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Charge quantization in the standard model with three generations of fermions
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We analyze the problem of charge dequantization in the standard model (SM) with three generations.
The extensions of the SM with more than one Higgs doublet and/or at least one right-handed neutrino
with a Majorana mass term uniquely fix the fermion electric charge. Nothing but properties of the SM
Lagrangian are used here to find the weak hypercharges of particles. The mixed gauge-gravitational

anomaly cancellation takes place automatically.

PACS number(s): 12.15.Cc

I. INTRODUCTION

One of the most important problems in elementary
particle physics is to understand electric-charge quantiza-
tion. Several attempts to explain this problem were made
over the years. The first was made by Klein in the con-
text of Kaluza-Klein theories [1]. The second interesting
proposal, due to Dirac [2], postulated the existence of
magnetic monopoles. Considering the motion of a
charged particle in the field of a magnetic monopole,
Dirac found that quantum consistency implies electric-
charge quantization. However, up to now, magnetic
monopoles have not been found. Another attempt to un-
derstand charge quantization was based on the assump-
tion that weak, electromagnetic, and strong interactions
are described by a non-Abelian gauge group G which
contains the SU(3),®SU(2),®U(1)y standard-model
(SM) symmetry [3]. The electric-charge operator is given
by a linear combination of diagonal operators of G, which
remains unbroken after spontaneous symmetry breaking
of G to the electromagnetic symmetry U(1). Generators
of a non-Abelian group satisfy nonlinear commutation re-
lations, so the ratios of electric charges in these theories
are rational numbers. However, in all the above-
mentioned approaches, it is generally impossible to un-
derstand why only the sequence of electric charges
(—1,—1,0,%) is observed. For a long time the presence
of the U(1) symmetry group, with a continuous hyper-
charge Y, was considered to be the reason why the SM
does not predict charge quantization [4]. In Ref. [5] the
authors have made the observation that using the condi-
tions of vanishing of the (i) triangle chiral gauge
anomalies [6], (ii) mixed chiral-gauge—gravitational
anomaly [7], and (iii) global SU(2) chiral gauge anomaly
[8], it is possible to find the minimal set of particles in
SU@B)®SU(2)®U(1) and their hypercharges. After this
observation a dozen or so papers have appeared [9-20]
where different approaches to electric-charge quantiza-
tion were presented, mostly for one quark and lepton
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family. In Refs. [21,22] the authors observed that within
the framework of the SM with three generations of fer-
mions there is no charge quantization, even if for the
one-family version the electric charge is quantized. This
is easy to understand, because in the three-generation SM
there is an additional “hidden” U(1) symmetry, connect-
ed with lepton-number conservation. The main purpose
of our paper is to find the minimum amount of ‘“new
physics” needed to explain electric-charge quantization.
We consider the SM with more than one Higgs doublet
and/or at least one right-handed neutrino (not necessarily
one for each family) with a Majorana-mass term. All
these small extensions of the SM are generally sufficient
to fix uniquely the fermion electric charge. We prefer the
“Lagrangian” approach to the charge-quantization prob-
lem. This means that only properties of a given Lagrang-
ian (on the classical and quantum level) are used to find
the fermion charges. In the next section we discuss vari-
ous approaches to the one-family charge-quantization
problem in the Lagrangian analysis. In Sec. III the ex-
tensions of the SM with more than one Higgs doublet
and/or Majorana neutrino are considered. Section IV
contains some concluding remarks.

II. CHARGE QUANTIZATION FOR ONE
GENERATION OF QUARKS AND LEPTONS

In a Lagrangian field theory we would like, using only
properties of the Lagrangian, to explain the charges of all
particles present. Another problem is how we choose the
Lagrangian. In the SM this question is equivalent to (i)
why is the gauge symmetry given by the SU(3)® SU(2)
®U(1) group, (i) what determines the fact that the left-
handed (right-handed) quarks and leptons are isodoublets
(singlets) of SU(2), and (iii) why are the particle masses
given by the Higgs mechanism and the Yukawa term for
fermions? We will not discuss these questions here. In-
stead, we will focus on the problem of determining the
weak hypercharges Y of the quarks and leptons by using
constraints from the Lagrangian. If, using the properties
of the Lagrangian on the classical level (tree approxima-
tion) and in higher order (triangle-anomaly cancellation)
we are able to find all the particle hypercharges, then we
say that the theory “‘explains” charge quantization. This
property is possessed by the minimal standard model
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(MSM) without the right-handed neutrino and one Higgs
doublet in the case of one fermion family [5,9,12,17]. Let
us describe the typical way of thinking in the “Lagrang-
ian analysis.”

A. Definition of charge operator

After spontaneous symmetry breaking of SU(2).
®U(1)y to U(1),y,, the massless photon field 4, which is a
combination of neutral weak-isospin (W;) and weak-
hypercharge (Y) fields ( A#=sinf,, W4 +cosfy Y*), cou-
ples to the proper combination of currents J4§ and J§.

This combination,
gJ4sinOy, +g'JhcosOy =eJb, (2.1)

is considered as the electromagnetic current eJ%, , so the
charge operator is given by

Q0 =aT; +b7Y , (2.2a)
where
sinf " cos6
a=gTW, b=§—7—’5. (2.2b)

In order to break symmetry spontaneously the Higgs
field, which is a color singlet, an SU(2) doublet, and has
weak hypercharge Yy, is introduced by

$~(1,2,Yy) . (2.3

It has a nonzero vacuum expectation value

1 |0
V2 v
As the charge operator (2.2b) should annihilate the vacu-
um Q<{¢) =0, the Higgs hypercharge Y should be equal
toa/b(Yy=a/b). We can use the freedom in assigning
the scale of the electric charge Q to set @ =1. Then
1Y

=T, 41—,
Q=T, 2 Y,

(¢)=

(2.4a)

and the freedom in hypercharge normalization allows us
to set Y, =1, so that

Y
Q=T+~ . (2.4b)
B. Constraints from Lagrangian in tree approximation

In agreement with our previous assumption, the quark
and lepton fields form the next representation of the
gauge group SU(3), @ SU(2), ® U(1)y:

L, =(1,2,Y)), ex=(1,1,Y,),
0,=(3,2,Y,), ug=(3,1,Y,), dpg=(3,1,Y,).

(2.5a)
(2.5b)

The quark and charged-lepton masses are introduced by
spontaneous symmetry breaking ({¢$)0). The Yukawa
Lagrangian has the form

Ly=—h,L, e —h 0, ddg —h,Q, dugr +H.c., (2.6)

where §=i7?¢*. The U(1) invariance of the Yukawa La-
grangian implies
Y,=Y,—1, Y,=Y 2.7

,—1 Y, =Y, +1.

So only two hypercharges are independent. Let us take
them as Y, and Y,. Various parts of the SM Lagrangian
were used to find relations among hypercharges. The law
of charge conservation for massive fermions was applied
[15,18], to obtain the charge equality of the left-handed
and right-handed components of the chiral fermions [e.g.,
Q (e, )=Q(eg)]. The same relation can be obtained from
the requirement of the vectorlike nature of the elec-
tromagnetic current [19,20,22]. Unfortunately, all these
properties of the SM Lagrangian give only the relation
(2.7). On the tree level there are no other relations
among the hypercharges in (2.5). To find new ones we
have to go to higher orders.

C. Constraints from anomaly cancellation

In constructing renormalizable gauge theories of weak
interactions one must ensure that the triangle anomalies
are canceled [6]. This requirement gives three relations
connecting the weak hypercharges in the SM
[5,12,17,18]:

(i) [U()yP=6Y+2Y}—3Y;—3Y;—Y}=0,
(i) [SU(3).]*U(1)y=2Y,—Y,—Y,=0,
(i) [SU(2),]PU(1)y=3Y,+Y,=0.

(2.8)

Relation (ii) follows from (2.7) and only (i) and (iii) give
independent equations:

(i) —Y,=—1Y7,,

(2.9)
(i), (2.7), and (2.9)= (Y, +1)’=0
— Y,=—1. (2.10)

The quark and lepton hypercharges are determined
uniquely,

Y)=—1, Y,=-2, Y,=5, Y,=35 Y;=—%,
(2.11a)
and from (2.4b) the charges are
0,=0, 0.=—1, 0,=%, Q,=—+. (2.11b)

We see that the SM predicts charge quantization in the
sense explained above. The fermion charges given by
(2.11) result from the SM Lagrangian—the mixed
chiral-gauge—gravitational anomaly cancellation is not
necessary and follows from (2.7) and (2.8). To explain the
results (2.11) further let us ask the question: Is it possible
to build a renormalizable theory based on the SM gauge
group and the SM fermion representation (2.5) in which
the fermion charges are not given by (2.11)? The answer
is, of course, yes but the obtained theory will have unusu-
al features. If we require renormalizability, Eqs. (2.8)
must be satisfied. Choosing Y; and Y, to be two indepen-
dent parameters, for the other three we get [23]
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Yqz_-;-Yl ’
: Y 3 172
=—=Y,{1+ | = = .
Y, 3 1 1 2|7, 3 , (2.12)
and
3 172
1 317Y,
=__Y —_ | = .
Y, 3 1 2|7, 3

Choosing definition (2.4b) of the charge operator [in the
case of broken U(l),, symmetry the definition of the
charge operator is not obvious), we have

Q,=L1+Y)),

2Q,=Q, —Q, =HY,—Y.—1), (2.13)
and
3 172
1 2| Y.
AQ,=—AQ,=={3+Y, | = |=X | — )
u d 6[ "3 |y, }

If Y;7 —1 then the neutrino can have a tiny charge. If
AQF0 then the electromagnetic current has an axial part
and the charge is not conserved for massive fermions.
The condition

AQ,=AQ,=AQ,=0

is satisfied only for the SM values of ¥;,=—1, ¥,=—2.
It is impossible to build a renormalizable theory based on
the SU(3)® SU(2)®U(1) gauge group with the standard
fermion representation (2.5) and other than the fermion
charge assignment (2.11) with the photon coupled only to
the vector electromagnetic current, which gives charge
conservation for massive fermions. A particular model,
where hypercharges satisfy relation (2.12), was considered
in Refs. [19,20,24]. The authors assume that the mixed
gauge-gravitational anomaly is also canceled,

(iv) (gravity)?U(1)=3(2Y,—Y,—Y,)
+2Y,—Y,=0.

(2.14)

(2.15)

Taking the neutrino charge Q, =¢/2 as a free parameter,
from (2.12) and (2.15) we get the hypercharges
YI =—1+ €,

Y,=—2(1—¢), (2.16a)

Y,=i1—e), Y,=%(1—¢), Y,=—2(1—¢),

q (2.16b)

the same as in Ref. [19].

The simplest generalization of the SM consists of intro-
ducing a right-handed neutrino vg ~(1,1,Y,). From the
U(1)y invariance of the neutrino Yukawa Lagrangian

—h,L;dvg +H.c., (2.17)
one has
Y,=1+Y,. (2.18)

But, unfortunately, relation (i) in (2.8) changes,

=" 32Y)~Y—Y)+QY}—v2-Y3)=0,
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and is now equivalent to formula (iii). So we have five
equations for six hypercharges. Taking Q, = the other
charges are given by [17]

Q.=—1+tn, Q,=3—im, Qu=—1—in.

Now, we have a renormalizable theory with conserved
charge and massless photons. There is no axial part in
the electromagnetic current, but, in spite of this, the
charge given by (2.19) is not quantized. The reason for
this is the existence of a new local anomaly-free gauge
symmetry U(l)y,, where Y'=B —L. In this case the hy-
percharge Y is not uniquely defined, because any com-
bination

Y — Y cos@+(B +L)sin0

(2.19)

(2.20)

can be considered as a new hypercharge [12,17]. If we in-
troduce into the SM Lagrangian the Majorana-mass term
vXC 'Mvpg, the B — L symmetry is broken and charge is
quantized [12,17].

III. CHARGE QUANTIZATION FOR THREE
GENERATIONS OF FERMIONS

In the previous section we have summarized various
approaches to the charge-quantization problem in one-
family models. In reality three generations of quarks
and leptons exist and they are mixed. The total SM La-
grangian is not a simple sum of the Lagrangians for each
family, and there are no circumstances for which to sup-
plement the one-generation analysis with the rule that the
second and third generation are to be viewed as copies of
the first generation. We have to consider the full three-
generation Lagrangian in order to prove quantization.
As before the quarks and leptons form the SU(3)® SU(2)
® U(1) representations

LL=(LLi)~(1’2’ Yli)’ €r =(eRi)~(1’1’ Yei) N 3.1)

Q0 =(0)~(3,2,Y,), ug=(ug)~(3,1,7,),
dR =(dRi)~(3,1’ Ydi) )

where i =1,2,3. To find the fermion charges we have to
determine the fifteen hypercharges (Y, Y,Y,,Y;,Y,;
i=1,2,3). The first relations between them result from

the requirement of U(1) invariance of the Yukawa La-
grangian

Ly=—(Lg¢T e +0,¢T ;dg +0, $T ,ug)+H.c.,
(3.2)

where I',,I';, and T, are 3X3 matrices. Not all rela-
tions among lepton hypercharges that follow from (3.2)
are really operative. The reason is that only some com-
binations of weak particle states form the physical mas-
sive eigenstates. To obtain the mass eigenfields #,d,2, we
perform a unitary transformation

S TR —7yrd 5§ —77 A
uy R =UL pULg> dL,R_UL,RdL,R’ e, R=U[ reLR -
(3.3)
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Then, in the unitary gauge, without the would-be Gold-
stone bosons, the Yukawa Lagrangian is given by

+
S U
“"" V5 |v+H+iE
~ m, ~ m, A
Ly——2 me+—v—H ep—up mu+—v-—H Up
x my N
+d; md+‘v—H dgp +H.c., (3.4)
where
mg 0 0

— =y/t L o=
mp=|0 my O U[I‘IU,{‘/E, f=eud .

0 0 mf3

At the same time the charged-current interaction L is
given by

L= =Sy, +iy UFUDE W]+,

(3.5

where, for all massless neutrinos, the physical neutrino
states ¥; can be taken as

v, =Uiv, . (3.6)
In the quark sector the information about off-diagonal
elements of the quark mass matrices M, =(v/V2)T', and
M,;=(v/V'2)T; disappears in the Higgs sector but is
present in the charged-current interaction because of the
Kobayashi-Maskawa matrix U ;“U,‘f. The information
about off-diagonal elements of the charged-lepton mass
matrix M, =(v/V'2)T, is lost, and the three lepton num-
bers L,, L,, and L, are conserved separately. This
means that only those relations among hypercharges
which result from the U(1l)y invariance of the Yukawa
Lagrangian

,LYZ —?(ZL¢meeR +QL¢MddR +QL$M:¢“R )+H.c.
(3.7)

are operative. As the charged-lepton masses are not
equal to zero, we have three relations for lepton hyper-
charges,

—Y,+1+Y,=0, i=1,2,3. (3.8)

If all the elements of the quark mass matrices are
nonzero, (M,);;70 and (M, );;70, then we have

—Yqi+1+Ydj=0’ —Yqi—l—%—Yuj:O, i,j=12,3.
(3.9)

From these relations we see that the hypercharges for
different quark generations are equal.

Y, =Y, =Y, =Y,
Y, =Y, =Y, =Y,, (3.10)

and
Yd=Yq—1, Yu=Yq+1 .

We can prove Egs. (3.10) even if not all elements of the
quark mass matrices M, and M, are different from zero.
It is sufficient that five elements (at least one in each row
and column) do not vanish. For example, the Fritzsch
mass matrix [25]

MFritzsch = (3.11)

satisfies this requirement. We would like to stress once
more that to find relations between the hypercharges we
have to use the Lagrangian (3.7) with the physical fields
and physical symmetries, and not the one given in (3.2).
The transformation (3.6) (for massless neutrino fields) re-
veals the physical Lagrangian symmetry. As in the one-
family case there are no more relations between the hy-
percharges on the tree level. The next are given by the
anomaly cancellations which, in the case of three genera-
tions, take the form
3
() 3 (6Y, +2Y} —3Y; —3Y; —Y.)=0,
i=1
3
(ii) 3 (27, O

&
i=1

Y,)=0, (3.12)

and
3
(iii) (3Y‘1,-+Y’.-)=0 .

i=1

Relation (ii) results from (3.10), so there are two equa-
tions for four hypercharges (e.g., Y,, Y,l, Y12, Y,}), and

they are not fixed. In the SM with three fermion genera-
tions, charge is not quantized. This effect of dequantiza-
tion has been observed before [21,22]. It is caused by the
existence of local anomaly-free U(1)y. symmetries, where
Y'=L,—L,, L,.—L, or L,—L, and any combination
Y cos@+ Y'sinf can be considered as a new hypercharge.
What is now the minimal extension of the SM needed to
get charge quantization? We should generalize the SM to
break the hidden U(1)y. symmetries without introducing
other ones. We will discuss two possibilities: (i) Conser-
vation of the separate lepton numbers L,, L, and L is
broken; L =L,+L,+L_ is still conserved but B —L is
not a hidden anomaly-free symmetry. (ii) Conservation
of total lepton number L is broken.

The simplest way to break L,, L,, and L, while con-
serving total lepton number L, is to introduce right-
handed neutrinos with a Dirac mass term. But, unfor-
tunately, then B —L is a hidden anomaly-free symmetry
(see, however, the comment at the end of this section).
Now, we would like to show that introducing more than
one Higgs doublet to the SM is a way to realize (i). Let us
assume that there are two Higgs doublets
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¢ ¢
b ¢
which spontaneously break the SU(2);, ® U(1)y symmetry
because

6= y $r= ) (3.13)

U
(¢))= 75 (3.14)

Uy

__110
’ (¢2)__‘/‘7 U2 .

The Yukawa Lagrangian is now

2 — — — ~
Ly=— 3 (Lp¢,Teer +0Qr ¢, Tgdr +Qr 0, Gug)

a=1
+H.c.
(3.15)
The mass matrices
Mf=71—2"<v11‘}+sz}>, f=eud, (3.16)

are diagonalized by the transformation (3.3). The particle
content of (3.13) is the following: three combinations of
fields form the would-be Goldstone boson for W and
Z° the other five give one charged physical Higgs H*
and three neutral HY, HY, and HY [26). For the same
reason as in the SM, the information about the off-
diagonal elements of the charged-lepton mass matrix M*
does not appear in the charged-current interaction

Lgc= —%OLY”@L W: +H.c., ’
where 51,:71, Uf. The one charged H* and the three
neutral H? (i =1,2,3) Higgs particles interact with lep-
tons:

(3.17)

- 3 _
— en + __ A e 0
LHiggs-lepton_ i>L AReRH z eLBi eRHi +H.c.,

i=1

(3.18)
where
Ag=Ug\(Tla, +T2a,)Ug , (3.19)
Be=UgN(rip? +1254) | (3.20)
and
a;=b\V=—w3 /v, a,=b"=ivt /v, ,
b =—bP*=v,/v, bP=bP*=0,/v,

where v =(|v,|2+|v,|})"/% If T!#0 and I'’540, then
their various linear combinations are generally not diago-
nalized by the same matrices Uz and Uj. In general the
matrices Az, B, and Bj are not diagonal. The lepton
numbers L,, L,, and L, are not conserved separately.
The charged H* and the neutral H? Higgs interactions
“remember” the off-diagonal elements of the lepton mass
matrix M'. Now, from the U(1)y invariance of the Yu-
kawa interaction (3.2), we have new relations among the
lepton hypercharges,

1705

—Y,+1+Y, =0; i,j=1,23; (3.21)

similarly, for the quark sector, one has
Y11=Y12=Y13.—-__Y1, Ye‘=Y22=YeSEYe , Y,=Y,—1.
(3.22)

The fermion hypercharges are fixed by the anomaly con-
straints (3.12) in the same way as in the one-generation
case, and the charge is quantized.

Unfortunately, in models with more than one Higgs
doublet lepton-number nonconservation is connected
with flavor-changing neutral currents (FCNC) (matrices

¢ and B3 and similar matrices in the quark sector are
not diagonal). As we well know FCNC are highly
suppressed, relative to charged-current processes, so it
would be desirable to eliminate them at the tree level.
This can be done by imposing the discrete symmetry [27]

¢2_" _¢2 ’

dg——dg , (3.23)
which means in practice that only one Higgs doublet cou-
ples with each generation (I'’2=T'2=0, [';=0). In this
case the lepton mass matrix M, in (3.16) and the four ma-
trices Ag, Bf (i =1,2,3) are diagonalized by the same
transformation [for quarks their mass matrices M? and
the neutral quark transition matrices B? (i =1,2,3) are
commonly diagonalized]. This means, however, that we
“lose” information about nondiagonal T'? matrix ele-
ments, and the charge dequantizes. To get this quantiza-
tion of quark and lepton charges we have to assume the
existence of small FCNC at the tree level.

The second above-mentioned possibility for getting
quantization of the electric charge consists of introducing
Majorana neutrinos. There are two simplest methods: (i)
we can add a Higgs triplet, or (ii) there is only a Higgs
doublet but we add at least one right-handed-neutrino
singlet. The second possibility seems to be more attrac-
tive; the see-saw mechanism and radiative corrections ex-
plain why the neutrino masses are so small [28]. Itis a
known fact that Majorana neutrinos “save” the quantiza-
tion of electric charges [9,12]. Here we would like to
show explicitly that one right-handed-neutrino singlet
with Majorana-mass term is able to recover charge
quantization for three fermion generations. Having the
right-handed-neutrino singlet v ~(1,1,Y,), we can add
the Dirac mass term

LD=”ZL$FVVR +H.C., (3.24)

where I, is a 3 X 1 matrix, and the Majorana-mass term
Ly=WEC Mzvg+H.c. (3.25)

to the SM Lagrangian. After spontaneous symmetry

breaking the neutrino mass Lagrangian is given by
’L;mss= —VLM5VR +%V£C—lMRVR +H.c.

=10l C M 0wz +H.c., (3.26)

where



1706
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’

and M}, =(¢)*T,. The symmetric 4 X4 mass matrix M"
can be diagonalized by the transformation

wp=U*dg, wf=dxU", (3.27)
and then
Vass=—10FCNUM U*)ax +H.c.
=_%ié1miﬁiNi )
(3.28)

where Ni=c’?)Ri+C5 ITt,. is the Majorana-neutrino field

with mass m;. To find the lepton charged-current in-
teraction let us parametrize the matrix U in the following
way:

UL
U= us |- (3.29)
Then v; =U;®gc=U, P, N, and we have
,Lé’c:_“f——va?/veL W: +H.c.
= —%NPRW( Uluge, W +He.,  (3.30)

where U] U§ is the 4X3 lepton mixing matrix. From
(3.30) we see that, in the lepton charged-current interac-
tion, there is mixing among mass eigenfields (N,2; ). This
means that the off-diagonal elements of the charged-
lepton mass matrix in (3.2) are “measurable” quantities,
and the U(1)y invariance gives the equality (3.22) among
lepton hypercharges. As there is one more right-handed
particle in the theory (vg), the anomaly-cancellation
equation (i) in (3.12) will change:

(i)—G{"): 3 (6Yq3i +2Y,j —3Y,§i ~3in — Y3', )—Y3=0.
(3.31)

The U(l)y invariance of the Majorana-mass Lagrangian
(3.25) gives Y,=0. Then, from (3.24), one has Y;= —1,
and only (iii) in Eq. (3.12) gives values (2.11) of all hyper-
charges. It is obvious that the models with more Higgs
doublets and additional Majorana right-handed neutrinos
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also predict charge quantization. What will happen if the
Majorana-mass term (3.25) is absent [29]? This question
is interesting in light of the recent discovery of a heavy
neutrino state of mass about 17 keV [30]. The experi-
ments on double beta decay require this neutrino to be a
Dirac one. We can use the formalism of this section with
Mg =0 in the mass matrix M " in (3.26). After diagonali-
zation of M”, we end up with three Dirac neutrinos (two
massless and one massive). We have a nontrivial mixing,
given by the 3X3 lepton mixing matrix, in the charged-
current interaction (3.30). The lepton numbers L., L,
and L, are not conserved. The U(l)y invariance of the
Yukawa interaction (3.24) leads to

—Y, —1+Y,=0; i=12,3. (3.32)

This set of equations, together with (3.8), requires the
generation independence of lepton hypercharges, Eq.
(3.22). Then Eq. (3.31) takes the form

3(6Y,+2Y?—3Y2—3Y;—3Y)—3Y})+2Y]=0. (3.33)

As in the one-generation case, the first part of (3.33) is
equal to zero [cf. Eq. (2.19)], and we get

2Y3=0=Y,=0. (3.34)

Generally, if we have several right-handed neutrinos in
the theory and their number differs from the number of
left-handed neutrinos, then the theory predicts charge
quantization. If there are equal numbers of left- and
right-handed neutrinos then the theory possesses an addi-
tional gaugeable U(1) symmetry (B —L)* and charge is
dequantized.

IV. CONCLUSIONS

In a dynamical way, using the properties of a given La-
grangian, we discuss in full detail what it means for a
theory to predict fermion charge quantization. The vari-
ous approaches are reviewed. We also show why charge
is dequantized in the three-generation SM. On these
grounds we consider the simplest generalization of the
SM which predicts charge quantization. Models with
more than one Higgs doublet and/or at least one right-
handed neutrino with Majorana-mass term possess the
nice feature of charge quantization. Models with Dirac
neutrinos with different numbers of left- and right-
handed Weyl states also predict charge quantization.
The question, which simple generalization of the standard
model is realized in nature? arises. The answer should be
obtained in future experiments.
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