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Abstract

Neutrinos are the most elusive among the known elementary particles, because of their
feeble interactions with ordinary matter. They are also the most mysterious, because of their
tiny masses that suggest a novel mass generating mechanism, their unknown Dirac or Majorana
nature, and their big quantum mixing leading to large-amplitude flavor oscillations. This Topical
Group focuses on neutrino properties that are not directly investigated in other Topical Groups
of the Neutrino Frontier: in particular, the absolute value of the neutrino masses, the Dirac or
Majorana nature of neutrinos, their electromagnetic properties, their lifetime, and hypothetical
exotic properties.
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0 Executive Summary

The existence of non-zero neutrino mass is, to date, the only laboratory-based observation of beyond-
Standard-Model physics. The disparity of mass scales between neutrinos and other fundamental
particles suggests a high-energy scale for neutrino-mass generation. In models where this mechanism
lies at or below the TeV scale, the physics of neutrino mass may be accompanied by complementary
signatures at colliders. In models where the scale is higher, experiments probing the nature of
neutrino mass are the only feasible way of exploring this new physics. Meanwhile, the observation
of neutrinoless double beta decay would provide direct evidence that lepton number is violated,
opening a path to baryogenesis via leptogenesis. As such, direct tests of the scale or nature of
neutrino mass target some of the most central open questions in fundamental physics today.

The absolute mass scale of the neutrino is accessible through several complementary measure-
ments though notably does not impact neutrino oscillations; laboratory probes measure the kine-
matics of beta decay, a field that has recently seen substantial technical and scientific advances.
These measurements are complementary to astrophysical and cosmological approaches. Searches
for neutrinoless double beta decay investigate the Majorana or Dirac nature of the neutrino. The
next generation of these experiments at the ton-scale is prepared to begin construction early in the
coming P5 period. Completion of these experiments is a continuing focus of the neutrino physics
community. Pursuing the physics associated with neutrino mass was a key Science Driver in the
2014 P5 report, and the timely development and deployment of a US-led ton-scale neutrinoless dou-
ble beta decay experiment was a top priority item in the 2015 Nuclear-Physics Long-Range Plan,
a commitment that continues today under the stewardship of the DOE Office of Nuclear Physics.
A rich research and development program toward beyond-ton-scale sensitivities is underway. The
envisioned experiments would be sensitive to wide range of neutrino-physics phenomena, and the
technologies under development have broad applications in particle physics.

Other neutrino properties may be connected to extensions of the Standard Model, yet are not
observable via oscillations. Neutrino electromagnetic properties are of fundamental interest, and the
nascent program measuring coherent elastic neutrino-nucleus scattering (CEvNS) offers intriguing
sensitivity. Lorentz and quantum mechanical properties of neutrinos may also illuminate physics
beyond the standard model.

0.0.1 Neutrino-mass scale

What is the absolute mass scale of the neutrino? Complementary experimental approaches currently
set limits on this mass scale; when a non-zero mass is measured, will it appear in other probes in a
way consistent with our current understanding?

Direct, kinematic measurements of the neutrino-mass scale are essential to disentangle this
property from the model dependence of cosmological concordances, supernova dynamics, or neutri-
noless double-beta decay. The improving sensitivity of all neutrino-mass-measurement techniques
raises the possibility of a fruitful disagreement between methods. A measured neutrino mass mβ

within the projected KATRIN sensitivity would constrain the available model space for neutrino-
less double-beta decay, and require the introduction of new physics to be reconciled with current
cosmological data. Any positive measurement should be followed up using a different experimental
technique and/or a different decaying isotope. There is a strong consensus to pursue realization
both of cyclotron-radiation emission spectroscopy for a next-generation tritium experiment such as
Project 8, and of microcalorimetry with embedded 163Ho as developed by ECHo and HOLMES, to
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ensure this flexibility. Continued effort to identify additional isotopes for kinematic mβ measure-
ments could open up new experimental possibilities.

Synergies Improved, direct neutrino-mass measurements can be related to cosmological obser-
vations (CF7) and neutrinoless double-beta decay results (below) via neutrino oscillation parame-
ters (NF01). Experimental efforts require developments in instrumentation (IF) and computation
(CompF), and offer sensitivity to possible sterile neutrinos (NF02) and other beyond-SM physics
(NF03). The neutrino-mass scale has strong implications for theory (NF08/TF11).

0.0.2 The nature of neutrino mass

What is the mechanism that generates neutrino mass? Is the neutrino a Majorana fermion or a
Dirac fermion? How can the sensitivity of neutrinoless double-beta decay searches best be improved
beyond the inverted-ordering region targeted by the next generation of experiments?

Detection of neutrinoless double beta decay is the only known method with plausible sensitivity
to the Majorana nature of the neutrino, one of the most important open questions in particle physics.
Techniques aimed at its discovery have been developed in several isotopes with tens-to-hundreds kg
scale demonstrators paving the way for ton-scale and larger discovery-class experiments over the
last Snowmass period. The proposed experiments use a range of detection techniques: loaded
liquid scintillator, gas and liquid time projection chamber, bolometer, and solid-state detectors
are all competitive approaches. Certain experimental challenges, notably isotope procurement and
background measurement and control, are broadly shared among experimental schemes. The coming
ton-scale generation of experiments will probe effective Majorana neutrino masses, mββ , as small
as 18meV in discovery mode, fully exploring the parameter space favored by the inverted mass
ordering and covering a large fraction of the parameter space associated with normal neutrino mass
ordering under the light neutrino exchange mechanism.

A portfolio of international experiments, representing multiple isotopes and detection technolo-
gies, will both probe this parameter space and, importantly, permit confirmation of any discovery.
There is strong consensus for the goal of building at least two ton-scale experiments with US leader-
ship, multi-agency, and international support, as well as continuing participation in other programs
worldwide.

The neutrino community is pursuing a thriving R&D program for beyond-ton-scale neutrinoless
double-beta decay searches. This program offers exciting opportunities for upgrades that would
improve the sensitivity of ton-scale experiments, and for future sensitive, ultra-low-background
detectors that can access a broad physics program. Support for R&D in multiple isotopes and with
multiple technologies is recognized as vital to ensure readiness to fully explore the range of half-lives
associated with normal neutrino mass ordering, or to confirm and pursue precision measurements
in the case that neutrinoless double-beta decay is discovered at the ton scale.

Synergies Advanced clean materials, radio-assay facilities, and underground laboratories (UF)
are needed in order to support all experiments, and their continued development is a crucial part
of the program. Advances in cross-cutting areas including advanced light detectors, cryogenic de-
tectors, and time projection chamber techniques (IF), as well as machine-learning techniques for
data analysis (CompF) will have obvious impact. The central physics question is highly relevant
to theory (NF08/TF11), cosmology (CF7), and collider searches for heavy neutral leptons (EF09).
Although presently stewarded by DOE-Nuclear Physics (NP), many proposed beyond-ton-scale
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detectors would have significant HEP capabilities and synergies with HEP instrumentation and
analysis approaches. There is strong consensus that maximizing synergies between HEP and NP
for subsequent neutrinoless double beta decay phases would be highly scientifically beneficial.

0.0.3 Neutrino electromagnetic properties

Are the electromagnetic properties of the neutrino consistent with standard-model predictions arising
from radiative effects?

In the Standard Model neutrinos have small charge radii induced by radiative corrections. The
predicted values of the electron and muon neutrino charge radii are less than an order of magnitude
smaller than the current experimental upper limits and can be tested in the next generation of
accelerator and reactor experiments through the observation of neutrino-electron elastic scattering
and CEvNS. Precision measurements of the neutrino charge radii would either be an important con-
firmation of the Standard Model, or would discover new physics. The same types of experimental
measurements are also sensitive to more exotic neutrino electromagnetic properties: magnetic mo-
ments and millicharges, which would be certainly due to new physics beyond the Standard Model.
The discovery of millicharges or anomalously large neutrino magnetic moments would have also
important implications for astrophysics and cosmology.

Synergies The existence of non-standard electromagnetic and other properties of neutrinos would
have many phenomenological implications for astrophysics and cosmology (CF7), and fundamental
implications for theories beyond the Standard Model (NF03, NF08/TF11).

0.0.4 Other neutrino properties

Can probes of other neutrino properties, such as the neutrino lifetime or Lorentz-invariance violation
in the neutrino sector, shed light on physics beyond the standard model?

Since neutrinos are very elusive, they can have very exotic properties that have not been dis-
covered so far, e.g., properties that violate the Lorentz and CPT symmetries and gravitational
interactions that violate the equivalence principle. There is no specific experimental plan aimed
at investigating these properties, but experimentalists and phenomenologists should be alert to use
new experimental data for the exploration of all non-standard neutrino properties.
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1 Direct neutrino-mass measurements

When the Standard Model was developed, neutrinos were introduced as massless leptons in well-
defined flavor states {νe, νµ, ντ} corresponding to the massive leptons. The subsequent discovery
of neutrino oscillations [1, 2] established that these three flavor states are actually quantum su-
perpositions of three well-defined mass states {ν1, ν2, ν3}. The flavor-oscillation frequency depends
on the splittings between two squared mass values, ∆m2

ij ≡ m2
i − m2

j , so the existence of flavor
oscillation ensures that there are three distinct mass values in the active neutrino sector. However,
oscillation experiments are sensitive only to these squared mass differences, and not to the absolute
neutrino-mass scale – that is, the offset of the lightest neutrino-mass value from zero. In this section
we discuss the use of direct kinematic measurements to probe this mass scale. Determination of
the ordering of the mass values is covered in the NF01 report. Theoretical efforts are covered in
the TF11 report. Here, we briefly highlight a few relevant theoretical white papers. Neutrino-mass
sum rules arise from a wide range of theoretical explorations of neutrino-mass generation, and will
affect the observables that probe the neutrino-mass scale1. Several possible energy-frontier testing
frameworks for neutrino-mass-generating theories are explored2 3 4. Possible time modulation of
neutrino masses, arising from interaction with ultralight bosonic fields, is explored5.

1.1 General approach

Recently surveyed in Ref. [3], “direct” probes infer the neutrino-mass scale from the kinematics
of β decay. Since this approach relies primarily on conservation of energy, it offers the minimum
model-dependence of any such probe (Sec. 1.5). A β decay creates a β−(β+) along with a ν̄e (νe),
which – together with the recoil of the daughter nucleus – share the energy corresponding to the
Q-value of the decay. This energy goes into the kinetic energy of all three particles, as well as the

1LOI: Gehrlein et al., Leptonic Sum Rules
2LOI: Ruiz et al., Scrutinising Left Right Symmetric Extensions at LHC and Beyond
3LOI: Abada et al., Testable neutrino mass models
4LOI: Ruiz, Neutrino mass models at colliders in a post-ESU era
5LOI: Dev et al., Ultralight dark matter and neutrinos
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mass energy of the neutrino. Since that mass energy cannot be carried away by the other particles,
the presence of a non-zero neutrino mass imprints a signature on the shape of the high-energy tail
of the β spectrum. From Fermi’s golden rule, the differential decay rate of a β-decaying nucleus is
given by

dΓ

dE
=
G2

F cos2 (θC)

2π3
|Mnuc|2F (Z,E) p (E +me) ·

∑
f

Pf εf

√
ε2f −m2

νΘ (εf −mν) , (1)

where GF is the Fermi constant, cos2 (θC) is the Cabibbo angle, |Mnuc|2 is the nuclear matrix
element, and F (Z,E) is the Fermi function with the atomic charge Z of the daughter nucleus.
εf = E0− Vf −E is the corrected neutrino energy, where E0 is the effective decay endpoint and Vf
are atomic or molecular excitation energy levels populated with probabilities Pf , which may affect
the total lepton energy. In the special case of an electron-capture decay, there is no β in the final
state; rather, the decay energy is shared between the neutrino and the daughter atom, so that the
high-energy tail of the de-excitation spectrum carries that same signature. The differential spectrum
is similar to Eq. 1, but includes resonances for the capture of specific bound atomic electrons.

The experimental observable, an effective neutrino-mass squared, is an incoherent sum of the
squares of the mass valuesm2

i , each weighted by its contribution to the electron-flavor state produced
in β decay:

m2
β =

∑
i

|Uei|2m2
i . (2)

The weights |Uei|2 are given by the elements of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix. Typically, we assume CPT symmetry and treat neutrinos and antineutrinos interchangeably
in determining the mass scale; this assumption can in principle be tested by comparing ν̄e emitters,
such as 3H, with νe emitters such as 163Ho. In this discussion, we treat only measurements in the
quasi-degenerate regime, where the neutrino mass splittings are small compared to the absolute
mass scale; there are presently no direct plans for extending to the hierarchical regime.

Since the neutrino is so light, only a very small fraction of decays carry information about the
neutrino mass. Competitive experimental sensitivity thus requires a high specific activity of the
decaying isotope, as well as a low Q-value to ensure that a comparatively larger fraction of the
spectrum is useful. Table 1 lists candidate isotopes that have been considered for neutrino-mass
measurements in this century. 187Re was used for the MANU [4,5] and MIBETA [6] experiments, but
was ultimately abandoned due to significant challenges with the necessary detector technology [7].
The decay of the ground state of 115In into the first excited state of 115Sn has the lowest known
Q-value of any β decay, but any neutrino-mass measurement would have to contend with the higher-
Q decay branch to the 115Sn ground state, which is six orders of magnitude more likely [8, 9]; a
similar problem afflicts 135Cs [10]. This year, three decays to excited states of 75As were confirmed
to be kinematically allowed [11]. The electron-capture decays of 75Se are sensitive to nuclear-
structure details, but the β− decay of 75Ge to the 1172.00(60) keV excited state of 75As could be an
allowed transition, depending on its spin [11]. This would make it more appealing as a candidate
for neutrino-mass measurements, although it suffers from a short half-life as well as the higher-Q
ground-state-to-ground-state decay branch.

Additional candidates for ultra-low Q-value decays have been proposed based on literature
searches [12–14], but a program of precision measurements of the parent and daughter atomic
masses, and of specific excitation energy levels, is required in order to establish whether these can-
didate transitions are energetically possible. Such measurements have recently ruled out the isotopes
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Table 1: β candidate isotopes for direct kinematic measurement of the absolute neutrino-mass scale,
where the transition is confirmed to be kinematically allowed, along with current experimental
projects aimed at measuring mβ. Electron-capture decays are denoted EC.

Isotope Decay type Q-value (keV) Half-life (yr) Current mβ efforts
3H β− 18.57 12.3 KATRIN, Project 8
75Se EC 0.64(51) 0.3279(1) N/A
75Se EC 6.04(41) 0.3279(1) N/A
75Ge β− 6.56(60) 0.00015750(8) N/A
115In β− 0.173(12) 4.3(5)× 1020 N/A
135Cs β− 0.440 1.33× 106 N/A
163Ho EC 2.833(34) 4570 ECHo, HOLMES
187Re β− 2470(4) 4.12(23)× 1010 yr N/A

89Sr [15], 76As [16], 155Tb [16], 112Ag [17], and 115Cd [17] as candidates for neutrino-mass measure-
ments; more precise spectroscopic data are needed for daughter excited states of 139Ba [15] and
113Ag [17]. When a transition is possible, measurement of the level spins is needed to understand
the importance of nuclear structure to the spectrum.

The two current isotopes of choice are 3H and 163Ho:

3H→ 3He
+

+ β− + νe (3)
163Ho→ 163Dy∗ + νe (4)

Each of these approaches has a distinct set of challenges. For example, 163Ho enjoys a lower Q-value
than 3H, but has a more complex spectral shape, and it requires a detection technique that will
capture the energy from multiple de-excitation channels. 3H experiments need only be concerned
with determining the energy of a single electron, but this simplicity also leaves them vulnerable to
systematic effects resulting in energy loss.

The fundamental analysis strategy for such a search involves fitting a predicted spectral shape,
with m2

β as a free parameter, to the acquired data. Because the rate falls off steeply with energy
in this region of the spectrum, improperly handled systematic effects tend to mis-assign low-energy
events to high-energy bins, altering the spectral shape in such a way as to drive m2

β more neg-
ative [18]. Indeed, several negative m2

β results from the early 1990s were traced to previously
underappreciated systematics [3]. The achievable sensitivity and discovery potential depends, of
course, both on systematics and statistics; a recent discussion of these issues, in the context of a
Bayesian framework, is informative [19].

1.2 Tritium-based experiments: status and prospects

Historically, the world-leading limits on mβ have always been set by tritium-based experiments.
As a β-decaying isotope, 3H (henceforth abbreviated T) decay always produces two leptons in the
final state, and information about mβ can be obtained through a precise measurement of the β

spectrum. The first challenge of such a measurement arises from the chemical reactivity of T: the
most technically straightforward way to ensure a stable source is to bind the T into molecules, but
in that case a T decay may excite rotational, vibrational or electronic modes that will distort the
measured energy spectrum; in fact, two past negative m2

β results, from the Los Alamos [20] and
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Figure 1: (a) Measured KATRIN spectra and joint-fit results from the first (green) and second (blue)
neutrino-mass measurement campaigns. The reduced activity of the first campaign is clearly visible.
(b) Residuals from the joint fit, in which m2

β was a shared parameter between the two campaigns
(along with some systematics), but the amplitude, endpoint, background and other systematics were
permitted to vary between campaigns. (c) Measurement-time distribution for the two campaigns,
differing largely because of the reduced background for the second campaign. The retarding energy
is qU . Reproduced from Ref. [27].

Livermore [21] experiments, were later explained by updated calculations of these excitations [22].
Both the energy levels and the corresponding probabilities of the molecular final-state distribution
(FSD) must be understood in detail for the spectral calculation (cf. Eq. 1). Precise, detailed
quantum-chemical calculations, using a geminal basis with explicit correlations between the two
electrons, are now available for all isotopic molecules of T2 [23–25]. The FSD cannot be measured
directly, but the calculation agrees well with spectroscopic data as well as a recent measurement of
the dissociation probabilities following β decay in T2 and HT [26]. To avoid residual uncertainties
and broadening from the FSD, the Project 8 collaboration is working to realize an atomic tritium
source (Sec. 1.2.2).

1.2.1 KATRIN

The Karlsruhe Tritium Neutrino (KATRIN) experiment, currently running in Karlsruhe, Germany,
has set the world’s best direct limit on the neutrino-mass scale – mβ < 0.8 eV (90% C.L.) – based
on its first calendar year of operations, in 2019 [27]. Within KATRIN’s 70 m beamline [28], βs are
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adiabatically guided along magnetic field lines from an intense, gaseous T2 source (O(1011 Bq)) to
a spectrometer that analyzes their energy via magnetic adiabatic collimation with an electrostatic
filter (MAC-E filter). This filter essentially sets a threshold for the β kinetic energy via its retarding
potential U : if the β has energy E > qU , where q is the electron charge, it will be transmitted
downstream to the detector; otherwise, it will be reflected upstream. The filter width ∆E, a
measure of how well the βs are collimated, varies as the magnetic-field ratio Bmin/Bmax. The
resulting integral spectrum is recorded in a segmented, Si p-i-n diode while scanning U according
to a pre-determined measurement-time distribution.

KATRIN has been acquiring data since 2019; Fig. 1 shows a joint fit of the two published
measurement campaigns, both acquired in 2019. In the first, the source activity was limited by
a burn-in phase of the tritium system [29, 30]; in the second, a more effective regeneration of
the liquid-nitrogen-cooled baffles reduced a pernicious, non-Poissonian background source [27]. In
combination, these data result in a slightly positive best-fit value of m2

β , and a limit of mβ < 0.8 eV
(90% C.L.). This result is strongly statistics-limited.

As detailed in Ref.6, the KATRIN collaboration is actively addressing its systematic uncertain-
ties – including plasma effects in the source, energy-loss through scattering [32], and molecular
final states – through computation, simulation, and dedicated measurement campaigns. The spec-
trometer backgrounds, elevated substantially above first predictions, are the largest obstacle to the
experiment’s design sensitivity of 0.2 eV (90% C.L.). Since signal βs are decelerated almost to rest
within the MAC-E filter before being re-accelerated on their way to the detector, low-energy sec-
ondary electrons created in the central region of the MAC-E filter are energetically indistinguishable
from the signal. The two primary sources of these secondary electrons are the ionization interactions
of magnetically trapped shakeoff electrons from 219Rn decay, and the blackbody-induced ionization
of highly excited Rydberg atoms sputtered from the spectrometer walls by α decay of 210Po. The
former source can be greatly mitigated by proper regeneration of liquid-nitrogen-cooled baffles be-
tween the primary spectrometer volume, and the 219Rn-emanating nonevaporable getter strips that
maintain the spectrometer vacuum. The latter source is more difficult, but KATRIN is pursuing
several promising lines of R&D, including a pre-detector filter that would discriminate on the dif-
ferent angular distributions of the signal and background electrons, and a scheme for de-exciting
the Rydberg atoms with THz radiation before they can be ionized. KATRIN plans about 3 more
calendar years of running, followed by a second phase in which it will search for sterile neutrinos at
the keV scale6.

1.2.2 Project 8

The Project 8 experiment, currently in development in Seattle, Washington, aims to measure the
β spectrum without transporting the βs out of the source gas. Instead, the βs are magnetically
trapped within the source, so that radiofrequency antennae or waveguides can measure their cy-
clotron frequencies, which (for relativistic particles) depend on their kinetic energy. This innovative
technique [33] has been dubbed cyclotron radiation emission spectroscopy (CRES). Near the tritium
endpoint, a β radiates at about 1 fW, making signal pickup a technical challenge: trapping the par-
ticle under observation is a necessity for this method. The observed spectrogram is complex (Fig. 2,
left), but a sophisticated analysis can uncover rich information about the β kinematics [34]. Early
tests with a 83mKr source, with a small source volume viewed by a waveguide, enabled testing and

6White paper: KATRIN: Status and Prospects for the Neutrino Mass and Beyond [31]
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Figure 2: Left: Example Project 8 spectrogram of a 17.8-keV conversion electron from 83mKr
decay. The frequency axis gives the output after 24.2 GHz down-conversion. The color scale gives
the power in dBm (-120 dBm=1 fW). A higher cyclotron frequency corresponds to a lower electron
energy. The gradual slope of each line segment shows energy loss due to cyclotron radiation; each
discrete jump in energy corresponds to a scattering interaction with the gas in the source. The initial
electron kinetic energy, at the lower left extreme of the track, is extracted to build the spectrum.
Reproduced from Ref. [37]. Right: Measured T2 endpoint spectrum, with overlaid Bayesian fit [37].
The inset shows the neutrino-mass and endpoint contours from the maximum-likelihood fit to the
spectrum.

optimization of different magnetic traps, achieving an energy resolution as good as ∼ 3 eV [35]. With
an upgraded, small-volume apparatus, Project 8 has acquired its first tritium spectra (Fig. 2, right)
and inferred the first preliminary CRES-based neutrino-mass limit, mβ < 185 eV (90% C.L.) [36].

One immediate near-term challenge, as Project 8 aims to scale up to achieve a competitive
sensitivity to mβ , is to scale up the sensitive volume in which electrons can be trapped and their
cyclotron radiation observed. This requires moving away from waveguide technology. The collabo-
ration plans to build and test a mode-filtered resonant cavity for this next phase; a free-space cavity
viewed by rings of antennae is a possible backup option. Reducing the operating frequency from
26 GHz to 1 GHz may improve the systematic picture, e.g. by reducing dipolar spin-flip losses. In
all cases the trapping and detection efficiencies may vary based on frequency, effects which must
be carefully studied. Radiation from trapped electrons is also affected by magnetic-field variations
along their paths.

A relatively small percentage of created βs have pitch angles appropriate for trapping, which
also significantly limits the background. The Project 8 collaboration has identified only one possible
background so far, in which cosmic rays passing through the source gas eject δ electrons. In Phase
II, this background is limited by tritium measurements to < 3× 10−10 eV−1s−1 (90% CL) [37].

Project 8’s use of magnetic trapping offers an intriguing possibility for achieving an atomic
tritium source, which would significantly reduce the influence of final-state effects (Fig. 3). Ref. [3]
gives an overview of the challenges inherent in this task. Project 8 is actively working to overcome
these challenges in pursuit of an ultimate, cold atomic phase of the experiment. First, T2 gas
must be dissociated into its individual atoms, a process which gives them high kinetic energies; an
accommodator is thus required in order to cool them to the few-mK level. The cooled T atoms
must be selectively transported into a large source volume, where only low-field-seeking states can
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Figure 3: Final-state distributions for atomic T (blue) and molecular T2 (red; electronic ground state
only). The atomic line includes Doppler broadening typical of 1 K. Because the atomic endpoint is
below the molecular endpoint, residual T2 represents a dangerous background for spectra measured
with an atomic source. Reproduced from Ref. [3].

be trapped using Ioffe or Halbach array magnetic traps. Early design progress has been encouraging,
but the final system of course also relies on a demonstration of large-volume CRES7.

1.3 163Ho-based experiments: status and prospects

To capture the diffuse atomic de-excitation energy following the decay of 163Ho, the Electron Capture
163Ho (ECHo) and HOLMES experiments use microcalorimetric techniques originating in X-ray
astronomy. The 163Ho source is embedded in a gold absorber with a weak thermal link to a low-
temperature heat bath. With the exception of the escaping νe, the decay energy is absorbed by the
gold, and the resulting temperature increase ∆T is recorded. ECHo and HOLMES use two different
strategies for encoding the temperature increase as a change in magnetic field, enabling readout by
inherently low-noise SQUIDs (superconducting quantum interference devices).

The temperature readout of each channel may be different, but ECHo and HOLMES share
a variety of experimental challenges. First, 163Ho does not have sufficient natural abundance for
the required activity, and must be manufactured. There are two fundamental strategies for this
manufacture. Neutron irradiation of 162Er2O3 has a high cross-section for 163Ho production, but
also creates significant radioactive impurities that can produce backgrounds in a measurement –
including 166mHo, which is especially pernicious because it cannot be chemically separated from
163Ho. Meanwhile, proton irradiation of natDy creates high-purity samples, at the cost of a much
lower cross section [38].

Once a sufficiently large and purified 163Ho sample has been obtained, its implantation onto the
first layer of the absorber, and its subsequent coverage by a second sandwich layer of absorber ma-
terial, must be carefully controlled in order to optimize the activity of each detector while providing
complete encapsulation of the decaying nuclei. Then, as the activity of each detector is increased,

7White paper: The Project 8 Neutrino Mass Experiment [37]
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pileup becomes an insidious source of background, superimposing low-energy structures on the sen-
sitive portion of the spectrum. Finally, the balance of specific activity with pileup requires a large
number of detectors, which must all be read out and combined into a single spectrum. Thanks to its
well-defined resonances, the 163Ho spectrum is self-calibrating to a large degree, but sophisticated
multiplexing techniques are required to read out hundreds or thousands of channels in an economical
way. Software-driven radio provides a promising framework for such multiplexing schemes.

A strong theoretical understanding of the 163Ho spectrum is essential. The recent establishment
of the Q-value at 2.83 keV [39], via Penning-trap mass-difference measurements, means that the
endpoint region of the spectrum is well separated from the primary resonances, at some cost in rate.
The importance of shakeoff electrons, sometimes resulting in multiple vacancies, has recently been
recognized [40–42]. Finally, the measured spectrum will be modified by the solid-state environ-
ment of the isotope decaying in its absorber. Substantial progress has been made with solid-state
methods [43, 44]. Detailed tests of microcalorimeter response to calibration sources [45] will be an
important validation of these calculations.

Both ECHo (Sec. 1.3.1) and HOLMES (Sec. 1.3.2) are currently working towards eV-scale
neutrino-mass sensitivity measurements with prototype experiments, while conducting R&D work
targeted at larger deployments. As necessary milestones on the way to a sub-eV sensitivity, the
community must demonstrate successful analysis of spectra with sizeable (O(50) detectors) mi-
crocalorimeter arrays; high-resolution spectral measurement with multiplexed detectors; and large-
scale, high-yield detector fabrication. In the long term, a sub-eV measurement would benefit from a
joint effort between the two extant collaborations, and from significantly increased US involvement
to help address challenges around scaled detector fabrication and readout8.

1.3.1 ECHo

In the ECHo approach of a metallic magnetic calorimeter (MMC) placed in a uniform magnetic
field, ∆T alters the magnetization of an attached paramagnetic sensor, leading to a change in
magnetic flux [47]. Fig. 4 shows a recent spectrum acquired with four ECHo MMC detector pixels.
ECHo is currently analyzing data from the ECHo-1k demonstrator, which uses an array of 58 pixels
with average activity about 0.5 Bq and energy resolution about 5–6 keV FWHM [48] to target a
neutrino-mass sensitivity of mβ . 20 eV. Each pixel detector is read out with an individual SQUID
circuit, with a two-level data-reduction scheme to reduce spurious events [49]. Background from
natural radioactivity in the detector materials is adequately controlled [50].

The collaboration has performed extensive work on 163Ho production by neutron bombardment
at a nuclear research reactor [51], along with isotopic purification and implantation at an optimized
RISIKO facility [52, 53]. R&D efforts presently focus on the ECHo-100k phase, with a projected
2 eV sensitivity achieved by thousands of multiplexed detector pixels, operated at mK temperatures
with a per-pixel activity of order 10 Bq.

1.3.2 HOLMES

HOLMES [55] attaches a transition-edge sensor (TES) to each microcalorimeter. This sensor is held
near its superconducting transition temperature, so that ∆T induces a large change in resistance,
altering the current through a small electromagnet and thereby inducing a change of magnetic flux

8White Paper: Measuring the electron neutrino mass using the electron capture decay of 163Ho [46]
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Figure 4: Experimental 163Ho spectrum (black) measured with four microcalorimeters over four
days by the ECHo collaboration. The spectrum is overlaid with an ab initio calculation, broadened
by Lorentzian (blue) and Mahan (red) lineshapes. In both cases the theoretical spectrum is shifted
by +6 eV and stretched by 1% in energy scale. Reproduced from Ref. [54].

that can be measured by a SQUID. HOLMES envisions significantly higher activity in each detector
than does ECHo, O(100) Bq, along with higher rise times.

HOLMES has demonstrated satisfactory production of 163Ho by neutron bombardment at a
nuclear research reactor, as well as chemical separation [56]. The collaboration is now developing
an ion beam for performing implantation on the detectors, with an anticipated mass-separation
efficiency of O(105) for reducing the quantity of 166mHo in a 163Ho beam. After tests with natHo, the
collaboration aims to switch to enriched beams later this year, which will allow production of a 64-
detector array with per-detector activity of O(1) Bq. Early multiplexing tests have been successful
on a small, two-detector prototype, and the scheme can be extended to the larger array [57]. A
novel data-reduction scheme, built on machine-learning techniques, could improve the effective time
resolution despite relatively long rise times [58]. In parallel with analysis of the resulting high-
statistics spectrum, further improvements on the ion beam will allow increased detector production
with an increased per-detector activity.

1.4 Comment on additional physics reach

In each of the efforts described above, the detailed spectral measurement provides sensitivity to
physics targets beyond the absolute neutrino-mass scale. For example, if the measurement extends
to sufficiently low energies, it will be sensitive to the characteristic spectral distortion from a fourth
neutrino-mass state m4. This distortion would be located at E0−m4 with an amplitude set by the
mixing angle θ14. This appealing, non-oscillation sterile-neutrino search is addressed in more detail
by the NF02 topical group. KATRIN has already set limits on eV-scale sterile neutrinos [59, 60],
and plans an upgrade that will allow high-rate scans with sensitivity at the keV scale.

Additional beyond-Standard-Model physics topics, accessible in principle in these spectral mea-
surements, include Lorentz-invariance violation; non-standard neutrino interactions; right-handed
weak currents; and emission of new particles such as light bosons. These topics are covered in the
NF03 topical group.

Neutrino capture on a radioactive nucleus is a threshold-free process, making it an attractive
candidate for detecting relic neutrinos from the earliest moments of the universe. In the endpoint
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region of the β or electron-capture spectrum, the signal from these captures would be a small peak,
one neutrino mass above E0. Based on its early data sets, KATRIN has set limits on a local relic-
neutrino overdensity [61]. The PTOLEMY collaboration9 [62, 63] plans to detect relic neutrinos
with an exceptionally large tritium target and extremely precise measurement of the resulting β

spectrum. The NF04 topical group addresses this in more detail.
In addition, each experiment will be able to probe the atomic and molecular dynamics of the

targeted decay, and may make contributions to the spectroscopy of its calibration sources.

1.5 Other methods of neutrino mass measurement

Direct, kinematic spectral measurements, as described above, are one of four well-developed, com-
plementary approaches for probing the absolute neutrino-mass scale. We briefly describe the others
below. Note that the relationships between observables depend explicitly on the standard 3-neutrino
oscillation framework and on the standard cosmological concordance; if these assumptions are not
valid, then comprehensive measurement and comparison of these observables will help to illuminate
new physics.

Astrophysics Beyond β-decay measurements, an alternate kinematic probe arises from the de-
tection of a population of neutrinos arising from a galactic supernova. The arrival time of a massive
neutrino at a distant detector on Earth will depend on its kinetic energy; this dispersion in the time-
of-flight data yields information about the effective mass across the three mass states. The timing
distribution of SN1987A neutrinos gives an upper limit mTOF

ν < 5.7 eV (95% C.L.) [64]. Current
and future neutrino detectors are designed to collect substantially greater statistics from the next
galactic supernova, although some limitations arise from imprecise knowledge of the core collapse
itself. Ref. [65] explores the achievable sensitivity, including sensitivity from a time-of-flight com-
parison between neutrinos and gravitational waves. The NF04 topical group is providing a more
comprehensive summary of supernova-neutrino science and prospects. We highlight forthcoming
white papers on this topic10,11.

Cosmology Neutrinos are the most abundant known massive particle in the universe, and relic
neutrinos from the moments following the Big Bang therefore had a significant collective effect
on large-scale-structure formation in the early universe. The Λ cold-dark-matter (ΛCDM) model,
or alternative concordances, provides a framework for inferring the sum of the neutrino-mass val-
ues – Σmi – from cosmological data. Recently, the Dark Energy Survey has inferred a limit of
Σmi < 0.13 eV (95% C.L.) based on a combination of their own gravitational-lensing and galaxy-
clustering data with data sets from baryon acoustic oscillations, Type Ia supernovae, redshift-space
distortions, and the Planck cosmic-microwave-background measurement [69]. Fig. 5 (left) shows
the relationship between the cosmological observable Σmi and the kinematic observable mβ . Next-
generation observations target a sensitivity allowing > 3σ detection of Σmi, even at the normal-
ordering floor of Σmi = 0.06 eV. Future plans and prospects for improving the cosmological sensi-
tivity are discussed in detail within the CF7 topical group.

9LOI: PTOLEMY: Towards Direct Detection of the Cosmic Neutrino Background
10LOI: P. Dedin and M. Santos, Neutrinos from Supernovae
11LOI: Johns et al., Supernova neutrinos and particle-physics opportunities
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Figure 5: Left: The cosmological neutrino-mass observable Σmi plotted against mβ for normal
(solid, blue) and inverted (dashed, red) orderings. The gray band shows the range of 95% C.L. Σmi

limits discussed in Ref. [66]. Right: The neutrinoless-double-beta-decay neutrino-mass observable
plotted against mβ for the normal (light blue) and inverted (dark red) mass orderings; the widths
of these curves arise from the range of possible Majorana phases. The horizontal gray band gives
the 95% upper bound from GERDA, with width from the variation in nuclear-matrix elements [67].
Both figures, reproduced from Ref. [3], relate the observables using the best-fit oscillation parameters
from Ref. [68], and show a vertical orange line at KATRIN’s first neutrino-mass limit ofmν < 1.1 eV
(90% C.L.) [29].

Neutrinoless double-beta decay As Sec. 2 will describe in detail, a wide variety of current and
planned experiments are searching for the hypothesized neutrinoless double-beta decay process,
which can occur only if the neutrino has a Majorana nature. If this decay occurs and is pre-
dominantly driven by light-neutrino exchange, its rate will depend on the effective neutrino-mass
observable 〈mββ〉 =

∣∣∑U2
eimi

∣∣; Fig. 5 (right) displays the relationship between 〈mββ〉 and mβ . The
most sensitive present limits on 〈mββ〉 are set at 90% C.L. by the GERDA (0.08–0.18 eV [67]) and
KamLAND-Zen (0.04–0.16 eV [70]) experiments. The next generation of experiments aims to probe
the entire region allowed by the inverted mass ordering. However, if neutrinos are not Majorana
fermions, than the neutrinoless double-beta decay rate will be zero and these experiments will have
no sensitivity to the neutrino-mass scale. Even in the case of Majorana fermions, it must also
be noted that, if the lightest neutrino mass value is less than about 0.002 eV, 〈mββ〉 is relatively
insensitive to the mass scale in both the inverted and normal orderings.

Other Recently, a novel atomic-physics idea has arisen, relying on radiative emission of a neutrino
pair from an atomic de-excitation, stimulated by collective, coherent Raman scattering [71, 72].
Neutrino-pair emission has not yet been observed, but in principle it could be possible to probe
the neutrino-mass scale by measuring the angular spectrum of the resulting pairs. Separately, the
use of levitated, optomechanical quantum sensors has been proposed to search for heavy sterile-
neutrino states, and preliminary investigations suggest that such sensors could in principle measure
the neutrino-mass scale if a suitable, ultra-low Q-value decay can be identified (cf Table 1) [73]. In
both cases, substantial effort would be required to make a credible attempt at such a measurement.
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1.5.1 Complementarity of neutrino-mass measurement approaches

Each of the three most sensitive means of probing the neutrino mass – direct kinematic measure-
ments, cosmology, and neutrinoless double beta decay – accesses a different observable related to the
absolute neutrino-mass scale. The complementary information from these probes allows further in-
ference, as explored by Abazajian et al.12. For example, a measured neutrino mass of mβ ≈ 0.5 eV,
within the projected KATRIN sensitivity, would severely limit the available parameter space for
neutrinoless double-beta decay, and require the introduction of new physics to be reconciled with
current cosmological data. A positive detection of Σmi at a sufficiently large value, with no obser-
vation of neutrinoless double beta decay in the corresponding parameter space, would imply that
neutrinos have a Dirac nature or that light-neutrino exchange is not the primary mechanism of
neutrinoless double beta decay; conversely, null results for Σmi, coupled with the observation of
neutrinoless double beta decay, would suggest either a problem with the ΛCDM concordance or new
BSM physics in the neutrino sector. Even statistically significant observations of the neutrino mass
in all three channels could signal a discordance, if the signals are not consistent with the contours de-
fined by neutrino-oscillation experiments and shown in Fig. 5. Direct kinematic measurements have
special value as a clean, model-independent probe. By pursuing robust, independent measurements
in each channel, however, we attain the ability to make precision tests of the entire neutrino-mass
landscape, with corresponding sensitivity to unexpected physics.

12White Paper: Synergy between cosmological and laboratory searches in neutrino physics: a white paper [74]
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2 Neutrinoless double beta decay and Majorana neutrinos

The search for neutrinoless double beta decay (0νββ ) is the most sensitive known way to test for
the Majorana nature of the neutrino [75].

In this process, possible in certain even-even nuclei where single beta decay is forbidden, two
neutrons are transformed into two protons and two electrons (0νβ−β−):

A
ZX →A

Z+2 X + 2e− (5)

or two protons are transformed into two neutrons and two positrons (0νβ+β+):

A
ZX →A

Z−2 X + 2e+ (6)

Both of the above processes violate lepton number by two units, and via the Schechter Valle
theorem [76], their observation would imply a Majorana nature of the neutrino. A similar pair of
Standard Model processes are possible with two antineutrinos (neutrinos) in the final state, called
two neutrino double beta decay, or 2νββ . These processes do not violate lepton number, and are
at least 106 times faster than the neutrinoless process in practical isotopes:

A
ZX →A

Z+2 X + 2e− + 2ν̄ (7)
A
ZX →A

Z−2 X + 2e+ + 2ν (8)

While there are tens of known double beta decay isotopes in both 0νβ−β− and 0νβ+β+

modes [77], competitive experimental limits are found for only a smaller subset, constrained by
practical considerations. A high Q value for this decay is a substantial advantage, both to enable
detectability above radiogenic backgrounds, and since by phase space arguments higher Q-values
tend to favor shorter (and hence more accessible) decay half-lives. Because of the proton to neu-
tron mass difference, all practically studied 0νββ isotopes are therefore 0νβ−β− emitters. Since
availability of isotope is often a limiting concern, practical considerations favor elements where the
relative isotope has a high natural abundance. Primarily because of these two considerations, re-
cent and contemporary experiments have focused primarily on the isotopes 76Ge, 100Mo, 130Te, and
136Xe.

0νββ is observed via detection of the emergent electrons from the decay. Since 0νββ and
2νββ are distinguished only by presence or absence of unobservable neutrinos, the only way to
experimentally identify a 0νββ event above a far more copious 2νββ background is via precise
calorimetry. In ton-scale experiments, resolutions of at most 2% FWHM are required to suppress
backgrounds from 2νββ to negligible levels in most isotopes. Thus energy resolution is a critical
feature of a sensitive 0νββ technology.

Once energy resolution sufficient for suppression of 2νββ backgrounds is achieved, other back-
grounds become limiting. Most 100 kg-scale experiments to date have been primarily limited by
backgrounds of radiogenic origin, usually from γ emitting isotopes in the uranium and thorium
decay chains, in particular 208Tl and 214Bi. These gamma rays produce photoelectric and Compton
events that can introduce energy deposits in the energy region of interest (ROI), usually one or two
FWHM around the 0νββ Q-value. The more precise the energy resolution, the smaller contribu-
tion these non-monoenergetic backgrounds will make in the ROI, and improving energy resolution
will always be one compelling way to reduce backgrounds. Beyond precision energy measurement,
other observables may also be employed to suppress these backgrounds, including identifying the
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Figure 6: Left: Energy spectra of electron energy in two neutrino and neutrinoess double beta
decay. Right: Sensitivity vs exposure in a 0νββ experiment conducted as a counting experiment
with different background levels (from [78]).

topological nature of the event (single site vs multi-site, or in some technologies double electron
vs-single electron), or identification of the decay daughter nucleus. In addition to radiogenic back-
grounds, large-scale experiments will also be confronted by increasingly problematic backgrounds of
cosmogenic origin, (α, n) reactions followed by neutron capture, and eventually even solar neutrinos.
These must be mitigated by whatever means necessary.

The motivation for driving backgrounds to extremely low levels is illustrated by Fig. 6, right,
adapted from Ref. [78]. This calculation imagines a simplified 0νββ analysis where events in the
ROI are counted in a single bin, and a statistical excess is sought to establish a positive signal in the
presence of various rates of experimental background. The plot shows the 3σ discovery potential
- the half-life for which 50% of experimental trials would claim a 3σ discovery - as a function
of exposure in ton-years. In real experiments this construction is often an oversimplification, as
additional power may be gained from making fits in various detector parameters; but this simple
thought experiment is nevertheless informative, as it illustrates well the transition from background-
free to background-limited regimes.

For low exposures, all sensitivities, no matter what the level of background, are proportional to
T1/2. In this regime, the expected background count is much less than one; thus observation of a
single event would be a high-significance a discovery, since it must be signal. Doubling the exposure
in this regime effectively doubles the half-life that corresponds to a 50% chance of an event in this
time window. Since T1/2 is inversely proportional to m2

ββ , sensitivity initially grows with time as
T1/2 ∝ ε, or mββ ∝ ε−1/2.

At larger exposures the experiment has been running sufficiently long that some background
events are expected, and the task at hand becomes one of establishing the significance of statistical
excess of signal events over a finite background. In the high-exposure limit, the number of expected
background events increases proportionally to ε, as does the number of expected signal events, so
sensitivity grows like T1/2 ∝

√
ε, or mββ ∝ ε−1/4. When experiments reach this regime, progress

in sensitivity is slowed substantially. The determining factor in how soon a given experiment will
reach this turning point is the level of background.
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Figure 7: Recent result from the KamLAND-Zen experiment, the most sensitive search for 0νββ at
the time of writing. [70]

The required background rate to stave off the background-limited regime depends, naturally,
upon detector mass. Larger experiments are more difficult to realize not only because of the technical
difficulties involved in building them, but also because of the need to achieve ever lower levels of
background to avoid the mββ ∝ ε−1/4 regime. Scaling laws associated with self shielding and
improved surface-to-volume of larger detectors provide a strong advantage. But these beneficial
scaling behaviours must also be accompanied by improvements in precision, material radio-purity,
and laboratory depth if experiments are to make continued progress in the low background regime
at large scales.

At the time of writing this report, the 0νββ field is undergoing a transition between 100 kg-scale
(“current generation”) experiments with backgrounds in the range of few-to-hundreds of counts per
ton per year in the ROI, to next-generation “ton-scale” experiments that require backgrounds in
the regime of 0.1-1 count per ton per year in the ROI. Realization of at least one such ton-scale
experiment will be a major focus in the coming Snowmass period. In parallel, continuing R&D
must be pursued, in order for technologies to be proven that can enable a class of “beyond-ton-scale”
detection methodologies when they are needed. Ongoing theoretical work must also be supported to
connect limits or observations from these experiments to statements about the underlying physics
that drives the decay.

The expected rate of 0νββ depends on the mechanism by which the decay occurs, as well as
the properties of the isotope chosen in which to search for it. Under the “minimal” light Majorana
neutrino exchange mechanism, the decay rate Γ factorizes approximately as:

Γ = G ‖M‖ 2m2
ββ . (9)

Here, G is the phase space factor, which depends on the phase space available to the decay products;
‖M‖ is the nuclear matrix element, encoding the effects of the structure of the decaying nucleus;
and mββ is the effective Majorana mass, which is related to all of the mass splittings ∆m2

ij , all
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the mixing angles (cij = cos θij ,sij = sin θij), the lightest neutrino mass m1, and the Majorana CP
phases (λa,λb) in the neutrino sector, via:

mββ = c212c
2
13m1e

2iλa + s212c
2
13e

2iλb

√
m2

1 + ∆m2
12 + s213

√
m2

1 ± |∆m2
23|. (10)

Uncertainties in these parameters, and especially the complete inaccessibility of λa,λb due to their
irrelevance in neutrino oscillations, imply range of possible decay lifetimes depending strongly on
the lightest neutrino mass and the neutrino mass ordering.

The strongest limit on the half life for 0νββ from any isotope presently comes from the Kamland-
Zen experiment [70], which has used an exposure of 970 kg yr of 136Xe dissolved in liquid scintillator
to establish T1/2 ≥ 2.3× 1026 yr. This corresponds to an upper limit on the lightest neutrino mass
under the light Majorana neutrino exchange mechanism of 36 - 156 meV, depending on the adopted
nuclear matrix element calculation. This result is shown in Fig 7 alongside the allowed bands of
values for mββ in the inverted ordering (IO) or normal ordering (NO) regions of parameter space.
Proposed ton-scale experiments aim to probe half-lives up to around 1028 yr to explore to the lower
parts of the inverted mass ordering parameter space, while beyond-ton-scale programs must achieve
sensitivity to 1029 yr and beyond in order to access the normal ordering regime.

This section of the report is structured as follows. Sec. 2.1 briefly discussed ongoing theoret-
ical work. Sec. 2.2 outlines the current generation and ton-scale experiments. Sec. 2.3 discusses
technologies under active exploration for beyond-ton-scale experiments. Sec. 2.4 presents a brief
overview of work ongoing to understand and optimize the performance of existing detector tech-
nologies. Sec. 2.5 discusses challenges associated with isotope production in different elements and
Sec. 2.6 outlines the needs for near-future facilities to support the 0νββ program. Finally, in the
interest of completeness, Sec 2.7 briefly touches upon other methods that have been discussed for
establishing the Majorana nature of the neutrino, outside of 0νββ .

2.1 Open questions in 0νββ theory

0νββ decay plays a key role in understanding the role of lepton number in fundamental particle
physics and cosmology and size and origin of neutrino masses [75, 79]. The advent of the ton-scale
program for 0νββ decay and emerging experimental techniques require a modern and state-of-the-
art theoretical framework to interpret the future results. A comprehensive white paper has been
prepared on theoretical aspects of neutrinoless double beta decay 13. Some recent developments and
open problems in the theoretical aspects of 0νββ decay searches can be framed within the following
three general categories:

1. Decay rates calculated within the minimal mechanism, where 0νββ decay is induced by the
exchange of the three known active light neutrinos, are still rather uncertain. Recent years
have seen tremendous progress in the use of ab initio techniques to calculate 0νββ decay rates
[81–86] from microscopic nuclear forces and electroweak currents derived from chiral effective
field theory (EFT) [87, 88]. However, the same EFT methods have identified a new leading
contribution to 0νββ decay that involves new QCD and nuclear matrix elements [82, 89].
First calculations of both matrix elements have recently appeared [86, 90–93] indicating an
enhancement of the 0νββ decay rate. That being said, their consistent implementation into
complete calculations of heavy isotopes is still a major source of large uncertainties and requires
further study.

13White Paper: Neutrinoless Double-Beta Decay: A Roadmap for Matching Theory to Experiment [80]
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2. 0νββ decay experiments are often interpreted in terms of “lobster plots” (e.g. the red and green
bands of Fig. 7) that illustrate the reach of various experiments as a function of the lightest
neutrino mass (or, equivalently, as a function of the sum of light neutrino masses). Within the
minimal mechanism these plots visually enhance an apparent “dead-zone” between the inverted
and normal hierarchy where no signal is expected. As a result, it is often asserted that ton-
scale experiments cannot make a detection if neutrinos masses are normally ordered. This
point of view is misleading. A plethora of 0νββ decay mechanisms exist beyond the minimal
mechanism that may populate this space of 0νββ lifetimes. These mechanisms have been
classified using EFT methods [94–99] which can be easily matched to specific particle physics
scenarios. These studies indicate, in particular, that ton-scale experiments are sensitive to new
lepton-number-violating mechanisms that appear at very high energy scales (up to hundreds
of TeV). Next-generation experiments can thus viably obverse a nonzero signal even under
the assumption of normal mass ordering. Sensitive 0νββ decay experiments that extend the
half-life sensitivity in any given isotope thus probe uncharted territory and are discovery
experiments. Their interpretation solely in terms of the “lobster-plot” is only one window into
a much wider landscape of lepton number violating physics.

3. At the same time, much less is known about the calculations of 0νββ decay rates in non-
minimal mechanism. In particular, the required QCD and nuclear atomic matrix elements have
been classified at leading order in chiral EFT [94–96], but many are still poorly understood.
Obtaining these matrix elements requires a close collaboration between the lattice-QCD, chiral
EFT, ab-initio, and nuclear structure communities. Recent lattice-QCD efforts have greatly
reduced the uncertainties on ππ → ee matrix elements [100–103], and methods are being
developed to also tackle the more complicated nn→ pp+ ee matrix elements [104,105].

2.2 Current generation and the ton-scale

The current generation of ton-scale 0νββ experiments is being stewarded by the Department of
Energy’s Office of Nuclear Physics. Here we include a brief summary of the status of the experi-
ments with significant US involvement that are planned for construction and operation within this
coming decade. At a meeting held in the fall of 2021 at INFN14 for European and North Ameri-
can stakeholders (in particular the DOE), the near-term programmatic future of 0νββ efforts was
discussed. The conclusions of this meeting are summarized here in three main points. First, the
science regarding searches for neutrinoless double beta decay is recognized as “very compelling” and
“capable of reshaping our current understanding of nature.” Secondly, the international stakeholders
in 0νββ research agree in principle that “the best chance for success is an international campaign
with more than one large ton-scale experiment implemented in the next decade with one in Europe
and the other in North America.” Finally, the international community in 0νββ is interested in
exploring “whether a more formal structure for international coordination of this research would be
beneficial not only for experiments of the next decade but also for future multi-ton and/or multi-site
experiments.”

The major ongoing experimental programs will now be discussed.
14https://agenda.infn.it/event/27143/timetable/#20210929.detailed
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2.2.1 CUPID

The CUORE Upgrade with Particle Identification (CUPID) [106] is a future upgrade to the Cryo-
genic Underground Observatory for Rare Events (CUORE), a multinational collaborative effort to
detect lepton number violation through the 0νββ of 130Te. Approximately one-third of the insti-
tutions in CUPID are U.S. universities and national laboratories involving faculty, students, and
research scientists across the United States, with responsibilities in management, remote monitor-
ing and operations, detector design and R&D, sensor testing, software development, and modeling
detector performance.

The baseline design for CUPID features an array of 1596 scintillating crystal bolometers and 1710
light detectors, each instrumented with germanium neutron transmutation doped (NTD) sensors,
and organized into 57 towers. While the current design is based on a full complement of Li2MoO4

(LMO) crystals, one of the key scientific features of the detector design is the ability to flexibly
incorporate multiple isotopes. The new detector will be installed in an upgraded cryostat at Gran
Sasso National Laboratories (LNGS), taking advantage of the existing infrastructure and facilities
developed for use in CUORE.

CUPID builds on the success of the CUORE [107], CUPID-0 [108], CUPID-Mo [109], and
CROSS [110] experiments, including years-long, stable operation of the CUORE detector at base
temperatures on the order of 10 mK. In addition to the current work on CUPID, a future, ton-scale
version of the CUPID concept, CUPID-1T, is under conceptual development. CUPID and CUPID-

Figure 8: Photos of some of the current generation of 0νββ experiments described in this report.
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1T15 both boast the potential to probe the entire region of the inverted hierarchy of the neutrino
mass splitting, and sensitivity to a variety of beyond the Standard Model processes, including
symmetry violation and dark matter searches, with CUPID-1T additionally carrying the potential
to reach into the normal-ordering region of the neutrino mass splitting.

2.2.2 KamLAND-Zen 800

KamLAND-Zen is a double beta decay experiment using the existing KamLAND neutrino detector
with a spherical inner balloon located at the center of the detector filled with Xe-loaded liquid
scintillator as the ββ source. The inner balloon is surrounded by 1 kton of liquid scintillator
contained in a 13-m diameter outer balloon. The scintillation light produced in the decay processes
is detected using hundreds of 17-inch and 20-inch PMTs mounted on the inside surface of the
stainless-steel containment tank providing 34% solid-angle coverage. Surrounding the tank is a 3.2
kton water-Cherenkov outer detector.

The detector was recently upgraded to contain twice as much Xe mass for a total of 745 kg of
enriched xenon and is referred to as KamLAND-800. The experiment has been taking data since
January 2019. The first result with the upgraded detector has been published with data taken
between February 2019 and May 2021 for an exposure of 970 kg yr of 136Xe. The result is a lower
limit for the 0νββ decay half-life of T0ν

1/2 > 2.3×1026 yr at 90% C.L., corresponding to upper limits
on the effective Majorana neutrino mass of 36 – 156 meV [70]. A median sensitivity of 1.3× 1026 yr
was determined using a Monte Carlo simulation of an ensemble of experiments assuming the best-fit
background spectrum. This sensitivity is the first search for 0νββ in the inverted mass ordering
region and provides a limit that reaches below 50 meV for the first time.

Future upgrades are planned to improve detection of muon-induced neutrons and rejection of
xenon spallation backgrounds. These improvements and continued data-taking will continue to
provide more stringent limits on the Majorana neutrino mass in the inverted mass ordering region.

2.2.3 LEGEND-1000

LEGEND-1000, the ton-scale Large Enriched Germanium Experiment for Neutrinoless ββ Decay,
is the proposed next phase in the LEGEND experimental program to search of the 0νββ of 76Ge.
LEGEND-1000 builds on the success of the GERDA and Majorana Demonstrator experiments,
as well improvements developed in the ongoing LEGEND-200 experiment. The ton-scale LEGEND-
1000 is designed to probe 0νββ decay over the full range of the allowed region for the inverted mass
ordering.

The LEGEND-1000 experiment utilizes the demonstrated low background and excellent energy
performance of high-purity p-type, ICPC Ge semiconductor detectors, enriched to more than 90%
in 76Ge. The inverted coaxial point-contact (ICPC) detector design leads to an excellent energy
resolution of 0.12% demonstrated full-width at half-maximum (FWHM) at Qββ = 2039 keV and
pulse shape characteristics that allow bulk 0νββ events to be distinguished from γ ray backgrounds
with multiple interaction sites. About 400 ICPC detectors with an average mass of 2.6 kg each are
distributed among four 250-kg modules to allow independent operation and phased commissioning,
with the granular nature of the Ge detector array allowing rejection of background events that span
multiple detectors.

15White Paper: Toward CUPID-1T [111]
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The detector strings are immersed in radiopure underground-sourced LAr (UGLAr), which is
reduced in cosmogenic argon isotopes, and contained within an electroformed copper reentrant tube.
Each of the four UGLAr modules is surrounded by LAr produced from atmospheric Ar, contained
within a vacuum-insulated cryostat. The LAr volumes are instrumented with wavelength shifting
fibers and read out by Si photomultipliers. Therefore, background interactions external to the
Ge detectors are identified by LAr scintillation light. The cryostat is enveloped by a water tank
providing additional shielding. The baseline design assumes installation in the SNOLAB cryopit.
A similar experimental setup could also be realized at the alternative LNGS site.

2.2.4 nEXO

The nEXO 0νββ decay experiment [112] is designed to use a time projection chamber and 5000
kg of isotopically enriched liquid xenon (LXe) to search for the decay in the 136Xe nucleus. The
nEXO experiment builds on the expertise and success of the 100-kg scale EXO-200 experiment that
first measured the 2νββ process in 136Xe and completed it’s 0νββ search with a final sensitivity of
5×1025 years [113]. These detectors provide a large homogeneous mass of isotope and uses detection
of light and charge to determine three-dimensional vertex reconstruction and well-understood energy
resolution. nEXO is designed to improve the sensitivity to 0νββ by several orders of magnitude in
order to cover the allowed region of the inverted mass ordering for neutrinos.

The nEXO detector takes advantage of the benefits of a large monolithic LXe detector which
allows both accurate measurement of radioactive backgrounds in the outer region while also provid-
ing a background free region in the center of the detector. The topology of the events from the 3D
reconstruction allows for the discrimination between double-β decay events and background events
which are primarily gamma-induced signals. The gamma events deposit energy in multiple sites
with a decreasing rate toward the center of the detector while the double-β decay events deposit
energy in a single site and have a uniform rate in the detector. The energy measurement uses
anti-correlation of the scintillation and ionization signals such that the energy resolution allows the
rejection of the 2νββ decay background to negligible levels.

The nEXO detector consists of a a TPC vessel (1.271 m right cylinder, vertically oriented) filled
with enriched xenon and surrounded by ∼ 33, 000 kg of HFE-7000 which serves as both a thermal
bath and radiation shield. The HFE-7000 is contained within an inner vessel of a cryostat and
surrounded then by vacuum insulation within an outer vessel of the cryostat. The entire cryostat is
located in an active water shield that serves as an outer detector and muon veto. The scintillation
light produced in the TPC will be collected by SiPMs located on the barrel of the TPC and the
ionization will be collected by electrode strips located at the anode. nEXO’s background and design
projections are based on siting the experiment in SNOLAB’s cryopit.

2.2.5 NEXT

The NEXT collaboration16 [114] has completed the operation of the NEXT-White demonstrator,
which has shown excellent energy resolution (<1% FWHM at Qββ), a powerful topological signature
to discriminate the two electrons associated with a double beta decay and excellent operational
parameters, including very long electron lifetime (>20 ms) and stability (live time in excess of

16LOI: NEXT Collaboration: High-pressure xenon gas time-projection chambers for neutrinoless double-beta decay
searches
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90%). NEXT-White has also measured the 2νββ mode by direct subtraction of the data acquired
with enriched xenon and the data acquired with depleted xenon.

The NEXT-100 detector, currently under construction, aims to demonstrate further improve-
ment in the HPXe performance at a large scale, to show a very low background rate (∼ 5 × 10−4

counts/kg/keV/year) and to perform a sensitive search of the 0νββ mode. NEXT-100 is scheduled
to run from 2023 to 2026. A ton-scale phase called NEXT-HD will follow, based on incremental
improvement of the techniques enabling NEXT-White and NEXT-100. NEXT-HD is designed to
reach a sensitivity of at least 1027 years. In parallel, an intense R&D program is being carried out
realize a barium tagging module that would detect Ba2+ ions produced in double beta decay as
the ultimate means of background reduction. A ton-scale detector implementing barium tagging
(NEXT-BOLD) could replace NEXT-HD before the end of the decade with an improved sensitivity
covering the inverted hierarchy and advancing towards the normal ordering regime.

2.2.6 SNO+

SNO+ will search for 0νββ by “loading” linear alkyl benzene (LAB) liquid scintillator (LS) with
natural Te. Te-loaded LAB will be deployed in the existing Sudbury Neutrino Observatory (SNO),
and with an anticipated initial natTe loading of 0.5% (3.9 tonnes), corresponding to a total mass of
130Te of 1.3 tonnes, SNO+ has a 90% CL sensitivity of T1/2 > 2× 1026y in three years of running.
Excellent control of radio-impurities suggests that the largest backgrounds to SNO+ in the 0νββ
ROI are expected to be interactions of 8B solar νs. The total ROI background level per year is
expected to be just 9.5 events. One of the advantages of the loaded-liquid scintillator approach is
the fact that many backgrounds can be measured in advance of deployment of the isotope: over
half of the backgrounds have already been constrained by existing SNO+ data.

Tellurium has multiple advantages over many other isotopes, partly because of its favorable
phase space and matrix elements. With the initial 0.5% loading of Te, SNO+ should reach into the
inverted hierarchy regime of neutrino masses. An additional advantage of Te is the high 34% natural
abundance of the ββ isotope, 130Te. Thus SNO+ can push much higher in sensitivity without costly
enrichment. SNO+ plans therefore to go far beyond 0.5% loading. New R&D on scintillator loading
has allowed SNO+ to load up to 3% Te with light quenching of around 30%.

2.2.7 Synergistic searches at dark matter experiments

Experiments searching for dark matter with ton-scale masses of natural xenon naturally incorporate
9% fraction of 136Xe and are thus expected to have some sensitivity to 0νββ . Sensitivity of
LZ to both neutrinoless and two-neutrino modes of double beta decay of 134Xe has also been
explored [115]. Future very large dark matter detectors may extend this projected sensitivity still
further. Both sensitivity estimates from the 50t Darwin experiment [116]17 and preliminary studies
of the sensitivity of G3 dark matter experiment with 75 tons of active mass of natural xenon project
competitive 0νββ sensitivities18.

17LOI: L. Baudis and M. Schumann, Neutrino physics with the DARWIN Observatory
18LOI: Alex Lindote and Ibles Olcina, A 3rd generation LXe TPC dark matter experiment sensitivity to neutrino

properties: magnetic moment and 0nubb decay of 136Xe
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2.3 Future large detectors

Access to the normal ordering region of 0νββ parameter space will require detectors with active
masses beyond the ton-scale. For this purpose, giant, monolithic detectors with very low back-
grounds, or modular systems with sufficiently large module masses for realistic deployment must
be realized. This section summarizes some of the most promising approaches to realizing future
beyond-ton-scale 0νββ searches. The prospects for such experiments were the subject of extensive
discussion during this Snowmass process.

2.3.1 Very large-scale time projection chambers

Noble element time projection chambers (TPCs) at the kiloton scale are the subject of much at-
tention in contemporary neutrino physics [117]. TPCs with kiloton-scale active masses of a double
beta decay isotope could enable access to half-live sensitivities in excess of 1030 yr. Four main
approaches have been considered. Time projection chambers based on 136Xe in liquid (LXe) or gas
(GXe) phase; based on 136Xe dissolved into liquid argon; and based on other gases such as 82SeF6

or other selenium or molybdenum derivatives.

Xenon TPCs: large future liquid and gas phase detectors The plausibility of scaling pure
xenon TPCs to the ton-scale was studied in Ref. [118]. A key focus of this work was the issue of
isotope acquisition; we will discuss this further in Sec 2.5.

In TPCs at the hundred-ton or larger module scale, radiogenic backgrounds are expected to be
strongly self-shielded for most of the active volume, with attenuation coefficient µ/ρ = 0.038 cm2/g
at 2.5 MeV. This corresponds to a linear attenuation length of 8.5 cm for LXe and varying between
2.6–0.5 m for GXe at pressure between 15–50 bar, surely small compared to the dimensions of a
kton-scale Xe TPC. Backgrounds will thus likely be dominated by other sources, in particular 2νββ
, radon decays, cosmogenic activation, and solar neutrino interactions.

The 2νββ background scales like b2ν ∝ σ6 where σ is the energy resolution of the experiment.
Ref. [118] estimates that if the presently optimal demonstrated resolution in LXe (0.8% σ/E from
Xenon1T) can be realized at this scale, an energy ROI of (0,1.5 FWHM) may enable a 0νββ
search in a kiloton-scale LXe apparatus that is not compromised by irreducible 2νββ background.
Gas detectors enjoy a finer intrinsic energy resolution due to the absence of local recombination
fluctuations. The energy resolution in xenon gas demonstrated in existing experiments of σ/E =
0.2% in a large GXe TPC would be more than sufficient to avoid 2νββ backgrounds.

Backgrounds from dissolved radon are expected to be rejectable via tagging of Bi-Po coinci-
dences. Cosmogenic backgrounds are dominated by activation of 136Xe to 137Xe followed by β
decay with endpoint of 4.2 MeV, introducing a continuum beta electron background across the en-
ergy ROI. Ref. [118] estimates that a reduction in cosmogenic background rejection by a factor of
around 10× beyond estimated levels in ton-scale experiments is required in order for this not to be
limiting.

Xenon-Doped Argon - DUNE and DarkNoon The DUNE-β concept19,20,21 explores the
modification of a DUNE-like detector module in order to make it sensitive to 0νββ signals by doping

19LOI: J. Zennamo et al., DUNE-Beta: Searching for Neutrinoless Double Beta Decay with a Large LArTPC
20White Paper: Low Background kTon-Scale Liquid Argon Time Projection Chambers [119]
21White Paper: Low-Energy Physics in Neutrino LArTPCs [120]
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liquid argon (LAr) with with xenon at the 2% level, which would yield 300 tons of active isotope.
DUNE-β would require an enhancement to the baseline precision of the DUNE detector design
to MeV-scale energy deposits, specifically in terms of energy resolution. This would require novel
readout and DAQ solutions, and possibly also optimization beyond the intrinsic energy resolution
in bulk LAr with the addition of photo-ionizing dopants. Such performance enhancements could
also enable additional synergistic improvements to the broader DUNE low energy physics program.

An alternative approach embodied in the DarkNoon concept22 emerging from the Global Argon
Dark Matter program uses a dedicated 50t module with a 20% admixture of xenon into liquid
argon. The background rate in the ROI was estimated to be lower than 5×10−4 events/t/yr/keV,
dominated by 8B νe scattering and 2νββ events. A dominant enabling feature of this concept is the
use of high speed, sub-nanosecond time resolution SiPMs to statistically separate Cherenkov and
scintillation photons in liquid argon. With this method, single vs- double electron topologies may
be distinguished, providing an important background rejection tool.

During the coming Snowmass period, the viability of these ideas may be demonstrated with
R&D focused on energy resolution, both aspects intrinsic to the working medium and limited by
plausibly deployable readout schemes, Cereknov/scintillation response, and gas mixture handling
at large scale.

SeF6 time projection chambers Non-xenon based TPCs have been discussed, in particular
using 82SeF6 (or chemically similar MoF6 and TeF6) [121], as well as other exotic double beta decay
gases including H2Se and GeH4

23. A key benefit of selenium as a double beta decay isotope is that
its Q-value lies above the gamma lines from bismuth and thalium, thus effectively mitigating most
radiogenic background sources and enabling modular detectors which do not need to be individually
monolithic enough to enable radiogenic suppression via self-shielding. Free electrons do not drift
in 82SeF6 since it is an attaching gas; hence any TPC employing it as a working medium must be
an ion TPC, sensing either positive or negative populations. This confers important advantages,
as well as technical difficulties. Ions drift with far less diffusion than electrons, hence attempts to
preserve topological event information over the long drift distances needed for beyond-ton-scale TPC
experiments will likely benefit from implementing ion readout. Gas purity considerations are also be
mitigated for ion based TPCs, since attachment on electronegative impurities does not compromise
performance. On the other hand, ion TPCs require unconventional readout methodologies. Readout
via technologies such as top-metal [123] or chemical based approaches [124]24 are under exploration,
and the NνDEx project a CJPL laboratory aims to demonstrate a SeF6-based TPC for 0νββ
searches [126].

2.3.2 Large multi-purpose scintillation detectors

Large liquid scintillator-based detectors have a long history of discovery and field-leading measure-
ments in neutrino physics, with KamLAND-Zen, currently leading in sensitivity among current-
generation 0νββ searches. As interest has turned to approaches that could explore beyond the
inverted ordering parameter space, the community has begun to focus on the development of hybrid

22LOI: C. Savarese, The Neutrino Physics program of the Global Argon Dark Matter Collaboration
23White Paper: High-pressure TPCs in pressurized caverns: opportunities in dark matter and neutrino

physics [122]
24White Paper: The Ion Fluorescence Chamber (IFC): A new concept for directional dark matter and topologically

imaging neutrinoless double beta decay searches [125]
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Cherenkov/scintillation detectors that would improve rejection of cosmogenic and solar neutrino-
related backgrounds. These detectors could be optimized for measurements across a wide range of
energies, serving as neutrino observatories pursuing a wide range of physics goals including 0νββ
. There are several such proposals at varying levels of maturity, in addition to a broad and very
active R&D program.

Theia The Theia concept envisions a large, 25–100 kton–scale detector with a novel advanced
liquid scintillator target, pursuing a broad range of physics goals [127]. Among these is a sensitive
search for 0νββ probing light Majorana neutrino exchange at the level of mββ ∼ 5 meV. Theia
expands on the capabilities of previous LS-based 0νββ searches through the use of a very large
multi-ton scale isotope target mass and enhanced background rejection afforded by LS and water-
based LS (WbLS) tuning, advanced photon detection methods such as spectral photon sorting, fast
timing, and advanced analysis approaches.

The 0νββ decay search approach with Theia is to deploy an inner containment volume within
the larger O(100) kton outer volume, filled with ultra-pure LS and doped with a percent-level
quantity of the 0νββ decay isotope. A variety of isotopes have been considered, with promising
candidates including tellurium (34% 130Te) or enriched xenon (∼ 90% 136Xe), loaded at the percent
level by mass. A configuration using an 8 m radius containment volume filled with LAB+PPO
scintillator, deployed within an 100-kton scale Theia detector with ∼ 90% effective photodetector
coverage, would achieve an energy resolution of 3%/

√
E and a background budget dominated by the

elastic scatters of 8B solar neutrinos, and to a lesser extent 2νββ . A Monte Carlo–based analysis
considering all relevant backgrounds is presented in Ref. [127].

With this technique, Theia would reach world-class sensitivity to 0νββ decay, probing T 0ν
1/2 >

1028 y, or an effective Majorana neutrino mass at the level of ∼ 5− 6 meV depending on the target
isotope, probing the nondegenerate parameter space in the case of the normal neutrino mass ordering
scenario. Importantly, this highly scalable approach offers a cost-effective path to very large target
masses, for promising discovery potential or in the case of a null result, the ability to rapidly rule
out large regions of allowed parameter space, complementary to targeted high-resolution and zero
background 0νββ decay searches.

JUNO The Jiangmen Underground Neutrino Observatory (JUNO) is a multi-purpose experiment
focused on precision measurements of neutrino oscillations and the exploration of neutrino astro-
physics [128,129]. The experiment is currently under construction in southern China and operations
are expected to begin in 2023. Once the primary goals of determining the neutrino mass ordering
and precisely measuring the oscillation parameters have been completed, JUNO’s size and energy
resolution affords an excellent opportunity to conduct a second phase searching for 0νββ decay25,
with several tens to a hundred tons of ββ-decaying isotopes loaded in the liquid scintillator.

Preliminary studies have been performed for 50 ton of 136Xe (Qββ = 2457.8 keV) [130]. The
expected energy resolution at the Qββ value is better than 2% (1σ), permitting a 110 keV ROI
(FWHM) with corresponding background index of 1.35 events per isotope-ton·year. In this setting,
JUNO could establish a half-life limit of T0νββ ≥ 1.8×1028 years based on 5 years of data collection,
corresponding to an effective neutrino mass |mββ | ≤ (5−12) meV depending on the assumed values
of the nuclear matrix element [130]. 130Te (Qββ = 2527.5 keV) loading offers a more cost-effective
approach with similar expected sensitivities thanks to its large natural abundance. A full evaluation

25LOI: J.P. Ochoa-Ricoux et al., Searching for 0νββ decays in JUNO
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of the physics potential to 0νββ with 130Te loading in JUNO is underway. Further improvements
can be gained by restricting the ββ-loaded LS to a smaller nylon vessel located at the detector
center, with the surrounding scintillator acting as a veto, and by using deep learning techniques for
topological reconstruction or hybrid Cherenkov/scintillation detection.

Active R&D efforts are ongoing in the collaboration to develop high Te-loaded LS with high light
yield, high transparency, low background, and good long-term stability. The priority is to resolve
the major technical issues related to isotope loading in the next few years, and to start the 0νββ
upgrade in the 2030s. Test runs with the OSIRIS predetector [131], as well as the imminent start of
JUNO operations, will provide further insights into loaded-scintillator performance and background
rejection capabilities. The best knowledge available to date suggests that JUNO could eventually
reach well into the |mββ | ∼ meV region, which would be a major step forward in the search for this
rare process.

R&D of loaded scintillator detectors A broad set of R&D activities within the liquid scintil-
lator community has been captured in a dedicated white paper26. Here we give a brief summary of
the efforts underway that are most relevant for 0νββ searches.

The goals of this extensive program are to develop:

• detector designs that can be adapted for a broad set of neutrino physics measurements, like
Theia [127], SLIPS [133] and LiquidO [134].

• novel liquid scintillator cocktails that improve isotope loading, energy resolution, and improved
event topology reconstruction capabilities that can used for background reduction. These
include high-fraction Te and Xe loading, liquid scintillator cocktails containing quantum dots
[135,136], water-based liquid scintillator (WbLS) [137], and slow fluors [138].

• novel photon sensors and photon collection techniques that improve light yields and Cherenkov/
scintillation separation capabilities, such as higher-efficiency photomultiplier tubes, Large Area
Picosecond Photon Detectors (LAPPDs) [139], dichroicons [140], ARAPUCAs [141], and dis-
tributed imaging [142].

• simulation approaches that allow for more efficient precise simulations of kiloton-scale exper-
iments, like the Chroma software package [143] and generative neural network-based photon
detection probability simulations [144].

• analysis techniques based on machine learning that can improve background rejection of com-
plex background signatures, as in the recent use of KamNet in the KamLAND-Zen experi-
ment [145].

• data acquisition techniques that can reduce the readout complexity and per-channel cost of
large detectors, like onboard FPGA-based or analog pulse shape feature extraction.

Mid-scale demonstrators of these technologies will be a key step in establishing the best tech-
niques for future large-scale neutrino observatories. Three such demonstrator experiments are un-
derway:

26White Paper: Future Advances in Photon-Based Neutrino Detectors: A SNOWMASS White Paper [132]
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• ANNIE: The ANNIE (Accelerator Neutrino Neutron Interaction Experiment) [146–148] is
located in the Booster Neutrino Beam at Fermilab. Though ANNIE’s physics program is
focused on high-energy neutrino oscillations, it will be the first mid-scale demonstration of
several techniques that are of-interest to future 0νββ searches. ANNIE’s current Phase 2
investigates the combination of a Gd-loaded water target read out by ultrafast LAPPDs, and
a first insertion of a small WbLS-filled vessel (SANDI) is planned for the upcoming summer
break, adding scintillation to the Cherenkov signal at the neutrino interaction vertex. In an
eventual Phase 3, the full detection volume is to be filled with WbLS, including the first-ever
deployment of a WbLS liquid re-circulation system.

• NuDot: NuDot is a mid-scale prototype designed to demonstrate timing-based Cherenkov /
scintillation separation in a realistic experimental geometry, focusing on techniques applicable
to searches for neutrinoless double-beta decay (0νββ). It builds on the successful demonstra-
tion of this approach in the FlatDot test stand [149] and is currently undergoing detector
commissioning, with its initial physics data-taking campaign expected to begin by Summer
2022. This system focuses on testing Cherenkov/scintillation separation capability as a func-
tion of position and direction using a pointable collimated β source, based on a design using
2"-diameter PMTs with fast-timing capability (200 ps transit time spread). The NuDot Col-
laboration is also conducting R&D measurements of quantum-dot-loaded liquid scintillator
cocktails that use perovskite wavelength shifters [135].

• Eos: The proposed Eos prototype is a few-ton scale detector, designed to hold a range of
novel scintillators, coupled with an array of photon detection options and the ability to deploy
a range of low-energy calibration sources. Eos will be constructed, calibrated and tested in
Berkeley. Assuming a successful surface deployment, Eos could later be re-deployed under-
ground, for example at SURF or SNOLAB, or at an alternative off-site location such as a
reactor or test beam for further characterization of detector response to a range of particle
interactions. The primary goal of Eos is to validate performance predictions for large-scale
hybrid neutrino detectors by performing a data-driven demonstration of low-energy event re-
construction leveraging both Cherenkov and scintillation light simultaneously. By comparing
data to model predictions, and allowing certain detector configuration parameters to vary –
such as the fraction of LS in a WbLS target cocktail, or by using PMTs with differing TTS,
or deployment of dichroicons – the predictive power of the model can be validated. This
validated microphysical model of hybrid neutrino detectors can then be used by the neutrino
community for design optimization of next-generation hybrid detectors.

Taken together, this set of R&D activities charts a path towards new technology development and
eventual selection of the most successful techniques for use in future large-scale liquid scintillator
detector searches for 0νββ .

2.3.3 Barium tagging detectors

Specific identification of a daughter nucleus from 0νββ alongside electron calorimetry with sufficient
resolution to reject 2νββ can enable an ultra-low-background searches for 0νββ [150]. The implied
elimination of radiogenic backgrounds would provide substantial increases in sensitivity with the po-
tential to penetrate into the normal ordering parameter space before becoming background limited,
as well as bolstering confidence in a tentative discovery claim.
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Single ion sensing methods with credible applicability to large detectors emerged during the past
Snowmass period, for both LXe [151] and GXe [152] technologies. During the coming Snowmass pe-
riod, these nascent technologies will come to maturity and be demonstrated in increasingly realistic
detector configurations. Strong performance in demonstrators will set the stage for barium tagging
modules that follow initial runs of non-barium-tagging ton-scale experiments. Sustained support
for R&D is needed if this is to be realized.

Barium tagging R&D is ongoing within both the nEXO [112] and NEXT [114] collaborations,
with the favored approaches differentiated by the expected charge state of the barium daughter:
Ba2+ is dominant in gas, whereas Ba1+ and Ba0 are favored in liquid, a picture largely supported
by studies of the recombination of radon daughters [153,154].

Barium tagging in liquid xenon Among a number of Ba tagging technologies explored by
EXO-200 and nEXO, two front-running schemes have emerged27. In one scheme [151,155], the 136Ba
daughter ion or atom is captured in a solid xenon (SXe) layer on a sapphire substrate mounted on
a cryogenic probe [156,157] and removed from LXe to GXe above the liquid. After closing a valve,
the probe temperature and gas pressure is reduced toward the 10-30 K and near vacuum regime.
To date, individual barium ions have been imaged with high signal-to-noise ratio in two of the
four relevant SXe matrix sites, with work in progress on the other two matrix sites and in the one
expected single-vacancy for Ba+ . Studies of implanting Ba+ ions in SXe on a cryogenic substrate,
both in LXe and GXe, are also in progress.

A second scheme [158] is based on extraction of the daughter Ba+ ion in a capillary tube from
LXe to GXe. After passing to vacuum in differential pumping regions while being guided by an RF
ion carpet, Ba+ capture and single-ion spectroscopic identification is made in a linear Paul trap,
followed by 136Ba+ mass identification in a multi-reflection time-of-flight mass spectrometer. A
demonstrator with Ba+ ions from both 252Cf fission and laser ablation sources is expected to prove
transport and detection of single Ba+ ions from GXe.

To be prepared for a possible Ba tagging upgrade of nEXO in a 10+ year time frame, R&D
is envisioned in which Ba tagging of daughters of individual beta decays of Cs isotopes is demon-
strated. This would occur first in small LXe cells at an accelerator facility with 1-dimensional probe
extraction from a localized decay region and later in 3-dimensional probe extraction from the full
volume of a mid-sized TPC with ∼100 kg of LXe. Early work at Argonne National Laboratory
demonstrated that a 250 MeV 139Cs beam could be introduced through a thin Havar window into
a LXe cell. The decays of the radioactive 139Ba daughters provide an additional signal for studying
the extraction process. Beams of several different Cs or La isotopes at similar energies can also be
produced at TRIUMF, providing a range of possible decay topologies and Ba daughter half-lives. An
alternative approach would be to use MeV protons to produce 136Cs in situ via the (p,n) reaction,
well suited to Van de Graaff facilities where beamtime is readily available. A pilot irradiation has
been carried out at the Triangle Universities Nuclear Laboratory (TUNL) demonstrating production
in a gas cell, and a follow up measurement at the University of Kentucky Accelerator Laboratory
(UKAL) is being considered.

A 100 kg natural xenon TPC is being developed at Carleton University for studies of probe
insertion and daughter extraction methods. Initial studies will be done with daughters of radon
decay. R&D on 3-D daughter extraction with a probe will be an important component of the next
phase of preparation for engineering design of an upgrade TPC that incorporates Ba tagging.

27LOI: W. Fairbank et al., Barium tagging for a nEXO upgrade and future 136Xe 0νββ detectors
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Barium tagging in xenon gas The Ba2+ state expected in xenon gas has no low lying outer
electronic transitions and so is not amenable to atomic fluorescence detection. The methodology
favored by NEXT28 is single molecule fluorescence imaging (SMFI), adding fluorescence transitions
via chelation with a fluorescent organic chemosensor at a suitably prepared self-assembled mono-
layer [159,160]. Fluorescent imaging of individual barium ions using SMFI has been demonstrated
at a water-quartz boundary [152] and in a high pressure xenon gas environment [161] using com-
mercially available calcium sensing agents. These chemosenors are typically used for in-cell ion
imaging and neither bind or fluoresce under the dry conditions of a TPC. To overcome this limita-
tion, the NEXT collaboration has developed custom chemosensors suitable for solventless imaging
based on crown-ether fluorophores bonded to rigid aromatic receptors [162]. Families based on turn-
on fluorescence [163] and bi-color imaging [164] have both been demonstrated, and ion imaging in
single-molecule-sensitive experiments has been accomplished via both SMFI [163] and scanning
tunneling microscopy [165].

R&D is ongoing to quantify and optimize performance of single ion sensing organic monolayers.
Ion beams based on thermionically emitted barium, nuclear recoil of radium ions (a dication that
serves as a barium ion proxy), and tagged online isotope beams using the ANL CARIBU facility
and the ISOLDE accelerator at CERN are being exploited to study and optimize chelation and
imaging efficiencies of molecular sensors in vacuum and xenon gas. Concentration of ions produced
across the detector volume to the sensor, or actuation of the sensor to the ion, is also a critical area
of ongoing R&D. The SABAT effort in Europe aims to realize a sensor that scans a fully coated
ion detecting cathode with high powered lasers to realize a truly wide-field single ion microscope.
Efforts in the US favor delivery of the ion to the sensor from across the detector cathode, which may
be accomplished via either nanofabricated radiofrequency carpet [166, 167] or transverse transport
using self assembled solid electrolyte surfaces, both active areas of R&D. The NEXT-CRAB (Camera
Readout and Barium Tagging) experiment under construction at ANL will couple a VUV image
intensified tracking system with a fully active barium tagging cathode for a first demonstration of
the combined process of topological reconstruction and barium tagging of 2νββ events in natural
xenon. Meanwhile, the pBOLD program at the Laboratorio Subterraneo de Canfranc aims to use
individually tagged radium recoils to characterize barium sensor response in xenon gas. A well
characterized and efficient barium ion sensing cathode proven in these prototypes will set the stage
for a first ton-scale barium tagging GXe TPC module.

2.3.4 Future directions for solid state detectors

Cryogenic bolometers CUPID-1T [106] is a proposed future experiment that envisions using
1000 kg of the isotope of interest to reach half-life sensitivities greater than 8×1027 yrs at the 3σ level.
This will require a background index of ≈ 5× 10−6 cnts/(keV·kg·yr) and fast readout of over 10000
channels, including both phonon sensors and light sensors. Two options are under consideration for
the realization of this concept: a single-cryostat option, where unenriched or larger outer crystals
provide shielding for the inner lower-background crystals, and a multiple cryostat option, in which
several cryostats, potentially using varying 0νββ isotopes, are hosted either at a single laboratory
or at sites around the world.

US groups are actively involved in leading or contributing to several key efforts to support the
dual goals of multiplexed readout and background reduction. Areas of particular interest for CUPID-

28LOI: NEXT Collaboration: Barium Tagging in Xenon Gas for Neutrinoless Double Beta Decay
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1T include the use of high-speed superconducting sensors for thermal or athermal phonon detection;
the adaptation of multiplexed readout technologies (synergy with CMB) to macrobolometers; the
development of an active γ veto (in synergy with low-mass dark matter experiments); and the
incorporation of CMOS and ASIC developments for quantum sensors (in synergy with CMB, DM,
and QIS); and development of novel TES sensor fabrication techniques [168]. All of these efforts, as
well as international R&D on the use of superconducting crystal coatings to enhance PSD capabilities
(including work by CROSS at Canfranc) have the potential to profoundly impact the design and
fabrication of bolometric detectors for fundamental science.

48Ca Experiments 48Ca is in principle a highly alluring 0νββ isotope due to its high Q value
(4.273 MeV) offering a potentially major suppression of experimental radiogenic backgrounds. Chal-
lenges with realizing 48Ca expeirments at scale derive from the difficulty of enrichment needed to
extract the very low (0.187%) natural abundance of the double beta decay isotope from natural cal-
cium. In addition to work on enrichment (to be described in a subsequent section), ongoing work by
the CANDES collaboration has aimed to prove a viable detection methodology using CaF2 scintil-
lators. The present generation of CANDLES is 86kg in mass, and has run for 131 days setting a half
life limit of 6×1022 yr [169]. Detection of scintillation alone is susceptible to scintillation quenching
which limits energy resolution [170], and ongoing R&D is underway to realize CaF2 scintillating
bolometers [169]. After correcting for position dependencies, early iterations have demonstrated
resolutions as good as 0.18%, comfortably sufficient for a sensitive 0νββ search.

3D tracking in amorphous selenium The Selena program proposes to search for 0νββ decay
of 82Se with imaging sensors made from an ionization target layer of amorphous selenium (aSe) cou-
pled to a silicon complementary metal-oxide-semiconductor (CMOS) active pixel array for charge
readout. An initial study predicts background rates at Qββ = 3 MeV of 82Se < 6× 10−5/keV/ton-
year [171], a background level possible through a combination of factors: i) the high Qββ is above
most long-lived environmental backgrounds; ii) spatio-temporal correlations effectively reject ra-
dioactive decays in the bulk or the surfaces of the imaging modules; iii) external γ-ray backgrounds,
which mostly produce single-electron events from Compton scattering or photoelectric absorption,
are suppressed by the requirement that the ββ decay signal events have two clearly identified
Bragg peaks (this selection retains 50% of signal events while rejecting 99.9% of the single-electron
background). This level of background suppression requires a realistic pixel pitch of 15 µm and
a livetime of the imager close to 100%, which both appear to be within reach of current technol-
ogy. The spectroscopic identification of the 0νββ decay signal over the 2νββ decay background is
a bigger challenge. A partially validated energy response model predicts an energy resolution at
Qββ of 1.1% RMS [172]. Although there is significant interference from the two-neutrino channel,
a sensitivity T1/2 > 5 · 1028 y could be possible in a 100 ton-year exposure. In case of a discovery
signal, Selena could thus play an important followup role, observe the process in the isotope 82Se,
and confirm that it indeed occurs by the emissions of two electrons.

2.4 Improving performance of existing technologies

2.4.1 Approaches to reducing radiogenic backgrounds

Radiogenic backgrounds from the materials used to construct 0νββ experiments are being addressed
through the development of ultra-low-background cables and electronics and structural materials,
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including active materials. Some of these are already in use in current-generation experiments, but
their adoption is expected to increase at and beyond the ton scale.

Cables and electronics Polyimide-based materials, like Kapton, are widely used in flexible ca-
bles and circuitry due to their unique electrical and mechanical characteristics, but their use in
0νββ experiments has been limited by relatively high 238U and 232Th backgrounds (1.2× 104 and
490 µBq/kg, respectively) in commercial off-the-shelf Kapton varieties. Recent efforts have identi-
fied the manufacturing additive responsible for the elevated background levels, demonstrating the
production of Kapton with backgrounds two-to-three orders of magnitude cleaner than commercial-
off-the-shelf options, and copper-clad polyimide laminates using the resulting material with 238U
and 232Th activities of 110 and 89 µBq/kg, respectively [173]. Cables made of these materials are
used in the baseline designs of the LEGEND and nEXO experiments.

Increasing channel counts, detector sizes, and low-background demands have prompted increas-
ing use of Application Specific Integrated Circuits (ASICs) in 0νββ experiments. Key areas of
development for use in these experiments are building radiopure readout, aggregating data inside
the detector vessels to reduce the potential points of failure, and limiting power consumption to
enable operation in cryogenic environments. Low-noise, precision timing, and high dynamic range
capabilities are achievable, but are generally in tension with reducing power consumption and in-
creasing bandwidth. Triggered acquisition is one approach that may resolve this problem. More
extensive discussion can be found in Ref.29

Underground electroformed copper and alloys During the previous generation of 0νββ ex-
periments, the Majorana Collaboration developed techniques to produce and assay ultrapure
electroformed Cu, produced at a shallow underground site at PPNL and within a dedicated clean-
room facility on the 4850-ft level of SURF. Over the course of 6 years, over 3000 kg of copper was
grown on 60 bath-runs formed on custom mandrels. The produced Cu exceeded the 10 ksi tensile
strength design criteria and was found to have a leading limit in the 238U and 232Th purity of
< 0.1 µBq/kg Cu [174]. Improved cleaning and post-production handling techniques mitigated any
surface contamination of the final parts used in the experiment [175]. The LEGEND program is
building upon the MAJORANA experience and existing facilities to meet its needs for R&D and
the production of underground electroformed Cu. The next-generation nEXO program also plans
to make use of underground electroformed copper.

The use of this material is constrained by the physical properties of pure copper. A higher
strength material which possesses many of the favorable attributes of copper yet remains radiopure
is desired. Exploration of chromium copper alloying techniques has provided improved mechanical
performance and adequate radiopurity but the setup of underground large scale applications is
currently limited by EH&S concerns.

Additive manufacturing Additive manufacturing offers many advantages for preparation com-
ponents for low-background experiments such as 0νββ . Their low overhead and supporting infras-
tructure would allow for 3D printers to be located underground near the experiment eliminating
risks of radio-contamination during travel to the experiment site. They are relatively simple to use,
highly adaptable for a wide range of shapes and sizes and can operate within inert radon-purged
environments. Of the numerous 3D printed technologies which exist, fusion deposition modeling and

29Frontier Report: Snowmass IF07
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stereolithography offer exciting opportunities for printing of scintillator materials. These materials
can provide not only structural support for the given experiment but also possess the ability to veto
radioactive decays which occur within or interact with the scintillation medium. While there are
numerous advantages for 3D printed low-background materials, there is considerable R&D effort
needed to address outstanding questions to their use. Examples of targeted questions include: Can
their scintillation performance match non-3D printed components? Can one prepare or acquire
low-background material for use in 3D printers? How well do 3D printed components hold up in
extreme environments such as cryogenic liquid noble gases? Though these efforts are in their early
stages, favorable answers to these open questions could make them an important tool to addressing
radiogenic backgrounds in beyond-the-ton-scale experiments.

2.4.2 Approaches to reducing cosmogenic backgrounds

As radiogenic backgrounds are eliminated through improved material screening, self-shielding, and
active technological approaches, backgrounds of non-radiogenic origin are expected to become more
substantial. Of these, notable examples include cosmogenic neutron capture to produce problematic
long lived isotopes such as 68Ge and 60Co in germanium [176,177] and 137Xe in xenon [178,179]. In
tellurium, a variety of long-lived radioisotopes produced in cosmogenic activation become relevant
at kiloton scales [180]. Protection of materials from activation during a cool-down period prior to
installation, as well as extensive muon veto and neutron moderation in situ [181], will be crucial for
future very large experiments. Strategies to mitigate the cosmogenic background by admixture of a
neutron absorbing / tagging isotope [182] may also be a promising path to reduce neutron capture
backgrounds.

2.4.3 New background sources: (α,n) reactions and solar neutrinos

At large detector scales, new classes of background which were previously negligible are expected to
become limiting. One notable class of backgrounds that is beginning to receive attention is that of
(α,n) reactions30 [183], which can introduce neutron activations even in the hypothetical scenario
where shielding from cosmic ray activity is absolute. Detailed experimental characterization and
simulation of (α,n) backgrounds will receive increasing attention in the coming Snowmass period.

Another background source that will transition from negligible to important as experiments pass
the 10 ton scale are backgrounds associated with solar neutrino interactions [184–186]. These have
been considered by several collaborations and generally found to be irrelevant at the ton-scale (see
e.g. [187]), though at larger scales they will eventually become problematic. The background due
to solar neutrinos may be rejected by fast timing in large liquid scintillator experiments [188], or
potentially by directional reconstruction in TPC detectors, or barium tagging, among other possible
mitigation strategies.

2.4.4 Deepening understanding of detector micro-physics

As electronic readout elements continue to improve, noise associated with readout and data ac-
quisition eventually becomes sub-dominant to fluctuations and uncertainties associated with the
detailed micro-physics of the working detector medium. Fundamental studies of the microphysics

30LOI: S. Westerdale, Neutron yield in (α, n)-reactions in rare-event searches
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of light, charge, and phonon production in 0νββ active media are mandatory in order to maximize
the achievable precision of running and proposed technologies.

In time projection chambers, this project includes (but is not limited to) understanding light and
charge production via both scintillation [189], electroluminescence [190] and sub-leading emission
mechanisms including neutral bremstrahlung [191]; Understanding charge drift and diffusion [192,
193] in both pure xenon and mixtures [194, 195]. Charge emission and migration from and along
surfaces in noble media is also an evolving area of understanding [196–198]. Continued development
of microscopic and semi-empirical models informed by new data from a wider array of precision
experiments and test stands will remain critical for achieving optimal performance. Notable cross-
collaboration efforts include the NEST framework [199, 200]31 and microscopic models of electron
transport in gases in the MagBoltz / PyBoltz family of simulation codes [201,202].

For liquid scintillators detectors, fundamental work on metal-loading and the resultant proper-
ties [203, 204]32 of the working medium is ongoing. Success of future large experiments relies on
achieving the required combination of loading fraction, optical transparency [205] and management
of scintillation quenching [206] to appropriate levels. In addition to xenon- and tellurium loaded
approaches pursued by Kamland-Zen and SNO+ respectively, work on loading with other double
beta metals has also been explored, including Neodynium [207], Molybdenum [208] and Tin [209].
Other areas of study include increasing the use of spatiotemporal information in discriminating
backgrounds; recent success has been achieved using a specially-formulated neural network for the
KamLAND-Zen experiment [210]. Direct detection of Cherenkov light, which may be used for
background identification, has been achieved in several test-stands [149, 211–213]. Further studies
of the microphysical properties of novel scintillators and photodetectors are planned in the EOS
and NuDot experiments. Simulations of these processes are being improved via increasing use of
the Chroma parallel GPU-based optical Monte Carl software package [214].

In the area of cryogenic bolometry, R&D on 100Mo-based scintillating bolometers is ongoing in
order to realize CUPID-1T. Specific areas of development include coating of crystals with super-
conducting layers to improve pulse shape discrimination [110], implemenation of active gamma ray
vetos (with strong synergy to dark matter experiments), realization of high speed superconducting
sensors including TES and MKIDs, development of readout multiplexing solutions, and cryogenic
ASIC R&D. Development of each of these devices represents a coupled problem of understanding
material micro-physics and optimizing materials and interfaces in the presence of those intrinsic
behaviours.

In germanium, important topics of study include novel detector geometries and improved control
of impurity gradients, allowing for the development of larger-mass detectors without sacrificing
energy reconstruction capabilities. These efforts have resulted in the inverted-coaxial point contact
detector style used in the baseline design of LEGEND [215]. In addition to reduced backgrounds in
76Ge-based 0νββ experiments, these designs will enable improved Ge-based radioassay sensitivities.
Improved microphysical models of charge transport in the detectors, particularly near the detector
surfaces, are another area of development aimed at reducing backgrounds in 0νββ experiments,
with strong synergy to dedicated dark matter experiments [216, 217]. Simulations that correctly
model the charge drift and resulting waveforms from these surface background events are under
active development.

31LOI: Velan et al., NEST, The Noble Element Simulation Technique: A Multi-Disciplinary Monte Carlo Tool
and Framework for Noble Elements

32LOI: S. Biller, A Method to Load Tellurium in Liquid Scintillator to Study Neutrinoless Double Beta Decay
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2.5 Isotope procurement

Acquisition of isotopes for future beyond-ton scale neutrinoless double beta decay experiments
presents substantial challenges. Plausibility of isotopic acquisition appears likely to be a driver for
technology choices in the field in the post-ton-scale phases. Enrichment of large quantities of stable
isotope is typically achieved by centrifugation using a cascade of centrifuges that must be finely-
tuned for an isotope of interest. Enrichment by electromagnetic isotope separation (EMIS) gives
high purity separation into all component isotopes with a rapidly re-configurable devices, but does
not presently have the requisite capacity to produce ton-scale masses. Plasma isotope separation
techniques are also under continuing development with the potential to realize another technique
with high throughput and quick configurability, if this R&D is successful. For ton-scale masses
of isotopes that require enrichment for practicable use (all except potentially 130Te) centrifugation
is thus the only presently available technique. There are only a small number of suppliers with
this capability in the world, and those in Russia that have supplied most 0νββ experiments in the
past appear likely to be inaccessible to US experiments for some time, due to recent geopolitical
events. Beyond these suppliers, there is centriguation capacity at Oak Ridge National Laboratory
stewarded by the DOE Isotope Program, as well as by the Urenco British-German-Dutch nuclear
fuel consortium that operates enrichment plants in Germany, the Netherlands, United States, and
United Kingdom.

In this section we briefly outline the supply challenges and ideas for acquisition of some of the
isotopes used by existing programs, ordered by the natural abundance of their double beta decay
isotope.

130Te Tellurium is an attractive isotope for future very large 0νββ experiments since its natural
composition includes 33.8% 130Te. Thus use of unenriched isotope is thus most feasible for tellurium.
The Theia concept considers loading 5% natTe into an 8 m radius balloon filled with ultra-pure
liquid scintillator. World annual production of tellurium is estimated to be around around 470 tons
trading at $65-80 per kg, so cost and acquisition for experiments at the tens- to hundreds-of-ton
scale appear plausible.

100Mo Molybdenum presents a potentially interesting and scalable isotope for future 0νββ ex-
periments. Annual world production of molybdenum is at the 300,000 ton scale, primarily for use
in production of molybdenum steels. The quantities needed for a 0νββ experiment are relatively
modest on this scale. Furthermore, there is interest in enrichment of molybdenum for medical ap-
plications. In particular, 98Mo and 100Mo can be used in the production of 99mTc, a short lived
isotope which is used in medical imaging with tens of millions of medical diagnostic procedures an-
nually. World shortage of the short-lived isotope 99Mo that is used for most existing production has
compromised the 99mTc supply chain [218], making production via reactions such as Mo(γ,n)Mo or
Mo(n,γ)Mo of special interest. If these approaches prove as economically viable as centrifugation,
enrichment of the required 100Mo for a future large double beta decay experiment as a by-product
is a potentially appealing prospect.

82Se The isotope 82Se comprises 8.7% of natural selenium, whose annual world production is
around 2,200 tons per year. Selenium enrichment follows a similar process to uranium enrichment
for power or weapons applications, proceeding by centrifugation of the hexafluoride compound in
the gaseous state [219]. Concepts for future 0νββ experiments based on selenium may be based
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either on direct use of the enriched hexafluoride gas, or through conversion of the hexafluoride
into the metal for use in amorphous layers. Based on availability and similarity of enrichment
to existing industrial processes for uranium, scalable acquisition and enrichment of selenium both
appear viable, though scalability of the relevant detector technologies has yet to be demonstrated.

136Xe Xenon is produced primarily through liquefaction of air required to supply oxygen for the
steel industry, with typical production around 100 tons per year, though this has recently been
impacted by disruptions from geopolitical events. The isotope 136Xe represents an 8.9% isotopic
fraction of natural xenon, so practical neutrinoless double beta decay searches to date have relied
on enrichment to a 90% level, which can be achieved by centrifugation [220].

Future 136Xe experiments would either load a large quantity of xenon into a liquid argon or liquid
scintillator, or otherwise realize a monolithic TPC at the hundred ton to kiloton scale. To enable
such detectors, new xenon acquisition methods would be required. Ref. [118] outlines that the total
mass of Xe in the atmosphere is approximately 200 Mtonnes, providing an in-principle ample supply.
Through xenon absorption from atmospheric air on selective metal organic frameworks followed by
thermal swing absorption, it may be possible to dramatically increase the xenon supply. Xenon is
also produced with a modest 50% enrichment of 136Xe in spent nuclear fuel [221]. There is around
6kg of 136Xe produced per ton of uranium used. Since around 60,000 tons of uranium are used per
year for nuclear power generation, an additional supply of up to 720 tons per year of 50% enriched
136Xe may in principle be accessible by reprocessing this fuel. Programmatic issues associated with
reprocessing fuel in the context of realizing physics experiments are, naturally, non-trivial.

76Ge World production of germanium is around 120 tons per year, at a market price of $1000/kg,
of which 7.8% is the double beta decay isotope 76Ge. The primary industrial use of germanium is
in the semiconductor industry, which drives production. Commercial enrichment of 72Ge for the
semiconductor industry for pre-amorphisation implantation means that 76Ge may be produced as
a by-product, easing the supply challenges somewhat for this isotope. 0νββ experiments based
on germanium diodes are planned up to the ton-scale with LEGEND, though scalability of these
techniques to tens or hundreds of tons appears both difficult and expensive. The cost of germanium,
its supply chain, and the difficulty of scaling a concept based on individual crystals to the multi-ton
scale suggest that the need for hundred-ton scale quantities for next-generation 0νββ experiments
is unlikely.

48Ca Calcium is the fifth most abundant element in the Earth’s crust (4.1%) and tens of thousands
of tons are extracted per year, making the supply almost inexhaustible from the viewpoint of double
beta decay experiments. The isotope is especially technologically appealing since its high Q-value
is far above most radiogenic backgrounds, which is expected to dramatically simplify background
rejection in large-scale experiments. On the other hand, the small isotopic abundance of the double
beta decay isotope 48Ca (0.187%), as well as the lack of an obviously scalable enrichment method
have prevented 48Ca from being a leading candidate for large-scale experiments to date. Promising
ongoing work on enrichment by laser isotope separation (LIS) [222] and crown ether resin [223]
methods have both demonstrated some isotopic separation in R&D studies, though the plausibility
of application at industrial scales required for enrichment of many tons of isotope has yet to be
proven. If a method for enrichment of 48Ca can be proven scalable it would surely become a highly
compelling isotope for future double beta decays searches.
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Laboratory Country Experiment(s) Access Depth
(m.w.e)

Laboratoire Souterrain
de Modane (LSM)

France CUPID-Mo, SuperNEMO Horizontal 4,800

Laboratorio Subter-
raneo de Canfranc
(LSC)

Spain NEXT-WHITE, NEXT-100,
NEXT-HD module 1

Horizontal 2450

Yangyang Underground
Laboratory

South
Korea

AMoRE Horizontal 2000

Kamioka Observatory Japan KamLAND-Zen,
KamLAND2-Zen, CANDLES

Horizontal 2700

China Jinping Under-
ground Laboratory
(CJPL)

China PandaX-III Horizontal 6700

Sudbury Neutrino Ob-
servatory (SNOLAB)

Canada SNO+, nEXO, LEGEND-
1000

Vertical 6010

Sanford Underground
Research Facility
(SURF)

USA Majorana Demonstrator,
Theia

Vertical 4300

Gran Sasso National
Laboratory (LNGS)

Italy CUORE, CUPID, GERDA,
LEGEND-200, LEGEND-
1000

Horizontal 3400

Waste Isolation Pilot
Plant (WIPP)*

USA EXO-200 Vertical 2000

Table 2: Underground sites that have housed past and are proposed to house future underground
0νββ experiments.

2.6 Facilities for 0νββ experiments

2.6.1 Underground laboratory facilities

Experiments searching for 0νββ are susceptible to backgrounds from cosmogenic activation of de-
tector materials, and as such the detectors must be situated deep underground. In addition to
requiring underground facilities for experimental operation, current and future efforts will require
auxiliary underground facilities for radioassay, material production, and storage. There is an exten-
sive “Underground Frontier” effort within the Snowmass process, and so we do not re-tread the scope
of this effort here. We note though, that there is a clear need for at least two, and potentially more,
underground sites for ton-scale or larger 0νββ experiments within the next decade that will explore
the inverted mass ordering region of half-life sensitivities. Furthermore, preparations will be needed
for mounting future experiments at even larger scales (either through single large-scale monolithic
experiments or modular and potentially multi-site approaches) that will be required if sensitivities
to probe to normal mass ordering region of parameter space prove to be required. Table 2 lists the
underground laboratories that have housed or are proposed to house 0νββ experiments to date.
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2.6.2 Assay capabilities

Precision material characterization for radio-impurities is critical to the success of all 0νββ pro-
grams. Measurements with ICMPS, GDMS, neutron activation analysis and germanium count-
ing are required to vet all materials used in the construction of detectors. Extensive radiopurity
databases [224] are an invaluable tool for the community to share information and maximally profit
from synergistic efforts.

The need for assay facilities is cross-cutting across all low background / underground physics
programs, and will be discussed extensively elsewhere in the Snowmass process. Such facilities are
an invaluable and non-negotiable requirement for the success of the world 0νββ program.

2.7 Other approaches to testing for Majorana neutrinos

Neutrinoless double beta decay is the most sensitive known way to search for Majorana neutrinos.
However, other approaches have also been considered and pursued. While less sensitive under
the minimal light Majorana neutrino exchange mechanism, such alternative techniques to test for
Majorana fermions may offer enhanced sensitivity in the case of non-standard mechanisms.

2.7.1 Neutrinoless double electron capture

Neutrinoless double electron capture [225, 226] 0ν EC EC is an analog of neutrinoless double beta
decay wherein the two positrons that would otherwise have been emitted in a 0νβ+β+ process are
instead replaced by two electrons captured from the inner atomic shells by the nucleus, thus turning
two neutrons into two protons. As with 0νββ , this process occurs if and only if the neutrino is
a Majorana fermion. Experimental searches focus on geochemical methods, γ ray spectroscopy, or
integrated calorimetry of the decay.

While in general 0ν EC EC is expected to be slow relative to 0νββ , early speculations suggested
that there may be an important resonant enhancement active in certain isotopes [227,228] that could
make the projected decay rate competitive with or even faster than that of 0νββ in the commonly
studied isotopes. Following accurate Penning trap measurements to establish the relevant Q-values
with sufficient precision to assess possible enhancements, it now appears unlikely that sufficient
enhancement factors are available to make 0ν EC EC an appealing experimental prospect in most
cases. For example, among the near resonant isotopes discussed in Ref. [225], almost all have project
half-lives in excess of 1031 yr, whereas the best current experimental limits are around 1021 yr.

The standard-model counterpart of 0ν EC EC is two neutrino double electron capture, or 2ν EC
EC, wherein two electrons are captured and two neutrinos emitted. This process was first observed
in 2019 for the isotope 124Xe by the XENON1T collaboration [229]. It has also been searched for,
but not yet observed, in a wide variety of other isotopes. A full review of experimental status of
searches for both 0ν EC EC and 2ν EC EC is given in Ref [225].

2.7.2 Majorana particles at colliders

The effects of the nature of neutrino mass drop precipitously with energy, since at high energies
helicity becomes equivalent to chirality, requiring the observational effects of lepton number con-
servation to become equivalent to those of angular momentum conservation. Thus, the Majorana
nature of light neutrinos is typically not directly testable at collider experiments. However, the
mechanisms by which light Majorana neutrinos obtain their mass - for example, the Type-I seasaw
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mechanism, often imply the existence of additional heavy leptonic degrees of freedom. If the new
beyond-standard-model (BSM) neutrino states are sufficiently heavy, their Majorana nature can be
introduce non-zero rates of lepton number violating processes with the heavy state as an interme-
diate [230]. Given an observation of a unstable heavy neutrino, its Majorana nature can also be
probed directly through decay kinematics [231]. Searching for such particles at colliders is an active
area that can be thought of as an indirect test of the nature of neutrino mass [232–235].
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3 Neutrino Electromagnetic Properties

In the Standard Model (SM) neutrinos are electrically neutral and do not interact with photons at
the tree level. However, radiative corrections generate neutrino interactions with photons through
loops involving the charged leptons and theW boson, as shown by the one-loop diagrams in Fig. 9(a).
The corresponding neutrino-photon interactions are described by charge radii of the flavor neutrinos
(see the review in Ref. [236]). Therefore, even in the SM, where neutrinos are neutral and massless,
there are non-zero neutrino electromagnetic properties.

Physics beyond the SM can generate more general electromagnetic neutrino interactions of
massive neutrinos which are described by the diagram in Fig. 9(b) with the vertex function Λαkj(q)
that depends on the four-momentum transfer q = pi − pf . Taking into account general principles
such as Lorentz invariance and electromagnetic gauge invariance, for ultrarelativistic left-handed
neutrinos at low-q2, the electromagnetic vertex function can be written as

Λαkj(q) = γα
(
Qνkj +

q2

6
〈r2〉νkj

)
− iσαβqβ µνkj , (11)

where Qνkj , 〈r2〉νkj , and µνkj are, respectively, the neutrino electric charges, charge radii, and
magnetic moments33. Note that these electromagnetic properties are defined in the mass basis and
all of them can have diagonal components for j = k and off-diagonal (transition) components for
j 6= k in the case of Dirac neutrinos. The matrix of each electromagnetic property is Hermitian:
Xνkj = X∗νjk for X = Q, 〈r2〉, µ. For Majorana neutrinos the matrices of electric charges and
magnetic moments are antisymmetric: Xνkj = −Xνjk for X = Q,µ. Therefore, Majorana neutrinos
are distinguished from Dirac neutrinos by the lack of diagonal components for the electric charges
and magnetic moments. Moreover, the off-diagonal electric charges and magnetic moments of
Majorana neutrinos are purely imaginary.

The effective electromagnetic properties of flavor neutrinos depend on neutrino mixing and on the
process in which they are observed. A characteristic of the electromagnetic vertex function is that the

33For simplicity, in Eq. (11) we consider effective charge radii that include possible anapole moments and effective
magnetic moments that include possible electric moments (see, e.g., Ref. [236]). We also neglect the neutrino mass
differences in the interaction.

W

ℓ ℓ

γ(q)

νℓ(pi) νℓ(pf )
ℓ

W W

γ(q)

νℓ(pi) νℓ(pf )

(a)

γ(q)

νj(pi) νk(pf)

Λ

(b)

Figure 9: (a) One-loop Feynman diagrams that generate the charge radii of flavor neutrinos
in the SM, with ` = e, µ, τ . (b) General neutrino electromagnetic vertex of massive neutrinos
(j, k = 1, 2, 3, . . .).

43



Method Experiment Limit [cm2] CL Year Ref.

Reactor ν̄e e−
Krasnoyarsk |〈r2〉νe | < 7.3× 10−32 90% 1992 [237]
TEXONO 〈r2〉νe ∈ (−4.2, 6.6)× 10−32 90% 2009 [238] a

Accelerator νe e−
LAMPF 〈r2〉νe ∈ (−7.12, 10.88)× 10−32 90% 1992 [239] a

LSND 〈r2〉νe ∈ (−5.94, 8.28)× 10−32 90% 2001 [240] a

Accelerator νµ e−
BNL-E734 〈r2〉νµ ∈ (−5.7, 1.1)× 10−32 90% 1990 [241] a,b

CHARM-II |〈r2〉νµ | < 1.2× 10−32 90% 1994 [243] a

CEvNS COHERENT
[244,245]

〈r2〉νe ∈ (−68, 11)× 10−32

〈r2〉νµ ∈ (−68, 12)× 10−32

|〈r2〉νeµ | < 33× 10−32

|〈r2〉νeτ | < 40× 10−32

|〈r2〉νµτ | < 40× 10−32

95% 2020 [246]

aCorrected by a factor of two due to a different convention.
bCorrected in Ref. [242].

Table 3: Experimental limits for the neutrino charge radii.

term which depends on the electric charges and charge radii is helicity-conserving, whereas the term
containing the magnetic moments is helicity-flipping. This has important consequences for the ways
in which the electromagnetic properties contribute to neutrino interactions: the flavor-conserving
contributions of the electric charges and charge radii add coherently with the SM contributions to
the amplitudes of neutrino interaction processes, whereas the contributions of the magnetic moments
and the flavor-violating contributions of the electric charges and charge radii generate additional
cross-section terms.

We discuss the neutrino charge radii, magnetic moments, and electric charges in the following
Subsections 3.1–3.3

3.1 Charge Radius

In the SM neutrinos are massless and the generation lepton numbers are conserved. Therefore, the
charge radii are well-defined in the flavor basis. The charge radii of the flavor neutrinos generated
by one-loop radiative corrections are given by [247] 34

〈r2〉SM
να = − GF

2
√

2π2

[
3− 2 ln

(
m2
α

m2
W

)]
=


−0.83× 10−32 cm2 (νe)

−0.48× 10−32 cm2 (νµ)

−0.30× 10−32 cm2 (ντ )

(12)

where mW is the W boson mass and mα are the charged lepton masses for α = e, µ, τ . The values
of 〈r2〉SM

νe and 〈r2〉SM
νµ are only about one order of magnitude lower than the current experimental

upper bounds listed in Table 3. Therefore, an experimental effort is mandatory in order to try to
improve the experimental sensitivity and try to discover the neutrino electromagnetic interactions
predicted by the SM.

34The difference by a factor of 2 with respect to the definition of the charge radius in Ref. [247] is explained in
Ref. [248].
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Finding possible deviations from the SM values would be a discovery of new physics beyond the
SM. In this case, since neutrinos are massive and the generation lepton numbers are not conserved,
the effective charge radii of flavor neutrinos are related to the fundamental charge radii of massive
neutrinos by [249]

〈r2〉ν`′` =
∑
k,j

U`′k〈r2〉νkjU
∗
`j , (13)

where U is the neutrino mixing matrix. Note that the unitary transformation from the mass to the
flavor basis preserves the hermiticity of the matrix of charge radii: 〈r2〉ν`′` = 〈r2〉∗ν``′ . Therefore the
diagonal charge radii of flavor neutrinos 〈r2〉νe ≡ 〈r2〉νee , 〈r2〉νµ ≡ 〈r2〉νµµ , and 〈r2〉ντ ≡ 〈r2〉νττ are
real.

The traditional way to obtain limits on 〈r2〉νe is the observation of neutrino-electron elastic
scattering using the intense fluxes of reactor ν̄e’s. The limits on 〈r2〉νµ have been obtained with
neutrino-electron elastic scattering of accelerator νµ’s produced mainly by pion decay. These meth-
ods have been recently complemented by the measurement of coherent elastic neutrino-nucleus
scattering (CEvNS) of low-energy electron and muon neutrinos produced by pion and muon decays
at rest or reactor ν̄e’s. Note that it is possible to probe not only the diagonal neutrino charge radii,
but also the off-diagonal ones [248,249].

Future probes of the neutrino charge radii will take place at reactor and accelerator experiments
that can measure neutrino-electron elastic scattering (e.g. MINERvA, SBND, and DUNE [250])
and/or CEvNS 35. Decreasing the neutrino flux uncertainties 36 will be essential for improving the
sensitivity.

3.2 Magnetic Moment

The magnetic and electric dipole moments are the most studied neutrino electromagnetic properties,
because they can be generated in many models with massive neutrinos by effective dimension-
5 operators involving left-handed and right-handed neutrinos. In the simplest extension of the
Standard Model with three massive Dirac neutrinos, the diagonal magnetic moments are given
by [266–268]

µDirac
νkk

' 3× 10−19
(mνk

eV

)
µB, (14)

where mνk are the neutrino masses for k = 1, 2, 3 and µB ≡ e/2me is the Bohr magneton (e is the
elementary electric charge and me is the electron mass). Therefore, in the simplest Dirac extension
of the Standard Model the diagonal magnetic moments are strongly suppressed by the smallness of
neutrino masses and are many orders of magnitude smaller than the current experimental bounds
listed in Table 3. The transition magnetic moments are further suppressed by about four orders of
magnitude (see the review in Ref. [236]).

Majorana neutrinos can have only transition magnetic moments that are as suppressed as the
Dirac transition magnetic moments in the minimal extension of the SM with Majorana neutrino
masses. However, in more elaborate models the Majorana magnetic moments can be enhanced by
several orders of magnitude, leading to values that are not too far from the current experimental

35 LOIs: “ORNL Neutrino Sources for Future Experiments”, “Advanced Germanium Detectors and Technologies
for Underground Physics”, “Investigation of Neutrino Properties with Global Analysis of CEvNS Data”. White paper:
“Coherent elastic neutrino-nucleus scattering: Terrestrial and astrophysical applications” [251].

36See the NF06 discussion on neutrino flux uncertainties.
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Method Experiment Limit [µB] CL Year Ref.

Reactor ν̄e e−

Krasnoyarsk µνe < 2.4× 10−10 90% 1992 [237]
Rovno µνe < 1.9× 10−10 95% 1993 [252]
MUNU µνe < 9× 10−11 90% 2005 [253]
TEXONO µνe < 7.4× 10−11 90% 2006 [254]
GEMMA µνe < 2.9× 10−11 90% 2012 [255]

Accelerator νe e− LAMPF µνe < 1.1× 10−9 90% 1992 [239]

Accelerator (νµ, ν̄µ) e−
BNL-E734 µνµ < 8.5× 10−10 90% 1990 [241]
LAMPF µνµ < 7.4× 10−10 90% 1992 [239]
LSND µνµ < 6.8× 10−10 90% 2001 [240]

Beam Dump BEBC [256] µντ < 5.4× 10−7 90% 1991 [257]
Accelerator (ντ , ν̄τ ) e− DONUT µντ < 3.9× 10−7 90% 2001 [258]

CEvNS

COHERENT
[244,245]

µνe < 44× 10−10

µνµ < 34× 10−10
95% 2020 [246]

CONUS µνe < 7.5× 10−11 90% 2022 [259]
Dresden-II [260] µνe . 3× 10−10 90% 2022 [261]

Solar νe e−

Super-Kamiokande µ
(Eν&5MeV)
S < 1.1× 10−10 90% 2004 [262]

Borexino µ
(Eν.1MeV)
S < 2.8× 10−11 90% 2017 [263]

XMASS-I µ
(Eν.1MeV)
S < 1.8× 10−10 90% 2020 [264]

PandaX-II µ
(Eν.1MeV)
S < 4.9× 10−11 90% 2020 [265]

Table 4: Experimental limits for the neutrino magnetic moments.

bounds in Table 3. Therefore, it is important to develop new experiments with improved sensitivity
to the neutrino magnetic moments.

The experimental determination of the magnetic moment in laboratory experiments is made
through the observation of neutrino-electron elastic scattering or CEvNS 35, with the cross section(

dσν`X
dTX

)
mag

=
πα2

m2
e

(
1

TX
− 1

Eν

)
QX

(
µν`
µB

)2

, (15)

where TX and QX are the recoil kinetic energy and electric charge of the target X (X = e for
neutrino-electron elastic scattering and X = N for CEvNS with the target nucleus N ) 37. The
effective magnetic moment of the flavor neutrino ν` is given by

µ2ν` =
∑
k,j

U`k µ
2
kj U

∗
`j . (16)

The effects of the magnetic moments can be probed by measuring neutrino-electron elastic scattering
or CEvNS at very low values of the recoil kinetic energy TX of the target, where the cross section
(15) can increase above the SM cross section, as illustrated in Fig. 10(a) for neutrino-electron elastic

37The electron mass in Eq. (15) is due to the definition of the Bohr magneton, independently of the target.
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(a) (b)

Figure 10: (a) Comparison of the SM weak-interaction cross section and the magnetic moment
cross section in neutrino-electron elastic scattering [269]. (b) Astrophysical limits on the effective
neutrino magnetic moment [270].

scattering. Table 3 show the current experimental bounds obtained with this method in laboratory
experiments. Figure 10(b) show the approximate bounds on the effective neutrino magnetic moment
obtained from astrophysical constraints on neutrino radiative decay (see Section 4.1).

The GEMMA experiment [255] obtained the most stringent limit on µνe in Table 4 by observing
neutrino-electron elastic scattering at the Kalinin Nuclear Power Plant in Russia, using a 1.5 kg high-
purity germanium (HPGe) detector with an energy threshold of 2.8 keV. The GEMMA collaboration
is preparing a new experiment (GEMMA II) [271] with four point-contact HPGe detectors of 400 g
each and an energy threshold of about 300 eV placed below a 3.1 GW reactor at a distance from
the core center of 10.7 m, where the ν̄e flux is 5.2× 1013 cm−2 s−1. The expected sensitivity for µνe
is about 1× 10−11 µB in three years of operation.

The TEXONO experiment [254] obtained the limit on µνe in Table 4 by observing neutrino-
electron elastic scattering at the Kuo-Sheng nuclear power station with a 1.06 kg HPGe detector
at a distance of 28 m from a 2.9 GW reactor core. Future searches of µνe are planned in the
TEXONO research program 38 at the Kuo-Sheng Reactor Neutrino Laboratory (KSNL) in Taiwan
by observing neutrino-electron elastic scattering using HPGe detectors with an energy threshold of
the order of 200 eV and a very low background [272].

Other reactor neutrino experiments can probe µνe with neutrino-electron elastic scattering or
CEvNS 39,35. Both µνe and µνµ will be probed in CEvNS experiments with electron and muon
neutrinos produced by pion and muon decays at rest 35, as those planned at the Spallation Neutron
Source (SNS) at Oak Ridge National Laboratory [274] and at the European Spallation Source
(ESS) [275].

The electron and muon neutrino magnetic moments can be probed at the Fermilab ICARUS,
38LOI: “Neutrino Physics at the Kuo-Sheng Reactor Laboratory with the TEXONO Research Program – Highlights

of Status and Plans”.
39White paper: HEP Physics Opportunities Using Reactor Antineutrinos [273].
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SBND and DUNE [250] detectors, which will be exposed to intense νµ beams 40 and subdominant
νe beams. All the magnetic moments can be probed at the planned Forward Physics Facility at
LHC [276] 41, with special relevance for µντ , that can be probed at the so far unreached level of a
few 10−8 µB. It is also planned to search for transition magnetic moments connecting the standard
active left-handed neutrinos to sterile neutrinos beyond the SM (the so-called “dipole portal”; see,
e.g., Ref. [278]) 42.

The effects of neutrino magnetic moments are also probed with measurements of the cross
section of solar neutrinos, as done by the Super-Kamiokande [262], Borexino [263], XMASS [264],
and PandaX [265] collaborations (see Table 4). In this case the effective magnetic moment µS is
determined by the oscillations of solar neutrinos:

(µ
(Eν)
S )2 =

3∑
k,j=1

P S
νe→νk(Eν) |µkj |2. (17)

There is a recent indication of a possible non-zero effective magnetic moment µS that can explain
the excess of electronic recoil events in XENON1T [282]:

µ
(Eν.1MeV)
S ∈ (1.4, 2.9)× 10−11 µB (90% CL). (18)

This indication can be investigated with new experiments sensitive to solar neutrinos, e.g, the
Jinping neutrino experiment [283], JUNO [284], LUX-ZEPLIN [285] and DARWIN 43.

3.3 Electric Charge

In theories beyond the SM, neutrinos can have very small electric charges (millicharges) (see the
reviews in Refs. [236, 291]). The relation between the effective electric charges of flavor neutrinos
and the electric charges of massive neutrinos is similar to that for the charge radii in Eq. (13) [249]:

Qν`′` =
∑
k,j

U`′kQνkjU
∗
`j . (19)

The hermiticity of the matrix of electric charges is preserved by the unitary transformation. For
simplicity we denote the real diagonal electric charges of the flavor neutrinos as Qν` ≡ Qν`` .

As shown in Table 5, the strongest bound on a neutrino electric charge is |Qνe | . 3 × 10−21 e
obtained from the neutrality of matter [236, 293]. Weaker bounds on the electric charges of the
flavor neutrinos have been obtained with the scattering experiments listed in Table 5.

The electric charges of neutrinos can be probed in future CEvNS experiments 35, in reactor
experiments, in accelerator experiments 44 (e.g. DUNE [250]), and in experiments sensitive to solar
neutrinos (e.g. LUX-ZEPLIN [285]).

40LOI: “Search for Muon Neutrino Magnetic Moment at Future High Intensity Muon Neutrino Beam Experiments”.
41White paper: “The Forward Physics Facility at the High-Luminosity LHC” [277].
42White papers: White Paper on Light Sterile Neutrino Searches and Related Phenomenology [279], Tau Neutrinos

in the Next Decade: from GeV to EeV [280], The Present and Future Status of Heavy Neutral Leptons [281].
43LOI: “Neutrino physics with the DARWIN Observatory”.
44LOI: “Accelerator Probes of Millicharged Particles and Dark Matter”.
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Method Experiment Limit [e] CL Year Ref.
Neutrality of matter Bressi et al. [286] Qνe ∈ (−3.8, 2.6)× 10−21 68% 2014 [236]

Reactor ν̄e e−
TEXONO [287] |Qνe | < 3.7× 10−12 90% 2006 [288]
GEMMA [255] |Qνe | < 1.5× 10−12 90% 2013 [289]
TEXONO |Qνe | < 1.0× 10−12 90% 2014 [290]

Accelerator (νµ, ν̄µ) e− LSND [240] |Qνµ | < 3× 10−9 90% 2020 [291]
Beam Dump BEBC [256] |Qντ | < 4× 10−4 90% 1993 [292]
Accelerator (ντ , ν̄τ ) e− DONUT [258] |Qντ | < 4× 10−6 90% 2020 [291]

CEvNS
COHERENT
[244,245]

Qνe ∈ (−14, 34)× 10−8

Qνe ∈ (−10, 12)× 10−8

|Qνeµ | < 17× 10−8

|Qνeτ | < 27× 10−8

|Qνµτ | < 20× 10−8

95% 2020 [246]

CONUS |Qνe | < 3.3× 10−12 90% 2022 [259]

Solar νe e− XMASS-I
|Qνe | < 7.3× 10−12

|Qνµ |, |Qντ | < 1.1× 10−11
90% 2020 [264]

Table 5: Experimental limits for the neutrino electric charges.

4 Other Neutrino Properties

Neutrinos can have several properties beyond those predicted by the SM, that are not discussed in
the previous Sections and in other Topical Groups. In the following Subsections we discuss briefly
the neutrino lifetime and the possibilities of testing with neutrinos Lorentz and CPT violation and
the violation of the equivalence principle.

4.1 Neutrino Lifetime

In theories beyond the SM, since neutrinos are massive and the neutrino masses are different, heavier
neutrinos can decay into lighter neutrinos with emission of a massless or very light vector or scalar
boson.

Neutrino magnetic moments induce the radiative decay νi → νf + γ with the decay rate [267,
268,294–299]

Γνi→νf+γ =
1

8π

(
m2
i −m2

f

mi

)3

|µfi|2. (20)

This expression is valid for both Dirac and Majorana neutrinos, because both can have transition
magnetic moments. In the simplest extensions of the Standard Model with massive Dirac or Ma-
jorana neutrinos the neutrino lifetime is about 26 orders of magnitude larger than the age of the
Universe (see Ref. [236]). However, the neutrino lifetime can be shorter in more elaborate theories.
Figure 10(b) show the approximate bounds on the effective neutrino magnetic moment obtained
from the absence of decay photons in astrophysical observations [270]. Future improvements may be

49



obtained by searching for the decay photons of the cosmic neutrino background [300]. Cosmological
constraints are discussed in Ref.45.

Other decay channels can be either visible or invisible, depending on the possibility to observe
the decay products, and can have many phenomenological consequences 46 (see, e.g. the recent
Refs. [302–306]).

4.2 Lorentz and CPT violation

Small violations of the Lorentz symmetry are possible in some theories beyond the SM. Since the
CPT theorem is based on Lorentz invariance, Lorentz and CPT violations are connected [307]. A
useful framework to study Lorentz and CPT violations is the Lorentz- and CPT-violating Standard-
Model Extension (SME) [308–311]. Neutrinos can probe Lorentz and CPT violations in many
different ways (see the reviews in Refs. [312–314]) 47,46. Note the possibility to test Lorentz violations
in β-decay experiments as KATRIN [315] 6.

4.3 Violation of the equivalence principle

Neutrino oscillations are sensitive to violations of the equivalence principle (VEP) [316, 317] 46.
For neutrinos propagating in a gravitational potential VEP induce energy shifts between neutrino
gravitational eigenstates, which are connected to the flavor neutrinos by an unknown unitary trans-
formation. The differences between the energy shifts induce energy-dependent deviations from stan-
dard oscillations that can be probed in current and future experiments such as IceCube [318, 319],
KM3NeT [320], DUNE [321], and solar neutrino experiments [322].

5 Summary and Conclusions

Direct experiments to probe the absolute mass scale of the neutrino rely on high-precision measure-
ments of the endpoint regions of tritium β-decay spectra or 163Ho electron-capture spectra. These
kinematic searches provide complementary information to more model-dependent probes based on
supernovae, cosmological data, and 0νββ (Sec. 1.5). The KATRIN experiment has set the best
direct bound on the effective neutrino-mass scale, mβ < 0.8 eV (90% C.L.), and is continuing to
take tritium-decay data while working to reduce backgrounds (Sec. 1.2.1). Project 8 has developed
a new method for tritium spectral measurement – cyclotron radiation emission spectroscopy – and
is investigating scaling strategies and the development of an atomic source (Sec. 1.2.2). Meanwhile,
both the ECHo and HOLMES collaborations have made substantial progress in optimizing 163Ho
production and developing microcalorimeters and multiplexing schemes, and ECHo is analyzing
a high-statistics spectrum. Continuing improvement of the theoretical spectrum calculation will
unlock high sensitivity in 163Ho (Sec. 1.3).

Neutrinoless double beta decay is the only truly sensitive known way to test for the Majorana
nature of the neutrino, a property that, if established, would have profound consequences for particle
physics and cosmology. A generation of 10-100 kg-scale detectors have proven a suite of technologies
that hold promise for achieving the low backgrounds needed for ton-scale experiments (Sec 2.2), of
order one count per ton per year in the energy ROI. A ton-scale program employing at least one but

45White Paper: Synergy between cosmological and laboratory searches in neutrino physics [74]
46 White paper: Beyond the Standard Model effects on Neutrino Flavor [301].
47LOI: “Neutrinos as Probes for Lorentz and CPT Symmetry”.
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hopefully several isotopes is being shepherded by the DOE Office of Nuclear Physics and will be a
major focus for the field during the coming Snowmass period. These experiments will press beyond
the existing leading limit from the Kamland-Zen experiment (2.3×1026 yr) further into the region
of parameter space allowed under the inverted neutrino mass ordering, given the standard light
Majorana neutrino exchange mechanism. If the neutrino masses prove to be normal ordered, still
larger and lower background experiments will be required (Sec 2.3). Development of technologies
that can meet the implied extremely challenging technological requirements will require continued
effort during the coming Snowmass period if the necessary R&D is to converge in a timely way.

Electromagnetic neutrino interactions are described, at low energies, by neutrino charge radii,
magnetic moments and electric charges. Even in the Standard Model, where neutrinos are neutral
and massless, radiative corrections induce electromagnetic neutrino interactions described by the
charge radii. Since the current experimental limits on the neutrino charge radii are only about one
order of magnitude larger than the Standard Model prediction, it is worthwhile to try to improve the
experimental sensitivity to the charge radii with the aim of discovering neutrino electromagnetic
interactions and testing the Standard Model. Other promising searches of physics beyond the
Standard Model can be pursued with searches of neutrino electromagnetic interactions induced by
magnetic moments and electric charges, visible or invisible neutrino decays, effects of Lorentz and
CPT violation, and effects of a violation of the equivalence principle.
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