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We review recent advances in the theoretical understanding of electric charge 
quantization in the Standard Model and some of its extensions. We discuss 
the roles played by classical constraints, gauge and mixed gauge-gravitational 
anomaly cancellation and the demand of vector-like electromagnetic interactions. 
An attempt is made to clearly explain and contrast the points of view of various 
?uthors. 
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I. INTRODUCTION 

One of the striking empirical observations about nature is that the ratios of electric 
charges of elementary particles are rational numbers. For example it is known that 
atoms are neutral to very high precision. In particular, all known elementary particles 
have charges which are integer multiples of the down-quark charge, which thus seems 
to be the fundamental unit of charge. 

Such a significant regularity demands theoretical understanding. The first attempt 
at an explanation was made by Klein[l] in the context of theories of gravitation in 
higher dimensions (Kaluza-Klein theories). A few years later, Dirac[2] found that 
the existence of a fundamental unit of charge followed from his theory of magnetic 
monopoles. 

Higher dimensions and magnetic monopoles are both highly speculative, though 
interesting, ideas. It remains to be seen whether Nature makes use of either of these 
concepts. Alternative approaches to electric charge quantization are thus of interest. 

It should also be remembered that as well as the mystery of why there is a fun
damental unit of electric charge, there is also the question of why, specifically, it is 
carried by the down quark, why the electron has exactly thr^e units and so on. The 
original proposals based on higher dimensions and magnetic monopoles could not 
address this issue, though more sophisticated applications of these basic ideas are 
possible. 

The construction of grand unified theories (GUTs) provided another way to view 
the issue[3]. The reason electric charge quantization is commonly considered to be a 
problem for the minimal standard model (MSM) 1 is because of the U(l)y factor in 
the gauge group GSM = SU(3) ® SU(2)L ® U(\)y. Group theory may be used to 
show that observables constructed from the generators of simple groups can always 
be chosen to have relatively rational eigenvalues. U(l) is not a simple group and thus 
there is no group-theoretic reason for the eigenvalues of the generator to be relatively 
rational (unless one imposes the requirement of compactness[4]). In GUTs GSM is 
embedded in a simple group, thus solving the problem.2 

Both of these approaches predict the existence of new physics for which there is as 
yet no experimental evidence. Indeed the simplest GUT model, which is based on 
5£/(5), is ruled out. More complicated GUTs are still, of course, phenomenologically 

'Throughout this review "minimal standard model" or MSM will mean the Glashow-Weinberg-
Salam electroweak theory together with QCD with no right-handed neutrinos. "Standard model 
(SM)" will refer either to the MSM or to the SM with right-handed neutrinos. We will make it clear 
when we are including right-handed neutrinos. 

2An interesting alternative group-theoretic explanation of hypercharge quantization has recently 
been considered by Nielsen and Brene[5]. They point out that this results from taking the SM group 
(rather than algebra) as S(U(2) ® U(3)). 
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viable. 
Our primary concern in this review is an approach to electric charge quantization 

which can be applied to gauge groups with U(\) factors, and in particular to the 
MSM and some small extensions. It primarily involves the use of classical constraints 
from the lagrangiari together with quantum field theoretic constraints from anomaly-
cancellation. It is an attractive approach because it deals with physics at accessible 
energy ranges. Also it is at, present the only explanation ol electric charge quantization 
which has experimental support, based as it : s on the MSM, with albei* some modest 
speculations about new physics (Majorana neutrino masses, for example). We aim to 
show that irrespective of whether or not grand unification is correct, it may not be 
needed in order to explain charge quantization, using what we think is a reasonable 
definition of the word "explain." 

II. STANDARD MODEL WITH ONE QUARK-LEPTON GENERATION 

A. Classical constraints and anomaly cancellation 

Several variants of the general philosophy we will now use to analyse the SM with 
one quark-lepton generation have been proposed in the literature. It is useful to 
classify these variations into two broad categories. In the first category, the gauge 
invariant lagrangian is regarded as the fundamental source of constraints on the (7(1) 
charge eigenvalues. Additional constraints from consistency (anomaly cancellation) 
may also need to be imposed. In the second category, the lagrangian is considered to 
be less fundamental than the gauge symmetries. The primary source of constraints 
is then anomaly cancellation, which rely only on the gauge-boson-fermion coupling 
terms as dictated by gauge invariance. We hope the differences between these two 
viewpoints becomes more apparent as the argument develops. 

We will first analyse the one-generation minimal SM (i.e. no right-handed neutri
nos) [6,7]. The gauge group GSM is given by 

G S M = SU(3)®SU(2)L®U{1)Y. (1) 

The representations of the non-abelian sector 5£/(3) (g) SU(2)i form a discrete se
quence. From experiment we know the representations of the fermions (quarks and 
leptons) under SU(3)0SU(2)L- The methodology we will describe will always require 
that we input the non-abelian transformation properties from experiment (or wher
ever). By contrast, the t /( l) charges can a priori form a continuum; group theory 
does not constrain them in any way. We begin, therefore, by leaving them arbitrary. 
One quark-lepton generation thus takes the form, 
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QL ~ ( 3 , 2 , y i ) , g l f i ~ ( 3 , l , y 2 ) , g 2 f i ~ (3 , l , t / 3 ) , 

FL~{l,2,y4),FlR~(l,l,yi), (2) 

where the numbers in brackets refer to GSM properties. 
In the MSM there is also a Higgs doublet <f> given by 

0 ~ (1,2,2/*)- (3) 

Now, we can without loss of generality set yj, = 1, provided it is non-zero, because the 
overall normalization of Y is not physically observable. (The value of the correspond
ing gauge coupling constant can always be adjusted.) The electric charge generator 
Q is defined as the linear combination of h (the diagonal generator of SU(2)L) and 
Y which annihilates the vacuum. 3 Consequently, 

Q = / 3 + | - (4) 

Some of the hypercharges in eq.(2) may be determined from the invanance of the 
Yukawa lagrangian Cyak given by 

Cvvk = \iFL<t>FlR + XiQiPQm + X3QL4>Q2R + H.c. (5) 

The relations are 

2/4 = Vs + 1, 2/1=2/2-1 and yx = y3 + 1. (6) 

This simple step illustrates how the lagrangian is used as the primary source of 
constraints. The MSM lagrangian will not support all of the hypercharges in eq.(2) 
as arbitrary parameters. For obvious reasons we will call constraints such as these 
"classical constraints." Alternative points of view which do not regard the use of 
classical constraints from the lagrangian as fundamental will be discussed later. 

So, of the five original unknown hypercharges, only two are undetermined classically. 
We will, take these as y\ and y4. These remaining parameters can be determined by 
requiring gauge anomaly-cancellation[8] to take place. The requirement of anomaly 
cancellation may be justified by either demanding that gauge invariance not be broken 
by quantum effects, or by requiring renormalizabiHty. The two non-trivial gauge 
anomaly-cancellation equations come from [SU(2)L]2U(\)Y and [£/(l)y] 3 . They are, 

[SU(2)L]iU(l)Y=>yi=-^, 

W(1)Y)3*V4 = -1. (7) 
3Given this normalization of y^, the expression for Q depends on the form of the vacuum expecta

tion value (VEV) of 0. The SU{2)i invariance of the lagrangian allows us to choose < <f> >= (0, t / ) T . 
Any other choice is, of course, physically equivalent. 
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Thus in a few simple steps we have shown how electric charge quantization may 
be derived in the MSM with one quark-lepton generation. Let us summarize the 
crucial ingredients: i) the gauge group GSM was input; ii) the representations of the 
fermions under the non-abelian subgroup were inputs while the U(l) charges were 
left arbitrary; iii) the Higgs multiplet was specified which in turn uniquely defined Q; 
; v) classical constraints from the lagrangian were imposed on the hypercharges; and, 
finally, v) gauge anomaly-cancellation was required. 

We now study the one-generation standard model with an additional SU(2)i singlet 
lepton F2R (the putative right-handed neutrino)[6,7]: 

F 2 f l ~ ( l , l , t , 6 ) . (8) 

The Yukawa lagrangian of eq.(5) now contains the additional term 

A £ y u f c = \4FL<f>cF2R + H.c. (9) 

By following the same steps as above, it is easy to show that electric charge quanti
zation no longer holds. The hypercharges, and hence by eq.(4) the electric charges, 
depend on a free parameter 6 in the following way: 

Qi ~ (3,2, i - 8-),QlR ~ (3,1, i - | ) , Q 2 R ~ (3,1,—I — ^), 

FL~(l,2,-l+8),FlR~(l,l.-2 + 6),F2R~(l,l,6). (10) 

There is a very easy way to understand the origin of the free continuous param
eter 8. If one looks at eq.(10), then it is clear that 8 is proportional to the B — L 
charge, where B and L are baryon and lepton number respectively. When right-
handed neutrinos are added to the generation, B — L becomes an anomaly-free sym
metry. By "anomaly-free" we of course mean that [U(1)B-L]3, [GSM]2U(1)B-L and 
[U(1)B-L]2GSM anomalies cancel. B — L is also independent of the symmetries GSM-

Thus, a priori, there is nothing to stop us choosing 

cos 0K +sin 0 ( 5 - 1 ) (11) 

as the generator of the gauged U(l) symmetry inside GSM, where Y is standard 
hypercharge. Both Y and B — L are anomaly-free and consistent with invariance of 
the Yukawa lagrangian. If we choose to gauge only one U(l) group, a 1-parameter 
arbitrariness necessarily arises. 

We thus come to a general principle: // a lagrangian contains global symmetries 
which are anomaly-free and independent of standard hypercharge Y, then the la
grangian does not yield electric charge quantization^^)]. To obtain electric charge 
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quantization, one can modify the lagrangian so that these global symmetries are 
absent. 

Babu and Mohapatra[9,10] havernd.de the important observation that the U(1)B-L 

symmetry can be explicitly broken by introducing the Majorana-mass term, 

Cmaj = \MF2R(F2R)C. (12) 

Since this breaks U(1)B-L one recovers electric charge quantization. Alternative, 
but more speculative, solutions of this problem may be constructed by extending 
the gauge group so that the additional anomaly-cancellation constraints do not leave 
B — L anomaly-free[ll]. 

The two examples above serve to illustrate our method. As well as determining 
whether or not electric charge quantization follows in a particular theory, it also in
dicates how charge may be dequantized. Thus in the one-generation standard model 
with Dirac neutrinos, the non-standard contribution to electric charge must be pro
portional to B — L. This allows one to constrain charge dequantization from exper
iment. In the above theory, for example, we find that neutrinos and neutrons may 
have equal and opposite electric charges. Also, protons and electrons still have equal 
and opposite charges, so hydrogen atoms regain neutral. Most atoms, however, gain 
a charge from the neutrons in their nuclei. The current experimental bound on the 
neutron charge leads to the phenomenologica' constraint [6], 

| 6 | < 1 0 " 2 1 . (13) 

If charge is dequantized in nature, then it would require new ideas to understand 
why it is dequantized so weakly. We have nothing to say about this. It is perhaps wise 
to wait for experimental indications of dequantization, which would probably come 
in the form of evidence for so-called "minicharged" pariicles, such as the charged 
neutrons and neutrinos mentioned above[12]. 

If one demands exact electric charge quantization, and the theory does not, supply 
it, then the additional terms one can add to the lagrangian to yield exact quantization 
amount to predictions of specific new physics. Thus, if right-handed neutrinos exist 
in nature, then the argument above indicates they should have Majorana masses. 
This approach to understanding electric charge quantization thus serves as a concrete 
heuristic guide to model building [6,9,10,13].4 The method is applicable to any theory 

4 I t is possible for charge quantization in a theory to be a consequence of the classical constraints 
only. For instance, take the one-generation SM with right-handed Majorana neutrinos considered 
above. Anomaly cancellation supplies only one constraint which is independent of the classical 
constraints. One can add to the lagrangian the Yukawa coupling terms ACyuk = S-\FLXQIR + 
^2QLX^F2H + H.c. where \ ~ (3,2, —j/i) is an additional Higgs rnultiplet, together with the extra 
Higgs potential terms AV̂  = hx34> + H.c. This forces the classical constraint j/i = 1/3 to hold, thus 
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with a (7(1) gauge symmetry, and can be used as a technique for evaluating new 
theories, provided one agrees with the hypothesis that electric charge quantization 
(and U(l) charge quantization in general) is desirable as a necessary consequence of 
a particular theory. One may, of course, try to reject this hypothesis by saying that 
compatibility with charge quantization is all that one needs of a low-energy effective 
theory; one may always leave it to the hypothetical more fundamental theory (such 
as a GUT model) to explain the mystery. One should in this case nevertheless be 
aware of the defect in the theory and of the eventual need to introduce a dramatic 
amount of new physics (proton decay etc.). We feel it is valid to adopt the heuristic 
that the low-energy theory necessarily yield charge quantization, since, by contrast, 
it generally leads .,0 the introduction of only a modest amount of new physics which 
is amenable to experimental testing at relatively low-energies. It is a "bottom-up" 
approach. 

B. Other approaches 

1. Anomaly cancellation only 

Several authors have expressed concern about the methodology discussed above. In 
particular, the use of classical constraints from the lagrangian is sometimes regarded 
as undesirable. In our analysis we used constraints from invariance of the Yukawa 
lagrangian and invariance of Majorana mass terms. The former has been criticised 
on the basis that there exists no experimental evidence for the standard Higgs sector 
of the SM[14]; the latter has been called "ad hoc."[15] 

The first criticism may be answered by saying that our approach can be used what
ever symmetry breaking sector is employed for electroweak symmetry breaking. In
deed, it may be used as a heuristic guide in choosing symmetry breaking physics. It 
would perhaps be desirable to have an understanding of electric charge quantization 
from the mere fact of electroweak symmetry breaking, rather than from details of 
specific Higgs/technicolour scenarios. We will discuss this possibility shortly. 

The second criticism requires more careful consideration. It is true that the intro
duction of Majorana mass terms does single out the putative right-handed neutrinos 
as "special." Nevertheless, our approach takes that lagrangian and analyses charge 
quantization in a systematic and well-defined manner. It has nothing to say about 

uniquely determining all of the hypercharges. The anomaly cancellation equations are completely 
redundant in this case. This is an example of taking the idea of the lagrangian as the fundamental 
object to its logical extreme. Another interesting class of theories where the anomaly-cancellation 
equation? are redundant are the "quark-lepton symmetric" models of Foot and Lew[13]. In this case 
one uses classical constraints from a discrete symmetry in addition to the constraints from invariance 
of individual terms in the lagrangian. 
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where the lagrangian comes from; this remains as the great unsolved problem. Our 
approach does, however, have the virtue of relating charge quantization with a specific 
piece of testable physics: Majorana masses. 

We now discuss an approach to the problem which makes no use of classical con
straints from the lagrangian, thus hoping to dispense with the need to provide specifics 
about the symmetry breaking sector. 

In this sche,ne[34,16], one has only the anomaly cancellation conditions to work 
with. These conditions only assume the existence of gauge interactions, which are in 
turn dictated by the local symmetry group. 

We first consider again the one-generation MSM (no right-handed neutrinos). The 
first step is the same as before: we write down the fermion spectrum with arbitrary 
hypercharges as in eq.(2). We now impose anomaly cancellation. Non-trivial equa
tions arise from 

ISU(2)L}2U(1)YASU(3)}2U(1)Y,[U(1)Y}\ 

[graviton]2U{l)Y. (14) 

The first three anomalies are the familiar triangle gauge-anomalies. The last condition 
is a little more speculative in that it arises from a triangle graph with two external 
gravitons and one standard gauge boson[17]. One may criticise the use of this "mixed 
gauge-gravitational" anomaly on the basis that we do not yet have a quantum theory 
of gravity. However, the problems associated with quantizing gravity should not 
impinge on the calculation of this anomaly. Whatever the correct quantum gravity 
theory is, it will require the cancellation of this anomaly for consistency. Its use, 
therefore, appears to be justified. 

These equations yield two types of solutions[14,18]: 

1 4 2 
(A) t / 4 ^ 0 , y 5 = 2j/4,yi = -^2/4,2/2 = - g y 4 , y 3 = ^VA, 

(B) yA = ys = yi-0,y2 = -y3- (15) 

The first solution is proportional to standard hypercharge; the second is non-standard. 
There are two pertinent comments to make. Firstly, if one strictly follows the above 

philosophy then one concludes that the correct hypercharge quantization cannot be 
understood in the SM, due to the existence of the second solution[14,18]. Presumably, 
to be consistent with the philosophy of using only anomaly-cancellation, one would be 
led to considering extended gauge groups, with more, or at least different, anomaly-
cancellation equations. 5 

5Solution (B) can of course be eliminated by appending a criterion in addition to that of anomaly-
cancellation[19]. This, however, goes against the spirit of this approach. It should also be noted 
that an adaptation of solution (B) is sometimes employed in technicolour models. 
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Secondly, this method can only ever yield information about the hypercharges not 
the electric charges. Since consideration of the Higgs sector is eschewed, one cannot 
use a relation such as eq.(4). One needs to specify the symmetry breaking sector 
before one can understand which subgroup of the gauge group corresponds to elec
tromagnetism. 

For instance, consider solution (A) above, and suppose we introduce a Higgs doublet 
as in eq.(3). Of the two parameters, y4 and y^, only one is an unphysical arbitrary 
normalization. We may, for instance, set t/4 = —1 so that solution (A) looks exactly 
like standard hypercharge. The electric charge generator Q is, as before, defined 
as the linear combination of ^3 r.nd Y which annihilates the vacuum defined by the 
vacuum expectation value of cf>, so that 

«-/.+£. <«> 
Due to the physical arbitrary parameter y^,, electric charge quantization does not 
follow from hypercharge quantization. What is missing is a constraint (such as that 
from invariance of the Yukawa lagrangian) which connects the Higgs hypercharge 
with the fermion hypercharges. 

It is possible this philosophy may work for technicolour or supersymmetric models, 
since then the symmetry breaking sector contributes to anomaly-cancellation[20]. In
deed, adherence to this methodology forces one to use a fermionic symmetry breaking 
sector, if one wants to explain electric charge as well as hypercharge quantization! 

2. Vector-like electromagnetism and anomaly cancellation 

Finally, we comment on another approach which omits the use of classical con
straints. Rudaz[15] prefers the following train of logic: We first introduce the Higgs 
doublet of eq.(3) and let it develop a non-zero VEV. This defines the electric charge 
generator Q as given by eq.(4), after setting y$ = 1 by choosing an arbitrary nor
malization. We now postulate a generation of fermions with arbitrary hypercharges 
as in eq.(2). Use of eq.(4) with the fermion spectrum leads to relations between the 
hypercharges and electric charges. The crucial step is then to input the phenomeno-
logical fact that electromagnetism is vector-like. The further constraints imposed by 
this now allow one to write down the Yukawa coupling lagrangian of eq.(5). Finally, 
gauge anomaly cancellation fixes the remaining arbitrary parameters. 

Rudaz' analysis differs in an important way from our analysis. He prefers to show 
that the Yukawa coupling lagrangian emerges only after having identified electric 
charge and demanded electromagnetism to be vector-like. He asserts that requiring 
vector-like electromagnetism is reasonable, since the basic properties of electromag
netism must be specified before we have any hope of being able to understand charge 
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quantization. Both approaches lead to the same conclusion for the one-generation 
MSM. The difference i'1 methodology may be summarized by saying that we hold 
fermion mass generation (and in general the form of the lagrangian) to be more fun
damental than the requirement of vector-like electromagnetism, while Rudaz holds 
the opposite view. 

III . STANDARD MODEL W I T H THREE QUARK-LEPTON 
GENERATIONS 

Having gained insight into charge quantization in the simple case of the SM with 
one generation, we now turn to the realistic case of the three-generation SM. 

Consider first the three-generation MSM. Does this model have electric charge quan
tization? Remarkably, the answer to this question is "No!" despite our conclusion 
above that the one-generation MSM yielded exact charge quantization. 

This fact is very easy to understand, though not widely appreciated[21]. The three-
generation MSM necessarily has the four global symmetries Le, LM , Lr and B where 
the first three generate family-lepton-number invariance. By "necessarily" we mean 
that this statement is true irrespective of the values of the Yukawa coupling constants. 
This is a well-known consequence of the absence of right-handed neutrinos. In our 
discussion of the one-generation SM with a right-handed neutrino, we showed that 
charge dequantization occurs because both standard hypercharge Y and B — L are 
anomaly-free U{\) symmetries compatible with the classical constraints, and thus 
it is a prion possible for any linear combination of Y and B — L to be the actual 
hypercharge. In the present case, of the four global symmetries listed above the linear 
combinations 

Y\ = Lr — LM, 

Y-i = Le — LT, 
Y3 = L„-LT (17) 

are anomaly-free[22]. However, these U(l) symmetries are not simultaneously anomaly-
free because [U(1)Y,]2U(1)YJ anomalies are non-zero for i ^j where i,j = 1,2,3. Thus 
the actual hypercharges of the fermions in the MSM form three possible categories. 
The gauged U(l) generator may be taken to be 

cosBY + s'mOY\, or 

cos OY + sin 9Y2, or 

cos0r + sin0y 3 . (18) 

There is no way of determining the gauged U(l) generator uniquely. In all three 
cases charge dequantization results. This appears to be an important result, as it 
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implies that the MSM lagrangian should be modified. In other words, new physics 
must exist. 6 

The simplest and most obvious way to modify the lagrangian is to add right-handed 
aeutrinos, because now the Yukawa lagrangian explicitly breaks the family-lepton-
number symmetries. In this case the lagrangian has only two global symmetries, 
generated by B and L. Only B — L is anomaly-free, and, as we have seen, this 
symmetry may be broken by adding Majorana-mass terms for the right-handed neu
trinos to the lagrangian. This rather modest extension of the MSM has electric charge 
quantization[21]. (We should also add that this is a celebrated extension of the MSM, 
because the see-saw mechanism[23] may be used to explain the smallness of neutrino 
masses.) 

It is possible, of course, that the above extension of the MSM is not the correct 
theory for describing nature. Nevertheless, there are other interesting models which 
incorporate right-handed neutrinos with Majorana-mass terms, such as the usual 
left-right symmetric models[9,10]. In lieu of any empirical evidence for electric charge 
dequantization, such theories are favoured over the three-generation MSM. 

Finally, we comment on applying the approaches of Geng and Marshak[14] and 
Rudaz[15] to the three-generation SM. In both cases one must supplement the one-
generation analysis with the rule that "the second and third generations are to be 
viewed as copies of the first generation." This is because one needs to be able to 
specify that the charges of corresponding particles in different generations are equal. 
Otherwise, several parameters remain arbitrary after all the constraints have been 
applied. 

This rule ultimately needs to be justified on the basis of some extended theory; the 
SM is not powerful enough to provide this justification. So, new physics is necessary 
one way or the other: either one concludes that charge quantization cannot be estab
lished in the three-generation SM (with or without right-handed neutrinos) and so 
new physics is necessary, or one adopts the aforementioned rule, which requires new 
physics for its justification. 

It is perhaps preferable to be able to derive the equality of charges in different 
generations using the same methodology as for the analysis of the one-generation 
case. This is exactly what our approach does: the different generations are constrained 
to have the same charges by the well motivated classical constraints arising from the 

6Babu anu Mohapatra implicitly disagree with this conclusion in their discussion of "hidden local 
horizontal symmetries" in Ref.9. Vi.2,3 are such symmetries. They claim these sort of symmetries 
can always be explicitly broken by the inclusion of more Yukawa terms. However, it is certainly true 
that in a multi-generational MSM the family-lepton-numbers are conserved for the whole of Yukawa 
coupling parameter space. It is the basis of the irreducible representations of U(l)icpjl , that varies 
with the parameters rather than the existence of the symmetries. 
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Yukawa lagrangian and the Majorana-mass lagrangian. Note that charge quantization 
in the three-generation minimal SM can be restored if we supplement our analysis 
with the "generations as copies" rule; this simply disallows any piece proportional 
to the generation-dependent charges Vi,2,3 appearing in the actual hypercharge. We 
argue that it is more justified to modify the lagrangian to explicitly exclude such 
hypercharges rather than imposing this ad hoc rule. 

IV. CONCLUSION 

We have reviewed and discussed an approach to understanding electric charge quan
tization which successfully handles gauge groups with U(l) factors, in particular the 
standard model. It utilises (i) the definition of electric charge generator as the linear 
combination which annihilates the vacuum, (ii) classical constraints from invariance 
of the lagrangian, and (iii) gauge anomaly cancellation. We have also commented on 
other, related, points of view. 

Our conclusions are that electric charge quantization can be explained in (i) the one-
generation MSM, (ii) the one-generation SM with right-handed Majorana neutrinos 
and (iii) the three-generation SM with Majorana right-handed neutrinos. Impor
tantly, we find that charge is dequantized in the three-generation MSM, due to the 
existence of the "hidden" local symmetry groups f / ( l )y l i 2 J . This may be used to 
argue for the existence of right-handed Majorana neutrinos as the minimal piece of 
new physics needed to explain electric charge quantization in the SM. 
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