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FIRST, SOME HISTORY

▸ Zürich, December 4, 1930: Wolfgang Pauli, a 30 years old professor at the ETH (since 1928), 
writes perhaps one of the most famous letters in modern physics: “Dear radioactive ladies 
and gentlemen…” 

▸ The letter was addressed mainly to Lise Meitner*, who had been working on radioactivity 
since 1907 and was attending a meeting in Tübingen (Pauli could not attend, because “a ball which 
takes place in Zürich the night of the sixth to sevenths of December makes my presence here indispensable”) 

๏ Pauli was suggesting “a desperate way out” of some paradox 
that had arisen in the nascent field of nuclear physics 

๏ He was proposing “a terrible thing” - a new subatomic 
particle, the neutrino, a particle “which can not be detected” 

๏ In 1930, only the electron, the proton and the photon were 
known, and Pauli’s idea  was quite radical
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*Lise Meitner had made Pauli aware of the β-decay problem



THE PARADOX WAS… “THE ENERGY CRISIS”

▸ It had been observed by experimental physicists that some nuclei are not stable, but decay 
under the emission of “beta rays” (electrons) 

▸ The energy of the emitted electrons could be measured - the spectrum was continuous 

▸ This seemed to violate a respected laws in physics: the conservation of energy and momentum
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ONLY ONE REASONABLE WAY OUT…

▸ A new particle: the neutrino (Pauli: “my foolish child”). It would share the energy with the 
electron, but would not be observed because of its incredible weak interaction with matter 

▸ Niels Bohr, 1934: “I must confess that I don’t really feel fully convinced of the physical 
existence of the neutrino” 

▸ Arthur Eddington, 1939: “I am not much impressed by the neutrino theory.... Dare I say that 
physicists will not have sufficient ingenuity to make neutrinos?” 

▸ Thus, while the idea was considered by many as a very useful hypothesis, few* believed it is 
a real particle (or that it can ever be detected**), until…
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*Enrico Fermi did take the idea seriously and formulated a theoretical basis for the interaction between a 
neutrino, an electron, a proton and a neutron (1934, Z. Phys. 88) 

** Hans Bethe: “there is a considerable evidence for the neutrino hypothesis. Unfortunately, all this evidence is 
indirect; and more unfortunately, there seems at present to be no way of getting any direct evidence. “
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NEUTRINO DETECTION

▸ … some 30 years later in 1956, when Clyde Cowan and Frederick Reines started the 
“Project Poltergeist” and finally detected (anti)neutrinos at the Savannah River Reactor in 
South Carolina 

▸ Detector: 400 l water + CdCl2 seen by 90 photodetectors
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Nobel Prize 1995: (1/2) to Frederick Reines “for the 
detection of the neutrino”
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A RADIOGRAMME TO PAULI, A SHORT ANSWER…
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▸ June 1956: Pauli was at a CERN 
Symposium, and announced the most 
exciting news of the meeting* - he had just 
received a telegram from Cowan & Reines 

๏ “We are happy to inform you that we 
have definitely detected neutrinos…”  

▸ Pauli’s reply: “Thanks for message. 
Everything comes to him who knows how 
to wait.”

*See: Cecilia Jarlskog, “Birth of the neutrinos, from Pauli to the Reines-Cowan experiment”, 2019 - 
International Conference of the History of the Neutrino 
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WHAT ARE NEUTRINOS?

▸ Elementary particles in the Standard Model which only interact 
via the weak interaction (they participate in charged current 
interactions other with the corresponding charged lepton) 

๏ The interactions are of “V-A” type: neutrinos are left-handed, 
anti-neutrinos are right-handed 

▸ In the SM: flavour lepton number is conserved and neutrinos are 
exactly massless 

๏ Today many known sources of neutrinos

Interested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
Laboratory and SLAC National Accelerator Laboratory. symmetrymagazine.org

OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.

 NEUTRINOS
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WHAT DO WE KNOW ABOUT NEUTRINOS?

▸ They come in 3 flavours
electron         muon             tau 
⌫e

<latexit sha1_base64="cCaZrTvxfgCoV8rg8mrhYVbbP9o=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFSYxxXRXdOOygmkLbSiT6aQdOpmEmYlQQr/BjQtF3PpB7vwbpw9BRQ9cOJxzL/feE2WcKY3Qh1VaW9/Y3CpvV3Z29/YPqodHbZXmktCApDyV3QgrypmggWaa024mKU4iTjvR5Hrud+6pVCwVd3qa0TDBI8FiRrA2UtAX+YAOqjVkNxrI8+oQ2XXkuq5vCLpw/YYDHRstUAMrtAbV9/4wJXlChSYcK9VzUKbDAkvNCKezSj9XNMNkgke0Z6jACVVhsTh2Bs+MMoRxKk0JDRfq94kCJ0pNk8h0JliP1W9vLv7l9XId+2HBRJZrKshyUZxzqFM4/xwOmaRE86khmEhmboVkjCUm2uRTMSF8fQr/J23Xdjzbv/VqzatVHGVwAk7BOXDAJWiCG9ACASCAgQfwBJ4tYT1aL9brsrVkrWaOwQ9Yb59CM48D</latexit>

⌫µ

<latexit sha1_base64="LTP1HwTLZoZodKpaiaftDjZ8T7M=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjLawc6u6MZlBfuQTimZNG1Dk8yQZIQy9CvcuFDErZ/jzr8x01ZQ0QMXDufcy733RAln2iD04RRWVtfWN4qbpa3tnd298v5BS8epIrRJYh6rToQ15UzSpmGG006iKBYRp+1ocpX77XuqNIvlrZkmtCfwSLIhI9hY6S6UaT8LRTrrlyvIRX7gewgi10decJ6TIKhVfR96LpqjApZo9Mvv4SAmqaDSEI617nooMb0MK8MIp7NSmGqaYDLBI9q1VGJBdS+bHzyDJ1YZwGGsbEkD5+r3iQwLracisp0Cm7H+7eXiX143NcNaL2MySQ2VZLFomHJoYph/DwdMUWL41BJMFLO3QjLGChNjMyrZEL4+hf+T1pnrVd3aTbVSv1zGUQRH4BicAg9cgDq4Bg3QBAQI8ACewLOjnEfnxXldtBac5cwh+AHn7ROoD5EB</latexit>

⌫⌧

<latexit sha1_base64="hUoEiiVxR6RjMLM4deZFb3a+fTM=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFTJtpOmu6MZlBfvAJpTJdNoOnUzCzEQooX/hxoUibv0bd/6Nk7aCih64cDjnXu69J0w4U9pxPqzC2vrG5lZxu7Szu7d/UD486qg4lYS2Scxj2QuxopwJ2tZMc9pLJMVRyGk3nF7lfveeSsVicatnCQ0iPBZsxAjWRrrzRTrIfI3T+aBcceyG13AQgo7t1i7qtZx4CNXdKkS2s0AFrNAalN/9YUzSiApNOFaqj5xEBxmWmhFO5yU/VTTBZIrHtG+owBFVQba4eA7PjDKEo1iaEhou1O8TGY6UmkWh6YywnqjfXi7+5fVTPfKCjIkk1VSQ5aJRyqGOYf4+HDJJieYzQzCRzNwKyQRLTLQJqWRC+PoU/k86VRu5tnfjVpqXqziK4AScgnOAQB00wTVogTYgQIAH8ASeLWU9Wi/W67K1YK1mjsEPWG+faZWRbw==</latexit>

Source

Detector⌫e

<latexit sha1_base64="cCaZrTvxfgCoV8rg8mrhYVbbP9o=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFSYxxXRXdOOygmkLbSiT6aQdOpmEmYlQQr/BjQtF3PpB7vwbpw9BRQ9cOJxzL/feE2WcKY3Qh1VaW9/Y3CpvV3Z29/YPqodHbZXmktCApDyV3QgrypmggWaa024mKU4iTjvR5Hrud+6pVCwVd3qa0TDBI8FiRrA2UtAX+YAOqjVkNxrI8+oQ2XXkuq5vCLpw/YYDHRstUAMrtAbV9/4wJXlChSYcK9VzUKbDAkvNCKezSj9XNMNkgke0Z6jACVVhsTh2Bs+MMoRxKk0JDRfq94kCJ0pNk8h0JliP1W9vLv7l9XId+2HBRJZrKshyUZxzqFM4/xwOmaRE86khmEhmboVkjCUm2uRTMSF8fQr/J23Xdjzbv/VqzatVHGVwAk7BOXDAJWiCG9ACASCAgQfwBJ4tYT1aL9brsrVkrWaOwQ9Yb59CM48D</latexit>

⌫e

<latexit sha1_base64="cCaZrTvxfgCoV8rg8mrhYVbbP9o=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFSYxxXRXdOOygmkLbSiT6aQdOpmEmYlQQr/BjQtF3PpB7vwbpw9BRQ9cOJxzL/feE2WcKY3Qh1VaW9/Y3CpvV3Z29/YPqodHbZXmktCApDyV3QgrypmggWaa024mKU4iTjvR5Hrud+6pVCwVd3qa0TDBI8FiRrA2UtAX+YAOqjVkNxrI8+oQ2XXkuq5vCLpw/YYDHRstUAMrtAbV9/4wJXlChSYcK9VzUKbDAkvNCKezSj9XNMNkgke0Z6jACVVhsTh2Bs+MMoRxKk0JDRfq94kCJ0pNk8h0JliP1W9vLv7l9XId+2HBRJZrKshyUZxzqFM4/xwOmaRE86khmEhmboVkjCUm2uRTMSF8fQr/J23Xdjzbv/VqzatVHGVwAk7BOXDAJWiCG9ACASCAgQfwBJ4tYT1aL9brsrVkrWaOwQ9Yb59CM48D</latexit>

Source

Detector⌫µ

<latexit sha1_base64="LTP1HwTLZoZodKpaiaftDjZ8T7M=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjLawc6u6MZlBfuQTimZNG1Dk8yQZIQy9CvcuFDErZ/jzr8x01ZQ0QMXDufcy733RAln2iD04RRWVtfWN4qbpa3tnd298v5BS8epIrRJYh6rToQ15UzSpmGG006iKBYRp+1ocpX77XuqNIvlrZkmtCfwSLIhI9hY6S6UaT8LRTrrlyvIRX7gewgi10decJ6TIKhVfR96LpqjApZo9Mvv4SAmqaDSEI617nooMb0MK8MIp7NSmGqaYDLBI9q1VGJBdS+bHzyDJ1YZwGGsbEkD5+r3iQwLracisp0Cm7H+7eXiX143NcNaL2MySQ2VZLFomHJoYph/DwdMUWL41BJMFLO3QjLGChNjMyrZEL4+hf+T1pnrVd3aTbVSv1zGUQRH4BicAg9cgDq4Bg3QBAQI8ACewLOjnEfnxXldtBac5cwh+AHn7ROoD5EB</latexit>

⌫µ

<latexit sha1_base64="LTP1HwTLZoZodKpaiaftDjZ8T7M=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjLawc6u6MZlBfuQTimZNG1Dk8yQZIQy9CvcuFDErZ/jzr8x01ZQ0QMXDufcy733RAln2iD04RRWVtfWN4qbpa3tnd298v5BS8epIrRJYh6rToQ15UzSpmGG006iKBYRp+1ocpX77XuqNIvlrZkmtCfwSLIhI9hY6S6UaT8LRTrrlyvIRX7gewgi10decJ6TIKhVfR96LpqjApZo9Mvv4SAmqaDSEI617nooMb0MK8MIp7NSmGqaYDLBI9q1VGJBdS+bHzyDJ1YZwGGsbEkD5+r3iQwLracisp0Cm7H+7eXiX143NcNaL2MySQ2VZLFomHJoYph/DwdMUWL41BJMFLO3QjLGChNjMyrZEL4+hf+T1pnrVd3aTbVSv1zGUQRH4BicAg9cgDq4Bg3QBAQI8ACewLOjnEfnxXldtBac5cwh+AHn7ROoD5EB</latexit>

Source

Detector⌫⌧

<latexit sha1_base64="hUoEiiVxR6RjMLM4deZFb3a+fTM=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFTJtpOmu6MZlBfvAJpTJdNoOnUzCzEQooX/hxoUibv0bd/6Nk7aCih64cDjnXu69J0w4U9pxPqzC2vrG5lZxu7Szu7d/UD486qg4lYS2Scxj2QuxopwJ2tZMc9pLJMVRyGk3nF7lfveeSsVicatnCQ0iPBZsxAjWRrrzRTrIfI3T+aBcceyG13AQgo7t1i7qtZx4CNXdKkS2s0AFrNAalN/9YUzSiApNOFaqj5xEBxmWmhFO5yU/VTTBZIrHtG+owBFVQba4eA7PjDKEo1iaEhou1O8TGY6UmkWh6YywnqjfXi7+5fVTPfKCjIkk1VSQ5aJRyqGOYf4+HDJJieYzQzCRzNwKyQRLTLQJqWRC+PoU/k86VRu5tnfjVpqXqziK4AScgnOAQB00wTVogTYgQIAH8ASeLWU9Wi/W67K1YK1mjsEPWG+faZWRbw==</latexit>

⌫⌧

<latexit sha1_base64="hUoEiiVxR6RjMLM4deZFb3a+fTM=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFTJtpOmu6MZlBfvAJpTJdNoOnUzCzEQooX/hxoUibv0bd/6Nk7aCih64cDjnXu69J0w4U9pxPqzC2vrG5lZxu7Szu7d/UD486qg4lYS2Scxj2QuxopwJ2tZMc9pLJMVRyGk3nF7lfveeSsVicatnCQ0iPBZsxAjWRrrzRTrIfI3T+aBcceyG13AQgo7t1i7qtZx4CNXdKkS2s0AFrNAalN/9YUzSiApNOFaqj5xEBxmWmhFO5yU/VTTBZIrHtG+owBFVQba4eA7PjDKEo1iaEhou1O8TGY6UmkWh6YywnqjfXi7+5fVTPfKCjIkk1VSQ5aJRyqGOYf4+HDJJieYzQzCRzNwKyQRLTLQJqWRC+PoU/k86VRu5tnfjVpqXqziK4AScgnOAQB00wTVogTYgQIAH8ASeLWU9Wi/W67K1YK1mjsEPWG+faZWRbw==</latexit>

e-

μ-

τ-

8



INTRODUCTION: NEUTRINOS

WHAT DO WE KNOW ABOUT NEUTRINOS?

▸ However when they propagate over macroscopic distances, they oscillate between flavours 

▸ This is a well-studied effect in quantum mechanics  

▸ It means that flavour is not conserved over macroscopic distances (v states with different 
flavours       mix with v states with different masses     )
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-> the effect of the mass is to generate flavour oscillations as a function of distance 



INTRODUCTION: NEUTRINOS

WHAT DO WE KNOW ABOUT NEUTRINOS?

▸ From oscillation experiments: non-zero masses and non-trivial mixing

production detection

L = constant

W U⇤
�i
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⌫i, i = 1, 2, 3

<latexit sha1_base64="fsxcMN48Yx0MW0XDjEN2RHM1odc=">AAAB/XicdVDLSgMxFM34rPU1PnZugkVwUYZM28F2IRTduKxgH9ApJZOmbWgmMyQZoQ7FX3HjQhG3/oc7/8b0IajouVw4nHMvuTlBzJnSCH1YS8srq2vrmY3s5tb2zq69t99QUSIJrZOIR7IVYEU5E7Sumea0FUuKw4DTZjC6nPrNWyoVi8SNHse0E+KBYH1GsDZS1z70RdJleX9WkJ27+UK+2LVzyEFexXMRRI6H3EpxSiqVcsnzoOugGXJggVrXfvd7EUlCKjThWKm2i2LdSbHUjHA6yfqJojEmIzygbUMFDqnqpLPrJ/DEKD3Yj6RpoeFM/b6R4lCpcRiYyRDrofrtTcW/vHai++VOykScaCrI/KF+wqGO4DQK2GOSEs3HhmAimbkVkiGWmGgTWNaE8PVT+D9pFBy35JSvS7nqxSKODDgCx+AUuOAMVMEVqIE6IOAOPIAn8GzdW4/Wi/U6H12yFjsH4Aest09sLZNL</latexit>

W
U↵i

<latexit sha1_base64="EQMPWZqZQjxxCXvclEYsQL18LwQ=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFaY12GRXdOOygmkLTSiT6aQdOkmGmYlQQn/DjQtF3Poz7vwbpw9BRQ9cOJxzL/feEwnOlEbowyqtrW9sbpW3Kzu7e/sH1cOjjspySahPMp7JXoQV5Sylvmaa056QFCcRp91ocj33u/dUKpald3oqaJjgUcpiRrA2UuAPigBzMcaQzQbVGrI91/WQA5HtIOQ0G4ZceJ53iWDdRgvUwArtQfU9GGYkT2iqCcdK9etI6LDAUjPC6awS5IoKTCZ4RPuGpjihKiwWN8/gmVGGMM6kqVTDhfp9osCJUtMkMp0J1mP125uLf3n9XMduWLBU5JqmZLkozjnUGZwHAIdMUqL51BBMJDO3QjLGEhNtYqqYEL4+hf+TTsOuO7Z769RaV6s4yuAEnIJzUAdN0AI3oA18QIAAD+AJPFu59Wi9WK/L1pK1mjkGP2C9fQJcwZHv</latexit>

Nobel Prize 2015: to Takaaki Kajita and Arthur 
McDonald “for the discovery of neutrino oscillations, 
which shows that neutrinos have mass”

10



INTRODUCTION: NEUTRINOS

WHAT DO WE KNOW ABOUT NEUTRINOS?

▸ In general: 3 mixing angles, 1 CP violating phase, 2 independent ∆m2

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

Data from  
atmospheric ν’s  
and accelerators 
θ23 ≈ 48 deg

Data from  
reactors and  
accelerators 
θ13 ≈ 8.6 deg

Data from solar  
and reactor  
neutrinos 
θ12 ≈ 34 deg 

cij = cos✓ij

sij = sin✓ij

� ' 3⇡/20  � < 2⇡

<latexit sha1_base64="ECRmNorNGY09M2UwhbyWNIo+TOc=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBFclSSGtoKLohuXFewDmlAm09t26OTBzEQIpf6KGxeKuPVD3Pk3TtoKKnrgwuGce7n3niDhTCrL+jBWVtfWNzYLW8Xtnd29ffPgsC3jVFBo0ZjHohsQCZxF0FJMcegmAkgYcOgEk6vc79yBkCyOblWWgB+SUcSGjBKlpb5ZsrDHAXsD4IrgC+x4CeubZatyXq86bhVbFcuq2Y6dE6fmnrnY1kqOMlqi2TffvUFM0xAiRTmRsmdbifKnRChGOcyKXiohIXRCRtDTNCIhSH86P36GT7QywMNY6IoUnqvfJ6YklDILA90ZEjWWv71c/MvrpWpY96csSlIFEV0sGqYcqxjnSeABE0AVzzQhVDB9K6ZjIghVOq+iDuHrU/w/aTsV263Ub9xy43IZRwEdoWN0imxUQw10jZqohSjK0AN6Qs/GvfFovBivi9YVYzlTQj9gvH0CyjKTnA==</latexit>

*Very different than the CKM mixing angles:

✓12 ⇡ 13�, ✓23 ⇡ 2.4�, ✓13 ⇡ 0.2�

<latexit sha1_base64="PMv/4lfIx/UARs64IL1dOrfVc6k="></latexit>

NuFIT 4.1 2019
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▸ From oscillation experiments: we know the mixing angles (or the Uαi) and the ∆m2 

▸ However: 2 possible mass orderings and no information on the mass scale

INTRODUCTION: NEUTRINOS

OPEN QUESTIONS IN NEUTRINO PHYSICS

Normal ordering Inverted ordering

? ?

m2
⌫i

<latexit sha1_base64="a0mWqEKOD1bDu+IIslLB6S34c8Q=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmZiwOQW9OIxgllgMg49nZ6kSS9Dd48QhnyGFw+KePVrvPk3dhbB9UHB470qqurFKaPaeN67U1hZXVvfKG6WtrZ3dvfK+wcdLTOFSRtLJlUvRpowKkjbUMNIL1UE8ZiRbjy+nPndO6I0leLGTFIScjQUNKEYGSsF/LYa5X2RRXQalSueW23UvbMG/E1815ujApZoReW3/kDijBNhMENaB76XmjBHylDMyLTUzzRJER6jIQksFYgTHebzk6fwxCoDmEhlSxg4V79O5IhrPeGx7eTIjPRPbyb+5QWZSephTkWaGSLwYlGSMWgknP0PB1QRbNjEEoQVtbdCPEIKYWNTKtkQPj+F/5NO1fVrbv26VmleLOMogiNwDE6BD85BE1yBFmgDDCS4B4/gyTHOg/PsvCxaC85y5hB8g/P6Adq9kas=</latexit>

⌫e

<latexit sha1_base64="cCaZrTvxfgCoV8rg8mrhYVbbP9o=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFSYxxXRXdOOygmkLbSiT6aQdOpmEmYlQQr/BjQtF3PpB7vwbpw9BRQ9cOJxzL/feE2WcKY3Qh1VaW9/Y3CpvV3Z29/YPqodHbZXmktCApDyV3QgrypmggWaa024mKU4iTjvR5Hrud+6pVCwVd3qa0TDBI8FiRrA2UtAX+YAOqjVkNxrI8+oQ2XXkuq5vCLpw/YYDHRstUAMrtAbV9/4wJXlChSYcK9VzUKbDAkvNCKezSj9XNMNkgke0Z6jACVVhsTh2Bs+MMoRxKk0JDRfq94kCJ0pNk8h0JliP1W9vLv7l9XId+2HBRJZrKshyUZxzqFM4/xwOmaRE86khmEhmboVkjCUm2uRTMSF8fQr/J23Xdjzbv/VqzatVHGVwAk7BOXDAJWiCG9ACASCAgQfwBJ4tYT1aL9brsrVkrWaOwQ9Yb59CM48D</latexit>

⌫µ

<latexit sha1_base64="LTP1HwTLZoZodKpaiaftDjZ8T7M=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjLawc6u6MZlBfuQTimZNG1Dk8yQZIQy9CvcuFDErZ/jzr8x01ZQ0QMXDufcy733RAln2iD04RRWVtfWN4qbpa3tnd298v5BS8epIrRJYh6rToQ15UzSpmGG006iKBYRp+1ocpX77XuqNIvlrZkmtCfwSLIhI9hY6S6UaT8LRTrrlyvIRX7gewgi10decJ6TIKhVfR96LpqjApZo9Mvv4SAmqaDSEI617nooMb0MK8MIp7NSmGqaYDLBI9q1VGJBdS+bHzyDJ1YZwGGsbEkD5+r3iQwLracisp0Cm7H+7eXiX143NcNaL2MySQ2VZLFomHJoYph/DwdMUWL41BJMFLO3QjLGChNjMyrZEL4+hf+T1pnrVd3aTbVSv1zGUQRH4BicAg9cgDq4Bg3QBAQI8ACewLOjnEfnxXldtBac5cwh+AHn7ROoD5EB</latexit>

⌫⌧

<latexit sha1_base64="tT474P0SLlx5bg1l/Fg03oeYXOc=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjJ9d1d047KCbcXOUDJppg3NZIYkI5Shf+HGhSJu/Rt3/o2ZtoKKHrhwOOde7r3HjzlTGqEPK7e2vrG5ld8u7Ozu7R8UD496KkokoV0S8Uje+lhRzgTtaqY5vY0lxaHPad+fXmZ+/55KxSJxo2cx9UI8FixgBGsj3bkiGaauxsl8WCwhG9VrrQqCyK4hp9FqGYJQvVkpQ8eQDCWwQmdYfHdHEUlCKjThWKmBg2LtpVhqRjidF9xE0RiTKR7TgaECh1R56eLiOTwzyggGkTQlNFyo3ydSHCo1C33TGWI9Ub+9TPzLGyQ6aHopE3GiqSDLRUHCoY5g9j4cMUmJ5jNDMJHM3ArJBEtMtAmpYEL4+hT+T3pl26nazetqqX2xiiMPTsApOAcOaIA2uAId0AUECPAAnsCzpaxH68V6XbbmrNXMMfgB6+0TZ8aRbg==</latexit>

⌫1

<latexit sha1_base64="VidbTI+18/24W4tntmd9klnkA+o=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchUQKdll047KCfUAbymQ6aYdOJmHmRiihH+HGhSJu/R53/o2TtoLPA8MczrmXe+8JUykMet67s7K6tr6xWdoqb+/s7u1XDg7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8LJVeF37rg2IlG3OE15ENOREpFgFK3U6atskPuzQaXquTWvAPlNfHf+e1VYojmovPWHCctirpBJakzP91IMcqpRMMln5X5meErZhI54z1JFY26CfL7ujJxaZUiiRNunkMzVrx05jY2ZxqGtjCmOzU+vEP/yehlG9SAXKs2QK7YYFGWSYEKK28lQaM5QTi2hTAu7K2FjqilDm1DZhvB5KfmftM9dv+bWb2rVxuUyjhIcwwmcgQ8X0IBraEILGEzgHh7hyUmdB+fZeVmUrjjLniP4Buf1A2Emj54=</latexit>

⌫2

<latexit sha1_base64="NDef4ccNVdZ+IBTH2n7Dvc1ijAs=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgadmEgDkGvXiMYB6QLGF2MpsMmZ1dZnqFsOQjvHhQxKvf482/cTaJ4LNgmKKqm+6uIJHCoOe9O4W19Y3NreJ2aWd3b/+gfHjUMXGqGW+zWMa6F1DDpVC8jQIl7yWa0yiQvBtMr3K/e8e1EbG6xVnC/YiOlQgFo2il7kClw6w2H5Yrnlv3cpDfpOoufq8CK7SG5bfBKGZpxBUySY3pV70E/YxqFEzyeWmQGp5QNqVj3rdU0YgbP1usOydnVhmRMNb2KSQL9WtHRiNjZlFgKyOKE/PTy8W/vH6KYcPPhEpS5IotB4WpJBiT/HYyEpozlDNLKNPC7krYhGrK0CZUsiF8Xkr+J52aW627jZt6pXm5iqMIJ3AK51CFC2jCNbSgDQymcA+P8OQkzoPz7LwsSwvOqucYvsF5/QBiq4+f</latexit>

⌫3

<latexit sha1_base64="xr2iGNGa23ylvzrI8hq4sWQD/Qc=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgadlowByDXjxGMA9IljA7mU2GzM4uM71CWPIRXjwo4tXv8ebfOJtE8FkwTFHVTXdXkEhh0PPencLK6tr6RnGztLW9s7tX3j9omzjVjLdYLGPdDajhUijeQoGSdxPNaRRI3gkmV7nfuePaiFjd4jThfkRHSoSCUbRSp6/SQXY+G5QrnlvzcpDfpOrOf68CSzQH5bf+MGZpxBUySY3pVb0E/YxqFEzyWamfGp5QNqEj3rNU0YgbP5uvOyMnVhmSMNb2KSRz9WtHRiNjplFgKyOKY/PTy8W/vF6KYd3PhEpS5IotBoWpJBiT/HYyFJozlFNLKNPC7krYmGrK0CZUsiF8Xkr+J+0zt1pz6ze1SuNyGUcRjuAYTqEKF9CAa2hCCxhM4B4e4clJnAfn2XlZlBacZc8hfIPz+gFkMI+g</latexit>

⌫3

<latexit sha1_base64="xr2iGNGa23ylvzrI8hq4sWQD/Qc=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgadlowByDXjxGMA9IljA7mU2GzM4uM71CWPIRXjwo4tXv8ebfOJtE8FkwTFHVTXdXkEhh0PPencLK6tr6RnGztLW9s7tX3j9omzjVjLdYLGPdDajhUijeQoGSdxPNaRRI3gkmV7nfuePaiFjd4jThfkRHSoSCUbRSp6/SQXY+G5QrnlvzcpDfpOrOf68CSzQH5bf+MGZpxBUySY3pVb0E/YxqFEzyWamfGp5QNqEj3rNU0YgbP5uvOyMnVhmSMNb2KSRz9WtHRiNjplFgKyOKY/PTy8W/vF6KYd3PhEpS5IotBoWpJBiT/HYyFJozlFNLKNPC7krYmGrK0CZUsiF8Xkr+J+0zt1pz6ze1SuNyGUcRjuAYTqEKF9CAa2hCCxhM4B4e4clJnAfn2XlZlBacZc8hfIPz+gFkMI+g</latexit>

⌫2

<latexit sha1_base64="NDef4ccNVdZ+IBTH2n7Dvc1ijAs=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgadmEgDkGvXiMYB6QLGF2MpsMmZ1dZnqFsOQjvHhQxKvf482/cTaJ4LNgmKKqm+6uIJHCoOe9O4W19Y3NreJ2aWd3b/+gfHjUMXGqGW+zWMa6F1DDpVC8jQIl7yWa0yiQvBtMr3K/e8e1EbG6xVnC/YiOlQgFo2il7kClw6w2H5Yrnlv3cpDfpOoufq8CK7SG5bfBKGZpxBUySY3pV70E/YxqFEzyeWmQGp5QNqVj3rdU0YgbP1usOydnVhmRMNb2KSQL9WtHRiNjZlFgKyOKE/PTy8W/vH6KYcPPhEpS5IotB4WpJBiT/HYyEpozlDNLKNPC7krYhGrK0CZUsiF8Xkr+J52aW627jZt6pXm5iqMIJ3AK51CFC2jCNbSgDQymcA+P8OQkzoPz7LwsSwvOqucYvsF5/QBiq4+f</latexit>

⌫1

<latexit sha1_base64="VidbTI+18/24W4tntmd9klnkA+o=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchUQKdll047KCfUAbymQ6aYdOJmHmRiihH+HGhSJu/R53/o2TtoLPA8MczrmXe+8JUykMet67s7K6tr6xWdoqb+/s7u1XDg7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8LJVeF37rg2IlG3OE15ENOREpFgFK3U6atskPuzQaXquTWvAPlNfHf+e1VYojmovPWHCctirpBJakzP91IMcqpRMMln5X5meErZhI54z1JFY26CfL7ujJxaZUiiRNunkMzVrx05jY2ZxqGtjCmOzU+vEP/yehlG9SAXKs2QK7YYFGWSYEKK28lQaM5QTi2hTAu7K2FjqilDm1DZhvB5KfmftM9dv+bWb2rVxuUyjhIcwwmcgQ8X0IBraEILGEzgHh7hyUmdB+fZeVmUrjjLniP4Buf1A2Emj54=</latexit>

�m2
12

<latexit sha1_base64="ZL7sSfwW4GK2tLQ7DO11CU9C9ks=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5CUgl0WdeGygn1AW8NketMOnUzCzESooV/ixoUibv0Ud/6Nk7aCzwOXezjnXubOCRLOlHbdd6uwsrq2vlHcLG1t7+yW7b39topTSaFFYx7LbkAUcCagpZnm0E0kkCjg0Akm57nfuQWpWCyu9TSBQURGgoWMEm0k3y73L4BrgiM/86qzm6pvV1yn5ubAv4nnzLtbQUs0ffutP4xpGoHQlBOlep6b6EFGpGaUw6zUTxUkhE7ICHqGChKBGmTzw2f42ChDHMbSlNB4rn7dyEik1DQKzGRE9Fj99HLxL6+X6rA+yJhIUg2CLh4KU451jPMU8JBJoJpPDSFUMnMrpmMiCdUmq5IJ4fOn+H/Srjpezalf1SqNs2UcRXSIjtAJ8tApaqBL1EQtRFGK7tEjerLurAfr2XpZjBas5c4B+gbr9QOn65J1</latexit>

�m2
12

<latexit sha1_base64="ZL7sSfwW4GK2tLQ7DO11CU9C9ks=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5CUgl0WdeGygn1AW8NketMOnUzCzESooV/ixoUibv0Ud/6Nk7aCzwOXezjnXubOCRLOlHbdd6uwsrq2vlHcLG1t7+yW7b39topTSaFFYx7LbkAUcCagpZnm0E0kkCjg0Akm57nfuQWpWCyu9TSBQURGgoWMEm0k3y73L4BrgiM/86qzm6pvV1yn5ubAv4nnzLtbQUs0ffutP4xpGoHQlBOlep6b6EFGpGaUw6zUTxUkhE7ICHqGChKBGmTzw2f42ChDHMbSlNB4rn7dyEik1DQKzGRE9Fj99HLxL6+X6rA+yJhIUg2CLh4KU451jPMU8JBJoJpPDSFUMnMrpmMiCdUmq5IJ4fOn+H/Srjpezalf1SqNs2UcRXSIjtAJ8tApaqBL1EQtRFGK7tEjerLurAfr2XpZjBas5c4B+gbr9QOn65J1</latexit>

�m2
23 > 0

<latexit sha1_base64="i084eOg3wG4fNAEeL2f/OIXkuLc=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgapjWgl1JURcuK9gHtOOQSTNtaJIZkowwDPVX3LhQxK0f4s6/MdNW8Hngcg/n3EtuThAzqrTrvluFpeWV1bXiemljc2t7x97d66gokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTM5zv3tLpKKRuNZpTDyORoKGFCNtJN8uDy4I0whyP6sdT29q8BS6vl1xnbqbA/4mVWfW3QpYoOXbb4NhhBNOhMYMKdWvurH2MiQ1xYxMS4NEkRjhCRqRvqECcaK8bHb8FB4aZQjDSJoSGs7UrxsZ4kqlPDCTHOmx+unl4l9eP9Fhw8uoiBNNBJ4/FCYM6gjmScAhlQRrlhqCsKTmVojHSCKsTV4lE8LnT+H/pFNzqnWncVWvNM8WcRTBPjgAR6AKTkATXIIWaAMMUnAPHsGTdWc9WM/Wy3y0YC12yuAbrNcPXNCTTQ==</latexit>

�m2
13 < 0

<latexit sha1_base64="8kKpZMyw7YCkGS/Lf835SigAi9Q=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgapipBbtwUdSFywr2Ae04ZNJMG5pkhiQjlKH+ihsXirj1Q9z5N2baCj4PXO7hnHvJzQkTRpV23XersLS8srpWXC9tbG5t79i7e20VpxKTFo5ZLLshUoRRQVqaaka6iSSIh4x0wvF57nduiVQ0Ftd6khCfo6GgEcVIGymwy/0LwjSCPMi84+lNFZ5CN7ArrlNzc8DfxHNm3a2ABZqB/dYfxDjlRGjMkFI9z020nyGpKWZkWuqniiQIj9GQ9AwViBPlZ7Pjp/DQKAMYxdKU0HCmft3IEFdqwkMzyZEeqZ9eLv7l9VId1f2MiiTVROD5Q1HKoI5hngQcUEmwZhNDEJbU3ArxCEmEtcmrZEL4/Cn8n7Srjldz6le1SuNsEUcR7IMDcAQ8cAIa4BI0QQtgMAH34BE8WXfWg/VsvcxHC9Zipwy+wXr9AFg4k0o=</latexit>

Sol

Atm

12

�m2
atm ⇡ 2.5⇥ 10�3 eV2

�m2
sol ⇡ 8⇥ 10�5 eV2

<latexit sha1_base64="x+CEUcLVTKvsOvJLI1PBhUC6WGQ="></latexit>

Probabilities of finding a 
certain neutrino flavour in 
each mass eigenstate ~ |Uαi|2



INTRODUCTION: NEUTRINOS

OPEN QUESTIONS IN NEUTRINO PHYSICS

▸ Many questions remain open: 

๏ What are the absolute values of neutrino masses, and the mass ordering? 

๏ What is the nature of neutrinos? Are they Dirac or Majorana particles? 

๏ What is the origin of small neutrino masses? 

๏ What are the precise values of the mixing angles, and the origin of the large ν mixing? 

๏ Is the standard three-neutrino picture correct, or do other, sterile neutrinos exist? 

๏ What is the precise value of the CP violating phase δ? 

๏ …
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INTRODUCTION: DOUBLE BETA DECAY

THE DOUBLE BETA DECAY

▸ Some of these open questions can be addressed with an extremely rare nuclear decay 
process 

๏ What are the absolute values of neutrino masses, and the mass ordering? 

๏ What is the nature of neutrinos? Are they Dirac or Majorana particles? 

๏ What is the origin of small neutrino masses?

+
Nucleus A Nucleus B

+
Elektrons (Anti)Neutrinos

2 2e-

14

⌫̄e

<latexit sha1_base64="RXU6IxMhe0CVOvlWj0nrLdZQATA=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgqexK1XorevFYwX7A7lKy6bQNzSZLkhXK0p/hxYMiXv013vw3pu0KVfTBwOO9GWbmRQln2rjup1NYWV1b3yhulra2d3b3yvsHbS1TRaFFJZeqGxENnAloGWY4dBMFJI44dKLxzczvPIDSTIp7M0kgjMlQsAGjxFjJDyKiskCk0x70yhW36s6Bl8i5611deNjLlQrK0eyVP4K+pGkMwlBOtPY9NzFhRpRhlMO0FKQaEkLHZAi+pYLEoMNsfvIUn1iljwdS2RIGz9XliYzEWk/iyHbGxIz0b28m/uX5qRnUw4yJJDUg6GLRIOXYSDz7H/eZAmr4xBJCFbO3YjoiilBjUyrZEL4/xf+T9lnVq1Xrd7VK4zqPo4iO0DE6RR66RA10i5qohSiS6BE9oxfHOE/Oq/O2aC04+cwh+gHn/Qu/LZGV</latexit>



INTRODUCTION: DOUBLE BETA DECAY

THE DOUBLE BETA DECAY

▸ If simple β- or β+-decay is forbidden on energetic 
grounds 

▸ Predicted by Maria-Goeppert Mayer in 1935 

▸ The probability for a decay is very small, the mean 
lifetime of a nucleus is much larger than the age of the 
universe (τU ~ 1.4×1010 a)  

๏ Thus: a very rare process 

๏ However, if a large amount of nuclei is used, the 
process can be observed experimentally

⌧2⌫ ⇡ 1020y

mass parabola of isobars with even A

Ruben Saakyan, Annu. Rev. Nucl. Part. Sci. 63 (2013)
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Nobel Prize in physics, 1963 for 
her discoveries concerning the 
nuclear shell structure



INTRODUCTION: DOUBLE BETA DECAY

THE DOUBLE BETA DECAY

▸ The Standard Model decay, with 2 neutrinos, 
was observed in 14 nuclei 

▸ T1/2 > 1018 y: 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 
128Te, 130Te, 136Xe, 150Nd, 238U

16

(A, Z+1)

(A, Z+2)

(A, Z)

��

NEMO Experiment in Modane/Frejus

100Mo: T1/2=7.15×1018 a

Sum energy of the two electrons
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INTRODUCTION: DOUBLE BETA DECAY

THE DOUBLE BETA DECAY

▸ The decay rate Γ2ν depends on the matrix element M2ν and on the phase space factor G2ν 
(which determines the energy spectrum): 

▸ The phase space factor (Z= charge of daughter nucleus) from the leptonic degrees of 
freedom: 

๏ The decay rate scales with Q11 x (GF)4 => we expect indeed very long T1/2 of ~1020 y

�2⌫ =
ln 2

T 2⌫
1/2

= G2⌫(Q,Z)|M2⌫ |2
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INTRODUCTION: DOUBLE BETA DECAY

THE NEUTRINOLESS DOUBLE BETA DECAY

▸ More interesting: the decay without emission of neutrinos => ΔL = 2 

▸ Expected signature: sharp peak at the Q-value of the decay

Sum energy of the two electrons

Ra
te

2⌫��

0⌫��

T 0⌫��
1/2 > 1024 y
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Q = Ee1 + Ee2 � 2me

The double beta decay without neutrinos: 
first discussed by Wendell H. Fury in 1939  

Ettore Majorana had proposed in 1937 that 
neutrinos could be their own antiparticles



INTRODUCTION: DOUBLE BETA DECAY

THE NEUTRINOLESS DOUBLE BETA DECAY

▸ In this decay, a light virtual neutrino could be exchanged 

▸ The neutron decays under emission of a right handed ‘anti-neutrino’ 

๏  the          has to be absorbed at the second vertex as left handed ‘neutrino‘              

๏  for the decay to happen: neutrinos and anti-neutrinos must be identical, thus Majorana particles 

๏ & the helicity must change
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INTRODUCTION: DOUBLE BETA DECAY

MAJORANA AND DIRAC NEUTRINOS

▸ Most general Lagrangian: both type of neutrinos masses 

▸ Dirac term: generated after SSB from Yukawa interactions; Majorana term: singlet of the SM 
gauge group and can appear as bare mass term 

▸ Masses of physical neutrinos: from the eigenvalues of the mass matrix. In the “see saw” 
mechanism: M >> mD  => a very light neutrinos state ν and a heavy state N with masses: 

▸ If Dirac mass term mD: of similar size as of other fermions &  M at the GUT scale (~1014 GeV)  
=>  explanation of the smallness of neutrino masses

LM⌫ = �1

2

⇥
mD( ̄c

R 
c
L +  ̄R L) +M  ̄c

L L

⇤
+ h.c.
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INTRODUCTION: DOUBLE BETA DECAY

THE NEUTRINOLESS DOUBLE BETA DECAY

▸ The expected rate can be calculated as: 

▸ with the phase space integral (now spanned only by 2 electrons):

21
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INTRODUCTION: DOUBLE BETA DECAY

THE EFFECTIVE MAJORANA NEUTRINO MASS

▸ The effective Majorana neutrino mass parameter: embeds all the dependance on neutrino 
quantities  

▸ A mixture of m1, m2, m3  ~ to the Uei2   (the complex entries in the PMNS matrix) 

▸ φ1,φ2 = Majorana phases and             is for instance the probability that νe has the mass m1

22
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๏ fewer phases can be removed by redefining the fields



INTRODUCTION: DOUBLE BETA DECAY

THE EFFECTIVE MAJORANA NEUTRINO MASS

▸ The values depend critically on the neutrino mass spectrum and on the values of the two 
Majorana phases in the PMNS matrix 

▸ One can express mββ as a function of the lightest (mlightest) mass state for the two mass 
orderings and obtain the allowed ranges

23

Inverted mass ordering

Normal mass ordering

Widths:  mainly from the unknown 
Majorana phases φ1, φ2

Degenerate region

mlightest ' m1 ' m2 ' m3 �
q

|�m2
32|
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m1 < m2 ⌧ m3

m3 ⌧ m1 < m2

PDG Review: PTEP 8, August 2020 



INTRODUCTION: DOUBLE BETA DECAY

EMPLOYED NUCLEI

24

Candidate* Q [MeV] Abund [%]

48Ca -> 48Ti 4.271 0.187

76Ge -> 76Se 2.039 7.8

82Se -> 82Kr 2.995 9.2

96Zr -> 96Mo 3.350 2.8

100Mo -> 100Ru 3.034 9.6

110Pd -> 110Cd 2.013 11.8

116Cd -> 116Sn 2.802 7.5

124Sn -> 124Te 2.228 5.64

130Te -> 130Xe 2.530 34.5

136Xe -> 136Ba 2.479 8.9

150Nd -> 150Sm 3.367 5.6

• Even-even nuclei 

• Natural abundance is low (except 130Te) 

• Must use enriched material

(A, Z+1)

(A, Z+2)

(A, Z)
��

* Q-value > 2 MeV



INTRODUCTION: DOUBLE BETA DECAY

PHASE SPACE  AND MATRIX ELEMENTS

G0ν ∝ (Qββ
5 ,Z )

T1/2
0ν( )

−1
=G0ν M 0ν 2 mν

me

"

#
$

%

&
'

2

Dueck%et%al.%Phys,.%Rev.%D%83%113010(2011)%%

G0⌫(Q,Z) / (Z,Q5)

Matrix elements: vary by a factor of 2- 3 for a given A
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Jonathan Engel and Javier Menéndez 2017 Rep. Prog. Phys. 80 046301 
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*See also Vergados, Ejiri, Simkovoc, Int. Journal of Modern Physics E, Vol 25 (2016)

J. Menendez Neutrino 2020



DOUBLE BETA DECAY: EXPERIMENTS

EXPRIMENTAL REQUIREMENTS

▸ Experiments measure the half-life, with a sensitivity (for non-zero background)

T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E

hm��i /
1q
T 0⌫
1/2

Minimal requirements: 

high isotopic abundance (a) 
high efficiency (e) 
large detector masses (M) 
ultra-low background noise (B) 
good energy resolution (∆E) 

     Additional tools to distinguish signal from 
background: 

event topology 
pulse shape discrimination 
particle identification 
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Heat

Charge Light

nEXO, NEXT (+tracks) 
DARWIN, PandaX-III

GERDA 
MAJORANA 
LEGEND 
SuperNEMO 
(+tracking)

CUORE 
CUPID 

KAMLAND-Zen 
SNO+

DOUBLE BETA DECAY: EXPERIMENTAL TECHNIQUES*

27(*not a complete list)

Energy of the 
two electrons



DOUBLE BETA DECAY: CHALLENGES

MAIN CHALLENGES

▸ Energy resolution (ultimate background from 2νββ-decay) 

▸ Backgrounds 

๏ cosmic rays & cosmogenic activation (including in situ, e.g., 77Ge, 137Xe) 

๏ radioactivity of detector materials (238U, 232Th, 40K, 60Co, etc: α, β, γ-radiation) 

๏ anthropogenic (e.g., 137Cs, 110mAg) 

๏ neutrinos (e.g., 8B from the Sun): ⌫ + e� ! ⌫ + e�
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BACKGROUND REDUCTION
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includes tagging time-coincident hits in different crystals or identifying multiple scatters in
homogeneous detectors. For detectors with sensitivity to the position of the interaction, an
innermost volume can be selected for the analysis (fiducial volume). As the penetration range
of radiation has an exponential dependence on the distance, most interactions take place close
to the surface and background is effectively suppressed. Finally, detectors able to distinguish
electronic recoils from nuclear recoils (see section 5.1) can reduce the background by
exploiting the corresponding separation parameter.

4.2. Cosmogenic and radiogenic neutron radiation

Neutrons can interact with nuclei in the detector target via elastic scattering producing nuclear
recoils. This is a dangerous background because the type of signal is identical to that of the
WIMPs. Note that there is also inelastic scattering where the nuclear recoil is typically
accompanied by a gamma emission which can be used to tag these events. Cosmogenic
neutrons are produced due to spallation reactions of muons on nuclei in the experimental
setup or surrounding rock. These neutrons can have energies up to several GeV [151] and are
moderated by the detector surrounding materials resulting in MeV energies which can pro-
duce nuclear recoils in the energy regime relevant for dark matter searches. In addition,
neutrons are emitted in n,( )B - and spontaneous fission reactions from natural radioactivity
(called radiogenic neutrons). These neutrons have lower energies of around a few MeV.

Dark matter experiments are typically placed at underground laboratories in order to
minimize the number of produced muon-induced neutrons. The deeper the location of the
experiment, the lower the muon flux. Figure 3 shows the muon flux as a function of depth for
different laboratories hosting dark matter experiments.

The effective depth is calculated using the parametrisation from [151] which is repre-
sented by the black line in the figure. The muon flux for each underground location is taken
from the corresponding reference of the list below.

• Waste Isolation Pilot Plant (WIPP) [152] in USA.
• Laboratoire Souterrain à Bras Bruit (LSBB) [153] in France.
• Kamioka observatory [151] in Japan.
• Soudan Underground Laboratory [151] in USA.

Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.) for
various underground laboratories hosting dark matter experiments. The effective depth
is calculated using the parametrisation curve (thin line) from [151].

J. Phys. G: Nucl. Part. Phys. 43 (2016) 013001 Topical Review
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XENON collaboration, EPJ-C 75 (2015) 11

๏ Go deep underground

๏ Select low-radioactivity materials

๏ Use active shields

๏ Avoid cosmic activation

DOUBLE BETA DECAY: CHALLENGES



DOUBLE BETA DECAY: STATUS

VERY BRIEF CURRENT STATUS OF THE FIELD

▸ No observation of this extremely rare nuclear decay (so far) 

▸ Best lower limits on T1/2: 1.07x1026 y (136Xe), 1.8x1026 y (76Ge), 1.5x1025 y (130Te) 

▸ Running and upcoming experiments (a selection)  

๏ 130Te: CUORE, SNO+ 

๏ 136Xe: KAMLAND-Zen, KAMLAND2-Zen, EXO-200, nEXO, NEXT, DARWIN, PandaX-III 

๏ 76Ge: GERDA Phase-II, Majorana, LEGEND (GERDA & Majorana + new groups) 

๏ 82Se: CUPID (= CUORE with light read-out) 

๏ 82Se (150Nd, 48Ca): SuperNEMO 

๏ 100Mo: NEMO-3, AMoRE

30

m�� < (0.08� 0.18) eV (90% C.L.)
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CRYOGENIC DETECTORS

CUORE AND CUPID

▸ CUORE: 988 crystals (206 kg 130Te assembled in towers) at LNGS 

▸ Background level: 14 events/(keV t y); energy resolution: 0.3% FWHM (7.7 keV in ROI) 

๏ Results: T1/2 > 1.5 x 1025 y for 130Te 

▸ CUPID: R&D for ton-scale detector using Li2100MoO4 and Zn82Se crystals as scintillating 
bolometers (to identify major α-particle background) 

▸ CUPID-0: pilot project at LNGS, 24 Zn82Se crystals, best limit on T1/2 of 82Se

L. Gladstone, MIT

Detector Installation, Aug 2016
Towers installed into the cryostat, the process took 1 month

13

Susanne'Mertens'(MPP,'TUM)

CUPID

• scintillating'bolometers:'heat3and3light3signal
discriminate α particles'(major'background)
• Investigated:'Zn82Se,'Li2100MoO4,'

130TeO2
Eur.'Phys.'J.'C76'no.7,'364'(2016)

Astroparticle'Physics'72'(2016)'38–45'
Phys.'Rev.'Lett. 120,'232502'(2018)

Phys.'Lett.'B767'(2017)'321N329

• Properties'and'performances'indicates''
Li2100MoO43as'preferable'solution

• R&D'ongoing

Cupid3- 0
Zn82Se3crystal

CUPID3- Mo
Li2100MoO4 crystal

ESPPUNInput'#'45

CUORE: PRL 120, 2018

CUPID-0: PRL 123, 2019

Q value of 82Se (2997.9 ±0.3 keV) T1/2 > 3.5 × 1024 y

31



LIQUID SCINTILLATORS

SNO+ AND KAMLAND-ZEN

▸ SNO+: 0.5% natTe ~1330 kg 130Te in liquid scintillator at SNOLAB 

๏ Scintillator fill in 2020, preparing for Te loading and ββ-decay phase to start   

▸ KamLAND-Zen: 745 kg 136Xe in liquid scintillator at Kamioka, ongoing since Jan 2019 

๏ Previous results (phase I + II): T1/2 > 1.07 x 1026 y (5.6 x 1025 y sensitivity) 

▸ KamLAND2-Zen: ~1t 136Xe, higher LCE: 

  

Thank you!

The detector and cavity are currently about half �lled 
with water. 

Camera above water

Camera 
underwater, light 

above water

Camera and light 
underwater

KamLAND2-Zen

σ(2.6MeV)= 4% → < 2.5％

accommodate various devices 
CaF2, CdWO4, NaI, … Winstone Cone High Q.E. PMT

Photo-coverage >  x2
Light Collection Eff. >  x1.8

x1.4

17”Φ→20”Φ, ε=22% → 30% 

x1.9

General-purpose High performance

1000 kg enriched Xe

New Liquid Scintillator
KamLAND liquid scintillator   8,000 photon/MeV 
typical liquid scintillator        12,000 photon/MeV  　

naive calc. < 2%

larger crane 
strengthen floor 
enlarge opening

target ⟨mββ⟩ ~ 20 meV / 5 year

SNO+ J.Phys.Conf.Ser. 1137 (2019)   
T1/2 > 1.9 x 1026 y, 5 y of data KamLAND-Zen: PRL 117, 2016

�/E(2.6MeV) = 4% �!< 2.5%

<latexit sha1_base64="kSdzHDHnW7Wn6p5zzpkNsEUF7Mg="></latexit>
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XENON TIME PROJECTION CHAMBERS

EXO-200, NEXO, NEXT, PANDAX-III

▸ EXO-200: TPC with 75 kg 136Xe in fiducial region, σ/E = 1.1%; T1/2 > 3.5 x 1025 y 

▸ nEXO: TPC with 5 t of LXe enriched in 136Xe, goal T1/2 ~ 9.2 x 1027 y after 10 y  

▸ NEXT: high-pressure (15 bar) 136Xe gas TPC: e- track reconstruction 

๏ Demonstrated: σ/E = 0.43%; NEXT-100: operation in 2021, T1/2 ~6x1025 y after 3 y 

๏ R&D on Ba ion tagging ongoing (e.g., NEXT-BOLD, for ton-scale detector) 

▸ PandaX-III: high-pressure (10 bar) 136Xe gas TPC, multiple modules with 200 kg each

EXO-200: PRL 123, 2019 NEXT arXiv:1910.07314 nEXO arXiv:1805.11142

NEW (NEXT-WHITE) at the LSC 

NEW on the seismic support table, inside the Lead Castle at the LSC 

2/19/16& 15 R.&C.&Webb&&DM2016&

PandaX-III NIM-A 958, 2020
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XENON TIME PROJECTION CHAMBERS

DARWIN

▸ TPC with 40 t natXe (50 t in total) for DM searches; 8.9% 136Xe ≈ 3.6 t of 136Xe 

▸ Goal: T1/2 ~ few x 1027 y, with background rate < 0.2 events/(t y) in ROI 

▸ Energy resolution: σ/E = 0.8% (achieved in XENON1T) 

▸ Detailed ββ-sensitivity study: arXiv:2003.13407 (EPJ-C 80, 2020, 9, DARWIN collaboration)

DARWIN

XENON1T: σ/Ε=0.8% at 2.5 MeV

DARWIN Collaboration, JCAP 1611 (2016) 017

 Qββ 

XENON Collaboration, arXiv:2003.03825, EPJ-C 80., 2020, 8
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DARWIN BACKGROUNDS

▸ ROI: [2435-2481] keV = FHWM around Qββ 

▸ 137Xe: β-decay with Q=4173 keV, T1/2=3.82 min (via n-capture on 136Xe)

35

Rate versus fiducial mass  Rate in 5 tonnes fiducial region (0.45 t 136Xe)

Signal: T1/2 = 2 x 1027 y

XENON TIME PROJECTION CHAMBERS

DARWIN collaboration, arXiv:2003.13407



HPGE DETECTORS

GERMANIUM IONISATION DETECTORS

▸ HPGe detectors enriched in 76Ge 

๏ Source = detector: high detection efficiency 

๏ High-purity material: no intrinsic backgrounds 

๏ Semiconductor: σ/E < 0.1% at Qββ =2039.061 keV 

๏ High stopping power: β absorbed within O(1) mm

36
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HPGE DETECTORS

RECENT GERMANIUM EXPERIMENTS

MAJORANA DEMONSTRATOR
Searching	for	neutrinoless	double-beta	decay	of	76Ge	in	HPGe	detectors	and	

additional	physics	beyond	the	standard	model

Operating underground at the 4850’ level of the Sanford Underground Research Facility

Source & Detector: Array of p-type, point contact detectors
29.7 kg of 88% enriched 76Ge crystals  

Low Background: 2 modules within a compact graded shield and 
active muon veto using ultra-clean materials

Excellent Energy resolution: 2.5 keV FWHM @ 2039 keV

6

Credit:	Majorana	collaboration

MAJORANA at SURF 

29.7 kg of 88% enriched 76Ge crystals 

2.5 keV FWHM at 2039 keV 

26 kg y exposure; PRL 120 (2018) 

T1/2 > 2.7 x 1025 y (90% CL)

GERDA at LNGS 

35.6 kg of 86% enriched 76Ge crystals in LAr 

3.0 keV FWHM at 2039 keV 

58.9 kg y exposure; Science 365 (2019), 127.2 kg y 
exposure: Neutrino 2020 & sub to PRL 

T1/2 > 1.8 x 1026 y (90% CL)

8

FIG. 5. Extended Data Fig 1

FIG. 6. Extended Data Fig 2
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GERDA Phase II Victoria Wagner (MPIK) DPG 2016 12/16

The Phase II Array

Integration of Phase II Array 

(Dec' 15) : 

● Full array with 40 detectors 

arranged in 7 strings 

nylon mini-shroud (see T36.9)

Qββ = 2039.061±0.007 keV



SMALL HISTORICAL EXCURSION

THE HEIDELBERG-MOSCOW EXPERIMENT
▸ Detectors in conventional shield: five 76Ge detectors, mass 10.96 kg 

▸ Concept to operate directly in cryogenic liquid:  

๏ Genius -> now GERDA->upcoming LEGEND

A first “bare” HPGe detector
GENIUS background and technical studies: 
L. Baudis et al, NIM A 426 (1999)

38

Limits on the Majorana neutrino mass in the 0.1 
eV range, L. Baudis et al., Phys. Rev. Lett. 83, 1999

T1/2 > 1.6⇥ 1025 y 90%C.L.
<latexit sha1_base64="133xiA0JvC7XaiGHbbUYQC7FL3Y="></latexit>

Sensitivity

Heidelberg-Moscow HPGe 
detector in conventional shield



GERDA OVERVIEW

THE GERDA EXPERIMENT

▸ Liquid Ar (64 m3) as cooling medium 
and shielding 

▸ Surrounded by 590 m3 of ultra-pure 
water as muon Cherenkov veto 

▸ U/Th in LAr < 7x10-4 µBq/kg 

▸ A minimal amount of surrounding 
material  

▸ Two phases 

๏ Phase I: 2011-2014 

๏ Phase II: 2015-2019

GERDA collaboration, EPJ-C 78 (2018) 5
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GERDA OVERVIEW

BACKGROUND SUPPRESSION 

▸ Several handles: 

๏ Event topology + anti-coincidence between HPGe detectors + pulse shape 
discrimination + liquid argon veto

event topology

40



EXAMPLE: GERDA DATA

BACKGROUND MODEL IN GERDA

GERDA collaboration, JHEP 03 (2020)

▸ Intrinsic 2νββ-events, 39Ar (Τ1/2 = 269 y), 42Ar (Τ1/2 = 33 y) and 85Kr (Τ1/2 = 11 y) in liquid argon 

▸ 60Co, 40K, 232Th, 238U in materials, α-decays (210Po) on the thin p+ contact

Sum spectrum, 
single-detector 
events

Sum spectrum, 
two-detector 
events

Blinded region: 
Qββ± 25 keV



EXAMPLE: GERDA DATA

DOUBLE BETA DECAY FINAL RESULTS

▸ Measured T1/2 of the 2νββ-decay: 1.92 x 1021 y 

▸ Liquid argon veto: factor 5 background suppression at 1525 keV (42K line) 

▸ Background level: 5.2 x 10-4 events/(keV kg y) in 230 keV window around Q-value

Constraints on the 76Ge 0νββ-decay 

T1/2 > 1.8 x 1026 y (90% CL) 

mββ  < 80 - 182 meV

42

GERDA collaboration, Neutrino2020, submitted to PRL



HPGE DETECTORS

THE FUTURE: LEGEND

▸ Large enriched germanium experiment for 0νββ decay 

▸ Collaboration formed in October 2016 

▸ 219 members, 48 institutions, 16 countries 

▸ LEGEND-200: 200 kg in existing (upgraded) 
infrastructure at LNGS, to start in 2021 

▸ Background goal: 0.6 events/(FWHM t y) 

▸ LEGEND-1000: 1000 kg, staged, 4 modules 

▸ Background goal: 0.1 events/(FWHM t y)

The Large Enriched Germanium Experiment for
Neutrinoless �� Decay

Legend-200 Preliminary Design Report

LEGEND-200 Preliminary Design Report for the NSF
Submitted: June 1, 2018
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GERDA AND LEGEND

EXPECTED SENSITIVITY 

▸ LEGEND-200: 1027y 

▸ LEGEND-1000: 1028 y 

▸ mββ = 17 meV (for worst case NME = 3.5)

Predicted range for 17 meV
LEGEND-1000

LEGEND-200

GERDA

Abgrall et al., AIP Conf. Proc. 1894(1), 020027 (2017) 

Background   

GERDA:             3 events/(ROI t y) 
LEGEND-200:  0.6 events/(ROI t y) 
LEGEND-1t:      0.1/(ROI t y)

44

Post GERDA 
tests with 20  
Majorana, 
GERDA and 
new LEGEND 
detectors 
completed



RESULTS

LEADING RESULTS: OVERVIEW

Experiment Isotope FWHM [keV] T1/2 [1026 y] mββ [meV]

CUORE 130Te 7.4 0.15 162-757

CUPID-0 82Se 23 0.024 394-810

EXO-200 136Xe 71 0.18 93-287

KamLAND-Zen 136Xe 270 1.1 76-234

GERDA 76Ge 3.3 1.8 80-182

Majorana 76Ge 2.5 0.27 157-346

Table adapted from: GERDA collaboration, Science 365, Sept 2019
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RESULTS

MASS OBSERVABLES

▸ Constraints in the mββ parameters space in the 3 light ν scenario 

▸ Global sensitivity from 0νββ-experiments & constraints from direct searches & cosmology
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PROJECTIONS

FUTURE PROJECTS: A SELECTION
Experiment Isotope Iso mass [kg] FWHM [keV] T1/2 [1027 y] mββ [meV]

CUPID 130Te 543 5 2.1 13-31

CUPID 82Se 336 5 2.6 8-38

nEXO 136Xe 4500 59 9 7-21

KamLAND2-Zen 136Xe 1000 141 0.6 25-70

DARWIN 136Xe 1068 20 2.4 11-46

PandaX-III 136Xe 901 24 1.0 20-55

LEGEND-200 76Ge 175 3 1 34-74

LEGEND-1t 76Ge 873 3 6 11-28

SuperNEMO 82Se 100 120 0.1 58-144

▸ Reminder 

๏ Large exposures: 10 tonne x year, low background rates < 1 event/(FWHM tonne x year) 

๏ Good energy resolution, large Q-value, high efficiency, demonstrated technology, etc 

▸ Important to have multiple isotopes to make a convincing case for LNV

|m�� | /
✓
B ·�E

M · t

◆ 1
4
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SUMMARY AND OUTLOOK
▸ Ninety years after Pauli postulated his “silly child”: many open questions in neutrino physics 

▸ Neutrinoless double beta decay: excellent tool to test LNV and the nature of neutrinos (Dirac vs Majorana) 

▸ Existing experiments probe T1/2 up to ~ 1026 years, with T1/2 ~ (0.1 eV/mν)2 x 1026 y 

▸ Ton-scale experiments are required to cover the inverted mass ordering scenario 

๏ Several technologies move into this direction 

▸ Much larger experiments required to probe the normal mass ordering 

Current experiments

Future, ton-scale experiments

~70 meV

~10 meV

Advances in High Energy Physics 27
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Figure 19: (a) Allowed regions for !!! as a function of Σ with constraints given by the oscillation parameters. *e darker regions show
the spread induced by Majorana phase variations, while the light shaded areas correspond to the 3# regions due to error propagation of
the uncertainties on the oscillation parameters. (b) Constraints from cosmological surveys are added to those from oscillations. Di+erent
CL contours are shown for both hierarchies. Notice that the 1# region for the IH case is not present, being the scenario disfavored at this
con,dence level.*e dashed band signi,es the 95% CL excluded region coming from [136]. Figure from [211].

*e impact of the new constraints onΣ appears to be even
more evident by plotting!!! as a function of the mass of the
lightest neutrino. In this case, (62) becomes(% − !!! (!))2((# [!!! (!)])2 + !2!(Σ")2 < 1. (63)

*e plot in Figure 20 globally shows that the next generation
of experiments will have small possibilities of detecting a
signal of 0]-- due to light Majorana neutrino exchange.
*erefore, if the new results from cosmology are con,rmed
or improved, ton or even multi-ton-scale detectors will be
needed [124].

On the other hand, a 0]-- signal in the near future could
either disprove some assumptions of the present cosmologi-
cal models or suggest that a di+erent mechanism other than
the light neutrino exchange mediates the transition. New
experiments are interested in testing the latter possibility by
probing scenarios beyond the SM [118, 122, 213].

7.2. Measurements Scenario. Here we consider the implica-
tions of the following nonzero value of Σ [135]:Σ = (0.320 ± 0.081) eV. (64)

We focus on the light neutrino exchange scenario and assume
that 0]-- is observed with a rate compatible with

(1) the present sensitivity on !!!; in particular, we use
the limit coming from the combined 136Xe-based
experiments [81]; we refer to this as to the “present”
case;

(2) a value of!!! that will be likely probed in the next few
years; in particular, we use the CUORE experiment
sensitivity [83], as an example of next generation of

0]-- experiments; we refer to this as to the “near
future” case.

For the sake of completeness, it is useful to recall a few
de,nitions and relations. *e likelihood of a simultaneous
observation of some values for Σ and!!! (resp., with uncer-
tainties #(Σmeas) and #(!meas!! ) and distributed according to
Gaussian distributions) can be written as follows:

L

∝ exp[−(Σ − Σmeas)22# (Σmeas)2 ] exp[[[−(!!! − !
meas!! )22# (!meas!! )2 ]]] . (65)

Recalling the relation between 92 and the likelihood, namely,
L ∝ e−$2/2, we obtain

92 = (Σ − Σmeas)2# (Σmeas)2 + (!!! − !meas!! )2# (!meas!! )2 (66)

which represents an elliptic paraboloid. Since we are dealing
with a two-parameter 92, we need to ,nd the appropriate
prescription to de,ne the con,dence intervals. At the desired
con,dence level, we get

CL =∬$2<$20 ;< ;% 12=#%#& e−%2/2'2!−&2/2'2" (67)

and thus 920 = −2 ln (1 − CL) . (68)

*is de,nes the value for 92 correspondent to the con,dence
level CL.

Dell’Oro, Marcocci, Viel, Vissani, Adv. High 
Energy Phys. (2016) 2162659 
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OTHER MECHANISMS FOR DOUBLE BETA DECAY
▸ LNV processes in extensions of the Standard Model generically contribute to 0νββ-decay (light or heavy sterile 

neutrinos, LR symmetric models, R-parity violating SUSY, leptoquarks, etc) 

▸ Often classified as short- and long range processes, depending on the mass of the particles mediating the process 
(whether lighter or heavier than the momentum exchange scale ~ O(100 MeV)) 

▸ In the effective Lagrangian picture, the effects at low energies can be summarised in terms of higher order operators, 
added to the SM Lagrangian

Examples from F. Deppisch, A modern introduction to neutrino physics: the lowest-order contributions beyond the standard mechanism

5-dim Weinberg operator, 
standard mechanism 

7-dim operator, long-range 
contributions

9-dim operator, short-range 
contributions

INTRODUCTION: NEUTRINOS 50



DOUBLE BETA DECAY: MAIN UNCERTAINTIES

ISOTOPES AND SENSITIVITY TO THE DECAY

▸ Isotopes have comparable sensitivities in terms of rates per unit mass

February 21, 2013 16:18 WSPC/146-MPLA S0217732313500211 5–10

Empirical Survey of Neutrinoless Double Beta Decay Matrix Elements

Fig. 1. Regions in the renormalized specific phase-space g4
A
H0ν = g4

A
ln(2) NA

Am2
e

G
(0)
0ν and matrix

element squared |M0ν |2 that encompass modern theoretical calculations, for the candidate neu-
trinoless double beta decay isotopes 76Ge, 130Te, 136Xe and 150Nd. The vertical span reflects the
range of gA, which differs for the shell-model and other models, leading to nonrectangular bound-
aries. The matrix-element calculational methods are SM, generator-coordinate method (GCM),
quasiparticle random-phase approximation (QRPA), IBM and Projected Hartree–Fock Bogoliubov
method (PHFB), as given in Table 1. The lines indicate the effective Majorana mass that would
correspond to a count rate of one event per tonne per year.

Fig. 2. As Fig. 1 but with the addition of the isotopes 48Ca (2.2, 2143), 82Se (17, 514), 96Zr (13,
889), 100Mo (25, 660), 110Pd (33,181), 116Cd (9, 597) and 124Sn (10, 302). The number pairs are
the coordinates of the upper rightmost corner of each area, in lieu of labeling. It is more difficult
to see the details but the overall trend of a correlation between the phase-space factor and the
square of the nuclear matrix element is brought out.
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R. G. H. Robertson, Mod. Phys. Lett. A28 (2013) 1350021 
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effective value for the axial 
vector coupling constant gA: ~ 
0.6 - 1.269 (free nucleon value)
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SIGNAL EVENTS IN LIQUID XENON

▸ Electrons thermalise within O(mm) => 
single-site topology 

▸ Bremsstrahlung photons: may travel > 15 
mm (E>300 keV) => multi-site event 

▸ Energy depositions: spatially grouped 
using density-based spatial clustering 
algorithm 

▸ New cluster, if distance to any previous 
Edep > ε (separation threshold)

  Assumption: ε = 15 mm; 90% efficiency for ββ-events

2 e- back-to-back

52

Single-site

Multiple-site

3.5 mm

23 mm

DARWIN SENSITIVITY STUDY



MAIN BACKGROUND COMPONENTS

▸ Intrinsic:  

▸ 8B ν’s, 137Xe, 2νββ, 222Rn 

▸ Materials: 

▸ 238U, 232Th, 60Co, 44Ti 

▸ FV cut: super-ellipsoidal

53

Ti: LZ, Astrop.  Phys., 96 (2017) 

Other: XENON, EPJ-C 77 (2017)
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ROOM FOR IMPROVEMENT

54

Baseline: mββ = (18 – 46) meV  
Neutrino dominated: mββ= (11– 28) meV   

▸ Reduce external backgrounds 

▸ SiPMs, cleaner materials & 
electronics 

▸ Reduce internal background 

▸ Time veto for 137Xe, deeper lab, 
BiPo tagging 

▸ Improve signal/background 
discrimination; resolution…

DARWIN SENSITIVITY STUDY



INTRODUCTION: NEUTRINOS

NEUTRINO MASSES

▸ Three main methods: direct mass measurements, 0νββ-decay, cosmology  

▸ the observation of flavour oscillations imply a lower bound on the mass of the heavier neutrino 

▸ depending on the mass ordering, this lower bound is ≈ 0.05 eV

๏ The most direct probe: precision measurements of β-decays 

๏ The effect of a non-zero neutrino masses is observed kinematically: when a ν is produced, some 
of the energy exchanged in the process is spent by the non-zero neutrino mass 

๏ The effects are however very small & difficult to observe  

๏ KATRIN will probe the eff. νe mass down to 0.2 eV

m2
⌫e

=
X

i

|Uei|2m2
i

<latexit sha1_base64="tXcreSV/oFI7xfg88148g3qp424="></latexit>

3
1H �!3

2 He + e� + ⌫̄e

<latexit sha1_base64="uxJferoUvCRzE3lwz/8hVtE8OPM="></latexit>

55

E0= 18.6 keV,  T1/2 = 12.3 y

hep-ex/0109033



๏ Cosmology: neutrinos influence the LSS and the CMB (with the ν density ratio): 

๏ The constraints are on the sum of neutrino masses 

๏ Dependent on the parameters of the cosmological model (ΛCDM) 

๏ In general, depending on which data is included (see e.g., review in PDG2020)

INTRODUCTION: NEUTRINOS

NEUTRINO MASSES

▸ Three main methods: direct mass measurements, 0νββ-decay, cosmology  

▸ the observation of flavour oscillations imply a lower bound on the mass of the heavier neutrino 

▸ depending on the mass ordering, this lower bound is ≈ 0.05 eV
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Neff = 3 ~ number of active neutrinos



INTRODUCTION: NEUTRINOS

THE EFFECTIVE MAJORANA NEUTRINO MASS
▸ Probability distribution of mββ via random sampling from the distributions of mixing angles and Δm2 

▸ Flat priors for the Majorana phases
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Agostini, Benato, Detwiler, PRD 96, 2017
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GERDA PHASE II

ENERGY CALIBRATION

▸ Three low neutron-emission 228Th sources in SIS, deployed once every week  

▸ FWHM at Qββ: (3.0 ± 0.1) keV for BEGe, (3.6 ± 0.1) keV for coaxial detectors
Energy (keV)  

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

FW
H

M
 (k

eV
)

2

2.5

3

3.5

4

 enriched coaxial
 enriched BEGe
 calibration data

bbQ

GERDA 18-06

Energy (keV)  
500 1000 1500 2000 2500

C
ou

nt
s 

/ 5
 k

eV
310

410

510

610

710

810

58
3 

ke
V

76
3 

ke
V

86
1 

ke
V

26
15

 k
eV

(S
EP

)
21

04
 k

eV

(D
EP

)
15

93
 k

eV

31
98

 k
eV

 (s
um

)
31

25
 k

eV
 (s

um
)

72
7 

ke
V

78
5 

ke
V

89
3 

ke
V

10
79

 k
eV

15
13

 k
eV

16
21

 k
eV

Tl-208
Bi-212

Energy calibration
3	weak 228Th	sources
lowered every ~ week

3.6(1)	keV	FWHM

3.0(1)	keV	FWHM

NuPhys18,	21.12.18 Yoann	Kermaïdic 23
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GERDA BACKGROUND DATA

PULSE SHAPE DISCRIMINATION

▸ Cut based on 1 parameter: max of current pulse (A) normalised to total energy (E) (BEGe) 

▸ Tuned on calibration data (90% 208Tl DEP acceptance) 

▸ Acceptance at 0νββ: (87.6±2.5)%
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DETECTORS

GERDA PHASE-II DETECTORS
• BEGe and coaxial 

• p+ electrodes:  

• 0.3 μm boron implantation 

• n+ electrodes:  

• 1-2 mm lithium layer 
(biased up to +4.5 kV) 

• Low-mass detector holders (Si, 
Cu, PTFE)

9

p+ electrode
(read-out)

0 V
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60-80 mm
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Extended Data Fig. 2. Cross section through the germanium detector types (left) and the corresponding photos (right). The
p+ electrode is made by a ⇠0.3 µm thin boron implantation. The n+ electrode is a 1-2 mm thick lithium di↵usion layer and
biased with up to +4500 V. The electric field drops to zero in the n+ layer and hence energy depositions in this fraction of the
volume do not create a readout signal. The p+ electrode is connected to a charge sensitive amplifier.

S.!Schönert!(TUM):!GERDA!Phase!II!!&!LEGEND,!XVII!NuTel,!Venice!15.3.2017!

GERDA!Phase!II!experimental!setup!at!LNGS!

New!lowHmass!detector!
holder!(silicon,!copper,!
PTFE)!

New!signal!and!HV!
contac<ng!by!wire!bonding!
flat!ribbon!cables!!

New!TBP!coated!nylon!miniH
shrouds!to!reduce!aPrac<on!
K42!ions!to!n+!surface!

New!thickHwindow!BEGe!
detectors!
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DETECTORS

GERDA PULSE SHAPE DISCRIMINATION
• Signal-like: Single Site Events (SSE) 

• Background-like: Multiple Site 
Events (MSE) 

• BEGe detectors: E-field and 
weighting potential has special 
shape: pulse-height nearly 
independent of position
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NEW DETECTORS IN GERDA

INVERTED COAXIAL DETECTORS

▸ Large point-contact detectors with ~ 3 kg mass, excellent PSD performance 

▸ First 5 enriched IC detectors installed in spring 2018; baseline for LEGEND

R.J Cooper et al., 
NIM A 665 (2011) 25

Detector mass 
increase: 35.6 kg -> 
44.2 kg

FWHM at Qββ [keV]: 4.2±0.1 coax; 2.7 ± 0.1 BEGe; 2.9±0.1 IC
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