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Implication 1. Dim-5 operator indicates a new physics scale Λ

The See-saw spirit: †

If mν ∼1 eV, then Λ ∼ y2
ν (1014 GeV).

Λ ⇒
{

1014 GeV for yν ∼ 1;

100 GeV for yν ∼ 10−6.

The See-saw implies the “synergy”!

∗S. Weinberg, Phys. Rev. Lett. 1566 (1979).
†Minkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...
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These are the “most wanted” processes to

• Discover Majorana neutrinos

• Access the new mass scale

• Probe the lepton flavor structure yν ∼ Uℓm

Many theoretical models in SUSY, GUTs, SM extensions

(see talks by Mu-Chun Chen, Kayser, Pati, Babu, Mohapatra, Shafi ...)

We wiil stay in the minimal extension.
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See-saw Models

Type I See-saw (with NR):

LaL =

(

νa

la

)

L

, a = 1,2,3; NbR, b = 1,2,3, ...n ≥ 2.

NR’s are “sterile”! No gauge interactions, only through mass mixing:

3
∑

a=1

n
∑

b=1

νaL mν
ab NbR +

n≥2
∑

b,b′=1

N c
bL Mbb′ Nb′R + h.c.

(

νL N c
L

)

(

03×3 Dν
3×n

DνT
n×3 Mn×n

)(

νc
R

NR

)

All Majorana neutrinos:

νaL =

3
∑

m=1

UamνmL +

3+n
∑

m′=4

Vam′N c
m′L,

N c
aL =

3
∑

m=1

XamνmL +

3+n
∑

m′=4

Yam′N c
m′L,

mν ≈ D2

M
, mN ≈ M, UU † ≈ I (PMNS), V V † ≈ mν

mN
.



The charged currents:
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where U2
ℓm ∼ V 2

PMNS ≈ O(1); V 2
ℓm ≈ mν/mN .

Still, it’s possible for much lower see-saw scales†, and sizable mixing‡.

All Uℓm, ∆mν are from oscillation experiments,

while taking Vℓm, mN free parameters

— in the hope, experimentally accessible.

†Andrè de Gouvea (2005); Andrè de Gouvea, Jenkins, Vasudevan (2006); ...
‡M.C. Gonzalez-Garcia, J.W.F. Valle (1989); Z.Z.Xing et al (2008)...



Type II see-saw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
c
i(iσ2)ΦLj + h.c.

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
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With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
c
i(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mij νc
i νj + h.c. where Mij = Yij〈Φ〉 = Yijv

′ <∼ 1 eV,

Very same gauge invariant/renormalizable term: †

µHT (iσ2)Φ
†H + h.c. ⇒ v′ = µ

v2

M2
φ

,

Main feature(s):

Doubly charged Higgs and their ∆L = 2 decay.

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
†In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).
In GUTs with leptoquarks, Fileviez Perez, Han, Li, Ramsey-Musolf, NPB, 2009.



Type III see-saw (no NR, but some other leptons): ∗

With a lepton triplet T (Y = 0) : T+ T0 T−, add the terms:

−MT(T+T− + T0T0/2) + yi
THT iσ2TLi + h.c.

∗Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
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Type III see-saw (no NR, but some other leptons): ∗

With a lepton triplet T (Y = 0) : T+ T0 T−, add the terms:

−MT(T+T− + T0T0/2) + yi
THT iσ2TLi + h.c.

These lead to the Majorana mass:

Mij ≈ yiyj
v2

2MT
.

Demand that MT <∼ 1 TeV, Mij <∼ 1 eV,

Thus the Yukawa couplings:†

yj <∼ 10−6,

making the mixing T±,0 − ℓ± very weak.

Main features:

T0 a Majorana neutrino;

Decay via mixing (Yukawa couplings);

TT Pair production via EW gauge interactions.

∗Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
†Bajc, Nemevsek, Senjanovic (2007)
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This afternoon session.



(2). N Resonance Production and Decay

The transition rates are proportional to

|M|2 ∝ Γ(N → i) Γ(N → f)

mNΓN
for resonant N production.



(2). N Resonance Production and Decay

The transition rates are proportional to

|M|2 ∝ Γ(N → i) Γ(N → f)

mNΓN
for resonant N production.

We calculated† all the τ, K, D, B decays: M+ → ℓ+i ℓ+j M− via N
and compare with the existing experimental bounds.∗

We scan the parameters in the range:

10−10 < |Ve4|2, |Vµ4|2, |Vτ4|2 < 0.2

m4 > 140 MeV, me + mπ threshold;

... ...

m4 > 3.8 GeV, mτ + MD threshold;

m4 ∼ 5.2 GeV, MB kinematics.

†A. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.
∗PDG.



Sensitivity to Ve4:



Sensitivity to Ve4:

• Depending on the unkown parameter |Vℓ4|2,

BR’s can easily reach 10−6 − 10−2,

N4 may show up in any one of the channels !
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Sensitivity to Vµ4:

• Other processes to look for:

D+, B+ → ℓ+ℓ+K∗,
B+ → τ+e+M−, τ+µ+M−, τ+τ+M−.



(3). Collider searches for Majorana N

At hadron colliders: ‡ pp(p̄) → ℓ±ℓ±jjX
qi

q̄j

W∓

l∓

N

l∓

W±

σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V ℓN
∣

∣

∣

2
V 2

µN σ0.

‡Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).
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At hadron colliders: ‡ pp(p̄) → ℓ±ℓ±jjX
qi

q̄j

W∓

l∓

N

l∓

W±

σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V ℓN
∣

∣

∣

2
V 2

µN σ0.

Factorize out the mixing couplings: †

σ(pp → µ±µ±W∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN
∑

l |VℓN |2
≈

V 2
µN

1 + V 2
τN/V 2

µN

.

‡Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

†T. Han and B. Zhang, hep-ph/0604064, PRL (2006).



Consider pp̄ (pp) → µ±µ±W∓ → µ±µ±jj.

A very clean channel:

• like-sign di-muons plus two jets;

• no missing energies;

• m(jj) = MW , m(jjµ) = mN .
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• like-sign di-muons plus two jets;
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Sensitivity reach:

µµ mode: V 2
µµ ∼ 5 × 10−7, or m4 ∼ 400 GeV.

eµ mode: V 2
eµ below 0νββ bound at m4 ∼ MW .

†A. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.



(4). Type II See-saw at the LHC

H++H−− production at hadron colliders:
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Unique decays:

Γ(φ++ → ℓ+ℓ+) ∝ Y 2
ijMφ, Γ(φ++ → W+W+) ∝

v′2M3
φ

v4,

with Yllv
′ ≈ mν (eV ) ⇒ v′ ≈ 2 × 10−4 GeV the division.

Will concentrate on the leptonic modes. †

†Pavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]



H±±, H± decays predicted by the light neutrino spectrum:



Summarize the discovery modes:

Spectrum Relations

Normal Hierarchy BR(H++ → τ+τ+), BR(H++ → µ+µ+) ≫ BR(H++ → e+e+)
(∆m2

31 > 0) BR(H++ → µ+τ+) ≫ BR(H++ → e+µ+), BR(H++ → e+τ+)
BR(H+ → τ+ν̄), BR(H+ → µ+ν̄) ≫ BR(H+ → e+ν̄)

Inverted Hierarchy BR(H++ → e+e+) > BR(H++ → µ+µ+), BR(H++ → τ+τ+)
(∆m2

31 < 0) BR(H++ → µ+τ+) ≫ BR(H++ → e+τ+), BR(H++ → e+µ+)
BR(H+ → e+ν̄) > BR(H+ → µ+ν̄), BR(H+ → τ+ν̄)

Quasi-Degenerate BR(H++ → e+e+) ∼ BR(H++ → µ+µ+) ∼ BR(H++ → τ+τ+) ≈ 1/3
(m1, m2, m3 > |∆m31|) BR(H+ → e+ν̄) ∼BR(H+ → µ+ν̄) ∼BR(H+ → τ+ν̄) ≈ 1/3



Sensitivity to H++H−− → ℓ+ℓ+, ℓ−ℓ− Mode: †

Nearly background-free.
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With 300 fb−1 integrated luminosity,

a coverage upto MH++ ∼ 1 TeV even with BR ∼ 40 − 50%.

Possible measurements on BR′s.

†Pavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]



(5). Type III See-saw at the LHC: T0, T±

Lepton flavor combination determines the ν mass pattern: †

mij
ν ∼ −v2yi

Ty
j
T

MT
, BR(T±,0 → W±ℓ, Zℓ) ∼ y2

T ∼ V 2
PMNS

MTmν

v2
.

†Abdesslam Arhrib, Borut Bajc, Dilip Kumar Ghosh, Tao Han, Gui-Yu Huang,
Ivica Puljak, Goran Sejanovic, arXiv:0904.2390.



(5). Type III See-saw at the LHC: T0, T±

Lepton flavor combination determines the ν mass pattern: †

mij
ν ∼ −v2yi

Ty
j
T

MT
, BR(T±,0 → W±ℓ, Zℓ) ∼ y2

T ∼ V 2
PMNS

MTmν

v2
.

Lepton flavors correlate with the ν mass pattern.

†Abdesslam Arhrib, Borut Bajc, Dilip Kumar Ghosh, Tao Han, Gui-Yu Huang,
Ivica Puljak, Goran Sejanovic, arXiv:0904.2390.



Production rates at the Tevatron/LHC: †

• Single production T±ℓ∓, T0ℓ± :
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Production rates at the Tevatron/LHC: †

• Single production T±ℓ∓, T0ℓ± :

Kinematically favored, but highly suppressed by mixing.

• Pair production with gauge couplings.

Example: T± + T0 → ℓ+Z(h) + ℓ+W− → ℓ+jj(b̄b) + ℓ+jj.

Low backgrounds.

†Similar earlier work: Franceschini, Hambye, Strumia, arXiv:0805.1613.
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Summary

• It is of fundamental importance to test the Majorana nature of ν’s.

• For the three active ν’s,

0νββ may be the only hope, IF mν ∼
√

∆m2
a ∼ 0.05 eV.

• For a sterile neutrino N4 in Type I See-saw:

• τ, K, D, B rare decays sensitive to

140 MeV < m4 < 5 GeV, 10−9 < |Vℓ4|2 < 10−2;

• LHC sensitive: 10 GeV < m4 < 400 GeV, 10−6 < |Vµ4|2 < 10−2.

• For a scalar triplet Φ±± in Type II See-saw:

• LHC sensitive: Mφ ∼ 600 − 1000 GeV (ℓ±ℓ± or W±W±).

• Distinguish Normal/Inverted Hierarchy; Probe Majorana phases.

• For a lepton triplet T±, T0 in Type III See-saw:

• LHC sensitive: MT ∼ 800 GeV.

• Also distinguish Normal/Inverted Hierarchy.

The See-saw models for mν may be the best playground

for synergies between the intensity and energy frontiers.
(connecting to the cosmo frontier as well.)


