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Birth of neutrinos
b-decay doesn’t seem to conserve energy!

a-decay spectrum b-decay spectrum
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Neutrinos
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In 1930, Wolfgang Pauli proposes the neutrino, 
but it’s also the birth of another force, the weak 

force!



Detecting neutrinos is hard
Neutrino-matter  
cross-sections 

It’s called the weak interaction for a reason 

1 barn = 10-24 cm2 

Photon-matter 
cross-sections 

~10-24 cm2 
~10-40 cm2  

~16-17 orders of  
magnitude smaller 

Slide: Kate Scholberg



1956 - “Observation of the Free 
Antineutrino” by Reines and Cowan

Discovery of the Neutrino 

inverse beta decay
νe + p → e+ + n



Three types of n

1953 (confirmed 1956) - Reines 
and Cowan discover the 
electron neutrino (Nobel Prize 
for Fred Reines in 1995).

1962 - Danby, et. al., discover 
the muon neutrino (Nobel Prize 
1988).

2000 - DONUT collaboration 
discovers the tau neutrino.
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Cosmology can also measure the total number of neutrino 
species, consistent with 3!



Parity violation and CP
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• You might think the laws of 
physics should remain 
unchanged in our world or in a 
mirror world, but weak 
interactions violate that 
symmetry dramatically [Wu, et 
al. Phys. Rev. 105, 1413]. 
Maybe CP is the right 
conserved quantity?

• We know that CP is also 
violated by weak interactions 
in the quark sector, but it’s too 
weak to explain the matter-
antimatter asymmetry.



M. Goldhaber, L. Grodzins, 
and A. W. Sunyar
Phys. Rev. 109, 1015 
(1958)



Sources of Neutrinos
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Cosmic neutrino background

The cosmic microwave background map is the baby 
picture of the universe…for now!

WMAP



Milestones in Neutrino Oscillations
•Solar neutrino problem is born when Ray Davis’s Cl 
experiment in the Homestake mine shows ~1/3 expected 
solar ne flux.

•Solar neutrino deficit confirmed by GALLEX/GNO and 
SAGE.

•Disappearance of atmospheric nµ’s measured by 
SuperKamiokande.

•SNO confirms flavor change in solar neutrinos by 
measuring FCC/FNC.

•KamLAND observes neutrino oscillations with reactor 
anti-neutrinos.

•Double Chooz/Daya Bay/RENO measure q13.
11



Homestake

The Homestake detector was 
built by Ray Davis (Nobel 2002) 
to test John Bahcall’s Standard 
Solar Model.

Surprisingly, the Homestake 
experiment only saw ~1/3 the 
expected flux of neutrinos.12

ne + 37Cl       37Ar + e-



Homestake
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Slide: Georg Raffelt



Super KamiokaNDE
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Super KamiokaNDE
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Atmospheric neutrino deficit

7Atmospheric Neutrino Oscillations

© David Fierstein, originally published in Scientific American, August 1999

2 muon-
neutrinos 1 electron-

neutrino

INCOMING
COSMIC RAYS

COSMIC 
RAY

AIR 
NUCLEUS

PION

MUON
ELECTRON

Get different 
 patterns 
 in Cherenkov  
 light for  
 e and µ #

(sim. for other 
detector types) 

From Cherenkov cone get angle, infer pathlength 

Graphics: SuperK

Sharp ring: Muon!

Fuzzy ring: Electron!
Oscillation path length depends on angle – longer path length 
through the earth



SuperK results
Data updates and neutrino masses and mixing angles

Super-K @Neutrino98 Super-K (2015) 

No oscillation

νµÆντ
oscillation

24Atmospheric Neutrino Oscillations

531 events 5485 events
Number of events plotted:

These data tell us;
1. Heaviest neutrino mass 

is approximately 
10,000,000 times 
smaller than the 
electron mass (which is 
the lightest particle 
except for neutrinos).

2. νµ’s oscillate 
maximally to ντ’s, 
which is really 
surprising. We want to 
understand why.

Takaaki Kajita, 
Nobel Prize 
Lecture, 2015



SNO
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Sudbury Neutrino Observatory: combine CC, NC sensitivity
• Measure both ne disappearance AND total nX flux
• Confirm where missing electron neutrinos went

1000 tonnes of ultra-pure 
heavy water (D2O) housed in a 
clear acrylic vessel 12 m in 
diameter, located a mile 
underground in a nickel mine in 
Sudbury, Ontario, Canada.



SNO results
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SOLAR
MODEL

ELECTRON
NEUTRINOS

ALL NEUTRINO
TYPES

A CLEAR DEMONSTRATION NEUTRINOS CHANGE THEIR TYPE:
2/3 OF THE ELECTRON NEUTRINOS HAVE CHANGED TO MU, TAU
NEUTRINOS ON THE WAY FROM THE SOLAR CORE TO EARTH. THIS 
REQUIRES THAT THEY HAVE A FINITE MASS.

LESS THAN ONE
CHANCE IN 10 
MILLION 
FOR “NO 
CHANGE IN
NEUTRINO 
TYPE”

Excellent
Agreement
With the
Solar Model
Calculations

SNO USED 
HEAVY 
WATER TO 
MEASURE 
TWO 
SEPARATE 
THINGS

ne nX

Art McDonald, 
Nobel Prize Lecture, 
2015



KamLAND
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1980s & 1990s - Reactor neutrino flux 
measurements in U.S. and Europe 

Next - Discovery 
and precision 
measurement of θ13

1956 - First observation 
of (anti)neutrinos

Past Reactor Experiments
Hanford
Savannah River
ILL, France
Bugey, France
Rovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde
Chooz, France

Neutrino Physics at Reactors

2008 - Precision 
measurement of (Δm12)2. 
Evidence for oscillation
2003 - First observation 
of reactor antineutrino 
disappearance KamLAND

Chooz

Savannah River

Chooz

Daya Bay
Double Chooz
Reno

63 years of liquid scintillator detectors
a story of varying baselines... 20



Reactor Antineutrinos

calculated reactor 
spectrum

observed spectrum

νe from n-rich fission products

~ 200 MeV per fission
~ 6 νe per fission on average, only ~ 1.5 νe/fission can be detected
~ 2 x 1020 νe/GWth-sec

21



Inverse beta decay

νe + p → e+ + n

Eνe ≅ Ee+ + En + (Mn-Mp) + me+

10-100 keV 1.805 MeV

coincidence signature

prompt e+ and delayed 
neutron capture

powerful background 
suppression technique

22



Neutrino oscillations with KamLAND

KamLAND result.  A. Gando et al., Phys. Rev. D83 (2011) 052002

E
LmLP e

2
22 3.1sin2sin),( Δ

=→ θνν µ



Neutrino oscillations with KamLAND

KamLAND result.  A. Gando et al., Phys. Rev. D83 (2011) 052002



Mikheyev–Smirnov–Wolfenstein effect



Slides from L. Wen, WIN2021





Oscillations vs baseline
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Neutrino mixing at reactors 
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Short baseline 
experiments 
„Reactor anomaly“, 
CENNS 

θ13 experiments: 
Double Chooz 
Daya Bay  
RENO 

KamLAND: 
„Solar“ 
Parameters, 
JUNO 

θ12 

2 

Plot: Christian Buck



Energy and baseline
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Experiments sensitive to same Δm2 all lie on a line!!
!  They all have the same ratio of  L/E!

Graphic: Janet Conrad



“atmospheric” “reactor" 0νββ“solar”

MNSP Matrix
(Maki, Nakagawa, Sakata, Pontecorvo)
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Precision measurments can be made with neutrino beams!

~2.44·10-3 eV2

~2.44·10-3 eV2

solar ~ 7.53·10-5 eV2

solar ~ 7.53·10-5 eV2



Appearance experiments
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Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, 
Prog.Part.Nucl.Phys. 60 (2008) 338-402.



Making a neutrino beam
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How To Make Tame Neutrinos 

π#p

accelerate 
protons 

slam them 
into a 
target 

focus mesons 
(mostly π’s) 
forward 
with magnetic 
 horn(s) 

let the π’s decay 
in a long  decay 
pipe 

π#
µ#

νµ#

Graphic: Kate Scholberg



Off axis trick

33McDonald, arXiv: 0111033



Slide: A. Schukraft

Long baseline oscillations



NOnA
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• Long-baseline neutrino 
oscillation experiment.
– NuMI neutrino beam at 

Fermilab
– Near Detector to measure the 

beam before oscillations
– Far Detector measures the 

oscillated spectrum.
• Primary goal:

measurement of 3-flavor 
oscillations via: 
– νμ→νμ and νμ→νe

– ν̅μ→ν̅μ and ν̅μ→ν̅e 

Slide: A. Himmel



T2K

36Slide: J. Walsh, NeuTel 2021



NOnA and T2K recent results

37
Slide: A. Schukraft, WIN 2021



“atmospheric” “reactor" 0νββ“solar”

MNSP Matrix
(Maki, Nakagawa, Sakata, Pontecorvo)
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~2.44·10-3 eV2

~2.44·10-3 eV2

solar ~ 7.53·10-5 eV2

solar ~ 7.53·10-5 eV2



The matter-antimatter asymmetry
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“The excess of matter over 
antimatter in the universe is one 
of the most compelling mysteries 

in all of science.”

How do we generate a matter-antimatter asymmetry?
Sakharov (1967) conditions for baryogenesis:

Instead of starting with a baryon number violating process (baryogensis), 
leptogenesis relies on violating lepton number, then converting L into B.
Neutrinos could be the key to explaining the matter-antimatter asymmetry in the 
universe…

1. Baryon number violation
2. C and CP violation
3. Out of thermal equilibrium



DUNE: Deep Underground 
Neutrino Experiment

40

nμ→ne appearance experiment, where dCP is measured by combining 
neutrino and an3-neutrino data

https://www.dunescience.org/



Liquid Ar TPC far detector 

41

beam



DUNE Sensitivity
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beam

arXiv:1512.06148
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The 3n picture

~2.44·10-3 eV2

solar ~ 7.53·10-5 eV2

solar ~ 7.53·10-5eV2
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Absolute neutrino masses
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How to weigh a neutrino?



Time of flight
Neutrino events from supernova 
1987a (Large Magellanic Cloud) 
were detected in KamiokaNDE, 
IMB, and Baksan observatories.

With a model for neutrino 
production, it is possible to look for 
smearing due to neutrino mass. 
Early analyses gave limits ~20 eV.

Improved supernova modeling and 
Bayesian statistical approaches do 
better:

< 5.7 eV @ 95% C.L.
Loredo and Lamb, PRD 65 (2002)



Decay kinematics
Look at the impact of 
non-zero n mass on the 
following decays.

ne: beta decay

nµ: pion decay*

nt: tau decay*

*thanks to Mike 
Shaevitz for next two 
slides, 2002 lectures at 
Lake Louise School



t decay

Current best limit from studies of 
the kinematics of t decays.

•Fit to scaled visible energy vs. 
scaled invariant mass.  Best limit

<18.2 MeV @ 95% C.L.
Aleph, EPJ C2 395 1998m=0

m=30 MeV



Pion decay
Current best limit from studies of the 
kinematics of p → µnµ decay.

•Pion decay in flight is limited in 
practice by momentum resolution.
•Pion decay at rest is limited by pion 
mass uncertainty.  This currently 
gives the best limits from PSI

<170 keV @ 95% C.L.
Assamagan et al., PRD (1996)

*Proposals exist to get this down to ~8 keV



Beta decay

Kinetic Energy (eV)
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Beta decay limits

Mainz
Troitsk

MIBETA

Figure from J. Wilkerson, Neutrino 2012

3H (tritium)
Q = 18.6 keV 
t½ = 12.3 years
Super-allowed

187Re
Q = 2.47 keV
t½ = 4.5 x 109 years
Forbidden



Existing tritium results



Tritium gas sources
Gas sources give the best results, but 
we’re limited to using molecular tritium.
• Electronic excitations in T atoms
• Excitations in T2 gas

– Electronic: 20 eV
– Vibrational: ~0.1 eV
– Rotational: ~0.01 eV

• Beta spectrum depends on excitation 
energies Vk and probabilities Pk

• KATRIN needs 1% uncertainties on 
final state distribution.
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MAC-E filter
Magnetic Adiabatic Collimation and Electrostatic filter

The MAC-E filter allows measurement of integral spectrum with an adjustable 
threshold.  Only see the endpoint of the decay!

BRIEF ARTICLE

THE AUTHOR

dN

dEe
=

G2

Fm
5

e cos
2 ✓C

2⇡3~7 |M
nuc

|2F (Z,Ee)peEe ⇥
X

i,k

|Uei|2Pk(Emax

� Ee � Vk)(1)

⇥
q
(E

max

� Ee � Vk)
2 �m2

⌫i ⇥⇥(E
max

� Ee � Vk �m⌫i)

(2) µ =

E?
B

= const

1

12 Advances in High Energy Physics

Electrodes Detector

!

"# (without $ field)

ΔΩ = 2' ($

)* )max )+ ),)max

T2 source

Figure 8: Principle of the MAC-E-Filter. Top: experimental setup,
bottom: momentum transformation due to adiabatic invariance of
the orbital magnetic momentum ! in the inhomogeneous magnetic
field.

Therefore, in the presence of a missed experimental broaden-
ing with Gaussian width " one expects a shift of the result on#2($!) of Δ#2 ($!) ≈ −2 ⋅ "2, (37)

which gives rise to a negative value of#2($!) [18].
3.2.1. MAC-E-Filter. The significant improvement in the
neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). This new type of
spectrometer—based on early work by Kruit and Read [69]—
was developed for the application to the tritium +-decay at
Mainz and Troitsk independently [70, 71].The MAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a +-decay
spectrum.

The main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding field. The +-electrons, starting from
the tritium source in the left solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic field lines into the spectrometer yielding
an accepted solid angle of nearly 2,. On theway of an electron
into the center of the spectrometer the magnetic field -
decreases smoothly by several orders of magnitude keeping
the magnetic orbital moment of the electron ! invariant
(equation given in nonrelativistic approximation)! = .⊥- = const. (38)

Therefore nearly all cyclotron energy .⊥ is transformed into
longitudinal motion (see Figure 8 bottom) giving rise to a

broad beamof electrons flying almost parallel to themagnetic
field lines. This is just the opposite of the so-called magnetic
mirror ormagnetic bottle effect.

This parallel beam of electrons is energetically analyzed
by applying an electrostatic barrier created by a system of
one or more cylindrical electrodes. The relative sharpness
of this energy high-pass filter is only given by the ratio of
the minimummagnetic field -min reached at the electrostatic
barrier in the so-called analyzing plane and the maximum
magnetic field between +-electron source and spectrometer-max Δ.. = -min-max

. (39)

It is beneficial to place the electron source in a magnetic
field -S somewhat lower than the maximum magnetic field-max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field -max
which exhibit starting angles /S at -S of

sin2 (/S) ≤ -S-max
. (40)

In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
trons transmitted by theMAC-E-Filter, as long as the electron
transport is always adiabatically. Such an arrangement has
been realized at the KATRIN experiment.

The exact shape of the transmission function can be
calculated analytically. For an isotropically emittingmonoen-
ergetic source of particles with kinetic energy . and charge 1
it reads as function of the retarding potential 2 as3 (.,2)
= {{{{{{{{{{{{{{{
0 for . ≤ 12,1 − √1 − . − 12. ⋅ -S-min

for 12 < . < 12 + Δ.,1 − √1 − -S-max
for . ≥ 12 + Δ..

(41)

Figure 9 shows the transmission function of a MAC-E-
Filter at the example of the KATRIN experiment at its default
settings (see Section 4.4).

The +-electrons are spiralling around the guiding mag-
netic field lines in zeroth approximation. Additionally, in
non-homogeneous electrical and magnetic fields they feel a
small drift :, which reads in first order [70]::⃗ = (.⃗ × -⃗-2 − (.⊥ + 2.||)> ⋅ -3 (-⃗ × ∇⊥-⃗)) . (42)

The clear advantages of theMAC-E-Filter of large angular
acceptance and high energy resolution come together with
the danger to store charged particles in Penning, magnetic
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MAINZ

• Quench condensed solid T2 source
• Early results (1994) showed systematic 

effects, traced to source film roughening 
transition (fixed by lowering temperature)

• 1995-1997 significant background 
reduction, signal improvement

• Best limit
< 2.2 eV @ 90% C.L.

Weinheimer et al., Phys. Lett. B 460219 (1999)



Speaking of anomalous results…

Nature 366, 29 - 32 (04 November 1993)



Analyze b energy

VMonitor 
energy 

threshold

Gaseous 
T2 source

3He
e-

ne
3H

1011 e-/sec

Electron 
transport

Detect bs103 e-/sec

1 e-/sec

KArlsruhe TRItium Neutrino 
experiment

https://www.katrin.kit.edu/



KATRIN outlook

Leopoldshafen
November 2006

• Intense T2 source (1011 decays/second)
• Spectrum analysis with electromagnetic filter
• Design resolution 0.93 eV
• Design mb sensitivity: 0.2 eV/c2 at 90% C.L.



First KATRIN results

mn < 1.1 eV at 90% C.L.

Phys. Rev. Lett. 123, 221802
59



MIBETA and MARE
Bolometric measurements on 187Re

Community has moved on to 163Ho
Nucciotti, arXiv:1511.00968

Re

• ~15 eV sensitivity for MiBETA (2004)
• R&D by MARE collaboration

• Metallic Re (superconducting)
• Complex thermalization

• Dielectric AgReO4

• Long response time
• Low specific activity (105 pixels!)



Holmium decay
163Ho → 163Dy* + ne

ne

163Ho 163Dy*

Lusignoli and Vignati, Phys. Lett. B 697 (2011)

163Ho
Q = 2.83 keV 
t½ = 4750 years

De Rújula and Lusignoli, 
Phys. Lett. B 118 (1982) 429 

(some e-

omitted)



Holmium experiments
Holmium microcalorimetry, two competing 
experiments.

• HOLMES uses MKID sensor technology, 
ECHo uses MMCs

Big problems with the endpoint and theory

Heat sink
(sub-Kelvin)

Thermometer

Absorber

Thermal 
link

Radioisotope

Eliseev et al., PRL 115
(2015) 062501

Faessler et al., PRC 
91 (2015) 064302



A new approach:
Never measure anything but 
frequency.

-Arthur Schawlow

An electron in a magnetic 
field will radiate at:

Monreal and Formaggio, PRD 80 (2009)

Measure entire beta 
spectrum at once: 
Cyclotron Radiation 
Emission 
Spectroscopy (CRES)

fγ =
fc
γ
=
eB
2π

1
me + 1

c2 Eβ



CRES single electron detection

PRL 114, 162501 (2015)

83mKr source



Neutrino mass puzzle
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Massive neutrinos
“Dirac” neutrinos 

“Majorana” neutrinos
No lepton number conservation!

The two descriptions are distinct and distinguishable only if mν≠0. 

CPT

Lorentz boost
(or B field)

CPT

CPT

Lorentz boost

nL nR

nL nR nL nR



Seesaw mechanism
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Experimentally, it is an open question whether neutrinos are 
Majorana or Dirac, but Majorana neutrinos are strongly preferred 
by theorists.  Seesaw mechanism can be used to explain small 
neutrino masses (see 2019 PDG). Type I seesaw mechanism 
(Gell-Mann, Ramond, Slansky and Yanagida, 1979):



Electromagnetic properties of n 

In an extension with right handed neutrinos, the electric 
dipole vanishes for both Dirac and Majorana neutrinos, but 
the magnet moment also vanishes for Majorana neutrinos 
(can still have transition magnetic moments).

Electromagnetic properties arise at the 
loop level. Dirac masses in the standard 
model give a prediction that the 
diagonal moments are proportional to 
the neutrino mass:



Experimental search for µn

With known limits on neutrino mass, the “SM prediction” is small, so 
experimentally the search is for an anomalous magnetic moment of the 
neutrino. This is typically done by solar or reactor neutrino experiments, 
and neutrino oscillation parameters are taken into account.

The best direct limit comes from Borexino using the spectral shape of 
electron recoils due to solar neutrinos (which would be affected if there 
were additional contributions to the cross-section due to an 
electromagnetic interaction term):

Agostini et al. Phys. Rev. D 96, 091103 (2017) 



Double beta decay

Some candidate nuclei: 76Ge, 82Se, 100Mo, 130Te, 136Xe

Atomic number (Z)

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

2nbb



S.R. Elliott, A.A. Hahn, M.K. Moe Phys. Rev. Lett. 59 (1987) 2020-2023 



Neutrinoless double beta decay

Same candidate nuclei: 76Ge, 82Se, 100Mo, 130Te, 136Xe

2nbb
This process can only occur 

for a Majorana neutrino!

0nbb



Double beta decay spectrum
2νββ spectrum

(normalized to 1)
0νββ peak

(normalized to 10-6)

0νββ peak
(normalized to 10-2)



0nbb rate

€ 

T1/ 2
0ν[ ]

−1
=G0ν ∗ M 0ν 2

∗ mν

2

If we assume that the mechanism is light neutrino exchange, we 
can write the rate for 0nbb:

Phase space factor ~Q5 Effective Majorana mass

Nuclear matrix element



Using the standard representation of the PNMS matrix, the 
effective Majorana neutrino mass is given as:
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The three CP phases α1, α2, and α3 are unknown. This uncertainty 
is expressed by varying:
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Effective Majorana mass



Now we insert the 
standard neutrino 
oscillation parameters 
(central values).  No 
total cancellation is 
possible for the inverted 
hierarchy.

Plots courtesy Andreas 
Piepke.

Inverted hierarchy



Once one of the CP 
phases is allowed to 
become negative the 
mass becomes negative, 
introducing the 
characteristic 
discontinuity into the 
absolute value of the 
mass.

For the normal 
hierarchy variation of 
the unknown CP-
phases introduces:
1) considerable 

variation of the 
effective mass,

2) allows destructive 
interference for 
certain values of 
mmin and choice of 
phases.

Normal hierarchy



Combined phase space

Inverted and normal 
hierarchy including 3s
errors on oscillation 
parameters.
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Mechanism?

In some cases, it’s 
possible to determine 
the mechanism by 
measuring the opening 
angle between the 
electrons.
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Other mechanisms
While it is convenient to think in terms of the light neutrino exchange mechanism, no 

reason to think it’s dominant!

Consider a model with 10 TeV right-handed neutrinos in the minimal left-right symmetric 
model, symmetric under charge conjugation (assuming that the mixing matrix of the 
right-handed neutrinos is the same as the PMNS matrix).

See Cirigliano, V., Dekens, W., de Vries, J. et al. “A neutrinoless double beta decay 
master formula from effective field theory,” J. High Energ. Phys. (2018) 2018: 97. 
Thanks to Wouter Dekens for help with this material. 
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Now consider the same model with 10 GeV right-handed neutrinos in the minimal left-
right symmetric model, symmetric under charge conjugation. Alternate mechanism 
would dominate over light Majorana neutrino exchange.

See Cirigliano, V., Dekens, W., de Vries, J. et al. “A neutrinoless double beta decay 
master formula from effective field theory,” J. High Energ. Phys. (2018) 2018: 97. Thanks 
to Wouter Dekens for help with this material. 

Not ruled out by LHC!



Black box theorem (Schechter and Valle)

BLACK BOX

See also JHEP 1106:091, 2011



How to search for 0nbb

•Large exposure
•Low background
•Good energy resolution
•High detection efficiency
•Detection in multiple isotopes! 84

EXO-200



Current best 0nbb sensitivities

*Note that the range of NME is chosen by the experiments.

To achieve higher sensitivity, the next generation of experiments 
will be at the tonne-scale. 85

Isotope Experiment Exposure
(kg yr)

Average 
half-life 
sensitivity 
(1025 y)

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

Effective 
mass limit 
(meV)
Range from 
NME*

Reference

76Ge

GERDA 127.2 18 > 18 < 79-180 Agostini et al. PRL 125, 252502
(2020)

MJD 26.0 4.8 > 2.7 < 200-433 Alvis et al. Phys Rev C 100, 
025501 (2019)

130Te CUORE 288 2.8 > 2.2 < 90-305 Adams et al. arXiv:2104.06906 
(2021) 

136Xe

EXO-200 234.1 5.0 > 3.5 < 93-286 Anton et al. PRL 123, 161802 
(2019)

KamLAND-
ZEN

504 5.6 > 10.7 < 60-161 Gando et al., PRL 117, 082503 
(2016) 



A priority for US nuclear physics

RECOMMENDATION II:
“The excess of matter over antimatter in the universe is one of the most compelling mysteries in all 
of science. The observation of neutrinoless double beta decay in nuclei would immediately 
demonstrate that neutrinos are their own antiparticles and would have profound implications for our 
understanding of the matter-antimatter mystery.
“We recommend the timely development and deployment of a U.S.-led ton-scale neutrinoless 
double beta decay experiment.”

INITIATIVE B:
“We recommend vigorous detector and accelerator R&D in support of the neutrinoless double beta 
decay program and the EIC.”



Summary

• 60+ years of experimental neutrino physics!
• Oscillations prove that neutrinos have mass, and their flavor 

states are superpositions of mass states. We are in an era of 
precision oscillation physics.

• Next step is to search for CP violation and a clue about the 
origin of matter in the universe (see Long Baseline Oscillations 
lectures later this week).

• There are several experimental approaches for weighing 
neutrinos in the laboratory!

• The next generation of neutrinoless double beta decay 
experiments are poised to determine the nature of that mass 
(see Neutrinoless Double Beta Decay lectures later this week).
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