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The classical neutrino oscillations’ ingredients

2

- drives the oscillation amplitude

- natural in size (unitarity)

Flavour mixing 

- very tiny compared to the other SM masses

- need for an oscillatory pattern

- tiny Yukawas kosher but rather boring...

Neutrino masses
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The seesaw origin of small neutrino masses(?)

Weinberg’s d=5 operator L � LLHH

Λ

Seesaw: smallness related to the large scale in the denominator

3

 S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979)

Mass term of the Majorana type violates 
the lepton number global symmetry of the SM

BTW: good to have the “complete Higgs doublet” :-)
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Expected at some point: it’s even in the SM (non-perturbatively)...

Tr ({Y, Y }L) = Tr ({Y, Y }B) = − 1
2 Tr

�
{T 3

L, T 3
L}L

�
= Tr

�
{T 3

L, T 3
L}B

�
= 1

2

∂µJL
µ = ∂µJB

µ �= 0

Chiral anomalies: A ∝ 1
32π2

Tr ({Ta, Tb}T ) F̃ a
µνF bµν



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

L violation: exotic or natural?

4

Expected at some point: it’s even in the SM (non-perturbatively)...

∂µJB−L
µ = 0 ∂µJB+L

µ �= 0

Tr ({Y, Y }L) = Tr ({Y, Y }B) = − 1
2 Tr

�
{T 3

L, T 3
L}L

�
= Tr

�
{T 3

L, T 3
L}B

�
= 1

2

∂µJL
µ = ∂µJB

µ �= 0

Chiral anomalies: A ∝ 1
32π2

Tr ({Ta, Tb}T ) F̃ a
µνF bµν



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

L violation: exotic or natural?

4

Expected at some point: it’s even in the SM (non-perturbatively)...

∂µJB−L
µ = 0 ∂µJB+L

µ �= 0

Tr ({Y, Y }L) = Tr ({Y, Y }B) = − 1
2 Tr

�
{T 3

L, T 3
L}L

�
= Tr

�
{T 3

L, T 3
L}B

�
= 1

2

∂µJL
µ = ∂µJB

µ �= 0

3
He→ e

+
µ

+
ντ

9q + 3l ↔ ∅NB Instantons cause 

Chiral anomalies: A ∝ 1
32π2

Tr ({Ta, Tb}T ) F̃ a
µνF bµν



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

L violation: exotic or natural?

4

Expected at some point: it’s even in the SM (non-perturbatively)...

∂µJB−L
µ = 0 ∂µJB+L

µ �= 0

Tr ({Y, Y }L) = Tr ({Y, Y }B) = − 1
2 Tr

�
{T 3

L, T 3
L}L

�
= Tr

�
{T 3

L, T 3
L}B

�
= 1

2

∂µJL
µ = ∂µJB

µ �= 0

3
He→ e

+
µ

+
ντ

9q + 3l ↔ ∅NB Instantons cause 

Chiral anomalies: A ∝ 1
32π2

Tr ({Ta, Tb}T ) F̃ a
µνF bµν

(but the rates are heavily suppressed...)

A ∼ e−2π/αw ∼ 10−80
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L violation: exotic or natural?

5

Rather unnatural to demand perturbative L conservation either!

- no reason to omit Majorana mass term for RH neutrinos

YDijQLi〈H〉DRj +YU ijQLi〈H̃〉URj +YEijLLi〈H〉ERj +YN ijLLi〈H̃〉NRj +h.c.

+ 1
2MRijN c

RiNRj + h.c.  E. Majorana 1937

- with RH neutrinos charge quantization lost unless Majorana

Foot, Lew, Volkas 1993 

Babu, Mohapatra, Phys.Rev. D41 (1990) 271

Mν =
�

0 YNv
Y T

N v MR

�

P. Minkowski, Phys. Lett. B67, 421 (1977)

mν = YNMR
−1v2Y T
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Fukugita, Yanagida, PLB174, 1986

Perturbative + nonperturbative LNV very handy for baryogenesis

Kuzmin, Rubakov, Shaposhnikov, PLB155, 1985

- thermal instantons (aka sphalerons) boost L to B transitions

Generating net L:

CP asymmetry:

L violation: exotic or natural?
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B. Pontecorvo, Sov.Phys.JETP 6 (1957) 429

First version of neutrino oscillations was L violating!

Lederman, Schwarz, SteinbergerNB Muon neutrinos only in1962!

NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591

L violation: exotic or natural?
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Diagrammatics: see e.g. E. Akhmedov, J. Kopp, JHEP 1004 (2010) 008 
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Nowadays mostly academic... see e.g. Z-z. Xing, arXiv:1301.7654v2

B. Pontecorvo, Sov.Phys.JETP 6 (1957) 429

First version of neutrino oscillations was L violating!

Lederman, Schwarz, SteinbergerNB Muon neutrinos only in1962!

NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591

L violation: exotic or natural?
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Not the same thing:

small Majorana mass without suppression due to a large scale

- suppression due to a small scale - “inverse” seesaw

mν = Y (vM−1)T µ(vM−1)Y T

Mν =




0 Y v 0

Y T v 0 M
0 MT µ



extra sterile neutrinos; in the                 basis{ν, νc, S}

J. Schechter,  J. W. F.  Valle, Phys.Rev. D22, 2227 (1980)
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How to test Majorana / seesaw nature of neutrino masses?

8

Not the same thing:

small Majorana mass without suppression due to a large scale

- suppression due to a small scale - “inverse” seesaw

mν = Y (vM−1)T µ(vM−1)Y T

Mν =




0 Y v 0

Y T v 0 M
0 MT µ



extra sterile neutrinos; in the                 basis{ν, νc, S}

J. Schechter,  J. W. F.  Valle, Phys.Rev. D22, 2227 (1980)

- loop suppression - e.g., Zee-Babu and many others

A. Zee, Nucl. Phys. B 264 (1986) 99

K. S. Babu, Phys. Lett. B 203 (1988) 132

- R-parity violation in SUSY

- ...
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Neutrinoless double beta decay?

Colliders?
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F =
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mνM−1

Heavy neutrinos also feel gauge interactions!

Figures from Chakrabortty et al., 2012



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

Neutrinoless double beta decay

Diagrammatics:

10

A ∝ g4 �m�
q2 A ∝ g4

�

i

F 2 κ

Mi

F =
�

mνM−1

Heavy neutrinos also feel gauge interactions!

Figures from Chakrabortty et al., 2012



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

Neutrinoless double beta decay

Diagrammatics:

10

A ∝ g4 �m�
q2 A ∝ g4

�

i

F 2 κ

Mi

F =
�

mνM−1

Heavy neutrinos also feel gauge interactions!

Figures from Chakrabortty et al., 2012



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

Neutrinoless double beta decay

Diagrammatics:

10

A ∝ g4 �m�
q2 A ∝ g4

�

i

F 2 κ

Mi

F =
�

mνM−1

Heavy neutrinos also feel gauge interactions!



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

Neutrinoless double beta decay

Diagrammatics:

10

A ∝ g4 �m�
q2

This may even dominate if M is in the TeV region 
or if there are RH currents around TeV

A ∝ g4
�

i

F 2 κ

Mi

F =
�

mνM−1

Heavy neutrinos also feel gauge interactions!



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

Neutrinoless double beta decay

Diagrammatics:

10

A ∝ g4 �m�
q2

This may even dominate if M is in the TeV region 
or if there are RH currents around TeV

A ∝ g4
�

i

F 2 κ

Mi

F =
�

mνM−1

Heavy neutrinos also feel gauge interactions!



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

Neutrinoless double beta decay

11

But what if there is something else?



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

Neutrinoless double beta decay

11

But what if there is something else?



Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation /25

Neutrinoless double beta decay

11

Schechter - Valle mechanism:

J. Schechter, J. F.  W.  Valle, PRD 1982 
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Neutrinoless double beta decay

11

W W

Schechter - Valle mechanism:

J. Schechter, J. F.  W.  Valle, PRD 1982 
Takasugi, PLB 1984

If neutrinoless double beta decay is seen, neutrinos should be Majorana...

But what if there is something else?
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dynamics (i.e., a specific opening of the seesaw operator) or a specific and 

strong correlation in new physics signals can be revealed 
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How to test Majorana / seesaw nature of neutrino masses?

12

Seesaw as a framework can be truly tested if and only if the underlying 
dynamics (i.e., a specific opening of the seesaw operator) or a specific and 

strong correlation in new physics signals can be revealed 

Colliders?

Lepton flavour violation?
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Collider tests of the underlying dynamics? 

There should certainly be something somewhere...

It all depends on the specific seesaw realization (mediators, scale)...

etc.

It also depends heavily on the gauge framework...
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Λ ∼ (1012 − 1014) GeV

The scale

• Neutrino oscillations: ∆m2
⊙ = (8.0± 0.3)× 10−5eV2

|∆m2
A| = (2.5 ± 0.3)× 10−3eV2

Lower bounds for light neutrino masses:

14

Hopeless?

L � LLHH

Λ

•          :

• Cosmology (structure):
�

i

mi � 1eV

0ν2β �mee� � 1eV

Upper bounds for light neutrino masses:

S. Hannestad’s talk

S. Soldner-Rembold’s talk
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NR
type-I seesaw

(1, 1, 0)

H H

∆L

LL LL

type-II seesaw

(1, 3,±1)

H H

LL LL

F
type-III seesaw

(1, 3, 0)

The mediators

Renormalizable “openings” of the Weinberg operator

L � LLHH

Λ

15

extra scale in the 
trilinear coupling!

tiny Yukawas?

tiny Yukawas?
gauge interactions!
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H H

∆L

LL LL

(1, 3,±1)

- doubly-charged scalar in the spectrum!

16

review: arXiv:1001.2693 [hep-ph]
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Type-II seesaw at collider(s)

Type-II seesaw:

H H

∆L

LL LL

(1, 3,±1)

- doubly-charged scalar in the spectrum!

- same sign dilepton pairs (boosted)

Z∗ → ∆++∆−− → (l+l+)(l−l−)

- decays rely on the size of the triplet Yukawa couplings

- flavour structure correlated to neutrino mixing

16

review: arXiv:1001.2693 [hep-ph]
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Type-III seesaw: - neutral and charged fermions

H H

LL LL

F

(1, 3, 0)
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review: arXiv:1001.2693 [hep-ph]
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“Light” type-III seesaw at collider(s)?

Type-III seesaw: - neutral and charged fermions

- triplet feels the SM gauge bosons - better than singlet!
H H

LL LL

F

(1, 3, 0)

17

review: arXiv:1001.2693 [hep-ph]

- multi-lepton channels as in type-II

F+ → Z∗l+ → (l+l−)l+

- kinematics different, not so spectacular...
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H H

LL LL

NR

(1, 1, 0)

Type-I seesaw:

18

review: arXiv:1001.2693 [hep-ph]

“Light” type-I seesaw at collider(s)?
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- generally problematic, RHN couplings are too small! 

H H

LL LL

NR

(1, 1, 0)

Type-I seesaw:

18

- again, much better with right-handed currents

W. Y. Keung and G. Senjanovic, Phys. Rev. Lett. 50, 1427 (1983)

review: arXiv:1001.2693 [hep-ph]

“Light” type-I seesaw at collider(s)?
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recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 2011

SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L gauge group
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Yukawa “unification”
VCKM ≈ 1

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 2011

SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L gauge group

High-scale parity restoration

- SU(2)R x U(1)B-L broken by a scalar triplet

{∆0,∆+,∆++}

Extra gauge bosons
- Z’, WR
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Left-right models

21

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 2011

SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L gauge group

Triplet VEV likely to be generated, type-II contribution expected

T. P. Cheng, L.-F. Li, PRD22 (1980) 2860
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Left-right models

- more correlations (cf. LH vs. RH dominated 0v2β)

21

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 2011

- electric charge quantized only through anomalies...

SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L gauge group

- still no particular understanding of the flavour pattern

Triplet VEV likely to be generated, type-II contribution expected

T. P. Cheng, L.-F. Li, PRD22 (1980) 2860
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Pati-Salam as a prototype Q-L unification

22

“Lepton number as a fourth color”,  J. C. Pati, A. Salam, Phys. Rev. D 10, 275–289 (1974)

= (4, 2, 1)⊕ (4, 1, 2)∗ SU(4)C ⊗ SU(2)L ⊗ SU(2)Rof
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Pati-Salam as a prototype Q-L unification

22

First attempt to unify quarks and leptons... yet before charm discovery! 

All electric charges quantized; it does have a monopole

“Lepton number as a fourth color”,  J. C. Pati, A. Salam, Phys. Rev. D 10, 275–289 (1974)

= (4, 2, 1)⊕ (4, 1, 2)∗ SU(4)C ⊗ SU(2)L ⊗ SU(2)Rof

(10, 1, 3)PS � (1, 1, 0)SM ⊕ (6, 3,+ 1
3 )SM ⊕ . . .

Majorana neutrino implies Majorana neutron!

cf. M. Yokoyama’s talk

x

Heavy singlet and coloured scalars 

Heavy leptoquark gauge bosons 
 perturbative B and L violation 
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24

J. Chadwick 1932
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Neutron-antineutron oscillations probe O(100 TeV) scales!
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Thanks for your kind attention!
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Davidson-Ibarra bound: 

M1 � 109GeV

S. Davidson and A. Ibarra, Phys. Lett. B535, 25 (2002)
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MG ∼ 1016GeV

Even stronger gauge symmetries?

Nonabelian SM gauge couplings seem to converge at high energies
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GUTs are spontaneously broken BSM gauge 
theories based on simple compact gauge groups

Grand Unifications

29

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)
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The GUT physics case

• charge quantization

• monopoles

• baryon AND lepton number violation

• partly flavour
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LJ ∝
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g < 10−12Red giants:

Chanda, Nieves, Pal, PRD37, 1988
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explicit breaking

global B-L?

spontaneous breaking

direct RH neutrino
mass term... 

so what?

Majoron!

gauged B-L? renormalizability issues Z’ gauge boson

In order to ever gauge B-L three RH neutrinos are needed! 

34
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• Actually, what Georgi and Glashow have shown was uniqueness of SU(5) for rank=4 GUTs 

GUT basics
Georgi-Glashow model - a prototype GUT
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• 1974 - The first SU(5) grandunified model by Georgi and Glashow

GUT basics
Georgi-Glashow model - a prototype GUT

36

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)
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• Quarks and leptons share common GUT multiplets

- gauge bosons coupled to a universal charge

- Yukawas do not care about who is who either    

38

Baryon and lepton number violation in GUTs
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• Quarks and leptons share common GUT multiplets

- gauge bosons coupled to a universal charge

- Yukawas do not care about who is who either    
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• Proton decay d=6 
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Monopoles

No way to produce in lab, only cosmics + Callan-Rubakov effect
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