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Majoronn
DM

y L H*NR + h s NR NR
c

+1 +1-2ungauged global U(1)
Lep

Spontaneously broken s = <s> + r + i J
Nambu-Goldstone boson

Chikashige,Mohapatra,Peccei,81
Gelmini,Roncadelli, 81
Schechter,Valle, 82

If neutrino are 
Majorana particles

Majoron can get a mass (pNGB) from
U(1)-explicitly break global terms 

non-perturbative gravitational effects
(Coleman 88,Giddings-Strominger 88)

l s /Mpl + ..5

mJ ~ l                   = l                 * KeV<s>
Mpl

1/2 1/2

Akhmedov,Berezhiani,Mohapatra,Senjanovic 93

<s>
vSM

3/23 1/2

or for instance, from



Majoron: decaying warm DMn
DM Berezinsky,Valle 93

Lattanzi,Valle 07

-non-thermal production

-thermal production

Lattanzi,Sorensen,Tortola,Valle 13

for instance through freeze-in (Frigerio,Hambye,Masso,11')



Sterile n  as DM n
DM

y L H*NR + M NR NR
c Warm DM (KeV)

- Neutrino oscillation (Dodelson,Widrow)
Non-thermal production

- lepton asymm (Shi, Fuller)
- nMSM (Laine, Shaposhnikov)
- scalar decay (Kusenko)

thermal production
- gauge+diliution (Bezrukov,

Hettmansperger, Lindner)

- FIMP decay (Merle,Niro,Schmidt)
- subdominant DM (Palazzo,

3.5KeV X-ray line, Boyarsky el al, 1402.4119

- thermal+dilution (King,Merle)

Cumberbatch,Slosar,Sik)



  

Gf Z2
spontaneously

stabilize the DM
(typically imposed by hand)

(r1, r2, r3,...) (+r1, -r2, -r3,...)
Gf  - multiplet DM candidates

Discrete Dark Matter 

The flavor symmetry stabilizes the DM

Hirsch, SM, Peinado, Valle PRD 10'
Meloni,SM,Peinado, PLB 11'
Boucenna et al, JHEP 11'
Meloni,SM,Peinado, PLB 11'
Toorop,Bazzocchi,M, NPB 12'
Boucenna et al, PRD 12'
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Radiative scotogenic model

Z2

DM candidates

tight link between n & DM
HOWEVER DM AND n PHENO ALMOST UNRELATED... 

n
DM Ma, 06

Kubo,Ma,Suematzu, 06
Suematsu,Toma,Yoshida, 09
Schmidt,Schwetz,Toma, 12

For a review see Boucenna,SM,Valle 1404.3751



n ← pheno → DM  in  Scotogenic

n2 n3n2 n3

m2 = ( Dm  ) m3 = ( Dm@)
2 2
.

1/2 1/2
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lepton mixing
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too many free parameters

2 equations

n ← pheno → DM  in  Scotogenic



Radiative n mass in 3-3-1n
DM

Singer,Schechter,Valle 80&83
Pisano,Pleitez, 92
Frampton, 92
Foot,Long,Tran 94 

- anomaly cancellation → number of families = number of colors
giving a reason for having 3 generations of fermions

Buras,Fazio,Girrbach, Carlucci 12,13,14

- New quarks & gauge bosons that can be produced @LHC
  and give rise to tree-level FCNC

- Lepton number violated by gauge interactions
Singer,Schechter,Valle 80&83



Radiative n mass in 3-3-1n
DM

-1
-1
+1

Lepton number

@ tree-level neutrinos
are pure Dirac

Boucenna,SM,Valle,PRD 14'



Radiative n mass in 3-3-1n
DM

Lepton number

@ tree-level neutrinos
are pure Dirac

Boucenna,SM,Valle,PRD 14'

@ 1-loop neutrinos
      get Majorana mass

Lepton number violated
in gauge interactions DL=2

-1
-1
+1



Radiative n mass in 3-3-1n
DM

m        ~  n1 ~ m
W ',Z ' DM

scalar DM candidate – like inert DM, but...

W',Z' bosons
masses

Dark Matter
mass

Boucenna,SM,Valle,PRD 14'

neutrino
mass



  

Asymmetric DM

ADM hypotesis:
the DM density is due to

b anti-b

excess

b anti-b

DM particle/antiparticle asymm

DM

excess

anti-DM DManti-DM

common origin for DM & B

DM
The present-day

has due to BAU
Visible Matter density

BAU

For a review see
Sannino; Petraki,Volkas; 
Zurek; 



  

DM BAU
Boucenna,SM 13'



leptogenesisn
BAU

For a review see
Buchmuller,Di Bari,Plumacher
Davidson,Nardi,Nir
Pilaftis,Underwood,
Hambye et al
Barbieri et al

Lepton asymmetry 
washout processes 

CP violation in N1 decays 



Inflation & Majoron DM 
  in the seesaw mechanism

n
BAUDM

infl
Boucenna,SM,Shafi,Valle 1404.3198
(see also Okada,Nefer,Shafi,14';
 Okada,Shafi,13'; Nefer,Shafi,13')

Type-I ssesaw

s = v + r + i J
L

inflation DM



Inflation & Majoron DM & n 
s = v + r + i J

+l
s s

s

s s
Y

N

N

L

tree-level Coleman-Weinberg radiative corrections

from curvature
perturbation
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Inflation & Majoron DM & n 

r~
2

v >> Mp

r2

12 Mp
20 Mp

100 Mp

N=60

BICEP2+PLANCK

trans-planckian
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Inflation & Majoron DM & n 

r~
4

r4

+ correc.

Y   ~ 10  N

varying a

sub-planckian

-3
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Planck vs BICEP2 
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Non-minimal gravitational coupling
(work in progress) See for instance

DeSimone,Hertzberg,Wilczek,09'
Okada,Rehman,Shafi,10'
Okada,Nefer,Shafi,14'
Haba,Takahashi 14'

gravitational coupling term quartic
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s = v + r + i J

Inflation ?
Dark Matter ?

Neutrino ? Leptogenesis ?



Backup slides
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From Frigerio's talk

Non-thermal freeze-in Majoron DM
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Lepton number is broken by 













Running spectral index
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