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The Standard Model provides a good “explanation” 
for most of the current experimental results in 

particle physics and it is one of the most successful 
theories of nature !

P. Fileviez Perez



Why the SM interactions are so different ?

Why the fermion masses are so different ?

What is the origin of Neutrino Masses ?

Why the Higgs boson is light? 

How can we explain the Dark Matter in the Universe ?

How can we explain the matter-antimatter  asymmetry ?

Some Questions



Is there New Physics at the TeV Scale ?

P. Fileviez Perez



Is there New Physics at the TeV Scale ?

P. Fileviez Perez

Let us ignore the Standard Fine Tuning arguments  
and discuss some other possibilities which motivate the 

existence of New Physics at the TeV Scale 
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What is the origin of Neutrino Masses ?

How do we test the theory of Neutrino Masses ?

Neutrinos are Massive !
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Massive Neutrinos

P. Fileviez Perez

NuFit Collaboration
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Massive Neutrinos

• Dirac Fermions

• Majorana Fermions

B-L Conservation !

B-L Violation !

�LD = Y D
⌫

¯̀
Li�2H

⇤⌫R + h.c.

P. Fileviez Perez

Many Ideas !
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Dirac Neutrinos
B-L Conservation !

�LD = Y D
⌫

¯̀
Li�2H

⇤⌫R + h.c.

P. Fileviez Perez

Y D
⌫ . 10�12 M⌫ . 0.1 eV

3⌫R U(1)B�L

a) Unbroken B-L: Stueckelberg Mechanism 

b) Broken B-L:  

Feldman, P.F.P., Nath

Local Anomaly 

Free Symmetry

SBL ⇠ (1, 1, 0, nBL), |nBL| > 2.
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Majorana Neutrinos
(Minkowski, Mohapatra, Senjanovic, Glashow, Yanagida, Gell-Mann, Ramond, Slansky)

�LM = Y D
⌫

¯̀
Li�2H

⇤⌫R +
1

2
MR⌫

T
RC⌫R + h.c.

M⌫ = mDM�1
R mT

D

if (Seesaw Scale)

(Canonical Seesaw)

mD ⇠ 102GeV MR . 1014�15GeV

P. Fileviez Perez

U(1)B�L

SBL ⇠ (1, 1, 0, 2)



12

P. Fileviez Perez



13

How do we test the theory of Neutrino Masses ?
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Dark Matter and Seesaw Scale

How do we test the theory of Neutrino Masses ?
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Seesaw Scale and Dark Matter

Neutrino 
Masses

Dark 
Matter

U(1)B�L

MR =
p
2�RvBL MZBL = 2gBLvBL

P. Fileviez Perez

P. F. P., C. Murgui, Phys.Rev. D98 (2018) 055008 
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Seesaw Scale and Dark Matter
P. F. P., C. Murgui, Phys.Rev. D98 (2018) 055008 

P. Fileviez Perez
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Seesaw Scale and Dark Matter

P. Fileviez Perez

P. F. P., C. Murgui, Phys.Rev. D98 (2018) 055008 
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Therefore there is a hope to test the origin of neutrinos masses at Colliders !

P. F. P., T. Han, T. Li

P. Fileviez Perez

Seesaw Scale and Dark Matter

The upper bound on B-L Seesaw Scale is in the multi-TeV region  

LNV Signatures at LHC

P. F. P., C. Murgui, Phys.Rev. D98 (2018) 055008 

See also  M. Duerr, P.F.P., J. Smirnov
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P. F. P., C. Murgui, Phys.Rev. D98 (2018) 055008 

Dark Matter and The Seesaw Scale
Pavel Fileviez Pérez1, Clara Murgui2

1Physics Department and Center for Education and Research in Cosmology and Astrophysics (CERCA),
Case Western Reserve University, Rockefeller Bldg. 2076 Adelbert Rd. Cleveland, OH 44106, USA
2Departamento de Fı́sica Teórica, IFIC, Universitat de Valencia-CSIC, E-46071, Valencia, Spain

We discuss the possibility to find an upper bound on the seesaw scale using the cosmological bound on the
cold dark matter relic density. We investigate a simple relation between the origin of neutrino masses and the
properties of a dark matter candidate in a simple theory where the new symmetry breaking scale defines the
seesaw scale. Imposing the cosmological bounds, we find an upper bound of order multi-TeV on the lepton
number violation scale. We investigate the predictions for direct and indirect detection dark matter experiments,
and the possible signatures at the Large Hadron Collider.

INTRODUCTION

The origin of neutrino masses and the nature of the cold
dark matter in the Universe are two of the most exciting open
problems in particle physics and cosmology. We know today
about several mechanisms to generate neutrino masses, see for
example Ref. [1], but the so-called seesaw mechanism [2] is
considered the most appealing and simple mechanism for Ma-
jorana neutrino masses. Unfortunately, we only know that the
upper bound on the seesaw scale is about 1014 GeV, which
is an energy scale very far from any future collider experi-
ment. Therefore, it is not clear we could test the mechanism
behind neutrino mass. There are also many possible candi-
dates to describe the cold dark matter in the Universe, see for
example Ref. [3]. The weakly interacting massive particles
(WIMPs) have been popular dark matter candidates in the last
decade but the recent experimental results tell us that maybe
one should think about other possibilities. However, it is fair
to say that the idea of describing the dark matter with WIMPs
is so appealing that it is better to understand and revise all
constraints and the different models before abandoning this
idea.

The discovery of lepton number violating signatures in low
energy experiments or at colliders will be striking signals for
new physics beyond the Standard Model. In low energy ex-
periments we could discover neutrinoless double beta decay,
for a review see Ref. [4], and at colliders different signatures
with same-sign leptons could be seen [5]. These discoveries
will be crucial to establish the origin of neutrino masses.

We understand the origin of charged fermion masses in the
Standard Model through the spontaneous breaking of the elec-
troweak symmetry. In the same way, we could understand the
origin of the seesaw scale if B�L is a local symmetry sponta-
neously broken through the Higgs mechanism. Unfortunately,
as in canonical seesaw, the upper bound on the B � L is typ-
ically very large, MB�L . 10

14 GeV. There are two known
ways to establish a much smaller upper bound on the B � L
breaking scale: a) In the context of the minimal supersymmet-
ric U(1)B�L theory [6] the B � L breaking scale is defined
by the supersymmetry breaking scale. Then, if low energy
supersymmetry is realized at the multi-TeV scale, we could
discover lepton number violating signatures at colliders. b)

FIG. 1: Correlation between the origin of neutrino masses, properties
of cold dark matter candidate and lepton number violating signatures.

The second possibility is to use the cosmological bounds on
the dark matter relic density to impose an upper bound on the
B � L breaking scale in the case where the dark matter is
charged under the same gauge symmetry.

In this article, we focus on the second possibility mentioned
above in order to find an upper bound on the B � L seesaw
scale. In this theory, the dark matter candidate is a vector-like
fermion which is a SM singlet but charged under the B � L
gauge symmetry. We find that, using the constraints on the
cold dark matter relic density, the upper bound on the B � L
is in the multi-TeV region. Therefore, one can expect ex-
otic signatures at colliders with same-sign multi-leptons and
displaced vertices. This connection between the cosmologi-
cal dark matter bounds and exotic signatures at colliders is
very unique and one could hope to test the origin of neutrino
masses at colliders. See Fig. 1 for a simple way to illustrate
this correlation.

NEUTRINO MASSES AND THE B � L SCALE

The simplest gauge theory where one can understand dy-
namically the origin of neutrino masses is based on the B�L
gauge symmetry. In this context, we add three copies of right-
handed neutrinos to define an anomaly free theory, and one
can easily implement the seesaw mechanism [2] for Majorana
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One can expect lepton number violating and DM signatures at the LHC 
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Testability at the LHC

The LHC could see these events in the near future !
P. Fileviez Perez

P. F. P., C. Murgui, Phys.Rev. D98 (2018) 055008 
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Spontaneous Baryon Number Violation

P. Fileviez Perez



Baryon Number Violation in BSM

P. Fileviez Perez

Explicit Breaking

Spontaneous Breaking

for example in GUTs: MGUT > 1015GeV

Baryon Number as a Local Gauge Symmetry
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Baryon Number as a Local Gauge Symmetry



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 ?

P. Fileviez Perez

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

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



Anomaly Cancellation

26

Baryonic Anomalies:

In the SM:

P. Fileviez Perez



Different Solutions for Anomaly free theories:

• Sequential Family 

• Mirror family 

• Vector-like Fermions
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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

Example:

M. Duerr, P. F. P., M. B. Wise, Phys. Rev. Lett. 
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M. Duerr, P. F. P., M. B. Wise, Phys. Rev. Lett. 

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 !
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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, Phys. Rev. Lett. 

P. Fileviez Perez



8

0.05 0.10 0.50 1
0.1

0.5

1

0.05 0.10 0.50 1

0.05
0.10

0.50
1

FIG. 2: Experimental bounds for the leptophobic gauge boson ZB . Here, we use the CMS analyses (8 TeV
and 18.8 fb�1[21], 8 TeV and 19.7 fb�1[22], 13 TeV and 12.9 fb�1, 13 TeV and 35.9 fb�1[23], 13 TeV and
36 fb1� & 27 fb�1[24]), ATLAS results (8 TeV and 20.3 fb�1 [25], 13 TeV and 3.6 fb�1 and 29.3 fb�1[26],

13 TeV and 36.1 fb�1[27], 13 TeV and 37 fb�1[28]), and other experiments (UA2 [29] and CDF [30]).

We can diagonalize the above mass matrix using

0

BB@

X1

X2

X3

X4

1

CCA

L

= U

0

BB@

�L

(�c)L
 L

( c)L

1

CCA, (25)

and then, UTM0 U = M diag
0 . Here, M diag

0 = diag (MX1 ,MX2 ,MX3 ,MX4) contains all physical
masses for the new neutral fermions. We note that there is no mixing between the Standard Model
fermions and the new fermions.
The mass matrix for the new charged fermions is given by

M± =

✓
M M1

M3 M⌘

◆
, (26)

P. F. P., E. Golias, R. Li, C. Murgui, 2018

P. Fileviez Perez
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FIG. 6: Parameter space allowed by the relic density constraint and perturbativity including all
annihilation channels when ✓B = 0, using Mh2 = 1 TeV.

The mixing angle between the two Higgses can be as larger as ✓B = 0.36 and, in this case,
there are more relevant annihilation channels. The dark matter annihilation channels are:

�̄� ! q̄q,WW,ZZ, h1h1, ZBZB, ZBh2, ZBh1, h2h2, h1h2.

In order to understand the importance of the di↵erent channels, we plot in Fig.7 the branch-
ing ratios for the di↵erent dark matter annihilation channels when the mixing angle is
✓B = 0.36. In this case, we use the following values for the input parameters: MZB = 3
TeV, Mh2 = 1 TeV, gB = 0.5, xf = 24, and B = �1. We note that, around M� ⇠ 1.5
TeV, the annihilation into two quarks is very important, and when the dark matter mass
is above 2 TeV, the annihilation channel �̄� ! ZBh2 dominates. Therefore, we can say
that this channel is crucial to find the upper bound on the symmetry breaking scale in both
scenarios. In Fig. 8, we show the parameter space allowed by the relic density constraint
and perturbativity including all annihilation channels when ✓B = 0.36. For illustration, we
have taken Mh2 = 1 TeV. As in the case for zero mixing angle, the annihilation channel
�̄� ! ZBh2 defines the upper bound on the symmetry breaking scale, and in this case the
maximal allowed value for MZB is slightly above 300 TeV, very similar to the zero mixing
angle scenario.

B. Direct Detection

In the previous study, we have shown that this theory must be realized at the low scale in order
for the theory to be in agreement with the cosmological bounds on the relic density. Nevertheless,
one has also to take into account an important aspect of any dark matter study: the study of the
predictions for the direct dark matter experiments. In this theory, the spin-independent elastic

P. F. P., E. Golias, R. Li, C. Murgui, 2018
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where K1(x) and K2(x) are the modified Bessel functions. The freeze-out parameter xf can be
computed using

xf = ln

✓
0.038 g MPl M� h�vi(xf )p

g⇤xf

◆
, (32)

where g is the number of degrees of freedom of the dark matter particle. In order to discuss our
numerical results, we will focus on two main scenarios which give a global perspective of the whole
spectrum:

• Minimal Mixing Scenario

When there is no mixing between the two Higgses present in the theory (✓B = 0) , the main
dark matter annihilation channels are:

�̄� ! q̄q, ZBZB, ZBh2, h2h2.

In Fig. 4, we show the di↵erent branching ratios for the channels mentioned above. For
illustration, we use the following values for the input parameters: MZB = 3 TeV, Mh2 = 1
TeV, gB = 0.5, xf = 24, and B = �1. As one can appreciate, when the dark matter mass is
smaller than 2 TeV, the main annihilation channel corresponds to the annihilation into two
quarks, while for masses larger than 3 TeV, the main annihilation channel is �̄� ! ZBh2.

FIG. 4: Branching ratios for the di↵erent dark matter annihilation channels when the mixing angle
between the Higgses is ✓B = 0. For illustration, we use the following values for the input parameters:

MZB = 3 TeV, Mh2 = 1 TeV, gB = 0.5, xf = 24, and B = �1.

In Fig. 5, we show the parameter space in the MZB �M� plane allowed by the cosmological
constraint ⌦DMh2  0.12. We consider each channel independently to make a detailed
discussion.

– Annihilation into two quarks:

P. Fileviez Perez
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Spontaneous Baryon Number Violation

P. Fileviez Perez

The scale for baryon number violation must be low in 
agreement with cosmology and one could test the 

spontaneous breaking of baryon number at colliders
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Summary

The Seesaw Scale must be in the multi-TeV scale in the simplest 
theories based on B-L if there is a relation between DM and 
the origin of neutrino masses. One can hope to test this 
mechanism at current or future colliders.

P. Fileviez Perez

The testability of the theory of neutrino masses is crucial to 

complete our understanding of the origin of fermion masses !

The simplest theories for spontaneous baryon number 
violation predicts new physics at the multi-TeV scale in 
agreement with cosmology. This theory predicts the proton 
stability, it is a good theory for dark matter and one could 
change the way we think about unification of forces.



Thank You !
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