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BNV & LNV
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generic features & motivation

 how to capture the essential?

genuine theory: GUT effective operator analysis

hard after SU(5) failure Fermi -> V - A -> SM

touch into the core of it all
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Minimal SU(5) theory Georgi, Glashow ‘74

•predicts proton decay scale

remarkably predictive - a great surprise for the fathers

•predicts down quark - lepton mass ratios

Georgi, Quinn, Weinberg ‘74

•relates weak mixing to strong coupling

•predicts proton decay branching ratios Mohapatra ‘79

Georgi, Quinn, Weinberg ‘75

basically all wrong 

•couplings do not unify

•neutrino massless
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Minimal realistic SU(5) 

Bajc, GS 2006add 24F

light fermion triplet@LHC?

but

says nothing precise about p decay 

Dorsner, Fileviez Perez 2006
add 45H

baroque, also tailor ordered



GUT and gravity: scales
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Dvali 
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⇤
strong

� M
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<latexit sha1_base64="QivGWH6A5UprK8Xn6qMRPT6ATSc="></latexit>

proton stability

# of real degrees of freedom

non-perturbative, not fine tuneable
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GUT - which representations

smaller repr -> bigger strong coupling scale 
need d=5 operators - 

additional assumptions

bigger repr -> non -perturbative problem with N 

bigger repr -> smaller strong coupling scale 
no need d=5 operators 

Dvali , GS  in progress

SO(10) with 126H, 210H, …  
in trouble?

Babu, Mohapatra ‘92

Aulakh, Mohaptra ‘82

Bajc, Melfo, GS, Vissani 2002 -2005

Goh, Mohapatra, NG  2002

Aulakh et. al. 2002 -today
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•assumption on parameter space (MSSM)

and yet often 

• additional ad-hoc symmetries: flavour 

• when no prediction, appeal to ill understood strings: 
F-theory, M-theory, orbifolds …

Feynman
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proton decay

Weinberg  ‘79
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BNV - effective 

UV completion = gauge

describes many processes - sum and selection rules

B-L conserved

neutron cannot decay into Kaon



LNV - effective 

UV completion - small Yukawa

• no direct physical process 
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= SM Higgs cW ⌧ 1
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natural

Weinberg  ‘79

Weinberg  ‘SM50 …

not the right operator
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only message: neutrino = Majorana

• large scale claim  (            ) unjustified cW = 1

<latexit sha1_base64="lCD3nPj78SRUuVK4HGt1CkjOEWQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mk4AcIBS8eK9im0Iay2U7apZtN2N0IpfRHePGgiFd/jzf/jds2B219MPB4b4aZeWEquDau++0U1tY3NreK26Wd3b39g/LhUUsnmWLYZIlIVDukGgWX2DTcCGynCmkcCvTD0d3M959QaZ7IRzNOMYjpQPKIM2qs5LOeT26J1ytX3Ko7B1klXk4qkKPRK391+wnLYpSGCap1x3NTE0yoMpwJnJa6mcaUshEdYMdSSWPUwWR+7pScWaVPokTZkobM1d8TExprPY5D2xlTM9TL3kz8z+tkJroKJlymmUHJFouiTBCTkNnvpM8VMiPGllCmuL2VsCFVlBmbUMmG4C2/vEpaF1WvVr1+qFXqN3kcRTiBUzgHDy6hDvfQgCYwGMEzvMKbkzovzrvzsWgtOPnMMfyB8/kDx5OOiw==</latexit>

Cirigliano talk



      Lepton Number Violation (LNV)

• LNV@hadron colliders: KS process   • neutrinoless double beta decay   
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Figure 5: Production of lepton number violating same sign dileptons at col-
liders through WR and N

heavy particles needed to complete the SM in order to have m� �= 0 (such as
NR).

It is thus crucial to have a direct measure of lepton number violation
which can probe the source of neutrino Majorana mass. This is provided by
the same sign dilepton production at colliders as we discuss below.

7.2 Lepton number violation at colliders

We have just seen that ��0 is obscured by various contributions which are
not easy to disentangle. We need some direct tests of the origin of �L = 2,
i.e. these-saw mechanism. This comes about from possible direct production
of the right-handed neutrinos through a WR production. The crucial point
here is the Majorana nature of N : once produced at decays equally often
into leptons and antileptons. This led us [27] to suggest a direct production
of the same sign dileptons at colliders as a manifestation of �L = 2. The
most promising channel is ⇧⇧+2 jets as seen form Fig.5.

One can also imagine a production of N through its couplings to WL

(proportional to yD), but this is a long shot. It would require large yD and
large cancellations among the in order to have small m� . This could be
achieved in principle by fine-tuning, but is not the see-saw mechanism.

The crucial characteristics

1. no missing energy which helps to fight the background

48

proton

proton

Furry  ‘38 Keung. GS  ‘83
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d = 9 operator

• e = RH new physics

measure electron polarisation

• both e = LH new physics or neutrino?

0nu2beta: new physics Feinberg, Goldhaber  ’59



Effective operator analysis

SU(2) weak 

neutrino mass
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Dvali, GS  in progress
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 too close for comfort?
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Bonnet et. al.  2013
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(Poor person’s) UV completion
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A = scalar leptoquark  

  B = scalar di-quark

µ
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Lnew = A(uLeL + dL⌫L) +B dcLd
c
L + µAAB

<latexit sha1_base64="AuJ98Yml0sE2HXf7D2fFORDzO5c="></latexit>



UV completion: theory

Pati - Salam

scale large 

SU(2)⇥ SU(2)⇥ SU(4)
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quark - lepton unification
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⇤ & 105GeV
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assume scalar leptoquarks light?
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also n - n bar talk by Babu

LR symmetric PS - scale huge give up LR?
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BNL 31423 

HIGGS HASS SCALES AND 1•TATTER - AtiTIHATTER OSC!LL;\TIONS IN 

* GRMID UNIFIED THEORIES 

, 
Goran Senjanovic 

Physics Department 

Brookhaven National Laboratory 

Upton, N.Y. 11973 

Abstract 

A general discussion of mass scales in grand unified theories 

is presented, ttith special emphasis on Higgs scalars t·;hich r.1ediate 

neutron-antineutron (n-n) and hydrogen-antihydrogen oscilla-

tions. It is shovm that the analogue of survival hypothesis for 

fermions naturally r.!cl<es such particles superheavy, thus leading to 

unobservable lifetimes. If this hypothesis is relaxed, an interesting 

possi'oili ty of potentially observable n-n and H-H transitions, mutu-

ally related arises in the context of SU(5) theory t·lith spontaneous-

ly broken B-L 

* Invited talk at the !:Jorkshop on r!eutron-Antineutron Oscillations, 

Harvard Uni v., April 30 - r.lay 1, 1982. 

The submitted manuscript has been authored under contract DE-AC02-76CH00016 
with the U.S. of Energy. Accordingly, the U.S. Government 
retains a nonexclusive, royalty-free to or reproduce the 
published form of this contribution, or others to do so, for U.S. 
Govern:i:ent purposes. 

GS, talk at n-n bar Harvard   ‘82

GUT and neutron oscillations

Mohapatra, GS  ‘82

way to make ‘predictions’ = assume survival principle for scalars too
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e = RH new physics

natural candidate: LR model
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Mohapatra, GS  ’79 -‘81

N = RH neutrino
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◆

Left-Right Symmetric Model
Mohapatra, Pati, Salam, GS    ’74-‘75

seesaw MN / MWR

<latexit sha1_base64="ZCR9kBlDCVFVvPGCEeoatq4U9fY=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyI4GNVcOOmUsU+oB2GTJppQzNJSDLCMNRfceNCEbd+iDv/xvSx0NYDFw7n3Mu990SSUW0879sprKyurW8UN0tb2zu7e+7+QUuLVGHSxIIJ1YmQJoxy0jTUMNKRiqAkYqQdja4nfvuRKE0FfzCZJEGCBpzGFCNjpdAt18Nb2JNKSCNgPczb4f04dCte1ZsCLhN/TipgjkbofvX6AqcJ4QYzpHXX96QJcqQMxYyMS71UE4nwCA1I11KOEqKDfHr8GB5bpQ9joWxxA6fq74kcJVpnSWQ7E2SGetGbiP953dTEF0FOuUwN4Xi2KE4ZtI9OkoB9qgg2LLMEYUXtrRAPkULY2LxKNgR/8eVl0jqt+mfVy7uzSu1qHkcRHIIjcAJ8cA5q4AY0QBNgkIFn8ArenCfnxXl3PmatBWc+UwZ/4Hz+APRblFM=</latexit>

neutrino light ~ parity broken strongly

N ⌘ ⌫⇤R

<latexit sha1_base64="hJRwNncDAAZLRFEoCQhkz8uNYrM=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHERUmkoIKLghtXUsU+oIlhMp20QyeTODMplNA/ceNCEbf+iTv/xuljoa0HLhzOuZd77wlTzpR2nG9raXlldW29sFHc3Nre2bX39hsqySShdZLwRLZCrChngtY105y2UklxHHLaDPvXY785oFKxRDzoYUr9GHcFixjB2kiBbd8ijz5lbIA8kQX3j6eBXXLKzgRokbgzUoIZaoH95XUSksVUaMKxUm3XSbWfY6kZ4XRU9DJFU0z6uEvbhgocU+Xnk8tH6NgoHRQl0pTQaKL+nshxrNQwDk1njHVPzXtj8T+vnenows+ZSDNNBZkuijKOdILGMaAOk5RoPjQEE8nMrYj0sMREm7CKJgR3/uVF0jgru5Xy5V2lVL2axVGAQziCE3DhHKpwAzWoA4EBPMMrvFm59WK9Wx/T1iVrNnMAf2B9/gBm65Ld</latexit>
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MWR � MWL
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MD
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SM: MWR ! 1
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LNV @ LHC Keung, GS   ‘83

•connection with

•connection with LFV Tello    PhD thesis 2012
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Figure 5: Production of lepton number violating same sign dileptons at col-
liders through WR and N

heavy particles needed to complete the SM in order to have m� �= 0 (such as
NR).

It is thus crucial to have a direct measure of lepton number violation
which can probe the source of neutrino Majorana mass. This is provided by
the same sign dilepton production at colliders as we discuss below.

7.2 Lepton number violation at colliders

We have just seen that ��0 is obscured by various contributions which are
not easy to disentangle. We need some direct tests of the origin of �L = 2,
i.e. these-saw mechanism. This comes about from possible direct production
of the right-handed neutrinos through a WR production. The crucial point
here is the Majorana nature of N : once produced at decays equally often
into leptons and antileptons. This led us [27] to suggest a direct production
of the same sign dileptons at colliders as a manifestation of �L = 2. The
most promising channel is ⇧⇧+2 jets as seen form Fig.5.

One can also imagine a production of N through its couplings to WL

(proportional to yD), but this is a long shot. It would require large yD and
large cancellations among the in order to have small m� . This could be
achieved in principle by fine-tuning, but is not the see-saw mechanism.

The crucial characteristics

1. no missing energy which helps to fight the background

48

proton

proton

` = ¯̀

<latexit sha1_base64="LLZNRXF3MA8TmR39wfkUqpPWThc=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFUSEdSFUHTjsoK9QBPKZDpph04mYWailNhHceNCEbc+iTvfxmmahbb+MPDxn3M4Z/4g4Uxpx/m2Siura+sb5c3K1vbO7p5d3W+rOJWEtkjMY9kNsKKcCdrSTHPaTSTFUcBpJxjfzOqdByoVi8W9niTUj/BQsJARrI3Vt6vIo5yjK+QFWObct2tO3cmFlsEtoAaFmn37yxvEJI2o0IRjpXquk2g/w1Izwum04qWKJpiM8ZD2DAocUeVn+elTdGycAQpjaZ7QKHd/T2Q4UmoSBaYzwnqkFmsz879aL9XhhZ8xkaSaCjJfFKYc6RjNckADJinRfGIAE8nMrYiMsMREm7QqJgR38cvL0D6tu2f1y7uzWuO6iKMMh3AEJ+DCOTTgFprQAgKP8Ayv8GY9WS/Wu/Uxby1ZxcwB/JH1+QN7MZLh</latexit>

MN = VRmNV T
R
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measure

Tello   et. al.  2011
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Figure 2.3: Feynman diagrams of µ ! e+ee

When MWR is not more than few TeV, there are only three ways that can make this

branching ratio small enough to comply with the experimental constraint given in Table2.3:

BRexp(µ ! e+ee) < 10�12 (2.11)

For example, an almost diagonal right-handed mixing matrix VR ' 1, or an almost degen-

erate heavy neutrino spectra mN1 ' mN2 ' mN3 are enough to make (2.10) vanish. But

far more interesting is when the ratio mNi/m�

++ is small itself. Indeed, for MWR at the

reach of LHC, the following ratio:
mNi

m
�

++
. 1

10
(2.12)

will ensure that for any VR and any heavy neutrino hierarchy the branching ratio agrees

with the experimental limit given in Table 2.3.

Radiative decay µ ! e�

We now calculate the radiative decay rate of `
1

! `
2

� with the help of [50] and update

the formulas presented in [51] by including the mixing of light and heavy neutrinos. The

relevant Feynman diagrams are shown in Figure 2.4. The e↵ective Hamiltonian reads as

follows:

H`1!`2� = `
2

�µ⌫
⇥

(�LL + �LR)
21

�R + (�RR + �RL)
21

�L
⇤

`
1

Fµ⌫ (2.13)

and total decay rate is given by the following generic formula:

�(`
1

! `
2

�) =
m3

`1

16⇡

⇣

|(�LL + �LR)
21

|2 + |(�RR + �RL)
21

|2
⌘

(2.14)

27

SINDRUM

BR(µ ! eeē) =
1

2

M4
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M4
WR

����
MNMN

m2
�++

����
2

eµ

Lepton flavour violation
Cirigliano, Kurylov, Ramsey-Musolf, Vogel ‘04

Tello   PhD thesis ‘12

N light ~ charm quark light

• mu -> 3 e

MN = VRmNV T
R

<latexit sha1_base64="GXR27dSIvkEK84ogplaaKFf2XLk=">AAAB/nicbZDLSgMxFIYzXmu9jYorN8EiuCozUlBBoeDGjVKlN2jHIZNm2tAkMyQZoQwFX8WNC0Xc+hzufBsz7Sy09YfAx3/O4Zz8Qcyo0o7zbS0sLi2vrBbWiusbm1vb9s5uU0WJxKSBIxbJdoAUYVSQhqaakXYsCeIBI61geJXVW49EKhqJuh7FxOOoL2hIMdLG8u39G/8WXsKmfw8hN5jRQ923S07ZmQjOg5tDCeSq+fZXtxfhhBOhMUNKdVwn1l6KpKaYkXGxmygSIzxEfdIxKBAnyksn54/hkXF6MIykeULDift7IkVcqREPTCdHeqBma5n5X62T6PDMS6mIE00Eni4KEwZ1BLMsYI9KgjUbGUBYUnMrxAMkEdYmsaIJwZ398jw0T8pupXx+VylVL/I4CuAAHIJj4IJTUAXXoAYaAIMUPINX8GY9WS/Wu/UxbV2w8pk98EfW5w+XwJNU</latexit>

probed in KS process



 21

SINDRUM IIBµ!e < 7⇥ 10�13

q q

µ e`

�

++
L,R �

++
L,R

�

q q

µ e
�

++
L,R

` `

�

Figure 2.5: Feynman diagrams of muon conversion.

of the proton on the outgoing electron, and �
cap

is the capture rate. These values can be

found tabulated for every element in [52]. For example, for Au we have V (p)

Au

= 0.0974m5/2

µ

and �Au

cap

' 6 �µ. Taking the enhancement in the region of phenomenologically interest

log2 ⇠ 2 ⇥ 102 one finds:

B(µAu ! eAu) ' 5 ⇥ 10�10

✓
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�

�

2

eµ

(2.25)

The muon conversion mediated by the doubly charged scalars is therefore slightly more

constrained than the decay µ ! e�. Both branching ratios are theoretically of the same

order because the additional factor of ↵ in the muon conversion gets balanced by the large

logarithm coming from the loop, but at the same time the limits on the conversion are

roughly one order of magnitude stronger.

2.5 Interplay between di↵erent LFV processes

Lepton flavor violation could vanish if the right-handed mixing matrix is nearly diagonal.

So a definite prediction can not be made and the di↵erent rates depend crucially on

VR. For a generic VR one could also have a particular mass spectrum of right-handed

heavy neutrinos which could make the rate of one or more processes vanish as well. The

interesting processes with high sensitivity are µ ! e+ee, µ ! e�, and µ-e in the nuclei.

The common flavor dependence of µ ! e� and µ-e conversion is given by:
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(2.26)

with �m2

12

, �m2

13

the mass squared di↵erence of the heavy neutrinos and with s
12

=

sin ✓R
12

, etc. This factor can vanish for some �m2

13

and �m2

13

. For µ ! e+ee one have

additionally the freedom of the Majorana phases and they can easily make the rate vanish

as well. So without the masses mN we can not constrain our parameter space either. The

problem is that we have only three competitive processes. We could have done more if
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Bµ!e� < 4⇥ 10�13 MEG ‘16
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Figure 2.4: Feynman diagrams of µ ! e�.

The matrices �LL,�LR,�LR and �RL are found to be:
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where the loop fuctions entering in �LR and �RL are:

F
1

(t) =
�4t3 + 45t2 � 33t + 10

12(t � 1)3
� 3t3 log t

2(t � 1)4
(2.16)

F
2

(t) =
t2 � 11t + 4

2(t � 1)2
+

3t2 log t

(t � 1)3
(2.17)

where t = m2

N/M2

W . Moreover, as we are interested in a low scale of heavy neutrinos,

we have taken the limit mN ⌧ MWR and simplified an extra loop function present in the

gauge component of �RR. The branching ratio µ ! e� normalize to the standard muon

28

Tello   PhD thesis ‘12

�(µX ! eX) ' �(µ ! e�)

• mu ->  e gamma

• mu ->  e conversion

Cirigliano, Kurylov, Ramsey-Musolf, Vogel ‘04
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LR needed?

produce N through W   ->   needs nu - N mixing 

not the seesaw 

N 
⌫ ✓

0 MT
D

MD MN

◆
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Seesaw ambiguity

arbitrary complex orthogonal matrix

produce N through arbitrary mixing ⇥ = MD/MN

not the seesaw 

OOT = 1
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Nemevsek, GS, Tello  2012

LR = charge conjugation
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P: MD = M†
D

GS, Tello    2016 - 2020LR = parity
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XX⇤ = OS OT O = orthogonal 

X = O
p
S O† all fixed as in the case of C 



LR = self-contained Nemevsek, GS, Tello   2012

GS, Tello   2016, 2018, 2019

SM for charged fermions�(h ! f̄f) /
m2

f

M2
W

mh

<latexit sha1_base64="iGX/ckvYYxH/kLWbd4UblSVzGvE="></latexit>

�(N ! We) / m2
N

M2
W

m⌫

<latexit sha1_base64="FPkNQlxnCk3Kf4hTc/Ca00X4bx4="></latexit>

1 Introduction

Left–right symmetric models [1–9] (LRSMs) attempt to explain the broken parity symmetry of
the weak interaction in the Standard Model (SM) and can introduce, depending on the form of the
LRSM, right-handed counterparts to the W and Z bosons (WR and Z

R

), and right-handed heavy
neutrinos (NR). A search for WR boson and NR neutrino production in a final state containing two
charged leptons and two jets (`` j j) with ` = e, µ is presented here. The exact process of interest is
the Keung–SenjanoviÊ (KS) process [10], shown in Figure 1. When the WR boson is heavier than
the NR neutrino (m

WR > m
NR), the on-shell WR mass can be reconstructed from the invariant mass

of the `` j j system, whereas, when m
NR > m

WR, the on-shell WR mass can be reconstructed from the
invariant mass of the j j system. Only ee and µµ lepton pairs, coupling respectively to Ne

R and Nµ
R ,

are considered as part of the `` j j final state, since no mixing between flavours is assumed. Left-
and right-handed weak gauge couplings are also defined to be equivalent (gL = gR).

q̄

q
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NR

`

W⇤
R

`

q̄

q

(a)

q̄

q

W⇤
R

NR

`

WR

`

q̄

q

(b)

Figure 1: The KS process, for (a) the m
WR > m

NR case and (b) the m
NR > m

WR case.

In the minimal LRSM containing the type-I seesaw mechanism [6–9], NR neutrinos are Majorana
particles. The type-I seesaw mechanism accounts for the masses of the SM neutrinos by linking
(heavy) NR neutrinos and the SM neutrino masses through a mixing matrix. In this case, both the
SM neutrinos and the hypothetical NR neutrinos are required to be Majorana particles, allowing
lepton-number-violating processes, such as the KS process, to occur. In LRSM variants, including
the inverse seesaw mechanism [11–14], NR neutrinos are pseudo-Dirac particles1 (referred to in this
paper as “Dirac” particles for simplicity). For minimal versions of LRSMs containing the inverse
seesaw mechanism, lepton-number-violating processes are not expected [16]. The Majorana or
Dirac nature of the NR neutrino can be established by comparing the charges of the two final-state
leptons. If the NR neutrinos are Dirac particles, the leptons will always have opposite-sign (OS)
charges. However, if they are Majorana particles, the NR neutrinos are their own anti-particles,

1 A pseudo-Dirac particle is formed by two Majorana particles with identical masses [15].

3

ATLAS   2019 

depends onMWR & 4� 5TeV
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LRSM  for neutrino

mN
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Nemevsek, Nesti, Popara  2018

LHC reach

100 TeV collider reach

Ruiz  2017

MWR & 4TeV
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.

discovering the RH gauge boson W

R

in connection with
the RH neutrino N is the so called Keung-Senjanović
(KS) process [16], pp ! W

R

! `N ! ``jj. The con-
straints from direct searches [37, 38], from flavour chang-
ing processes [11, 14] and model perturbativity [12] point
to a scale of the new RH interaction which is now at the
fringe of the LHC reach, so the residual kinematically
accessible range will be probed in the next year of two.

In this work we reconsidered this process and addressed
the regime of light N (m

N

. 100GeV) which leads [30]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classified the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) a standard region where the final state
is ``jj, with half of the cases featuring same-sign lep-

tons, testifying the lepton number violation. 2) a merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton, resulting in a lepton and
a so called neutrino jet `j

N

. 3) a displaced region, for
m

N

⇠ 10 � 100GeV, in which the merged jet j

N

is
originated from the N decay at some appreciable dis-
placement from the primary vertex, typically from mm
to 30 cm where the silicon tracking ends and detection
of displaced tracks becomes unfeasible. 4) an invisible
region, for m

N

. 40GeV, in which N can decay outside
the tracking chambers of even the full detector, leading
thus to a signature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning
the m

N

, M

W

R

parameter space, up to O(10) TeV. For
W

R

masses beyond ⇠ 5TeV the process is dominated by
the off-shell W

⇤
R

production, and we noted that, by this
mechanism, for m

N

. 500GeV the final cross section
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Outlook

•p decay expected as we all know

•other BNV a gamble - stakes high

•no predictive, self-contained theory of BNV

•LNV expected in 0nu2beta

•LNV at hadron colliders possible 
- expected if e is RH in 0nu2beta

•LRSM - predictive, self-contained theory of neutrino mass 
and LNV (and LFV) both at low and high energy 



Thank you
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discussion yesterday 

Goran: non n-n bar in GUT (generically)

Rabi: Babu and I have a model  2012

not a theory

Mohapatra, GS  ‘82

only way to make ‘predictions’ = assume survival principle for scalars too

model: assume miracle - light leptoquarks and show you can embed it 
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FeynmanWarning
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True theory = miracle

•not tailor ordered to fix a bug 

•predictions = surprises

example: Dirac equation positron

example: GR BH, gravitational waves

•not a personal model, modified as one goes along

example: SM
neutral currents, Higgs 
origin of fermion masses

https://inference-review.com/article/the-yang-mills-model
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GUT theory self-contained

it’s like coming with GR, but much more amazing 

14 orders of magnitude above SM - and predictive?
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SUSY 2019 - Corpus Christi, Texas  -    bar ~ midnight

Babu: theory is what you write down   -  
and leave for others to make predictions for all seasons

Glashow  ’61

Weinberg   ’67

Einstein ‘15
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0nu2beta -> Neutrino = Majorana?

new physics behind 0nu2beta  Majorana mass

νe

W

e−

d u u

e−

d

νe

W

Figure 1: Contribution of the Black Box operator to the Majorana neutrino mass [9].

Then, it is possible to draw the diagram in Fig. 1, so that neutrinoless double beta decay
induces a non-zero effective Majorana mass for the electron neutrino, no matter which is the
underlying mechanism of the decay. The Black Box is nothing but an effective operator for
neutrinoless double beta decay which arises from some underlying New Physics. The first
assumption is necessary to ensure that two identical neutrinos are created. This can be seen
in the following way [10]: We do not know anything about the chirality of the electrons and
quarks produced by neutrinoless double beta decay. However, this assumption guarantees
that we can make the particles running in the loops in Fig. 1 left-handed, by mass insertion
if necessary. Thus the standard left-handed interaction from the second assumption produces
the same type of neutrino at both vertices. Otherwise it would be possible that a neutrino
and an antineutrino are created, which would give a Dirac mass term.

Note, however, that the diagram in Fig. 1 is certainly not the only one that generates a
non-zero effective Majorana mass for the electron neutrino. Other tree and loop diagrams
exist and in addition the physical neutrino masses depend also on Dirac mass terms. Further-
more, there may even be cancellations between different Majorana contributions which are
induced by the Black Box diagram(s). This may appear as a fine-tuning, but the observed
fermion mass patterns suggest that symmetries which explain these patterns may exist, and
such symmetries could also lead to non-trivial cancellations. Taking into account this possi-
bility of cancellations, Takasugi [10] and Nieves [11] improved the argument of Schechter and
Valle [9], and showed that there cannot be a continuous or discrete symmetry protecting a
vanishing Majorana mass to all orders in perturbation theory. We will follow the arguments
of Takasugi [10] here. He assumed an unbroken discrete symmetry protecting the Majorana
neutrino mass (the η’s are global phase factors):

νeL → ηννeL, eL → ηeeL, qL → ηqqL (q = u, d), W+µ
L → ηWW+µ

L . (1)

To forbid the Majorana mass term, we need to have

η2ν ̸= 1 , (2)

and the invariance of the left-handed interaction requires

η∗νηeηW = η∗uηdηW = 1 . (3)

However, the existence of 0νββ (that is, the process dL + dL → uL + uL + eL + eL) implies

η2uη
∗2
d η

2
e = 1 . (4)

It is easy to see that Eqs. (2), (3), and (4) cannot be solved simultaneously. Thus, if
the Majorana mass term is forbidden by an unbroken discrete symmetry, there will be no

2

 effectively = o

Schechter, Valle ’82

Duerr, Lindner, Merle ‘ 11�m⌫ ' 10�24 eV

Planck scale seesaw m⌫ ' 10�5 eV

Cirigliano talk
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use electron mass cutoff - instead of say Fermi scale

coupling almost vanishing gLNV . 10�25
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Generations - Lepton Flavour 
Violation? 
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flavour could be conserved mass suppression can save it

0⌫2�
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GS, Tello  1408.3835 (hep-ph)

(VR)ij ' (VL)ij � i✏
(VL)ik(V

†
LmuVL)kj

mdk +mdj

long history
Zhang,  An, Ji, Mohapatra ’07 

4

the phase freedom in defining the usual CKM matrix in
the left sector.

A straightforward computation from (11) gives the
leading terms for the di↵erences between mixing angles

✓12R � ✓12L ' �sat2�
mt

ms
s23s13s� (14)

✓23R � ✓23L ' �sat2�
mt

mb

ms

mb
s12s13s� (15)

✓13R � ✓13L ' �sat2�
mt

mb

ms

mb
s12s23s� (16)

and similarly for the KM phases

�R � �L ' sat2�
mcc223 +mts223

ms
(17)

where, for simplicity, we defined sij = sin ✓Lij , cij =

cos ✓Lij and s� = sin �L. These are leading order terms,
more complete expressions for the angles were given
in [7], and the exact first order terms can readily be ob-
tained from (11).

It su�ces to change the signs of quark masses accord-
ingly to get all the other solutions. As shown below, the
absolute values of the mixing angle di↵erences are quite
stable under these transformations, while the KM phase
di↵erence varies somewhat.

Notice that the angle di↵erences vanish in the limit of
CKM phase �L going to zero. This follows from the fact
that in this limit, the first order terms in sat2� in (11) are
purely imaginary and thus a↵ect only the phases. From
the above formulas, it is evident that the angle di↵er-
ences are very small, suppressed by small CKM mixings.
Moreover, in the case of 2-3 and especially 1-3 mixing an-
gles there is an additional suppression of a small quark
mass ratio ms/mb that compensates for the large mt/mb

factor. As if there was a conspiracy in nature to keep the
symmetry between LH and RH mixing angles in a world
with broken parity.

In Fig. 1 we plot in red lines these first order results,
and with blue dots the numerical solutions of the exact
equation. The first order is an excellent approximation
and the agreement between the two is manifest through
the whole physical range of sat2� . Notice that the phase
di↵erence �R � �L is multiplied with the factor sin ✓13L .
The reason is that the phases �L and �R are always ac-
companied with sin ✓13L and sin ✓13R (which are practically
the same), respectively.

The crucial point, as we noticed, is that the di↵erences
of LH and RH mixing angles are always proportional to
another small LH mixings, which control their smallness.
From Fig. 1 it seems that this holds true in higher or-
ders of perturbation in sat2� and the proof comes from
a discussion of a non-realistic two generation situation.
Indeed, from (11), the di↵erence of left and right mixing
angles is zero, since VL is real. In [7] we showed that the
remarkable equality of ✓L and ✓R is actually exact in the
two-generation case, which then guarantees the smallness
of the mixing angles di↵erences at all orders.
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FIG. 1. The di↵erences between the right and left handed
mixing angles and the KM phases. The first order terms are
given by red lines, the blue dots denote numerical solutions of
the exact equation. The agreement is manifest in the entire
physical region sat2� . 0.54.

B. RH external phases.

First, we compute the external phases from (11) and
(13)

!1'�!3+sat2�

✓
mcc223+mts223

ms
�mdc212+mss212

2mu

◆
(18)

!2' �!3 ' sat2�
mt

2mb
(19)

!4'!3�sat2�

✓
c212

mcc223+mts223
ms

+s212
mcc223+mts223

2md

◆

(20)

!5' !3 � sat2� c
2
12
mcc223 +mts223

2ms
(21)

The expressions above are somewhat more precise that
what we gave in the previous Letter version of this work.
Unlike the expressions for the mixing angles and the KM
phases, the external phases depend strongly on the sign
transformations that connect di↵erent solutions. The
above formulas should be taken as an example with all
positive signs. It is straightforward to get more precise
and complete expressions for all the cases. There is one
subtlety to keep in mind: in some cases sign changes
make the phases start from ⇡ and not from zero, but
that is easy to figure out.

We plot these phases in Fig. 2. Again, the first order
results are shown in red, and the numerical results in
blue. Notice that in this case the results start diverging
for larger values sat2� & 0.03, which simply implies the
need for higher order terms in (11), as discussed below.

conspiracy of small 
mixings suppression

✏ = sat2�

justifies quoted limits on  
      - assume same L & R mixings

GS, Tello  1502.05704 (hep-ph)
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IV. CLASSIC ERA

So far so good. But what fields should be used for the
large scale of symmetry breaking?

In the original version [3–5] one opted for B � L = 1
LH and RH doublets, i.e. the doublets under SU(2)L and
SU(2)R groups respectively. It seemed a logical choice, a
LR extension of the SM Higgs doublet. Looking back, it
is hard to understand why for some years no alternative
was studied, since there was nothing special about this
choice. After all, we had already used the SU(2)L dou-
blets, in a form of a bi-doublet, in order to give masses
to charged fermions. The large scale Higgs sector deter-
mines the ratio of new gauge boson masses, WR and ZR

but why in the world should it mimic the SM situation
with W and Z? It is both instructive and amusing how
one gets sidetracked and confused at the beginnings.

In any case, one sat down to show that parity could be
broken spontaneously [4, 5]. The symmetry of the poten-
tial tells you immediately that there are only two possi-
bilities: (i) same vevs for LH and RH doublets, unaccept-
able; (ii) one of the two vevs vanishing, as required by
experiment. It was easy to show that there was the stable
minimum with only the RH doublet vev, and the task of
breaking the theory down to the SM was achieved [4, 5].

The main prediction of the model was a massive neu-
trino, a Dirac fermion just like the electron. So why in
the world was it so light?

V. MODERN ERA

So, the theory was prophetic in predicting neutrino
mass so early, years before experiment, but it seemed
to fail to account for its smallness [13]. It turned out
that the problem was not LR symmetric gauge group,
but simply the choice of the heavy Higgs sector. This let
to the with a version of the theory based on the seesaw
mechanism [14–16].

The main point was to chose the right Higgs in or-
der to make RH neutrino a heavy Majorana lepton, so
that it could mix with the LH one and give it in turn
a tiny mass. All that it required was to substitute dou-
blets by the appropriate triplets. In this way, the theory
led naturally to a Majorana neutrino and lepton num-
ber violation (LNV). In our paper [15], Mohapatra and I
emphasised this, and argued that the resulting LNV pro-
cess, the neutrinoless double decay [17], could be easily
generated by new RH sector, and not by small Majorana
neutrino mass. Yet, it is often claimed to this day that
this process is a direct probe of neutrino Majorana mass;
this is simply wrong. Btw, the idea of new physics being
possibly behind the neutrinoless double beta decay dates
back all the way to the late fifties [18].

Some years later Wai-Yee Keung [19] and I made a case
for an analog high-energy Lepton Number Violating pro-
cess, the production and the subsequent decay of the RH
neutrino. We realised that due to its Majorana nature,

the RH neutrino, once produced on-shell would decay
equally into a charged lepton and anti-lepton. This allows
to test and measure directly its Majorana nature, not just
indirectly through low energy e↵ective processes. Also,
besides the usual LNV conserving final state, one would
have direct LNV in the form of the same sign charged
di-leptons and (two) jets. This turns out to be a generic
property of any theory that leads to Majorana neutrino
and has become over the years the paradigm for LNV at
hadronic colliders, and today both CMS and ATLAS are
looking into it.
What follows is a brief, almost telegraphic review of

this subject. A reader that wishes to dig deeper can
consult more detailed recent overviews in [10, 20] or a
classic book on the subject [21], especially regarding the
neutrino stu↵.
In summary, the modern day version of the theory is

based on the seesaw mechanism. The Higgs sector con-
sists of the following multiplets [14, 15]: the bi-doublet
� of (7) and the SU(2)L,R triplets �L,R

�L,R =


�+/

p
2 �++

�0 ��+/
p
2

�

L,R

(8)

The first stage of symmetry breaking down to the SM
symmetry takes the following form [4, 5, 15]

h�0
Li = 0, h�0

Ri = vR (9)

with vR giving masses to the heavy charged and neutral
gauge bosons WR, ZR, right-handed neutrinos and all the
scalars except for the usual Higgs doublet (the light dou-
blet in the bi-doublet �). Next, the neutral components
of � develop vevs and break the SM symmetry down to
U(1)em

h�i = v diag(cos�,� sin�e�ia) (10)

where v is real and positive and � < ⇡/4, 0 < a < 2⇡.
In turn, �L develops a tiny induced vev h�Li /

v2/vR [22] which contributes directly to neutrino mass.
Its smallness is naturally controlled by a small quartic
coupling, sensitive only to the seesaw contribution [22].
I should stress that there is confusion to this day re-

garding the issue of naturalness of small vL, and it is
even argued that parity ought to be broken at the high
scale (with a gauge singlet) in order to make �L heavy
enough, and e↵ectively decouple it from the physics of
the LR theory. However, large scales only add a hierarchy
problem and thus make things worse. A small, protected
coupling is definitely more natural than a large ratio of
mass scales. Moreover, breaking parity through a singlet
vev is physically equivalent to the soft breaking, and is a
step backward towards the original formulation when it
was claimed that parity had to be broken softly.
The soft breaking (or the large scale spontaneous

breaking) alleviates the infamous domain wall prob-
lem [23] of spontaneously broken discrete symmetries,
but this may not be such a problem after all. It turns
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Nemevsek, GS, Zhang   ‘2012
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