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John Updike  1960

Cosmic 

NEUTRINOS, they are very small. 

They have no charge and have no mass 

And do not interact at all. 

The earth is just a silly ball  

To them, through which they simply pass, 

Like dustmaids down a drafty hall  

Or photons through a sheet of glass. 

They snub the most exquisite gas, 

Ignore the most substantial wall, 

Cold shoulder steel and sounding brass, 

Insult the stallion in his stall, 

And scorning barriers of class, 

Infiltrate you and me! Like tall  

and painless guillotines, they fall  

Down through our heads into the grass. 

At night, they enter at Nepal  

and pierce the lover and his lass 

From underneath the bed-you call  

It wonderful; I call it crass.
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proton
neutron

Matter our hero    
is watching

electron 
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Weak interactions 

& 

birth of neutrino 
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d! u + e + ⌫̄modern view:

weak interaction  
messenger: W

Hfund =
g
p
2
Jµ
WW+

µ
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Fundamental theory - 
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JW
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µ = ū�µd+ ⌫̄�µe

<latexit sha1_base64="smoEaDgJfsqf7AaYPcKCBppbdzg=">AAACH3icbZDLSgMxFIYz9VbrrerSTbAIglBmqqgboeBGXFWwF+iMw5k0bUOTzJBkhFL6Jm58FTcuFBF3fRvTy8K2/hD4+c45nJw/SjjTxnVHTmZldW19I7uZ29re2d3L7x/UdJwqQqsk5rFqRKApZ5JWDTOcNhJFQUSc1qPe7bhef6ZKs1g+mn5CAwEdydqMgLEozF/eh75In+r4BvsRKJxivwNCwJjiFj6bUl/OcYrDfMEtuhPhZePNTAHNVAnzP34rJqmg0hAOWjc9NzHBAJRhhNNhzk81TYD0oEOb1koQVAeDyX1DfGJJC7djZZ80eEL/TgxAaN0Xke0UYLp6sTaG/9WaqWlfBwMmk9RQSaaL2inHJsbjsHCLKUoM71sDRDH7V0y6oIAYG2nOhuAtnrxsaqWid14sPVwUyuVZHFl0hI7RKfLQFSqjO1RBVUTQC3pDH+jTeXXenS/ne9qacWYzh2hOzugXeK2gxA==</latexit>

n = u d d p = u u d 



Messenger = W boson 

Discovering W

heavy

spin=1 

proton

anti-proton

W discovery@CERN   1983

SPS - 7 km circumference

Hfund =
g
p
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WW+

µ
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Pauli regrets introducing a ghost particle 
that cannot ever be seen 

Neutrino discovery

Cowan, Reines  1956

`Everything comes to him who knows how to wait.’ Pauli 
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good old days
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use reactors = huge flux

tens of trillions per square cm per second

Pontecorvo ‘40s 
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 Digression - fermion families



 Neutrinos have mass:  
he `feels’ it 

 neutrino oscillations 
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 metamorphosis:  electron neutrino from the sun changes 
into muon neutrino (not observable)  
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 deficit of neutrinos from the sun 

imagine a bird detector 
 - cannot see fish 

also, expect similar deficit in atmospheric neutrinos

Pontecorvo’s work ignored by and large

In 1950 he escapes with a family - wife and three kids 
- in a dramatic fashion to Soviet Union. Cold war years



*Super-Kamiokande ‘1998

Pontecorvo died five years before experimental proof

Neutrino oscillations discovery

** Sudbury Neutrino Observatory  ‘2001atmospheric neutrinos

solar neutrinos

m⌫ ' 10�7me
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Particles and anti-particles 

               or  

  chirality and helicity 
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Neutrino = anti neutrino?

Furry 1938

• Large Hadron Collider      Keung, Senjanovic   1983

• nuclear beta decay       

⌫M = ⌫L + ⌫⇤L

creation of electrons from  ̀ nothing’

half particle half anti-particle

How to test it?

possible only if massive

 M =  ⌫ +  ⇤
⌫
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Double-beta decay

p

W

n

⌫e

⌫e

W
pn

e

e

Maria Goeppert-Mayer  1935

76Ge 6! 76As + e + ⌫̄e

76Ge ! 76Se + e + e + ⌫̄e + ⌫̄e
⌧2� ' 1021 yr
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daughter nucleus heavier

⌧� ' 5 yr
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Experiments

Table 4. Comparison of relative figure-of-merit (FOM), lower half life limit T
0⌫
1/2 after 4 yr

live time, and resulting upper limit on m�� . For m�� , the entire range of matrix element values
including the indicated error bars in Fig. 1 are used. fA is the average scale factor for a given
isotope taken from Fig. 2. �E is the energy window which is taken to be 1(2) FWHM for
experiments with > 0.5% (< 0.5%) resolution. Note that the e�ciency is reduced by 0.7 if
�E = 1·FHWM. FOM is defined in the text. Masses are total masses or fiducial masses. The
background and enrichment fraction has to be scaled accordingly.
exp. mass fA bkg. �E e↵. enrich. FOM T

0⌫
1/2 m��

[kg] [ 10�3cnt
keV·kg·yr ] [keV] 1025 yr meV

past experiments
Hd-Moscow 11 0.35 120 7 1 0.86 1 1.9 170-530
Cuoricino 41 1 170 16 0.9 0.28 1 0.4 210-500
NEMO-3 6.9 2.1 1.2 400 0.06 0.9 0.3 0.1 310-900

running experiments
EXO-200 100 0.55 1.5 100 0.55 0.81 6 4.2 75-170
Kaml.-Zen 12800 0.55 0.05 250 0.31 0.023 4 2.6 90-220
Kaml.-Zen2 12800 0.55 0.01 250 0.31 0.06 22 15 40-90
GERDA-I 15 0.35 20 8 0.8 0.86 2 3.9 120-370
GERDA-II 35 0.35 1 6 0.85 0.88 20 18 60-170

experiments under construction
Major.-Dem. 30 0.35 1 6 0.9 0.9 20 17 60-170
CUORE 750 1 10 12 0.9 0.27 19 7.5 50-110
SNO+ 780000 1.5 0.0002 230 0.33 5.6E-5 3 0.8 100-240
NEXT 100 0.55 0.8 25 0.25 0.9 9 5.2 70-160

proposed experiments
S.NEMO 100 1.1 0.1 200 0.2 0.9 14 6.9 55-140
Lucifer 100 1.1 1 10 0.9 0.5 50 19 33-85

and the upgrade to one ton xenon mass. For comparison, the FOM numbers, the expected 90%
C.L. T 0⌫

1/2 limits for 4 yr of live time, and the corresponding m�� limits are given. For the latter,
the entire spread of the matrix elements of Fig. 1 including the error bars are used.

For running (and past) experiments the achieved performance values are used which might
improve with time. For the others the anticipated performance numbers are taken.

As a graphical representation, the relative sensitivity of the experiments as a function of live
time is shown in Fig. 3 This value is calculated from Eq. (8) by

T̂
0⌫
1/2 >

fA · ✏ · ⌘ ·M · t
 (B ·�E ·M · t) (15)

Here  (�bkg) is the “average” 90% C.L. upper limit of the number of signal events for �bkg

background events calculated according to the method discussed in [64].
A few comments should be made concerning the interpretation of Tab. 4 and Fig. 3.

• The factor fA and hence FOM has a full spread (not �) of ⇡ ± 30%-70%. Thus the curves
in Fig. 3 could be replaced by bands which would make the figure however unreadable.

• The sensitivities discussed here are calculated for 0⌫�� exclusion limits. For a positive signal
claim, the situation is di↵erent. A good energy resolution like the ones for germanium or
bolometer experiments will allow to identify a narrow line at the correct energy. This is
extremely valuable if the existence of the rarest ever observed decay will be claimed.

NEMO

Neutrino Ettore Majorana Observatory

modern times

~ 100 people
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60
27Co !60

26 Ni + e + ⌫̄e (1)
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P VIOLATION 

parity broken maximally

Wu et al 1956

spin:        5 ! 4 + 1/2 + 1/2 (1)
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Standard Model

Glashow    Weinberg       Salam  1961-68 
L-R  symmetry  

broken completely

)

)(

(

L

L

L

L
R

R

R

LH particles - weak force RH particles - no weak force 

quarks and electron 
are 

massless

JW
µ = ūL�µdL + ⌫̄L�µeL
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talk about waiting
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•vacuum filled with Higgs field

•gives mass to W, Z, quarks and leptons

•new force proportional to mass

•s=0, charge =0 - hard to produce



Higgs boson `god’s particle’

Lederman 

`goddamn particle’

talk about waiting

Higgs   1964

discovered in 2012@LHC - 
Tevatron not sufficient :(

•vacuum filled with Higgs field

•gives mass to W, Z, quarks and leptons

•new force proportional to mass

•s=0, charge =0 - hard to produce
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gets mass through Higgs mechanism
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Question: neutrino mass the same?

Question - equally if not more important:  
  nature of neutrino mass? Majorana?
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Origin of mass = Higgs mechanism

�(h ! pp̄) / m2
p

decays of Higgs boson predicted

any particle p (say quarks and leptons) that  
gets mass through Higgs mechanism

Weinberg  1967

A personal touch 

Question: neutrino mass the same?

Question - equally if not more important:  
  nature of neutrino mass? Majorana?



 The theory 



Standard Model = neutrino massless

no νR

no neutrino mass

L-R  symmetry  
broken completely

)
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(

L

L

L

L
R

R

R

neutrino mass forbidden by SM 
structure/symmetry
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Left-Right Symmetric Model
Pati, Mohapatra, Salam   1974

Mohapatra, GS   1975
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neutrino is massive!

Neutrino mass long 
before experiment



L-R symmetry breaking

Spontaneous Senjanovic ’79

Mohapatra, Senjanovic ‘75

mWR � mWL

New “weak" force felt by 
right-handed particles   

- at high energy

New mediators 
very heavy 

Neutrino mass predicted 
long before experiment
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LR: Neutrino is a Majorana particle

Dirac mass, small: 
combines L and R

Majorana mass, large:    
R has mass by itself
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seesaw mechanism -  
main scenario for understanding  

the lightness of neutrino
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Gell-Mann, Ramond, Slansky 

Glashow 1977-1979



Seesaw - art at the wall



Seesaw - art at the wall

US - Mexico border



Seesaw - art at the wall

US - Mexico border



Beall, Bander, Soni ‘81

MWR & 3000GeV MW = 80GeV

minimal model

wait for LHC

(                     )

1980’s: Scale disaster



Large Hadron Collider

proton on proton
CMS detector

ATLAS detector 

truly modern times

~ 3500 people

CMS detector

ring 27 km 

Compare with Tevatron 
ring ~ 10 km



From Majorana to LHC
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N = Majorana particle

Keung, GS   1983
… and back



N = Majorana particle decays equally into positron

Keung, GS   1983
… and back



Neutrino and Higgs

Nemevsek, Senjanovic, Tello   2012

�(N ! We) / m⌫m
2
N/m2

W

program of verifying Higgs mechanism for neutrino: 
analog of Higgs-Weinberg for quarks and electron

and a number of similar decays

testable at LHC

Senjanovic, Tello   2016, 2018



CMS, ATLAS:  
dedicated search

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 ZR), 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 (mWR > mNR), the on-shell WR mass can be reconstructed from the invariant mass
of the `` j j system, whereas, when mNR > mWR, 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 N

e
R and N

µ
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).
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Figure 1: The KS process, for (a) the mWR > mNR case and (b) the mNR > mWR 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].
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Need to know how to wait :)

CMS, ATLAS:  
dedicated search

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 ZR), 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 (mWR > mNR), the on-shell WR mass can be reconstructed from the invariant mass
of the `` j j system, whereas, when mNR > mWR, 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 N
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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].
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•could resolve the mystery of L-R symmetry in Nature 

• could probe the Majorana nature of neutrino
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New source for double beta                
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Strong Interaction: QCD  
(Quantum chromodynamics):

strong force (-> nuclear) =  
messengers gluons

“color” charge

gluons have “color” 
too...

spin=1 

proton
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Standard Model of all Interactions * 

* but gravity: negligible

38 orders of magnitude weaker than electromagnetic

why does gravity matter?

zero charge
⊙ sun - 1050 particles

•electromagnetic 

•weak 

•strong

photon

gluons

W, Z 
bosons

why does matter gravitate?


