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Where does neutrino mass 
come from ? 

n  For charged fermions, they come from the Higgs vev: 

        Discovery of the 125 GeV Higgs      confirms this. 
n  For neutrinos, this formula gives too large a mass !! 

n  Enter seesaw paradigm: 
 (Minkowski; Gell-Mann, Ramond,Slansky;Yanagida;Glashow;Mohapatra,Senjanovic) 
n                 big                      Physics of M ? 
n  Alternative strategies: Radiative effects  (Babu, Zee,….) 

mf = hfvwk vwk =< h0 >

h0

mν = λ
v2wk

M� mfλ ∼ 1;M mν



    Unravelling Seesaw 
n  Add New fermions  NR or new Higgs     to SM 
     Type I             Type II               Type III                    Inverse 
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Can seesaw scale be TeV ? 
How do we probe it ?  

n  Colliders: key parameter is      mixing 
n  Generic TeV models:       small to get small mass 
    hence                  ; N unobservable !! 
n  Exceptions:   sym.      or  Inverse seesaw: 

Pilaftsis; Kersten, Smirnov,..                           R. N. M., Valle 

νN ε =
hνvwk

MNhν

ε ≤ 10−6

hν =




h11 �1 �2
h21 �3 �4
h31 �5 �2





MN =




0 M 0
M 0 0
0 0 M �





Mν,N,S =




0 mD 0

mT
D 0 M
0 MT µ





µ � mD,M

ε ≤ 0.1



Higgs decay+other 
constraints 

LHC Higgs search: final states à              (Dev, Franceschini, RNM’12)  

                                   
 
 
 
 
 
 
 
              
                     

n   More collider info (Ruiz talk)                       (Atre, Han, Pascoli,Zhang) 
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Figure 3: Bounds on |Ve4|2 versus m4 in the mass range 10 MeV–100 GeV. The areas with solid
(black) contour labeled π → eν and double dash dotted (purple) contour labeled K → eν are
excluded by peak searches [83, 85]. Limits at 90% C.L. from beam-dump experiments are taken
from Ref. [86] (PS191), Ref. [87] (NA3) and Ref. [88] (CHARM). The limits from contours labeled
DELPHI and L3 are at 95% C.L. and are taken from Refs. [89] and [90] respectively. The excluded
region with dotted (maroon) contour is derived from a reanalysis of neutrinoless double beta decay
experimental data [84].

DELPHI [89], L3 [90] and CHARM [96].

2.2.3 Mixing with ντ

Heavy neutrinos mixed with τ neutrinos can be produced either via CC interactions if a τ
is produced or in NC interactions. The only limits come from searches of N4 decays and
are reported in Fig. 5. The bounds at 90% C.L. from CHARM [97] and NOMAD [98]
assume production via D and τ decays. The DELPHI bound at 95% C.L. [89] assumes
N4 production in Z0 decays and with respect to the bound on |Ve4|2 and |Vµ4|2 there is τ -
production kinematical suppression for low masses which weakens the constraint for masses
in the range m4 ∼ 2–3 GeV.

2.2.4 Electroweak Precision Tests

The presence of heavy neutral fermions affects processes below their mass threshold due
to their mixing with standard neutrinos [70] and significant bounds can be set by precision
electroweak data. The effective µ-decay constant Gµ, measured in muon decays, is modified
with respect to the SM value and can be related to the fundamental coupling GF as:

Gµ = GF

√

(1 − |Ve4|2)(1 − |Vµ4|2) . (2.10)
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Lepton Flavor violation 
and minimal TeV seesaw 

n  Processes: (i)                                              MEG 
                   (ii)                                          Sindrum 

                  (iii)               |  
 
n  Generic seesaw models without SUSY and no new 

gauge group: effects are unobservable. 

n  However with symmetries to get small nu mass, they 
can be a useful probes of minimal sub-TeV seesaw.            

µ → e+ γ Bµ→e+γ ≤ 5.7× 10−13

µ → 3e B(µ → 3e) ≤ 10−12

T i
B(µ− → e−)|Ti ≤ 4.3× 10−12µ− → e−



Lepton Flavor Violation with 
special low scale seesaw  

n  Majorana N mediated loop graphs: (deg. RH) 
n  Type I with symmetries: (de Gouvea’07)         Inverse seesaw case: 

  

                                                                                                             
 
                                                                                                     
 
 
                                                                                                            (  Gavela, Alonso,Hambye,Dhen’12); 
                                                                                                            
                                                                                                                     Ilakovic, Pilaftsis, Popov’12 
 
 



CLFV that directly relates 
to neutrino Majorana mass  

n                                           conserve L and are 
not true tests of Majorana nu mass. 

n  However                                are  

n  Flavor analog of          decay  
n  Small in minimal type I and inverse seesaw 
n  Other related processes:   

µ → eγ, µ → 3e, µ− → e−

µ− → e+, µ− → µ+ ∆L �= 0

B(µ−T i → e+Ca) ≤ 3.6× 10−11

ββ0ν

K+ → π−e+e+,π−e+µ+



New gauge forces: a 
natural part of type I, ISS 

n  Type I : why seesaw scale so far below Planck scale: 
n  Inverse seesaw case: 
n  Why                             why not 

n  Local B-L symmetry or Left-Right symmetry 
guarantees this !!  

n  New affects from WR,N and new seesaw Higgs 
n  CMS: MWR>2.9 TeV 
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TeV WR manifesting  in  
n             search will have deep impact on left-right seesaw 

n  WR  contributes to         :                            Usual nu contribution: 
                                                                                                                                                       IH 
 
 
 
 
 
n  Suppose long baseline  à 

n   and nonzero signal for                            

 àcould be due to few TeV WR 

νββ0

02
31 >Δm

νββ0

νββ0



LFV in left-right seesaw 
n  WR,N contribution to CLFV for generic seesaw 

from in LRSM(Riazuddin, Marshak, RNM’81; Cirigliano,Kurylov,Musolf,Vogel’04) 

                                                   

n                                                                                                                      <10-12 

   (M2=100 GeV) 

 

 à Can probe WR and MN  to 10-40 TeV scale !! 

B(µ → eγ)

B(µ− → e−) =

< 10−14

MN1 � MN2 = 400 GeV



New Higgs in LR seesaw 
and their effects 

   (i) Extra Higgs doublet: MH in multi-TeV range. 
   (ii) Triplet Higgs:                                      can be light 

 
 

n   Spectacular collider signature                         CMS,ATLAS                   

n           in         decay:(RNM, Vergados’81; piccioto, Zahir’82; lNemesvek, Nesti, 
Senjanovic, Tello, Vissani’12; Goswami et al;12; Awasthi,Parida,Patra’12; Barry,Rodejohann’12) 

n                                   GeV -1 

         (for MWR =3 TeV) 

L,R

δ++ ββ0ν

MN

M2
δ++

≤ 10−2

δ++ → �+�+
∼ 200GeV



LR seesaw Higgs and CLFV 
n     (V. Tello,Nemevsek,Nesti,Senjanovic,Vissani’12; Cirigliano, Kurylov,Ramsey-Musolf,  Vogel’04) 

n  Loops involving         and       lead to  
à                    ,  

n  Bounds the mass ratio: 
                                      (Tello,..) 
n  Muonium-anti-muonium osc. 
    Unique signature                                 PSI Limit :  
 
                                                       

δ++ δ+

µ → e|Au

MN/M∆

µ → eγ

GM−M̄ ∼ feefµµ
8M2

∆++

≤ 3GF 10
−3



Beyond left-right : 
Quark-lepton  Unif. 

n  If Q-L unified at the seesaw scale, a model is 
 
 

 

àSU(4) generalization of the seesaw Higgs field       has 
partners       connecting to quarks: 

àleads to neutron-anti-neutron 
   oscillation: (Mohapatra,Marshak’80) 

àNo proton decay. 
-Example of nu mass-NNbar connection 

                                          observable for TeV sextets                                            
     
 

cRL SUSUSU )4()2()2( ××

. 
! f 3vBL
M!

6

∆R

∆qq



Baryogenesis constraints 
n  If NN-bar is observable, it will erase all pre-existing 

baryon asymmetry: need to generate baryons below 
weak scale:  

n  Baryogenesis via higher dim operators: Post-sphaleron 
baryogenesis:(Babu,Nasri, RNM’07) 

n  upper bound on Nnbar 
   transition time < 5x1010sec. 
    (Babu,Dev,Fortes,RNM’arXiv:1303.6918) 
 
 

n  Predicts ~TeV color sextet fields for LHC. 



Type II seesaw 
n  New particles are SM non-singlets:  
n  Type II:                     couples to leptons  

                         

n   à sub-TeV        à        

 
n  Collider searches directly probe neutrino mass matrix. 
n   4-lepton signal              (Han, Perez,Huang, Li, Wang; Ruiz talk) 

n                                                          

. �∆

fνLL∆

mν = fν
µ∆v2wk

M2
∆

. 

fνµ∆ ≤ 10−9



Recent interest from Higgs 
observation 

n  SM+ 125 GeV Higgs in SMà vacuum unstable below 
Planck scale ! 

n  Presence of the triplet alleviates this problem. 
n  It also adds new contribution to 
   and be of help to Higgs that way (unlike minimal type I) 

    e.g 10% enhancementà   
   
n  Current limits: 198 GeV range (CMS)(mostly      ) ;  
    265 GeV (ATLAS)(33%        )  
( Dev, Ghosh, Okada,Saha, arXiv:1301.3453; many earlier papers Melfo et al; Ahreib et al. ) 

Γ(h → γγ)

M∆++ ≤ 450GeV

µµ
ττ



LFV constraints on Type II 
n  .                 Constraints : 
   (Han, Perez,Huang, Li, Wang’08) 

n                 scales like 

n  Muonium-anti-muonium osc:(                               ) 

                                          (unique to type II and LR )       
     

                                                                                        
 
                                                                                                     

µ → 3e

√
Brv2∆

GM−M̄ = 4GF 10
−6

Mδ = 450GeV ; v∆ = eV



Natural type II and 5/3 
charge quarks  

n  Add vectorlike quark doublet: 

           (Franceschini, RNM’13) 

n  Makes       naturally small: 
n  New contributions to           Collider signals: 

                                           Current search with 
 
                                           CMS limit: 
                                           This model:  
n  Limits                                        from searches for                              

Q� =

�
X5/3

t�

�

µ∆

ββ0ν

X → �+�+ + (b, s, d)

X → t+W+

MX ≥ 645 GeV

MX ≥ TeV

∆++fXdδfeeθXu ≤ 10−4



Conclusion: 
n  Seesaw: Compelling big picture for nu masses; 

n  Low energy CLFV expts can probe TeV scale left-right 
seesaw : MWR to 10- 20 TeV; LHC <6 TeV. 

n  Observation of normal Hierarchy for nu’s and  
    could indicate low scale WR. 

n  TeV seesaw+ Q-L unificationà observable      osc. 

n                 and collider          unique to LR and type II 
  

ββ0ν

nn̄

M − M̄ �+�+
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                   Extra slides 



Future Sensitivities 
n  . 



 Left-right seesaw at LHC 

n  WR and  Z’:            ; 
(Keung, Senjanovic; Han, Perez,Huang,Li, Wang; Del Aguila,  Aguilar-Saavedra;  de Blas,  Azuelos, 

Nersti,Nemevsek,…) 

n  type I :       production source of new signal: 
 

                                                                   (ATLAS, CMS bounds) 

n  Inv. Seesaw        à   

                                     

                                                LHC reach < 4 TeV      (Dev, Chen’11) 
           (Ruiz’s talk)                    

NlWdu R
+→→ NNZuu →→ '

ν+−−→ lljjlN ,310−>Nνθ

RW

Xjjllpp +→ ±±

Xlllpp +→ νε



TeV seesaw in Colliders:  
New particles and decays 

n  RH neutrino         :   Dirac (Inverse) 
       via                      Majorana (Type I) 
                                  Higgs decay:                             

n  Scalar triplet 
   (Type II) 

n  Fermion triplet: 
   (Type III)  

N +−→ WlN
WlN ±→

++++++ → WWll ,δ

νδ ++ → l ZW +,

−+→Σ Wl0

,..Zl++ →Σ

→ l−l+ν
→ l±jj

h → Nν
θνN ≡ ε


