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Abstract

The current scientific epoch, more than ever before in the past, provides new opportunities to learn more
science using input from multiple research frontiers. This is certainly the case with the physics of
neutrinos. In particular, explaining the origin of neutrino masses is currently one of the major open issues
in fundamental physics. Moreover, the properties of neutrinos that may explain the abundance of matter
over antimatter in the universe make the quest for the absolute value of the neutrino mass among the most
urgent questions of nuclear and particle physics. Here we advocate for a coherent effort to explore
possible synergies, including cosmology (sum of neutrino masses), neutrinoless double beta decay OvB[
search (Majorana mass), beta decay (effective neutrino mass) searches, long-baseline oscillation
measurements (squared mass differences), and to look for alternative methods to search for Majorana and
sterile neutrinos. This combination of redundant and complementary experimental avenues in the
neutrino sector increases the confidence that advances in our understanding of neutrino physics can be
made in the near future. Results in one area could inform the development of observational strategies in
another area. Possible incompatible results from different research areas may point to the possibility that
non-standard and yet-to-be-explored theories are hiding behind these tensions, as well as reveal subtle
systematic errors. The Snowmass process presents an opportunity to form multidisciplinary science
teams, and also to encourage the agencies to find ways to join forces in order to optimize the science
efforts.



Introduction

Cornering unknowns in neutrino physics is one of the top goals in particle physics in the next decade.
Experimental and theoretical advances are expected from multiple areas, including laboratory searches
(oscillation experiments, kinematic probes, neutrino interactions, Ovp3f searches), astroparticle searches
(the wide variety of neutrino telescopes), and cosmology (observations of anisotropies in the CMB and
studies of the large-scale distribution of matter). Each probe is sensitive to different combinations of
neutrino properties, and comes with a set of independent analysis techniques. This combination of
independent search avenues in the neutrino sector provides a powerful approach to advance our
understanding of BSM physics in the near future. Results in one area are expected to inform the
development of observational strategies in another area. Possible incompatible results will guide us to
explore new theoretical ideas and can at the same time help us to uncover subtle systematic errors that
were previously missed. The key requirement to fully exploit the complementarity of the aforementioned
probes is the availability of results obtained by different experimental platforms, and the ability to perform
cross-field tests of individual results. This major goal of testing experimental and theoretical results across
different physics frameworks requires a full understanding of how the results are obtained and how
different communities will facilitate the full exploitation of the rich datasets expected in the near future.
The exploration of the BSM physics territory, of which the neutrino sector is one of the smoking guns, is
a major challenge in fundamental physics and one that would enormously benefit from a collaborative
approach -- bridging the gap across frontiers may be an essential element in making fundamental advances.

Science Opportunities

Measurements of the absolute mass scale, determination of the mass hierarchy, and understanding of the
nature of neutrinos: These are the major targets for ongoing and upcoming experiments across the
frontiers. Each of them have their own strengths and weaknesses and it will be important to view them in
an overarching way, rather than in isolation. In particular:

e Cosmological observations are highly sensitive to neutrino physics [1,2] and will deliver improved
limits in the next few years with, e.g., DESI, Vera Rubin Observatory, Simons Observatory and CMB-
S4. Given the current results from oscillation experiments, they have a “guaranteed” signal. However,
the interpretations of cosmological tests [3-7] assume the validity of the LCDM model, and as a
consequence these constraints will depend on the underlying assumptions of the cosmological model
used in the analysis, a potential source of systematic bias.

e Neutrinoless double-beta decay is a powerful tool to investigate lepton number violation, and perhaps
the only known practical way to assess the Majorana nature of neutrinos. Experimental sensitivities
are constantly improving; the experiments are expected to start probing the boundary (in mgg) between
an inverted and normal hierarchy within the next 10 years [8,9,33]. The outcomes of Ov[3[3 searches
will have model dependencies (nuclear, mass mechanism, Majorana nature); there is no guaranteed
signal (neutrinos might be Dirac particles; even if it is a Majorana particle and the hierarchy is normal,
Majorana phases could make the OvB[ amplitude vanish).

e Kinematic searches will continue to probe the effective neutrino mass, mg [10,11]. These searches are
model independent; the sensitivity of the Project8 experiment is expected to get down to ~40 meV
within 10 years (an equivalent to m,~0.12 meV, the current limit from the combined Planck+BAO
data set [32]).

e Neutrino oscillation probes are insensitive to the absolute mass scale, but long baseline experiments
(DUNE, HyperK) will pin down the hierarchy at 50 within 5-10 years, after their start [12]. Oscillation
parameters (mass splittings, mixing angles, phases)[13-15] are needed to compare different quantities
(Zmy, mp, mgp) to be probed by the searches mentioned above.



Beyond active neutrino mass measurements, sterile neutrinos and new interactions provide another
exciting area for cross-frontier collaborations:

Sterile neutrinos: mass measurements can also provide information about the existence of eV-scale
sterile neutrinos. For example, “incompatible” differences (in, e.g., Zm, - mgg) might hint at the
existence of a sterile neutrino [16-21].

Secret interactions could be searched for through different probes (cosmology, Ovp[3, oscillations,
neutrino telescopes, supernovae) but also in this case a robust detection from a single probe is very
unlikely. Again, if hints emerge in the near future, the strategy might be to look deeper into other
available datasets, or to design a new experiment (e.g. beam dump) to search for signatures of new
interactions [22-27].

Summary Discussion

The combination of redundant and complementary experimental avenues in the neutrino sector increases
the confidence that advances in our understanding of neutrinos can be made in the near future. Results in
one area could inform the development of observational strategies in another area. In the following we
discuss some plausible scenarios, not in any particular order:

There is no consensus on what the “best probe” to access the absolute value of m, would be. Different
approaches all bring both strengths and weaknesses, with different systematics. They provide
measurements of different quantities, related to each other based on assumptions about the underlying
particle physics. We assume the complementarity of all these approaches will be a key to constrain
the absolute value of the v mass. A synergetic approach is required as none of these probes alone is
currently guaranteed to provide a definite measurement of the mass scale [17,19].

If the LCDM model is correct, the next-generation cosmological experiments will measure the
neutrino mass with 3-4 sigma significance [28]. If not, cosmological assumptions will need to be
revised. To tighten constraints of LCDM, laboratory measurements of the neutrino mass will be
beneficial.

If OvBP searches observe a signal (ideally with multiple isotopes), and if the results come out to be
incompatible with measurements from cosmology, we would have a hint regarding BSM physics.
Again, that would be a very interesting situation possibly indicating the mass mechanism is not the
dominant contribution to the OvBp decay width.

In any case, combination of forthcoming cosmo+0v[f[3+oscillation data will sensibly reduce the
available neutrino mass parameter space (also possibly hinting to physics beyond LCDM and/or
beyond the SM of particle physics) [20,28-31]. The complementarity would come with some degree
of model dependence, and the task would be to quantify the degree of the dependence.

Kinematic measurements are model-independent, and any positive signal would be convincing,
informing other searches on where to look. But, given their sensitivity, such a scenario is unlikely
within the next 10 years unless our cosmology/particle physics assumptions are incorrect. Again, if
the signal detection is achieved at the current sensitivity level, we would need to revisit our
assumptions. Otherwise, results from forthcoming cosmology and Ovp[3 searches will inform us about
the best strategy for future steps. If the sensitivity needed cannot be reached with existing techniques,
we need to push forward on R&D aimed at devising new experimental strategies.

As argued above we insist on the complementarity of different experimental and theoretical approaches,
assuming that any probe in the physics of neutrino mass will inform complementary searches. Together
these pieces will point to directions that are more promising, and eventually lead to discoveries in the
neutrino sector.



References

[1] M. Gerbino and M. Lattanzi, “Status of Neutrino Properties and Future Prospects --
Cosmological and Astrophysical Constraints”,

https://www frontiersin.org/articles/10.3389/fphy.2017.00070/full#h10.

[2] J. Lesgourgues, S. Pastor, ‘“Massive neutrinos and cosmology”, Phys.Rept. 429 (2006) 307.
[3]J. F. Beacom, N. F. Bell, and S. Dodelson, “Neutrinoless Universe”, https://arxiv.org/abs/astro-
ph/0404585.

[4] U. Franca et. al., “Model independent constraints on mass-varying neutrino scenarios”,
arXiv:0908.0534.

[5] Z. Chacko et. al. ,”"Determining the Neutrino Lifetime from Cosmology” ,arXiv:2002.08401

[6] C.S. Lorenz el.al. ,”"Time-varying neutrino mass from a supercooled phase transition: current

cosmological constraints and impact on the 2m - 08 plane”, arXiv:1811.01991

[7] E. Di Valentino, A. Melchiorri, J. Silk, “Cosmological constraints in extended parameter space
from the Planck 2018 Legacy release”, JCAP 01 (2020) 013

[8] S. Dell'Oro et. al., “Neutrinoless double beta decay: 2015 review”,
https://inspirehep.net/literature/1417121.

[9] M. J. Dolinski, A. W. P. Poon, W. Rodejohann, “Neutrinoless Double-Beta Decay: Status and
Prospects”, Ann.Rev.Nucl.Part.Sci. 69 (2019) 219-251

[10] M. Aker et. al (KATRIN Collaboration), “An improved upper limit on the neutrino mass from a
direct kinematic method by KATRIN”, Phys. Rev. Lett. 123, 221802

[11] A. Ashtari Esfahani et al. (Project-8 Collaboration), “Determining the neutrino mass with
Cyclotron Radiation Emission Spectroscopy - Project 8, J. Phys. G 44 (2017) 054004

[12] P.F. De Salas et. al.,”Neutrino Mass Ordering from Oscillations and Beyond: 2018 Status and
Future Prospects”, https://inspirehep.net/literature/1680061.

[13] I. Esteban et. al., “Global analysis of three-flavour neutrino oscillations: synergies and tensions
in the determination of 623, 0CP, and the mass ordering”,

https://inspirehep .net/literature/1703673.

[14] B. Abi et. al.,”Long-baseline neutrino oscillation physics potential of the DUNE experiment”,
https://inspirehep .net/literature/1803589.

[15] P. F. de Salas et al., “2020 Global reassessment of the neutrino oscillation picture’, e-Print:
2006.11237 [hep-ph]

[16] H. Hagstotz et. al., “Bounds on light sterile neutrino mass and mixing from cosmology and
laboratory searches” , https://inspirehep.net/literature/1784057

[17] A. Caldwell et. al., “Global Bayesian analysis of neutrino mass data”,
https://inspirehep.net/literature/1598226.

[18] N. Saviano et. al., “Multi-momentum and multi-flavour active-sterile neutrino oscillations in
the early universe: role of neutrino asymmetries and effects on nucleosynthesis”,
https://inspirehep.net/literature/1217796.

[19] S. Bridle et. al., “A Combined View of Sterile-Neutrino Constraints from CMB and Neutrino
Oscillation Measurements”, https://inspirehep.net/literature/1473304.

[20] J. Berryman, “Constraining Sterile Neutrino Cosmology with Terrestrial Oscillation
Experiments”, https://inspirehep.net/literature/1734009




[21] A.A.Aguilar-Arevalo et.al., “Updated MiniBooNE Neutrino Oscillation Results with Increased
Data and New Background Studies”, https://inspirehep.net/literature/1804293.

[22] F. Forastieri, M. Lattanzi, P. Natoli, ‘“Cosmological constraints on neutrino self-interactions
with a light mediator”, Phys.Rev.D 100 (2019) 10, 103526

[23] F. Forastieri, M. Lattanzi, G. Mangano, A. Mirizzi, P. Natoli, N. Saviano, “Cosmic microwave
background constraints on secret interactions among sterile neutrinos’, JCAP 07 (2017) 038

[24] M. Archidiacono, S. Hannestad, ‘“Updated constraints on non-standard neutrino interactions
from Planck”, JCAP 07 (2014) 046

[25] I. Oldengott, T. Tram, C. Rampf, Y. Wong, “Interacting neutrinos in cosmology: exact
description and constraints, JCAP 11 (2017) 027

[26] C. D. Creisch, F. Y. Cyr-Racine, O. Doré, “The Neutrino Puzzle: Anomalies, Interactions, and
Cosmological Tensions”, Phys.Rev.D 101 (2020) 12, 123505

[27] N. Blinov, K. J. Kelly, G. Z. Krnjaic, S. D. McDermott, “Constraining the Self-Interacting
Neutrino Interpretation of the Hubble Tension’’, Phys.Rev.Lett. 123 (2019) 19, 191102

[28] K. Abazajian et al, “CMB-S4 Decadal Survey APC White Paper”’, Bull. Am.Astron.Soc. 51
(2019) 7,209

[29] M. Gerbino, M. Lattanzi, A. Melchiorri, “v generation: Present and future constraints on
neutrino masses from global analysis of cosmology and laboratory experiments”,
10.1103/PhysRevD.93.033001.

[30] M. Gerbino et. al.,” A novel approach to quantifying the sensitivity of current and future
cosmological datasets to the neutrino mass ordering through Bayesian hierarchical modeling

”, https://inspirehep .net/literature/1499852.

[31] C. Dvorkin, M. Gerbino et al, “Neutrino Mass from Cosmology: Probing Physics Beyond the
Standard Model”, e-Print: 1903.03689 [astro-ph.CO]

[32] Planck Collaboration, N. Aghanim et al., “Planck 2018 results. VI. Cosmological parameters”,
Astronomy & Astrophysics (in press), e-Print: :1807.06209 [astro-ph.CO].
https://doi.org/10.1051/0004-6361/201833910.

[33] M. Agostini, G. Benato, J. Detwiler, “Discovery probability of next-generation neutrinoless
double- 3 decay experiments”, Phys. Rev. D 96 (2017) 5,053001. 10.1103/PhysRevD.96.053001.




