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A simple theory where the total lepton number is a local gauge symmetry is proposed. In this context, the
gauge anomalies are canceled with the minimal number of extra fermionic fields and one predicts that the
neutrinos are Majorana fermions. The properties of the neutrino sector are discussed, showing that this
theory predicts a 3 4 2 light neutrino sector. We show that using the same fermionic fields one can gauge
the baryon number and define a simple theory where the lepton and baryon numbers can be spontaneously
broken at the low scale in agreement with experiments.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is one of
the most successful theories of nature, describing the
properties of quarks and leptons and how they interact
through the strong, weak, and electromagnetic interactions.
After the SM Brout-Englert-Higgs boson discovery at the
LHC, we know how electroweak symmetry is broken in
nature. In the SM, the massive gauge bosons, the Z° and
W+, and charged fermions acquire their masses through the
Higgs mechanism. Unfortunately, the SM does not provide
a mechanism for neutrino masses. This is one of the main
reasons why we need to modify the SM.

There are several theories for physics beyond the SM
where one can understand the origin of neutrino masses.
Since the SM neutrinos could be Majorana or Dirac
fermions, one needs to understand different possibilities
to generate their masses. One of the most popular ideas to
generate Majorana neutrino masses is based on the so-called
seesaw mechanism [1-5], where the SM neutrino masses are
suppressed by a mass scale related to new physics. The
neutrinos are predicted to be Majorana fermions in Pati-
Salam [6] and grand unified theories [7,8], where quarks and
leptons live in the same multiplet. Unfortunately, these
theories can describe physics at the very high energy scale,
Mgyt ~ 105716 GeV, and one cannot hope to test directly
the origin of neutrino masses at collider experiments.

The key symmetry one needs to study to understand the
type of neutrino masses generated is the total lepton
number £ =¢,+¢,+¢;, with ¢; being the lepton
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number for each SM fermionic family. The Dirac mass
terms conserve the total lepton number, while the Majorana
terms break the total lepton number by two units. The total
lepton number in the SM is an accidental global symmetry
broken at the quantum level by SU(2), instantons. In
physics beyond the SM, one can have theories where ¢ is
explicitly broken, for example, in grand unified theories, or
one can have theories where the local gauge symmetry
U(1), is spontaneously broken.

Theories based on local U(1), gauge symmetry have
been studied in detail in Refs. [9-11]. For an earlier
discussion, see Ref. [12]. These theories predict a new
sector needed for anomaly cancellation, new sources of CP
violation, a dark matter candidate from anomaly cancella-
tion, and the cosmological bounds on the dark matter relic
density implies that the symmetry-breaking scale must be
below the multi-TeV scale. In these theories, the neutrinos
are predicted to be Dirac fermions, because the total lepton
number is broken by three units. Recently, we have
investigated the implementation of the canonical seesaw
mechanism in these theories [13,14]. For several phenom-
enological and cosmological studies in these theories, see
Refs. [15-19].

In this article, we propose a simple theory where the total
lepton number is a local gauge symmetry. In this context,
the gauge anomalies are canceled with the minimal number
of extra fermionic fields, and one predicts that the neutrinos
are Majorana fermions. We discuss the properties of the
neutrino sector, showing that this theory predicts a 3 + 2
light neutrino sector. We show that, using the same
fermionic fields, one can gauge the baryon number and
define a simple theory where the lepton and baryon
numbers can be spontaneously broken at the low scale,
because the proton is stable and other baryon-number-
violating processes are highly suppressed.
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This article is organized as follows: In Sec. II, we discuss
the leptonic anomalies and the new solution for anomaly
cancellation. We discuss the neutrino spectrum and point
out the existence of two light right-handed neutrinos. In
Sec. III, we discuss the possibility to gauge the baryon
number using the same fermionic representations used in
Sec. II and define a simple theory for spontaneous baryon
and lepton numbers. We summarize our main results
in Sec. IV.

II. LOCAL LEPTON NUMBER

In order to define a gauge theory for total lepton number
and understand spontaneous symmetry breaking, one needs
to make sure that the theory is anomaly-free. In this context,
using the SM leptonic fields

£y ~(2,-1/2,1) and eg~(1,-1,1),

one can estimate the different gauge anomalies:

A, (SU3)ZU(1),) =0,
A (SU(2)7U(1),) = 3/2,
As(U(1)7U(1),) = =3/2,
A (U(D)yU(1)7) =0,
As(U(1)}) =3, and A(U(1),) =3

Here, we show only how the leptonic fields transform under
the SU(2),, U(1l)y, and U(1), gauge groups. The last
two anomalies, As(U(1)3) and Ag(U(1),), can be can-
celed if one adds three copies of right-handed neutrinos,
vg ~ (1,0, 1), needed to implement the canonical seesaw
mechanism.

Notice that, since A(SU(2)?U(1),) # 0, one needs at
least one fermionic representation transforming nontrivially
under SU(2),. Different solutions have been proposed
for anomaly cancellation in this context: (a) vectorlike
leptons [9,10] and (b) four fermionic representations [11].
If one stick to the minimal number of fields needed to
understand the spontaneous breaking of total lepton num-
ber, the neutrinos are Dirac fermions in these theories,
because the total lepton number is broken by three units.
The case of Majorana neutrinos has been also discussed in
Refs. [13,14].

In this article, we would like to point out a simple
solution for anomaly cancellation that allows us to con-
struct a theory for spontaneous lepton number breaking. If
we study the anomaly cancellation conditions, one can find
a simple solution where all anomalies are canceled with
only four fermions, and only one of the extra fermionic
representations is in a nontrivial representation of SU(2):

¥, ~(1,-1,3/4),
xr~ (1,0,3/4),

Yr~(1,-1,-3/4),
and p; ~(3,0,-3/4).

Here, we do not show the QCD quantum numbers, because
all these fields are colorless; i.e., they do not transform
under SU(3) . Notice that the lepton number for these new
fermionic fields is predicted by anomaly cancellation.

In Ref. [11], we pointed out a solution with only three
representations, but in this case one predicts fermions with
fractional electric charge that cannot decay into the SM
fields. Also in Ref. [11], we pointed out a solution with four
fermionic fields, but three of them are in nontrivial
representations of SU(2), and one has more physical fields
after symmetry breaking if one compares to the new
solution proposed in this article.

One can generate mass for the new fermions if one has a
Higgs field, S~ (1,0,3/2), and the following Yukawa
interactions:

—L 2 2, Tr(pl Cpp)S + Ap¥, WS
+ 4,21 Cy.S* + He. (1)

Notice that here the trace in Tr(p;p;) is for the SU(2)
index. The p; field can be written as

V2p; ) )

, _1< P
Lt
2\V2p; -

The new electrically charged fields ¥; and Wy can decay if
they mix with the SM leptons. This can occur if we have the
first interaction in the following equation:

—L 22, PLert) + ArZ1vrd
+ yD?Ll.GzH*l/R + yez?LHeR

+ % Tic,Cp Hep + H.c. (3)

Here, ¢ ~(1,0,—1/4), and H ~(2,1/2,0) is the SM
Higgs field. The second term in the above equation is also
allowed by the gauge symmetry, and it has very important
consequences for the mechanism for neutrino masses. One
could consider a different possibility where the W can mix
with the SM leptonic doublet £, if one adds an SU(2),
Higgs doublet with more exotic lepton number,
H,~(2,1/2,7/2). Since our main interest is to look for
the simplest theory based on local U(1),, we focus on the
theory where one uses the interactions in Eq. (3). Therefore,
the minimal theory contains two extra scalar fields: S ~
(1,0,3/2) and ¢ ~ (1,0, —1/4). Their vacuum expectation
values are defined as (¢) = v¢/\/§ and (S) = vg/V2.
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A. Neutrino masses

In this theory, the SM neutrino masses are generated
through a double-seesaw mechanism. After U(1), is
spontaneously broken, one can generate the mass matrix
for the right-handed neutrinos using the terms

C Uy v
—L, DM, \/—"%mR 2, 7%;({0;@ +He o (4)

and integrating out the y; field. The mass matrix for the
right-handed neutrinos reads as

i ARARvp
e = —————.
8 2\/5/1)(’[15

Here, i, j = 1, 2, 3. Notice that this mass matrix has rank
one. Therefore, only one right-handed neutrino is massive
after U(1), is broken. One can rotate the right-handed
neutrinos, vx — N Uy, and write the mass terms for the SM
neutrinos and right-handed neutrinos in the following way:

(5)

|
~L} D By (M) vy = 5 v MeC

M} YUyVg
+ (0 Cp) ==L VGl + e, (6)

with MY = y,00Ng/V/2 and M, = /1/,1)5/\/5. Here,
vy = 246 GeV is the vacuum expectation value of the
SM Higgs field, and My is the mass of the massive right-
handed neutrino. Here, we use the convention where only
the third right-handed neutrino field is massive. In the
above equation, we included the mass for p? and the
mixing term between v; and p?.

Integrating out the massive right-handed neutrino and
pY, one finds

o
—-m/Vvi'Cv) +He.  (7)

— Ly 2 7 () v — 5

Here, o = 4, 5 and

B LRI AVE [

My M,

Here, mj, = y'vyv,y/4A. Notice that m,’ has rank two.
Therefore, this theory predicts a 3 4 2 light neutrino sector.
This theory does not predict the numerical values of the
coefficients in the above mass matrix, but one expects that
the two extra sterile neutrinos can have masses smaller than
the SM neutrino masses with small mixing angles. This is
possible when (M%) is very small. Notice that, since m,’
has rank two, one of the SM neutrinos must be massless.
We will study in detail the cosmological bounds in this
model in a future publication.

In this discussion, we did not include the dimension-five
operators such as H'p,y, H/A, because generically it
provides a small correction to the p; and y; masses. One
could have the dimension-six operator: cgrrrgrd”S*/A?
that can change the predictions for the right-handed
neutrino masses. Assuming cgz~1, vy~wvg~1TeV,
and A > 10° TeV (see the discussion about proton decay),
one finds that M, < 50 eV. Notice that, if this operator
is present, one changes the tree-level predictions for the
right-handed neutrino masses above, but still two right-
handed neutrinos are very light.

B. Higgs sector
The scalar potential in this theory is given by

V(H,S.$) = —m}H H + A(H H)> = m2S'S
+ 2,(STS)? = mi " + Ay (' )
+ M (HTH)S'S + 1, (H H)¢' ¢

+23(S5'S)p" . )
The scalar fields can be written as
ht
"= (%(Uo-f-ho)ei”O/”O)’ (10)
1 iog/v
S:ﬁ<ys+hs)e SETs (11)
and
1 ioy/v
¢:7§(U¢+h¢>e (2t (12)

Notice that this scalar potential has the global symmetry:
0(4)y ® U(1), ® U(1)s. The physical CP-even Higgses
(h,H,,H,) are defined as

ho h
h | =vul| H, |. (13)
hy H,

There are three CP-odd Higgses; two of them are
Goldstone’s bosons eaten by the neutral gauge bosons.
U(1), allows a dimension-seven term in the potential:
AuS¢°/A? + H.c., which breaks the U(1), ® U(1)g sym-
metry of the potential and one gets a pseudo-Nambu-
Goldstone boson, the Majoron J. In the next section, we
will discuss the possibility to gauge also baryon number,
and in this case all the CP-odd fields are eaten by the
neutral gauge bosons. The dimension-seven operator men-
tioned above is not allowed by the U(1), gauge symmetry
as we will discuss.
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C. Charged leptons

The SM charged leptons mix with the new singly
charged fermions in the theory through the interactions
in Eq. (3). The mass matrix for the charged leptons in the
basis, (e;,¥;) and (eg, Pg), is given by

o yev()/\/i 0
M= </1ev(/z/\/j ﬂw”s/\/i) )

The mixing between the SM charged leptons and the new
charged lepton is very small, since v, vg > vy. This
simple theory predicts lepton flavor violation mediated
by the interactions in Eq. (3) that can give rise to lepton-
flavor-violating processes such as u — ey. We will discuss
the predictions for these processes in a future publication.
The charged components in p; mix with the SM charged
leptons via the dimension-five operator in Eq. (3).

D. Proton decay

In this theory, proton decay can be mediated by the
dimension-nine operators.] For example, one can have
these operators:

C Ce * *
A—iQLQLQLfLS*(¢*)2 +FuRuRdReRS (¢7)%.  (15)

Using ¢, ~ 1, ¢, ~ 1, and vy ~ vg ~ 1 TeV, one finds that
A > 10° TeV in order to satisfy the experimental bounds
on the proton decay lifetime. For a review on proton decay,
see Ref. [20]. Notice that these operators are not allowed in
the full theory that will be discussed in the next section,
where the baryon number is also gauged.

In this section, we have assumed the scalar field ¢
acquires a vacuum expectation value generating the mix-
ings between the new fields and the SM leptons. This
allows us to generate the neutrino masses, and, as we will
discuss in the next section, we need only two scalar fields, S
and ¢, to define a realistic theory where the total lepton and
baryon numbers are spontaneously broken. If ¢ does not
have a vacuum expectation value, the model can be
realistic, because the new fields can decay into the SM
fields and one of the new neutral fields. In this case, the
lightest field between ¢, y;, and p? can be a dark matter
candidate.

III. LOCAL BARYON NUMBER

It has been shown in previous studies that, in a theory
with local lepton number, one can gauge the baryon
number with the same number of extra fermions [10,11].
Therefore, one can have a simple gauge theory based on

'"Thanks to C. Murgui and the referee for this comment.

SU(3)c®SUR2), ®@U(1)y ® U(1), ® U(1).

Using the SM quark fields ¢; ~(3,2,1/6,0,1/3),
ug~(3,1,2/3,0,1/3), and dr~(3,1,—1/3,0,1/3),
one can estimate the baryonic gauge anomalies:

A7 (SUB)RU(1)5) =0,
Asg (SU(2)%U(1)B) =3/2,
Ay (U(1)7U(1)p) = =3/2,
A(U(1)yU(1)z) = 0.
A (U(1)3) =0, and Ap(U(1)g) =0

In previous studies, three simple ways to cancel the
baryonic anomalies have been discussed: (a) adding six
extra colorless fermionic representations [10], (b) adding
four extra colorless fermionic representations [11], or
(c) adding vectorlike quarks [9]. In the previous section,
we listed the needed fields to cancel the leptonic anomalies.
Using the same fields, we can cancel all baryonic anomalies
if these extra fermions have also baryon number and with
the following quantum numbers:

~(1,1,-1,3/4,3/4),
17 17 _1’ _3/4’ _3/4)’
1,1,0,3/4,3/4),

1,3,0,-3/4,-3/4).

~

~

k9
Yy ~
L
PL

(
(
(
(

Notice that one can also cancel all mix anomalies:

Ai(UMU(),),  Au(U1)zU(1)7),
and Als(U(l)YU<1)fU(1)B)~

We refer to these extra fields as leptobaryons, because they
have lepton and baryon numbers.

The new scalar fields needed for symmetry breaking and
mass generation are the same as in the previous section, but
now we need to define the corresponding baryon numbers:

S~(1,1,0,3/2,3/2) and ¢~ (1,1,0,—1/4,3/4).
Notice that in this theory the two extra Goldstone’s bosons,
o, and o, in Egs. (11) and (12) are eaten by the two new
neutral gauge bosons associated to U(1), and U(1),.

A. New gauge bosons

In this theory, we have two new neutral gauge bosons, Z,
and Zp, associated to U(1), and U(1)g, respectively. The
mass matrix for these gauge bosons in the basis, (Z’;;, Z’é),
can be written as

035018-4
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a ( B0+ h3)

9098 (305 — 76 5)
MG = o 5 3 o . (16)
9¢98 (z Vs~ 16 %)

9535 + 165)

Here, we neglect the kinetic mixing between the Abelian
gauge bosons for simplicity. Notice that the mixing
between the gauge bosons can be large. The SM quarks
couple to Zp, while the SM leptons couple to Z,. However,
since the mixing angle between the new neutral gauge
bosons can be large, the new physical neutral gauge bosons
couple to the SM quarks and leptons. For experimental
limits on the new neutral gauge boson masses that couple
simultaneously to quarks and leptons, see Ref. [21].

B. Baryon-number-violating processes

In this theory, the operators mediating proton decay are
not allowed, because the baryon number is not broken by
one unit. Therefore, this theory predicts that the proton is
stable. In this theory, one can have, for example, the
following operator:

¢
%(QLCILQL?QP(S*)Z, (17)

which mediates the processes ppp — eTete’, ppn —
etetD, pnn - e, and 3n — 30. However, these proc-
esses are highly suppressed even if the cutoff scale
A~ 1 TeV due to the fact that these operators are sup-
pressed by A6, Since in this theory the proton is absolutely
stable and the other possible baryon-violating processes are
highly suppressed, the symmetry-breaking scale for U(1),
can be close to the electroweak scale.

In this section, we have discussed the full theory where
the baryon and total lepton numbers are local gauge
symmetries. One can consider the case where only the
baryon number is a local gauge symmetry and cancel all the
baryonic anomalies with the four extra fermions ¥;, Wg,
pL, and y;, listed above. In this case, the ¢ scalar field is

still needed to allow the new W fields to decay. Now, in the
scenario where ¢ does not acquire a vacuum expectation
value, the lightest field between ¢, y; , and p? is stable and
it can be a cold dark matter candidate. In this case, one has
an accidental discrete symmetry protecting the stability of
the lightest field, i.e., Z,: ¢ = =, y1. = —x1, Pr. = —PL>
Y, - =¥,, and Wy —» —W;. This theory will be inves-
tigated in a future publication.

IV. SUMMARY

In this article, we have discussed the simplest theory
based on local total lepton number where the gauge
anomalies are canceled with only four fermions plus the
right-handed neutrinos needed for the seesaw mechanism.
The neutrinos are predicted to be Majorana fermions. The
neutrino masses are generated through a double-seesaw
mechanism predicting a light 3 + 2 neutrino sector, where
one expects that the two extra sterile neutrinos can have
mass below or at the eV scale. We have shown that using
the same extra fermionic fields one can cancel all baryonic
anomalies and define the simplest theory where the total
lepton and baryon numbers can be spontaneously broken at
the low scale. In this theory, the proton is stable and other
baryon-number-violating processes are highly suppressed.
We also briefly discussed the scenarios where only one
symmetry, baryon or total lepton number, is gauged. We
discussed the possibility to have a dark matter candidate in
these scenarios.
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