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Hierarchy problem

� Higgs mechanism:

� gauge symmetry breaking
� mass generation

� Gauge hierarchy problem

� Technical solution: Supersymmetry
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Dark matter

� Experimental data
� WMAP
� Large scale structure formation

⇒ Evidence of non-baryonic dark matter

� Candidate?
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Standard Model neutrinos

� SM neutrinos are massless since:
� Right-handed neutrinos do not exist

� Higgs triplets do not exist

� Fermion triplets do not exist

� Lepton number is “accidentally” conserved
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Neutrino experimental data
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∆m2
21 [10−5eV2] 7.65+0.23

−0.20 7.05–8.34

|∆m2
31| [10

−3eV2] 2.40+0.12
−0.11 2.07–2.75

sin2 θ12 0.304+0.022
−0.016 0.25–0.37

sin2 θ23 0.50+0.07
−0.06 0.36–0.67

sin2 θ13 0.01+0.016
−0.011 ≤ 0.056

[ T. Schwetz, M. A. Tortola and

J. W. F. Valle,

New J. Phys. 10, 113011 (2008)

[arXiv:0808.2016 [hep-ph]] ]
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Neutrino mass models

� What is the mechanism of ν mass generation?

� Effective field theory:

Ldim=5 =
f

Λ
(LH)(LH)

L L

HH
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Standard seesaw mechanisms

� Why ν masses are so tiny?

Large Λ in Ldim=5 = f
Λ
(LH)(LH)

Φ Φ

F

L L

ΦΦ

S

LL

� Type-I: Singlet fermion

� Type-II: Triplet scalar

� Type-III: Triplet fermion
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Non-standard seesaw mechanisms

� Combinations of types-I, II and/or III

� Different gauge groups

� Different multiplet contents

� Gauged or ungauged B− L

� Explicitly or spontaneously broken B− L

� Breaking at hight or low energy

� With or without SUSY

� . . .
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Inverse seesaw

� Why ν masses are so tiny?
Small f instead of large Λ

Ldim=5 =
f

Λ
(LH)(LH)

� Loop-induced ⇒ Radiative schemes

� Symmetry limit ⇒ Inverse seesaw
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SUSY inverse seesaw

� This model addresses:
� Hierarchy problem

� Dark matter
� Neutrino data

⇒ Relations between:
� LFV neutrino sector
� Collider LFV
� Low-energy LFV
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Type-I vs. inverse seesaw

� SUSY type-I seesaw:

MSSM + 3 ν̂c
i

L = −1

� SUSY inverse seesaw:

MSSM + 3 ν̂c
i + 3 Ŝi

L = −1 +1
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Type-I vs. inverse seesaw

� SUSY type-I seesaw:

W = WMSSM + Y
ji
ν L̂iν̂

c
j Ĥu +

1

2
M

ij
Rν̂c

i ν̂
c
j

MR : ∆L = 2

� SUSY inverse seesaw:

W = WMSSM +Y
ji
ν L̂iν̂

c
j Ĥu + M

ij
RŜiν̂

c
j +

1

2
µ
ij
S ŜiŜj

MR : ∆L = 0 µS : ∆L = 2
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Type-I vs. inverse seesaw

� SUSY type-I seesaw:

M =

(
0 mT

D

mD MR

)
ν

νc

� SUSY inverse seesaw:

M =




0 mT
D 0

mD 0 MT
R

0 MR µS




ν

νc

S
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Type-I vs. inverse seesaw

� SUSY type-I seesaw:
L L

N

Hu Hu

N

MRY T
ν Yν mν ≃ mT

D · M−1
R ·mD

� SUSY inverse seesaw:

L L

N

Hu Hu

NS S

µSMT
R MRY T

ν Yν

mν ≃ mT
D · MT−1

R · µS · M
−1
R ·mD
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Type-I vs. inverse seesaw

� SUSY type-I seesaw:

mν ≃ mT
D · M−1

R ·mD

� SUSY inverse seesaw:

mν ≃ mT
D · MT−1

R · µS · M
−1
R ·mD

� ∝ M−2
R instead of ∝ M−1

R

� mν → 0 if µS → 0

� Singlet sneutrino ⇒ DM candidate
[ C. Arina, F. Bazzocchi, N. Fornengo, J. C. Romao and J. W. F. Valle, Phys. Rev.

Lett. 101, 161802 (2008) [arXiv:0806.3225 [hep-ph]] ]
Minimal SUSY Inverse Seesaw – p. 12



Naturalness

W = WMSSM +Y
ji
ν L̂iν̂

c
j Ĥu + M

ij
RŜiν̂

c
j +

1

2
µ
ij
S ŜiŜj

� Note that if µS → 0 ⇒ L is conserved
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Naturalness
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Naturalness
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Minimal SUSY inverse seesaw

MSSM + 1 ν̂c + 1 Ŝ

L = −1 +1
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Minimal SUSY inverse seesaw

MSSM + 1 ν̂c + 1 Ŝ

L = −1 +1

W = WMSSM +Yi
ν L̂iν̂

cĤu + MRŜν̂c +
1

2
µSŜŜ

Y
ji
ν → Yi

ν M
ij
R → MR µ

ij
S → µS
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Minimal SUSY inverse seesaw

MSSM + 1 ν̂c + 1 Ŝ

L = −1 +1

W = WMSSM +Yi
ν L̂iν̂

cĤu + MRŜν̂c +
1

2
µSŜŜ

−Lsoft = −LMSSM
soft + m2

νc ν̃
c†ν̃c + m2

SS̃
†S̃

+

(
εabA

i
hν
L̃ai ν̃cHb

u + BMR
ν̃cS̃ +

1

2
BµS

S̃S̃ + h.c.

)
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Neutrino physics

� Neutrino masses
� At tree level: µS

(Mtree
ν )ij =

µS

M2
R

mDi
mDj

• Only 1 non-zero mass eigenvalue:
diag(0, 0, mtree

ν )

mtree
ν =

µS

M2
R

∑
i

m2
Di
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Neutrino physics

� Neutrino masses
� At tree level: µS

� 1-loop: BµS

νL νLχ
0

ν̃ ν̃

χ0
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Neutrino physics

� Neutrino masses
� At tree level: µS

� 1-loop: BµS

m
ν 2

,m
ν 3
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Neutrino physics

� Neutrino masses
� At tree level: µS

� 1-loop: BµS

� Neutrino mixing angles

� At tree level: mDi

tan2 θ23 =
m2

D2

m2
D3

tan2 θ13 =
m2

D1

m2
D2

+ m2
D3
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Neutrino physics

� Neutrino masses
� At tree level: µS

� 1-loop: BµS

� Neutrino mixing angles

� At tree level: mDi

� 1-loop: δi ≡ Ai
hν
vu − µ mDi

cot β

(M
1−loop
ν )ij = a ε iε j + b (ε iδj + δiε j) + c δiδj

ε i ≡ mDi
MR δi ≡ Ai

hν
vu − µ mDi

cot β
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Neutrino physics

� Neutrino masses
� At tree level: µS

� 1-loop: BµS

� Neutrino mixing angles

� At tree level: mDi

� 1-loop: δi ≡ Ai
hν
vu − µ mDi

cot β
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LFV chargino decays

� LSP: singlet sneutrino ⇒ DM

⇒ End of SUSY decay chains
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LFV chargino decays

� As mÑ1
≈ mÑ2

and mÑ3
≈ mÑ4

,

Γ(χ̃±
1 → Ñ1+2 + ℓ

±
i ) ≡ Γ(χ̃±

1 → Ñ1 + ℓ
±
i )

+ Γ(χ̃±
1 → Ñ2 + ℓ

±
i )

Γ(χ̃±
1 → Ñ3+4 + ℓ

±
i ) ≡ Γ(χ̃±

1 → Ñ3 + ℓ
±
i )

+ Γ(χ̃±
1 → Ñ4 + ℓ

±
i )
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LFV chargino decays

� Numerical study

� Random parameters:

(∑
i

m2
Di

)1/2 ∈ 10[−4, 2.6], (∑
i

δ2i )
1/4 ∈ 10[−4, 3]

� Calculated parameters:
• µS ⇒ ATM scale at tree-level
• BµS

⇒ SOL scale at 1-loop

� EXP constraints:
• ν physics (3σ)
• Low-energy LFV
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LFV chargino decays

Γ(
χ~ 1± →
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� As mD1
≪ mD2

, mD3
⇒ worse correlation

� Also for Γ(χ̃±
1 → Ñ3+4 + ℓ

±
i )
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Low energy LFV

� Γ(χ̃±
1 → Ñ1+2 + ℓj

±) × Γ(χ̃±
1 → Ñ1+2 + ℓi

±)
is correlated with BR(ℓj → ℓiγ)
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� Worse correlation for e

� Also for Ñ3+4
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Low energy LFV

� However, at LHC: not Γ but BR
B

R
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� Also for Ñ3+4
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Relations with neutrino sector

� As

Γ(χ̃±
1 → Ñ1+2 + µ±)

Γ(χ̃±
1 → Ñ1+2 + τ±)

∝
m2

D2

m2
D3

BR(µ → eγ)

BR(τ → eγ)
∝

m2
D2

m2
D3

� And

tan2 θATM =
m2

D2

m2
D3
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Relations with neutrino sector

� Neutrino sector ⇔ Collider LFV observables

� Neutrino sector ⇔ Low-energy LFV observ.
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Relations with neutrino sector

� Neutrino sector ⇔ Collider LFV observables

� Neutrino sector ⇔ Low-energy LFV observ.
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� Also for Ñ3+4
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Conclusions

� Motivation

� Hierarchy problem

� Dark matter

� Neutrino data

� Minimal SUSY inverse seesaw

� Explains neutrino data

� DM candidate: singlet sneutrino

� Relates neutrino sector with:

• Collider LFV: BR(χ̃±
1 → Ña + ℓ

±
i )

• Low-energy LFV: BR(ℓj → ℓiγ)
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