
ar
X

iv
:1

61
2.

07
16

5v
1 

 [h
ep

-p
h]

  2
1 

D
ec

 2
01

6

Unification and Local Baryon Number
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We investigate the possibility to find an ultraviolet completion of the simple extensions of the Standard Model
where baryon number is a local symmetry. In the context of such theories one can understand the spontaneous
breaking of baryon number at the low scale and the proton stability. We find a simple theory based onSU(4)C⊗

SU(3)L⊗SU(3)R where baryon number is embedded in a non-Abelian gauge symmetry. We discuss the main
features of the theory and the possible implications for experiments. This theory predicts stable colored and/or
fractional electric charged fields which can give rise to very exotic signatures at the Large Hadron Collider
experiments such as CMS and ATLAS. We further discuss the embedding in a gauge theory based onSU(4)C⊗

SU(4)L ⊗ SU(4)R which could define the way to achieve the unification of the gauge interactions at the low
scale.

I. INTRODUCTION

The Standard Model (SM) of particle physics is today a
very successful theory of nature which describes most of
the experimental results below or at the electroweak scale,
ΛW ∼ 100 GeV. There are many appealing ideas for physics
beyond the Standard Model. In the context of grand unified
theories one can understand why the weak, the electromag-
netic and strong interactions are so different. In this context
the SM interactions are just different manifestations of the
same fundamental interaction [1]. The idea of grand unifi-
cation is very appealing but unfortunately these theories can
be realized only at the high energy scale,MGUT ≈ 1014−16

GeV, in agreement with evolution of the gauge couplings [2]
and the proton decay experimental bounds [3]. It is difficult
to imagine a direct test of these theories at colliders due tothe
fact that they can only be realized at the energy scale much
larger than the center-of-mass energy of any future collider
experiment.

Recently, several effective field theories have been pro-
posed in order to understand the possible absolute stability
of the proton [4–8]. In this context the global baryon num-
ber symmetry present in the SM is promoted to be a local
gauge symmetry which is spontaneously broken at the low
scale. Since in this context baryon number is not broken in
one unit these theories predict that the proton is stable. There-
fore, these theories provide an ideal framework to investigate
the unification of fundamental forces at scales much smaller
than the standard grand unified scale. See Refs. [9–12] for dif-
ferent studies in the context of these theories. In Ref. [10] we
have investigated the unification of gauge interactions from
the bottom-up approach in order to understand the different
scenarios where the unification can be realized at the low scale
in agreement with the experiment.

In this article we investigate simple unified theories which
are the ultraviolet completion of the theories proposed in
Refs. [4–7] and can be realized at the low scale. We focus
mainly on a simple theory based onSU(4)C ⊗ SU(3)L ⊗

SU(3)R where baryon number is embedded in a non-Abelian
gauge symmetry. In this context the color and the baryon
number are unified in theSU(4)C symmetry. We discuss the
main features of the theory and the possible implications for
experiments. This theory predicts stable colored and/or frac-
tional electric charged fields which can give rise to very ex-
otic signatures at the Large Hadron Collider experiments such
as CMS and ATLAS. We discuss the embedding in a gauge
theory based onSU(4)C ⊗ SU(4)L ⊗ SU(4)R which could
define the way to achieve the unification of the gauge interac-
tions at the low scale since the proton is absolutely stable in
this context.

II. THEORIES FOR BARYON NUMBER

In Refs. [4–7] we have proposed several theories where
the gauge symmetry is the SM gauge symmetry and a local
Abelian symmetryU(1)B. These theories have the common
features:

• The local baryon number can be spontaneously broken
at the low scale.

• The proton can be absolute stable in the simplest mod-
els.

• In order to define an anomaly free theory one needs
to introduce extra vector-like fermions with different
baryon numbers.

• In this context one predicts the existence of a leptopho-
bic gauge boson,ZB, which couples only to the SM
quarks and the new vector-like fermions.

• These theories predict generically a cold dark matter
candidate which is the lightest neutral field in the new
sector of the theory.

• One typically has a relation between the matter-
antimatter and the dark matter asymmetries.

http://arxiv.org/abs/1612.07165v1
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Clearly, these effective theories can provide an ideal frame-
work to understand the unification of interactions at the low
scale. In this article we propose a new theory which can help
us to understand this possibility.

III. TOWARDS UNIFICATION

In the previous section, we have discussed the theories
where baryon number is a local symmetry. Typically, in an
unified theory where quarks and leptons live in the same mul-
tiplet one cannot define B and L for the matter multiplets.
However, if one has extra matter one can have matter mul-
tiplets with definite baryon number and one of the generators
in the algebra can be identified as baryon number generator.
One example has been discussed in Ref. [13] where follow-
ing the old idea of Pati-Salam [14] and the model proposed in
Ref. [15], U(1)B lives insideSU(4)C . This idea is not new
but it is the key to find a new simple unified theory where the
baryon number is a local symmetry. The model proposed in
Ref. [13] is simple but one cannot realize the breaking of the
gauge symmetry to the SM model plus the local gauge sym-
metryU(1)B and the proton is not stable. One also has an
Abelian gauge symmetry as in the SM.

In this section, we show that it is possible to use the idea of
trinification to motivate a simple theory where baryon number
is a local symmetry. We therefore consider the gauge group

G433 = SU(4)C ⊗ SU(3)L ⊗ SU(3)R , (1)

with the Standard Model fermions embedded in

Q ∼ (4, 3̄, 1) , Qc ∼ (4̄, 1, 3) , and L ∼ (1, 3, 3̄) . (2)

Anomaly cancellation requires that we introduce the extra
fields

Ψc ∼ (1, 3, 1) and η ∼ (1, 1, 3̄) . (3)

Let us discuss the explicit form of all matter multiplets:

• The left-handed SM quarks live in theQ multiplet (one
for each family) together with extra colorless fields with
baryon number as we show here

Q =







dr ur Dr

db ub Db

dg ug Dg

Ψd Ψu ΨD






=

(

q
Ψ

)

. (4)

Hereq is the quark multiplet used in trinification, which
is the theory based onSU(3)C ⊗ SU(3)L ⊗ SU(3)R
andΨ is a vector containing the extra fieldsΨd, Ψu and
ΨD. The indicesr, b andg correspond to the different
colors.

• The right-handed SM quarks live in theQc multiplet

together with the partners of the extra fields inQ

Qc =





dcr̄ dc
b̄

dcḡ ηcd
uc
r̄ uc

b̄
uc
ḡ ηcu

Dc
r̄ Dc

b̄
Dc

ḡ ηcD



 =
(

qc ηc
)

, (5)

• The SM leptons live in theL multiplet together with
extra heavy leptons as in the case of trinification

L =





N1 E+ ν
E− N2 e−

νc e+ N3



, (6)

• As we have mentioned, here one needs the extra
fermionsΨc andη to cancel all the anomalies. They
are given by

Ψc =
(

Ψc
d Ψc

u Ψc
D

)

and η =





ηd
ηu
ηD



. (7)

This theory has many interesting features:

• The decay of the proton could happen if the dimension
nine operators, such asQQQLΦΦφ†/Λ5, are present.
Therefore, the scaleΛ can be small. HereΦ ∼ (1, 3, 3̄)
is the scalar field present in trinification. See the next
sections for details.

• In the limit vB → ∞ the new fermions decouple and
we are left with the known trinification model based on
theSU(3)C ⊗ SU(3)L ⊗ SU(3)R gauge symmetry.

• In the leptonic multipletL the leptons and anti-leptons
are unified in the same representation. Therefore, the
total lepton number is broken explicitly in this theory.

• This theory predicts the existence of new vector-like
quarks,D + Dc, with electric charge−1/3, new extra
neutral leptonsN1, N2,N3 and the right-handed neutri-
nosνc. We also find new vector-like heavy leptonsE+

andE− as in trinification.

• There are exotic fields with fractional charge as well,
the fieldsΨ, Ψc, η and ηc. The electric charges are
given by

Q(Ψu) = +2/3 , Q(Ψd) = Q(ΨD) = −1/3,

Q(Ψc
u) = −2/3 , Q(Ψc

d) = Q(Ψc
D) = +1/3,

Q(ηu) = +2/3 , Q(ηd) = Q(ηD) = −1/3,

Q(ηcu) = −2/3 , Q(ηcd) = Q(ηcD) = +1/3 .

A. Symmetry Breaking

The gauge symmetrySU(4)C⊗SU(3)L⊗SU(3)R can be
broken in two steps:
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• SU(4)C breaks down toSU(3)C ⊗ U(1)B once the
Higgs Σ ∼ (15, 1, 1) acquires a vacuum expecta-
tion value in theT 15

C direction, 〈Σ〉 = vC T 15
C , here

T 15
C = diag(1, 1, 1,−3)/2

√
6. Therefore, one obtains

a low energy theory based on trinification and the local
baryon number, i.e.SU(3)C ⊗ SU(3)L ⊗ SU(3)R ⊗
U(1)B. The Baryon number generator will be

YB = 2

√

2

3
T 15
C . (8)

• The U(1)B gauge boson must acquire mass. We
achieve it adding a new Higgs,φ ∼ (4, 1, 1) which
vacuum expectation value breaks the local baryon num-
ber. The explicit form of theφ field is given byφT =
(φr φb φg SB) and the VEV ofSB is vB/

√
2 in our

notation.

We obtain a trinification theory based onSU(3)C⊗SU(3)L⊗
SU(3)R which has the SM matter content plus extra matter
fields and leptophobic gauge bosons. We will discuss in detail
all the features of this model in the next sections.

The extra fields beyond trinification areΨ,Ψc, η and ηc,
they acquire mass onceSB gets a VEV. The relevant terms
are

L ⊃ −
(

yΨφ
†QΨc + yηφQ

cη + h.c.
)

, (9)

and their masses read as

MΨ = yΨ
v∗B√
2
, andMη = yη

vB√
2
. (10)

The mass of the rest of the fermionic fields is protected by the
trinification symmetry. We will discuss the effective trinifica-
tion theory in the next sections. It is important to emphasize
that both scalesvC andvB can be in the multi-TeV region in
agreement with all experimental constrains.

B. Leptophobic Gauge Bosons

This simple theory predicts the existence of seven extra lep-
tophobic gauge bosons,Xµ andZµ

B, beyond trinification. In
matrix form theSU(4)C gauge bosons can be decomposed as

Aµ =

(

Gµ Xµ/
√
2

X∗
µ/

√
2 0

)

+ ZBµT
15
C . (11)

The mass of the leptophobic gauge bosonZB is proportional
to vB , and the extra six gauge bosons acquire mass from the
VEV of Σ. BreakingSU(4)C → SU(3)C ⊗ U(1)B we find
the eight massless SM gluonsGµ ∼ (8, 1, 1) which corre-
spond to the first eight generatorsT 1...8

C , six massive gauge
bosons corresponding to the generatorsT 9...14

C which form
three complex massive gauge bosonsXµ ∼ (3, 1, 1) with
masses at the symmetry breaking scalevB given by

M2
X =

2

3
g2Cv

2
C +

1

4
g2Cv

2
B . (12)

Notice that in this modelgB =
√

3/8 gC at the symmetry
breaking scalevB. These leptophobic gauge bosons can have
the following decays

Xµ → qΨ̄, ηcqc.

It is important to mention that the gauge fieldsXµ can be light
because they do not mediate flavour violating processes at
tree level as the vector-leptoquark fields in models for quark-
lepton unification, see for example Ref. [15]. They will me-
diate flavour violation at one loop level where inside the loop
you will haveXµ and the extra fermions,Ψ or ηc.

The other leptophobic gauge bosonZB will acquire a mass
whenU(1)B is spontaneously broken. The mass is given by

MZB
= gBvB, (13)

and they can decay as follows

ZB → q̄q, Ψ̄Ψ, qcqc, ηcηc.

These decays will be investigated in the next section.

C. Cosmological Constrains

Unfortunately, all the extra fields in this theory have color
or fractional electric charge and then they can affect the pre-
dictions for cosmology. Here we will assume that in order to
avoid stable exotic fields with color or electric charge the re-
heating temperature is below the mass of the lightest exotic
field. This problem is similar to the monopole problem in
grand unified theories where after inflation we do not assume
a reheating temperature of order GUT scale.

The theory predicts stable fractional charged fermionsΨ,
Ψc, η andηc or stable colored bosonsφi, with i = r, b, g and
Xµ. We therefore have to require a reheating temperature be-
low their masses to avoid the production of these fileds. There
are three possible scenarios:

• Scenario A: One of the extra fieldsΨ, Ψc, η andηc is
the lightest new field. Then we have to require that the
following decay channels are open in the early Universe

φi → Ψ+Ψc +Xµ
i ,

φi → η + ηc +Xµ
i ,

Xµ
i → qiΨ, qci η

c .

Therefore, in this case the lightest field has fractional
electric charge and the upper bound on the reheating
temperature is thus

TA
RH <<

1√
2
yΨ,ηvB . (14)

• Scenario B: In this case the extra colored gauge boson,
Xµ, is the lightest new field. Then, we have to require
that the following decay channels are open in the early
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Universe

φi → Ψ+Ψc +Xµ
i ,

φi → η + ηc +Xµ
i ,

Ψ → (Xµ
i )

∗q̄i,

ηc → Xµ
i q

c
i .

Then, the upper bound on the reheating temperature
reads as

TB
RH << gC

√

2

3
v2C +

1

4
v2B . (15)

• Scenario C: In this caseφi is the lightest new field. The
following channels have to be open in the early Uni-
verse

Xµ → φi + SB,

Ψ → q̄ + φi,

η → qci + φi .

Therefore, the upper bound on the reheating tempera-
ture reads as

TC
RH << Mφ. (16)

In all these scenarios the reheating temperature can be large,
and we do not have any problems with BBN since it will be
much larger than a few MeVs. We assume that the gauge sym-
metry is broken in the multi-TeV region and the leptophobic
gauge boson can be produced at the LHC, this scenario is con-
sistent with cosmology.

IV. TRINIFICATION AT THE LOW SCALE

OnceSU(4)C is broken toSU(3)C ⊗ U(1)B andU(1)B
is broken, we find a simple trinification model which is based
on

SU(3)C ⊗ SU(3)L ⊗ SU(3)R,

with extra matter. The Standard Model quarks and additional
d-like quarks are embedded intoq andqc which are given by

q =





dr ur Dr

db ub Db

dg ug Dg



 and qc =





dcr̄ dc
b̄

dcḡ
uc
r̄ uc

b̄
uc
ḡ

Dc
r̄ Dc

b̄
Dc

ḡ



.

(17)
The needed Higgses for symmetry breaking are

Φi =





ϕ0
1i ϕ+

i H0
Li

ϕ−
i ϕ0

2i H−
i

H0
Ri H+

i S0
i



 ∼ (1, 3, 3̄) . (18)

The interactions of the quark fields and the scalar sector in
trinification are described by

−L ⊃ qqc(y1Φ1 + y2Φ2 + y3Φ3) +

Ψcη(h1Φ
†
1 + h2Φ

†
2 + h3Φ

†
3) + h.c.,

where the interaction between the quarks and theΦ scalar field
is given by

qqcΦ = ddcϕ0
1 + uucϕ0

2 + ducϕ+ + udcϕ−

− dDcH0
L −DdcH0

R +DucH+ + uDcH− +DDcS0.

The interactions of the leptonic fields with the scalar degrees
of freedom are described by

− L ⊃ 1

2
LL(k1Φ1 + k2Φ2 + k3Φ3) + h.c., (19)

whereLLΦ = ǫijkǫabcL
i
aL

j
bΦ

k
c . Once theSU(3)L⊗SU(3)R

symmetry is broken, there are nine massive gauge bosons be-
yond the gauge bosons present in a left-right symmetric the-
ory. The extra massive gauge bosons have the following prop-
erties:

• Extra gauge bosons associated toSU(3)L:

Bµ
L ∼ (1, 2̄, 1,−1) and B̃µ

L ∼ (1, 2, 1, 1) . (20)

• Extra gauge bosons associated toSU(3)R:

Bµ
R ∼ (1, 1, 2̄,−1) and B̃µ

R ∼ (1, 1, 2, 1) . (21)

• Mixed massive gauge boson

Cµ = cθ3C
µ
R − sθ3C

µ
L ∼ (1, 1, 1, 0) , (22)

where we use the abbreviationssθ3 = sinθ3 andcθ3 = cosθ3.
We find the following mass terms in the Lagrangian

− L ⊃
M2

BL

2
B̃µ

LBµL +
M2

BR

2
B̃µ

RBµR +
M2

C

2
CµCµ, (23)

where the masses are given by

MBL
= 2gLV33, (24)

MBR
= 2gRV33, (25)

MC =
√

2(g2L + g2R)V33 . (26)

HereV33 is the vacuum expectation value ofS3. Addition-
ally, the massless gauge boson corresponding to the resulting
U(1)B−L symmetry is given by the linear combination

Zµ
BL = cθ3C

µ
L + sθ3C

µ
R with tanθ3 =

g2L
g2R

, (27)
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where theB − L gauge coupling is given by

gBL =

√
3

2

gLgR
√

g2L + g2R
. (28)

See Refs. [16–21] for several studies of theories based on
trinification.

V. 433 AT COLLIDERS

We have discussed above that the gauge theory based on
SU(4)C ⊗SU(3)L⊗SU(3)R predicts the existence of lepto-
phobic gauge bosons and of stable colored or electric charged
fermionic fields. See Ref. [22] for the current experimental
bounds on the leptophobic gauge boson assuming that it de-
cays only into SM quarks, Ref. [23] for the searches of vector-
like fermions and Ref. [24] for the signatures of stable charged
particles.

In Fig. 1 we show the total decay width of the leptophobic
gauge bosonZB as a function of the mass, using as input val-
uesmD = 1 TeV andmΨ,η = 600 GeV. We find that the total
decay width can be large.

ΓZB→Ψ Ψ,η η

ΓZB→DDΓtot

500 1000 1500 2000 2500 3000

5

10

50

100

500

1000

MZB
[GeV]

Γ
Z
B
/g

B
2
[G

e
V
]

mD=1TeV, mψ=mη=600GeV

FIG. 1: The decay width of the leptophobic gauge bosonZB .

In Fig. 2 we show the branching ratios of the gauge boson
ZB taking into account the decays into all SM quarks, into two
D-quarks and into fractional charged fields. Using the same
input parameters as in Fig. 1 we show that the decays into
fractional charged fermions have the largest branching dueto
the fact that they have larger baryon number. This is an in-
teresting result because one could expect thatZB could decay
mainly into quarks. Since the branching ratio into fractional
charged fermions is very large all the existent experimental
bounds are modified. There are also other exotic signatures in
this model:

• In the case when one of the new colored fields,Xµ or
Φi, is stable we can have the pair production through the
QCD interactions. Then, one can have the formation of
R-hadrons which leave very striking signals in the LHC
detectors. See Ref. [24] for the current bounds coming
from these searches at the LHC.

Br(ZB → ψψ, η η)

Br(ZB → jj)

Br ZB → D DBrZB → t t

500 1000 1500 2000 2500 3000
0.01

0.05

0.10

0.50

1

MZB
[GeV]

B
r(
Z
B
)

mD=1TeV, mψ=mη=600GeV

FIG. 2: The branching ratios of the leptophobic gauge bosonZB .

• In the case when the stable particle is a fractional
charged particle one predicts the existence of charged
tracks. See Ref. [24] for related searches at the LHC.

In this model the fractional charged particles can be produced
through the SM gauge bosons and the new leptophobic gauge
bosonZB, i.e. pp → γ∗, Z∗, Z∗

B → ΨΨ, ηη, giving rise to
two charged tracks. The existence of a new resonance allows
us to have a larger cross section and thus the experimental
bounds in Ref. [24] will be stronger. These exotic signatures
are crucial to identify this theory at current or future collider
experiments.

VI. 444 UNIFICATION

The gauge groupG433 is the symmetry group with the low-
est rank which can embrace the Standard Model symmetries
and gauged baryon number into a non-Abelian group. How-
ever, the symmetry group

G444 = SU(4)C ⊗ SU(4)L ⊗ SU(4)R , (29)

can also accomodate for the Standard Model symmetries and
gauged baryon number, and additionally can have aZ3 sym-
metry identifyingSU(4)C , SU(4)L andSU(4)R. The Stan-
dard Model fermions are embedded into

Q ∼ (4, 4̄, 1) , Qc ∼ (4̄, 1, 4) , and L ∼ (1, 4, 4̄) , (30)

where no new fields have to be added for anomaly cancel-
lation. The exotic fieldsΨc and η are embedded intoL.
Baryon number is again enclosed inSU(4)C which is broken
by (15, 4, 4̄)S . Baryon number and the residual symmetries
of SU(4)L ⊗ SU(4)R are broken by(4, 1, 1)S, (1, 4, 1)S and
(1, 1, 4)S. To give the Standard Model quarks the measured
masses we further have to add at least two scalars(1, 4, 4̄)S .
However, the mass separation of the new heavy quarks and
the light Standard Model quarks leads to large Yukawa cou-
plings. Renomalizable lepton masses can be generated by a
scalar bi-sextet(1, 6, 6)S or/and scalar bi-tenplet(1, 1̄0, 10)S.
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To generate the Standard Model lepton masses we find in both
scenarios the need of large leptonic Yukawa couplings. This
theory is very appealing but unfortunately one needs large
Yukawa couplings, i.e. one can have problems with Landau
poles, to generate fermion masses in a consistent way. We
will investigate this theory in great detail in a future publica-
tion. Therefore, in this context one can have the following
symmetry breaking path:

4C4L4R → 4C3L3R → 3C2L1Y 1B → SM.

VII. SUMMARY

We have proposed the first UV completion of the models
proposed in Refs. [4–7] where the baryon number is a local
symmetry spontaneously broken at the low scale. In this con-
text the color and baryon number is unified inSU(4)C and
the symmetry of the theory isSU(4)C ⊗SU(3)L ⊗ SU(3)R,
which is broken to3C3L3R1B onceΣ ∼ (15, 1, 1) acquires
a vacuum expectation value. Now, the tripletsΦi ∼ (1, 3, 3̄)

can break3C3L3R1B to the Standard Model plus the extra
U(1)B. However, in order to generate masses for the lep-
tophobic gauge bosonZB and the extra fermions one needs
to include in the Higgs sector a field in the fundamental of
SU(4)C . Thus, we find the first full non-Abelian gauge the-
ory where one has spontaneous baryon number violation.

We have discussed the properties of all extra fields present
in the theory and show that the theory predicts always a sta-
ble colored or with fractional electric charged particle. This
is clearly a problem for cosmology. In order to avoid this
issue we have assumed that the reheating temperature is be-
low the mass of the exotic fields. These fields can give rise
to exotic signatures at the LHC since one can have charged
tracks or formation of R-hadrons in case the stable fields are
colored. We have discussed the properties of the leptophobic
gauge bosons which are crucial to understand the testability
of these theories. These theories can be the key for the real-
ization of the unification of gauge interactions at the low scale
since the proton decay is highly suppressed.
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