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The assumption of electrical neutrality of the neutrino in the context of the standard model is
shown to explain why electromagnetism conserves parity. We then construct an extension of the
standard model where the neutrino has a nonzero but tiny charge. Such theories necessarily imply a
parity-violating component in QED and nonconservation of electric charge (AQ0). The strengths
of the parity-violating component of QED as well as AQ#0 interactions are connected to the non-
vanishing neutrino charge Q, which is shown to be bounded by Q. <10 *%¢ in the context of these

models.

I. INTRODUCTION

Two of the fundamental mysteries of electromagnetism
are the following: (i) Why is electric charge quantized?
(i) Why is electromagnetism vectorlike (or parity con-
serving)? In the context of the standard model and its ex-
tensions the first question has recently been addressed by
a number of authors.! ~* The basic strategy employed in
these papers is to analyze the constraints! ~* implied by
the Adler-Bell-Jackiw anomaly and impose the additional
constraint of vectorlike nature of electromagnetism. The
first assumption is required for renormalizability of the
theory and the second may be reasonable in view of
several suggestions that QED of massless fermions is in-
consistent’ and in order to give fermions their mass,
QED has to be necessarily vectorlike.

In this paper we seek an understanding of why QED is
vectorlike in  the context of the standard
SU(3)c XSU(2); XU(1)y model.® We find that if we
demand the neutrino to be electrically neutral, the anom-
aly constraints imply relations between weak hyper-
charges that lead to vectorlike QED as well as quantiza-
tion of electric charges. Note that a priori, because of
the U(1) factor, hypercharge quantum numbers of the
various fermion multiplets can take a continuous set of
values, and therefore neither the quantization of electric
charge nor the vectorlike nature of QED follows from the
choice of the gauge group.

We find this result interesting because, as is well
known, the masslessness of the neutrino led to the V-4
theory of weak interaction of Marshak, Sudarshan, Feyn-
man, and Gell-Mann, elucidating the nature of one of the
four fundamental forces. The result of this paper would
be that another property of the neutrino, its electrical
neutrality, provides an understanding of why elec-
tromagnetism conserves parity as well as why the electric
charges of known fermions and bosons are quantized.

We then discuss the situation in left-right-symmetric
theories and show how again the vanishing of the neutri-
no charge (both of the left- and the right-handed neutri-
nos) in conjunction with anomaly constraints leads to
vectorlike QED as well as electric charge quantization.
An extension of the standard model is then presented
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where the neutrino has a nonzero charge which leads to a
parity-violating component in QED. In such theories,
nonvanishing fermion masses imply violation of electric
charge conservation. From these considerations we ob-
tain a very stringent limit on the electric charge of the
neutrino (Q, <10~ 2e).

II. ELECTRICAL NEUTRALITY OF NEUTRINO
AND VECTORLIKE QED IN THE STANDARD MODEL

The standard model is based on the gauge group
SU(3)c XSU(2), XU(1)y. The quarks and leptons are
assigned to the gauge group as

0, = Zi 3,2,Y,)

by = ZZ (1,2,Y,),

ug:(3,1,Y,) (1)
dp:(3,1,Y,)

er:(1,1,Y,) .

The assignments under SU(3). and SU(2), are chosen to
match the observed properties of strong and weak in-
teractions (e.g., B decay and muon decay). The hyper-
charge quantum numbers are left free. It is these hyper-
charge quantum numbers which decide (a) whether QED
is vectorlike and (b) whether the electric charge is quan-
tized. An understanding of the above two questions re-
quires precise values for the Y; and our purpose is to ex-
plore the nature of theoretical constraints that can
uniquely fix the hypercharge quantum numbers.

The first set of constraints is obtained by demanding
the theory to be anomaly-free.! ™* There are four such
constraints related to the vanishing of [U(1)y7]%,
U(Dy[SUB3) T3 U1)y[SU2), J% and U(1)y (gravity)?
anomalies and are given by

6Y)+2Y}—3Y,—3Y;—Y}=0, (2a)
2Y,~Y,~Y,=0, (2b)
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3Y,+Y,=0, (20)
6Y,+2Y,—3Y,—3Y,—Y,=0. (2d)

These four equations involve five hypercharge parame-
ters leaving one of the parameters arbitrary. Therefore,
we cannot conclude from anomaly constraints alone
whether QED is vectorlike or if the electric charges are
quantized.

To proceed further we note that in the standard model
by rescaling the hypercharge of the Higgs field, we can
write the electric charge as

0=I,+~ . 3)
2

Now, if we demand that neutrino is electrically neutral,

it implies

Q,=0or Y,=—1. (4)

Substituting Eq. (4) into (2a)-(2d) we obtain Y, =4,
Y, =—2, Yq=%, and Y,=—2. Clearly, this results in
quantization of electric charge. Furthermore, since both
the left and the right helicities of quarks and leptons have
the same charge, QED turns out to be vectorlike.

It is worth pointing out that if one adds the right-
handed neutrino to the standard-model spectrum, while a
vanishing neutrino charge implies vector QED, it is not
required. Thus the tight relation between the neutrality
of neutrino and vector QED is a property only of the
minimal standard model.

III. LEFT-RIGHT-SYMMETRIC MODEL
AND VECTOR ELECTRODYNAMICS

The anomaly constraints in the left-right-symmetric
model have been discussed in several papers>* where it
has been shown that, for the standard assignment of
quarks and leptons,

0, = l;i (3,2,1,Y,),
o= |t | B2y,
(5)
¥y = :ﬁ (1L2,1,7,),
Yr= :}’: (1,1,2,Y, ),

mixed-gravitational and mixed-color anomalies imply
Y, =Y, =Y, and Y, =Y, =Y, whereas U(1)[SU(2)]?
(73 qr q L R

anomalies lead to
3Y,+Y,=0. (6)

Again, we see that one U(1) parameter is arbitrary and
therefore neither quantization of electric charge nor vec-
torlike QED follows from the anomaly constraints alone.
One might think that left-right symmetry of the hyper-
charge assignment may lead to vector QED; but this is

not true since the electric charge is determined by the un-
broken U(1) generator left over after symmetry breaking
and, in general, we have

Q=I,, +blz+cY . (7)

The constants b and ¢ depend on the quantum numbers
of the Higgs bosons responsible for symmetry breaking.
For instance, if SU(2)z symmetry is broken by a Higgs
boson A; =(a,0,Y,)®Ag=(0,a,Y,) with hypercharge
Y, and the remaining SU(2), X U(1) symmetry is broken
by ¢(a,b,Y,)+(a —b), then

15, (¢)
h=— (¢ ’

Y¢
I3R(¢)—_—I3R(A)
YA

_ I3L(¢)13R(A)
I3R(¢)YA_Y¢I3R(A) ’

c

Note that vectorlike QED requires b =1 and Eq. (8) tells
us that b is in general different from 1. If we now require
that both the neutrino helicities have the same charge,

i.e, Q(vy)=Q(vg), then
Q=I;; +1;p+cY . 9)

This implies vectorlike QED, but not electric charge
quantization. If we  further demand that
Qv )=Q(vg)=0, it fixes ¢ =—1/2Y; which implies
electric charge quantization.

At this point, it is worth emphasizing that the econo-
my in the leptonic sector as well as the low rank of the
gauge groups have played a crucial role in drawing our
conclusions. As soon as we go to higher-rank gauge
groups (r = 6) or more fermions, we would lose both these
properties of QED.

IV. LIMITS ON PARITY VIOLATION
IN QUANTUM ELECTRODYNAMICS

We saw in Sec. II that a zero electric charge of the neu-
trino implies parity conservation by QED. We could
turn this argument around to conclude that, if the neutri-
no had a tiny electric charge in the standard model, via
anomaly equations, this would imply parity violation in
the interactions of a photon with charged particles such
as the electron and the proton. In fact, the anomaly
equations (2a)-(2d) imply that, if Q@ ,=e/2, then, from
the electric charge formula Q =15; +Y /2,

Y =—1+¢ Y,=4(1—¢),
Y,=—2(1—e€), (10)
Y,=3(1—e€), Y,=—3Hl—e),

leading to Q, —Q, =€/2, 0y —Q4 =—€/2,0, — 0.,

= —¢€/2. This results in a parity-violating component of
QED given by

_ iee _ — =
L(QE{)=——-( —eyuyse tuy,ysu —d‘y#J/Sd)A“ .

2
(11)
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The most stringent bound on the electric charge of the
neutrino is obtained from SN 1987A observations’ to be
Q, <10 which implies €e<107!°. This means that
the strength of the parity-violating QED interactions is
<e X107 '. In the nonrelativistic limit, Eq. (11) leads to
spin-dependent interactions of the form dzTazp- A as well
as t(zTa'Vz/)r,b, where 4,=(4, A). We will discuss the de-
tailed phenomenological implications of this in a subse-
quent paper. Here, we simply note that in this model the
atoms will not be neutral; in such a case, the stability of
galaxies requires €= (GNm;/10)1/2= 1072, Further-
more, in our model Q@Q(e)+Q(p)=0 whereas
Q,=—0,=—¢€/2. (This applies both to the vector and
axial-vector components.) The most stringent experimen-
tal bound on the charge of neutron is from a Grenoble ex-
periment by Mampe et al.®. Q,<107%'e. When
Q, +Q, =0, a more stringent bound can be obtained from
the following considerations. The Earth will be electri-
cally charged due to its neutron content and will have a
radial electric field E ~eX 10*° V/m. If we assume that
E should not exceed 100 V/m, this implies € <10~ %8¢
which is the most stringent observational bound on the
neutrino charge in the context of the SU(2), XU(1)y
model.

V. FERMION MASSES AND BREAKDOWN
OF ELECTRIC CHARGE CONSERVATION

In order to study further implications of a nonvanish-
ing neutrino charge, we note that once the fermions ac-
quire mass, there will be breakdown of electric charge
conservation since a Dirac mass connects the left- and
the right-handed chirality components. To show this ex-
plicitly we first realize that the Higgs doublet which
defined the electric charge by causing the breakdown of
SU(2), XU(1)y to U(1),,, had its hypercharge Y, scaled
to Y,=1; it therefore has no gauge-invariant Yukawa
couplings. Let us therefore introduce a second Higgs
doublet ¢, with Y, =1—e¢. Its components have electric
charges Q(@, '"?)=1—¢€/2 and Q(p; '?)=—€/2. It
has gauge-invariant Yukawa couplings to the fermions.
To get fermion masses we have to give a nonzero vacuum
expectation value (VEV) to (@, /) =V,. This not only
breaks electric charge conservation® but also gives the

photon a mass:
mo——C ¢ ViV,
TV2 yiy?

Because of the Z-y mixing in the mass matrix [the mixing
angle is given by 0=(M, /Mz)(V,/V)], additional cou-
plings (both parity violating and parity conserving) of the
photon to the fermions proportional to € are induced.
These new couplings also obey Q,+Q,=0 and
Q, +0,=0, so that the bounds on € discussed in Sec. IV
are still valid. Since ¢, must give mass to the ¢ quark, if
we demand its Yukawa couplings to be less than order 1,
we expect V,=>~100 GeV. The present upper limit'® on
m, =< 10725 GeV implies e <10~ %,

We wish to point out that, in contrast with previous
speculations on electric charge breakdown which were
put in an ad hoc manner to explore new phenomena, we
are led to electric charge violation from considerations of
a nonvanishing neutrino charge. We can further show
that in the context of the standard model the breakdown
of the electric charge also implies that the neutrino has a
nonzero charge. To see this, let us consider the standard
model with the usual hypercharge assignment and add to
it a second Higgs doublet ¢, with Y% =1+e¢, if we give

(12)

the ;= —1 component of ¢, a VEV, it will break elec-
tric charge and at the same time will lead to Z-y mixing
in the mass matrix. Diagonalization of this matrix will
cause the neutrino to acquire an electric charge propor-
tional to €. Since Z coupling violates parity, the photon
coupling will now acquire a parity-violating piece. Simi-
lar results are obtained if we introduce an isosinglet sca-
lar with hypercharge € into the standard model and give
it a VEV. Thus, in the context of the SU(2), XU(1)y
model, neutrino charge, parity violation in QED, and
breakdown of electric charge conservation are related to
each other in the sense that assuming one leads to the
other two.
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