
Why neutrino masses are so small?

mt = 174.3 ± 5.1 GeV 
mb = (4.0-4.5) GeV

mτ = 1776.99 ± 0.29 MeV

neutrinos:    50meV < m3 < 1eV 

GAP:
6 orders of magnitude

Mass generation in SM:
Charged (and Z0 ) particles aquire mass
via coupling to Higgs boson

Is this true for neutrinos?
The different order of magnitude of their masses
might hint to other nature of mass generation



Majorana Particles
Because neutrinos carry no electric charge
(and no color charge), there is the possibility:

particle ≡ anti-particle

Majorana particle

particle

anti-particle (charge conjugate field): Tc C =

M

c

M  =for a Majorana particle:

But what about experiments?

Anti-neutrinos(reactor): 

Neutrinos (solar):  
-3737 eArCl +→+ev
-3737 eArCl +→+ev

observed!

not observed!

There are two different states per flavor
but the difference could be due to left-handed and right-handed states!

-3737 eArCl +→+eRv

-3737 eArCl +→+eLv

Ettore Majorana
1906 – 1938?

Very mysterious biographie, see for example: 
Antonino Zichichi: Ettore Majorana: genius and mystery. Cern Courier, 24. Juli 2006 (englisch)

http://cerncourier.com/cws/article/cern/29664


Nature of Neutrino Mass 

Neutrino fields v(x) with mass m are described by the Dirac equation:
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This leads to a system of two coupled equations:

0=− RL mvvi 
 0=− LR mvvi 



With m=0 one obtains the decoupled Weyl equations:

0, = RLvi 


From Goldhaber experiment one knows that vL is realized.
With m=0 there is no need to have vR. 
Therefore, there were no vR in the Standard Model.

4 component spinor

2 components each



Dirac mass term..chvvmL LRD +−=

Dirac Mass Term

The neutrino mass term in L could have exactly the same form
as the mass term of the quarks and charged leptons:

Lv
Rv

m

Must add vR (right handed SU(2) singlets) to standard model!

Problem: When the mechanism is the same,
why are the masses so small?

Or: why should couplings to Higgs be so different?

Lepton number is conserved!

Footnote: A Lorentz invariant mass term must link a chirally left-handed field with a chirally
right handed field



Majorana Mass Term
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Footnote: A Lorentz invariant mass term must link a chirally left-handed field with a chirally
right handed field
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Lepton number violation!
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Construct the Majorana fields:

c)( 2,12,1  =

Eigenstates of the interaction:  vL and vR

Mass eigenstates:  Φ1 (mass mL), Φ2 (mass mR)



Most general case: Dirac-Majorana Mass Term

( ) h.c.  
)(

)(,2 +




















=−

R

c

L

RD

DLc

RLDM
v

v

mm

mm
vvL

mass matrix M

mass term for each flavor:

In order to obtain the mass eigenstates one must diagonalize M:
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with the mass eigenstates:
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What if…
1. mL = mR = 0:         pure Dirac case

θ = 45, m1=m2=mD.
2 degenerate Majorana states
can be combined to form 1 Dirac state.

2. mD = 0:                  pure Majorana case
θ = 0, m1=mL m2=mR

3. mR≫mD,  mL= 0:   seesaw model
θ = mD/mR≪ 1
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per neutrino flavor:  one very light Majorana neutrino v1L = vL

one very heavy Majorana neutrino v2L = (vR)c

mD of the order of lepton masses, mR reflects scale of new physics
⇒ explains small neutrino masses!

mR

mD
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Which isotopes can do ββ-decays?

Examples:

forbidden

allowed
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Neutrinoless Double Beta Decay
0vββ decay
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Neutrinoless Double Beta Decay:    Rate and Neutrino mass
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Effective neutrino mass in 0νββ-decay:
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Compare to β-decay:

Phase space factor
Transition matrix element

Effective neutrino mass



from A.S.Barabash arXiv:1003.1005

Meanwhile measured: 
2v Double Beta Decay

Double Beta Decay Candidates:



GERDA at LNGS



Ge Detectors of GERDA (enriched in 76Ge)



Water Tank for GERDA Muon Veto



Fighting the background
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GERDA Phase II final results on 0vββ-decay
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1000t

liquid

scintillator
(20%PC,80%Dodekan)

1800 PMTs

KAMLAND KAMLAND - ZEN

KamLAND-Zen 800: 745kg enriched Xe (90% 136Xe)
started 2019  
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arXiv:2203.02139v2: „Search for the Majorana Nature of Neutrinos in the Inverted Mass Ordering Region with KamLAND-Zen“

KamLAND-Zen: recent results

<
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Status of 0vββ experiments: Kamland-Zen(Xe), Gerda(Ge), Cuore(Te)
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Thank you!


