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Université de Montpellier 2

(Work in progress)

RPP 2012, 14 - 16 May 2012, Montpellier



Motivation Theory LHC Summary

Outline

1 Motivation

2 2RHN SUSY type I seesaw

3 LFV at the LHC

4 Summary

A. Villanova del Moral LFV at the LHC in SUSY type I seesaw with 2 RHN



Motivation Theory LHC Summary

Outline

1 Motivation

2 2RHN SUSY type I seesaw

3 LFV at the LHC

4 Summary

A. Villanova del Moral LFV at the LHC in SUSY type I seesaw with 2 RHN



Motivation Theory LHC Summary

Experimental neutrino data

Neutrino oscillations
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90% CL (2 dof)

[T. Schwetz, M. Tortola and J. W. F. Valle, arXiv:1103.0734v2 [hep-ph]]

Neutrino masses

m < 2 eV

[K. Nakamura et al. [Particle Data Group], J. Phys. G 37, 075021 (2010)]
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Seesaw mechanism

ν̂L mix with very heavy states (MSS ∼ 1014 GeV)

After integrating out the heavy states,

Weff ⊃ −
1

4

c ij

MSS
(L̂i Ĥu)(L̂j Ĥu)

light neutrino masses are supressed by M−1
SS
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Canonical SUSY type I seesaw

Particle content
MSSM + 3 ν̂ci
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Canonical SUSY type I seesaw

Superpotential

W = WMSSM + Y ji
ν L̂i ν̂

c
j Ĥu +

1

2
M ij

R ν̂
c
i ν̂

c
j

where

Yν =

Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

Y 31
ν Y 32

ν Y 33
ν

 MR =

M1 0 0
0 M2 0
0 0 M3
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Inconvenients of canonical SUSY type I seesaw

Testability

Impossible direct tests: MR ∼ 1014 GeV

Only indirect tests: LFV and SUSY particle masses

Predictivity

Too many parameters:
(9, 6) + (3, 0) = (12, 6) = 18 (+3 = 21)

Yν =

Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

Y 31
ν Y 32

ν Y 33
ν

 MR =

M1 0 0
0 M2 0
0 0 M3



Possible solutions

Simplifying assumptions about neutrino scenarios
Additional flavour symmetries
2RHN
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2RHN SUSY type I seesaw

Particle content
MSSM + 2 ν̂ci
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2RHN SUSY type I seesaw

Superpotential

W = WMSSM + Y ji
ν L̂i ν̂

c
j Ĥu +

1

2
M ij

R ν̂
c
i ν̂

c
j

Yν =

(
Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

)
MR =

(
M1 0
0 M2

)
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2RHN SUSY type I seesaw

Superpotential

W = WMSSM + Y ji
ν L̂i ν̂

c
j Ĥu +

1

2
M ij

R ν̂
c
i ν̂

c
j

Yν =

(
Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

)
MR =

(
M1 0
0 M2

)
At low energies

meff
ν ' −

v2
u

2
Y T
ν ·M−1

R · Yν
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2RHN SUSY type I seesaw

Superpotential

W = WMSSM + Y ji
ν L̂i ν̂

c
j Ĥu +

1

2
M ij

R ν̂
c
i ν̂

c
j

Yν =

(
Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

)
MR =

(
M1 0
0 M2

)
At low energies

meff
ν ' −

v2
u

2
Y T
ν ·M−1

R · Yν

rank(meff
ν ) = 2

1 zero-eigenvalue: SNH (m1 = 0) or SIH (m3 = 0)
Only 1 Majorana phase: α
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Parametrization of 2RHN SUSY type I seesaw

High energy

(6, 3) + (2, 0) = (8, 3) = 11

Yν =

(
Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

)
MR = diag(M1,M2)

Low energy

(2, 0) + (3, 2) = (5, 2) = 7

mν =

{
diag(0,m2,m3) SNH
diag(m1,m2, 0) SIH

U = U(θij , δ, α)

R-parametrization

Low energy: mν , U (θij , δ, α) (5, 2) = 7

High energy: MR (2, 0) = 2

R = R(θR = Re(θR) + i Im(θR)) (1, 1) = 2

A. Villanova del Moral LFV at the LHC in SUSY type I seesaw with 2 RHN



Motivation Theory LHC Summary

Parametrization of 2RHN SUSY type I seesaw

High energy

(6, 3) + (2, 0) = (8, 3) = 11

Yν =

(
Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

)
MR = diag(M1,M2)

Low energy

(2, 0) + (3, 2) = (5, 2) = 7

mν =

{
diag(0,m2,m3) SNH
diag(m1,m2, 0) SIH

U = U(θij , δ, α)

R-parametrization

Low energy: mν , U (θij , δ, α) (5, 2) = 7

High energy: MR (2, 0) = 2

R = R(θR = Re(θR) + i Im(θR)) (1, 1) = 2

A. Villanova del Moral LFV at the LHC in SUSY type I seesaw with 2 RHN



Motivation Theory LHC Summary

Parametrization of 2RHN SUSY type I seesaw

High energy

(6, 3) + (2, 0) = (8, 3) = 11

Yν =

(
Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

)
MR = diag(M1,M2)

Low energy

(2, 0) + (3, 2) = (5, 2) = 7

mν =

{
diag(0,m2,m3) SNH
diag(m1,m2, 0) SIH

U = U(θij , δ, α)

R-parametrization

Low energy: mν , U (θij , δ, α) (5, 2) = 7

High energy: MR (2, 0) = 2

R = R(θR = Re(θR) + i Im(θR)) (1, 1) = 2

A. Villanova del Moral LFV at the LHC in SUSY type I seesaw with 2 RHN



Motivation Theory LHC Summary

Parametrization of 2RHN SUSY type I seesaw

High energy

(6, 3) + (2, 0) = (8, 3) = 11

Yν =

(
Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

)
MR = diag(M1,M2)

Low energy

(2, 0) + (3, 2) = (5, 2) = 7

mν =

{
diag(0,m2,m3) SNH
diag(m1,m2, 0) SIH

U = U(θij , δ, α)

R-parametrization

Low energy: mν , U (θij , δ, α) (5, 2) = 7

High energy: MR (2, 0) = 2

R = R(θR = Re(θR) + i Im(θR)) (1, 1) = 2

A. Villanova del Moral LFV at the LHC in SUSY type I seesaw with 2 RHN



Motivation Theory LHC Summary

Parametrization of 2RHN SUSY type I seesaw

High energy

(6, 3) + (2, 0) = (8, 3) = 11

Yν =

(
Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

)
MR = diag(M1,M2)

Low energy

(2, 0) + (3, 2) = (5, 2) = 7

mν =

{
diag(0,m2,m3) SNH
diag(m1,m2, 0) SIH

U = U(θij , δ, α)

R-parametrization

Low energy: mν , U (θij , δ, α) (5, 2) = 7

High energy: MR (2, 0) = 2

R = R(θR = Re(θR) + i Im(θR)) (1, 1) = 2

A. Villanova del Moral LFV at the LHC in SUSY type I seesaw with 2 RHN



Motivation Theory LHC Summary

Parametrization of 2RHN SUSY type I seesaw

High energy

(6, 3) + (2, 0) = (8, 3) = 11

Yν =

(
Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

)
MR = diag(M1,M2)

Low energy

(2, 0) + (3, 2) = (5, 2) = 7

mν =

{
diag(0,m2,m3) SNH
diag(m1,m2, 0) SIH

U = U(θij , δ, α)

R-parametrization

Low energy: mν , U (θij , δ, α) (5, 2) = 7

High energy: MR (2, 0) = 2

R = R(θR = Re(θR) + i Im(θR)) (1, 1) = 2

R =

(
0 cos(θR) σ sin(θR)
0 − sin(θR) σ cos(θR)

)
whereσ = ±1 SNH
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Parametrization of 2RHN SUSY type I seesaw

High energy

(6, 3) + (2, 0) = (8, 3) = 11

Yν =

(
Y 11
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ν Y 13
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R =
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cos(θR) σ sin(θR) 0
− sin(θR) σ cos(θR) 0

)
whereσ = ±1 SIH
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Parametrization of 2RHN SUSY type I seesaw

High energy

(6, 3) + (2, 0) = (8, 3) = 11

Yν =

(
Y 11
ν Y 12

ν Y 13
ν

Y 21
ν Y 22

ν Y 23
ν

)
MR = diag(M1,M2)

Low energy

(2, 0) + (3, 2) = (5, 2) = 7
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U = U(θij , δ, α)
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High energy: MR (2, 0) = 2
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2
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diag(
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M) · R · diag(
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Lepton flavour violation

How LFV is related?
LFV in the neutrino sector: Yν

LFV in the charged (s)lepton sector

Assumption: no additional flavour structure
Flavour-blind SUSY breaking at GUT

m2
X̃
= m2

X̃
I

AX = AXYX

Off-diagonal:
(m2

L̃
)ij = C (Y†νLYν)ij

where

Lrs = ln

(
MX

Mr

)
δrs

C = − 1

8π2
(m2

L̃
+ m2

ν̃ + m2
Hu

+ A2
ν)

If universality (mSUGRA): C = − 1
8π2 (3m2

0 + A2
0)
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Lepton flavour violation

Small mixing angle approximation

Neglecting L-R mixing

Flavour-blind boundary conditions

BRij ∝ |(Y †ν · L · Yν)ij |2

BRij ∝
∣∣∣∣U∗iαUjβ

√
mα
√
mβR

∗
kαRkβMk log

(
MX

Mk

)∣∣∣∣2
BRij ∝

∣∣∣U∗iαUjβ
√
mα
√
mβR

∗
kαRkβM̂k

∣∣∣2
M̂k = log

(
MX

Mk

)
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Lepton flavour violation

Trick: Ratio of BR’s

BRi1j1

BRi2j2

'

∣∣∣U∗
i1α1

Uj1β1

√
mα1

√
mβ1R

∗
k1α1

Rk1β1Mk1 log
(

MX

Mk1

)∣∣∣2∣∣∣U∗
i2α2

Uj2β2

√
mα2

√
mβ2R

∗
k2α2

Rk2β2Mk2 log
(

MX

Mk2

)∣∣∣2
≡ (r i1j1i2j2

)2

Study of ALL the parameter space (including CPV)

Fix known parameters: mi , θij
Range unknown parameters: δ, α, Mk , θR
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Case-1: θR = 0

(r ijkl)
2 = f (δ, rM) where rM = M̂1

M̂2

No dependence on α

SNH:

(r ijkl)
2 =

∣∣∣m2rMUi2U
∗
j2 + m3Ui3U

∗
j3

∣∣∣2∣∣m2rMUk2U
∗
l2 + m3Uk3U

∗
l3

∣∣2
SIH: exchange 2→ 1 and 3→ 2 in the explicitely given indices

Plot: (r21
31 )2 (r21

32 )2 (r31
32 )2

vs. (δ, rM)
for SNH and SIH
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Case-1: θR = 0
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Case-1.1: θR = 0 and rM = 1

SNH

(r ijkl)
2 =

∣∣∣m2Ui2U
∗
j2 + m3Ui3U

∗
j3

∣∣∣2∣∣m2Uk2U
∗
l2 + m3Uk3U

∗
l3

∣∣2
SNH

Exchange 2→ 1 and 3→ 2 in the explicitely given indices

(r ijkl)
2 = f (δ)
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Case-1.1: θR = 0 and rM = 1

SNH
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Case-1.1: θR = 0 and rM → 0

SNH

r21
31 =

|U23|
|U33|

= t23 r21
32 =

|U13|
|U33|

=
t13

c23
r31
32 =

|U13|
|U23|

=
t13

s23

(r21
31 )2 = 1.08 (r21

32 )2 = 0.0274 (r31
32 )2 = 0.0253

SIH
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Case-2: Dominant Im(θR)

Strong cancellation

Extreme fine-tuning
Approximate global symmetry (i.e. L)

Not seesaw-like: small mν due to approximate L conservation

MR need not be super heavy

SNH

(R · M̂ ·R) = F

0 0 0
0 1 iσI
0 −iσI 1


SIH

(R† ·M̂ ·R) = F

 1 iσI 0
−iσI 1 0

0 0 0


where F = 1

4 (1 + rM)M̂2e
2| Im(θR)|

σI = σ sgn(Im(θR))

Plot: (r ijkl)
2 = f (δ, α) where (α < 0)⇒ (α + 2π, σI = −1)
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Case-2: Dominant Im(θR)
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LFV at the LHC

LFV charged slepton decays

BR(τ̃2 → χ0
1e)

BR(τ̃2 → χ0
1µ)

BR(χ0
2 → χ0

1τe)

BR(χ0
2 → χ0

1τµ)

Software

Implementation of 2RHN in SPheno-3.1.10

mSugra boundary conditions

Iteratively fit of light neutrino masses

A. Villanova del Moral LFV at the LHC in SUSY type I seesaw with 2 RHN
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Case-0: Degenerate νR + Complex θR

mSugra point:
(m0, m1/2) = (350, 700) GeV, A0 = 0 GeV, tanβ = 10, µ > 0

M = 1010 GeV

max(Im(θR)) ⇒ renormalizable Yν

Neutrino sector

(r
3
1

3
2
)2
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Case-0: Degenerate νR + Complex θR

mSugra point:
(m0, m1/2) = (350, 700) GeV, A0 = 0 GeV, tanβ = 10, µ > 0

M = 1010 GeV
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Slepton sector
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Summary

Neutrino data

Neutrinos have little masses
Neutrinos mix

Neutrino mass generation:
2RHN SUSY type I seesaw ⊂ 3RHN

mSUGRA: LFV decays are related to neutrino parameters

Falsifiability of 2RHN SUSY type I seesaw
Study of LFV in all the parameter space

What could be seen?
What could not be seen?
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