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Abstract. Nearly 70 years since the neutrino was discovered, and 25 years
since discovery of neutrino oscillations established its non-zero mass, the ab-
solute neutrino-mass scale remains unknown. Due to its unique characteristics,
determining this neutrino property requires new measurement techniques to be
developed. Currently, there are four measurement approaches: using cosmo-
logical models, inference from time-of-arrival from supernovae, through ob-
servation of neutrinoless double beta decay, and the kinematics of weak decay
processes.

I will review the theoretical basis underlying neutrino mass measurement and
present key experiments in this field. I will highlight the current best upper
limits, how neutrino mass experiments are complementary to other neutrino
property searches, and summarize the challenges that lie ahead of the neutrino
mass community.

1 Introduction

In the many decades since the discovery of the neutrino, fundamental questions relating to
its nature remain unanswered. There has been significant progress in that time, thanks to
international investment in developing new methods and detection techniques.

One of these fundamental questions about neutrino properties (described in Section 2)
is the question of their absolute mass scale. There are a variety of techniques to measuring
the absolute mass scale. Section 3 describes these in detail, and reports on the most recent
activity in the field. Summaries of the complete histories are given in [1-4].

2 Neutrinos and their properties

The neutrino sector has several interesting features, many stemming from neutrino oscilla-
tions.

Neutrino oscillations govern the identity of the particle. Neutrinos are born in weak
decay processes, with a flavor eigenstate matching that of its leptonic decay partner: either an
electron, muon, or tau particle. The flavored neutrino will then propagate through spacetime
in the mass eigenstate, which are referred to as {1, 2, 3}. These mass eigenstates are an
incoherent sum of the flavor eigenstates {e, y, 7}, weighted by the PMNS mixing matrix.
By construction, the mass eigenstate 1 is the state with the largest admixture of the electron-
flavor eigenstate. Finally, when the neutrino is observed sometime later, it is detected in its
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flavor eigenstate. Due to this identity oscillation during propagation, the same neutrino can
be detected in a different flavor than it was born with.

From neutrino oscillations, the probability that a neutrino born in flavor eigenstate i is de-
tected in flavor eigenstate j is proportional to difference of mass eigenvalues squared, ml2 —m?.
Interesting questions arise here, such as ordering of these mass eigenvalues relative to one
another, their absolute mass scale, and whether the neutrino is its own anti-particle. Exper-
iments which measure only the oscillation properties (“oscillation experiments") can only
offer incomplete answers to these mass-related questions, necessitating dedicated neutrino

mass measurement experiments.

3 Neutrino mass measurements with current experiments

There are four approaches to measuring the absolute mass scale of the neutrino.

3.1 Cosmology

This approach relies on fitting various models to cosmological data, including Cosmic Mi-
crowave Background (CMB), Baryon Acoustic Oscillation (BAO), and Big Bang Nucle-
osynthesis (BBN) datasets. The output value is the sum of neutrino mass eigenvalues,
M, = Z?:l m;. The advantage to this approach is the varied, complementary datasets. How-
ever, the most significant challenge is the strong model dependence. Various resultant neu-
trino mass limits are tabulated in Table 2 of a recent summary of the field [3], ranging from
M, < 0.0866 ¢V for a standard recipe with no additional extensions in the degenerate hierar-
chy, to M, < 0.265eV with an w, + wy extension in the inverted hierarchy. Both these upper
limits are at 95% confidence.

A few months after this summary article was published, the DESI collaboration published
an analysis of its first year of BAO observations ("DESI Data Release 1") [5]. This includes
anew M, < 0.072 (0.113) eV for normal (inverted) hierarchy, at 95% confidence. A separate
group [6] which analyzed the same dataset claimed that including a non-zero free value of M,
and a degeneracy parameter &3 in their models could resolve long-standing Hubble constant
tensions.

3.2 Supernova time-of-flight

The dispersion in time-of-arrival of neutrinos from a single source is dependent on neutrino
mass. The best way to apply this method is to observe supernovae, which are an excellent
source of neutrinos. The observable here is the electron-weighted neutrino mass squared
(m2, = 33 |U.;*m?), as the measured neutrinos are electron-flavored.

The most successfully studied supernova is also the most recent one: Supernova 1987A.
Four experiments (Kamioka, Baksan, Mt. Blanc, and Homestake) collectively measured the
timestamps and energies of around 25 neutrinos from this event [7], and a later estimate on
the neutrino mass limit was m,, < 5.7eV at 95% confidence [8].

There are many advantages to this technique: the large number of detectors, and the addi-
tional information that can be extracted from the data, including mass hierarchy information
via MSW effect on the 1-3 mixing, and information on stellar structure and the equation of
state. The challenges are the low statistics (i.e., having the luck to be ready for the next su-
pernova event) and the fact that the optimal signal is not the main detection channel for most
detectors (i.e., lower detection efficiency).



3.3 Search for neutrino-less double beta decay

There are many processes which produce (or consume) neutrinos which can be studied. One
of these is neutrino-less double beta decay, a process which involves two neutrinos annihi-
lating one other. If this process is observed, a decay rate can be calculated and the neu-
trino mass can be estimated using Fermi’s Golden Rule. The key is that, in order for the
process to occur, neutrinos must be their own anti-particle (type "Majorana"), and so the
interpretation of the neutrino mass is different because it includes additional parameters:
Mg = |Z?=3 |Ue,i|2mieim|-

One of the major advantages of this mass measurement method is that there are a mul-
titude of candidate isotopes, detectors, and signal readout techniques; they are described
extensively in [4], and will be summarized below. There are around 40 candidate isotopes for
neutrino-less double beta decay, the top three most common being 7°Ge, '**Xe, and '"Mo.
There are four main detection channels, which determines event reconstruction technique:
ionization, scintillation light, phonon, and Cerenkov light. There are no current experiments
which rely on Cerenkov light, but it has been proposed for future experiments or to improve
understanding of individual event topology when used in tandem with another method.

Experiments using the ionization detection channel involve measurement of the move-
ment of charge. These are divided into two main groups of experiments: "HPGe" (high purity
germanium) which measures charge currents in a semiconductor device constructed with up
to 92% "°Ge crystal (experiments: GERDA, MAJORANA, LEGEND); and "Xenon TPCs"
(time projection chambers) which measure charge drift times through liquid or gaseous
chambers to reconstruct events from 3°Xe decays (experiments: EXO-200, nEXO, NEXT,
PANDA-X, LZ, and DARWIN).

Experiments which are scintillation-based measure light information, and are particularly
suited for reconstructing a complete picture of the event, including timing, position, and en-
ergy information carried by photons. They can also be used concurrently with other detection
channels; for example, to provide timing information in a TPC experiment. This isn’t lim-
ited to a particular isotope: the KAMLAND-Zen experiment uses an enriched '3¢Xe-filled
balloon, whereas the SNO+ experiment will have a '3°Te-filled acrylic sphere.

Phonon-based experiments measure the energy of phonon absorption in a given material,
so it is a calorimetric method. There are two main categories of this kind of experiment:
tracking and cryogenic. The tracking method is sensitive to a complete picture: it can track
phonon deposition energy and the angular distribution (experiments: NEMO-3 with '"Mo,
Super-NEMO with #Se). The cryogenic method employs bolometers operated around 10 mK
temperatures, and their small size is advantageous due to the granularity with which they can
reconstruct events, if deployed as part of a large array. For this method, the isotope needs
to be trapped within a crystal so it can be coupled to a thermal sensor. Experiments and
isotope preparations are diverse: CUORE used TeO,; CUPID-0 used ZnSe; and CUPID-Mo,
CROSS, AMoRE-II, and CUPID used Li,MoOQOy.

The current best neutrino mass upper limit from neutrino-less double beta decay is mgz <
36-156 meV [4, 9]. Besides the many approaches and individual experiments, the advantage
to this method for neutrino mass measurements is that it addresses the question of whether the
neutrino is its own antiparticle. The challenges are the significant investment in background
identification and suppression methods, the large systematic uncertainty in the nuclear matrix
element calculation (this is why the upper limit is quoted as a range), and the unknown phase
parameters ;.



3.4 Kinematic methods (single beta decay)

Single beta decay, in which one neutron of the parent particle converts into a proton, plus an
outgoing electron and an outgoing electron-flavored neutrino, is a direct method for measur-
ing neutrino mass. By measuring the number and energy of the outgoing electrons (“beta"
particle), the beta decay spectrum can be obtained. This spectrum can be modelled ana-
Iytically using Fermi’s Golden Rule, with at minimum 4 free fit parameters: the maximum
beta energy (“endpoint”) Ey, the effective electron-weighted neutrino mass squared mé a
normalization A which scales with source activity, and a background term B. By fitting
the measured beta spectrum with this model, the neutrino mass m2 can be extracted, where

B
my = N U, iPPm?.

There are a few experiments which use this approach, but with a wide variety of tech-
niques. Several experiments use a tritium (*H) beta decay isotope, which has an endpoint en-
ergy of 18.6keV and a half-life of 12.3 years. Past experiments, such as the Los Alamos[10],
Mainz[11], and Troitsk[12] experiments, provided an important foundation for the experi-
ments of today. The KATRIN[13] experiment uses an ultra-luminous molecular tritium beta
decay source, and measures the integrated beta decay spectrum using a MAC-E filter and
segmented silicon p-i-n diode detector. It has a design sensitivity of 0.3 eV, and is currently
gathering data until 2026. There have been several intermediate data releases, including the
latest one [14] which set a new upper limit of mg < 0.8 eV at 90% confidence'.

There are two other tritium experiments in the pipeline. The Project 8[16] experiment
traps gaseous atomic tritium in a magnetic trap, and measures the differential beta spec-
trum by extracting kinetic energy information from the cyclotron radiation emitted from the
trapped electrons ("CRES" technique). This next-generation experiment has successfully
produced and analyzed a molecular tritium demonstrator experiment, with an extracted up-
per limit on the neutrino mass of mg < 152 (155) eV at 90% confidence for a frequentist
(Bayesian) analysis[17]. In order to achieve the ultimate design sensitivity of 40 meV, the
limiting systematic contributions as well as the statistics must be addressed. In terms of
systematics, the leading contribution is from the final states of molecular tritium: here the
probabilities of transferring energy into particular rotational, vibrational, and electronic exci-
tation states of the molecule results in a smearing of the beta decay spectrum. Using atomic
tritium circumvents the issue, but creating and maintaining a cold tritium atoms (tritons) is
challenging, and development is ongoing. To address the limited available statistics, the mag-
netic trap volume must increase while simultaneously maintaining a strict magnetic shaping
and homogeneity requirement; development is ongoing in this area as well.

The final tritium experiment is PTOLEMY[18], which envisions an amalgamation of the
best features of all current tritium neutrino mass experiments. When constructed, PTOLEMY
will have a 100 g tritiated graphene source, a electromagnetic filtering spectrometer with
radio frequency tracking capabilities, and a transition-edge sensor (TES) microcalorimeter
to detect. These large quantities are required because PTOLEMY aims to measure relic
neutrinos; these relic neutrinos will appear as a small peak centered at a distance 2mg above
the beta decay endpoint.

Other beta decay isotopes besides tritium are available. There is much interest in inverse
beta decay (or electron-capture) on '®*Ho, which has an endpoint energy of 2.8keV and a
half-life of 4570 years. The main active experiments are ECHo[19] and Holmes[20], previ-
ously also NuMECS. These experiments primarily rely on calorimetric measurements of de-
posited electron energy (using arrays of metallic magnetic calorimeters (MMC) in the ECHo
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experiment, and superconducting TES units in the Holmes experiment). Of the holmium-
based experiments, the best upper limit is mg < 150eV at 95% confidence, by the ECHo
collaboration.

There are two additional isotopes of interest: '8’Re and ?*'Pu. There is no current active
work in rhenium, as the material proved challenging to work with. The plutonium research
branch is in its infancy, but appears to be more well-suited for sterile neutrino searches.

In summary, of the various single beta decay experiments, the best upper limit is mg <
0.8 eV at 90% confidence (tritium isotope with the KATRIN experiment). The advantages of
using single beta decay as a means to extracting neutrino mass is the myriad of experiments
with different techniques and different isotopes, as well as cross-checks with other experi-
ments on intermediate results, like isotope Q-values with Penning trap experiments. Some
of the challenges which must be addressed by future experiments are increasing statistics by
scaling up, and addressing systematic effects, like molecular final states and backgrounds.

4 The future

In order to finally make a direct measurement of the neutrino mass, rather than setting new
upper limits, the neutrino mass community must make a few key investments in statistics,
controlling systematics, combining analyses, and gaining new information from complemen-
tary searches.

To improve statistics, the experiments must be scaled up. This can be accomplished
either through building much larger experiments, developing modular units which can be
mass-produced, increasing source activity, or increasing measurement time duration. Sys-
tematics can be understood through dedicated measurement campaigns or by collaboration
with theorists (in the case of nuclear matrix calculation for neutrino-less double beta decay,
or molecular final state calculation for single tritium beta decay). In addition, much can
be learned if two similar experiments perform a combined analysis, as is common in other
fields. In a similar vein, complementary searches can inform or constrain neutrino mass in-
puts; examples include the Q-values from Penning trap experiments, which directly impact
the single beta decay endpoint (a parameter which is strongly correlated with the neutrino
mass squared), or sterile neutrino searches.
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