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Implications of neutrino mass
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Neutrinos

“The excess of matter over antimatter in the universe is one of the
most compelling mysteries in all of science.”

t

Majorana neutrinos, which break lepton number,
could help explain the matter-antimatter asymmetry
in the universe and may be tied to the mystery of
small n masses via the Seesaw Mechanism.

“Dirac” neutrinos

n≠n

“Majorana” neutrinos

n=n
2

Double beta decay (2nbb and 0nbb)

M.Goeppert-Mayer,
Phys. Rev. 48
(1935) 512

This lepton number violating
process can only occur for a
Majorana neutrino!

Atomic number (Z)

The remarkable sensitivity of 0nbb searches is due to the power of Avogadro’s Number.
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Lots of candidate nuclei: 76Ge, 82Se, 100Mo, 130Te, 136Xe

Neutrinoless double beta decay
2nbb spectrum
(normalized to 1)

0nbb peak (5% FWHM)
(normalized to 10-6)

0nbb peak (5% FWHM)
(normalized to 10-2)
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(light Majorana neutrino exchange mechanism ONLY)
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Effective Majorana mass
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Using the standard representation of the PNMS matrix, the
effective Majorana neutrino mass is given as:
mββ = m1 × (1 - sin 2θ12 ) × (1 - sin 2θ13 ) +

m 2 × sin 2θ12 × (1 - sin 2θ13 ) × ei×(α 2 -α1 ) +
m3 × sin 2θ13 × e -i×α3

The three CP phases α1, α2, and α3 are unknown. This uncertainty
is expressed by varying:
mββ = m1 × (1 - sin 2θ12 ) × (1 - sin 2θ13 ) ± (1) m 2 × sin 2θ12 × (1 - sin 2θ13 )
± (2 ) m3 × sin 2θ13
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Effective Majorana mass
Phase space considering light Majorana
neutrino exchange mechanism ONLY.
mββ = m1 × (1 - sin 2θ12 )× (1 - sin 2θ13 ) +

m2 × sin 2θ12 × (1 - sin 2θ13 )× ei×(α 2 -α1 ) +
m3 × sin 2θ13 × e -i×α3

If a different underlying mechanism is
dominant, the relationship between the
observed half-life and neutrino mass may
be even more complicated, but the
discovery always implies new physics.
Plot courtesy Andreas Piepke.
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Nuclear physics considerations
Engel and Menendez, Reports on Progress in Physics 80, 046301 (2017)
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•

The uncertainties on individual isotopes are related to
nuclear structure.

•

In addition there is an overall uncertainty (not shown)
on the effective value to be used for gA.

•

The product of specific phase space and nuclear matrix
element does not clearly identify one isotope as the
ideal target for 0nbb search.

Reach of a particular experiment requires
knowledge of nuclear matrix elements for that
isotope. Ideally, we would observe 0nbb in more
8
than one isotope.

How to search for 0nbb?

KamLAND-Zen

•Large exposure
•High isotopic abundance
•Good energy resolution
•Low background
•High detection efficiency

There are multiple promising technologies that
search for 0nbb in different isotopes.

EXO-200
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EXO-200 0nbb search with complete dataset

Combined Phase I + II:

Total exposure = 234.1 kg.yr
Sensitivity 5.0x1025 yr
Limit T1/20νββ > 3.5 x 1025 yr (90% C.L.)
〈mββ〉 < (93 – 286) meV

The experiment:
• Ultralow background single phase
liquid Xe time projection chamber.
• ~100 kg Xe fiducial mass
enriched to 80% in 136Xe.
• Readout plane made up of
LAAPDs (scintillation) and
crossed wire grids (ionization).
• Data taking in two phases:
• Phase I from 2011-2014
• Phase II (with upgrades)
from 2016-2018.
The analysis:
• Single site (SS)/multi-site (MS)
discrimination
• New 0n discriminator built using a
deep neural network (DNN)
• 3-dimensional fit in both SS and
MS: Energy+DNN+standoff
distance.
[Phys. Rev. Lett. 123, 161802] 10

Current experimental sensitivities >1025 y
Isotope Experiment

76Ge

130Te

136Xe

Exposure
(kg yr)

Average
Half-life limit
half-life
(1025 y)
sensitivity 90% C.L.
(1025 y)

Effective mass
limit (meV)
Range from NME*

Reference

GERDA

103.7

18

> 18

< 80-180

Kermaïdic presentation at
Neutrino 2020

MJD

26

4.8

> 2.7

< 200-433

Alvis et al. PRC 100,
025501 (2019)

CUORE

103.6

1.7

> 3.2

< 75-350

Adams et al. PRL 124,
122501 (2020)

EXO-200

234.1

5.0

> 3.5

< 93-286

Anton et al. PRL 123,
161802 (2019)

5.6

> 10.7

< 60-161

Gando et al., PRL 117,
082503 (2016)

KamLAND-ZEN 504

*Note that the range of NME is chosen by the experiments, and uncertainties related to gA are not included.

To increase sensitivity, the next generation of experiments will be at the tonne scale.
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Discovery potential

Some tonne-scale
experiments can
achieve half-life
sensitivity of ~1028 y
with significant
discovery potential.
Analysis assumes free
value of gA and uses a
Bayesian
analysis with flatly
distributed priors.
Agostini, Benato,
Detwiler, PRD 96
(2017) 053001
See also A. Caldwell
et al., PRD 96 (2017)
073001
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100Mo

100Mo

100Mo

nextnext

76Ge

130Te

136Xe

136Xe

136Xe

136Xe

Figure from M. Pavan (2020)
Methodology from Phys. Rev. D96, 053001 (2017)

Discovery potential of next gen experiments
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Conclusions
• 0nbb is the most practical way to test the Majorana nature of neutrinos.
• An observation of 0nbb always implies new physics!
• Results from ~100 kg yr searches are here with sensitivities to half-lives > 1025 yr! No
discovery yet…
• Tonne-scale searches for 0nbb have significant discovery potential and are
complementary to other efforts in particle physics and cosmology.
• The underlying physics of neutrino mass is within reach.
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