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❐ Flavour violated in neutral leptons (νi ↔ νj oscillations )

What about charged lepton flavour violation? ℓi → ℓjγ, ℓi → 3ℓj, . . .

◆ No evidence, so far

◆ Huge experimental effort: MEG, PRISM/PRIME, SuperB, ...

❐ Charged LFV: complementary to LHC searches and ν experiments

◆ Use low-energy LFV observables, like BR(ℓi → ℓjγ)

and

◆ high-energy data, like slepton mass splittings at LHC

❐ Use cLFV complementarity to disentangle model of New Physics

✚

cLFV

New Physics (beyond SM+νR)
mSUGRA-like SUSY
(testable at LHC)

Lepton Flavour Mixing
seesaw mechanism

(suggested by ν mixing)
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❐ mSUGRA-like SUSY seesaw: Yν unique source of LFV

All LFV observables strongly related

◆ low-energies: ℓi → ℓjγ, ℓi → 3ℓj, µ− e in Nuclei

Large rates potentially observable (MEG, PRISM/PRIME, ...)

◆ high-energy: look for charged slepton from χ0
2 → ℓ±ℓ∓χ0

1 decays

Possibly sizable ẽ− µ̃ mass differences, multiple edges, and direct
LFV decays χ0

2 → ℓiℓjχ
0
1

❐ Interplay low- high-energy:

Low-energy: LFV observable
(large BRs & CR)

LHC: Interesting
new phenomena
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L = · · ·+Hu νL Y I
ν νR

− 1

2
νTR C−1MR νR

L = · · · − 1

2
Y II
ν νcLiτ2∆LνL

− µHT
u ∆LHu −M2

∆∆
†
L∆L

L = · · ·+HuWMY III
ν νL

− 1

2
W T

MC−1MWM
WM

type-I type-II type-III

νLνL νRνR

MR

〈Hu〉〈Hu〉

νLνL

〈Hu〉〈Hu〉

∆0

µ

Y II
ν

νLνL WMWM

MWM

〈Hu〉〈Hu〉

mI
eff = −(vYν)M

−1
R (vYν)

T mII
eff =

v2µY II
ν

M2
∆

mIII
eff = −(vY III

ν )M−1
WM

(vY III
ν )T

❐ Exchanged particle: Type-I-III: neutral fermion. Type-II: neutral scalar

❐ Type-I: gauge singlet. Type-II-III; gauge triplet Stronger running

❐ mν ∼ 1eV and Yν ∼ O(1) MSeesaw ∼ O(1012−14)GeV
Not directly
observable
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MGUT

vR

vBL

MSUSY,MZ

SU(3)c × SU(2)L × SU(2)R × U(1)B−L

SU(3)c × SU(2)L × U(1)R × U(1)B−L

SU(3)c × SU(2)L × U(1)Y

❐ Superpotential

W = YLLΦL
c − fcL

c∆cLc + · · ·

◆ YL and fc complex 3× 3 matrices

❐ Lagrangian at vBL =
〈
∆0

c

〉

L = Hu νL Y I
ν νR − 1

2ν
T
R C−1 (fcvBL) νR + · · ·

❐ Effective neutrino mass matrix (type-I)

mLR
eff = −(vYν)(fcvBL)

−1(vYν)
T

◆ Yν fit → fc = 1, Yν arbitrary

◆ f fit → Yν = 1, fc arbitrary

◆ Different imprints on RGE running
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Starting with universal (mSUGRA) boundary conditions @ MGUT:

❐ Seesaw type-I-II-III

∆m2
L,ij ≃ − ak

8π2

(
3m2

0 +A2
0

) (
Y k,†
N LY k

N

)
ij
, L = ln(

MGUT

MN
)

∆m2
E,ij ≃ 0 aI = 1 , aII = 6 and aIII =

9

5

❐ Left-Right Model

MGUT ∆m2
L ≃ − 1

4π2

(
3ff † + Y

(k)
L Y

(k) †
L

)
(3m2

0 +A2
0) ln

(
MGUT

vR

)

vR ∆m2
E ≃ − 1

4π2

(
3f †f + Y

(k) †
L Y

(k)
L

)
(3m2

0 +A2
0) ln

(
MGUT

vR

)

vR ∆m2
L ≃ − 1

8π2
YνY

†
ν

(
m2

L|vR +A2
e|vR

)
ln

(
vR
vBL

)

vBL ∆m2
E ≃ 0
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❐ BR(li → ljγ): (MEG...)

Leff = e
mi

2
l̄iσµνF

µν(Aij
LPL +Aij

RPR)lj + h.c.

BR(li → ljγ) =
48π3α

G2
F

(
|Aij

L |2 + |Aij
R|2

)
BR(li → ljνiν̄j)

❐ For seesaw models: Aij
L ∼ (∆m2

L)ij
m4

SUSY

, Aij
R ∼ (∆m2

E)ij
m4

SUSY

◆ type-I-II-III only AL

◆ Left-Right model: In principle both AL and AR

◆ Distinguish models: Positron polarization asymmetry(MEG)

A(µ+ → e+γ) =
|AL|2 − |AR|2
|AL|2 + |AR|2

=

{
1 type-I-II-III

6= 1 LR

γ

ℓi ℓj

χ̃0(χ̃±)

ℓ̃(ν̃)



IST Low-Energy LFV constraints in SUSY seesaw models: type-II

Outline

Motivation

Models

Low-Energy Obs.

•DM & LFV

•A(µ+
→e+γ)

LHC Observables

Conclusions

Jorge C. Romão Moriond 2011 – 9

❐ Parameters: SUSY: {m0, M1/2, A0 = 0, tanβ = 10, 52, sign(µ) = +}

❐ Seesaw: MT = 5× 1013 GeV

❐ Dark matter region: WMAP (3σ), 0.081 ≤ Ωh2 ≤ 0.129

❐ SPheno(W.Porod), SARAH(F.Staub)
MT= 5 x 1013 (GeV) tanβ=10, A0=0 (GeV)
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❐ Superimposed are the contour lines for the Br(µ → eγ)

Higgs funnel
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❐ Positron polarization asymmetry: A(µ+ → e+γ) = |AL|2−|AR|2
|AL|2+|AR|2

❐ In seesaw type-I-II-III: A(µ+ → e+γ) = 1, as AR ≃ 0

❐ Parameters:

◆ SUSY: SPS3 {m0 = 90,M1/2 = 400, A0 = 0, tanβ = 10, sign(µ) = +}
◆ LR: vBL = 1015 GeV, vR ∈ [1014, 1015] GeV, Yν fit

MSeesaw= 1012 (GeV) tanβ=10, A0=0 (GeV)
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If MEG measures A < 1,
we can have an handle on
the scales vR, vBL and test
the LR model
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❐ Di-lepton invariant mass distributions from χ0
2 → ℓ̃iL,Rℓ→χ0

1ℓℓ

For on-shell sleptons & isolated leptons with large pT > 10 GeV

◆ mℓℓ =
1
m

ℓ̃

√(
m2

χ0
2
−m2

ℓ̃

)(
m2

ℓ̃
−m2

χ0
1

)
(0.1% precision at LHC)

◆ Infer
∆m

ℓ̃

m
ℓ̃
(ℓ̃i, ℓ̃j) =

|m
ℓ̃i
−m

ℓ̃j
|

<m
ℓ̃i,j

> @LHC:
∆m/mℓ̃(ẽL, µ̃L)→O(0.1%)

∆m/mℓ̃(µ̃L, τ̃L)→O(1%)

❐ Standard window: Large χ0
2 production, sizable BR(χ0

2 → χ0
1ℓℓ), Ωh
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0
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0.2 %P3
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Point m0 (GeV) M1/2 (GeV) A0 (TeV) tanβ

P1 110 528 0 10

P2 110 471 1 10

P3 137 435 -1 10

P4 490 1161 0 40

P5-HM1 180 850 0 10

P6-SU1 70 350 0 10

Proposed cMSSM study points
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No Seesaw!

Point mχ0
2

mχ0
1

mℓ̃L
mℓ̃R

mτ̃2 mτ̃1 < mq̃ > mh

P1 410 217 374 231 375 224 1064 115.1

P2 356 191 338 212 335 198 963 111.4

P3 342 179 327 218 325 186 877 117.6

ATLAS-SU1 262 140 251 156 254 147 733 111.8

❐ Double-triangular distributions: intermediate µ̃L and µ̃R in χ0
2→χ0

1µµ

❐ cMSSM: Superimposed ℓ̃L,R edges for mµµ and mee: “degenerate” µ̃, ẽ
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Impact for di-lepton distributions χ0
2 → ℓ̃iL,Rℓi → χ0

1ℓiℓi

Seesaw: MN={1010, 5× 1010(1012), 5× 1013(1015)} GeV, θ13 = 0.1◦
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❐ Displaced mµµ and mee edges (ℓL) ⇔ sizable
∆m

ℓ̃

m
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(ẽL, µ̃L)

❐ Appearance of new edge in mµµ: intermediate τ̃2

❐ LFV at the LHC: e.g χ0
2 → τ̃2µ → χ0

1µµ
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mSUGRA points: CMS HM1 {180,850,0,10,+1} & ATLAS SU1 {70,350,0,10,+1}

Seesaw: general scan with MN3 = 1012,13,14 GeV, θ13 = 0.1◦
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If SUSY observed (HM1, SU1) and type-I seesaw at work:

❐ LFV observables within experimental reach: ∆m|SU1 . ∆m|HM1

❐ HM1: ∆m(ẽL, µ̃L)|LHC ∼ 0.1− 1% → BR(µ → eγ)|MEG

❐ SU1: ∆m(ẽL, µ̃L)|LHC ∼ 0.1− 1% → BR(τ → eγ)|SuperB

Present bound

MEG

Present

Future

Future

Present bound

Future
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❐ Observable Keµ =
Br(χ̃0

2→χ̃0
1eµ)

Br(χ̃0
2→χ̃0

1ee)+Br(χ̃0
2→χ̃0

1µµ)

❐ Study for CMS point LM1 {60, 250, 0, 10, +1}: LFV can be discovered
@LHC with an integrated luminosity of 10fb−1 if Keµ ≥ Kmin

eµ = 0.04
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❐ SUSY: SPS3 {90, 400, 0, 10, +1}

❐ vBL = 1015 GeV

❐ vR = 5 · 1015 GeV

❐ The SPS3 benchmark point satisfies m(χ̃0
2) > m(l̃i) > m(χ̃0

1), and
thus the L and R sleptons can be produced on-shell

blue: intermediate ℓ̃L
red: intermediate ℓ̃R

LHC reach
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❐ cMSSM: no LFV, approximately degenerate ẽ− µ̃

❐ SUSY seesaw to account for neutrino masses and mixings:

◆
∆mℓ̃

mℓ̃

(ẽL, µ̃L) within LHC sensitivity

◆ New edges in di-lepton distributions

◆ Correlation of low- and high-energy LFV observables
(e.g. BR vs ∆mℓ̃)

❐ Possible impact of experimental data:

BRs, CR and
A(µ+ → e+γ)|low−energy

∆mℓ̃(ẽL, µ̃L), Keµ|LHC

◆ Substantiate seesaw hypothesis getting hints of the new physics

◆ Disfavour SUSY seesaw as the (only) source of flavour violation
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At GUT scale the SU(5) invariant superpotentials are

❐ Type-I

WRHN = Y
I
N N c 5 · 5H +

1

2
MR N cN c

❐ Type-II

W15H =
1√
2
Y

II
N 5̄ · 15 · 5̄ + 1√

2
λ15̄H · 15 · 5̄H +

1√
2
λ25H · 15 · 5H

+Y510 · 5̄ · 5̄H +Y1010 · 10 · 5H +M1515 · 15 +M55̄H · 5H

❐ Type-III

W24H =
√
2 5̄MY 510M 5̄H − 1

4
10MY 1010M5H + 5H24MY III

N 5̄M

+
1

2
24MM2424M
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Under SU(3)× SUL(2)× U(1)Y

❐ The 5, 10 and 5H contain

5̄ = (dc, L), 10 = (uc, ec, Q), 5H = (Hc, Hu), 5̄H = (H̄c, Hd)

❐ The 15 decomposes as

15 =S(6, 1,−2

3
) + T (1, 3, 1) + Z(3, 2,

1

6
)

❐ The 24 decomposes as

24 =WM (1, 3, 0) +BM (1, 1, 0) +XM (3, 2,−5

6
)

+XM (3̄, 2,
5

6
) +GM (8, 1, 0)
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In the case of seesaw type-I one postulates very heavy right-handed
neutrinos yielding the following superpotential below MGUT :

WI =WMSSM +Wν ,

Wν =N̂ cYνL̂ · Ĥu +
1

2
N̂ cMRN̂

c ,

For the neutrino mass matrix one obtains the well-known formula

mν = −v2u
2
Y T
ν M−1

R Yν

Inverting the seesaw equation, allows to express Yν as (Casas & Ibarra)

Yν =
√
2
i

vu

√
M̂R ·R ·

√
m̂ν · U †

where the m̂ν and M̂R are diagonal matrices containing the corresponding
eigenvalues. R is in general a complex orthogonal matrix.
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Below MGUT in the SU(5)-broken phase the superpotential reads

WII = WMSSM +
1√
2
(YT L̂T̂1L̂+ YSD̂

cŜ1D̂
c) + YZD̂

cẐ1L̂

+
1√
2
(λ1ĤdT̂1Ĥd + λ2ĤuT̂2Ĥu) +MT T̂1T̂2 +MZẐ1Ẑ2 +MSŜ1Ŝ2

where fields with index 1 (2) originate from the 15-plet (15-plet). The
effective mass matrix is

mν = −v2u
2

λ2

MT
YT .

Note that

ŶT = UT · YT · U ,

i.e. YT is diagonalized by the same matrix as mν . If all neutrino
eigenvalues, angles and phases were known, YT would be fixed up to an
overall constant.
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In the SU(5) broken phase the superpotential becomes

WIII = WMSSM + Ĥu(ŴMYN −
√

3

10
B̂MYB)L̂+ Ĥu

̂̄XMYXD̂c

+
1

2
B̂MMBB̂M +

1

2
ĜMMGĜM +

1

2
ŴMMW ŴM + X̂MMX

̂̄XM

giving

mν = −v2u
2

(
3

10
Y T
B M−1

B YB +
1

2
Y T
WM−1

W YW

)
≃ −v2u

4

10
Y T
WM−1

W YW

where the last step is justified as we start from universal couplings and
masses at MGUT we find that at the seesaw scale one still has MB ≃ MW

and YB ≃ YW . One can use the corresponding Casas-Ibarra decomposition
for YW as in type-I up to the overall factor 4/5.
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❐ Being complex symmetric, the light Majorana neutrino mass matrix is
diagonalized by a unitary 3× 3 matrix U

m̂ν = UT ·mν · U

❐ For U we will use the standard form

U =




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13


×




eiα1/2 0 0

0 eiα2/2 0

0 0 1




parameter best fit 2-σ

∆m2
21[10

−5eV2] 7.59+0.23
−0.18 7.22− 8.03

|∆m2
31|[10−3eV2] 2.40+0.12

−0.11 2.18− 2.64

sin2 θ12 0.318+0.019
−0.016 0.29− 0.36

sin2 θ23 0.50+0.07
−0.06 0.39− 0.63

sin2 θ13 0.013+0.013
−0.009 ≤ 0.039

UTBM =




√
2
3

√
1
3 0

− 1√
6

1√
3

− 1√
2

− 1√
6

1√
3

1√
2



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❐ All these seesaw models have built in LFV, as they are models for
neutrino masses. LFV is highly constrained

❐ We summarize the current bounds on the LFV observables, as well as
the future sensitivity:

LFV process Present bound Future sensitivity

BR(µ → eγ) 1.2× 10−11 10−13

BR(τ → eγ) 1.1× 10−7 10−9

BR(τ → µγ) 4.5× 10−8 10−9

BR(µ → 3e) 1.0× 10−12

BR(τ → 3e) 3.6× 10−8 2× 10−10

BR(τ → 3µ) 3.2× 10−8 2× 10−10

CR(µ− e, Ti) 4.3× 10−12 O(10−16)(O(10−18))

CR(µ− e, Au) 7× 10−13

CR(µ− e, Al) O(10−16)
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❐ Standard cosmology requires the existence of a non-baryonic dark
matter (DM) contribution to the total energy budget of the universe.

❐ In the past few years estimates of the DM abundance have become
increasingly precise. The Particle Data Group now quotes at 1 σ c.l.

ΩDMh2 = 0.110± 0.006

❐ Since the data from the WMAP satellite and large scale structure
formation is best fitted if the DM is cold, weakly interacting mass
particles (WIMP) are currently the preferred explanation. While there
is certainly no shortage of WIMP candidates, the literature is
completely dominated by studies of the lightest neutralino.
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❐ All the plots shown below are based on the program packages SPheno and
micrOMEGAs.

❐ We use SPheno version 3, including the RGEs for Seesaw Type I, II and III
at the 2-loop level (calculated with Sarah).

❐ For any given set of mSugra and type-I, type-II or type-III parameters, SPheno
calculates the supersymmetric particle spectrum at the electro-weak scale,
which is then interfaced with micrOMEGAs2.4 to calculate the relic density
of the lightest neutralino, Ωχ0

1
h2. All points satisfy neutrino data.

❐ For the standard model parameters we use the PDG 2008 values. As discussed
below, especially important are the values (and errors) of the bottom and top
quark masses, mb = 4.2+0.17−0.07 GeV and mt = 171.2±2.1 GeV. Note,
the mt is understood to be the pole-mass and mb(mb) is the MS mass.

❐ For the allowed range for ΩDMh2 we always use the 3 σ c.l. boundaries,
i.e. ΩDMh2 = [0.081, 0.12.69]. Note, however that the use of 1 σ contours
results in very similar plots, due to the small error bars.

❐ We define our “standard choice” of mSugra parameters as tanβ = 10, A0 = 0
and µ > 0 and use these values in all plots, unless specified otherwise.
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❐ Parameters: SUSY: {m0, M1/2, A0 = 0, tanβ = 49, sign(µ) = +}

❐ Seesaw: MWM
= 1014 GeV. Neutrinos: {δ, θ13} = {{0, 0◦}, {π, 4◦}}

❐ Dark matter region: WMAP (3σ), 0.081 ≤ Ωh2 ≤ 0.129
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(blue line) and seesaw type-III (magenta line). In case of type-I and type-III a degenerate
spectrum has been assumed. On the left panel m0 = m1/2 = 300 (GeV), on the right panel
m0 = m1/2 = 1000 (GeV). In both cases we take tanβ = 10, A0=0 and µ > 0.
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δ = π (blue), both for normal hierarchy.
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µ → eγ versus MSS for m0 = M1/2 = 1000 GeV, tanβ = 10, A0 = 0 GeV and µ > 0, for
seesaw type-III. On the left δDirac = 0 and on the right δDirac = π. The curves shown are for
θ13 = 0 (solid red), θ13 = 2 (solid blue), θ13 = 4 (solid magenta), θ13 = 6 (dashed magenta),
θ13 = 8 (dashed blue), θ13 = 10 (dashed red).
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❐ Parameters: SUSY: {m0, M1/2, A0 = 0, tanβ = 10, sign(µ) = +}

❐ Seesaw: vBL = 1014 GeV, vR = 1015, MS = 1012, 1013 GeV.

❐ Neutrinos: Yν fit
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❐ Superimposed are the contour lines for the Br(µ → eγ)
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❐ Parameters: SUSY: {m0, M1/2, A0 = 0, tanβ = 10, sign(µ) = +}

❐ Seesaw type-II: MT = 5× 1013, 1014 GeV

❐ Dark matter region: WMAP (3σ), 0.081 ≤ Ωh2 ≤ 0.129

MT= 5 x 1013 (GeV) tanβ=10, A0=0 (GeV)
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❐ Superimposed are the contour lines for the Br(µ → eγ)
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❐ Parameters: SUSY: {m0, M1/2, A0 = 0, tanβ = 50, 52, sign(µ) = +}

❐ Seesaw: MR = 1013,MT = 5× 1013 GeV

❐ Dark matter region: WMAP (3σ), 0.081 ≤ Ωh2 ≤ 0.129

MR= 1013 (GeV) tanβ=50, A0=0 (GeV)
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❐ Superimposed are the contour lines for the Br(µ → eγ)
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Impact for di-lepton distributions χ0
2 → ℓ̃jL,Rℓi → χ0

1ℓiℓj

Seesaw: MN={1010, 5× 1010(1012), 5× 1013(1015)} GeV, θ13 = 0.1◦
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❐ Opposite-sign, different flavour final state leptons (τ, µ,etc)

❐ Lepton flavour violated in χ0
2 and ℓ̃ decays

❐ LFV at the LHC: e.g χ0
2 → τ̃2µ → χ0

1τµ, χ
0
2 → µ̃Lτ → χ0

1τµ
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❐ Parameters:

◆ SUSY: SPS3 {90,400,0,10,+1}
◆ LR: vBL = 1015 GeV, vR ∈ [1014, 1015] GeV
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❐ Interplay between LHC and low-energy experiments (MEG)
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