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We investigate the simplest models where baryon and lepton numbers are defined as local symmetries
spontaneously broken at the low scale and discuss the implications for cosmology. We define the simplest
anomaly-free theory for spontaneous baryon and lepton number symmetry breaking which predicts the
existence of lepto-baryons. In this context, we study the new sphaleron condition on the chemical poten-
tials and show the relation between the present baryon asymmetry and the B-L asymmetry generated in

the early universe. The properties of the cold dark matter candidate for which stability is a natural con-
sequence from symmetry breaking are briefly discussed.
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1. Introduction

One of the bonuses of the Standard Model is the classical con-
servation of baryon and lepton numbers, which forbids proton de-
cay. Unfortunately, when high-dimension operators [1]| consistent
with gauge symmetries of the Standard Model are considered,
these global symmetries are lost. Then, one needs to postulate
a suppression mechanism to be consistent with the experimental
bounds on the proton lifetime [2]. An example is the existence of
the great desert with a new scale related to the grand unification
scale of approximately Mgyr ~ 1014716 GeV [3].

Recently, the authors of Ref. [4] proposed an alternative ap-
proach for physics beyond the Standard Model where the baryonic
and leptonic symmetries are considered fundamental local symme-
tries. In this context, these symmetries can be spontaneously bro-
ken near the electroweak scale and there is hope to test the pre-
dictions at colliders. The original idea related to the spontaneous
breaking of local baryon number with the use of the Higgs mech-
anism was proposed by Pais [5]. In the models investigated in
Refs. [4,6,7] local baryon number is always broken in three units
and the proton is stable. There are also interesting cosmological
implications since the new sector typically contains a cold dark
matter candidate for which stability is automatic, and also the
usual picture for baryogenesis can be different [8,9].

In this article, we revisit the idea of constructing a simple par-
ticle physics model where baryon and lepton numbers are local
symmetries. We find that the simplest phenomenologically viable
model that is free of anomalies consists of three right-handed neu-
trinos and only four new fermion multiplets, which we call “lepto-
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baryons”. We investigate the main features of this theory and dis-
cuss the main implications for cosmology, including the modified
sphaleron conditions on the chemical potentials. After symme-
try breaking the new fermions have the same quantum numbers
as the gauginos and Higgsinos in the Minimal Supersymmetric
Standard Model. In this model the dark matter candidate is the
lightest Majorana fermion with baryon number.

2. Theories of local baryon and lepton numbers

In this section, we systematically show that the simplest viable
model with gauged baryon and lepton numbers requires four new
fermion multiplets along with three right-handed neutrinos to can-
cel all anomalies. Here, we follow the discussion in Ref. [4] to
understand the anomaly cancellation. Our main goal is to construct
a theory based on the gauge group

Gpr=SUB)c®SUR),@U()yU(1)p®U(1),.

To simplify the discussion we first search for minimal models with
gauged baryon number, and later show how the methods easily
extend to the case where lepton number is also a local symmetry.

2.1. Gauging baryon number
In order to consistently gauge baryon number, one has to in-
troduce a new set of fermions to cancel the non-trivial baryonic

anomalies

AM(SUR) @ U(1)g) =3/2 and
AMUM @U)p) =-3/2.
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In addition, the vanishing of the other Standard Model baryonic
anomalies

AM(SUBE®U)E) =0,
AM(U)g) =0,

AMU@y @ UME) =0,
AMUD3) =0,

along with the gauge anomalies must be maintained upon the in-
troduction of additional fermions. The anomaly .AgM = 0 implies
that the simplest solution for anomaly cancellation corresponds to
cases with fields without color charge. Therefore, we proceed with
colorless fields.

We begin our discussion with the introduction of just two new
fermionic multiplets

Yy ~(,N,y1,B1) and ¥g~(1,M,y,, By).

The anomaly As5(U(1)g) = 0 requires By = MBy/N. Then, using
AG(U(l)é) =0, the condition M = N holds and hence B = B;.
Then, A; (SU(Z)f ® U(1)p) cannot be canceled. Thus, there is no
solution with just two new fermionic fields.

Next, we look for the solution with three multiplets

@~ (1,N,y,B1),
xL~ (1,M,0, B3).

&g~ (1,N,y,Bz) and

Cancellation of anomalies requires M = 2N, y?> = N2/4 and By =
—By=—B3 = 3/N3. That x; is an even dimensional isospin multi-
plet with zero hyperchange implies the existence of fermions with
fractional electric charge, and thus cannot decay into Standard
Model particles. More general quantum number assignments will
lead to the same conclusion. Therefore, models with three fermion
multiplets, while consistent with respect to anomaly cancellation,
requires a new stable electrically charged particle which is ruled
out by cosmology.

Finally, we turn to the case of four fermion multiplets, with the
additional fermion field denoted as X;. We find that the simplest
solution that satisfies anomaly cancellation is

v ~@1, 2, 1/2, 3/2),
2 ~(1, 3,0, =3/2),

YR~ (1, 2, 1/2, =3/2),
xL~ (1, 1,0, =3/2).

The charge assignments of the new fermions does not lead to frac-
tional charges in the particle spectrum, so that the model is not
immediately ruled out by cosmology. To summarize, we observe
that the requirement of anomaly cancellations always leads to
particle content which allows for vector-like masses for the new
fields, and that the simplest viable solutions tend to correspond
to models with an even number of colorless multiplets. There ex-
ists a non-minimal solution where the fields transform under the
adjoint representation of the SU(3)c.

2.2. Minimal theory of lepto-baryons

Knowing a solution for gauging baryon number, we follow the
prescription described in Ref. [4] to construct the model in which
lepton number is also a local symmetry. Adding the three right-
handed neutrinos the linear and cubic leptonic anomalies are can-
celed. As noticed in Ref. [4], there is a symmetry between the
anomaly cancellation in the quark and lepton sectors. Now, the
anomalies to be canceled are

AM(su@)Z @ U(1),) =3/2 and
AM(UMZ @ U(1)) =—3/2.

The other anomalies are automatically zero in the Standard Model
with right-handed neutrinos, i.e.

AM(SUBGE®UM) =0, AR (UMY ®U(1F) =0,
Aﬂﬂ(u(m):o, and A%”(U(l)z)zo’

and in general one also must cancel the mixed anomalies

A(UMZ®U1)) =0, Au(UMpeU(1)?)=0, and
Ais(U(y @ U(Dp @ U(1)¢) =0.

Once new fields are included in the theory, the cancellation must
be maintained. The simplest solution is to assign to the new fields

the same lepton charges as their baryon charges. Therefore, the
new fields are

w ~(1, 2, 1/2, 3/2, 3/2),

wp~(1, 2, 1/2, —=3/2, —3/2),

> ~(1,3,0, —3/2, —3/2), and

xL~(1, 1,0, —=3/2, —3/2). (1)

We call these fields “lepto-baryons” and in component form they
can be expressed as

+ 0
"IIL=($1{J>! (II/C)L=(WR)C=<:;22_), and
ﬁ2+>

_x0 (2)

1 30
*1=3 (ﬁz—
The relevant interactions in this model are given by

—L D hiUrHy +haH Wy xp + hsHT S, + ha¥r X1 H
+ Ag WRWLSS + Ay XLXLSB + A5 Tr D2 Sk
+ Y, b  HV  + Agvv°S; + h.c., (3)

where V¢ = (vg)¢ are the right-handed neutrinos. The needed
scalar sector is composed of the fields

Sg~(1,1,0,3,3), S, ~(1,1,0,0,2) and
H~(1,2,1/2,0,0), (4)

which are responsible for spontaneous symmetry breakdown of
the baryonic, leptonic, and electroweak symmetries, respectively.
We define the vacuum expectation values as (H) = v/v/2, (Sg) =
vg/+/2 and (S;) = vi/+/2. In order to understand the implica-
tions for baryogenesis we will assume that U(1), is broken at
a scale much larger than the electroweak-scale. When Sp acquires
a vacuum expectation value, the local baryonic symmetry U(1)p is
broken to the Z, symmetry which guarantees the stability of the
lightest lepto-baryon. This will be our dark matter candidate.

After symmetry breaking the mass matrix for the neutral fer-
mions in the basis (¥, 9, 2%, x°) is given by

1 1 1
0 EAWVB —mh3v ﬁhzv
1 1 1
MO _ ﬁ)upo 0 _ﬁh4v ﬁhﬂ/ (5)
_Lh3 _Lh‘lv LAEVB 0 ’
2V2 242 V2
%hzv %hﬂ/ 0 \/EXXVB

and the mass matrix for the charged fermions in the basis
(Y. 2% and (¥, , X7) reads

1 1

——=AyVp ~h3v

V2 2

Mi=< T L)\\/). (6)
N
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Notice that when all Yukawa couplings h; are small the new fer-
mions have pure vector-like masses proportional to the vacuum
expectation value of Sg. In this case, the model can easily satisfy
constraints coming from electroweak precision observables, col-
lider searches and others. Notice that these fields have the same
quantum numbers as the gaugino-Higgsino fields in the Minimal
Supersymmetric Standard Model.

As it has been pointed out in Ref. [4], this type of model is
interesting because the symmetry breaking scale can be low and
there is no need to postulate the existence of the great desert be-
tween the electroweak and Planck scales. The main reason is that
the scalar field Sp responsible for breaking baryon number car-
ries baryonic charge +3, and so does not generate any contribution
to proton decay. There are higher-dimension operators that would
mediate baryon number-violating decays by three units. For exam-
ple, one could consider

c

—75(QQQ)’ s, )

which mediates the processes: ppp — etete™, ppn — ete™ D,
pnn — et vD, and 3n — 30. However, even when A is of order
1 TeV, these processes are highly suppressed due to the large pow-
er A5 It is important to mention that the vacuum expectation
value, vp, sets the scale for the mass of the leptophobic gauge bo-
son Zp, and bounds on the mass of this type of gauge bosons are
weak [10-12].

3. Baryon asymmetry, sphalerons and dark matter

In this section, we investigate the relation between the baryon
asymmetry and the initial B-L asymmetry by solving the chemical
equilibrium equations. Below, we will briefly discuss how the B-L
asymmetry is generated in this model. Here, we will assume that
the local leptonic symmetry is broken far above the electroweak
scale. The baryon asymmetry is given by

ng—ng 15
s 4m2g,T

Bf= XB(MUL +I’LL!R +I’LdL +MdR)v (8)
when the chemical potentials are much smaller than the temper-
ature, 4 < T. The quantity g, is the total number of relativistic
degrees of freedom and s is the entropy density.

The only conserved global symmetry after symmetry breaking
in the theory is the usual B-L in the Standard Model and we will
use it to determine the final baryon asymmetry. The B-L asymme-
try is defined by

A(B —L)sm

15
= et 3(uy + Mug + My + dg — Mo, — Mep — Meg)-
9)

Assuming isospin conservation one has the conditions [13] on the
chemical potentials
and o= U+ (10)

Mup = MUdp» Me, = MKy,

Here 1o and w4 are the chemical potentials of the neutral and
charged components of the Standard Model Higgs doublet. The
Standard Model interactions for quarks and leptons with the Higgs
give us the useful relations

Mug = Mo + Hu,,  Mdg = —Mo + Mg, and
Hep = — Mo + e, - (11)

The interactions proportional to A; give the following new relations

2y, + sy =0, 2px +ps; =0 and

—wy + Py + sy =0, (12)

while the h; interactions impose the conditions

—Mug + o+ iy =0, —po+ [y + 1y =0,
—Mo+py +py, =0, and — pyp + iy +Ho=0. (13)

The sphaleron condition must conserve the total baryon number.
Because the lepto-baryons carry SU(2); quantum numbers, they
are expected to contribute to the effective 't Hooft operator. In
Ref. [14], the 't Hooft vertex for arbitrary representations was de-
rived iteratively. Here, we present a pedestrian approach to arrive
at the same result. The basic idea is to integrate the anomaly equa-
tion to determine the change in the number of quanta correspond-
ing to an instanton of unit winding number. Consider a left-handed
fermion transforming as an isospin j representation under SU(2);.
The anomaly equation reads

o =

2
g abyssa {a7uvb
167TZA W, W, (14)
where A% = Tr[G%{T‘?,T?}]. The current carries a normalizing
abelian charge G. Upon inserting the SU(2) identity Tr(T?T?) =
LiG+1)@j+1)8%, we have

2

g

9, JH =
nl 1672
In order to integrate the continuity equation and convert the right
hand side into a winding number, we express the field strength
tensors in terms of matrix-valued fields by writing the Kronecker

delta as a trace over a product of SU(2) generators in the funda-
mental representation, §%° = 2Tr(T§1/2T?/2), to obtain

1. . . ~
GG+ 1@j+ D8P Wy, W, (15)

9pg 2. . , g’ =

— 4+V-J=G=- DRj+ 1| = Tr[w,, WH]). (16
o TVAI=63iG+Dej+ )(16”2 [Wow 1. (16)
Upon inserting the explicit form of the instanton into the right-
hand side, we may integrate both sides over the entire 4-volume.
In the left-hand side we get the change of G-charge, and on the
right-hand side the quantity inside the parenthesis yields the
winding number, v =1, for the instanton configuration. Upon per-
forming the integration we arrive at

AG 2. .

T=AnL=§](J+1)(2]+1), (17)
which is the change in the number of left-handed quanta corre-
sponding to an instanton event, in agreement with Ref. [14]. The
't Hooft vertex for a given multiplet is schematically of the form:
Lefs = (Y )™, Therefore, in this model the 't Hooft operator is

(QQQL)* ¥ ¥ X7 (18)
Notice that this operator is different from the one in the Standard
Model because of the appearance of extra fields to conserve total
baryon number. Hence, the relevant equilibrium condition imposed
by the sphaleron processes is

3(3/"(’1“ +M6L)+M11’L — Ky +4M2L =0. (19)

Finally, using Eq. (10) conservation of electric charge implies

6(ftu, + Mug) — 3(Ma, + Hdg) — 3 (e, + Heg) + 2100 + Uy,
+ Hyp = 0! (20)
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while total baryon number conservation above the symmetry
breaking scale gives us
3
3(uy + Kug + Hdp + Rdg) + i(ZILwL — 2y =3z — Uy)
+6us, =0. (21)

Therefore, we arrive at the following system of equations

A(B —L)sm = 47;%(12“% — e, + 310), (22)
Qem=0 = 3y, —3Me, +810=0, (23)
Br=0 =y —2uy =0, (24)
Sphalerons = 9uy, + 3pe, + 21y, =0. (25)

With this, we can express the final baryon asymmetry as a func-
tion of the initial B-L asymmetry

15

32
=—(12 =—AB-1L ~0.32A(B — L)sm-
f 47r2g*T( Hug) 99 ( )sM ( )sM

(26)

Notice that the conversion factor is different from the one in the
Standard Model, i.e. smaller than 28/79 ~ 0.35 [13]. As it is well-
known this conversion factor is important to understand how the
initial B-L asymmetry is transferred into the baryon asymme-
try without assuming any particular model. Notice that in general
there is no reason to expect a simple solution for the conversion
factor in this model because the sphalerons conserve the total
baryon number. In this way, we show that it is possible to have
a consistent scenario for baryogenesis.

The primordial B-L asymmetry can be generated by the out-of-
equilibrium decays of the right-handed neutrinos as in canonical
leptogenesis scenarios. Once U (1), is spontaneously broken a mass
term for the right handed neutrinos is generated. The leptogenesis
scale is required to be below the U(1), breaking scale. We have
assumed that this mechanism is realized at the high scale typical
of leptogenesis scenarios (see [16] for details).

In this model the lightest lepto-baryon is automatically stable.
Here, we discuss briefly how to explain the observed relic density
in the Universe in the case when the dark matter candidate is
the x Majorana field, with mass approximately equal to ﬁAXvB.
After symmetry breaking the three CP-even physical Higgses can
have interactions with all Standard Model fields and the dark mat-
ter candidate. Therefore, we can have the following velocity sup-
pressed annihilation channels,

XX —> Hi—qq,hh, WW,ZZ, ...,

through the Higgs portal. From the interaction with the leptopho-
bic gauge boson, the following additional channel

XX — Zp—qq,

is open. Unfortunately, this channel is velocity suppressed since x
is a Majorana fermion. However, the dark matter candidate can an-
nihilate into two gauge bosons or into Higgs bosons through the
t-channel

XX — ZgZp,HiHj, HiZp,

which are not velocity suppressed. The direct detection of this dark
matter candidate can be through the Higgs portal or the leptopho-
bic gauge boson. The elastic nucleon-dark matter cross section me-
diated by the gauge boson is velocity suppressed and it is difficult
to test the predictions at current experiments. The most optimistic

scenario for placing constraints comes from the Higgs portal inter-
action. In this case, predictions for direct detection of a Majorana
fermion have been studied by many authors in the field [15]. The
detailed analysis of this dark matter candidate will appear in a fu-
ture publication.

4. Summary

In this article, we have proposed the simplest extension of the
Standard Model where baryon and lepton numbers can be de-
fined as local symmetries spontaneously broken at the low scale.
The new sector of the theory is composed of four new fermionic
multiplets the “lepto-baryons” and right-handed neutrinos. Baryon
number is spontaneously broken in three units allowing for low
scale symmetry breaking consistent with experimental bounds on
proton lifetime. Upon symmetry breaking the lepto-baryons have
the same quantum numbers as the gaugino-Higgsino fields in the
Minimal Supersymmetric Standard Model. Therefore, most of the
phenomenological studies on gauginos and Higgsinos can be rele-
vant for this model.

We have investigated the implications for cosmology when the
local baryon number is broken near the electroweak scale. In
this case, the sphaleron 't Hooft operator is different, modifying
the relationship between the initial B-L asymmetry generated by
a mechanism such as leptogenesis and the final baryon asymmetry.
This model also predicts the existence of a cold dark matter can-
didate which is a Majorana fermion. The results presented in this
article are complementary to the results in Refs. [4,6,7], because
in this way we know which are the simplest extensions of the
Standard Model with gauged baryon and lepton numbers. These
theories provide a guide to find a unified theory at the low scale.
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