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Main Goal

Discuss different theories where one can 

understand the origin of Baryon and Lepton 


number violation
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Introduction
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In the Standard Model Baryon and Lepton numbers are accidental global symmetries 
broken by SU(2) instanton processes in 3 units !   

B and L Numbers 

- NO n-nbar oscillations 

In the renormalizable SM: 

 - proton is stable  

- neutrinos are massless  

highly suppressed !�B = 3 & �L = 3
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Matter Unification: In theories where quarks and leptons are unified one must have B 
and L violating interactions (Pati, Salam, 1973).

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.

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

In theories where B and L are local gauge symmetries one predicts that  
these symmetries are spontaneously broken in 3 units. 



6

These scales could be low and we could test  
the origin of B and L violation !   

S. Weinberg, 1979
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Search for Rare Processes


U(1)Li
broken !

- Proton Decay:


- 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, ..

- N-Nbar Oscillations

- Others
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Explicit Breaking of B and L




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

GSM = SU(3)
N

SU(2)
N

U(1) ⊂ SU(5)

α3 α2 α1 → α5

N2 − 1 generators λa, a = 1..24

U(x) = Exp(iαa(x)λa), Det U=1, Tr λa=0

N − 1 = 4 diagonal generators.

Gauge Bosons

24G = (8, 1, 0)| {z }
Ga

L
(1, 3, 0)| {z }

Wb

L
(3, 2,−5/6)| {z }

V

L
(3̄, 2, 5/6)| {z }

V

L
(1, 1, 0)| {z }

B

Matter Assignment

(uC)L ∼ (3̄C, 1L,−2/3), (dC)L ∼ (3̄C, 1L, 1/3),

(eC)L ∼ (1C, 1L, 1),

„
uα

dα

«

L

∼ (3C, 2L, 1/6),

„
ν
e

«

L

∼ (1C, 2L,−1/2)
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5H 24H

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:

12

MV > 1014�15GeV
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Renormalizable SU(5) P.F.P., C. Murgui, 2016

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 B

GG

23 /B
GG

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 !
⇡
0
e
+) > 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 ! ⇡

0
e
+) > 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 ! ⇡

0
e
+) > 1.29 ⇥ 1034

years [26]. We also show in Fig. 1 the limit projected
(orange line) by the Hyper-Kamiokande collaboration,
⌧p(p ! ⇡

0
e
+) > 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 ! ⇡

0
e
+, 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 ! ⇡

0
e
+) > 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 ! ⇡

0
e
+) > 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.

45H ⇢ �1 ⇠ (8, 2, 1/2)

• Phys.Rev.D 94 (2016) 7, 075014 • e-Print: 1604.03377 
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P. F. P., A. Gross, C. Murgui, arXiv:1804.07831

Realistic SU(5) Theory

M⌫ 6= 0

SM Matter:

Ye 6= Yd

• Phys.Rev.D 98 (2018) 3, 035032 • e-Print: 1804.07831 [hep-ph]

Bajc, Senjanovic’06
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P. F. P., A. Gross, C. Murgui, arXiv:1804.07831

• Phys.Rev.D 98 (2018) 3, 035032 • e-Print: 1804.07831 [hep-ph]
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For the study of SO(10) theories see talks by  
S. Raby and G. Senjanovic 

G. Senjanovic @Neutrino2020
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B and L Violation in the Super-World



MSSM Interactions

18



p p ! g̃ g̃ ! t t̃⇤ t t̃⇤ ! t t t̄ t̄ �̃0
1 �̃0

1

If �̃0
1 is the LSP can be a Cold Dark Matter Candidate

R-parity Conservation

19

Signals with Multi-jets and Missing Energy at the LHC !
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p p ! g̃ g̃ ! t t t̃⇤ t̃⇤ ! t t t̄ t̄ �̃0
1 �̃0

1 ! t t t̄ t̄ 3j 3j

p p ! g̃ g̃ ! t t t̃� t̃� ! t t t̄ t̄ �̃0
1 �̃0

1 ! t t t̄ t̄ e±i e±j W⇥ W⇥

6

R-parity Violation

Baryon Number Violation:

Lepton Number Violation:

Signals with Multi-jets and Multi-leptons at the LHC !



M = (�1)3(B�L)
M = �1 for Q̂, ûc, d̂c, L̂, êc, �̂c

M = +1 for Ĥu, Ĥd, V̂i

B and L Violation in the MSSM

21



Proton Decay and R-Parity
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MGUT ⇠ 1016 GeV

d=5 operators

Example:

23

see e.g. Bajc, P. F. P., Senjanovic



What is the origin of the lepton and baryon  
number violating interactions in the MSSM?

24

Matter-Parity:



B-L Symmetry and M-parity
Aulakh, Mohapatra, 1982 
Hayashi, A. Murayama, 1985  
Mohapatra, 1986 
Krauss, Wilczek, 1988 
Font, Ibanez, Quevedo, 1989  
Masiero, Valle, 1990 
Martin, 1992 
Aulakh, Bajc, Melfo, Senjanovic, 2001 
P. F. P., S. Spinner, 2008-2012 
V. Barger, P. F. P., S. Spinner, 2008 
Ovrut, Purves, Spinner, 2015 
Marshall, Ovrut, Purves, Spinner, 2014 
P. F. P., Spinner, 2013 
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• Phys.Rev.Lett. 102 (2009) 181802 • e-Print: 0812.3661



The Minimal SUSY B-L Model predicts  

28

-  R-parity must be spontaneously broken ! 
 

- The B-L and R-parity breaking scales are defined  
by the SUSY scale. 

- Lepton number violating signals at the LHC ?



P. F. P., S. Spinner, JHEP 1204 (2012) 118Neutralino as the LSP
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P. F. P., S. Spinner, Phys.Lett.B 728 (2014) 489-495

Discovery Reach at the LHC
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Spontaneous B and L Breaking




Baryon and Lepton Number 

as Local Gauge Symmetries

Main Idea:

S. Rajpoot, Int. J.Theor.Phys. 27 (1988) 689

R. Foot, G. C. Joshi, H. Lew, Phys.Rev. D40 (1989) 2487-2489

C. Carone, H. Murayama,Phys.Rev. D52 (1995) 484-493

P. F. P., M. B. Wise, PRD82 (2010)011901; JHEP1108(2011)068

M. Duerr, P. F. P., M. B. Wise, Physical Review Letters 110 (2013) 231801


P. F. P., S. Ohmer, H. H. Patel, Phys. Rev. D90 (2014)3,037701


P. F. P., Physics Reports 597 (2015)

A. Pais, Phys. Rev. D8 (1973), 1844 



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 !

where can be broken at the TeV Scale !

How to define an anomaly free theory ?

B(quark) = 1/3 L(lepton) = 1

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



Anomaly Cancellation

37

Baryonic Anomalies:

In the SM:



Different Solutions for Anomaly free theories:

• Sequential Family 

• Mirror family 

• Vector-like Fermions
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P. F. P., M. B. Wise, PRD82 (2010)011901; JHEP1108(2011)068 

M. Duerr, P. F. P., M. B. Wise, Phys. Rev. Lett. 110 (2013) 231801

 

P. F. P., S. Ohmer, H. H. Patel, Phys. Rev. D90 (2014)3,037701


P.F.P., Physics Reports 597 (2015)
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Realistic theories:

1- Four representations

P. F. P., S. Ohmer, H. H. Patel, Phys. Rev. D90 (2014)3, 037701


2- Six representations

M. Duerr, P. F. P., M. B. Wise, Phys. Rev. Lett. 110 (2013) 231801


3- One vector-like family

P. F. P., M. B. Wise,  JHEP1108(2011)068 



40

P. F. P., S. Ohmer, H. H. Patel, Phys. Rev. D90 (2014)3, 037701


New Higgs:

�B = ±3 Stable Proton !

Gauge Theory for Proton Stability !

SB ⇠ (1, 1, 0, 3)

<latexit sha1_base64="U3l5opcs0ljh4jgL5CwvcELZ6ag=">AAAB+3icbVDLSgMxFM3UV62vsS7dBItQoZQZrejCRdGNy4r2Ae0wZNJMG5pkhiQjlqG/4saFIm79EXf+jWk7C209cOFwzr3ce08QM6q043xbuZXVtfWN/GZha3tnd8/eL7ZUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDkY3U7/9SKSikXjQ45h4HA0EDSlG2ki+Xbz3r2FPUQ7LbsWtOJWzE98uOVVnBrhM3IyUQIaGb3/1+hFOOBEaM6RU13Vi7aVIaooZmRR6iSIxwiM0IF1DBeJEeens9gk8NkofhpE0JTScqb8nUsSVGvPAdHKkh2rRm4r/ed1Eh5deSkWcaCLwfFGYMKgjOA0C9qkkWLOxIQhLam6FeIgkwtrEVTAhuIsvL5PWadWtVc/vaqX6VRZHHhyCI1AGLrgAdXALGqAJMHgCz+AVvFkT68V6tz7mrTkrmzkAf2B9/gAHsJHU</latexit>
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Some Features:

Dark Matter: CDM candidate from anomaly cancellation

Leptophobic Gauge Boson:

New Higgs Boson:

ZB ! q̄q, �̄�

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

h2 ! q̄q,WW,ZZ, hh, �̄�

�

P.F.P., Physics Reports 597 (2015)



P. F. P., E. Golias, C. Murgui, A.D. Plascencia, 2020

Collider Bounds



P. F. P., E. Golias, C. Murgui, A.D. Plascencia, 2020



Majorana Leptophobic DM

P. F. P., E. Golias, RH. Li, C. Murgui, A. D. Plascencia, Phys. Rev. D 100, 015017 (2019) 



P. F. P., E. Golias, RH. Li, C. Murgui, A. D. Plascencia, Phys. Rev. D 100, 015017 (2019) 

⌦DMh2  0.12

<latexit sha1_base64="Nqh5lOF/J5mcQUV3awPnN8UBAmQ=">AAACAnicdVDLSgMxFM34rPU16krcBIvgapipU213RV24ESvYB7S1ZNLbNjTzMMkIZShu/BU3LhRx61e4829MH4KKHrhwcs695N7jRZxJZdsfxszs3PzCYmopvbyyurZubmxWZBgLCmUa8lDUPCKBswDKiikOtUgA8T0OVa9/MvKrtyAkC4MrNYig6ZNuwDqMEqWllrnduPChS1rJ6fkQ966zuMHhBtuWk22ZGdsq5A7dbEG/C/lc3j0YG7bjOtix7DEyaIpSy3xvtEMa+xAoyomUdceOVDMhQjHKYZhuxBIiQvukC3VNA+KDbCbjE4Z4Tytt3AmFrkDhsfp9IiG+lAPf050+UT352xuJf3n1WHXyzYQFUawgoJOPOjHHKsSjPHCbCaCKDzQhVDC9K6Y9IghVOrW0DuHrUvw/qWQtx7Vyl26meDyNI4V20C7aRw46QkV0hkqojCi6Qw/oCT0b98aj8WK8TlpnjOnMFvoB4+0T+NGV4g==</latexit>



Spontaneous Baryon Number Violation

The scale for baryon number violation must be low to be  
in agreement with cosmology and one could test the 
spontaneous breaking of baryon number at colliders
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Summary


Grand Unified Theories predict proton decay. Experiments should keep looking  
for proton decay. Simple GUTs predict a lifetime for the proton decay channels 
close to the current experimental limits.   

Supersymmetry could describe physics at the TeV scale. The existence of B and L 
violating interactions could play a major role in the discovery. The minimal SUSY 
B-L predicts spontaneous R-parity (or L) violation at the SUSY scale. 

B and L could be local gauge symmetries spontaneously broken at the low scale. 
The minimal theory predict the proton stability and the existence of dark matter 
from anomaly cancellation.  The cosmological bound on the dark matter relic 
density implies that these symmetries must be broken at the low scale and one 
can test these theories at current or future colliders.

P. Fileviez Perez


