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ν Oscillations

From E. Lisi
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ν Oscillations: robustness  

Neutrino Oscillations:

➢ Different neutrino sources and oscillation channels point to the 
same set of mass and mixing parameters → 3 flavor mixing

Koshio, Neutrino2022
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Quantum mechanical ν Oscillations
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➢ 5 parameters: measured with 
rather high accuracies

➢ Mass ordering, CP violation 
to be determined

Global picture
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Neutrino mass ordering & CP

@Nu2020 @Nu2020

SK@Nu2020

Schwetz@Nu2022
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Neutrino mass spectrum
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2105.08533

<0.8 eV (90 C.L.)

Future Prospect:

➢ KATRIN: 200 meV

➢ Systematic limit: ~100 meV

➢ Project 8: 40 meV

Snowmass 2021 

Absolute neutrino masses: beta-decay
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Absolute neutrino masses: cosmology

PDG 2020

Cosmology: sum of neutrino masses

➢ Data sets and model dependence

➢ Current best limit: ~120 meV

➢ Future projection  → 60 meV

1903.03689
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ν masses: Dirac versus Majorana 

Two possibilities to 
define neutrino mass:

➢ Dirac mass

➢ Majorana mass

Left & right 
handed ν’s

Lepton 
number 
conservation

Only left 
handed ν’s

Lepton 
number 
violation
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ν masses: Dirac versus Majorana 
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ν masses: Dirac versus Majorana 

No Majorana Neutrino Mass in the SM

Needs Y= +2 Higgs triplet (type II), or (type I)
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Dirac and Majorana mass Lagrangian

Seesaw: 
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Low energy 3ν Majorana mixing
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In ν Oscillations Dirac = Majorana
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Majorana-Dirac confusion theorem

Practical Majorana-Dirac 
Confusion Theorem

➢ Only left-handed 
weak interactions 
exist

➢ Experiments with 
neutrinos of negative 
helicity and 
antineutrinos of 
positive helicity

➢ The Majorana Dirac 
difference ~ m2

ν

➢ Best Bet: 𝟎ν𝟐𝜷-decay
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Neutrinoless Double-Beta Decay
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Goeppert Mayer (1935)

Furry (1939)

arXiv:2203.12169, 2203.12169, 1902.04097 etc. 
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➢ gives a propagator 
only if ν and νc are the same field

→ Majorana neutrinos

→

→ For light active neutrinos: 

The 𝟎ν𝟐𝜷-decay rate
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The 𝟎ν𝟐𝜷-decay signature
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Nuclear Matrix Elements

See also review, arXiv:1610.06548.

http://arxiv.org/abs/1610.06548
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Nuclear Matrix Elements
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Nuclear Matrix Elements
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Nuclear Matrix Elements



25

Effective Majorana Neutrino Mass

➢ 7 out of 9 parameters of light Majorana neutrinos !

➢ Neutrino oscillation and non-oscillation measurements contribute 
to the prediction of m𝜷𝜷 !
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Experimental Bounds (90 C.L.)
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Effective neutrino mass from 𝟎ν𝟐𝜷-decay 

𝟎ν𝟐𝜷-decay: effective neutrino mass limit as in 2021
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Light ν mechanism: current limits 

Fang, Li, Zhang, In prep.
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m𝜷𝜷 : Decomposition 

1505.00978

Three different 
regions:

➢ QD: 

m1/3>10 meV

➢ Hierarchical:

m1/3<1 meV

➢ Cancelation:

[1, 10] meV
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I: Quasi-Degenerate region

➢ Extraction of the CP phase 
by comparing with beta 
decay or cosmology probe
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II: Hierarchical Region

➢ Independent of the absolute neutrino masses (NO & IO) 
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III: Cancelation region

Xing & Zhao, 1612.08538: The critical threshold point is just ~1 meV ! 
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Fine structure: towards the meV goal

1908.08355
➢ The critical threshold point 

could serve as the ultimate 

goal for 0ν2𝜷 searches.

➢ The possibility of falling 
into the well is very small.

➢ Have unique (otherwise 
impossible) constraints on 
non-oscillation parameters
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Implications for beta-decay and cosmology

➢ (much) better than the projected sensitivities of future beta decay 
and cosmology probes!
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Sensitivity:

Background free

Background dominate

➢ A factor of 2 on the 

mass needs factor of 

16 in M × t × B × ΔE

➢ Very challenging 

improvement for ton-

scale experiments or 

even more

Experimental Design

Better

B
e
tt

e
r
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A brief history

• 1935 Mayer proposed double beta decay

• 1937 Majorana fermion proposed

• 1939 Furry proposed neutrinoless double beta decay

• 1948 – first counter experiment (Geiger counters, 

T1/2(0ν) > 3·1015 y)

• 1950 – first evidence for 2β2ν decay of 130Te in first 

geochemical experiment: T1/2 ~ 1.4·1021 y

• 1950-1965 – a few tens experiments with sensitivity

~ 1016-1019 y

• T1/2(
76Ge) > 5 · 1021 y; Ge(Li) detector, 1973 (E. Fiorini et al.)

• T1/2(
48Ca) > 2 · 1021 y; streamer chamber + magnetic field + 

plastic scint., 1970 (C. Wu et al.)

• T1/2(
82Se) > 3.1 · 1021 y; streamer chamber + magnetic field + 

plastic scint., 1975 (C. Wu et al.)

• 1987 first detection of evidence for 2β2ν decay 82Se
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Beijing experiment
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Crystal weight: 37369.5 g
48Ca mass: 43.0 g

Phys. Lett. B 265 (1991) 53-56

ICHEP 90, proceedings
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Ettore Fiorini, Nuclear Physics B (Proc. Suppl.) 168 (2007) 11–16

Nuclear Physics A 730 (2004) 215–223

Latest 48Ca
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An active and competitive community (2010s-2020s)
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76Ge
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100Mo
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136Xe
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136Xe or 130Te
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JUNO-ββ
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国内研究

From Liangjian Wen 
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Schechter Valle theorem

Liu, Zhang, Zhou 10-28 eV (2016)
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Mass probe correlation

➢ What is the interpretation if out of the standard region? 
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Non-Standard Interpretations

From Rodejohann
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Heavy ν mechanism: different probes

Nuclear matrix element exchange:

Short range operators

Can also be probed in other 

experiments.

Seesaw relation gives another 

constraint.
1502.06541
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Heavy ν mechanism: current limits 

Fang, Li, Zhang, In prep.
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LNV process beyond 0νββ ?

Other process may test the Majorana-Dirac properties:

(1) LNV rare decay of B and D mesons

(2) Neutrino-antineutrino oscillation process (Pontecorvo’s initial dream) 

(3) LNV same-sign di-lepton signal at collider 

(4) Cosmic neutrino background detection

(5) Neutrino electro-magnetic properties

(6) Atomic process
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Ultra-relativistic nus always with (m/E)2

From W. Rodejohann
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Detection of CNB

Cocco et al (2007)

Li, Xing (2010)
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PTOLEMY
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PTOLEMY

➢ Clustering effect: ➢ New physics effect: 
Chen & Trautner (2015) 

Zhang & Zhou (2016)

https://inspirehep.net/authors/1013861
https://inspirehep.net/authors/1272303
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What if 0ν2𝜷 is observed?

Neutrinoless double beta decay: neutrino nature and masses!

➢ After the discovery of 0ν2𝜷

Distinguishing Mechanisms:

➢ Comparison of different mass probes: agreement or not ?

➢ Other contributions:  light/heavy sterile neutrinos, and more …

➢ Decay products

individual electron energies, angular correlations, spectrum

➢ Nuclear aspects

multiple isotopes, decay to excited states, 0νECEC,

Thank you !



58



59

Discussion

a) Experimental efforts beyond 1028 years

isotope purchase, background etc.

b) Nuclear matrix elements

c) Beyond 0ν2𝜷

d) If observed, what mechanism?
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Oscillation Types 
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Categories of neutrino oscillations-I
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Categories of neutrino oscillations-II
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Categories of neutrino oscillations-III
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Role of Precision Measurement (JUNO)
JUNO Physics Book: 1507.056131

Cao et.al, 1908.08355

➢ Precision measurement can eliminate (almost) all the 
uncertainties from oscillation parameters
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Global picture

Unknowns

➢ Mass ordering, CP violation, More new physics

➢ Dirac or Majorana Nature, Absolute neutrino masses, …… 
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Why different?
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Short baseline oscillations: Anomalies?
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𝟎ν𝟐𝜷-decay: the effective mass

Effective 

mass
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