solution is not only a local
minimum, but also an absolute minimum of the Higgs potential in the range
at parameters as given in eq. (B.22).

We end up this discussion by an amusing comment. It is easy to see
that all of the masses (except one of them) of Higgs particles are

2proportional to v , the large vacuum expectation value; in other words 
most of the masses can be written as

m^2 = Xv2 (B.30)
4where X is a typical <t> coupling constant. It can be written as:

”H2 “ F  S i  * 100x
Since X should not exceed one (in order to have possible perturbation

35theory) we obtain the usual upper limit for the Higgs scalar masses:

"H2 £ 100 «SR
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2 2relation which is the standard model is obtained by substituting -* .
R

In other words, except for one particle, the rest of physical Higgs scalars 
could be extremely heavy (much heavier than 1 TeV).

Finally we comment on our approximation k' =0. Although physically 
unacceptable (it would lead to a vanishing Cabbibo angle, since up and down 
quark mass matrices would be proportional to each other - see Chapter II), 
as we have shown in Appendix C k' must be much smaller than k, so that 
results can be taken as a leading approximation for small k*. Also, we 
should mention that in order to achieve k' * 0 we had to implement a dis­
crete symmetry D which has substantially simplified the Higgs potential 
by eliminating many possible terms. Since even with that reduced number 
of coupling constants we had a consistent set of constraints which followed 
from the requirement of a stable particle configuration, it is even more 
likely to be so in the real case of nonvanishing k' when we have much 
more many coupling constants, and therefore less chance at running into a 
contradiction.
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Appendix C. Gauge meson eigenstates in the minimal left-right symmetric
theory

For the sake of completeness in this appendix we derive physical 
gauge meson eigenstates (eigenstates of mass matrices) and their eigenvalue. 
We have the following Higgs scalars (see section II):

o
+

'R
.o

$ = <t>° 2 v2
(C.l)

with the pattern at symmetry breaking:

<XL> = 0, <xR> = (°), <$> = (£ R1), v > k,k' (C. 2)

The piece of the Langrangian containing their covariant derivatives
is:

“t, - <Vl>+D\ + (DuXR)t » %  + T r C D ^ V * (C.3)

where:
icVl ’ 8uxL - 2 t'Vl 

Vr ‘ Vr - H T’Vr
d $ = a $ - Ct-w, $ -y V 2 L R (C.4)

Gauge meson mass matrices are then obtained by substituting (C.2) 

into (C.3) and using (C.4). We do not go through that simple exercise; 
we just give the resulting mass matrices.
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a) Charged gauge mesons
W. W.

M(+) _

W.

w_

(k2+k'2)

kk’

- f- k k'

f-(k2+k,2-hr2) (C.5)

The eigenstates and eigenvalues of this matrix are then:

where:

and:

W* = cos K W* + sinS W* 

W* = -sinC W* + cosC W+

„„ 4kk'tan 2?  --- 7-

= |-[k^ + k'Z + j- - ((|)2 + 4k2k,2)1/2] 

M^ = -3-Ik2 + k ’2 + y - + ((|)2 + 4k2k,2)1/2]

(C.6)

(C. 7)

(C.8)

In other words, is a light charged gauge meson with predominantly
V-A couplings (notice that |tan?| << 1), whereas W2 is a heavy particle with
mostly V+A couplings to the fermions. To display that more clearly, we

2 2 2give the approximate eigenvalues in the limit v >> k , k' :

> f- <k2 + k'2)

^  - *-<,2 ♦ k2 + k'2)
2 2 Obviously: M^ >> MWX *

(C.9)

Experiment dictates:
MW, 5 9 (C.10)
MiW;l
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2 2 2 or in other words: v i 8(k + k1 ) (C.ll)
which in turn implies

Itan2£| < j (C.12)
However, experiment puts a more stringent limit on 

| tan 5 | < 0.06 (C.13)
Now, above condition can be easily met by taking k' to be sufficiently 

small:

T  - lo (c-14)
That justifies some of our analysis (see Appendix B, for example) where,

in order to reach some definite results we work in the limit of very small
or negligible k'. We wish to warn the reader that although relation (C.14)
is perfectly acceptable, we cannot take k' ■ 0 since that would lead to
vanishing Cabbibo angle. Since tano is so small, we can safely ignore the
mixing between w"*" and W* in most of the material discussed in this paperL R■4- -f*and work with W and W as appropriate physical states, having in mind Li R

(b) neutral gauge mesons
In the similar manner in which we obtained the mass matrix of charged 

gauge mesons, we have the following mass matrix for the neutral gauge 
mesons:



2Since det M ■ 0 (as it should be; we must have a photon even after 
the symmetry breaking) we then obtain easily the eigenvalues of the above 
matrix:

2 2 2(we work in the approximation v >> k , k 1 )

K -2— -Si.— i-̂ fa  (1^ + k'^)Z 4 2 , ,2 ' ;8 + 8
\  (g2 + g,2)v2

M2 * 0 A
o *If we define: tan6 = ==§==-, we can write above eigenvalues in thevgZ+g* 2.

form:
M = %

cos 6 

M  = MW r  cos6
X /cos26 (C.17)

Once we have eigenvalues it is a trivial exercise to obtain the 
physical states. First, we have a photon which is given by an exact 
relation:

A = sin 6(W^ + vl ) + ^cos26 By (C.18)y Ly Ry '
Besides the photon, we have the "light" and the heavy neutral gauge 

mesons:
3 3Z - cos0 W - sin0 tan0 W„ - tan0v^cos20 Bu

y  Ly ^  P

\  4  - tane \  <c- i9 )y
As a check of our computation, the reader can be easily convinced 

that the above eigenstates are orthonormal as they should be.
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Appendix D: Neutral currents; minimal left-right symmetric theory
versus the standard theory

In this appendix we prove that, in the limit My -*• <*>, the neutralR
current Hamiltonian in the minimal SU(2) x SU(2) x U(l) gauge theoryL R
is equal to the SU(2) x U(l) neutral Hamiltonian. We employ the methodLi

19of Georgi and Weinberg. We review it here briefly.
Consider a gauge theory based on an arbitrary group G. Let the

gauge symmetry be broken down to U(l) via Higgs mechanism. We can writeem
the electric charge operator as

Q . 1 I C T (D.l)e£ a a
where Tq are Hermition, electrically neutral generators of G. As we

said, we have a photon p, or in other words a massless eigenvector of a
2gauge meson mass matrix M :

M2p =0, p2 = 1 (D.2)
The p is given by

P " {p«}’ pn H (Z c2/g2 )"1/2 C /g (D.3)a a a '-a' 6a a a
where g^ is the coupling constant of the gauge field A° coupled to the
generator T^. The photon is then

A = I p Ay (D.4)y a <* a
Georgi and Weinberg then derive the very useful formula for the 

effective neutral current interaction in the following manner: Consider
any U(l) subgroup of G with a generator To and let {T^} - {Tq, T^}. They 

show that the neutral current Hamiltonian is given by
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Hj. = ir I (f y ? Y n f M ^« 2 ij V i  V j ij (D.5)

where f denotes fermions;

(D.6)"i 5 (CiTi - f? Ci2 0«l>
-2 2 oand is the inverse of (H^ is, in the obvious notation, a mass

matrix of a subset of gauge mesons which consists of all of the gauge
mesons, but the one that corresponds to generator T ). In the case
of our interest, G = SU(2)T x SU(2)_ x U(l). We take T to be Y, theL R o
generator of U(l). Using = 1, g^ * g we have

\ - 8<T3 I Q)

Hr " g(T3 1 + Q) (D.7)
2 6

The neutral current Hamiltonian is as given in eq. (D.5) with i = L,R.
From

M
1 2. 2 ,2. 1 2 . 2 ,2.j  g (k +k' ) - ^  g (k +k )
1 2/i 2 ,  2. 1 2 .  2 2 ,2.- ^ q (k +k ) j  g (v +k +k' )

The inverse of M is found to be
4

M-2

, 2,, ,2 2 k +k +v
g2v2 * k2+k,2

4__
g2^

g2v2

? 7 2
(D.9)

2 - 2  Obviously for v very large only matrix elements will contribute at low

energies. Therefore, we get the leading expression for the effective
Hamiltonian
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But this is obviously the result that we would obtain in the standard
2 2 2model in a trivial manner, with a substitution k +k' -*■ <<J>> , where <J>W J WO

is the doublet under SU(2) as defined in eqs. (2.3) and also with the
22 2 2 eequality of sin 0^ = e  and sin 0TD = — , which is exactly the condition

g. 'LR
WS

we have derived in Chapter II using different methods. The method used here
is obviously very powerful and elegant, since it saves the labor of the
usual diagonalization of a gauge meson mass matrix and the derivation of
the physical currents. As an illustration of the power of this method
we give two interesting applications:

i- general &-R symmetric theory versus standard model-conditions 
for equivalence

2Let us take T = Y as before. The most general submatrix of o ij
gauge meson masses is

M.
a b)

b c (D.ll)(D.ll)
- 2The inverse is easily found to be

c -b
ac-b^ ac-b^
b a

ac-b^ ac-b^ (D.12)

The condition for the equivalence of the two theories is, from our 
previous analysis, easily recognized as



(D.13)

so that only n^ contributes as in the standard theory. But that condition 
leads then to

We conclude quite generally that as long as (D.14) is satisfied 
(independently of the details of the Higgs sector), the left-right 
symmetric theory and the standard theory will predict the same neutral 
current phenomena. What we called a minimal ambidextrous theory is only 
a simplest example which led to this desired result,
ii. Parity violation (in neutral currents) in left-right symmetric

From eqs. (D.5), (D.6) and (D.7) we write explicitly the neutral 
current effective Hamiltonian in left-right symmetric theories based on 
SU(2)l x SU(2)r  x U(l) gauge group

We can draw some important conclusions from the above form. Since

the neutral current Hamiltonian in left-right symmetric theories (indepen­
dently of the Higgs sector) is of the same form as in the standard theory.

c >> a,b (D.14)

theories

(D.15)

2nL/R “ T3 L,R ~ Q sin 0 it is obvious that the parity violating piece of
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The reason for that is very simple: The parity violating Hamiltonian in an
SU(2) x SU(2) x U(l) gauge theory is obviously proportional to:J-» K

which is exactly the expression in the standard theory. In other words, the
structures are the same; only their respective strength can differ. Of
course, as we have stated many times the minimal theory will have completely 

2equal (for M. -+■ ») both parity conserving and parity violating neutral 
R

currents as the standard model. However, for parity violating processes we
find amazingly close predictions for both theories, even for finite JL .

R
Namely, from eq. (D.15) we can easily obtain the parity violating amplitude 

- 2 - 2(remember that M. _ = M_T)

(D.16)

(D.17)

But from eq. (D.12)

(D.18)

In the minimal model (see eq.(2.31))

(D.19)

so that

J(k*+k")
(D. 20)
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2 2 2Notice that eq. (D.20) is an exact result —  we did not assume v >> k ,k' .
- 2  - 2But if we neglect the mixing between and then obviously T - -

rfj— ; so that in this case minimal left-right symmetric theory and the 
L

standard model agree exactly in their predictions for the parity violating
scattering amplitudes. But since we know experimentally that the W -WL R
mixing is very small (- 5%), we can conclude that to the great extent tree 
level amplitudes relevant for the SLAC experiment are the same in both 

theories. Of course, the radiative corrections in these theories will differ 
as we discussed in chapter II.

Finally, we conclude with a remark concerning the parity conserving 
neutral interactions with a class of left-right theories.^ It is easy, 
using the Georgi-Weinberg method, to read off the condition for parity 
conservation in neutral currents from eq. (D.15)

- 2  - 2  
“l l - H rk

“l r - ^  <D-21>

-2The second condition is actually automatically satisfied since is a 

symmetric matrix (see eq. (D.12). Therefore, eq. (D.21) ammounts to

4 ■  4 <D - 2 2 >

This condition can be easily understood if we recall the fact that the matrix



3 3 3 3has eigenstates and + W^, which have definite parity transforma­
tions.
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Figure 

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5. 
Fig. 6.

Fig. 7. 

Table ]

captions

One loop graph that contributes to electric dipole moment of
neutron through W -W mixing.Lt R
A typical finite one-loop graph involving the Higgs bosons that 
contributes to quark mass matrices.
The curve which represents the values of m./m and m /m thatd u e s
yield the correct Cabibbo angle (0c»13°). This is independent
of the ratio m /m,.s d
sin 26 versus m,/m shown for values of m,/m taken from fig. 3, d u d u
for m /m. equal to ten. s d n
The diagram that induces neutrino mass through the W -W mixing.Li R
The graph that contributes to <d>°> „ where <J>° is a neutral Higgs 
boxon with nonvanishing coupling to vj_vp-
The one-loop diagram that contributes to W -W mixing through theLi R
fermionic exchange.

Comparison between the standard Weinberg-Salam model and the 
minimal left-right symmetric theory (for relevant discussion see 
chapter II and Appendixes B and D).
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Gauge Group Weinberg-Salam 
SU(2) x U(l)

Minimal L-R
SU(2)l x SU(2)r x U(l)

Gauge Mesons tT.A.Z
M_ * ---, M = 0Z cos0IT A W

W£, A, Z, X
mWt cos0Mw„

M =-- ^  , Mv=------- , M =0
Z cosS *  /co.20 A

Fermionic
Assignment

,V> ,v'» , U x f C v
V L ’ V  L’ \l(e)V s(0) L 
0R* dR* “r* dR’ CR* SR

(V) (V  ̂ * ( U ) ( 0 ) V L ’ y L* \1(0)V s(0) L
O r’ C ’V  (d(e)>R’ <s(S)>R

Higgs sector and
Symmetry
Breaking

* “ < £ > .

Physical Higgs: Re <|>0
f * f  q  x i  h i

- ,0 ’ XL= o ’ XR= o
1<I,2 ^2 X̂R

< $ > = ( ^  Pi), <Y _ >=0, < Y  > = ( ^ )
O  k L ’ R

Physical Higgs: 4 charged, 6 real
neutral particles (as given in
Appendix B)

Basic
Difference

V-A charged currents 
by hand

V-A currents as effect of 
spontaneous symmetry breaking

Basic
Similarity The same neutral current (when M„ 00)

R
Table I
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