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Motivation
Super-Kamiokande, PRL 81 (1998) 1562:
“Evidence for
oscillation of atmospheric neutrinos”
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Motivation
SNO, PRL 89 (2002) 011301:

0 1 2 3 4 5 6
0

1

2

3

4

5

6

7

8

)-1 s-2 cm
6

 (10eφ
)

-1
 s

-2
 c

m
6

 (
1
0

τ
µ

φ SNO
NCφ

SSMφ

SNO
CCφSNO

ESφ

“The non-νe component is ... 5.3 σ greater
than zero ...”
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Motivation
KamLAND, PRL 90 (2003) 021802:
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“...the ratio of ... observed ... to expected
number of events is 0.611 ± 0.085(stat) ± 0.041

... “
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Current status of ν data
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M. Maltoni
et. al,
New J.Phys.

6 (2004) 122
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Neutrino masses
In the SM neutrinos are massless. In general,
however:

Majorana Dirac
∆L = 2 ∆L = 0

Lν = −mMνc
LνL − mDνLνR

Note:

mD requires νR

mM violates L
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Neutrino masses
In the SM neutrinos are massless. In general,
however:

Majorana Dirac
∆L = 2 ∆L = 0

Lν = −mMνc
LνL − mDνLνR

Note:

No experimental hint for Majorana mass

“ “ “ “ scale of L/ [W]
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Introduction to Rp/

MSSM superpotential:

WRP
= + hij

e ĤdL̂iÊ
C
j + hij

d ĤdQ̂iD̂
C
j + hij

u ĤuQ̂iÛ
C
j

− µĤdĤu

R-parity violating superpotential:

WRP/ = + λijkL̂iL̂jÊ
C
k + λ′

ijkL̂iQ̂jD̂
C
k

+ εiL̂iĤu + λ′′
ijkÛ

C
i D̂C

j D̂C
k
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R-parity violation
The R-parity violating part:

WRP/ = + λijkL̂iL̂jÊ
C
k + λ′

ijkL̂iQ̂jD̂
C
k

+ εiL̂iĤu + λ′′
ijkÛ

C
i D̂C

j D̂C
k

⇒ λijk, λ′
ijk and εi violate lepton number

⇒ λ′′
ijk violate baryon number

⇒ lepton number and baryon number
violation can not be present at the same
time because ...
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Bilinear R-parity breaking
Consider:

W = WMSSM + εiL̂iĤu,

Vsoft = V MSSM
soft + BiεiL̃iHu.

⇒ Both terms violate lepon number
⇒ New terms in Vsoft induce vevs vLi

⇒ Λi = vLi
µ + εivD

⇒ Neutrinos mix with neutralinos
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Tree-level mass matrix
In the basis:

Ψ′
0
T

= (νe, νµ, ντ , B̃, W̃ , H̃d, H̃u)

The neutralino mass matrix can be written as:

M0 =


 0 m

mT Mχ0




Gandia, 1 Dec 2005 – p.12/47



Tree-level diagonalization
Only one neutrino mass non-zero at
tree-level:

mν3
=

mγ

4det(Mχ0)
|~Λ|2

Only two angles defined at tree-level:

tan θ13 = − Λe

(Λ2
µ + Λ2

τ)
1

2

,

tan θ23 =
Λµ

Λτ
.
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1-loop contribution(s) to mν

M 1L = =

+

+

+

+

+

tree-level

d − d̃ or u − ũ

χ±
− S±

or χ0
− S0

χ0
− P 0

W±
− χ±

or Z0
− χ0

S0
− S0

or S0
− P 0

S0
− W±

or S0
− Z0

S0
− c± or S0

− c0
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1-loop contribution(s) to mν

“Generically” most important loop(s):
~ ~

L R

ν ν

b b

b

εε

H Hd d

Bottom
squark

loop

⇒ Mass:

m1lp
ν ∼ F∆B0

(ε̃2
1 + ε̃2

2)

µ2

⇒ Angle: tan θ� ∼ ε̃1/ε̃2
[W]
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LSP decay
With R-parity violated LSP decays, thus ...
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LSP decay
With R-parity violated LSP decays, thus ...
... any superpartner can be the LSP!

⇒ Neutralino
⇒ Chargino
⇒ Gluino
⇒ Charged scalar
⇒ Scalar neutrino
⇒ Scalar quark

[W]
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Neutralino decay length
All Points with correct ∆m2

Atm and ∆m2
�:
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Neutralino decay
Consider, for example, the decay χ0

1 → W±li:

W±

χ∓

l∓i

χ0

1

W±

l∓i

χ0

1

νi

⇒ Couplings are complicated functions:

f ≡ f(g, g′,M1,M2, ..., εi, Λi)

⇒ But: Same functions for all generations
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Neutralino decay
Consider, for example, the decay χ0

1 → W±li:

W±

χ∓

l∓i

χ0

1

W±

l∓i

χ0

1

νi

⇒ Try:

Br(χ0 → liW )

Br(χ0 → ljW )
'

( f(..., εi, Λi)

f(..., εj , Λj)

)2

∼
(Λi

Λj

)2

or
( εi

εj

)2
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Neutralino decay and θAtm
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Neutralino decay and θAtm
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Charged scalar decay
mSugra-like: charged sleptons have similar
mass at weak scale:
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Charged scalars and θ�
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Chargino decay
Neutrino mass and decay width related:
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Chargino decay and θAtm
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Cosmological parameters
Source: http://pdg.lbl.gov/

Parameter Value

Hubble parameter h = 0.71 ± 0.03

Total matter density ΩMh2 = 0.135 ± 0.009

Baryon density ΩBh2 = 0.0224 ± 0.0009

Cosmological constant ΩΛ = 0.73 ± 0.04

Radiation density Ωrh
2 = 2.47 × 10−5

Neutrinos Ων ≥ 0.001
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Gravitino dark matter

Gauge Mediated Supersymmetry Breaking
(GMSB) generically predicts the gravitino is
LSP ...
Pagels and Primack (1982):

ΩG̃h2 ' 0.11F
( m3/2

100 eV

)(100

g∗

)

⇒ “warm dark matter”
If R-parity violated, gravitino decays, but ...
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Gravitino half-live

Γ(G̃ →
∑

i

νiγ) ' 1

32π
|Uγν|2

m3
3/2

M 2
Pl

.

Here,

|Uγν|2 =
3∑

i=1

| cos θWNi1 + sin θWNi2|2

∼ 3.5 × 10−14 mν

0.05 eV

⇒ Gravitino half-live ∼ 1031 tH0
(0.1keV

m3/2

)3
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Neutralino decay

Neutralino decay width to gravitino +
photon:

Γ(χ̃0
1 → G̃γ) =

κ2
γm

5
χ̃0

1

48πm2
3/2M

2
Pl

' 1.2 × 10−6κ2
γ

( mχ̃0

1

100 GeV

)5(100 eV

m3/2

)2

eV
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Accelerator test?
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Background?
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Spontaneous Rp/

W = hij
U Q̂iÛjĤu + hij

DQ̂iD̂jĤd + hij
EL̂iÊjĤd

+ µĤdĤu
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Spontaneous Rp/

W = hij
U Q̂iÛjĤu + hij

DQ̂iD̂jĤd + hij
EL̂iÊjĤd

+hij
ν L̂iν̂

c
jĤu + µĤdĤu

⇒ Conserves L at level of W
⇒ If scalar singlet gets vacuum expectation
value:

εi = hν
i 〈ν̃c〉

⇒ Spontaneous breaking of lepton number,
Goldstone boson: Majoron
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Spontaneous Rp/

W = hij
U Q̂iÛjĤu + hij

DQ̂iD̂jĤd + hij
EL̂iÊjĤd

+hij
ν L̂iν̂

c
jĤu − h0ĤdĤuΦ̂ + hijΦ̂ν̂c

i Ŝj

As before, plus:

⇒ Φ̂ potentially solves µ-problem á la NMSSM

⇒ Dirac mass term for ν̂c through vΦŜ

⇒ Many variants possible ...
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Higgs production
In the MSSM:

Z
0

e
−

e
+

Z
0

h
0

Z
0

e
−

e
+

A
0

h
0

∼ sin(β − α) ∼ cos(β − α)

⇒ For h0 and h0-A production

⇒ H0: exchange sin(β − α) ↔ cos(β − α)
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Higgs production
In spontaneous Rp/ :

Z
0

e
−

e
+

Z
0

S
0
i

Z0

e−

e+ P0
j

S0
i

∼ ηBi
∼ ηAij

“Higgses”:
(
P 0

)T
=

(
J,G0, PA0, PJ⊥

, PΦ, Pν̃i

)
(
S0

)T
= (Sh0, SH0, SJ , SJ⊥

, SΦ, Sν̃i
)
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Higgs mass bound
If there is a light singlet (typically SJ):
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⇒ One CP-even Higgs necessarily light

⇒ Note: η2
B1

+ η2
B2

= 1
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Higgs in spontaneous Rp/

0.2 0.4 0.6 0.8 1

η2
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R
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RJb = Γ(h→JJ)

Γ(h→bb̄)

CP-even Higgs
can decay

invisibly!

[W]
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Conclusion

Gandia, 1 Dec 2005 – p.39/47



“... after all, you are measuring just another
bunch of Yukawas!”

Nick Evans

[W]
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Neutrino masses

Add right-handed neutrino to SM:

Lν =
1√
2
Yijh

0νLi
νRj

With (example only, in units of 10−13):

Yee = 0.5 Yeµ = −0.78 Yeτ = 0.65

Yµµ = 1.2 Yµτ = −1.0 Yττ = 1.7
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Neutrino masses

Add right-handed neutrino to SM:

Lν =
1√
2
Yijh

0νLi
νRj

With (example only, in units of 10−13):

Yee = 0.5 Yeµ = −0.78 Yeτ = 0.65

Yµµ = 1.2 Yµτ = −1.0 Yττ = 1.7

⇒ Fit to data, not a theory!
[W]
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Proton Decay

d

u e
+

ū

¯̃sλ
′′

112 λ
′

112

1

Estimate decay width:

Γ(p → e+π0) ≈
(λ′

11k)2(λ′′

11k)2

(4π2)2m̃4

dk
M 5

proton

Given that τ(p → eπ) > 1032 yr:

λ′
11k · λ′′

11k
<∼ 2 · 10−27

(
m̃dk

100Gev

)2

.

[W]
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Alternatives to Rp

As Rp: matter parity

(Li, Ēi, Qi, Ūi, D̄i) → −(Li, Ēi, Qi, Ūi, D̄i),

(H1, H2) → (H1, H2).

Forbids B/ : baryon-parity

(Qi, Ūi, D̄i) → −(Qi, Ūi, D̄i),

(Li, Ēi, H1, H2) → (Li, Ēi, H1, H2).
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Spontaneous Rp/

W = WMSSM + hij
ν L̂iν̂

c
jĤu + · · ·

⇒ If scalar singlet gets vacuum expectation
value:

εi = hν
i 〈ν̃c〉

⇒ Produces only bilinear Rp/ terms
[W]
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WDM and Entropy
⇒ “Problem”: Matter power spectrum at
(1-40) Mpc very sensitive to WDM, M. Viel et
al, PRD71 (2005):

mWDM > 550eV
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WDM and Entropy
⇒ “Problem”: Matter power spectrum at
(1-40) Mpc very sensitive to WDM, M. Viel et
al, PRD71 (2005):

mWDM > 550eV

⇒ “Solution”: Produce entropy after
gravitino decoupling (Baltz & Murayama
[2001], Fujii & Yanagida [2002]) through late
messenger decay:

F ≥ (5 − 10)

[W]
Gandia, 1 Dec 2005 – p.47/47
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