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Standard model matter fields
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Neutrino mass generation in the SM?

Weinberg’s d=5 operator

L � LLHH

Λ

3

 S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979)
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Neutrino mass generation in the SM?

Weinberg’s d=5 operator

L � LLHH

Λ

- violates the lepton number global symmetry of the SM!

- good to have the “complete Higgs doublet” :-)

3

 S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979)
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Baryon and lepton number violation in the SM

Anomalies: A ∝ 1
32π2

Tr ({Ta, Tb}T ) F̃ a
µνF bµν

4
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Baryon and lepton number violation in the SM

3
He→ e

+
µ

+
ντ

• Instantons (at zero T) cause                     with immesurably small rates 9q + 3l ↔ ∅
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• Sphalerons (at high T) make the tunneling more efficient         leptogenesis

Kuzmin, Rubakov, Shaposhnikov, PLB155, 1985
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• Sphalerons (at high T) make the tunneling more efficient         leptogenesis

Kuzmin, Rubakov, Shaposhnikov, PLB155, 1985
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Standard model matter fields + RH neutrinos
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Standard model matter fields + RH neutrinos

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

+ 1
2MRijN c

RiNRj + h.c.
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Standard model matter fields + RH neutrinos

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

+ 1
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Seesaw systematics

Renormalizable “openings” of the Weinberg operator

L � LLHH

Λ
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H H

LL LL

NR

type-I seesaw

(1, 1, 0)

Seesaw systematics

Renormalizable “openings” of the Weinberg operator

L � LLHH

Λ
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Seesaw scale?

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

|∆m2
A| = (2.5 ± 0.3)× 10−3eV2

Lower bounds:
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Seesaw scale?

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

|∆m2
A| = (2.5 ± 0.3)× 10−3eV2

Lower bounds:
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•          :

• Cosmology (structure):
�

i

mi � 1eV

0ν2β �mee� � 1eV

Upper bounds:
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Λ ∼ (1012 − 1014) GeV

Seesaw scale?

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

|∆m2
A| = (2.5 ± 0.3)× 10−3eV2

Lower bounds:
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• Cosmology (structure):
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Leptogenesis?

∂µJB+L
µ �= 0

In the hot early Universe one can transfer L into B
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Leptogenesis?

∂µJB+L
µ �= 0

In the hot early Universe one can transfer L into B

9

Generating net L:

Fukugita, Yanagida, PLB174, 1986
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Leptogenesis?
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Davidson-Ibarra bound: 

M1 � 109GeV

S. Davidson and A. Ibarra, Phys. Lett. B535, 25 (2002)
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“Light” seesaw?

LHC phenomenology(?) - mediators

H H

LL LL

NR

(1, 1, 0)

Type-I seesaw: - generally problematic, Yukawa’s are too small! 

11

review: arXiv:1001.2693 [hep-ph]
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“Light” seesaw?

LHC phenomenology(?) - mediators

H H

LL LL

NR

(1, 1, 0)

Type-I seesaw: - generally problematic, Yukawa’s are too small! 

11

- Much better with extended gauge symmetries

- “essentially background-free” same-sign dilepton signal

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

review: arXiv:1001.2693 [hep-ph]
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“Light” seesaw?

LHC phenomenology(?) - mediators

Type-II seesaw:

H H

∆L

LL LL

(1, 3,±1)

- doubly-charged scalar in the spectrum!

12

review: arXiv:1001.2693 [hep-ph]
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LHC phenomenology(?) - mediators

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−)
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“Light” seesaw?

LHC phenomenology(?) - mediators

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 Yukawa couplings

12

review: arXiv:1001.2693 [hep-ph]
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“Light” seesaw?

LHC phenomenology(?) - mediators

Type-III seesaw: - neutral and charged fermions

- triplet feels the SM gauge interactions - better!
H H

LL LL

F

(1, 3, 0)

13

review: arXiv:1001.2693 [hep-ph]
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“Light” seesaw?

LHC phenomenology(?) - mediators

Type-III seesaw: - neutral and charged fermions

- triplet feels the SM gauge interactions - better!
H H

LL LL

F

(1, 3, 0) - multi-lepton channels as in type-II, different kinematics!

E+ → Z∗l+ → (l+l−)l+

E− → Z∗l− → (νν̄)l−

13

review: arXiv:1001.2693 [hep-ph]
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The fate of B-L (global/gauged?)

global B-L?
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The fate of B-L (global/gauged?)

global B-L?

explicit breaking spontaneous breaking

direct RH neutrino
mass term... 

so what?

Majoron!
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Majoron

Jµ = Φ∗∂µΦ− Φ∂µΦ∗ + ψγµψ

∂µJµ = 0

U(1) Gelmini, Roncandelli 1980

15
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Majoron

Jµ = Φ∗∂µΦ− Φ∂µΦ∗ + ψγµψ

∂µJµ = 0

U(1) Gelmini, Roncandelli 1980

15

U(1) → ∅ �Φ� = Λ

�G +
1
Λ

∂µ(ψγµψ) = 0

G = ImΦ Goldstone boson!
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Majoron

L � ∂µG∂µG− G

Λ
∂µ(ψγµψ)

Jµ = Φ∗∂µΦ− Φ∂µΦ∗ + ψγµψ

∂µJµ = 0

U(1) Gelmini, Roncandelli 1980

15

U(1) → ∅ �Φ� = Λ

�G +
1
Λ

∂µ(ψγµψ) = 0

G = ImΦ Goldstone boson!
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Majoron

γ + e→ e + J

Stellar photoproduction of Majorons (J)

LJ ∝
αg2T 6

m4
emp

16
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Majoron

γ + e→ e + J

Stellar photoproduction of Majorons (J)

LJ ∝
αg2T 6

m4
emp

16

g < 10−12Red giants:

Chanda, Nieves, Pal, PRD37, 1988



Michal Malinsky, IFIC Valencia Neutrinos from the Beyond-Standard-Model perspective

explicit breaking

global B-L?

spontaneous breaking

direct RH neutrino
mass term... 

so what?

Majoron!
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The fate of B-L (global/gauged?)
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explicit breaking

global B-L?

spontaneous breaking

direct RH neutrino
mass term... 

so what?

Majoron!

gauged B-L?

17

The fate of B-L (global/gauged?)
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explicit breaking

global B-L?

spontaneous breaking

direct RH neutrino
mass term... 

so what?

Majoron!

gauged B-L? renormalizability issues

17

The fate of B-L (global/gauged?)
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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

17

The fate of B-L (global/gauged?)



Michal Malinsky, IFIC Valencia Neutrinos from the Beyond-Standard-Model perspective

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! 

17

The fate of B-L (global/gauged?)
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Standard model matter fields + 3 RH neutrinos
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SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L

Left-right models
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recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 2011
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SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L

Left-right models

- high-scale parity restoration

- Z’, W’ gauge bosons

- Yukawa “unification” VCKM ≈ 1

20

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 2011
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SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L

Left-right models

- high-scale parity restoration

- Z’, W’ gauge bosons

- Yukawa “unification”

Unfortunately, not strong enough to tell us much about neutrinos

VCKM ≈ 1

20

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 2011
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GUTs are spontaneously broken BSM gauge 
theories based on simple compact gauge groups

GUT basics

22

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

• charge quantization

• monopoles

• baryon and lepton number violation

• partly flavour
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• 1974 - The first SU(5) grandunified model by Georgi and Glashow

GUT basics
Georgi-Glashow model - a prototype GUT

24

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)
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• 1974 - The first SU(5) grandunified model by Georgi and Glashow

SU(3)c ⊗ SU(2)L ⊗ U(1)Y
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• 1974 - The first SU(5) grandunified model by Georgi and Glashow
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• 1974 - The first SU(5) grandunified model by Georgi and Glashow
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SU(5)→ SU(3)c ⊗ SU(2)L ⊗ U(1)YGUT-breaking Higgs: variety of extra Higgses
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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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- 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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• all matter in a single IRREP of SO(10)

SO(10) GUT completion of the L-R model

SO(10) ⊃⊃ SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L

QL QR LRLL

16F = (3, 2, 1,+1/3) ⊕ (3, 1, 2,−1/3) ⊕ (1, 2, 1,−1) ⊕ (1, 1, 2,+1)
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• all matter in a single IRREP of SO(10)

SO(10) GUT completion of the L-R model

SO(10) ⊃⊃ SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L

QL QR LRLL

16F = (3, 2, 1,+1/3) ⊕ (3, 1, 2,−1/3) ⊕ (1, 2, 1,−1) ⊕ (1, 1, 2,+1)

10H = (3, 1, 1,−2/3) ⊕ (3, 1, 1,+2/3) ⊕ (1, 2, 2, 0)
Φ

• very simple Yukawa sector

L � 16F Y1016F 10H

all Dirac masses correlated!

RH neutrino mandatory!
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• extra piece needed: 16 ⊗ 16 = 10 ⊕ 126 ⊕ 120

SO(10) ⊃⊃ SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L

∆R ∆L Φ̃

126H = (1, 1, 3,−2) ⊕ (1, 3, 1,+2) ⊕ (1, 2, 2, 0) ⊕ . . .

Majorana and extra Dirac masses generated!

L � 16F Y12616F 126H

28
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SO(10) “flavour miracle”

Mu = Y10v
10
u + Y126v

126
u

Md = Y10v
10
d

+ Y126v
126
d

Ml = Y10v
10
d

− 3 Y126v
126
d

Mν ∝ Y126〈∆0
L
〉

Assuming dominant type II seesaw: 
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!!!

figure from: S. Bertolini, M. Frigerio, MM, Phys. Rev. D70, 2004
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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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