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An Origin Story:  The Neutrino

The Missing Energy and the
Neutrino Hypothesis

During the early decades of this 
entury, when radioactivity was first
eing explored and the structure of the
tomic nucleus unraveled, nuclear beta
ecay was observed to cause the trans-

mutation of one element into another.
n that process, a radioactive nucleus
mits an electron (or a beta ray) and 
ncreases its positive charge by one 
nit to become the nucleus of another
lement. A familiar example is the beta
ecay of tritium, the heaviest isotope 
f hydrogen. When it undergoes beta
ecay, tritium emits an electron and
urns into helium-3. 

The process of beta decay was 
udied intensely. In particular, 

cientists measured the energy of the
mitted electron. They knew that a 
efinite amount of nuclear energy was
eleased in each decay reaction and
hat, by the law of energy conservation,
he released energy had to be shared by 
he recoil nucleus and the electron. 

The requirements of energy conser-
ation, combined with those of momen-
um conservation, implied that the 
lectron should always carry away the
ame amount of energy (see the box
Beta Decay and the Missing Energy”
n the facing page). That expectation
eemed to be borne out in some experi-

ments, but in 1914, to the great conster-
ation of many, James Chadwick
howed definitively that the electrons
mitted in beta decay did not have one
nergy or even a discrete set of ener-
ies. Instead, they had a continuous
pectrum of energies. Whenever the
lectron energy was at the maximum
bserved, the total energy before and
fter the reaction was the same, that is,
nergy was conserved. But in all other
ases, some of the energy released in
he decay process appeared to be lost. 

In late 1930, Wolfgang Pauli 
ndeavored to save the time-honored
aw of energy conservation by propos-
ng what he himself considered a 
desperate remedy” (see the box “The

Desperate Remedy” on this page)—

4 December 1930
Gloriastr.

Zürich
Physical Institute of the
Federal Institute of Technology (ETH)
Zürich
Dear radioactive ladies and gentlemen,
As the bearer of these lines, to whom I ask you to listen

graciously, will explain more exactly, considering the
‘false’ statistics of N-14 and Li-6 nuclei, as well as the
continuous b-spectrum, I have hit upon a desperate remedy 
to save the “exchange theorem”* of statistics and the energy
theorem. Namely [there is] the possibility that there could
exist in the nuclei electrically neutral particles that I
wish to call neutrons,** which have spin 1/2 and obey the
exclusion principle, and additionally differ from light quan-
ta in that they do not travel with the velocity of light:
The mass of the neutron must be of the same order of magni-
tude as the electron mass and, in any case, not larger than
0.01 proton mass. The continuous b-spectrum would then become
understandable by the assumption that in b decay a neutron
is emitted together with the electron, in such a way that
the sum of the energies of neutron and electron is constant.

Now, the next question is what forces act upon the neu-
trons. The most likely model for the neutron seems to me to
be, on wave mechanical grounds (more details are known by
the bearer of these lines), that the neutron at rest is a
magnetic dipole of a certain moment m. Experiment probably
required that the ionizing effect of such a neutron should
not be larger than that of a g ray, and thus m should prob-
ably not be larger than e.10-13 cm.

But I don’t feel secure enough to publish anything 
about this idea, so I first turn confidently to you, dear 
radioactives, with a question as to the situation concerning
experimental proof of such a neutron, if it has something
like about 10 times the penetrating capacity of a g ray.

I admit that my remedy may appear to have a small a
priori probability because neutrons, if they exist, would
probably have long ago been seen. However, only those who
wager can win, and the seriousness of the situation of the
continuous b-spectrum can be made clear by the saying of my
honored predecessor in office, Mr. Debye, who told me a short
while ago in Brussels, “One does best not to think about
that at all, like the new taxes.” Thus one should earnestly
discuss every way of salvation.—So, dear radioactives, put 
it to test and set it right.—Unfortunately, I cannot 
personally appear in Tübingen, since I am indispensable here
on account of a ball taking place in Zürich in the night
from 6 to 7 of December.—With many greetings to you, also to
Mr. Back, your devoted servant,

W. Pauli

*In the 1957 lecture, Pauli explains, “This reads: exclusion
principle (Fermi statistics) and half-integer spin for an odd
number of particles; Bose statistics and integer spin for an
even number of particles.”

This letter, with the footnote above, was printed in the September 1978 issue of 
Physics Today.

**Pauli originally called the new particle the neutron (or the “neutral one”). Later, Fermi 
renamed it the neutrino (or the “little neutral one”). 

Number 25  1997  Los Alamos Science  

The Reines-Cowan Experiments

Beta Decay and the Missing Energy

In all types of radioactive decay, a radioactive nucleus does not only emit alpha, beta, or gamma radiation, but it also converts
mass into energy as it goes from one state of definite energy (or equivalent rest mass M1) to a state of lower energy (or smaller
rest mass M2). To satisfy the law of energy conservation, the total energy before and after the reaction must remain constant, so
the mass difference must appear as its energy equivalent (kinetic energy plus rest mass energy) among the reaction products. 

Early observations of beta decay suggested that a nucleus 
decays from one state to a state with one additional unit of
positive charge by emitting a single electron (a beta ray). 
The amount of energy released is typically several million
electron volts (MeV), much greater than the rest mass energy
of the electron (0.51 MeV). Now, if a nucleus at rest decays
into two bodies—the final nucleus and the electron—the law 
of momentum conservation implies that the two must separate
with equal and opposite momentum (see top illustration).
Thus, conservation of energy and momentum implied that the
electron from a given beta-decay process would be emitted
with a constant energy.

Moreover, since a nucleus is thousands of times heavier than
an electron, its recoil velocity would be negligible compared with
that of the electron, and the constant electron energy would
carry off just about all the energy released by the decay.

The graph (center) shows the unexpected results obtained
from experiment. The electrons from beta decay were not
emitted with a constant energy. Instead, they were emitted
with a continuous spectrum of energies up to the expected
value. In most instances, some of the energy released in the
decay appeared to be lost. Scientists of the time wondered
whether to abandon the law of energy conservation when 
considering nuclear processes.

Three-Body Decay and the Neutrino Hypothesis. 
Pauli’s solution to the energy crisis was to propose that the
nucleus underwent beta decay and was transformed into three
bodies: the final nucleus, the electron, and a new type of 
particle that was electrically neutral, at least as light as the
electron, and very difficult to detect (see bottom illustration).
Thus, the constant energy expected for the electron alone was
really being shared between these two light particles, and the
electron was being emitted with the observed spectrum of 
energies without violating the energy conservation law. 

Pauli made his hypothesis in 1930, two years before Chadwick
discovered the neutron, and he originally called the new parti-
cle the neutral one (or neutron). Later, when Fermi proposed his famous theory of beta decay (see the box “Fermi’s Theory of
Beta Decay and Neutrino Processes” on the next page), he renamed it the neutrino, which in Italian means the “little neutral one.” 
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• Tritium (an isotope of hydrogen) 
beta decays to Helium-3

• Tritium has 1 proton & 2 neutrons
• Helium-3 has 2 protons & 1 

neutron

• If we were to observe many beta 
decays of tritium, we would expect 
that the emitted electron would 
have the same energy in each 
decay.

• It is observed to have different 
energies.
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 [This is a translation of a machine-typed copy of a letter that Wolfgang Pauli sent to a group of physicists 
meeting in Tübingen in December 1930. Pauli asked a colleague to take the letter to the meeting, and the 
bearer was to provide more information as needed.]  
 

Copy/Dec. 15, 1956 PM  
Open letter to the group of radioactive people at the  
Gauverein meeting in Tübingen. 
 
Copy  
 
Physics Institute         Zürich, Dec. 4, 1930 
of the ETH          Gloriastrasse 
Zürich        
 

Dear Radioactive Ladies and Gentlemen,  
 

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more 
detail, because of the "wrong" statistics of the N- and Li-6 nuclei and the continuous beta spectrum, I 
have hit upon a desperate remedy to save the "exchange theorem" (1) of statistics and the law of 
conservation of energy. Namely, the possibility that in the nuclei there could exist electrically neutral 
particles, which I will call neutrons, that have spin 1/2 and obey the exclusion principle and that further 
differ from light quanta in that they do not travel with the velocity of light. The mass of the neutrons 
should be of the same order of magnitude as the electron mass and in any event not larger than 0.01 
proton mass. - The continuous beta spectrum would then make sense with the assumption that in beta 
decay, in addition to the electron, a neutron is emitted such that the sum of the energies of neutron and 
electron is constant.  
 

Now it is also a question of which forces act upon neutrons. For me, the most likely model for the 
neutron seems to be, for wave-mechanical reasons (the bearer of these lines knows more), that the neutron 
at rest is a magnetic dipole with a certain moment μ. The experiments seem to require that the ionizing 
effect of such a neutron can not be bigger than the one of a gamma-ray, and then μ is probably not 
allowed to be larger than e • (10

-13
cm).  

 
But so far I do not dare to publish anything about this idea, and trustfully turn first to you, dear 

radioactive people, with the question of how likely it is to find experimental evidence for such a neutron 
if it would have the same or perhaps a 10 times larger ability to get through [material] than a gamma-ray.  

 
I admit that my remedy may seem almost improbable because one probably would have seen 

those neutrons, if they exist, for a long time. But nothing ventured, nothing gained, and the seriousness of 
the situation, due to the continuous structure of the beta spectrum, is illuminated by a remark of my 
honored predecessor, Mr Debye, who told me recently in Bruxelles: "Oh, It's better not to think about this 
at all, like new taxes." Therefore one should seriously discuss every way of rescue. Thus, dear radioactive 
people, scrutinize and judge. - Unfortunately, I cannot personally appear in Tübingen since I am 
indispensable here in Zürich because of a ball on the night from December 6 to 7. With my best regards to 
you, and also to Mr. Back, your humble servant  

 
signed W. Pauli  

 
[Translation: Kurt Riesselmann] 
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ases, some of the energy released in
he decay process appeared to be lost. 

In late 1930, Wolfgang Pauli 
ndeavored to save the time-honored
aw of energy conservation by propos-
ng what he himself considered a 
desperate remedy” (see the box “The

Desperate Remedy” on this page)—

4 December 1930
Gloriastr.

Zürich
Physical Institute of the
Federal Institute of Technology (ETH)
Zürich
Dear radioactive ladies and gentlemen,
As the bearer of these lines, to whom I ask you to listen

graciously, will explain more exactly, considering the
‘false’ statistics of N-14 and Li-6 nuclei, as well as the
continuous b-spectrum, I have hit upon a desperate remedy 
to save the “exchange theorem”* of statistics and the energy
theorem. Namely [there is] the possibility that there could
exist in the nuclei electrically neutral particles that I
wish to call neutrons,** which have spin 1/2 and obey the
exclusion principle, and additionally differ from light quan-
ta in that they do not travel with the velocity of light:
The mass of the neutron must be of the same order of magni-
tude as the electron mass and, in any case, not larger than
0.01 proton mass. The continuous b-spectrum would then become
understandable by the assumption that in b decay a neutron
is emitted together with the electron, in such a way that
the sum of the energies of neutron and electron is constant.

Now, the next question is what forces act upon the neu-
trons. The most likely model for the neutron seems to me to
be, on wave mechanical grounds (more details are known by
the bearer of these lines), that the neutron at rest is a
magnetic dipole of a certain moment m. Experiment probably
required that the ionizing effect of such a neutron should
not be larger than that of a g ray, and thus m should prob-
ably not be larger than e.10-13 cm.

But I don’t feel secure enough to publish anything 
about this idea, so I first turn confidently to you, dear 
radioactives, with a question as to the situation concerning
experimental proof of such a neutron, if it has something
like about 10 times the penetrating capacity of a g ray.

I admit that my remedy may appear to have a small a
priori probability because neutrons, if they exist, would
probably have long ago been seen. However, only those who
wager can win, and the seriousness of the situation of the
continuous b-spectrum can be made clear by the saying of my
honored predecessor in office, Mr. Debye, who told me a short
while ago in Brussels, “One does best not to think about
that at all, like the new taxes.” Thus one should earnestly
discuss every way of salvation.—So, dear radioactives, put 
it to test and set it right.—Unfortunately, I cannot 
personally appear in Tübingen, since I am indispensable here
on account of a ball taking place in Zürich in the night
from 6 to 7 of December.—With many greetings to you, also to
Mr. Back, your devoted servant,

W. Pauli

*In the 1957 lecture, Pauli explains, “This reads: exclusion
principle (Fermi statistics) and half-integer spin for an odd
number of particles; Bose statistics and integer spin for an
even number of particles.”

This letter, with the footnote above, was printed in the September 1978 issue of 
Physics Today.

**Pauli originally called the new particle the neutron (or the “neutral one”). Later, Fermi 
renamed it the neutrino (or the “little neutral one”). 
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Beta Decay and the Missing Energy

In all types of radioactive decay, a radioactive nucleus does not only emit alpha, beta, or gamma radiation, but it also converts
mass into energy as it goes from one state of definite energy (or equivalent rest mass M1) to a state of lower energy (or smaller
rest mass M2). To satisfy the law of energy conservation, the total energy before and after the reaction must remain constant, so
the mass difference must appear as its energy equivalent (kinetic energy plus rest mass energy) among the reaction products. 

Early observations of beta decay suggested that a nucleus 
decays from one state to a state with one additional unit of
positive charge by emitting a single electron (a beta ray). 
The amount of energy released is typically several million
electron volts (MeV), much greater than the rest mass energy
of the electron (0.51 MeV). Now, if a nucleus at rest decays
into two bodies—the final nucleus and the electron—the law 
of momentum conservation implies that the two must separate
with equal and opposite momentum (see top illustration).
Thus, conservation of energy and momentum implied that the
electron from a given beta-decay process would be emitted
with a constant energy.

Moreover, since a nucleus is thousands of times heavier than
an electron, its recoil velocity would be negligible compared with
that of the electron, and the constant electron energy would
carry off just about all the energy released by the decay.

The graph (center) shows the unexpected results obtained
from experiment. The electrons from beta decay were not
emitted with a constant energy. Instead, they were emitted
with a continuous spectrum of energies up to the expected
value. In most instances, some of the energy released in the
decay appeared to be lost. Scientists of the time wondered
whether to abandon the law of energy conservation when 
considering nuclear processes.

Three-Body Decay and the Neutrino Hypothesis. 
Pauli’s solution to the energy crisis was to propose that the
nucleus underwent beta decay and was transformed into three
bodies: the final nucleus, the electron, and a new type of 
particle that was electrically neutral, at least as light as the
electron, and very difficult to detect (see bottom illustration).
Thus, the constant energy expected for the electron alone was
really being shared between these two light particles, and the
electron was being emitted with the observed spectrum of 
energies without violating the energy conservation law. 

Pauli made his hypothesis in 1930, two years before Chadwick
discovered the neutron, and he originally called the new parti-
cle the neutral one (or neutron). Later, when Fermi proposed his famous theory of beta decay (see the box “Fermi’s Theory of
Beta Decay and Neutrino Processes” on the next page), he renamed it the neutrino, which in Italian means the “little neutral one.” 
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But I don’t feel secure enough to publish anything 
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I admit that my remedy may appear to have a small a
priori probability because neutrons, if they exist, would
probably have long ago been seen. However, only those who
wager can win, and the seriousness of the situation of the
continuous b-spectrum can be made clear by the saying of my
honored predecessor in office, Mr. Debye, who told me a short
while ago in Brussels, “One does best not to think about
that at all, like the new taxes.” Thus one should earnestly
discuss every way of salvation.—So, dear radioactives, put 
it to test and set it right.—Unfortunately, I cannot 
personally appear in Tübingen, since I am indispensable here
on account of a ball taking place in Zürich in the night
from 6 to 7 of December.—With many greetings to you, also to
Mr. Back, your devoted servant,

W. Pauli

*In the 1957 lecture, Pauli explains, “This reads: exclusion
principle (Fermi statistics) and half-integer spin for an odd
number of particles; Bose statistics and integer spin for an
even number of particles.”

This letter, with the footnote above, was printed in the September 1978 issue of 
Physics Today.

**Pauli originally called the new particle the neutron (or the “neutral one”). Later, Fermi 
renamed it the neutrino (or the “little neutral one”). 
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Thus, the constant energy expected for the electron alone was
really being shared between these two light particles, and the
electron was being emitted with the observed spectrum of 
energies without violating the energy conservation law. 
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discovered the neutron, and he originally called the new parti-
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The Ghost Particle

• Pauli had called his ghost particle the “neutron” but Enrico 
Fermi later changed it to “neutrino” to distinguish it from the 
neutron which makes up the mass of the nucleus 
(discovered by James Chadwich 1932)

• Pauli was uneasy with the idea of an undetectable particle:  
“something no theorist should every do”

• Idea caught on quickly.  Fermi worked out a complete 
theory of nuclear decays that included the neutrino within a 
few years of the Tübingen meeting.

• Hans Bethe and Rudolf Peierls understood that Fermi’s 
theory suggested a way by which the neutrino could be 
experimentally detected — but it would require a target 
light-years thick!

6
AP Photo - Enrico Fermi
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1953:  Project Poltergeist

copyright: Musee Curie

Clyde  
Cowan

Frederick 
Reines



copyright:  IN2P3

• Antineutrinos from  a reactor 
at Savanna River were the 
source.

• The detector was 11 m from 
the reactor and 12 m 
underground.

• Detector chamber was filled 
with 200 liters of water that 
had 40 kg of cadmium 
chloride dissolved.

• 1956 neutrinos were 
discovered by Cowan and 
Reines

8

The Experiment Set-Up



Neutrino

Richard Jones & 
Martin Warren 
(left to right)

Inserting Target 
Tank into the 
Detector Shield

Neutrino –Savannah River

Detector Design

Target Tanks (Blue)

between 
Scintillation 
Detectors (I,II,III)

1956 Detector @Savannah River
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Neutrino
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(left to right)
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Detector Shield

Neutrino –Savannah River
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Scintillation 
Detectors (I,II,III)

1956 Detector @Savannah River

Neutrino- Savannah River

Shielding, 
4 Feet 
Thick 

Bags of 
Soaked 
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Neutrinos from the Sun



- Ray Davis built a experiment in 
the Homestake mine (South 
Dakota) to detect neutrinos from 
fusion reactions inside the sun.

- Experiment consisted of 
100,0000 gallon tank of 
perchloroethylene (dry cleaning 
fluid).

- When neutrinos interacted the the 
chlorine (Cl) atoms they would 
change into argon (37Ar) atoms.

12



- Davis detected only about 1/3 the number of 
neutrinos predicted by theorists.

13

- Was there something wrong with the 
experiment?

- Was there something wrong with the 
standard solar model?



- In the 1990s the SNO experiment in 
Canada and the Kamiokande 
experiment Japan resolved the issue.

- Neutrinos came in three “flavors” — 
electron, muon and tau.

- Davis was only measuring the 
electron neutrinos produced in the 
sun.

- Furthermore, it was later shown that  
the neutrino could change its flavor 
as it travels through space.



• KamiokaNDE and IBM were water Cherenkov 
detectors designed to detect proton decay


• Realized that large cherenkov detectors would be 
ideal neutrino detectors


• KamiokaNDE II:  Observed solar neutrinos, SN1987A 
(Nobel Prize:  Masatoshi Koshiba)


• SNO, SuperK:  Proved existence of neutrino 
oscillations. (Arthur McDonald and Takaaki Kajita)

Serendipity:   
Preparing for the Unexpected
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Neutrinoless Double Beta 
Decay



• https://www.mpi-hd.mpg.de/manitop/Neutrino/sheets/Lecture14_SS21.pdf

• https://arxiv.org/abs/2108.09364

• https://arxiv.org/pdf/0708.1033.pdf

• https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.87.137

0νββ Decay References
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https://www.mpi-hd.mpg.de/manitop/Neutrino/sheets/Lecture14_SS21.pdf
https://arxiv.org/abs/2108.09364
https://arxiv.org/pdf/0708.1033.pdf
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.87.137


• The Pauli Exclusion principle results in 
even nuclei with paired spins being in 
lower energy states.

• For certain nuclei with even numbers of  
both protons and neutrons (even-even 
nuclei) single beta decay is not allowed 
because of conservation of momentum.

• These nuclei can double-beta decay 
instead (proposed in 1935)

Double Beta Decay

18



• This is a second-order weak process,  
t1/2 ~ 1019 to 1021 years.

• Very long-lived process, first observed in 
1987.

• In the Standard Model 2 electrons and  
2 antineutrinos are emitted.

Double Beta Decay

19

neutron

neutron proton

proton

(Z, A) ⟶ (Z + 2,A) + 2e− + ν̄e−



• If neutrinos are Majorana, 0νββ decay can occur.
• Lepton number is violated

Neutrinoless Double Beta Decay

20

neutron

neutron proton

proton neutron

neutron proton

proton



21

ββ Decay 0νββ Decay

APS/Alan Stonebraker

What does this look like? 

2 neutrino double beta decay is allowed in 
some isotopes, involves transformation of 
2 neutrons into two protons

If neutrinos are Majorana particles, then 
neutrino-less double beta decay should 
be allowed.



The rate can be written as

0νββ Decay Rates for Light Majorana Neutrino 
Exchange

22

Γ(0ν) = T1/2 = (G ⋅ |M0ν |2 ⋅ ⟨mββ⟩2)−1

G = phase factor for 2ν emmission
M0ν = matrix element

Majorana mass of 
individual mass eigenstate

<latexit sha1_base64="tTgRkP0mIuocI2fdc/GVuR5WReg=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuyoz42ghFNy4r2Ae0Q8mkmTY0yYxJRihDf8KNC0Xc+jvu/BvTdhbaeuDC4Zx7ufeeMBHcWM/7RkvLK6tr64WN4ubW9s5uaW+/YeJUU1ansYh1KySGCa5Y3XIrWCvRjMhQsGY4vJ34zSemDY/Vgx0lLJCkr3jEKbFOasluxsf4GndLZa/iTYEXiZ+TMuSodUtfnV5MU8mUpYIY0/a9xAYZ0ZZTwcbFTmpYQuiQ9FnbUUUkM0E2vXeMj53Sw1GsXSmLp+rviYxIY0YydJ2S2IGZ9ybif147tdFVkHGVpJYpOlsUpQLbGE+exz2uGbVi5AihmrtbMR0QTah1ERVdCP78y4ukcVrxLyrn92fl6k0eRwEO4QhOwIdLqMId1KAOFAQ8wyu8oUf0gt7Rx6x1CeUzB/AH6PMHSyaPfg==</latexit>mi =

components of the neutrino 
mixing matrix

<latexit sha1_base64="Rv1Xs8noaPmArZpPaMeZlkPflYo=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4Kon4dRGKXjxWMG2hDWWznbZLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzwkRwbVz321laXlldWy9sFDe3tnd2S3v7dR2niqHPYhGrZkg1Ci7RN9wIbCYKaRQKbITD24nfeEKleSwfzCjBIKJ9yXucUWOlpt/JkI/JdadUdivuFGSReDkpQ45ap/TV7sYsjVAaJqjWLc9NTJBRZTgTOC62U40JZUPax5alkkaog2x675gcW6VLerGyJQ2Zqr8nMhppPYpC2xlRM9Dz3kT8z2ulpncVZFwmqUHJZot6qSAmJpPnSZcrZEaMLKFMcXsrYQOqKDM2oqINwZt/eZHUTyveReX8/qxcvcnjKMAhHMEJeHAJVbiDGvjAQMAzvMKb8+i8OO/Ox6x1yclnDuAPnM8fjwOPqw==</latexit>

Uei =

⟨mββ⟩ = |
3

∑
i=1

miU2
ei | Sensitive to the effective 

Majorana  massν

cij = cos θij , sij = sin θij , δ = Dirac CP violation, αi = Majorana CP violation

Even under these
Simple assumptions,
the 0νββ rate depends
on mixing angles, δCP,
neutrino masses, mass
hierarchy, and 2 totally
unknown phases



The rate can be written as

0νββ Decay Rates for Light Majorana Neutrino 
Exchange

23

Γ(0ν) = T1/2 = (G0ν ⋅ |M0ν |2 ⋅ ⟨mββ⟩2)−1

G0ν = phase factor for emission of 2 electrons
M0ν = matrix element

⟨mββ⟩ = |
3

∑
i=1

miU2
ei |

Phase factor: difference between initial
and final energy and momentum 

• Scales with Q-value —> Higher Q 
value, higher rate



The rate can be written as

0νββ Decay Rates for Light Majorana Neutrino 
Exchange

24

Γ(0ν) = T1/2 = (G0ν ⋅ |M0ν |2 ⋅ ⟨mββ⟩2)−1

G0ν = phase factor for emission of 2 electrons
M0ν = matrix element

⟨mββ⟩ = |
3

∑
i=1

miU2
ei |

 is what experiments measure
 is the physics we are trying to extract

T1/2
mββ



The rate can be written as

0νββ Decay Rates for Light Majorana Neutrino 
Exchange
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Γ(0ν) = T1/2 = (G0ν ⋅ |M0ν |2 ⋅ ⟨mββ⟩2)−1

G0ν = phase factor for emission of 2 electrons
M0ν = matrix element

⟨mββ⟩ = |
3

∑
i=1

miU2
ei |

Nuclear matrix element: how the nuclear decay
occurs (states of nucleons, nucleus shape, etc.)
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Theoretical Considerations
• The half-life of the 0νββ decay process requires 

nuclear matrix elements
•

T1/2 = (G ⋅ |M0ν |2 ⋅ ⟨mββ⟩2)−1

• Nuclear matrix elements account for the 
nuclear structure - 
• Translate between what is measured and 

 
• Used to compete experiments using 

different isotopes
• Can not be measured separately - must be 

evaluated theoretically.

mββ

• This is a many body problem — only approximate solutions
• Hence, there are different theoretical approaches and 

calculations that give differing results.



lightest neutrino mass [eV]
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Neutrinoless Double Beta Decay

Γ(0ν) = T1/2 = (G ⋅ |M0ν |2 ⋅ ⟨mββ⟩2)−1

⟨mββ⟩ = |
3

∑
i=1

miU2
ei |

Hierarchy m3 > m2 > m1 = normal ordering (NH)
m2 > m1 > m3 = inverted ordering (IH)

• Rate depends on mixing angles, 
neutrino mass, and mass hierarchy

• Uncertainties in lightest ν mass, 
phases, hierarchy



Half life -  How long it take for half the atoms to decay

How rare is 0νββ decay?

28

The age of the universe:
14 billion years = 1.4x1010 yrs

Two Neutrino Double Beta Decay:
Half life = ~1020 yrs

Neutrinoless Double Beta Decay:
Half life > 1026 yrs

Avagodro’s Number:  6 x 1023



Half life -  How long it take for half the atoms to decay

How rare is 0νββ decay?
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The age of the universe:
14 billion years = 1.4x1010 yrs

Two Neutrino Double Beta Decay:
Half life = ~1020 yrs

Neutrinoless Double Beta Decay:
Half life > 1026 yrs

Avagodro’s Number:  6 x 1023

Don’t wait for half to decay, wait for 1 to decay!
If you watch 50 kg of atoms for 5 years, you’ll see 1 decay for a half-life of 1026 years
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Experimental 
Considerations



How to detect 0νββ decay

Slide taken from Julieta Gruszko, Neutrino University Series @ Fermilab 



Design Considerations
➤ To see 1 atom out of ~1026 decays (or more) 

➤ Very high efficiency 

➤ Very low backgrounds 

➤ The best-possible energy resolution 

➤ Ability to verify signal candidates have the right properties 

➤ Lessons learned from other rare event searches (neutrinos, dark matter) 

➤ Go underground to reduce cosmic ray induced backgrounds 

➤ Use active and passive shielding 

➤ Select radiopure materials in the design and construction of the experiment. 

➤ It helps if you can distinguish between signal and background (ie “tag events”

WIMPDirect WIMP Detection needs

4

• Ability to see low energy WIMP induced recoils

• Radiogenically pure

• Low threshold 


• Ability to distinguish nuclear recoils

• Difference between electronic recoils & nuclear recoils

• Difference between alphas and nuclear recoils


• Shielding from radiogenic and cosmogenic backgrounds

• Position reconstruction and fiducialization


• Detector stability for annual and diurnal modulation



Implications on Background Requirements
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S. Schönert | TUM !
Double Beta Decay!
TAUP2017!

Discovery sensitivity vs. background !

Discovery!(50%!chance!for!a!3σ!signal)!

Courtesy J. Detwiler!

J. Detwiler

M
O

R
E 

R
AR

E

MORE EXPOSURE



34

Experimental Considerations

• Two measurement techniques for measuring 
the electrons from the 2ββ decay
• Spectroscopy - looking for a peak
• Tracking -  reconstructing topology

• Qββ values depend on the target isotope
• The number of events 

N ∝
NA

W
⋅

a ⋅ ϵ ⋅ M ⋅ t
T1/2

NA = Avogadro's Number

W = molar mass

a = isotope abundance

ϵ = detection efficiency

M = isotope mass

t = measuring time

T1/2 = isotope half-life
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Experimental Considerations

• Two measurement techniques for measuring 
the electrons from the 2ββ decay
• Spectroscopy - looking for a peak
• Tracking -  reconstructing topology

• Qββ values depend on the target isotope
• The number of events 

N ∝
NA

W
⋅

a ⋅ ϵ ⋅ M ⋅ t
T1/2

NA = Avogadro's Number

W = molar mass

a = isotope abundance

ϵ = detection efficiency

M = isotope mass

t = measuring time

T1/2 = isotope half-life

Question:  How do you increase the likelihood of 
measuring an event?
Isotope abundance:  
Either pick an abundant isotope or enrich 
your isotope



• The  decay half-life scales as 
(phase-factor scaling) giving a significant 
boost to detector mediums with large .

• Most radioactive backgrounds have energies 
< 2.6 MeV 

• This example - Q-value is 2.459 MeV
• Backgrounds from tail of the  and 

radiogenic backgrounds overwhelm signal 
region

• Limits were set (EXO-200) with this data, 
but the experiment was background 
limited.

0νββ ∝ Q5

Q

2νββ

Importance of Q-value

36EXO-200 arxiv:1707.08707



Event Signatures

Differences in range
and type of interaction

• , and μ interact. 
with electrons

•  and n scatter off 
nuclei

γ, β

α, ν
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The Experimental 
Landscape (in a nutshell)



Experimental Landscape 
in a Nutshell

Source:  arxiv: 2212.11099
2023 US Nuclear Physics Long Range 
Plan
White Paper on Neutrinoless Double 
Beta Decay

https://arxiv.org/abs/2212.11099


Experimental Techniques
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Bolometers and Semiconductors:
LEGEND, CUPID

Granular Detectors Monolithic Detectors

Scintillators and TPCs:
nEXO, Kamland-Zen, SNO+, NEXT, etc

Advantages:
• Energy Resolution
• Staging

Advantages:
• Self shielding
• Scalability



LEGEND Concept
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LEGEND Concept

Slide taken from Julieta Gruszko, Neutrino University Series @ Fermilab 



nEXO Concept
‣ TPC with 5000 kg of 90% enriched 136Xe
‣ SiPMs to collect scintillation light
‣ Charge Tiles to collect ionization signal

‣ Outer Detector to veto muons
‣ Layers of passive shielding

‣ Low intrinsic background in Xenon
‣ Monolithic design means self-shielding 

from external backgrounds

‣ Good energy resolution, σ/E ~ 0.8% @ Qββ

‣ Intended location at SNOLAB's Cryopit



Discovery Sensitivities for Current and Next Generation 
 Decay Experiments0νββ
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• Rich program in underground science — both in breadth and depth.
• Dark matter program is expansive 
• Next generation  program is in a planning process.0νββ

Conclusions
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