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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. 
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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 



Measured 2nbb half-lives



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
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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



Isotopes of interest
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Nuclear matrix elements
F. Sim

kovic, N
eutrino 2010



NME calculations

Differences in the models 
include:

•Mean field
•Residual interaction
•Size of the model space
•Many-body approximation

F. Simkovic, Neutrino 2010

•The uncertainties on individual 
isotopes are related to nuclear 
structure.  

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

Engel and Menendez, Reports on Progress in Physics 80, 046301 
(2017)
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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



Neutrino mixing matrix



Using the standard representation of the PNMS matrix, the 
effective Majorana neutrino mass is given as:
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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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arXiv:1705.01945v1

Agostini, et al. 
arXiv:1705.02996v1
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Phase space

Benato, TAUP 2017 and
Agostini, et al. arXiv:1705.02996v1
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Discovery potential

Agostini, et al. arXiv:1705.02996v1



Mechanism?

In some cases, it’s 
possible to determine 
the mechanism by 
measuring the opening 
angle between the 
electrons.



LHC complementarity
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Note that even in this case the decay implies Majorana masses,
except the relationship to the half-life is now a different one.

ppàeejj+X
(LHC@14TeV)

One more SUSY-inspired example:

0νββ decay always implies new physics!



Other mechanisms

26

While it is convenient to think in terms of the light neutrino 
exchange mechanism, it may not be the dominant mechanism.

Wick Haxton, DNP 2016



Black box theorem (Schechter and Valle)

BLACK BOX

See also JHEP 1106:091, 2011



Experimental search



How to search for 0nbb?

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

KamLAND-
Zen

29EXO-200



Low background
Massive effort on material radioactive qualification using:

• Neutron activation analysis 
• Low background γ-ray spectroscopy
• α-counting and radon counting 
• High sensitivity GD-MS and ICP-MS 

At present the database of characterized materials 
includes over 300 entries. See D.Leonard et al., Nucl. 
Instr. Meth. A591, 490 (2008).



Underground physics

Mei, Dongming et al. Phys.Rev. D73 (2006) 053004



Low density trackers:
- NEXT, PandaX (136Xe gas 
TPC)
- SuperNEMO (foils and gas 
tracking, 82Se)

Pros: Superb topological 
information
Cons: Very large size

Liquid (organic) scintillators:
- KamLAND-ZEN (136Xe)
- SNO+ (130Te)

Pros: “Simple”, large detectors 
exist, self-shielding
Cons: Poor energy resolution, 
2ν background

Crystals:
- GERDA, Majorana
Demonstrator, LEGEND (76Ge)
- CUORE, CUPID (130Te)

Pros: Superb energy resolution, 
possibly 2-parameter 
measurement
Cons: Intrinsically fragmented
Liquid TPC:
- EXO-200, nEXO (136Xe)

Pros: Homogeneous with good 
E resolution and topology
Cons: Does not excel in any 
single parameter



Current best 0nbb sensitivities
Isotope Experiment Exposure

(kg yr)
Reference

76Ge

GERDA 82.4 11 >9.0 <113-254 Agostini et al. PRL 
120 (2018) 132503

MJD 29.7 4.8 >2.7 <200-433 Alvis et al. 
arXiv:1902.02299 
(2019)

130Te CUORE 24.0 0.7 >1.5 <110-520 Alduino et al. PRL 
120 (2018) 132501

136Xe

EXO-200 234.1 5.0 >3.5 <93-286 Anton et al. 
arXiv:1906.02723 
(2019)

KamLAND-
ZEN

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

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

To achieve higher sensitivity, the next generation of experiments 
will be at the ton scale.



A priority for 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.”



Tour of Experiments



NEMO-3
NEMO-3

Like the first 
observation of 2nbb in 
the laboratory, 
NEMO-3 uses source 
foils in a gas TPC.  



NEMO-3 to SuperNEMO

SuperNEMO will scale 
up to ~100 kg in 
Modane (LSM). Working 
on demonstrator module 
now.



Source = detector

f is the number of atoms of the bb isotope/molecule; 
A is the molecular mass; 
M is the mass; 
t is the running time; 
B is the number of background counts/keV/kg/year; 
DE is the energy resolution of the detector in keV;
e is the detector efficiency in the bb region

For source = detector configuration, the figure 
of merit F0n:
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Claim for observation of 0nbb
Fit model:

6 gaussians + linear bknd.

Fitted excess @ Qββ
28.75 ± 6.86 ® 4.2 σ

[H.V.Klapdor-Kleingrothaus 
and I.Krivosheina, 
Mod.Phys.Lett. A21 (2006) 1547]
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76Ge Q-value

???

214Bi
214Bi

Heidelberg-Moscow 
Collaboration split over 
this result, and it is still 

controversial.



Current 76Ge diode experiments
Majorana

Demonstrator



Pandola, TAUP 2017



GERDA results
Agostini et al. 
PRL 120, 
132503 (2018)

82.4 kg y total
exposure



Next generation ton-scale 76Ge 0nbb
• Build on the experience of GERDA and the MAJORANA DEMONSTRATOR, 

as well as contributions from other groups and experiments.

• Design sensitivity of ~1x1028 y with a background of 0.1 cnt/tonne-yr in the 
region of interest (background reduction of ~6-20 relative to existing)

43

LEGEND



CUORE

natTeO2 bolometers operated in a low 
background dilution refrigerator at LNGS
~200 kg 130Te



CUORE results

Alduino et al. PRL 120, 132501 (2018)

Back to data taking since 
May 2018!



Beyond CUORE: CUPID

24 Zn82Se 
bolometers, for a 
total mass ≈ 5.1 kg 
of 82Se

Exposure of 5.29 kg 
yr gives a limit of > 
3.5 x 1024 yr at 90% 
C.L.

arXiv:1906.05001



Challenges of the ton-scale
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Shielding a detector from MeV 
gammas is difficult!

Example: 
γ–ray interaction length 
in Ge is 4.6 cm, 
comparable to the size 
of a germanium detector.

Typical 0nββ
Q-values
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Shielding 0nββ decay detectors is much harder than shielding 
dark matter detectors

We are entering the “golden era” of 0nbb decay experiments as 
detector sizes exceed interaction length



Monolithic detectors

48

LXe mass (kg) Diameter or length 
(cm)

5000 130
150 40
5 13

5kg 150kg

5000kg

2.5 MeV γ-ray
attenuation length
8.5cm = 



Background suppression

49

All observables have a role in separating signal from background. 
A very large, homogeneous detector has great advantages but 
only if its energy resolution is sufficient to sufficiently suppress the 
2νbb mode. 



Scintillator-based detectors
KamLAND-Zen

Up to 800 kg 90% enriched 
Xe dissolved in inner 
volume of KamLAND

3.9 t natural Te dissolved 
in liquid scintillator in the 
upgraded SNO detector



KamLAND-Zen
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Enriched xenon (90% 136Xe) dissolved in scintillator in the inner volume of the 
KamLAND detector in Japan.

T1/2
0νββ > 1.07 x 1026 yr

〈mββ〉 < 61 – 165 meV

Gando et al., Phys. Rev. Lett. 117, 082503 (2016)



Beyond KamLAND-Zen 800
Higher energy resolution = lower 2n background: KamLAND2-ZEN

expected s(2.6MeV)= 4% → ~2％

1000+ kg xenon

target sensitivity   20 meV

Beyond? Super-KamLAND-Zen
in connection with Hyper-Kamiokande

target sensitivity 8 meV
But eventually 2n background becomes 
dominant

Light collection gain
Winston cones x1.8

Higher q.e. PMTs x1.9

LAB-based liquid scint x1.4

Overall x4.8



NEXT-100
•15 bar high pressure gas Xe time 
projection chamber (TPC) with ~100 kg 
fiducial mass.  SiPMs (MPPCs) for 
tracking and PMTs for energy.

•Proportional electroluminescent 
amplification for large photon yield.

•Tracking and event topology 
reconstruction.

•Good energy resolution.  Demonstrated 
<0.9% energy resolution achievable at 
0nbb Q-value.

•Will be sited at the Canfranc laboratory 
(LSC).  Projected 3 year sensitivity of 
5x1025 y. Commissioning in ~2020.



NEXT R&D
•Multiple prototypes at the 
~kg scale (IFIC, LBL, 
Canfranc).

•Study of 60Co calibration 
data for event topology.

Ander Simón Estévez, TAUP 2017



EXO-200
Liquid Xe TPC

~100 kg fiducial mass Xe enriched to 80% in 
136Xe, ultralow background construction.

Readout plane is made up of LAAPDs + crossed 
wire grid.

Operating with enriched Xe at the Waste Isolation 
Pilot Plant since May 2011.

55





EXO-200 @ WIPP
EXO-200 was located at the Waste 
Isolation Pilot Plant (WIPP) in 
Carlsbad, NM, a DOE facility for 
the disposal of radioactive waste. 
Provides ~1600 m.w.e. shielding 
and low U, Th, and Rn.
•TPC housed in thin-walled copper 
vessel.
•Vacuum insulated cryostat with 
HFE-7000 for shielding and 
thermal bath.
•Lead shield.
•Clean room environment.
•Active muon veto.
•Other support systems not shown 
here (refrigeration, gas handling, 
etc.).
Operated with enriched Xe from 
May 2011 to Feb. 2014 (Phase I)

57
Upgraded detector ran from June 2016 to December 2018 (Phase II)



2nbb precision measurement

Most precise measurement of the 2nbb half-life
T1/2

2nbb = 2.165 ± 0.016(stat) ± 0.059(sys) × 1021 yr
[PRC 89, 015502 (2014)]

2nbb signal to 
background 
ratio: 
11: 1

Inner 40% fiducial 
volume signal to 
background ratio:
19: 1



Energy measurement

• Anticorrelation between scintillation and ionization in LXe known since early 
EXO R&D [E.Conti et al. Phys Rev B 68 (2003) 054201]

• Rotation angle determined weekly using 228Th source data, defined as angle 
which gives best rotated resolution

• In the most recent analysis, EXO-200 has achieved 1.15% s/E energy 
resolution at the Q-value in Phase II. 

Reconstructed energy, 228Th calibration:

Q
ββ

= 
24

58
 k

eV

Scintillation vs. ionization, 228Th calibration:

ALPHA CUT



228Th calibration data 
at Cathode

Data
Monte Carlo

228Th calibration data
at Cathode

Allows for background measurement and reduction

Events with > 1 charge cluster: multi-site events 
Events with 1 charge cluster: single-site events.  

0nbb: ~90% SS
g-rays: ~12% SS at 0nbb Q-value

Position and multiplicity



Improved g-background Rejection
Additional discrimination in SS using spatial distribution and cluster size
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Single Site Events (SS)
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Multiple Site Events (MS)

Collection signal 
in 2 wires

Collection signal 
in 1 wire

Short rise time

Long rise time

z/timex/y

2.5MeV γ
attenuation 

length: 8.5cm =

LXe self-shielding:

Entering g-rays are exponentially 
attenuated by LXe self-shielding, 
providing an independent measurement 
of g-backgrounds.  We call this standoff 
distance.

The size of individual events is 
estimated from pulse rise time 
(longitudinal direction) and the number of 
wires with a charge collection signal 
(transverse).



Optimal 0nbb Discrimination

• DNN trained on images built from U-wire waveforms
• Signal/background identification efficiency clearly 

correlates with the true event size



Analysis strategy
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Energy
Standoff
distance

DNN

SS

Energy
Standoff
distance

DNN

MS

SS fraction



Results arXiv:1906.02723



Sensitivity & Limits
Combined Phase I + II:     Total exposure = 234.1 kg.yr

Sensitivity 5.0x1025 yr
Limit  T1/2

0νββ > 3.5 x 1025 yr (90% C.L.)
〈mββ〉 < (93 – 286) meV

2012: Phys.Rev.Lett. 109 (2012) 032505
2014: Nature 510 (2014) 229-234
2018: Phys. Rev. Lett. 120 (2018) 072701 
2019: arXiv:1906.02723



Comparison across isotopes
Current limits, 76Ge vs. 136Xe



Majoron modes in Xe



Majoron 
Search

in EXO-200
Phys. Rev. D 90, 092004 (2014)



46 
cm

130 
cm

EXO-200 to nEXO

A 5000 kg enriched LXe TPC, 
based on success ofEXO-200

EXO-200
TPC

nEXO
TPC

Preliminary artist view of nEXO 
in the SNOlab Cryopit



nEXO discovery potential

nEXO 10 year discovery potential at T1/2=5x1027 yr



Baseline design assumes:
• Existing measured materials
• 1% s/E energy resolution
• Factor of two improvement in SS/MS discrimination

nEXO sensitivity



Ba+ tagging

•Ba+ system is well studied.  See H. Dehmelt et al. Phys. Rev. A22, 1137 (1980).
•Very specific signature with laser induced fluorescence.
•Single ions can be detected from a photon rate of 107/s

136Xe ® 136Ba++ + 2e-
2P1/2

4D3/2

2S1/2

493nm

650nm

metastable

Ba+ level structure

72

If you could identify the daughter nucleus as 136Ba on an event-by-event basis, you 
could eliminate all backgrounds other than 2nbb.



Images of few Ba atoms in solid xenon.
C. Chambers, et al. Nature 569, 203–207 (2019)

Barium tagging: Solid xenon



Summary
• Neutrino masses are an open window into physics 

beyond the Standard Model.
• Majorana neutrino masses may be the key to 

understanding the matter-antimatter asymmetry of the 
universe.

• Neutrinoless double beta decay is the most sensitive 
experimental probe of whether neutrinos have 
Majorana masses.

• There is a varied experimental program to search for 
neutrinoless double beta decay.

• We need nuclear theorists, too!


