
Neutrinos 

Eung Jin Chun 



 Neutrinos from the sky and reactors 
     Observation of oscillations  masses and mixing 

 Neutrinos for the future 
     Origin of neutrino mass?  

     Dirac/Majorana, hierarchy, absolute mass scale 

 Neutrinos at LHC 
     New particles for neutrino mass 
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What to talk about? 



Neutrino oscillation 
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Neutrino masses and mixing  oscillations 
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Neutrinos kind to us 
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Oscillation measurements 



Undetermined Mass hierarchy 

Normal Inverted Degenerate 

0.05 eV 

0.009 eV 

> 0.05 eV 

2013-04-24  KPS 6 Neutrino Mass Models at LHC 



 Direct measurement of Majorana mass 
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0º¯¯  

Rodejohann, 1206.2560 



World competition 
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AMoRE        CaMoO4    250        3£  1026          R&D              ?        0.02-0.06 

(TAUP 2011) 
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Neutrino mass from Cosmology 

  Neutrino dark matter  (hot) 

      =  m º/92.5 h2 eV = 0.022(mº/1eV) 

  Power spectrum of CMB & large scale structure  

     *  ¸FS (Mpc) »  eV/m 

            ¢ P/P ~ 8  /m 

     * Planck 

     * future sensitivity  

        0.05 eV(CMBpol) 

Lesgourgues-Pastor, 0603494 



 Neutrino mass requires more than Higgs. 

 Dirac with a (singlet) chiral state? 

 

 

 Majorana with more physics beyond EW? 

 

 

 
 Who gives LW? Where is MX? 
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Neutrinos toward New Physics 



Three Seesaws  
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Y() =1 Y() =0 Y(N) =0 

Fermion Singlet           Scalar Triplet               Fermion Triplet 
       (Type I)                          (Type II)                        (Type III) 



 Naturalness question with Higgs coupling 
to a heavy field. 

 Type I:  

 

 

 Type II: 

 

 

 Type III: 
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Neutrinos & Higgs 

Farina, Pappadopulo, Strumia, 1303.7244 



 LR:  
 

    SU(2)R breaking vR giving heavy masses to N & WR 

 

 U(1)0 : c1 U(1)Â  + c2 U(1)Ã  + c3 U(1)Y  

 

 
    U(1)0 breaking v0 giving heavy masses to N & Z0 
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Type I in a gauge model 



 Typical signatures: SS2L+jj probing 
Majorana nature of N. 
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Type I at LHC 

Keung, Senjanovic, 1983 

LR U(1)0 
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N-WR Search 
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Z
0
 search 
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N–Z
0 
search 

Bandyopadhyay, EJC, Park, 1105.1652 

15% to Higgs 

35% to l+W 
35% to º +Z 

Associated Higgs production: another handle to probe h  bb 



 SM + a triplet boson (Y=1): 

 

 

 

 Triplet VEV generates neutrino mass 
matrix: 

 

 Collider can tell the neutrino mass 
pattern:  Measure   
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 Type II Seesaw 

EJC, Lee, Park, 0304069 



 Neutrino oscillation data (assuming vanishing 
CP phases) determines the coupling f = Mº/v¢ :     

 

 

 

 
 Assuming 100% BF for di-lepton channels (v¢ <10-4 GeV) 
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Lepton Yukawa reconstruction 

NH IH 



 SS2L from H++ H--  pair production  

 3L from H++ H- associated production  
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Triplet signatures 
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CMS search 

Cf.) 

CMS, 1207.2666 
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ATLAS search ATLAS, 1210.5070 



 H++  l+ l+ + X  from ATLAS SS2L data: 
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H++  W+ W+ search 

Kanemura, Yagyu, Yokoya, 1305.2383 



Type III Seesaw 
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 SM + fermion triplets with Y=0: 
 

 Additional Dirac & Majorana masses for 
leptons: 
 

 Neutrino mass matrix by Seesaw (mD << M): 
 

 l--/º-0 mixing  
    L- gauge vertices / g mD/M ~ 10-6  



LHC signatures 
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  decay: 

 

  production:  

 Four lepton final states at ATLAS  

 

 Higgs production associated with charged 
leptons: 

 

 

Bandyopadhyay,  Choi, EJC, Kang,  1112.3080 

Franceschini, et.al. 
0805.1613 
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ATLAS search 



Search for hbb in type III?  
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Bandyopadhyay,  Choi, EJC, Kang,  1112.3080 



2b + SSD 
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8¾ | 2.2¾  

5¾  with  
6.7/fb | 52/fb  

10¾ | 3¾  



 Same-sign tetra-leptons 
     Triplet-antitriplet oscillation 

 

 Higgs boson Phenomenology  
    EWPD 

    Perturbativity & vacuum stability 

    Higgs-to-diphoton rate 
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More on Type II 

EJC & Sharma, 1206.6278 

EJC, Lee & Sharma, 1209.1303 



 Scalar potential of type II seesaw 

 

 

 

 

 Five boson mass eigenstates   
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Type II scalar sector 



 Doublet-triplet mixing controlled by » = 
v¢ /v© :  

 

 

 

 

 We will work in the limit: » << 0.01. 

 (note) ½ parameter constraint:  

             ½ = (1+2»2)/(1+4»2)  » < 0.03 
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Scalar mixing 



 Mass gap among triplet components: 

 

 

 

 

 Two mass hierarchies:  
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Scalar spectrum 



 Gauge decays for non-vanishing ¢ M (¸5): 

 

 
 Di-lepton (same-sign) decays through f®¯: 

 

 
 Di-quark/di-boson decays through »:  
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Triplet decay channels 



 Triplet (lepton) number is conserved in the production:  
 

 Triplet number breaking by doublet-triplet mixing:  
 
 
 
 

 It induces a tiny mass splitting between H0 & A0 :  
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Triplet–antitriplet mixing 
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B-B Mixing 
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¢ -¢  Mixing 



 Initial ¢  = H0 + i A0 evolves as  
 
 
 

 Probabilities of ¢  going to ¢  or ¢  are 
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¢ -¢  Oscillation  



 Lepton number violating processes: 

 

 

 Production cross-section: 
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Same-Sign Tetra-Leptons 



 Is this observable? 

    i) H++ is the lightest and f®¯ > ». 

   ii)¢ M sufficiently large to allow ¢ 0  H+ W-  H++ 2W- . 

   iii) Sizable oscillation parameter:  x~1. 

 

2013-08-19   Jirisan "Neutrinos"     EJChun@KIAS 39 

Same-Sign Tetra-Leptons 
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Triplet decay channels 
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H0 
A0 

H+ 
H++ 
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Maximizing the branching fraction 



 SS4L production including the oscillation 
factor: 
 
 
 
 
 
 

 
 Benchmark point:  
    v¢ =7x10-5 GeV, ¢ M=1.5 GeV. 
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SS4L cross-section 
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Event numbers 

No background 
Lepton selection cuts only 
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Mass reconstruction 



 1-loop process – sensitive to New Physics. 

 Deviation from the SM prediction? 

 Its precision data is important to constrain NP. 
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Higgs-to-diphoton 

Disappeared! 



 H++ & H+ contribution: 
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Higgs-to-diphoton 

Arhrib, et.al., 1112.5453 
Kanemura, Yagyu, 1201.6287 
Akeryod, Moretti, 1206.0535 
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Higgs-to-diphoton 



 Scalar sector of type II seesaw: 

 

 

 

 

 Vacuum stability of the SM boson changes due to 
its couplings to the Higgs triplet. 

 Triplet self coupling (¸2) tends to diverge rapidly. 

 Strong constraints on ¸2,3,4,5. 

 Take ¸1=0.13 and ¹  << v© . 
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Vacuum stability & perturbativity 



 Demand the absolute vacuum stability 
condition. 

 

 

 

 

 

 

 Perturbativity:  
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Vacuum stability & perturbativity 

Arhrib, et.al., 1105.1925 



 Use 1-loop RGE: 
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Vacuum stability & perturbativity 

Chao, Zhang, 0611323 
Schmidt,  07053841 



 An example 
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RGE running 
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Allowed ranges 



 Triplet contribution to S, T & U:  
 
 
 
 
 
 
 
 
 
 

 Tree-level contribution is neglected (¹0). 
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EWPD 

Lavoura, Li, 9309262 



 Most recent STU fit: 

 

 

 

 

 It strongly constrains the mass splitting. 
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EWPD  

< 

Baak, et.al., 1209.2716 
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EWPD 
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Combined results for 1019 GeV 

0.25 
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Combined results for 1010 GeV 
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Combined results for 105 GeV 



Conclusion 
 Great achievements from oscillation 

observation during past 15 years. 

 Further Quest for the nature of neutrino mass: 
Dirac/Majorana, absolute scale, hierarchy 

 Majorana mass models at TeV scale?  

 LHC signatures of type I, II, III seesaws: 
SS2L, displacement, associated Higgs 
production. 

 Peculiar type II: SS2L resonance, SS4L, 
Higgs-to-diphoton. 
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