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Olivier Doré, (Jet Propulsion Laboratory, California Institute of Technology)
Marco Drewes (Université catholique de Louvain)
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Overview

The physics surrounding neutrino mass and neutrino interactions presents key research opportunities in elementary
particle physics, both in theory and in experiment. Paralleling the developments in those fields, advances in obser-
vational astrophysics and cosmology promise unprecedented precision in the measurement of cosmological quantities.
Since those quantities in many cases are shaped by how the physics of neutrinos plays out in the cauldron of the very
early universe, and its aftermath, we can expect synergistic advances in both the fundamental physics of neutrinos
and in cosmology. In what follows we point out several areas ripe for future investigation.

(1) Neutrino Mass: The known, standard model “active” neutrinos are very light compared to the charged leptons
and quarks in their respective families. The neutrino mass-squared differences are known from neutrino flavor oscil-
lation experiments and observations [1, 2]. The neutrino mass hierarchy and the absolute masses remain unknown.
However, the hierarchy likely will be inferred experimentally (e.g., via DUNE [3]) to 5σ within 6 years, with good hints
within 3 years. The “sum of the light neutrino masses,”

∑
mν , is a prime target for Stage-4 CMB experiments [4],

with an uncertainty that could reach ∼ 15 meV [5], providing an independent handle on the neutrino mass hierarchy
and the neutrino collision-less damping scale [6]. A positive signal in forthcoming tonne-scale neutrino-less double
beta decay experiments [7–11] would mean lepton number violation and that neutrinos are Majorana in character,
the decay being enabled by either neutrino mass-mediated chirality flip [12] or by BSM physics. If the hierarchy is
“normal,” the mass-mediated channel might imply that the lightest neutrino mass eigenvalue is m1 > 10 meV, in turn
implying

∑
mν > 75 meV which would be ∼ 15 meV above the m1 = 0 case. Moreover, the 0νββ nuclear matrix

element – which also may be altered by BSM physics – is a frontier issue even in standard model physics [13]. In
any case, tension between cosmological and experimental handles on neutrino mass physics could give new insights
into elementary particle physics, astrophysics, or both. KATRIN [14, 15], Project 8 [16], and similar tritium endpoint
experiments may eventually provide probes of the “νe mass” in the ∼ 100 meV range. Direct detection of cosmologi-
cal neutrinos would also yield measurements of the νe mass [17]. Charge-less neutrinos may acquire mass differently
than do charged particles in the standard model Higgs paradigm [18]. That invites new, potentially testable BSM
alternatives.

(2) Flavor Physics and Additional States: The neutrino weak interaction states, νe, νµ, ντ , are not coincident
with the mass states, ν1, ν2, ν3, enabling neutrino oscillations/flavor transformation. The three vacuum mixing angles
in the PMNS transformation between these bases are measured [19]; the Dirac and (for Majorana) two Majorana
CP-violating phases in this unitary transformation remain unmeasured. CP-violation will be probed in long baseline
oscillation experiments [20, 21] and, to some extent, in 0νββ experiments. Any additional neutrino flavors, a feature of
many neutrino mass and dark sector physics models, must have sub-weak interactions, hence they are labeled “sterile.”
However, their mass scales are completely unknown, with see-saw-like mass schemes suggesting large scales [22], and
other schemes suggesting both large > GeV, intermediate ∼ keV, and ∼ eV mass regimes [23–26]. Though their
vacuum mixing with active states is constrained by experiment and astrophysical considerations [27], sterile neutrinos
could be copiously produced in the early universe through lepton number-driven medium-enhanced oscillations [28]
and decoherence [29] and by a variety of nonstandard neutrino interactions (NSI) [30, 31], some involving dark
sector physics. For example, the ∼ keV mass scale sterile states make for intriguing dark matter candidates [32–34],
potentially probable with next generation X-ray observatories, e.g., ATHENA and XRISM, whose energy resolution
will be sufficient to resolve the virial width of X-ray lines originating from decay of a dark matter constituent. Heavier
sterile states produced in the early universe may comprise relatively long lived non-thermal relics, whose decays may



3

generate dilution sufficient to be revealed in Neff or BBN. Short baseline oscillation experiment (e.g., MiniBooNE
[35]) and reactor neutrino [36, 37] anomalies have been interpreted as active-sterile oscillation with large mixing at
the ∼ 1 eV mass scale. This is incompatible with cosmological bounds, resulting in an explosion of speculation about
neutrino NSIs [38] and dark sector physics [39–41]. Likewise, the discordance in the Hubble parameter determinations
has led to many ideas invoking the similar neutrino-sector BSM considerations [42–45].

(3) Weak Decoupling/BBN and CMB Probes: The next generation Stage-4 CMB experiments promise O(1%)
precision in measurements of the non-photon radiation energy density [46], e.g., Neff , at photon decoupling and in the
primordial helium abundance. Comparable precision in the primordial deuterium abundance can be attained with
the advent of 30m-class telescopes [47–50]. These measurements, when combined with high precision simulations of
the evolution of the early universe through the weak decoupling and BBN epochs [51–55], may provide new probes of
many of the issues discussed above, including neutrino NSIs, dilution from non-thermal relic particle decays [56–59],
inhomogeneous entropy distributions from a variety of BSM physics issues, etc. In turn, the salient issue in simulating
physics (standard model and BSM) in the weak decoupling and BBN regimes is providing a complete quantum kinetic
treatment of neutrino scattering [60, 61], entropy flow, and flavor transformation. These calculations, pushing the
boundaries of high performance computing, will enable future cosmological observations to provide probes of subtle
BSM physics, in some cases complementary to accelerator-based experiments, and in other cases unique. Enabling this
probe will be facilitated by better measurements of nuclear reaction physics associated with deuterium production,
e.g., n(p, γ)d [62], and deuterium destruction, e.g., d(p, γ)3He [63]. Disentangling signatures of BSM physics from
standard model nuclear uncertainties [64–67] is an important goal. This includes resolving the beam [68] versus bottle
[69] measurements of neutron lifetime (hence, the axial vector weak coupling), and the nuclear reactions that may
accompany BSM physics attempts at resolving the 7Li/7Be problem in standard BBN [70, 71].

(4) Neutrino Portal to Dark Matter/Dark Sector Physics: Models for dark matter and dark sector physics may
have implications for the interactions of neutrinos in the early universe [72], as well as in experimental settings [73, 74],
as described above. A dark sector that broadly mimics the standard model, save for masses and couplings, is a case in
point. One or more of the particles, elementary or composite, in that sector may comprise a dark matter constituent.
Though gravitation is the one commonality between the standard model and dark sectors (e.g., black holes could
be created in either sector) very small couplings may enable communication between the sectors. For example, dark
neutrinos and dark Zs may appear in the standard model sector as sterile neutrinos and NSIs, respectively. Models
along these lines have been invoked to explain short baseline neutrino oscillation anomalies [75–77], and may have
significant, or subtle effects in early universe or compact object physics. Moreover, the evolution of the dark sector
itself, e.g., in darkleosynthesis-like models [78, 79], etc., may figure in both dark matter and in structure formation
[80–84].

In Summary: Considerations of cosmological neutrinos comprise a promising frontier in elementary particle physics,
rife with opportunities in theory, experiment, and observation.
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Villaescusa-Navarro, “Neutrino Mass from Cosmology: Probing Physics Beyond the Standard Model,” BAAS 51, 64 (2019),
arXiv:1903.03689 [astro-ph.CO].

[7] M. Agostini et al., “Results on Neutrinoless Double-β Decay of Ge76 from Phase I of the GERDA Experiment,”
Phys. Rev. Lett. 111, 122503 (2013), arXiv:1307.4720 [nucl-ex].

[8] N. Abgrall et al., “The large enriched germanium experiment for neutrinoless double beta decay (LEGEND),” in American
Institute of Physics Conference Series, American Institute of Physics Conference Series, Vol. 1894 (2017) p. 020027,
arXiv:1709.01980 [physics.ins-det].

http://dx.doi.org/ 10.1103/PhysRevD.97.072001
http://arxiv.org/abs/1710.09126
http://dx.doi.org/ 10.1016/S0168-9002(99)01469-2
http://dx.doi.org/ 10.1016/S0168-9002(99)01469-2
http://arxiv.org/abs/nucl-ex/9910016
http://arxiv.org/abs/1601.05471
http://arxiv.org/abs/1908.01062
http://arxiv.org/abs/1610.02743
http://arxiv.org/abs/1903.03689
http://dx.doi.org/ 10.1103/PhysRevLett.111.122503
http://arxiv.org/abs/1307.4720
http://dx.doi.org/10.1063/1.5007652
http://dx.doi.org/10.1063/1.5007652
http://arxiv.org/abs/1709.01980


4

[9] C. E. Aalseth et al., “Search for Neutrinoless Double-β Decay in 76Ge with the Majorana Demonstrator,” Phys. Rev. Lett.
120, 132502 (2018), arXiv:1710.11608 [nucl-ex].

[10] G. Anton et al., “Search for Neutrinoless Double-β Decay with the Complete EXO-200 Dataset,” Phys. Rev. Lett. 123,
161802 (2019).

[11] J. B. Albert et al., “Search for Neutrinoless Double-Beta Decay with the Upgraded EXO-200 Detector,” Phys. Rev. Lett.
120, 072701 (2018), arXiv:1707.08707 [hep-ex].

[12] S. Pastore, J. Carlson, V. Cirigliano, W. Dekens, E. Mereghetti, and R. B. Wiringa, “Neutrinoless double-β decay matrix
elements in light nuclei,” Phys. Rev. C 97, 014606 (2018), arXiv:1710.05026 [nucl-th].

[13] Vincenzo Cirigliano, Wouter Dekens, Jordy de Vries, Michael L. Graesser, Emanuele Mereghetti, Saori Pastore, and
Ubirajara van Kolck, “New Leading Contribution to Neutrinoless Double-β Decay,” Phys. Rev. Lett. 120, 202001 (2018),
arXiv:1802.10097 [hep-ph].

[14] KATRIN Collaboration, “Improved Upper Limit on the Neutrino Mass from a Direct Kinematic Method by KATRIN,”
Phys. Rev. Lett. 123, 221802 (2019), arXiv:1909.06048 [hep-ex].

[15] KATRIN Collaboration, “First operation of the KATRIN experiment with tritium,” European Physical Journal C 80,
264 (2020), arXiv:1909.06069 [physics.ins-det].

[16] Project 8 Collaboration, “Single-Electron Detection and Spectroscopy via Relativistic Cyclotron Radiation,”
Phys. Rev. Lett. 114, 162501 (2015), arXiv:1408.5362 [physics.ins-det].

[17] PTOLEMY Collaboration, “Neutrino physics with the PTOLEMY project: active neutrino properties and the light
sterile case,” J. Cosmology Astropart. Phys. 2019, 047 (2019), arXiv:1902.05508 [astro-ph.CO].
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