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u Standard model conserves Baryon and Lepton 
number (or more precisely B-L) ! 

u Baryon and Lepton number violation is 
therefore a powerful window into physics 
beyond the standard model. 

 
u There are compelling reasons to suspect that 

they are violated ! 
 
 



 Why B-violation ? 
n  Primary reason is to understand the origin of 

matter, since inflation wipes out all matter !! 

n  Sakharov’s conditions for origin of matter: 
   (i) Baryon number violation; 
   (ii) CP violation; 
   (iii) Out of equilibrium condition; 



L-violation and neutrino 
mass  

n  Charged fermion masses come from the Higgs vev: 

        Discovery of the 125 GeV Higgs      confirms this. 

n  For neutrinos, this formula gives too large a mass 
unless                         !! 

n  This is an indication of new physics as source of 
neutrino mass ! 

mf = hfvwk vwk =< h0 >

h0

hν ≤ 10−12



Weinberg Effective operator 
for nu mass and L-violation 

n  Add effective operator to SM:              
    
à                        

à    M can be  large à 

u This operator violates L !! 
u Thus small neutrino mass is a motivation for 

such intense discussion of L-violation. 
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What is the scale M of L-
violation ? 

n  Conventional wisdom based on naïve 
dimensional analysis is M~1014 GeV. 

n  This is misleading like most operator analysis 
conclusions about scales are ! 

n  Also, Weinberg operator gives us no clue about 
the nature of new physics. 

n  To explore true physics as well as the scale of 
L, UV completion of Weinberg operator 
essential (so build models) !! 



Seesaw mechanism as the 
start of UV completion  

n  Simple possibility is to add right handed neutrino 

   N and a Majorana mass for it: Seesaw mechanism: 
 
 
                                                  
                           (Minkowski’, Mohapatra,Senjanovic, Glashow, Gell-Mann, Ramond, Slansky, Yanagida) 

n  Majorana mass of      or        àsource of  L 
n  Added bonus of UV completion: can explain 

origin of matter(Fukugita, Yanagida’86) 
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  Key ingredients of seesaw 
 (a)  Existence of Right handed neutrinos N; 
 (b) B-L as a new broken symmetry of nature 
u  Is B-L a local or global symmetry ? 
u  All global symmetries broken by Black holes; 

 
 
u  String theories “abhor” global symmetries!! 
u  Consider B-L as local sym. 
 



  Two UV complete seesaw          
     models with local B-L 

n  Two simple examples that automatically 
incorporate the key ingredients of seesaw: 

 (i) Left-right model where N is the parity partner  
   of      and seesaw scale is SU(2)R scale could be ~ TeV 
 

 (ii) SO(10) GUT where N+15 SM fermions =16 spinor 

  àseesaw scale = GUT scale(~1016 GeV). (Hard to test) 

νL



       Choosing between 
  SO(10) and TeV scale LR 

n  Are quarks leptons really similar or different ? 
n  Differences: a) Quarks have strong CP problem; 
                         leptons do not !! 
                     b)                  and  
n  This difference could, for example, crystallize if 

neutrinos have inverted hierarchy !  
n  Proton decay, a key signal of GUTs-No evidence yet ! 
n  No need for GUTs to understand charge quantization! 
n  GUTs add “nothing” to understanding origin of matter  

mν � mq θq � θ�



This talk: Follow bottom up 
approach: TeV LR seesaw 

n    A “natural” TeV scale theory for L-violation 
                                                                      

n    How to probe this TeV scale theory in colliders 
 
n    Leptogenesis with TeV scale L and constraints 
                                                                                                         

n    Possible ways to falsify leptogenesis 



       
 
 Left-Right Model Basics 
 

n  LR basics: Gauge group: 

n  Fermions 

n  Parity a spontaneously  
   broken symmetry:  (Mohapatra, Pati, Senjanovic’74-75) 
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Seesaw scale is SU(2)R 
breaking Scale 

                                (ΔL=2) 

n                                                 Seesaw 

n   If       ~ TeV, L-violation is TeV scale  

 

SU(2)L × SU(2)R × U(1)B−L

SU(2)L × U(1)Y

vR
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Strong CP and a case for 
multi-TeV LR  

n  Why is strong CP parameter                  ?  

n  Popular solution is the Peccei-Quinn axion 
solution ! 

n  Where is the axion ? 
n  Also there is a lore that non-perturbative 

gravity solutions can destabilize the axion 
solution ! (Holman et al; Barr, Seckel’92) 

θ ≤ 10−10



Solving Strong CP without 
axion: case for multi-TeV LR  

n  Choose quark sector of LR models differently. 
n  Add singlet vector like quarks to LR (       ) and 
n  Sym breakingà doublet-singlet quark mass 
                               
  
    
n  LRà                             àArg Det M = 0 at tree 

level.à                    (Babu and RNM’90) 

n  Solves strong CP without axion 
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Limit on WR scale 
n   Planck scale corrections: 
    

  
n  Arg Det M not zero and < 10-10 à  
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Small Neutrino masses 
with TeV WR 

n  . 

n  Using               à 

n  How to get small        for TeV seesaw: 
              (i)  
                (ii) Cancellation with          similar   
               (iii) assume texture for Dirac mass    much larger     
 

LY = hL̄φR+ h̃L̄φ̃R+ h.c.
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Making TeV scale seesaw   
      “natural” Case (iii) 

n  Neutrino Mass texture:(Considered in SM by Pilaftsis,Underwood; Kersten, Smirnov) 

                                                                                                                                           

n  Sym limit                 à                       

n   sym. Br.                       à for TeV MR,  à small             
n  Small         break generalized chiral symmetry; arise 

from one loop effects; Good fit to neutrinos (Dev, Lee, RNM’13) 

�i � mi

mD =




m1 δ1 �1
m2 δ2 �2
m3 δ3 �3
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�i, δi → 0
mν

mD1,2,3 ∼ GeV → Yν ∼ 10−2

mν = mDM−1
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Experimental tests of TeV 
scale L-violation 

n  TeV mass WR and Z’; MWR < or > MZ’ 

n  Heavy Majorana neutrino: MN (i)  < MWR ; (ii)  >MWR 

n           process with observable lifetime 
 
ββ0ν



WR Signals  at LHC 
 
 
 
                                                   (Keung, Senjanovic’83) 

                                                                                           

 

n  Golden channel:            ;  
 

n  Probes RHN flavor pattern: 

jjlN ±→

�i�kjj

A�+�+jj ∝ M−1
N,ik



Current LHC analysis: only 
WR graph  

n  Current WR limits from CMS, ATLAS 2.9 TeV; 

                                                 

 

n  14-TeV LHC reach for MWR< 6 TeV with 300 fb-1 

n   A recent CMS excess in ee channel (next page) 



Intriguing excess in CMS 
n  . CMS: arXiv:1407.3683 

n  Possible MWR =2.1 TeV ? Requires gR < gL : 
(Deppisch Gonzalo,Patra,sahu,Sarkar; Heikinheimo, Raidal, Spethman; Aguilar-Saavedra, Joachim;Fowlie,Marzola) 



New (RL) contribution to 
like sign dilepton signal 

n   When                              , new contributions:                                     
                                                                                (Chen, Dev, RNM’ arXiv:  1306.2342- PRD) 

 
Flavor dependence will probe Dirac mass MD profile: 
 

V�N ∼ 0.01− 0.001

qq̄ → WR → �+N ;

N → �WL



New contributions to  ββ0ν

n  . 



Model predictions 
n                                                                      
                                                                                                                                                        
 
 

                                                                                                            
 

n                  
 
 

 

n  Normal hierarchy + nonzero           signal 
 àcould be due to few TeV WR 

νββ0

MN

M2
δ++

≤ 10−2



Understanding the origin of matter 
with TeV scale lepton and Baryon  
         number violation ! 



(i) Leptogenesis 
n  RH neutrino is its own anti-particle: so it can decay to 

both leptons and anti-leptons:  
n  Proposal: 

n  Generates lepton asymmetry: ΔL    (Leptogenesis) 
n  Sphalerons convert leptons to baryons   

n  Related to neutrino mass and hence attractive; 
motivates search for CP violation in nu-oscillations !! 

)1( ε+=R
)1( ε−=R



Does Leptogenesis work in 
TeV WR models 

n  Since                         , TeV vR means 

n  Note 

n    since                                    (        =wash out) 

n  need enhancementàsuggest resonant leptogenesis                                    

mν � − (Y κ)2

fvR

Y ≤ 10−5.5

�CP ∼ Im(Y †Y )2

4πY †Y
∼ 10−12

nB

nγ
∼ 10−2�CPκeff κeff



(II): TeV scale Resonant 
leptogenesis: 

n  RH neutrino mass ~ TeV scale(Flanz, Pascos, Sarkar; 
Pilaftsis, Underwood;  Covi, Roulet, Vissan)i 

n    
 
n  Generic model requires extreme degeneracy 

among RHNs to get enough  

nB

nγ
∝ ImY 4

|Y |2

nB/nγ



Constraint on WR for tiny 
Yukawa case (i) 

n  Tiny Yukawa Leads to strong wash out for low 
WR masses: (Frere, Hambye, Vertongen’11) (for MWR 3-18 TeV) 

                   >>                à               

 
n  Bound: MWR > 18 TeV assuming              ;  

à Discover WR below this mass at LHCà rules out 
leptogenesis for generic TeV scale LR seesaw!! 

Γ(νR → �H)

�CP ∼ 1

κeff ∝ ΓD/ΓS

1 + ΓD/ΓS
� 1



How robust is the bound ? 
n  There are neutrino fits in TeV scale LR models with  
    Y~10-2;  

n  in this case, for MWR ~3 TeV,  

n  Washout via inverse decay increases; but there is a 
compromise situation where enough lepton asym is 
generated for MWR > 3 TeV 

                                     (Dev, Lee, RNM; arXiv:1408.2820; PRD) 
     

ΓD

ΓS
∼ 1



Parameteric dependence 
on RH Majorana mass  

n  . 

 
                                                                                 (Dev, Lee, RNM’14, 1407.2820) 

n                       à MWR >3 TeV (in LHC reach) 
n                                                                         

δm = MN,11
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      Electron edm test  
n  Adequate CP asymmetryà enhanced electron 

edm: Only W-contribution: 
 
n  Current limit  
from ACME exp. 
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Case of MN > MWR 
n  CP conserving decay mode 
   dominates ! 
 
n  Leptogenesis impossible (Deppisch, Harz, Hirsch’14) 

n  If experimentally it is found, MN > MWR, this by 
itself can rule out leptogenesis as a mechanism 
for origin of matter !! 

N → WR + �



        Summary 
n  TeV scale L-violation is theoretically appealing 

and phenomenologically rich ! 

n  Left-Right theories provide a simple realization 
with testable collider implications (WR , Z’, N..)! 

n  They can explain neutrino masses and matter-
antimatter asymmetry and combined with other 
information can rule out leptogenesis!! 



Thank you for your attention !



A tale of two symmetries 
n  SU(2)R and Parity: 

n  They could break at two different scales MP and 

     MWR ; 
n  MP = MWR ,  gL(MWR) = gR (MWR) 
n  Coupling unification requires MP >> MWR ; 

   à gR(MWR)  < gL (MWR)   (Chang, Mohapatra, Parida’84) 



Collider tests for  MN >MWR 
n  .                                    ; 

n  Can be used to distinguish between WR and W’L 
                              (Han, Lewis, Ruiz and Si) 

 
 

pp → W+
R → tRb̄R



Distinguishing RR from RL 
n  Post-observation of WR Dilepton invariant mass 

plots can distinguish RL from RR 

 
 
 
                                       (Chen et al using Han, Lewis, Ruiz, Si) 



How does the bound arise ? 
 

n  Pre-washout CP asym.  

n  Final asym:  

n  Crucial wash out parameter is 
   Generic TeV WRàY~10-6                            for MWR ~ 3 TeV 

n   à MWR > 18 TeV   (Frere,Hambye,Vertongen) 

                                                                            

ε ≡ Γ(νR → �h)− Γ(νR → �̄h̄

Γ(νR → �h) + Γ(νR → �̄h̄

)
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∝ Y 2

g4(MN/MWR)4

ΓD

ΓS
∼ 10−6



Dependence of efficiency 
on Y  

n  . 

n  Y’s can be determined from colliders as well as 
   LFV processes and used to test leptogenesis ! 



  Leptogenesis with MZ’ << MWR 
n  Effective theory: 
n  Z’ couples also to NN à leptogenesis 
n  Origin of CP asymmetry same as in WR case via 
   resonant leptogenesis and requires deg N1,2: 
       can be as large as 1. 
n  Washout has no WR contribution but only   
    NNà Z’à qq, ll type. 
n  Lower the Z’, more washout in generic case 

SU(2)L × U(1)I3R × U(1)B−L

ε



Lower bound on MZ’ 

n  (Blanchet, Chacko, Granor, RNM’2009, PRD) 

n                                                    MZ’ > 3 TeV 



Directly probing 
leptogenesis in Z’ case: 

n  Lepton asymmetry    is directly related to the 
following collider observable:  

n                     +                   à                 final  
                                                               states 

n  à 

n  Makes it possible to see leptogenesis directly. 
n  Absence of such a signal + TeV Z’ with above 

decay mode can rule out leptogenesis ! 

ε

Z � → NN N → �±WL �±�± + jj



EXAMPLE OF NEUTRINO FIT  
WITH  SPECIAL TEXTURE              
  

. 
                                                                             
 
     
 
 
 
 

•   

•  New feature of model:                is “large” 
•                                                                                                                            (  Dev, Lee, RNM’13) 
 

MD =

MR =

V�N � mD

MN



 Lepton Flavor violation etc 
n  . 

 
n  WL graph dominates Branching ratio  < 10-14  

n  Non-unitarity 

µ → e+ γ


