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Introduction
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SM: Baryon and Lepton numbers are accidental global symmetries broken by SU(2) 
instanton processes in 3 units.  

Matter Unification: In theories where quarks and leptons are unified one should have 
B or L violating interactions.

GUTs: In grand unified theories ( SU(5), SO(10),..) B and L are explicitly broken 
at the high scale and generically one predicts proton decay.

P. Fileviez Perez

SUSY: In the MSSM  B and L are explicitly broken at the renormalizable 
level by RpV interactions and generically one predicts proton decay.

Theories for Physics beyond the Standard Model

B and L Numbers 



B and L Violating Effective Operators
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What are the values for ⇤L and ⇤B?

P. Fileviez Perez

Naive bounds: ⇤L . 10

14
GeV and ⇤B & 10

15
GeV

Maybe these operators are not present and ⇤L and ⇤B could be low !
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Search for Rare Processes

U(1)Li
broken !

- Proton Decay:

- N-Nbar Oscillations

- Neutrinoless double beta decay

- Lepton Flavour Violating Processes:

- LNV at Colliders: 

- Neutrino Oscillations

LNV

BNV
p ! ⇡0e+,K+⌫̄, ...

A
ZX ! A

Z+2Y + 2e�

µ ! e�, µ ! 3e, ...

p p ! e+i e
�
j e

+
k e

�
l , µ

±µ±4j, ..
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Explicit Breaking of B and L

Grand Unification
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Why the SM interactions are so different ?

The strong, weak and electromagnetic interactions  
are just different  manifestations of the same fundamental 

interaction at low energies !

H. Georgi, S. Glashow, 1974

SU(3)C ⌦ SU(2)L ⌦ U(1)Y SU(5)

�Weak ⇠ 100 GeV ⇤GUT ⇠ 1015�16 GeV



Georgi-Glashow Model
Georgi, Glashow, Phys.Rev.Lett.32:438-441,1974
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B and L are explicitly broken !



P. Nath, P. F. P., Physics Reports 441 (2007) 191

g5(ec)L�
µXµdL + g5uL�

µXµ(u
c)L + h.c.

New Baryon and Lepton Number Violating Interactions



�B = 1, �L = oddProton Decay:
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MV > 1014�15 GeV

Physics at the 
High Scale



The Georgi-Glashow Model is ruled out !

• The unification of gauge couplings in 
disagreement with the values of the 
couplings at the electroweak scale.

• Wrong relation between charged leptons and 
down quark masses.

• Neutrino are massless as in the SM.
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How do we write a simple realistic GUT ?  



Seesaw Mechanism
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Minkowski, Mohapatra, Senjanovic, Gell-Mann, Ramond, Slansky, Yanagida, Glashow, ...

P. Fileviez Perez



Realistic SU(5) Models

16

I. Dorsner, P.F.P., Nucl. Phys. B723 (2005) 53

Bajc, Senjanovic, JHEP 0708 (2007) 014 

15H ⇢ (1, 3, 1)

24F ⇢ (1, 3, 0)� (1, 1, 0)

Renormalizable SU(5) 1604.03377

45H Me 6= MT
d

Type II

Type III



Renormalizable SU(5) P.F.P., C. Murgui, 1604.03377

5H , 24H , 45H
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In Table I we show the contributions of the physical fields
in 5H , 24H , 10H and 45H to the running of the gauge cou-
plings. The triplet T in 5H has to be heavy, MT & 1012

GeV, in order to satisfy the proton decay bounds. The
only field in 24H which can help for the unification is
⌃3 ⇠ (1, 3, 0). Even if ⌃3 and H1 are at the electroweak
scale the constraints in Eqs. (15) and (16) cannot be sat-
isfied because BGG

23 /BGG
12  0.6. Since only the fields

with negative contribution to B12 and positive contribu-
tion to B23 can help to achieve unification in agreement
with the experiment, only the fields �3 and H2 in 45H
can help. The field �1 also can help to increase the GUT
scale and suppress proton decay. In the 10H only the
field �(3,2) could help but it mediates proton decay.

p → π0
e
+   (H.K.)

p →π0
e
+   (S.K. 2014)
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FIG. 1: Unification constraints shown by the blue line when
MH2 = 1 TeV. The dashed green line shows the naive LHC
bound on the colored octet mass, M�1 > 3.1 TeV [25]. The
red dashed line shows the limit on the GUT scale from the
current experimental value on proton decay lifetime, ⌧p(p !
⇡0e+) > 1.29⇥1034 years [26]. The orange dashed line shows
the projected limit on the proton decay lifetime from the
Hyper-Kamiokande collaboration, ⌧p(p ! ⇡0e+) > 1.3⇥ 1035

years [27]. The mass of the �3 is in the range 108.6 � 108.9

GeV from left to right.

In this model one has the usual doublet-triplet split-
ting problem since we need to split the 5H representation
and assume that the T field is very heavy. Now, in the
45H one has the same fine-tuning problem because the
second Higgs H2 must be light in order to have a large
vacuum expectation value needed to correct the fermion
masses. The simplest way to show that unification can be
achieved in a consistent way is to assume only the split-
ting of the 45H representation. The 10H holds the field
needed for the Zee mechanism, and the only field which
could help to achieve unification is �(3,2) but it mediates
proton decay. Therefore, we will assume that there is no
mass splitting in 10H or in 24H , and show the unifica-
tion constraints in the scenarios where less fine-tuning is
needed.

In Fig. 1, assuming unification of the gauge couplings
at one-loop level, we show the allowed values for the
masses of the �1 ⇠ (8, 2, 1/2) and the unification scale.
The solutions in agreement with the experiments are

shown by the blue line. In this case we assume that
MH2 = 1 TeV and the mass of �3 ⇠ (3, 3,�1/3) changes
from 108.6 and 108.9 GeV. The couplings of the �3 to
matter are not constrained by the fermion masses so
that they can be small to suppress proton decay. The
green vertical line represents the LHC bound, M�1 � 3.1
TeV [25], on the colored octet mass. The red horizon-
tal dashed line corresponds to the current experimental
bounds on proton decay ⌧p(p ! ⇡0e+) > 1.29 ⇥ 1034

years [26]. We also show in Fig. 1 the limit projected
(orange line) by the Hyper-Kamiokande collaboration,
⌧p(p ! ⇡0e+) > 1.3 ⇥ 1035 years [27]. As one can ap-
preciate, the main prediction from the unification of the
gauge interactions is that the field �1 has to be light and
the model could be tested in the near future in proton
decay experiments.

In the case when the mass of �1 is close to the TeV
scale one could hope to produce it at the LHC. The
Yukawa interactions for the field �1 are given by

LY � 2dcY2�
†
1qL + 4uc(Y4 � Y T

4 )qL�1 + h.c. (18)

Notice that one can produce �1 with large cross sections
through QCD interactions. Notice that since the second
coupling above is anti-symmetric the decays into two top-
quarks would not be observed. Therefore, one can have
exotic signatures such as signals with one top quark and
three light jets. The phenomenological aspects of the
colored octets have been investigated in Refs. [28–46].

B. Proton Decay

p → π0
e +

H.K. 

S.K. 2014

p → K +
ν
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FIG. 2: Predictions for the proton decay lifetimes. The blue
line shows the predictions for the decay p ! ⇡0e+, while
the purple line shows the predictions for the decay p ! K+⌫̄.
The horizontal red dashed line shows the current experimental
value on proton decay lifetime, ⌧p(p ! ⇡0e+) > 1.29 ⇥ 1034

years [26] from the Super-Kamiokande collaboration. The
orange dashed line shows the projected limit on the pro-
ton decay lifetime from the Hyper-Kamiokande collaboration,
⌧p(p ! ⇡0e+) > 1.3⇥ 1035 years [27]. The green vertical line
represents the LHC bound, M�1 � 3.1 TeV [25], on the col-
ored octet mass.

This theory can be ‘tested’ or excluded at SK(HK) ! 
Good theory for proton decay 
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Minimal GUTs predict the Great Desert
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�p > 1032�34 years =) � > 1015 GeV

�

Standard Model Unified Theories, Strings ?

Baryon and Lepton Number Violation !

⇤SM ⇠ 100 GeV (10�14 cm)

Proton Stability

⇤ ⇠ 1015�19 GeV (10�(29�33) cm)

Seesaw Camel
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The Great Desert and Supersymmetry

MSSM GUTs, Strings ?

B and L Violation: 

10 TeV ? 100 TeV ? ...

c5
�
Q̂Q̂Q̂L̂

�
�p > 1032�34 years =) � > 1016�17 GeV

�

What about the L̂Ĥu, L̂L̂ê
c, Q̂L̂d̂c and ûcd̂cd̂cinteractions?

Seesaw Camel

Unification of Gauge Couplings !
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�Weak ⇠ 100 GeV � ⇠ 1015�19 GeV21
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Standard Model GUTs, Strings ?

B and L Violation: 
Seesaw Camel

Spontaneous B and L Breaking !

P.F.P., M. B. Wise

The Proton is Stable !
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Spontaneous B and L Breaking
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Conservation of Baryon Number and Local Gauge Symmetries

PHYSICAL REVIEW D VOLUME 8, NUMBER 6 15 SEPTEMBER 1973

Remark on Baryon Conservation'

A. Pais
Rockefeller University, Ne~ York, New York 100Z1

(Received 27 March 1973)

The Higgs mechanism can serve to implement baryon conservation via an extension of the local
weak-electromagnetic gauge group by a local factor U(l) without conflict with the Eotvos experiments.

(1) Charge conservation and baryon conservation
are believed to be equally absolute. ' The former
law emerges in the dynamical context of a strict
local gauge invariance. On the other hand, no con-
vincing dynamical framework has been found so far
for baryon conservation. To be sure, one may
postulate a local gauge invariance for this pur-
pose, in straight analogy to the electromagnetic
case. This implies the existence of a neutral
massless vector field and of a long-range repul-
sive force between baryons, proportional to I',
where I" (the analog of e) is the baryonic charge.
However, the important observation was made
long ago' that I' is severely bounded by the ex-
perimental limits on the variance from substance
to substance of the gravitational to inertial mass
ratio as observed in the Eotvos experiments. '
From the recent improved measurements by Roll,
Krotkov, and Dicke4 one deduces

4 & 10-4' (y,4nhc

where e =~+, . Equation (1) (which will be referred
to as the Eotvos constraint) follows from the fact
that a Coulombic force arises between massive
bodies which of course carry macroscopic baryonic
charges I'A(A=the mass number). One can admit
an infinitesimal I' which satisfies Eq. (1), but this
does not seem attractive. Or one can dispense al-
together with the idea of a long-range field and put
in baryon conservation by hand as a gauge invari-
ance of the first kind. ' One may speculate whether
a dynamical clue is lost in doing so. This raises
the following question: Can one give a dynamical
context to baryon conservation such that no in-
finitesimal couplings are introduced and yet such
that the Eotvos constraint is circumvented?
It is the purpose of this note to point out that

baryon conservation can be associated with a local
U(1) gauge group, provided one makes use of the
Higgs mechanism. ' This can be done in such a way
that this conservation remains absolute while yet
it is associated with a vector field of short range.
Before giving the simple details, it is useful to
comment first on another facet of the problem,
namely the quantization of charge.

(2) As is well known, the Abelian nature of the
electromagnetic gauge group precludes any insight
into the problem of why charge is quantized. ' In
simplest terms, if we treat electromagnetism as a
separate phenomenon, then the equality of the
positron and the proton (bare) charge is to be put
in by hand (after which the ratio is stable under
renormalization). In the recent attempts to formu-
late a renormalizable unified field theory of weak
and electromagnetic phenomena, ' where one as-
sumes the existence of a local "weak-electro-
magnetic" gauge group g, the possibility arises
for an understanding of charge quantization. How-
ever, if g contains an Abelian factor U(l) and if
the charge operator contains the U(1) generator
(as happens in numerous models) then charge
quantization continues to be an ingredient extrane-
ous to the group structure.
We are faced with the same quantization problem

if we attempt to associate baryon conservation
with a U(1) group. Clearly one will want to intro-
duce a number of fundamental fermion fields with
a common baryonic charge. It is a limitation on
what follows that the U(1) mechanism described
below provides as little reason for the common-
ness of baryonic charge as does either the "classi-
cal" U(1) description of electromagnetism or a
number of variants of the unified g description for
electric charge. In any event, we shall confine
the discussion in this note to the following limited
objectives.
(i) To extend g to g XU(l), where U(1) is to be

the local gauge responsi. ble for baryon conserva-
tion.
(ii) To assume the existence of a number of

fundamental fermion fields Q„(commonly thought
of as quark fields) which enter in the representa-
tions deployed within 8 and which carry a common
baryonic charge F.
(3) As a result of the extension of g an extra

gauge field U„' appears, scalar with respect to g.
The only fields coupling to U' are taken to be the
Q„mentioned above' and one electrically neutral
complex scalar field Q coupled with strength I"&.
Let Z(g) be the strictly renormalizable Lagrangian
for g "Then the. full Lagrangiand equals &(U„', &f&)

1844
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U(1)B and U(1)L

SU(3)C ⌦ SU(2)L ⌦ U(1)Y ⌦U(1)B⌦U(1)L
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Breaking B and L at the TeV scale !

P. F. P., M. B. Wise

where can be broken at the TeV Scale !

How to define an anomaly free theory ?

P. Fileviez Perez



A1

�
SU(3)2 � U(1)B

�
, A2

�
SU(2)2 � U(1)B

�
,

A3

�
U(1)2Y � U(1)B

�
, A4

�
U(1)Y � U(1)2B

�
,

A5 (U(1)B) , A6

�
U(1)3B

�
,

A2 = �A3 = 3/2

Anomaly Cancellation
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Baryonic Anomalies:

In the SM:

P. Fileviez Perez



Different Solutions:

• Sequential Family

• Mirror family

• Vector-like Fermions
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TABLE I: The extra particle content of the model.

Field SU(3) SU(2) U(1)Y U(1)B U(1)L

 L N 2 Y1 B1 L1

 R N 2 Y1 B2 L2

⌘R N 1 Y2 B1 L1

⌘L N 1 Y2 B2 L2

�R N 1 Y3 B1 L1

�L N 1 Y3 B2 L2

anomaly, one finds the condition

B1 �B2 = � 3

N
, (2)

and for simplicity we use B1 = �B2. The same applies
to the corresponding leptonic anomaly, and we have

L1 = �L2 = � 3

2N
. (3)

To cancel the SU(3)2⌦U(1)B anomaly when N 6= 1, one
needs to impose the condition

2(B1 �B2)� (B3 �B4)� (B5 �B6) = 0. (4)

Using

B4 = �B3 and B5 = �B6 , (5)

this reduces to

2B1 �B3 �B5 = 0 , (6)

which is most easily cancelled by the choice

B1 = B3 = B5 . (7)

Similarly, a good choice is

L4 = �L3, L5 = �L6, and L1 = L3 = L5 . (8)

Finally, we have to think about the anomalies with weak
hypercharge. With the above used assignment of baryon
and lepton numbers, A4 andA10 are always cancelled and
do not provide a condition for the hypercharges. From
U(1)2Y ⌦ U(1)B , we obtain the condition

Y 2
2 + Y 2

3 � 2Y 2
1 =

1

2
. (9)

A useful set of solutions for this equation is

(Y1, Y2, Y3) 2⇢
(±1

2
,±1, 0), (±1

6
,±2

3
,±1

3
), (0,±1

2
,±1
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It is easy to check that—using any of these choices—all
baryonic and leptonic anomalies are canceled. Since the

new particles are vector-like with respect to the SM gauge
group, the SM anomalies do not pose a problem. Addi-
tionally, it can be checked that also the U(1)L ⌦ U(1)2B ,
U(1)2L ⌦ U(1)B and U(1)Y ⌦ U(1)L ⌦ U(1)B anomalies
are cancelled. These could be relevant because we deal
with particles charged both under U(1)B and U(1)L.
In order to find the scenarios where one avoids a stable

electric charged or colored field, we use as a guideline
that the new fields should have a direct coupling to the
SM fermions or the lightest particle in the new sector
is stable. Now, let us discuss the possible scenarios for
di↵erent values of N :

• N = 1: If the new fields do not feel the strong inter-
action, the only solution which allows for a stable
field in the new sector is the one where Y1 = ±1/2,
Y2 = ±1, and Y3 = 0. Then, if the lightest field
is neutral, one can have a dark matter candidate.
We will discuss this solution in the next section in
detail.

• N = 3: If one uses the weak hypercharges Y1 =
±1/6, Y2 = ±2/3, and Y3 = ±1/3, a stable col-
ored field can be avoided. Unfortunately, in order
to generate vector-like masses for the new fields one
needs a scalar SBL ⇠ (1, 1, 0,�1,�1), and one gen-
erates dimension seven operators mediating proton
decay.

• N = 8: This scenario could be interesting but in
order to couple the new leptoquarks to the SM
fermions we need to include extra colored scalar
fields. The most attractive way is to add color octet
scalars that let the new fermions couple to leptons.
The new colored scalars can decay at one loop to
a pair of gluons [12] after spontaneous symmetry
breaking because of couplings in the scalar poten-
tial. We will not pursue this case further stick-
ing instead to the simplest possible model where
N = 1.

IV. Theoretical Framework. Our main goal is to
define a consistent anomaly free theory based on the
gauge group

SU(3)⌦ SU(2)⌦ U(1)Y ⌦ U(1)B ⌦ U(1)L,

that is consistent with experimental and observational
constraints and does not need a large desert to satisfy
the proton decay bounds. The simplest of the solutions
discussed in the last section is the one with colorless
fermions. We discuss it in more detail now. The new
fermion fields of this model are given in Table I, assum-
ing N = 1, Y1 = ±1/2, Y2 = ±1, and Y3 = 0 and we
focus on this choice of hypercharges in the remainder of
the paper. We call these fields leptoquarks even though
they do not couple to quarks and leptons because they
have baryon and lepton numbers ±3/2.

3

TABLE I: The extra particle content of the model.

Field SU(3) SU(2) U(1)Y U(1)B U(1)L

 L N 2 Y1 B1 L1

 R N 2 Y1 B2 L2

⌘R N 1 Y2 B1 L1

⌘L N 1 Y2 B2 L2

�R N 1 Y3 B1 L1

�L N 1 Y3 B2 L2

anomaly, one finds the condition

B1 �B2 = � 3

N
, (2)

and for simplicity we use B1 = �B2. The same applies
to the corresponding leptonic anomaly, and we have

L1 = �L2 = � 3

2N
. (3)

To cancel the SU(3)2⌦U(1)B anomaly when N 6= 1, one
needs to impose the condition

2(B1 �B2)� (B3 �B4)� (B5 �B6) = 0. (4)

Using

B4 = �B3 and B5 = �B6 , (5)

this reduces to

2B1 �B3 �B5 = 0 , (6)

which is most easily cancelled by the choice

B1 = B3 = B5 . (7)

Similarly, a good choice is

L4 = �L3, L5 = �L6, and L1 = L3 = L5 . (8)

Finally, we have to think about the anomalies with weak
hypercharge. With the above used assignment of baryon
and lepton numbers, A4 andA10 are always cancelled and
do not provide a condition for the hypercharges. From
U(1)2Y ⌦ U(1)B , we obtain the condition
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It is easy to check that—using any of these choices—all
baryonic and leptonic anomalies are canceled. Since the

new particles are vector-like with respect to the SM gauge
group, the SM anomalies do not pose a problem. Addi-
tionally, it can be checked that also the U(1)L ⌦ U(1)2B ,
U(1)2L ⌦ U(1)B and U(1)Y ⌦ U(1)L ⌦ U(1)B anomalies
are cancelled. These could be relevant because we deal
with particles charged both under U(1)B and U(1)L.
In order to find the scenarios where one avoids a stable

electric charged or colored field, we use as a guideline
that the new fields should have a direct coupling to the
SM fermions or the lightest particle in the new sector
is stable. Now, let us discuss the possible scenarios for
di↵erent values of N :

• N = 1: If the new fields do not feel the strong inter-
action, the only solution which allows for a stable
field in the new sector is the one where Y1 = ±1/2,
Y2 = ±1, and Y3 = 0. Then, if the lightest field
is neutral, one can have a dark matter candidate.
We will discuss this solution in the next section in
detail.

• N = 3: If one uses the weak hypercharges Y1 =
±1/6, Y2 = ±2/3, and Y3 = ±1/3, a stable col-
ored field can be avoided. Unfortunately, in order
to generate vector-like masses for the new fields one
needs a scalar SBL ⇠ (1, 1, 0,�1,�1), and one gen-
erates dimension seven operators mediating proton
decay.

• N = 8: This scenario could be interesting but in
order to couple the new leptoquarks to the SM
fermions we need to include extra colored scalar
fields. The most attractive way is to add color octet
scalars that let the new fermions couple to leptons.
The new colored scalars can decay at one loop to
a pair of gluons [12] after spontaneous symmetry
breaking because of couplings in the scalar poten-
tial. We will not pursue this case further stick-
ing instead to the simplest possible model where
N = 1.

IV. Theoretical Framework. Our main goal is to
define a consistent anomaly free theory based on the
gauge group

SU(3)⌦ SU(2)⌦ U(1)Y ⌦ U(1)B ⌦ U(1)L,

that is consistent with experimental and observational
constraints and does not need a large desert to satisfy
the proton decay bounds. The simplest of the solutions
discussed in the last section is the one with colorless
fermions. We discuss it in more detail now. The new
fermion fields of this model are given in Table I, assum-
ing N = 1, Y1 = ±1/2, Y2 = ±1, and Y3 = 0 and we
focus on this choice of hypercharges in the remainder of
the paper. We call these fields leptoquarks even though
they do not couple to quarks and leptons because they
have baryon and lepton numbers ±3/2.

Vector-like Fermions (Lepto-baryons)

Anomaly Cancellation:
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One can define an anomaly free theory using the Fermionic Lepto-baryons:

They can have vector-like masses and cancel all anomalies !

P. Fileviez Perez

 L ⇠ (1, 2,�1/2, B1)  R ⇠ (1, 2,�1/2, B2)

⌘R ⇠ (1, 1,�1, B1) ⌘L ⇠ (1, 1,�1, B2)

�R ⇠ (1, 1, 0, B1) �L ⇠ (1, 1, 0, B2)

B1 �B2 = �3

M. Duerr, P. F. P., M. B. Wise  

Example:
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Generation of Mass:

New Higgs:

P. Fileviez Perez

SBL ⇠ (1, 1, 0,�3,�3)

L � �  L RSBL + �⌘⌘R⌘LSBL + ���R�LSBL + h.c.

�B = ±3 Stable Proton ! NO DESERT !

M. Duerr, P. F. P., M. B. Wise  
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Standard Model GUTs ?

B and L Violation: 
Seesaw Camel

Spontaneous B and L Breaking !

P.F.P., M. B. Wise

The Proton is Stable !



L � c

�15
(QLQLQL�L)

3SBL

n+ n+ n ! �̄�̄�̄

p+ p+ p ! e+ e+ e+

p+ p+ n ! e+ e+ �̄

p+ n+ n ! e+ �̄ �̄

�B = �L = ±3

SBL ⇠ (1, 1, 0,�3,�3)

32

B and L Violation

HIGHLY suppressed !!!
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Some Features:

Dark Matter: cold dark matter candidate !

Leptophobic Gauge Boson:

New Higgs Boson:

� = �L + �R

ZB ! q̄q, �̄�

Missing Energy at the LHC: pp ! ZBh2 ! t̄t�̄� ! t̄tEmiss
T

h2 ! q̄q,WW,ZZ, hh, �̄�

M. Duerr, P. F. P., M. B. Wise  
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Bounds on the Baryonic Breaking Scale
11
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Figure 5. Limits on the mass and coupling of the leptophobic gauge boson. (a) Limits from dijet searches [35–

39]. (b) Limits from tt̄ searches [40–43].

We have shown the possibility to find an upper bound on the symmetry breaking scale and a

perturbative upper bound on the leptophobic gauge boson mass. Now, let us understand if these

results are in agreement with the searches for new gauge bosons. In Fig. 5 we show the experimental

bounds in the gauge coupling gB and mass MZB
plane from (a) dijet searches and (b) tt̄ searches. In

Fig. 6 we show the combined limit on the gauge coupling from both dijet and tt̄ searches, together

with the regions that can explain the di-photon excess at the LHC for the three scenarios discussed

before. As one can see the Type I scenario is ruled out by these experimental constraints. The Type

II scenario is highly constrained but there are some small regions of the parameter space where

one can satisfy the experimental bounds. The Type III scenario is also constrained but the regions

which are close to the upper bound on the symmetry breaking scale are allowed by the experiments.

Therefore, the Type II and Type III scenarios do provide a possible explanation for the di-photon

excess in agreement with all experimental constraints.

The di!erent scenarios are experimentally well distinguishable, as the decay rates of the new

Higgs boson to other electro-weak gauge bosons and gluons have a di!erent strength. So comparing

event rates in the other decay channels with respect to the di-photon event rate provides a powerful

testing tool. We give the relative signal strength in Table II. It turns out that the most promising

signal to distinguish the two viable scenarios II and III is the measurement of the relative strength

of the Z! decay channel, which in the Type II scenario is large enough to search for the channel

M. Duerr, P. F. P., J. Smirnov, 1604.05319 
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Figure 3: Observed 95% CL upper limits on sBA for a narrow resonance decaying to gluon-
gluon final states (open circles), quark-gluon final states (solid circles), and quark-quark final
states (open triangles) compared with theoretical predictions for various resonance models.
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Figure 4: Observed 95% CL upper limits on the coupling gB of a hypothetical leptophobic
resonance Z0

B ! qq [21] as a function of its mass. The results from this study are compared to
results obtained with similar searches at different collider energies [14, 21].

Bounds on the Baryonic Breaking Scale CMS, 1604.08907 

What is the symmetry breaking scale ?
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P. Fileviez Perez

!
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!DMh2 = 0.1199± 0.0027
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gB = (0.1� 0.5)

MZB = (0.5� 5.0) TeV

M. Duerr, P.F.P., PRD 91 (2015)

Annihilation:

Direct Detection:

�̄� ! ZB ! q̄q

�N ! ZB ! �N



Upper bound on the Symmetry Breaking Scale

The Symmetry must be broken at the low scale !

P. Fileviez Perez

DM relic density:
M. Duerr, P.F.P., PRD 91 (2015)

(MZB << MGUT )
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P. Fileviez Perez

O. Buchmueller, M.J.Dolan, S.A. Malik, M.McCabe, 1407.8257

See also: H. An, R. Huo, L.T. Wang, 1212.2221



(B � L)SM
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Baryon Asymmetry 

Simple Scenario:

Symmetries:

Sphalerons:

P. F. P., H. H. Patel



BSM
f =

15

4⇡2g⇤T
(12µuL) = C1�(B � L) + C2�⌘

40

P. Fileviez Perez

P. F. P., H. H. Patel

⌦B =
32

99
⌦B�L

One can have baryogenesis in a consistent way !
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Standard Model GUTs, Strings ?

B and L Violation: 
Seesaw Camel

What about unification ?

P.F.P., M. B. Wise

The Proton is Stable !
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P.F.P., S. Ohmer

Towards Low Scale Unification

3

Notice that the values of these gauge couplings at different
scales and the kX are barely constrained. However, one can
envision that it is possible to define a theory where all gauge
couplings are unified, the Standard Model couplings, ↵1, ↵2,
↵3, and the new couplings ↵B and ↵L.Therefore, assuming
unification at the MU scale, we can find the values of ↵B and
↵L at the MZ scale for given values of kB and kL. The con-
tribution of the Standard Model fields to the running of the
baryonic and leptonic couplings is given by the coefficients
bSM
B = 8/3 and bSM

L = 6. The new fields contribute as follows

bnewB =

✓
16

3

nF +

4

3

◆
B2

= 3

(4nF + 1)

n2
F

, (10)

bnewL = bnewB +

10

3

. (11)

Notice that the right-handed neutrinos and SL contribute to
the running of the leptonic coupling, defining the difference
between the running of ↵B and ↵L. Hence, we can calculate

Ha 1L-1
Ha 2 L-1

Ha 3 L-1

HaBL-1

Ha L L-1
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FIG. 2: Evolution of the gauge couplings with lepto-baryons where
the unification scale is MU ⇠ 2 ⇥ 104 TeV. Here we assume for
simplicity kB = kL = k1 for the running of the ↵B and ↵L. At the
MZ scale we find ↵�1

B (MZ) = 25.17 and ↵�1
L (MZ) = 28.69.

the values of these couplings assuming unification at the low
scale. For simplicity, we have assumed the same ki factor for
all Abelian symmetries in the theory.

In Fig. 2 we show the numerical results for the running of
all gauge couplings. As one can appreciate the couplings ↵B

and ↵L are small at the electroweak scale. This result is wel-
come because in this way one can satisfy the bounds on the
leptophobic ZB and quarkphobic ZL gauge couplings coming
from collider experiments. See Refs. [11, 12] for the bounds
on the leptophobic gauge bosons.

Now, let us explicitly write down the relevant interactions
for the model in order to understand how the different fields
can obtain mass after symmetry breaking. The relevant inter-

actions are given by

� L � h1
¯

 RH�L + h2H
†
 L�L + h3H

†
⌃L L

+ h4
¯

 R⌃LH + � ¯

 R LS
⇤
B + �� �L�LSB

+ �⌃ Tr ⌃2
LSB + Y⌫ `LH⌫c + �R ⌫c⌫cSL + h.c.,

(12)

where ⌫c = (⌫R)
c are the right-handed neutrinos and H ⇠

(1, 2, 1/2, 0, 0) is the Standard Model Higgs boson. In gen-
eral for nF copies of the fields the couplings h1, h2, h3, h4,
� , ��, and �⌃ are nF ⇥ nF matrices. Notice that when
SB breaks U(1)B all the new fields can have large masses
even before the electroweak symmetry is broken. The leptonic
U(1)L symmetry is broken by the vacuum expectation value
of SL, and in the same way we generate large right-handed
neutrino masses.

In Ref. [10] we have investigated the possible implications
for baryogenesis if the local baryon number is broken at the
low scale for nF = 1. In this scenario the sphalerons must sat-
isfy the extra condition that total baryon number is conserved.
As one can see in Ref. [10] it is possible to have a consistent
relation between the final baryon asymmetry and the B � L
asymmetry generated by some mechanisms in the early Uni-
verse such as leptogenesis. These results can be easily gener-
alized for several copies of the new fermions. In Ref. [10] we
also discussed the existence of a dark matter candidate which
is the lightest Majorana fermion in the new sector. If we have
several copies of these fields, the same candidate can be used
to describe the cold dark matter in the Universe.

Before we summarize our main results, it is important to
discuss the impact on the running of the gauge couplings in the
context of other models where the cancellation of the baryonic
and leptonic anomalies is possible. In Ref. [7] the anomaly
cancellation was realized using an extra chiral family. Unfor-
tunately, this solution is ruled out by the LHC due to the ex-
istence of a Standard Model-like Higgs. In Ref. [8] the possi-
bility to use vector-like families for anomaly cancellation was
pointed out. These vector-like families change the running of
the gauge couplings, but the unification is always realized at
high scales because the new quarks change the evolution of
the strong coupling as well.

The possibility to cancel the B and L anomalies using lepto-
baryons was also discussed in Ref. [9]. In this scenario, the
new fields do not change the evolution of the strong coupling
and they are singlets or live in the fundamental representation
of SU(2). Since the fundamental representation of SU(2)

contributes less than the adjoint representation one will need
many copies of these fields to achieve the low scale unifica-
tion. Therefore, we focus on the scenarios studied in this arti-
cle since they are the minimalistic setting where we can make
sure that the proton is stable after symmetry breaking and the
unification can be realized at the low scale as shown in Fig. 1
and Fig. 2. We have presented our results at one-loop level in
order to illustrate the main idea. It is also important to under-
stand the predictions at two-loop level and in a given unified
theory the threshold effects could be very important.

 What is the UV completion ?    P.F.P., S. Ohmer, to appear
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Figure 3. The predictions for the Type II scenario. The input parameters are the same as in Fig. 2.
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Figure 4. The predictions for the Type III scenario. The input parameters are the same as in Fig. 2.One can find an upper bound on the symmetry breaking scale

see also: 1512.06297

See parallel talk by

J. Smirnov
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Summary
- Simple realistic grand unified theories could be tested at experiments such 
as SK or HK. The minimal renormalizable SU(5) predicts a proton lifetime 
close to the current limits from SK. This is the best example of theories 
defined at the high scale predicting B and L violating processes.

- One can define simple theories where B and L are local gauge symmetries. 
In this case one can understand the spontaneous breaking of B and L at the low 
scale.  

In the simplest version of these theories:

a) The proton is stable, there is NO need for the great desert, and 
the unification of gauge couplings could be realized at the low scale.

b) One has a DM candidate and Baryogenesis works.

c) The DM relic density constraint defines an upper bound on the symmetry breaking 
scale. The scale for spontaneous B breaking is below (10-40) TeV. 
Therefore, there is a hope to test these theories at collider experiments.
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