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Abstract Neutrinos are one of the most promising messen-
gers for signals of new physics Beyond the Standard Model
(BSM). On the theoretical side, their elusive nature, com-
bined with their unknown mass mechanism, seems to indi-
cate that the neutrino sector is indeed opening a window to
new physics. On the experimental side, several long-standing
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anomalies have been reported in the past decades, providing
a strong motivation to thoroughly test the standard three-
neutrino oscillation paradigm. In this Snowmass21 white
paper, we explore the potential of current and future neu-
trino experiments to explore BSM effects on neutrino flavor
during the next decade.
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Executive summary

Neutrinos are one of the most promising messengers for sig-
nals of new physics Beyond the Standard Model (BSM). On
the theoretical side, their elusive nature, combined with their
unknown mass mechanism, seems to indicate that the neu-
trino sector is indeed opening a window to new physics. On
the experimental side, several long-standing anomalies have
been reported in the past decades, providing a strong moti-
vation to thoroughly test the standard three-neutrino oscilla-
tion paradigm. This can be done in three main ways. First,
neutrino oscillation experiments are very precise interferom-
eters, sensitive to subleading effects from new physics affect-
ing neutrino flavor transitions. On a separate front, neutrino
telescopes provide a unique avenue to probe BSM effects,
given the very long distances traveled by the detected neu-
trinos (which range from the Earth radius to several giga-
parsecs), as well as their ultra-high energies. Finally, astro-
physical observations (such as a nearby core-collapse super-
novae) in the upcoming decade will provide invaluable infor-
mation and allow us to test neutrino propagation in extremely
dense environments.

In the past, neutrino physics has been driven by data, from
the postulation of the neutrino by Pauli to the discovery of
neutrino oscillations, which were awarded the Nobel Prize in
2015. While the upcoming generation of oscillation experi-
ments aims to measure the leptonic CP phase and the neutrino
mass ordering, it will also test the standard picture with an
unprecedented level of precision. For the community to suc-
ceed in this goal, a rich experimental program is required, and
should be complemented with a similar effort by the commu-
nity working in phenomenology and theory. We highlight the
following main issues, which can largely impact our ability
to constrain BSM scenarios in the next two decades:

Neutrino oscillations should be tested in different envi-
ronments: This is extremely useful to break degeneracies
between standard and BSM parameters, and to make sure
that the three-neutrino paradigm is robust. This entails
contrasting the oscillation pattern in matter and vacuum,
as well as on different oscillations channels, and/or for
experiments relying on different detection mechanisms,
among others. In fact, since the last Snowmass process
new data from T2K and NOvA have become available.
This is already enabling us to test the consistency of
the standard neutrino oscillation picture. In the future,
DUNE, JUNO, and T2HK will continue this endeavor,
with a much higher level of precision. This also extends
to non-neutrino experiments: as an example, dark matter
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direct detection experiments are sensitive to BSM effects
on the neutrino floor.
Global fits between different data sets should be encour-
aged: Global fits to neutrino data are very powerful to
unveil subleading effects in the oscillation probabilities,
and to test the robustness of the three-neutrino frame-
work. In fact, these provided evidence for a non-zero
θ13 before it was determined experimentally. Similarly,
global fits will be critical to unveil new physics effects on
neutrino flavor. Experimental collaborations are already
working on joint fits for the determination of the neu-
trino mixing parameters (between T2K and NOvA, ongo-
ing), and analogous efforts have been carried out by reac-
tor experiments searching for eV-scale sterile neutrinos.
These should be extended to constrain other new physics
models as well.
Accurate simulations, and control of systematic uncer-
tainties, is required: New-generation neutrino oscilla-
tion facilities feature beams of unprecedented luminosity
which, when observed by their near detectors, will pro-
vide a very powerful tool to explore new physics effects
(as long as these do not require long baselines to develop).
Given the very high statistics, the bottleneck for the sen-
sitivity to these searches is always the level of under-
standing of the signal sample. That is, systematic uncer-
tainties are critical and must be evaluated and modelled
thoroughly in order to derive reliable constraints. Sim-
ilar restrictions apply to BSM searches using neutrino
telescopes, which are subject to large uncertainties stem-
ming from our poor knowledge of neutrino fluxes and
cross sections at such high energies. At neutrino tele-
scopes, improving neutrino flavor identification will be
key in order to improve their capabilities to test for BSM
effects.
The use of general theoretical frameworks and parametriza-
tions is desirable: The use of general parametrizations
allows to easily recast the obtained bounds into specific
BSM models. An example is the use of effective operators
to parametrize possible effects from new interactions at
low energies (a similar approach is also employed in other
areas of particle physics). Other examples include the
parametrizations used to describe deviations from uni-
tarity, or SME coefficients in scenarios where Lorentz
symmetry is violated. This has to be complemented with
an effort on the theory side, to make sure that the bounds
on effective parameters are correctly interpreted, and
matched onto viable models.
Experiments should try to unlock their full potential,
should try everything within reach: So far, the new
physics seems to evade our searches in the energy fron-
tier, and thus it could yield unexpected signals. Neutrino
experiments covered in this white paper span over 20
orders of magnitude in energy, from meV to EeV, and

all of them should be encouraged to look for new signals
from BSM. Because of this, experiments should be flexi-
ble and not single-purpose, and those experiments still in
their designing stages should take into account all possi-
bilities. For example, at long-baseline oscillation experi-
ments, strong emphasis is placed on the charged-current
measurements for the standard oscillation program; how-
ever, for BSM searches neutral-current measurements are
equally important.
Data should be handled with great care not to miss any
signals: Experimental data may hide the next discovery in
unknown ways. For example, at long-baseline oscillation
experiments the neutrino flux measurements at the near
detectors are assumed to be unoscillated so they can be
used to extract the oscillation parameters at the far detec-
tor. However, near detectors themselves are sensitive to
certain BSM effects; thus, unexpected anomalies (e.g.,
on the event rate normalization at near detectors) should
not be completely dismissed. Collaborations should also
facilitate information to make it possible for the com-
munity to analyze their data to look for BSM effects.
Two notable examples in this context are the Icecube and
COHERENT collaborations: their data release efforts
have empowered the theoretical community to reinterpret
their results and to derive new bounds on BSM scenarios,
or to propose new experimental searches to extract their
full potential.

1 Introduction

The discovery of neutrino masses stands as one of the
strongest evidence pointing to the existence of physics
beyond the Standard Model (BSM). Our progress in the field
of neutrino physics has been mainly driven by data, which
lead to the discovery of neutrino oscillations and the award
of the 2015 Nobel Prize. This trend seems to continue to the
future, and the momentum of both theoretical and experi-
mental studies of neutrino is unstoppable [1].

In the near future, we aim to significantly improve our
understanding of neutrino flavor transitions, since these are
uniquely positioned to discover BSM effects. The basis for
this assessment is threefold:

Neutrino physics is one of the most promising places to
discover BSM effects: The violation of individual lepton
flavor symmetries already supports the prevailing view
that global symmetries are accidental. On top of this,
the smallness of neutrino masses seems anomalous com-
pared with other Standard Model (SM) fermions, and
a number of BSM mechanisms have been proposed to
explain it including models allowing for the violation of
total lepton-number conservation. The observed mixing
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pattern in the neutrino sector (with large mixing angles)
is also unexpected a priori, as it is drastically different
from the small mixing observed in the quark sector. These
peculiar features suggest neutrinos may be the key to dis-
covering BSM physics which can explain this so-called
flavor puzzle, and boost our understanding of particle
physics. Persistent data anomalies in neutrino physics
also imply a big discovery is just around the corner.
Neutrino oscillations are extremely precise interferome-
ters: The tiny squared mass-splittings in the neutrino sec-
tor allows us to observe quantum interference at macro-
scopic scales. Similarly, any new additional couplings
of neutrinos to new degrees of freedom, albeit tiny, may
lead to measurable consequences and an anomalous pat-
tern in flavor transitions. This can be seen as a correction
on the dispersion relation due to new BSM effects on neu-
trino masses. Or, quantum states of neutrinos themselves
may exhibit non-standard decoherence due to the BSM
effects. New physics may also modify neutrino flavor at
production, propagation, or detection processes.
Many corresponding test facilities exist or are being com-
missioned: The main goal of current and next-generation
long-baseline neutrino oscillation experiments is to pro-
vide an unambiguous test for CP violation in the lep-
tonic sector, and to measure the neutrino mass order-
ing. The current long-baseline experiments (T2K and
NOvA) will continue taking data in the upcoming years,
and new long-baseline facilities (T2HK, DUNE, JUNO)
will start running in the next decade. These experiments
will also serve as solar and atmospheric neutrino obser-
vatories, and will be prepared to detect neutrinos from
core-collapse supernovae. In parallel, the observed short-
baseline anomalies have motivated a strong experimen-
tal effort with many new projects running, being built,
or conceived. These will not only study the properties
of neutrinos, but also use neutrinos as unique probes
for BSM effects. New proposals for neutrino telescopes,
such as IceCube-Gen2, have the potential to test for BSM
physics over a wide range of observables, from neu-
trino properties to multi-messenger astronomy. Overall,
measurements performed in neutrino oscillations will be
complemented by new, precise tests of the impact of neu-
trinos in cosmology and upper bounds on the effective
electron neutrino mass. A strong effort dedicated to neu-
trinoless double-beta decay searches will also provide
complementary information.

Stimulated with these motivations, this white paper
explores the phenomenological implications on neutrino fla-
vor observables which stem from four main categories of
BSM effects.

The existence of additional neutrino statesAdditional neu-
trino states, usually referred to as sterile neutrinos, have

attracted great attention in the community in the past decades.
Two dedicated white papers will be submitted to the Snow-
mass process (on eV-scale sterile neutrinos [2] and Heavy
Neutral Lepton searches [3]). Here, we will address the
indirect phenomenological consequences derived from these
additional neutrino states, through deviations from the uni-
tarity of the leptonic mixing matrix.

New neutrino interactions The impact of new neutrino
interactions, or non-standard interactions (NSI) is covered in
this white paper in some detail since in the past few years it
is a topic that has gathered a lot of attention in the commu-
nity. This is motivated by a renewed interest in NSI from the
theoretical point of view: on one side, on viable NSI models
induced by light mediators (well below the EW scale), which
could lead to potentially large effects in neutrino oscillations;
and on the other, on the use of the SMEFT formalism to study
low-energy NSI induced by heavy mediators.

New neutrino properties such as neutrino decayAs we are
unsure about the mechanism that is behind neutrino masses,
it is important to test the neutrino lifetime experimentally.
Neutrino decay may also cause anomalous neutrino flavor
transitions, affecting the flavor pattern for ultra-high energy
neutrinos and neutrino oscillations.

Small violations of fundamental laws of physics Finally,
the exquisite sensitivity of neutrino flavor transitions allows
to search for the violation of fundamental space-time sym-
metries, the very first principles of quantum field theory and
general relativity: Lorentz and CPT symmetries, and quan-
tum decoherence.

The phenomenological consequences and experimental
sensitivities to these four types of effects depend largely
on the neutrino energy. Thus, experimental technologies and
facilities covered in this white paper have been categorized
according to three main energy regions, outlined below.

Low-energy (� 100 MeV) neutrino experiments include
solar, reactor, and supernova neutrinos, as well as new
efforts to measure coherent elastic neutrino-nucleus scatter-
ing (CEνNS). We will comment on the interplay and comple-
mentarity between different data sets, and highlight potential
new avenues for discovery. Large scale direct dark matter
detectors may also be sensitive to new effects in the neutrino
sector and provide additional sensitivity to BSM effects.

Medium-energy (100 MeV∼ 100 GeV) neutrino exper-
iments include both long-baseline experiments and atmo-
spheric neutrino observatories. The highest sensitivity on
neutrino oscillation parameter measurements makes them a
natural place to look for effects coming from new interactions
or non-unitarity of the leptonic mixing matrix. Detectors
range from few meter scale near detectors of long-baseline
neutrino experiments, to km-scale low-energy arrays for neu-
trino telescopes.

High-energy (� 100 GeV) neutrino experiments are neu-
trino telescopes mainly designed for multi-messenger astron-
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omy, but with great potential to discover BSM effects in the
neutrino sector. The downside is that flavor identification is
extremely challenging. In the next decade, we may see the
first cosmogenic neutrinos with unseen information of parti-
cle physics and astrophysics.

This white paper is structured in two separate sections,
covering the main phenomenological (Sect. 2) and exper-
imental (Sect. 3) aspects of neutrino flavor in current and
future facilities. Each section has been further divided into
the main categories outlined above. Finally, Sect. 4 presents
a summary of the white paper and outlook for the future.

2 Theoretical aspects

New physics effects can stem from the inclusion of: (i) addi-
tional neutrinos, (ii) new neutrino interactions, (iii) direct
consequences from the fact that neutrinos are massive, such
as neutrino decay, and (iv) small violations of fundamental
symmetries, such as CPT or Lorentz violation. In this section
we review the main phenomenological implications for these
four categories separately.

Regarding terminology, here we note that additional neu-
trinos are often referred to in the literature as sterile neutrinos,
heavy neutral leptons, or simply as right-handed neutrinos.
The term “sterile” is usually added to emphasize that such
states, if below the electroweak scale, should not be charged
under any of the SM interactions (otherwise they would affect
the measurement of the invisible decay width of the Z boson).

2.1 New physics from the existence of additional neutrino
states

Main authors: E. Fernandez-Martínez and D. V. Forero
Among all possible extensions of the Standard Model

(SM) of particle physics to accommodate neutrino masses
and mixings to address the evidence for neutrino flavor
change from the observed oscillation phenomenon, the addi-
tion of extra, heavy neutrino states is arguably the simplest
[4–8]. Indeed, right-handed neutrinos, in analogy to all other
fermions, allow for neutrino masses but their gauge singlet
sterile nature implies their mass scale could be very different
and of a Majorana, lepton-number-violating, nature. Depend-
ing on the value of this new mass scale, the phenomenology
of these new states can be very different.

Given their contribution to the active neutrino masses, typ-
ically through regular Yukawa couplings, a very general con-
sequence of these models is that the new states will mix with
the active neutrino flavors so that the full neutrino mixing
matrix is larger than 3 × 3. In particular the flavor states
να = Uαiνi with α = e, μ, τ and i running not only over
the known 3 light neutrino mass eigenstates but also through
the extra heavy ones. As a consequence, the PMNS matrix

that describes the W interactions with the charged leptons
and the 3 light neutrinos, that is the 3 × 3 upper-left subma-
trix of U , is not unitary. We will dub this matrix N to stress
its non-unitary nature. One of the possible general ways to
parameterize these unitarity deviations in N is through a tri-
angular matrix [9]1

N =
⎧
⎪⎪⎪⎪⎪⎪⎩

1 − αee 0 0
αμe 1 − αμμ 0
ατe ατμ 1 − αττ

⎫
⎪⎪⎪⎪⎪⎪⎭
U , (1)

with U a unitary matrix that tends to the usual PMNS
matrix when the non-unitary parameters αβγ → 0.2 The tri-
angular matrix in this equation accounts for the non-unitarity
of the 3 × 3 matrix for any number of extra neutrino species.
This parameterization has been shown to be particularly well-
suited for oscillation searches [9,12] since, compared to other
alternatives, it minimizes the departures of its unitary compo-
nent U from the mixing angles that are directly measured in
neutrino oscillation experiments when unitarity is assumed.

2.1.1 Neutrino oscillations in presence of heavy sterile
neutrinos

If the new states are too heavy to be produced in the neutrino
beam, the flavor states in which the neutrinos are produced
and detected are given by |να〉 = N∗

αi |νi 〉. That is, the trun-
cated sum over the light accessible eigenstates of the full
matrix U . Hence, the flavor basis is no longer orthonormal
given that N is non-unitary. It is therefore convenient to study
the evolution of the states and the oscillation phenomenon on
the mass basis so that the Hamiltonian is simply given by:

H = 1

2E

⎛

⎝
0 0 0
0 �m2

21 0
0 0 �m2

31

⎞

⎠ + N †

⎛

⎝
VCC + VNC 0 0

0 VNC 0
0 0 VNC

⎞

⎠ N ,

(2)

where VCC = √
2GFne and VNC = −GFnn/

√
2 are the

charged-current (CC) and neutral-current (NC) matter poten-
tials, respectively. The amplitude for a neutrino in the mass
eigenstate j to interact as a neutrino of flavor β is given by the
mixing matrix element Nβ j , which means that the oscillation
probability will be given by

Pαβ = |(N exp(−i H L)N †)βα|2. (3)

We can remark two important differences with the standard
case when N is non-unitary. Firstly, in the limit L → 0,
Pαβ �= δαβ . This zero distance effect is a direct consequence

1 For a similar parameterization corresponding to a (3+1) and a (3+3)-
dimensional mixing matrix, see Refs. [10,11].
2 The original parameterization in Ref. [9] uses αi j instead of αβγ . The
equivalence between the two notations is as follows: αi i = 1−αββ and
αi j = αβγ .
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of the flavor eigenstates not being orthonormal. Another
interesting difference is that the NC matter potential now
plays a relevant role, since N †N is no longer the identity in
Eq. (2). Non-standard matter effects as well as zero distance
effects can thus be a way to probe for unitarity deviations in
neutrino oscillations.

2.1.2 Neutrino oscillations in presence of light sterile
neutrinos

Conversely, if the extra neutrinos are light enough to be pro-
duced in the beam, these new mass eigenstates will intro-
duce new oscillation frequencies and will participate in the
neutrino oscillation phenomenon. Furthermore, oscillations
will be sensitive to the whole mixing matrix U and not just
to the 3 × 3 truncated matrix N . This scenario has been
studied in great detail in connection to the standing short-
baseline neutrino oscillation anomalies and is covered in
a dedicated white paper. Here we will instead consider the
simplified scenario in which all the new oscillation frequen-
cies introduced by the additional states are large such that
�m2

i J /2E � L−1, VCC, VNC. In this limit, the new oscilla-
tion frequencies are averaged out and the oscillation proba-
bility becomes the same as Eq. (3) at leading order in the mix-
ing between the new mass eigenstates and the active flavors
[12]. Thus, “high-energy non-unitarity” and “averaged-out
light steriles” have exactly the same impact in neutrino flavor
oscillations, up to quartic terms in the heavy-active mixing3

or, equivalently, O(α2). When the propagation is through
matter, differences quadratic in the heavy-active mixing are
also present, although further suppressed by the matter poten-
tial over the new mass splittings. See Ref. [14] for a thorough
discussion.

2.1.3 Normalization of the oscillation probability

Notice that, even though the evolution operator in Eq. (3) is
unitary, N is not and as such the “probabilities” Pαβ do not
add up to 1 and at L = 0 Pαα �= 1. Therefore, this amplitude
cannot be directly interpreted as an oscillation probability of
να transitioning to a νβ , at least not in the usual sense. In order
to make the connection with a given experimental result,
the relevant question is how the expected number of events
is estimated. If the measured number of events associated
with a charged lepton of flavor β from a neutrino source
produced with a charged lepton of flavor α is compared with
the SM expectations, then Eq. (3) does indeed correspond to
the “oscillation probability” inferred from this data [15].

However, in most situations this is not the case and the
neutrino flux and/or the detection cross section are rather

3 References [13,14] concentrate on this subleading difference between
the two regimes to try to distinguish between them.

estimated in a data-driven way. For instance, a common sce-
nario is to have a near detector to calibrate the neutrino flux
and cross section for the far detector measurement. In this
situation, the unitarity deviations might also affect the mea-
surement at the near detector. This will always be the case
when the sterile neutrinos are too heavy to be produced or
when they are heavy enough to be in the averaged-out regime
also for the shorter baseline of the near detector LND such
that �m2

i J /2E � L−1
ND . Thus, the oscillation probability

inferred in this scenario would rather correspond to [12,16]:

Pαβ =
∣
∣
∣(N exp(−i H L)N †)βα

∣
∣
∣
2
/((NN †)αα)2. (4)

And some of the sensitivity to the non-unitarity parameters
would cancel in the ratio. Thus, it is very important to con-
sider the impact of the unitarity deviations not only at the
detector probing the neutrino oscillations, but also at the mea-
surements used to calibrate that expectation, since they might
also be affected depending on the mass of the new sterile
states as well as the corresponding baseline.

2.1.4 Present constraints on non-unitarity parameters

Present bounds on the unitarity deviations encoded in the
α parameters strongly depend on the mass scale of the
new sterile states. Indeed, if the new sterile neutrinos are
sufficiently heavy, they wont be kinematially accessible in
weak processes involving neutrinos such as W , Z , meson
and charged lepton decays. As such, when summing over
the available mass eigenstates, the non-unitary correction
|(T T †)ββ |2 ∼ |1 − 2αββ |2 appears in all these processes,
where T is the triangular matrix of Eq. (1) and β is the fla-
vor of the charged lepton in the neutrino vertex. Thus, lep-
ton universality, flavor and electroweak precision tests are
excellent probes of unitarity deviations of the PMNS matrix
[9,13,15,17–36]. For recent global fits to all flavor and elec-
troweak precision data summarizing present bounds on non-
unitarity see Refs. [31,37–39].

These bounds only apply if the extra sterile neutrinos are
too heavy to be produced in the corresponding observable. At
lower scales, between the MeV and tens of GeVs, these heavy
neutral leptons may be directly produced and searched for
through their decays at collider and beam dump experiments
and looking for kinks and peaks in meson or even beta decays
down to the keV scale. In this intermediate energy range,
much more stringent constraints apply depending on their
actual mass [38,40–55] (see Ref. [3] for details).

Finally, below the MeV scale, the sterile neutrinos may be
produced in neutrino sources and participate, together with
their SM active neutrino counterparts in the neutrino oscilla-
tion phenomenon. Depending on their mass, the beam energy
and baseline, they may introduce new oscillation frequencies
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Table 1 Current upper bounds on the α parameters. The bounds in the
middle column (shown at 2σ , 1 d.o.f.) apply for �m2 � 100 eV2 and
are taken to a global fit to flavor and electroweak precision observables
from Ref. [37]. The bounds in the right column (shown at 90% CL, for
1 d.o.f.) apply for �m2 � 0.1 eV2 and come from neutrino oscillation
searches, when the sterile neutrinos would be in the averaged-out regime
for such a mass scale. The second number quoted in parenthesis for the
αμe element includes the μ → eγ observable, which can in principle
be evaded [29]. The bounds without a reference are indirectly obtained
from constraints on the diagonal parameters via ααβ ≤ 2

√
ααααββ ,

which follows from the unitarity of the full U mixing matrix

“flavor+electroweak” “Averaged-out oscillations”
m > EW (2σ limit) �m2 � 0.1 eV2 (90% CL)

αee 1.3 · 10−3 [37] 8.4 · 10−3 [56]

αμμ 2.2 · 10−4 [37] 5.0 · 10−3 [16]

αττ 2.8 · 10−3 [37] 6.5 · 10−2 [57]

|αμe| 6.8 · 10−4 (2.4 · 10−5) [37] 9.2 · 10−3

|ατe| 2.7 · 10−3 [37] 1.4 · 10−2

|ατμ| 1.2 · 10−3 [37] 1.1 · 10−2

that can be searched for (or decohere, or average out their
oscillations), leading to the effects discussed in Eq. (3).

In the intermediate mass regime, between the MeV4 and
the electroweak scales, the constraints from direct production
are very strong and preclude their observation in the neu-
trino oscillation phenomenon. Above the electroweak scale,
the constraints from the PMNS unitarity are stringent but
may still allow to probe for them at very precise future facil-
ities. These constraints have been summarized in the mid-
dle column of Table 1. For much lighter sterile neutrino
masses, bounds can be derived through their impact in the
neutrino oscillation phenomenon [12,25,28,34–36,58–64].
We list in the last column of Table 1 the most stringent present
constraints we found on the different elements for the new
mass splittings �m2 � 0.1 eV2 would be in the averaged-
out regime for the corresponding observable. This way the
bounds become independent from the new mass scale as long
as �m2 � 0.1 eV2. Nevertheless, for particular values of the
new mass scale, slightly stronger constraints might apply if
they correspond to an oscillation maximum of some facility.
Thus, the bounds in Table 1 should be regarded as conserva-
tive but applicable over a long range of masses. The bound
on αee comes from solar neutrino data from Ref. [56]. The
bound quoted is, conservatively, for the GS98 solar model
while the AGSS09 model would lead to constraints about a
factor 2 stronger. The new estimation of fluxes for reactor
antineutrinos point to a solution of the reactor anomaly and
the possibility to use reactor data also as constraints for αee.
These constraints would be similar to those from solar data
but more dependent on the actual flux assumed [65]. The

4 Or down to the keV scale for the electron flavor from β decays.

most stringent bound on αμμ comes from MINOS/MINOS+
data [66] and we quote a result from a global fit from Ref.
[16]. For αττ the bound comes from a combination of dif-
ferent atmospheric neutrino data from Ref. [57]. Finally, the
off-diagonal bounds are obtained indirectly from constraints
on the diagonal parameters via ααβ ≤ 2

√
ααααββ , which is

a consequence of the unitarity of the full U mixing matrix
(these bounds turn out to be stronger than direct constraints
of the α → β).

Apart from constraining the unitarity-violating parame-
ters α, an interesting question is what are the present bounds
on the different elements of N when unitarity is not assumed.
This has been explored in Refs. [34,63,64,67]. Notice how-
ever that the present bounds on the possible unitarity devi-
ations encoded by α from Table 1 are of the same order
or stronger than the present accuracy on the mixing angles
of the unitary parametrization (see for instance Ref. [68]).
Thus, when these are taken into account, the constraints on
the individual matrix entries are not significantly affected by
not assuming unitarity.

2.1.5 Neutrino oscillations in the presence of large extra
dimensions (LED)

The main motivation for introducing extra space-time dimen-
sions was to alleviate the so-called hierarchy problem, i.e.
the large difference between the electroweak and the GUT
[69,70] or the Planck energy scales [71–73]. More inter-
estingly, models with large extra dimensions (LED) can
also accommodate non-zero neutrino masses [74–78]. Since
right-handed neutrinos are singlets under the Standard Model
(SM) gauge group, it is often assumed that they can propa-
gate in the bulk while the SM particles are confined in the
four-dimensional brane. In this context, neutrinos acquire a
Dirac mass that is naturally small, since the neutrino four-
dimensional neutrino Yukawa couplings are suppressed rela-
tive to charged-fermion Yukawa couplings by a factor propor-
tional to the volume of the extra dimensions. This provides
an alternative to the usual seesaw mechanism [74] for the
generation of the neutrino masses, while avoiding the need
for large energy scales.

In the four-dimensional brane, the Kaluza–Klein (KK)
modes of the right-handed neutrino behave as an infinite
tower of sterile neutrinos. If these are light enough, they will
induce modifications of the neutrino oscillation probabilities.
The LED-induced oscillation probability is shown in Fig. 1
left, for the case of muon neutrino disappearance.

From the probability plots in Fig. 1 left, the main features
present in LED-induced oscillations are:

• A global reduction of survival probabilities respect to the
three-flavor case, which are typically noticeable at high
energies.
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Fig. 1 Left: LED impact on the oscillation probabilities. LED-induced
muon neutrino disappearance probability (red and green lines) in com-
parison to the three-neutrino flavor case (3ν-case, black line), as the
function of neutrino energy with 1300 km baseline. The LED-induced
oscillations without (with) the detector energy resolution are shown
by the red (green) line. Particular values of m0 and R were chosen to
enhance the LED effect, and the standard oscillation parameters were
fixed to their best fit values from Ref. [79]. Right: Future sensitivities to

LED in neutrino oscillation experiments. DUNE sensitivity line taken
from Ref. [80] and JUNO+TAO sensitivity line taken from Ref. [81],
in comparison to the MINOS sensitivity from Ref. [82]. All lines cor-
respond to 90% CL contours for normal mass ordering. The excluded
region is towards the right of the lines. Finally, note that the actual
bound derived from MINOS data is stronger than the expected sensi-
tivity shown in this figure, see text for details

• Appearance of modulations and fast oscillations to
Kaluza–Klein states on top of the main oscillation.

So far, the only experimental collaboration that has con-
strained the LED parameter space is MINOS [82]. Since
evidence for deviations from the standard three-flavor oscil-
lations was not found, a limit on the compactification radius
R < 0.45 μm at 90% of CL (for the conservative case m0 →
0) was reported. An analysis including MINOS/MINOS+
data [83] could set even stronger limits. In a recent analy-
sis of the KATRIN, Daya Bay and MINOS data [84], the
bound R < 0.20 μm (R < 0.10 μm) at 90% CL for normal
(inverted) neutrino mass ordering was reported. Before the
MINOS analysis, the same LED-induced oscillations were
probed at accelerator [85], reactor [85–88], and atmospheric
[89] neutrino experiments, producing a similar bound.

As shown in Fig. 1 left, LED-induced oscillations imprint
particular features in the event energy spectrum which can
be exploited at the analysis level. With the expected energy
resolution, future neutrino experiments can be sensitive to
the main modulation of the fast oscillations to Kaluza–Klein
states (green line in Fig. 1 left). Sensitivity to LED-induced
oscillations is expected to be limited by systematical uncer-
tainties that impact the shape of the spectrum, especially at
the near detectors. This has been implemented in forecast
studies, through simulations of data at different experiments
like DUNE [80,90], SBND [91], and JUNO [81]. Since LED
oscillations occur at short and long baselines simultaneously,

a two-detector analysis has better prospects for testing this
hypothesis.

In Fig. 1 (right panel), a comparison of the DUNE [80],
JUNO [81], and MINOS [82] sensitivity to LED-induced
oscillations is shown. For the DUNE analysis only the far
detector spectral information was used to test the LED
hypothesis, and 5% systematic errors were assumed in the
simulation. As can be seen from the figure, DUNE will
be sensitive to R � 0.55μm at 90% of CL. The same
figure shows the sensitivity for a reactor neutrino exper-
iment which uses a combination of near (TAO) and far
(JUNO) detectors. Under the assumption of 1% systematic
errors, the JUNO+TAO combination would be sensitive to
R � 0.65μm at 90% of CL. This figure shows a synergy of
future reactor and accelerator neutrino experiments, which
will use different detector technologies and complementary
oscillation channels. Based on these results, there are good
prospects for probing LED-induced oscillations at DUNE
and JUNO+TAO.

Besides neutrino oscillations [92], models with LED can
be tested in beta-decay experiments [93] and tabletop exper-
iments [94–96]. However, neutrino oscillation experiments
provide a stronger constraint on R, which is at the sub-
micrometer scale.

In the forthcoming precision Era, new physics signals
might emerge as subleading effects of the three-neutrino
paradigm or as a new oscillation phase(s). Since the LED
model predicts a large number of sterile states, it is worth
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testing this model in the same footing as it is being done
for the 3 + 1 scenario (for a discussion on the equivalence
between a 3 + N sterile neutrino framework and neutrino
oscillations in presence of LED see, e.g. Ref. [89]).

2.2 New interactions in the neutrino sector

Main authors: P. Coloma, Y. Farzan, Z. Tabrizi
This section discusses the impact of new interactions in

neutrino production, detection and propagation. We start
reviewing the introduction of such effects within the Effec-
tive Field Theory (EFT) formalism, for operators up to
dimension 6. Section 2.2.1 discusses the inclusion of oper-
ators leading to charged-current (CC) interactions, while
Sect. 2.2.2 focuses on the formalism of neutral-current (NC)
Non-Standard Interactions (NSI) of neutrinos with matter
fields. As we will see in Sect. 2.2.3 it is theoretically chal-
lenging to build a model that can lead to large NSI effects
in the neutrino sector, while respecting bounds from charged
lepton experiments. A common way out of this is to invoke
the existence of light weakly coupled mediators. This possi-
bility is entertained in Sect. 2.2.4, which includes a thorough
discussion of current constraints on such scenarios. Finally,
the last part of this section focuses on operators linking the
active neutrinos to the dark sector: Sect. 2.2.5 discusses the
phenomenological implications of new operators involving
heavy neutral leptons, while Sect. 2.2.6 presents the main
implications of neutrino interactions with dark matter.

2.2.1 General effective interactions between neutrinos: the
charged-current case

From an EFT point of view, the most general Lagrangian
which describes the new physics above the electroweak scale
is the Standard Model Effective Field Theory (SMEFT).
It has the exact same particle content and local symmetry
as the SM, the difference is that higher dimensional non-
renormalizable operators are added to the SM Lagrangian. In
this way we can provide an effective description of the physi-
cal effects caused by heavy BSM particles, by e.g. investigat-
ing how the vertices of the SM gauge bosons and fermions
are modified [97]. At lower energies, e.g. below the Z boson
mass mZ , the relevant Lagrangian is the one of the weak
effective field theory (WEFT), for which the heavy SM par-
ticles (Z and W bosons, Higgs and top quark) are integrated
out from the theory. The parameters of WEFT can be matched
to the ones of SMEFT at a scale mZ [98].

At the SM level, the interaction between neutrinos and
charged leptons or quarks is described by the Fermi interac-
tion. Focusing only on the left handed neutrinos, the Charged-
Current (CC) part of the WEFT Lagrangian is:

LWEFT ⊃ − 2
√

2GFVjk

{
[1 + ε

jk
L ]αβ(ū jγ μPLd

k)(�̄αγμPLνβ)

+ [ε jk
R ]αβ(ū jγ μPRd

k)(�̄αγμPLνβ)

+ 1

2
[ε jk
S ]αβ(ū j dk)(�̄αPLνβ)

− 1

2
[ε jk
P ]αβ(ū jγ5d

k)(�̄αPLνβ)

+ 1

4
[ε jk
T ]αβ(ū jσμν PLd

k)(�̄ασμν PLνβ) + h.c.
}

. (5)

where GF is the Fermi constant, V is the CKM matrix,
PL ,R = 1

2 (1 ∓ γ 5) are the chirality projection operators,
σμν = i

2 [γ μ, γ ν], and �α are the charged leptons, while
u j (dk) stand for the up-type (down-type) quarks ( j and k
are quark mass eigenstates). The new interactions between
neutrinos, charged leptons and quarks are parameterized
in terms of the dimensionless Wilson coefficients [ε jk

X ]αβ ,
where X = L , R, S, P, T stands for the left- and right-
handed, scalar, pseudo-scalar and tensor interactions, respec-
tively.

We can systematically study these new interactions at the
neutrino oscillation experiments using the approach intro-
duced in Refs. [98,99]. From the reactor neutrino experi-
ments Daya Bay and RENO and taking into account the
EFT effect on nuclear beta and inverse beta decay inter-
actions we can get constraints on the right handed, scalar
and tensor interactions using the ν̄e → ν̄e transition:
[εudR ]eμ,eτ ∼ (0.05 − 0.1), where X = R, S, T [98]. Using
the same approach the SMEFT coefficients were studied at
the FASERν detector at LHC, where new physics effects on
the neutrino production through meson decays and neutrino
detection through Deep Inelastic Scattering (DIS) were stud-
ied [100]. It was shown that FASERν detector has the capa-
bility to constraint new physics at the multi-TeV scale, for
some 4-fermion interactions giving constraints that are much
better than the existing constraints in the literature (see e.g.
Fig. 2).

The resulting bounds can then be connected to the param-
eters within a UV-complete scenario. For example, left-right
symmetric models can generate the effective operators pro-
portional to εR [101,102]. On the other hand, the scalar and
pseudo-scalar interactions are usually generated in models
with leptoquarks [103–105]. More generally, these Wilson
coefficients can also be matched to the SMEFT parameters
and, in this way, the low-energy neutrino experiments can be
sensitive to heavy states in a specific BSM theory.

2.2.2 Neutral-current non-standard neutrino interactions

As discussed in the previous section, CC operators involving
neutrino fields may be tested using a variety of experiments.
However, effective operators including two neutrino fields
(NC-like) are harder to constrain experimentally. In the case
of purely vector operators, the best bounds come from oscil-
lation experiments, which are sensitive to modifications in
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Fig. 2 Current and future
projections for the sensitivity to
pseudo-scalar CC operators. The
projected constraints from
FASERν experiment are shown
in colored/grey bars. The black
and brown arrows show the
corresponding constraints from
low energy meson decay
experiments and high energy
SMEFT constraints from LHC,
respectively. Figure taken from
Ref. [100], see [100] for more
details

the matter potential that neutrinos feel as they propagate in a
medium. The effect of NC-like vector interactions involving
two neutrino fields is conveniently introduced using four-
fermion operators of the form

− 2
√

2GFε
f,P
αβ (ν̄αγ μPLνβ)( f̄ γμP f ), (6)

where f ∈ {u, d, e} and P ≡ PL , PR . Similarly to the stan-
dard weak interaction between neutrinos and matter fields,
these Non-Standard Interaction (NSI) operators will induce
a position-dependent effective potential in matter:

VNSI (x) = √
2GFne(x)

⎛

⎝
1 + Eee Eeμ Eeτ
E∗
eμ Eμμ Eμτ

E∗
eτ E∗

μτ Eττ

⎞

⎠ ,

with Eαβ ≡
∑

f,P

n f (x)

ne(x)
ε
f,P
αβ , (7)

where n f (x) stands for the f fermion density in the medium
at a given point x along the neutrino path, and the “1” in the
first entry of the matrix refers to the SM contribution to the
potential. At this point it should be stressed that, since neu-
trino oscillations are only determined by the differences of the
eigenvalues of the full Hamiltonian, they are only sensitive
to two linear combinations of the diagonal NSI parameters.
Global fits to oscillation data have been performed for NSI
with quarks [106–108] and set relatively strong bounds on
the size of the off-diagonal NSI coefficients. For NSI with
electrons, NSI limits from single experiments are available
(e.g. for Borexino [109] or IceCube [110]) as well as from
the combination of ν − e scattering experiments and collider
measurements [111]. The combination of solar and reactor
neutrino data has also been studied in e.g. Ref. [112], but
so far no global oscillation analysis (including also atmo-
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spheric and long-baseline oscillation data) is available in the
literature.

In the presence of NSI new degeneracies typically arise
between the standard and non-standard parameters. In many
cases these are only approximate and can be lifted (at least
partially) through combinations of different data sets. The
problem of new degeneracies arising in presence of NSI has
been extensively studied in the literature (for an incomplete
list, see Refs. [113–134]). Strategies to solve them typically
involve a combination of data taken at low energies or short
baselines (which are less sensitive to NSI in propagation), or
from different oscillation channels (which are sensitive to a
different combination of parameters). As an explicit example,
it has been demonstrated that even if data are compatible with
the SM, the sensitivity of future long-baseline experiments to
leptonic CP violation and the neutrino mass ordering can be
compromised by the existence of NSI within present bounds
[115,116,135]. It is thus pressing to understand if comple-
mentary channels can probe NSI and resolve them. Fortu-
nately, these degeneracies are not very relevant to present
data: the current determination of leptonic CP violation and
the mass ordering is dominated by T2K and reactor experi-
ments, less sensitive to matter effects; and atmospheric con-
straints on NSI are strong enough to avoid large distortions
[68,136–138].

A more profound degeneracy involves the neutrino mass
ordering, the solar mixing angle, and the NSI parameters.
This was first observed in Refs. [139,140] where it was found
that, for large enough NSI, solar data can be explained by a
solar mixing angle in the second octant: the so-called “LMA-
dark” solution. Such degeneracy stems from an invariance
at the level of the Hamiltonian describing neutrino evolu-
tion in the presence of NSI [107,108,141,142]. Although a
partial breaking of this so-called “generalized mass order-
ing degeneracy” is a priori feasible by combining data
with sufficiently different matter composition [142] (i.e.,
nn(x)/ne(x)), global fits to oscillation data have shown that
this only leads to a mild lifting of the degenerate solution
[106,143]. Consequently, additional input is required besides
oscillation data.

Neutrino scattering data is also sensitive to effective oper-
ators in Eq. (6). Most importantly, while the matter potential
affecting oscillations only depends on two linear combina-
tions of the diagonal parameters, scattering experiments are
sensitive to the diagonal NSI parameters individually and
thus provide complementary information. Neutrino scatter-
ing experiments such as NuTeV, CHARM, and COHER-
ENT have measured NC neutrino scattering on nuclei and
are therefore sensitive to NC-NSI with up- and down-type
quarks [144–147]. Of particular relevance in this context are
measurements of coherent elastic neutrino-nucleus scattering
(CEνNS) at very low momentum transfers (for the derived
bounds see e.g. Refs. [143,148–153]) since these are sensi-

tive to a wider set of NSI models, as will be explained in
more detail in Sect. 2.2.3. Regarding NSI with electrons, in
this case the strongest bounds come from ν − e elastic scat-
tering measurements (see e.g. Ref. [111,154] and references
therein). In the future, the IsoDAR proposal [155] may be
able to improve over current constraints and test NSI with
electrons at the few percent level.

Besides improving the overall sensitivity to NSI parame-
ters, the combination of oscillation and scattering data also
disfavors the LMA-Dark solution. In fact, the analysis in Ref.
[148] shows that the global combination of oscillation and
COHERENT CsI data rejects it at more than 3σ , for NSI
involving only up- or down-quarks. However, for more gen-
eral NSI models allowing NSI with up- and down-quarks
simultaneously the dependence of the CEνNS cross section
allows for a cancellation of the effective couplings to neu-
trons and protons, leading to a vanishing effect for CEνNS
on a given nucleus (see e.g. Refs. [106,152] for a discussion).
This can be partially broken with the addition of oscillation
data [106,143], or from the combination of CEνNS data on
different nuclei, see e.g. Refs. [147,156–158]. For example,
the combination of oscillations, present COHERENT data
and future data obtained using a silicon target at European
Spallation Source [159] will be able to discriminate between
the standard LMA and LMA-Dark solutions at more than 4 σ

C.L., regardless of the relative strength for the NSI couplings
to up- and down-type quarks [160].

NSI effects can also be induced by new scalar mediator,
leading to the effective four-Fermion interaction [161]
√

2GFηαβ(ν̄ανβ)( f̄ f ), (8)

where ηαβ are dimensionless parameters. In a medium such
as the Earth or the Sun where its constituents are non-
relativistic, this term will induce an effective mass δmαβ =√

2GFηαβ(n f + n f̄ ), with the same Lorentz structure as

a Dirac neutrino mass.5 Thus, the correction to the disper-
sion relation E � p + m2/(2E) will be through a shift
as m2/(2E) → (m + δm)2/(2E) which is suppressed by
the energy. This contrasts with the vector-mediated NSI,
where the contribution to the dispersion relation is of form
E � p + m2/(2E) + V where V = √

2GFεαβ(n f − n f̄ )

(see Eq. (6)) and therefore not suppressed with the energy.
Given the current constraints, the effects induced by the oper-
ators in Eq. (8) will be negligible for solar, atmospheric and
terrestrial neutrinos [162,163]. However, since the effect is
proportional to n f + n f̄ , in very dense environments such
as the supernova core it can be important [163]. Also, unlike
the case of NSI induced by a vector mediator, the scalar-
mediated contributions from matter and antimatter add up

5 Of course, in the Earth, in Sun and in other stars, n f̄ = 0 but in the
early universe, n f = n f̄ .
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in the effective mass, leading to sizable effects in the early
Universe [163].

2.2.3 Model building aspects: heavy vs light mediators

It is worth pointing out that the interactions included in
Eq. (6) are not gauge invariant. If these operators are obtained
from a new theory at high energies, gauge invariance gener-
ically implies the simultaneous generation of similar opera-
tors involving charged leptons, for which tight experimental
constraints exist [26,164]. Unless fined-tuned cancellations
are invoked [164], this makes it hard to build a model that
leads to sizable NSI effects in neutrino oscillation experi-
ments.

A possibility to generate large NSI effects arises in radia-
tive neutrino mass models, which explain the smallness of
neutrino masses by allowing the Majorana mass terms to be
induced only at the loop level. In this case, if the new medi-
ators inside the loop have masses below the TeV scale they
can induce NSI effects as well, which can have observable
effects at the production, detection and oscillation of neutri-
nos. Reference [165] focuses on ultraviolet (UV) completion
of a series of models leading to large NSI in the neutrino sec-
tor. In certain leptoquark scenarios, for example, the NSI
with SM fermions are generated at tree level which leads to
ε values as large as O(0.1). At the same time these values
are consistent with constraints from Charged Lepton Flavor
Violation (CLFV), direct collider searches as well as elec-
troweak precision measurements, see Ref. [165] for details.

A second possibility to avoid the tight bounds from CLFV
observables is to consider that the new physics is weakly cou-
pled to the SM, via new mediators with masses well below
the EW scale. In this regard it is relevant to note that, as a
neutrino propagates in a medium, if the matter constituents
are charged under the new U (1)′ symmetry6 the amplitude
of the new interaction will be proportional to the propaga-
tor g′2/(q2 + M2

Z ′) → g′2/M2
Z ′ since in forward coherent

scattering the momentum transfer is very small. Thus, for
light enough Z ′ masses, the new interaction may still gen-
erate large NSI-like effects even for small enough couplings
to evade the bounds from charged lepton experiments. At
the same time, for weakly-coupled Z ′ models, bounds from
scattering experiments with momentum transfer above the
mediator mass (q2 � M2

Z ′ ) will be suppressed since the
cross section in this case is proportional to ∼ g′2/q2. For
example, references [166–171] show that it is possible to
build viable NSI models with εαβ as large as 0.1−1 (i.e., NSI

6 Throughout this document we will focus on flavored U (1)′ mod-
els (that is, models where the different neutrino flavors have different
charges under the new interaction) since only these can have an impact
on neutrino oscillation probabilities.

with a strength comparable to that of weak interactions) by
invoking a new light Z ′ with a mass of O(MeV) or below.

Oscillation bounds apply to NSI induced by light medi-
ators as long as the range of the new interaction is shorter
than the scale over which the matter density extends. This
condition is typically fulfilled for Z ′ masses above MZ ′ �
10−12 eV. Below this mass range the contact interaction
approximation is no longer valid, as the new force becomes
long-range. For such ultra-light mediators, the impact of the
new interaction can still be described in terms of a modified
matter potential, using the NSI formalism. However, in this
case the matter potential should be computed taking the aver-
age of the matter density within a radius r ∼ 1/MZ ′ around
the neutrino position as it propagates through a medium
[162,172–174].

2.2.4 New neutrino interactions with light mediators

Once we abandon the EFT approach, in order to write down
the renormalizable interactions between neutrino fields and
new light mediators, a choice has to be made regarding the
nature of the new particle introduced. A possibility is to
include a new light scalar φ, which is coupled to the neu-
trino field via a Yukawa-like interaction. In the literature, φ

is sometimes referred to as a Majoron [175–177]. Its coupling
to neutrinos can be either lepton-number conserving (φν̄ν)
or lepton-number violating (φν̄cν). A second possibility is
to couple the neutrinos to a light gauge boson in the form
Z ′

μν̄γ μν, which arises naturally in scenarios where the SM
gauge group is enlarged with a localU (1) symmetry. A usual
choice in this case is to gauge a linear combination of lepton-
flavor and baryon numbers since it would be anomaly-free.
In this case, the coupling will be flavor-diagonal (although it
is also possible to generate also off-diagonal interactions, as
shown for example in Ref. [170]) but not necessarily flavor-
universal, which would lead to an effect in neutrino oscilla-
tions.

Besides neutrino oscillation experiments (see Sects. 2.2.2
and 2.2.3), the existence of new light mediators coupled to
neutrinos can be probed in multiple ways.

Low-energy experiments: CEνNS and 0νββ From a
purely phenomenological perspective, an interaction of the
form φν̄ceνe with φ with a mass of O(MeV) or lighter
can be tested by neutrinoless double beta-decay experi-
ments [178,179]. If the mediator also couples to quarks,
it can be tested by Coherent Elastic ν Nucleus Scatter-
ing (CEνNS) measurements at the COHERENT experiment
[149,153,158,180–185]. Relevant limits on light mediators
have also been obtained from CEνNS searches using reactor
neutrinos at CONUS [186], CONNIE [187], and the Dresden-
II reactor experiment [149,150,188]. Proposals for similar
searches have been put forward at the European Spallation
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Source [159,189] and at Los Alamos National Laboratory
[190].

Fixed-target experiments The new mediator may be pro-
duced in meson decays (e.g., K+(π+) → l+α νβ Z ′ or
K+(π+) → l+α νβφ, where lα ∈ {e, μ}.), a scenario

tightly constrained by KLOE, NA62 and E494 [191–193].
Such processes can also take place in the source of neutrino
beam experiments such as DUNE, resulting in a minor but
detectable distortion of the flavor composition and energy
spectrum of the neutrino flux [194]. If the new mediator
is produced on-shell, it may also propagate to the detec-
tor and decay back into SM particles. For a Z ′ coupled
to both quarks and leptons, this is strongly constrained by
CHARM [195,196], ν-CAL [196,197], NOMAD [198,199]
and PS191 [198,200]. If the Z ′ is coupled to Le very tight
constraints are obtained from the electron beam-dump exper-
iments E137, E141 and E774 [201–204]. Additional bounds
come from searches for π0 → γ Z ′ decays at NA62 [205],
and eN → eN Z ′ at NA64 [206,207]. For compilations
of bounds from fixed-target experiments on Z ′ in the MeV
range, see e.g. Refs. [196,208,209].

Neutrino trident searches These are searches for the pro-
duction of a μ+μ− pair from the scattering of a νμ off
the Coulomb field of a nucleus, known as neutrino trident
production [210]. While the strongest bounds are currently
obtained from CCFR [211] and CHARM-II [212], the DUNE
Near Detector (ND) is expected to collect a large sample
of trident events and to improve significantly over these
[213,214].

Precision measurements of ν − e scattering A light Z ′
coupled to Le could be probed using ν − e scattering mea-
surements, for which the cross section can be computed with
a very good level of precision. Very competitive limits are
obtained from low-energy solar neutrinos in Borexino [215],
or from reactor neutrinos at the GEMMA [216] and TEX-
ONO [217] experiments (for recent analyses see e.g. Refs.
[218,219]). Finally, LSND and CHARM-II data on ν − e
scattering would also be sensitive to light mediators, but the
constraints obtained in this case are less stringent (see e.g.
Ref. [219]). Future measurements ofν−e scattering at DUNE
[220,221] may also be sensitive to this scenario.

Colliders For light Z ′ masses, the most relevant con-
straints come mainly from: (1) Z ′ production in e + e− col-
lisions in Babar, leading to both visible [222] and invisible
[223] final states; (2) LHCb searches for Z ′ bosons decaying
into di-muon final states (both prompt and displaced vertex
decay searches have been performed [224]).

Cosmology Due to the limited lifetime of the neutron, Big
Bang Nucleosynthesis (BBN) is greatly sensitive to the Hub-
ble expansion rate and, therefore, to the number of relativistic
degrees of freedom Nef f [225–227]. This severely constrains
the possibility of having new light particles in thermal equi-
librium with neutrinos at temperatures of a few MeV. On the

Fig. 3 The parameter range excluded by supernova cooling consid-
eration for a scalar, S, coupled to neutrinos. In the region above the
dashed lines, the new particle gets trapped inside the supernova and the
obtained bounds do not apply. Figure taken from Ref. [233]

other hand, Large Scale Structure (LSS) data sets bounds on
the couplings to light particles with masses at or below the
eV-scale since these may hinder the free streaming of the
neutrinos at matter-radiation equality Era, such as νi → ν jφ

[228–230]. Cosmological bounds can be evaded in two very
different range of mediator masses. First, in the range above
> 5 MeV the contribution to the neutrino energy density
from the Z ′ decay into neutrinos is sufficiently suppressed
by the Boltzmann factor. Second, for MZ ′ � O(eV) and a
very weak coupling (g′ � 10−10), the production rate of Z ′
in the early Universe will be sufficiently small, efficiently
suppressing the contribution to Nef f .

Supernovae New light particles with mass below < few×
10 MeV can be abundantly produced in core-collapse super-
novae, which would lead to an additional cooling mechanism,
see e.g. Refs. [231–233]. Figure 3, shows the derived con-
straints on the coupling of a scalar mediator from supernova
cooling considerations. Note that, when the coupling to the
light scalar is too large, the new particles become trapped
inside the supernova core and cannot freely transfer energy
outside, so the bound vanishes. The bounds are valid as long
as the new particles do not decay back to neutrinos outside
the collapsing star.

Additional effects caused by new light particles on super-
novae include: (1) If the mean free path of produced light
particles inside the supernova core is comparable to the core
size (i.e., ∼ 1–15 km), it can alter supernova core evolution.
(2) If the decay length of new particles is much larger than
the core size but smaller than the size of the progenitor star,
it can warm up the outer layers, affecting shock revival and
leading to observable effects. (3) The new couplings pro-
vide new scattering channels for neutrinos, prolonging the
neutrino diffuse time. (4) New couplings can alter the fla-
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vor composition as well as the spectrum of emitted neutrinos
which can be tested by future supernova observations. In the
future, the observation of the neutrino flux from a nearby
supernova by Hyper-Kamiokande [234], DUNE [235] and
JUNO [236] would greatly improve these constraints.

Star cooling By requiring that the energy losses induced
by the new interaction in stars do not exceed those from stan-
dard neutrino emission, strong bounds can be set on its cou-
pling strength (see e.g. Ref. [237] for an analysis using white
dwarfs). This can be used to set rather strong constraints
on light Z ′ models, see e.g. Refs. [181,215,238,239]. Note,
however, that these bounds typically rely on the assumption
that the new mediator interacts with electrons.

Fifth-force searches and equivalence principle tests For
ultra-light mediators (< 10−13 eV) the force induced by the
new interaction becomes long-range. Fifth-force searches try
to observe a deviation from the standard Newton (Coulomb)
potential ∝ 1/r for gravitational (electromagnetic) interac-
tions [240–244]. Equivalence principle tests, on the other
hand, try to search for differences in the potential felt by
different materials [243]. Bounds from both types of con-
straints have been recasted to flavored U (1)′ models in Refs.
[181,215,238]).

Secret neutrino interactions In general, a new light media-
tor may induce new neutrino-self interactions, or secret neu-
trino interactions, which may manifest in scenarios where
neutrinos encounter high neutrino column densities. Secret
neutrino interactions are motivated as solutions to important
open issues; e.g., the origin of neutrino mass [175,176,245–
248], tensions in cosmology [249–252], the muon anomalous
moment [253,254], and the LSND anomaly [255]. Secret
neutrino interactions can occur when ambient neutrino den-
sities are high, i.e., in the early Universe [252,256–262],
in supernova cores [263,264], or when astrophysical neu-
trinos propagate through the relic neutrino background over
cosmological-scale distances [263,265–275]. For details see
the dedicated Snowmass White Paper, Ref. [276].

From the discussion above it becomes clear that mod-
els which are not coupled directly to Le will be constrained
by fewer laboratory experiments, as in this case BaBar, and
most bounds from ν − e scattering and fixed-target exper-
iments do not apply. However, strong constraints are still
obtained from COHERENT data on CEνNS as well as from
neutrino oscillation data, as long as the interaction takes place
with quarks. A comparison between the bounds derived from
oscillations [106,181] to those from other experiments is
shown in Fig. 4, using U (1)B−3Lμ as an example (see Refs.
[181,215,220,238,277] for similar comparisons using other
U (1)′ charges). The left panel shows the case for ultra-light
mediators in the long-range domain, while the right panel
shows the comparison in the NSI limit (for mZ ′ > 5 MeV,
where cosmological bounds on Nef f do not apply). As can
be seen, oscillation data set very powerful constraints on the

interaction in the both cases and considerably improves over
other bounds (sometimes by several orders of magnitude).

2.2.5 Effective operators involving extra neutrino states

So far before this section we have discussed new interac-
tions involving SM neutrinos. However, we know that the
SM needs to be extended with new particles to give neutrinos
a mass. In this context, it is worth considering the addition of
heavy sterile neutrino states to the SM particle content, since
these are one of the simplest SM extensions that can serve for
this purpose. In this case new operators may be generated,
involving the sterile neutrino and the SM neutrino fields. In
this section we will briefly discuss the phenomenological
consequences of operators of dimension d = 5, 6 in this
context.

At d = 5, the introduction of a right-handed heavy neutral
lepton (HNL) allows to write a dipole moment interaction of
the form

μνν̄LσμνNRFμν, (9)

where μν is the transition magnetic moment, Fμν is the elec-
tromagnetic field strength tensor, and σμν ≡ i

2

[
γ μ, γ ν

]
. A

dipole interaction of this form leads to a multitude of phe-
nomenological consequences in direct dark matter searches,
neutrino experiments and neutrino scattering data, as well
as in astrophysics and cosmology (see e.g. Ref. [278] for a
recent compilation of bounds). Although such operator may
be probed at neutrino oscillation experiments [279–282] it
does not have an impact on neutrino flavor, which is the scope
of the present document. For details on the phenomenologi-
cal consequences of this operator, see the Snowmass White
Paper on Heavy Neutral Leptons, Ref. [3].

At d = 6, the same operators as in Sect. 2.2.2 may be gen-
erated, replacing a light neutrino by a heavy neutrino field.
For example,

(N̄γ μν)( f̄ γμP f ) or (N̄γ μN )( f̄ γμP f ) , (10)

in the case of a vector mediator. The first operator in Eq. (10)
is generated, for example, from the mixing between the light
and heavy neutrinos once the Z boson is integrated out. In this
case, the HNL may be produced in meson decays at fixed-
target or at neutrino-beam experiments. Once the HNL has
been produced, it may enter a near detector and decay through
the same effective interaction back into SM particles, leav-
ing a visible signal (see e.g. Refs. [46,47,49,55] for recent
studies on the production and decay of the HNL at DUNE,
or Refs. [283–286] for FASERν). The second operator in
Eq. (10), on the other hand, leads to interactions between the
HNL and the SM fermions. As an example, operators of this
form were obtained in Ref. [287] in the context of a seesaw
model with an extra U (1)B symmetry. In this case, the new
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Fig. 4 Regions of parameter space ruled out from oscillation data, for
a light Z ′ arising from a model with gauged U (1)′ symmetry. The left
panel shows the comparison for ultra-light mediators in the long-range
domain, while the right panel shows the comparison in the NSI limit

(see text for details). Figure taken from Ref. [181]. Results are shown
for U (1)B−3Lμ as an example (see Refs. [181,215,220,238] for similar
comparisons with other U (1)′ charges)

operators generate a new MSW potential that the new (not-
so) sterile neutrinos experience while propagating in matter
[288]. This scenario could also lead to novel signals in direct
dark matter and solar neutrino experiments [215,287,289],
thanks to their non-vanishing scattering rate with nuclei.

2.2.6 Neutrino interactions with dark matter

Small but nonzero neutrino mass and the nature of Dark Mat-
ter (DM) are two most pressing questions before particle
physicists. A coupling between neutrinos and DM would
link these two mysteries to each other. In this section, we
discuss the observable consequences from such couplings at
neutrino oscillation experiments, which strongly depends on
the mass of the DM:

PeV mass range Decay of PeV dark matter into neu-
trino pairs has been suggested as the source of PeV neutrino
events observed by IceCube. There are however alternative
sources such as AGN [290], Tidal Disruption Events [291–
294] and galactic PeVatrons [295]. Further data in future will
help to reconstruct the energy spectrum and flavor ratio of
events more accurately, providing a discriminant between the
sources. Moreover, multimessenger methods (seeking tem-
poral and directional correlation with the photons of different
wavelength from the same source) will be very helpful to test
DM as the source of ultra high energy neutrinos.

GeV-TeV mass range DM in the GeV-TeV mass range
are usually WIMP candidates. The SK collaboration has per-
formed a dedicated analysis for the WIMP induced DM anni-
hilation in the galactic center in the mass 1−104 GeV [296].
Also, Ref. [297] has studied the neutrino portal to DM in this

mass range with the possibility that DM couples to the SM
particles with either scalar or vector couplings.

MeV mass range DM in the mass range of few MeV to
tens of MeV coupled to neutrinos is well motivated DM can-
didate as it can be related to the neutrino mass generation
mechanism [298]. For such light DM candidate the number
density of DM (nDM = ρDM/mDM ) will be sizable. The
annihilation of galactic dark matter into neutrino pairs can
lead to a monochromatic flux of neutrinos with energy equal
to the DM mass to be detected by future experiments such
as Hyper-Kamiokande [299], as well as the proposed liq-
uid scintilator detector LENA [300]. As shown in [265], the
scattering of relic supernova neutrinos off the background
DM can lead to a dip in the energy spectrum of the diffuse
supernova neutrino backgrounds which can be discerned by
hyper-Kamiokande. Finally, the interaction of neutrinos with
light dark matter in the early universe can impact the struc-
ture formation [301]. Also, by using the Borexino data one
can put an upper bound on the monochromatic antineutrino
flux for DM mass in the range of 2–17 MeV [301].

keVmass rangeSterile neutrino (νs ) of a few keV mass has
been widely advocated as DM candidate [302]. Its charac-
teristic observational signature is the monochromatic γ line
from νs → γ νa which can be detected by X -ray observa-
tories focused on the galactic center(s) and galaxy clusters.
See e.g. Ref. [303] for a recent review.

Ultralight dark matter Thermally produced dark matter
cannot be lighter than a few keV. However, if the production
is not thermal the lower bound on the DM mass can be dra-
matically relaxed. In particular, bosonic DM can be as light
as 10−21 − 10−20 eV. For such light dark matter mass the de
Broglie wavelength exceeds the average distance between

123



   15 Page 16 of 57 Eur. Phys. J. C            (2023) 83:15 

two close-by DM particles (ρDM/mDM )−1/3, and the DM
should be described by a classic field which oscillates in
time. For example, a real non-relativistic scalar DM can be
described as φ(x) = √

2ρDM (x)/mDM cos[mφ(t − �v · �x)],
where ρDM is the DM density at spacetime coordinate
x = (t, �x), and �v is the virialized DM velocity. Coupling of
neutrinos to the ultralight DM background opens up the pos-
sibility of very exciting observable effects. As shown in Refs.
[304–308], a Yukawa interaction between real scalar DM
with neutrinos induces a time varying effective mass in the
dark matter background which can lead to time modulation of
the parameters measured in neutrino experiments, averaged
distortions of the neutrino oscillation probabilities, or even
time-dependent modifications to the matter potential felt as
neutrinos propagate. If φ is a complex scalar, we can define a
current for it. The current-current interaction between φ and
neutrinos also induces an effective mass for neutrinos but
without time modulation. Such a current-current interaction
can come from gauging lepton flavor symmetries, Lα − Lβ

and assigning lepton flavor to φ [309]. The Lorenz structure
of the effective mass will be of form ν†ν so like the MSW
effects, it can be dominant only for very high energy neutri-
nos. The flavor ratio extracted from the IceCube data already
sets a bound on the current-current coupling but the predicted
non-trivial flavor ratio can be tested by combining informa-
tion from various extremely-high-energy neutrino telescopes
(Sect. 3.3.3).

Finally, neutrino interaction with DM is also advocated as
a solution to cosmological tensions but recent studies show
that it can only ease the so-called σ8 tension but it cannot
solve the H0 tension [310].

2.3 Neutrino decay

Main authors: M. Bustamante, P. B. Denton, A. M. Gago
As neutrinos have mass, they have radiative decay chan-

nels, e.g., ν j → νi+γ [311,312], but their expected lifetimes
are far too long to be tested [313,314]. However, if neutrinos
couple to a new light or massless particle, they may decay
into it, and the neutrino decay rate would be enhanced and
could be probed in a variety of environments. A relatively
minimal model for neutrino decay involves a light or mass-
less Majoron, which is a spin-0 gauge singlet with non-zero
lepton number, possibly related to neutrino mass generation
[175–177,315]. Additional models include mirror models
[316], SUSY models [317–319], left-right symmetric models
[320], neutrino masses generated by a topological formula-
tion of gravitational anomaly [321], unparticles [322,323],
and others.

The decay rate of νi , with massmi and lifetime τi depends
on the dampening factor

exp

(

− t

γiτi

)

= exp

(

− L

E

m

τ

)

, (11)

were t is the time elapsed since the production of νi , L � t
is the distance traveled, γi ≡ E/mi is the Lorentz boost,
and E is the neutrino energy. Neutrino decay constraints are
often expressed in terms of the combination τi/mi , since the
absolute neutrino mass scale is unknown, but the neutrino
energy is; thus, the mi factor accounts for the Lorentz boost.

Phenomenologically, neutrino decay is often classified
into two main categories: invisible and visible decay.7 Invisi-
ble decay is where the decay products are undetected because
either they are sterile neutrinos or they are too low of energy
to be detected in a given experiment. Visible decay involves
the detection of the regenerated lower-energy neutrinos.

Neutrino decay, invisible and visible, has been probed in a
wide range of experiments. In addition, the atmospheric mass
ordering often has a significant impact on neutrino decay
phenomenology. Simply put, in the normal ordering neutrino
decay tends to lead to a deficit in muon and tau neutrinos and a
possible increase in electron neutrinos for visible decay while
in the inverted ordering the opposite is expected. Invisible
neutrino decay can potentially enhance Earth matter effects
of core-collapse supernova neutrinos besides the similarity
of average energies and fluxes between electron and other
flavors of neutrinos [324]. Finally, we note that if the decay
basis is different from the flavor or mass bases then additional
care is needed and neutrino decay may appear as unitarity
violation [325].

2.3.1 Theoretical formalism: invisible and visible decay

The phenomenology of neutrino decay is related to the under-
lying physics model governing the decay and depends on
whether the field is a scalar or pseudoscalar, whether it car-
ries lepton number, and whether the neutrinos are Dirac or
Majorana, making the phenomenology very rich.

Following from [326], we first discuss the Dirac case. If
φn is a scalar field with lepton number n, then the Lagrangian
is modified by the terms,

L ⊃ g̃i j
�

(Li H)νcjφ0 + yi j
2

νci ν
c
jφ2

+ h̃i j
2�2 (Li H)(L j H)φ∗

2 + h.c.

= gi jνiν
c
jφ0 + yi j

2
νci ν

c
jφ2 + hi j

2
νiν jφ

∗
2 + h.c. , (12)

7 Additional scenarios involving a heavier decaying sterile neutrino
invoked in the context of MiniBooNE are covered in a dedicated Snow-
mass White Paper, Ref. [2].
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where � is the effective energy scale of the dimension-five
and -six operators, gi j = g̃i jv/�, hi j = h̃i jv2/�2, v is the
Higgs vacuum expectation value, yi j = y ji and hi j = h ji .
One can additionally have pseudoscalar couplings with an
iγ5 term included. The decay width for mass state i is [326–
329],

� = m2
i

16πEi

∑

j;m j<mi

|gi j |2 f (xi j )

xi j
, (13)

where xi j = mi/m j and f (x) = x/2 + 2 + 2 log(x)/x −
2/x2 − 1/2x3. The lifetime is related to the width by τi =
mi/Ei�. Additional expressions exist for the pseudoscalar
case. The outgoing neutrinos are emitted with a particu-
lar spectrum depending on the nature of the decay and the
decay product (helicity-flipping or helicity-conserving). For
the lepton number-conserving scalar with gi j , some of the
daughter neutrinos will be right-handed and thus invisible,
but none will be neutrinos. For the lepton number-violating
scalar, the yi j decays will all be invisible and the hi j decays
will all be visible, but anti-neutrinos.

If neutrinos are Majorana a similar procedure follows,
with

L ⊃ f̃i j
2�2 (Li H)(L j H)φ + h.c. = fi j

2
νiν jφ + h.c. , (14)

where fi j = f̃i jv2/�2 and fi j = f j i and a neutrino will
decay to both neutrinos and anti-neutrinos, both visible.

There are other ways to generate neutrino decay from
more exotic scenarios, however. E.g., in Ref. [321], neutrino
masses are generated by a gravitational condensate which
leads to an enhanced decay over the existing expected decay.

2.3.2 Current bounds: invisible and visible decay

The bounds for invisible decay that can be imposed by the
neutrinos observed from SN1987A [336] are rather loose,
given that only νe were detected, and that there are significant
uncertainties in the emission of neutrinos. In Sect. 2.3.3, we
discuss the expected sensitivity to the neutrino lifetime-mass
ratio from the observation of a future Galactic core-collapse
supernova.

Using supernova relic neutrino observations, and consid-
ering visible decay plus normal hierarchy, an upper bound
for the neutrino lifetime-mass ratio of τ2/m2, τ3/m3 � 1010

s/eV can be extracted [337]. However, as noticed in Ref.
[337], the robustness of these upper bounds should be treated
with caution, given the large uncertainties embodied in the
predictions of supernova relic neutrino flux. Further discus-
sion on the theoretical treatment of the supernova relic neu-
trino flux, including the three-neutrino flavor transitions and
decays can be found in Ref. [338].

Additionally, measurements of the CMB constrain neu-
trino decay, in a somewhat model-dependent fashion, to be
τi/mi � 1011 s/eV [229,339–341], although these bounds
may be relaxed by an additional 3–4 orders of magnitude in
a separate analysis [230].

It is known that neutrino decay can produce rather dif-
ferent astrophysical neutrino flavor ratios compared to those
obtained when only the standard oscillation mechanism is
considered [342,343]. Therefore, using the IceCube flavor
ratios a lower bound (τ2/m2, τ3/m3) � 10 s/eV is imposed,
considering normal hierarchy [332,344]. These bounds are
tied to the uncertainties in the prediction and measurement
of the high-energy neutrino flavor composition.

Figure 5 summarizes the invisible neutrino decay picture
and Table 2 shows the current experimental lower bounds on
the neutrino lifetime-to-mass ratio τ3/m3 using data from
atmospheric experiments, long-baseline experiments, and
constraints on the solar anti-neutrino flux. These bounds cor-
respond to normal ordering, i.e., ν3 is the decaying neutrino.
Given that the experimental power for constraining τ/m is
proportional to L/E , it is not surprising to see that the best
limit in Table 2, for invisible decay, involves atmospheric
neutrino data: τ3/m3 ≥ 2.9×10−10 s/eV. It is also clear from
this table that, for the same data set (e.g., MINOS+T2K),
the limits improve by one order of magnitude from invisible
to visible decay. This is due to the fact that visible decay
produces lower-energy active neutrinos and allows chirality-
changing transitions (νi → ν̄ j ). Within this context, it is
remarkable the very stringent limit of τ3/m3 � 10−5 s/eV
obtained from anti-neutrino data, which represents a rather
novel approach for getting it. This bound was first estimated
in Ref. [345]. However, in Table 2 we quote the values
obtained from the dedicated analysis in Ref. [346], which
provide a more accurate result.

On the other hand, when ν2 decays into invisible daugh-
ters, we find the lower bound τ2/m2 ≥ 7.2 × 10−4 s/eV
at 95.45 % CL in [352], a similar value appears in [353],
but given at 99 % CL, see also the similar constraint from
SNO [331]. Both limits are extracted using solar and/or reac-
tor neutrino data. In [352] it is also found the lower bound
τ1/m1 ≥ 4.2×10−3 s/eV, assuming ν1 as the decaying mass
neutrino eigenstate.

A number of low- to modest-significance anomalies exist
which have been interpreted in the context of neutrino decay.
Starting with the hints at the shortest lifetimes, they are:

1. Comparing different long-baseline accelerator experi-
ments with sensitivity leads to a few very-low-significance
hints around τ3/m3 ∼ 10−12 s/eV:

• An analysis of MINOS and T2K data in the invisible
decay scenario finds τ3/m3 � 1.6 × 10−12 s/eV at√

χ2
osc − χ2

osc+decay = √
�χ2 = 2.3 [348].
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Fig. 5 Constraints on invisible
neutrino decay from several
experiments [229,330–334].
The blue region represents a hint
for neutrino decay [328,335] in
IceCube data. Dashed regions
represent anticipated
sensitivities from future
measurements. Figure adapted
from [328]

Table 2 Current experimental
bounds on τ3/m3 at 90 % CL.
Values are provided for
visible/invisible decay modes
and obtained from atmospheric,
long-baseline neutrino data, and
from KamLAND and Borexino
anti-neutrino data, as indicated

Decay mode Experiments τ3/m3(s/eV) References

Invisible SK I + SK II+ K2K+ MINOS 2.9 × 10−10 [347]

MINOS+ T2K 2.8 × 10−12 [348]

OPERA 1.3 × 10−13 [349]

NOVA+T2K 2.3 × 10−12 [350]

Visible MINOS+T2K 1.0 × 10−11 [351]

Borexino+KamLAND 1.0(7.0) × 10−5† [346]

† These two bounds corresponds to ν3 → ν̄2 + X and ν3 → ν̄1 + X

• An analysis of OPERA ντ appearance data in the
invisible decay scenario combined with existing mea-
surements of from SK, MINOS, and T2K data finds
τ3/m3 � 2.6 × 10−13 s/eV at

√
�χ2 = 1 [349].

• An analysis of NOvA and T2K appearance and dis-
appearance data in the invisible decay scenario finds
τ3/m3 � 5.0 × 10−12 s/eV at

√
�χ2 = 1.2 [350].

2. Comparing the high-energy astrophysical track and cas-
cade spectra from IceCube leads to a modest significance
hint around τ2,3/m2,3 ∼ 102 s/eV. The track spectra
at IceCube is somewhat harder than the cascade spec-
tra [354,355] which has been interpreted in the context
of invisible [335] and visible [328] decay suggesting
τ3/m3 � τ2/m2 � 85 s/eV at

√
�χ2 = 3.4.

3. Comparing Planck’s measurements of the CMB in TT,
TE, and EE correlations, lensing measurements, and
BAO measurements leads to low significance hints for
invisible decay around τ/m ∼ 1010 s/eV. Cosmologi-
cal measurements prefer an invisible decay scenario with
τ � (2 − 16) × 109 s ×(m/0.05 eV)3 for all three states
at

√
�χ2 = 1.3−2.0 where the ranges depend on which

data sets are included; any combination of data lead to
some hint for neutrino decay [229].

We note that these hints are largely incompatible with each
other. That is, if, e.g., the cosmological hint is verified then
the accelerator and astrophysical hints would be ruled out
due to the large hierarchy in lifetimes considered. This does
not apply, however, if the model leading to neutrino decay
does not apply in certain environments (e.g., early Universe,
extragalactic space, etc.), in which case the shorter lifetime

scenarios would become viable again. In addition, the data
here has only been examined in the invisible case except for
the astrophysical data; the scenario may be different for the
visible case.

2.3.3 Future perspectives

Table 3 shows the expected sensitivities for τ3/m3, at 90 %
CL and for visible and invisible decay, that will be achieved in
in-development or projected atmospheric, reactor, and long-
baseline neutrino experiments. In this table, the most restric-
tive sensitivity limit for invisible decay is τ/m ∼ 10−10 s/eV
that would be reached in future atmospheric neutrino exper-
iments. This expected bound is similar to the one obtained
with atmospheric neutrino data (see Table 2), while the sensi-
tivity for invisible decay placed by DUNE will be improved
in one order of magnitude with respect to the best one placed
using long-baseline neutrino data. The latter observation will
also be valid in the case of visible decay.

As follows, we discuss the expected sensitivity potential
for neutrino decay of astrophysical neutrinos from different
sources, and that will be detected at future facilities:

• Galactic supernova neutrinos: Within the context of vis-
ible decay it has been shown in Ref. [326] that DUNE
will be able to test τi/mi � 106 s/eV for neutrinos emit-
ted from a core-collapse supernova located at a distance
of 10 kpc. Meanwhile, Hyper-Kamiokande will probe
τi/mi � 107 s/eV. Both sensitivities are valid for nor-
mal (ν3 → ν1) and inverted (ν2 → ν3) hierarchy (i.e.
i = 3, 2).
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Table 3 Expected sensitivities
to τ3/m3 at 90 % CL. Values are
provided for visible/invisible
decay and calculated for
atmospheric, reactor and
long-baseline neutrino
experiments, as indicated

Decay mode Experiments τ3/m3(s/eV) References

Invisible JUNO or RENO-50 4.7 × 10−11 [330]

DUNE 4.5(5.1) × 10−11∗ [356,357]

MOMENT 2.8 × 10−11 [358]

ESSnuSB 4.9(4.2) × 10−11∗∗ [359]

INO-ICAL 1.5 × 10−10 [360]

KM3NeT-ORCA 2.5 × 10−10 [361]

Visible JUNO 1.0 × 10−10 [362]

DUNE 2.6(3.3) × 10−10 ‡ [327,363]

These sensitivities corresponds to: ∗ CC events and CC+ NC events, ∗∗ two different baselines, and ‡ slightly
different theoretical treatments

• High-energy astrophysical neutrinos: IceCube, combin-
ing the current flavor ratios and the high-energy shower
rate, will be able to set a limit of (τ1/m1, τ2/m2) � 10
s/eV in IceCube [332], for inverted hierarchy. On the
other hand, the hint of neutrino decay that we already
mentioned, which is supported by the fact that the cas-
cade spectrum is softer than the track spectrum, will be
probed in IceCube through the neutrino energy spectrum
per flavor plus information about tau neutrinos [328,335].
It is interesting to note that IceCube-Gen2 will have the
ability to discriminate between neutrino decay and stan-
dard neutrino mixing/other non-standard ones. [364].

• Cosmic neutrino background: Through the direct detec-
tion of relic neutrinos it will be possible to reach sensitiv-
ities for neutrino lifetime-to-mass ratio such as: τi/mi ∼
4.36×1018s/eV for neutrino masses of O(0.1 eV), invis-
ible decays and normal hierarchy [334].

2.4 Tests of fundamental physics principles

Main authors: G. Barenboim, T. Katori, R. Lehnert
Poincaré invariance and quantum mechanics belong to the

most foundational principles of physics. Their synthesis is
intimately associated with local Lorentz-invariant quantum
field theory [365], which provides the framework for our best
description of nongravitational physics, the Standard Model
(SM). Moreover, versions of both of these principles form
the springboard for most theoretical explorations of physics
beyond the Standard Model (BSM). To identify examples of
this fact in the neutrino context, one has to look no further
than this document: the above sections discuss additional
neutrino states, nonstandard interactions, and neutrino decay,
which can all be formulated within local Lorentz-invariant
quantum field theory.

The experimental nature of physics combined with the
singular significance of spacetime symmetries and quan-
tum mechanics provide ample impetus for the continued
scrutiny of these principles. At the same time, certain BSM

physics ideas based on these principles, and often also involv-
ing aspects of gravity, open exciting prospects for small,
effective modifications to these two cornerstones at cur-
rently attainable energies. Examples include spontaneous
CPT and Lorentz breaking in string theory, through non-
commutative field theory, and through cosmologically vary-
ing scalars [366–375]. Likewise, small, effective departures
from quantum-mechanical coherence have been predicted in
the context of black-hole physics [376,377], string theory
[378], and D-brane foam [379,380], etc. Various formalisms
for the theoretical description of these effects in presently
accessible physical systems are now available and widely
used [381–386]. In light of these latter developments, inves-
tigations of CPT and Lorentz symmetry as well as quantum
mechanics are not only necessary, but also acquire an element
of urgency.

The remainder of this subsection provides some key ideas
and possibilities for testing such fundamental physics prin-
ciples showcasing the bright future for such endeavors.

2.4.1 CPT violation

CPT symmetry, the combination of Charge Conjugation, Par-
ity and Time reversal, and it guarantees particle and antiparti-
cle have the same properties such as mass, lifetime, and mix-
ing angles. CPT symmetry is the cornerstone of our model
building strategy. We describe the elementary world in terms
of local relativistic quantum field theories, and CPT theo-
rem [387] is based on only several assumptions from them,
including Lorentz invariance, hermiticity of the Hamilto-
nian and local commutativity. Therefore the repercussions
of potential violation of CPT will severely threaten the most
extended tool we currently use to describe physics, i.e. local
relativistic quantum fields. This is precisely the reason why
testing the CPT symmetry is so important. If not found, one
of the three ingredients named before must be false and all
our model building strategy would need to be revisited.
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Fig. 6 Summary of recent bounds on the direct CPT tests [388]. Blue
lines represent relative experimental precision and the corresponding
SME coefficients for various quantities, while orange one show the
existing experimental values. Although it is not straightforward to map
neutrino �m2 − �m̄2 limits here, it is order 7 higher precision than
equivalent m2(e−) − m2(e+) from this figure

A summary of the results of the search of CPT violation
can be found in Fig. 6. The most stringent limit is quoted in
the Particle Data Group [96] in terms of relative precision,
and it comes from the neutral kaon system and seems so
robust that leaves little room for imagining a CPT violating

world. |m(K 0) − m(K
0
)|/mK < 0.6 × 10−18.

This idea, however, may be deceptive. First, the strength
of this limit arises from the choice of scale in the denomi-
nator, however, we do not have any model of CPT violation
so far and therefore the choice of scale is arbitrary. We could
have obtained a equally meaningful bound by choosing the
Planck scale. Therefore, before having a full theory of CPT
violation to address the question of which is the appropriate
scale of the problem, a more meaningful bound would be;

|m(K 0)−m(K
0
)| < 0.6×10−18 mK � 10−9 eV. Second,

the kaon is not an elementary particle and its mass is deter-
mined by QCD and therefore the most we could say with this
bound is that QCD is CPT invariant. To test CPT violation
in elementary particles, lepton probes are mandatory. Such
a test was carried out with electrons; |m(e+) − m(e−)| <

8 × 10−9 me � 4 × 10−3 eV. Third, on top of that being
the kaon a boson, the parameter which enters the Lagrangian
is its mass squared and the bound should be re-written as

|m2(K 0) − m2(K
0
)| < 0.25 eV2 while that of the electrons

becomes |m2(e+) − m2(e−)| < 4 × 103 eV2.
At this point it becomes evident than neutrinos can

improve this bound several orders of magnitude offering the
world best bound on CPT invariance. Currently, CPT limits
on neutrino mass square differences are |�m2

21 − �m̄2
21| <

4.7 × 10−5 eV2 and |�m2
31 − �m̄2

31| < 3.7 × 10−4 eV2

[389], and there is a potential to improve it further using
cosmological data [390].

Figure 7 shows experimental results of neutrino and anti-
neutrino oscillation parameter fits. In the long-baseline neu-
trino oscillation experiments, beams are produced either neu-
trino dominant or anti-neutrino dominant mode, and this
and simulation are used to extrapolate neutrino and anti-
neutrino oscillation parameters separately. T2K [391] relies
on this to perform neutrino and anti-neutrino parameter
extractions. Since they are consistent, the limit of CPT is
usually given by the error dominated by statistics. A sim-
ilar result would be expected from NOvA [392]. A mild
tension between T2K and NOvA oscillation measurements
can be eased by nonzero CPT-odd Lorentz violation [393],
although such possibility is severely constrained by other
results [394]. MINOS [395] had a magnetized far detec-
tor and unlikely other experiments it allowed a direct com-
parison of neutrinos and anti-neutrinos. In future oscillation
experiments, statistical errors are expected to be reduced and
oscillation parameters will be systematic error dominant. We
expect, for example, DUNE can push the CPT test down to
|�m2

31 − �m̄2
31| < 8.1 × 10−5 eV2 if the claimed statistics

and systematic error are achieved [389]. It should also be
noted, that no meaningful CP bound can be obtained before
CPT symmetry is tested to the same level [396].

On top of that there are plenty of reasons to believe neu-
trinos might be an ideal probe for CPT violation: quantum
gravity is assumed to be non-local, opening the door to a
potential CPT violation. Its effects however are expected to
be Planck suppressed, i.e. 〈v〉2 /MP, exactly in the right ball-
park for neutrino experiments to see them. Besides, neutrinos
enjoy a unique mass generation mechanism, the see-saw, and
therefore their masses are sensitive to new physics and new
scales. Scales where non-locality can be expected to show
up.

In summary, if there is a sector where CPT violation can
show up, this is in neutrino physics. Amazingly enough, this
sector also offers the best bounds. CPT violation in the neu-
trino sector may also have important implications for the
generation of the baryon asymmetry in the Universe: if CPT
is violated the baryon asymmetry can be generated in equi-
librium (the Sakharov conditions do not need to be fulfilled).

Note as well that the CPT violating observable chosen
is also motivated by the fact that the mass squared is the
parameter entering the dispersion relation E2 = p2+m2 and
the natural parameter in relativistic kinematics. Therefore,
deviations from this standard dispersion relation are a way
to explore CPT violations triggered by Lorentz invariance
breaking.
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Fig. 7 Muon neutrino and muon anti-neutrino disappearance oscilla-
tion fits by MINOS (left) and T2K (right) [391,395]. Note that the
MINOS far detector is magnetized to perform charge separations of

events, while T2K relies on simulations of neutrino and anti-neutrino
dominant beams. One cannot ignore CPT symmetry to measure the
CP-violation phase in neutrino oscillation experiments

2.4.2 Lorentz-invariance violation

Lorentz symmetry guarantees that the orientation and state
of uniform motion of physical systems do not affect the
physical properties of the system. Small violations of this
principle are accommodated in various approaches to BSM
physics. For example, a nonzero vacuum expectation value
of a Lorentz tensor field selects a preferred spacetime direc-
tion incompatible with Lorentz invariance. In the absence of
a unique and realistic underlying theory, observable signals
of such Lorentz breakdown may be described in a model-
independent and general way via realistic Lagrangian effec-
tive field theory (EFT). We remark in passing that Lorentz
symmetry is a key ingredient of the CPT theorem [387], and it
is therefore unsurprising that such an EFT also contains cor-
rections to CPT invariance [397]. This type of CPT violation
maintains m = m̄, but typically generates different Lorentz-
violating dispersion relations for particle and antiparticle and
other CPT-violating effects.

The resulting EFT framework is known as the Standard-
Model Extension (SME) [381,382,384]. The SME contains
both the SM and General Relativity along with all operators
for Lorentz violation. This provides a powerful, realistic, and
calculable framework for the identification of Lorentz tests
and the analysis of experimental data. Each Lorentz-violating
term in the SME Lagrange density is composed of a Lorentz-
breaking operator contracted with a coefficient for Lorentz
violation that represents, e.g., the nonzero vacuum expecta-
tion value of a putative Lorentz tensor field; these coefficients
control the size of the violation, and each one governs a phys-
ically distinct effect.

All SME coefficients governing the propagation and flavor
oscillations of neutrinos have been systematically classified

and enumerated for operators of arbitrary mass dimension
[413,414]. The mixing of left-handed neutrinos and their
antineutrinos resulting from this EFT Lagrangian is con-
trolled by a 6 × 6 matrix H AB

LIV with A, B = e, μ, τ, ē, μ̄, τ̄ .
The entries of this matrix Hamiltonian contain the Lorentz-
violating SME coefficients. The upper (lower) 3 × 3 block
governs the Lorentz-violating mixing of (anti)neutrinos. As
a result of possible CPT violation, these two blocks are not
identical. Nonzero entries in the two off-diagonal 3×3 pieces
of H AB

LIV are also possible and result from the presence of
Majorana-like contributions to the SME Lagrangian.

Several unique effects originate from this EFT expression
for H AB

LIV. It adds distinct CPT- and Lorentz-breaking contri-
butions to the νa ↔ νb and to the ν̄a ↔ ν̄b mixing probabil-
ities, where a, b = e, μ, τ . A qualitatively new signal is also
predicted: the mixing νa ↔ ν̄b of neutrinos with antineutri-
nos, described by the off-diagonal 3×3 pieces of H AB

LIV. CPT-
and Lorentz-violating contributions to oscillation-free neu-
trino propagation are also present. Each of the three kinds of
mixing effects contains both CPT-even and CPT-odd parts.
An additional feature is associated with novel energy depen-
dences in the mixing and propagation with EFT operators of
different mass dimension leading to different energy depen-
dencies.

This large variety of interesting LV and CPTV effects
implies that a correspondingly broad range of experimen-
tal parameters, such as neutrino-beam flavor composition,
length, direction, and energy, as well as detector set-up and
capabilities, all provide different SME sensitivities. A com-
prehensive experimental search for CPT and Lorentz viola-
tion in neutrinos must therefore involve an array of differ-
ent, complementary neutrino experiments, each one provid-
ing access to a particular region of SME parameter space.
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Table 4 Limits on SME coefficients obtained from neutrino experi-
ments. Four types of tests are performed, including sidereal-variation
searches in the oscillation signals (sidereal), spectrum distortions due to
Lorentz-violating neutrino oscillations or mixings (spectrum), seasonal
variations of Lorentz-violating solar mixings (seasonal), and searches
for anomalous astrophysical neutrino flavor ratios (flavor ratio). Quoted

limits are the characteristic orders of d = 3 CPT-odd SME best limits,
and details are described in the references. Note that only MINOS near
detector (ND) performed direct CPT tests of SME coefficients. Note
also that IceCube astrophysical neutrino flavor-ratio limits depend on
the production model

Experiment Source Type Limits References

LSND Beam ν̄e Sidereal 10−18 GeV [398]

MiniBooNE Beam νμ, ν̄μ Sidereal 10−20 GeV [399]

T2K ND Beam νμ Sidereal 10−20 GeV [400]

MINOS ND Beam νμ, ν̄μ Sidereal & CPT 10−20 GeV [401,402]

Double Chooz Reactor νe Sidereal 10−20 GeV [403]

Daya Bay Reactor νe Sidereal & spectrum 10−20 GeV [404]

MINOS FD Beam νμ, ν̄μ Sidereal 10−23 GeV [405,406]

Super-K Atmospheric νe, ν̄e, νμ, ν̄μ Sidereal 10−24 GeV [407]

AMANDA & IceCube Atmospheric νμ, ν̄μ Sidereal & spectrum 10−24 GeV [408–410]

SNO Solar νe Seasonal 10−21 GeV [411]

IceCube Astrophys. νe, ν̄e, νμ, ν̄μ, ντ , ν̄τ Flavor ratio 10−27 GeV [412]

This assessment is borne out in past searches for CPT-
and Lorentz-violating SME effects including at Daya Bay
[415], Double Chooz [403,416], EXO-200 [417], IceCube
[409,410], LSND [398], MiniBooNE [399,418], MINOS
[402,406,419,420], SuperKamiokande [421,422], and T2K
[423]. A few sample measurements and their overall sensi-
tivity reach are listed in Table 4. For a subset of SME coeffi-
cients, sensitivities have been attained at or surpassing a level
at which Planck-suppressed effects might be anticipated to
manifest. Nonetheless, much of the available SME parameter
space in the neutrino sector remains unexplored.

This situation, coupled with the expected abundance of
incoming neutrino-flavor data in the coming decade, fore-
shadows a surge in future CPT and Lorentz tests based on
neutrino-oscillation measurements. For example, DUNE is
poised to conduct various first-ever searches for SME coef-
ficients and to improve existing SME measurements by up
to six orders of magnitude utilizing beam, atmospheric, and
supernova neutrinos. A representative set of projected DUNE
sensitivities for atmospheric neutrino-flavor investigations
can be found in the DUNE Technical Design Report [235]
and is reproduced here in Fig. 8. High-energy astrophysical
neutrinos observed by IceCube is similarly positioned for key
advances in CPT and Lorentz tests [424–434]. Its detection
capabilities of highest-energy atmospheric and astrophysi-
cal neutrinos translates directly to unmatched sensitivities to
CPT- and Lorentz-violating operators of higher mass dimen-
sions d because their relative effects grow with correspond-
ingly higher powers of the neutrino energy. Although depen-
dent on the neutrino production model, recent IceCube limits
on d = 6 SME coefficients [412], for instance, are of order
10−42 GeV−2. This already surpasses naïve Planck sensitiv-

ity of E−2
Pl ∼ 10−38 GeV−2 and is expected to be improved

at future high-statistics neutrino telescopes, such as IceCube-
Gen2 [435]. In general, the multitude of such future studies
will sharpen our understanding of these spacetime symme-
tries, and with their projected experimental reach, discovery
potential for CPT and Lorentz breakdown exists.

2.4.3 Quantum decoherence

Quantum mechanics states that isolated pure states can never
evolve into mixed states. An examination of a black hole’s
ultimate fate, on the other hand, may lead us to consider
the potential of such development. Quantum fluctuations in
the gravitational field due to micro black holes may lead to
the loss of quantum coherence on a microscopic level [436].
Such quantum foam is inspired by quantum gravity theories
including string theory [377–380]. Quantum theory should
therefore be changed in some way if pure states may indeed
evolve into incoherent mixtures. Fortunately it was shown
that decoherence effects may be effectively implemented by
introducing a phenomenological modification in the Liou-
ville equation for the density operator of a quantum system
[385]. Quantum dynamics semigroups and the master equa-
tion formalism may both be used to explain the temporal evo-
lution of an open system [386,437] . The former is a highly
generic treatment for systems with non-reversible time evo-
lution, relying on only a few assumptions: probability con-
servation, rising entropy with time, and full positivity.

The decoherence term causes the damping of coherence
between two mass states i and j (∼ e−γi j ·L ). Since the effect
grows with the baseline L , long-baseline neutrino oscillation
experiments offer unique searches of quantum decoherence
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Fig. 8 DUNE atmospheric
sensitivities to CPT- and
Lorentz-violating nonminimal
isotropic SME coefficients.
Studies of DUNE atmospheric
neutrinos can obtain first
measurements (red) on some
nonminimal isotropic
coefficients and improved
results (green) on others. Gray
bars display existing limits from
the IceCube atmospheric
neutrino data [410]. Figure
adapted from the DUNE
Technical Design Report [235]

in macroscopic coherent systems. Super-K oscillatory shape
measurement rejected quantum decoherence as the primary
source of neutrino flavor conversion [438,439], thus, deco-
herence has been studied as a potential sub-dominant phe-
nomenon. Limits on quantum decoherence parameters are
studied from available neutrino data [438,440–443]. A class
of models with nonzero decoherence is especially interesting
because that could be used to explain neutrino data anoma-
lies [444–447], or be a source of CPT violation [448], or for
certain models, it would give us a hint of the existence of non-
zero CP-Majorana phase [449]. Neutrino coherent oscillation
data are also used to test alternative quantum mechanics mod-
els [450,451].

The decoherence parameter γi j can be a function of energy
E , γi j ≡ γ 0

i j (E/GeV )n where n is normally treated as an
integer. An experiment is sensitive to the decoherence when
γi j · L ∼ 1 so the sensitivity of an experiment with the
decoherence parameter γ 0

i j can be written in the following
way [452].

γ 0
i j ∼ 1.7 × 10−19(L/km)−1(E/GeV )−n GeV . (15)

Although n = −1,−2, . . . is studied [453], n > 0 is pre-
dicted by some string-theory inspired models [377,379,380]
and n = 0, 1, 2, . . . are more studied. This makes high-
energy neutrinos with long-baseline experiments have advan-
tages to explore the decoherence effect. This is part of a
motivation for the DUNE to use a high-energy mode flux to
explore new physics [133,443,454]. Atmospheric neutrinos
[452,455,456] and astrophysical neutrinos [457–462] have
even higher energy and longer baseline which can explore
further parameter spaces. Figure 9 shows oscillation proba-
bility differences between the standard oscillation and deco-
herence cases. For n = 0, the effect is accessible from neu-
trinos around < 20 GeV. For n = 2, interesting region are
above TeV, and neutrino telescopes such IceCube, KM3NeT,
and GVD have more chance to explore this case.

3 Experimental overview and prospects

A multitude of experiments are planned to detect neutrinos
and set constraints on BSM physics. Here we divide them
according to the energies of the neutrinos observed in each
case, since this determines the experimental techniques and
challenges that have to be met.

3.1 Low energies: neutrino experiments below the GeV

Main authors: I. Esteban and A. M. Suliga
Historically, sub-GeV neutrinos have been a key to pre-

cisely explore neutrino properties. And, as we demonstrate
in this section, they will keep being vital. There are two
major reasons for this. On the one hand, low-energy neu-
trino interactions are relatively well understood [463–468].
On the other hand, many natural and artificial nuclear pro-
cesses produce a large flux of low-energy neutrinos.

Figure 10 illustrates the abundance of sub-GeV neutrinos.
We show there the average all-flavor neutrino flux at Earth at
energies between 1 keV and 100 GeV. Solid lines show neu-
trino fluxes, and dashed lines antineutrino fluxes. The reactor
flux assumes a thermal power of 140 MW and a detector at
81 m. Notice that the vertical axis encompasses 24 orders of
magnitude: neutrino fluxes are much greater at low energies
than at high energies.

3.1.1 Solar and reactor neutrinos

The sub-GeV neutrino flux at Earth is dominated by solar and
reactor neutrinos (c.f. Fig. 10). They also come “for free”,
i.e., they are generated by sources not specifically designed
for neutrino detection, but we can take advantage of them to
carry out powerful neutrino experiments. Furthermore, the
fluxes are quite well-understood [472–476], which allows
for precise measurements of neutrino properties.
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Fig. 9 Atmospheric νμ + ν̄μ disappearance probability difference
between the standard case and decoherence cases. Differences are
shown for n = 0 (left) and n = 2 (right). Here, the x-axis is energy, and
the y-axis is cosine of zenith angle which is related to the propagation

distance. Here, the coherent length is set ∼ 2R⊕ and the natural scale is
chosen to be 1 TeV, corresponding to γ 0 sensitivity of 1.3×10−23 GeV
(n = 0) and 1.3 × 10−29 GeV (n = 2). Figures are taken from [456]

Fig. 10 Neutrino fluxes at Earth, showing that low-energy neutrinos
are dominant. We do not show the flux from a galactic supernova, that
would peak at neutrino energies ∼ 10 MeV and outshine the solar neu-
trino flux by several orders of magnitude [469,470]. Figure adapted
from Ref. [471]

But, most importantly, solar and reactor neutrino exper-
iments are complementary. They probe similar physics,
despite having very different production mechanisms, travers-
ing different baselines with different matter densities, and
being detected with different techniques. This complemen-
tarity extends to standard 3-neutrino oscillations [68,79,477,
478], but also to new physics searches: many scenarios intro-
duce different distortions in reactor and solar neutrino oscil-
lations [57,106,108].

Figure 11 illustrates the complementarity between solar
and reactor neutrino experiments to determine new physics,
in this case as an overall rescaling of the neutrino matter
potential by a factor aMSW. As we see, solar neutrino data
allows for several quasidegenerate values of aMSW, out of
which reactor neutrino data picks out aMSW � 1.

Fig. 11 Complementarity between solar and reactor neutrinos in mea-
suring neutrino matter effects. We show �χ2 for solar (red) and Kam-
LAND reactor (blue) data as a function of an overall rescaling of the
neutrino matter potential by a factor aMSW (in the SM, aMSW = 1).
The red dashed line is obtained neglecting Earth matter effects. Figure
adapted from Ref. [479]

This research field has been extremely successful in the
last decades, and it is still ongoing. As an example, the
Borexino collaboration has recently detected neutrinos from
the CNO reaction chain in the Sun [480]. The future is
even brighter: the JUNO and JUNO-TAO experiment aims
to detect reactor neutrinos with unprecedented accuracy
[236,481]. Meantime, other multi-baseline reactor neutrino
experiments, such as PROSPECT [482], STEREO [483],
and DANSS [484] can help to disentangle different facets
of possibly complex BSM effects. And, in the solar sector,
next generation experiments, such as DUNE [477], Hyper-
Kamiokande [485], JUNO [236], Super-Kamiokande-Gd
[486], SNO+ [487], and THEIA [488], will collect more
events with higher precision. Together, they will inaugu-
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rate the precision era of solar and reactor neutrino detection.
From the theory and phenomenology side, it is essential that
we scrutinize the opportunities that this program will bring
about.

3.1.2 Exploring new avenues

Within the last decade, solar and reactor neutrinos detected
with dedicated kiloton experiments have been the paradigm
of sub-GeV neutrino physics. But this does not mean that they
are the only option. There exist very promising experiments
that could test any possible signal in a complementary way,
or provide hints for the larger-scale experiments to scrutinize
[215,279,489]. These are mostly experiments with a different
main purpose, which illustrates the trend in particle physics of
employing the same experiment to look for different physics.
3.1.2.1 Coherent Neutrino Nucleus Elastic Scattering

First theorized in 1974 [490], in 2017 the COHERENT
collaboration detected for the first time Coherent Neutrino
Nucleus Elastic Scattering (CEνNS) using neutrinos from a
neutron spallation source [491]. In this process, a neutrino
interacts coherently with an entire atomic nucleus, boosting
the cross-section by about 2 orders of magnitude. Although
this would allow to detect neutrinos with smaller detectors
(and, furthermore, the cross-section is quite well understood),
the process is very challenging to detect as the only sig-
nature is a nucleus with a ∼ keV recoil energy. However,
recent developments in detector technologies motivated by
dark matter searches have finally made detecting this process
feasible.

The first detection has triggered a very intense phe-
nomenological activity. A non-exhaustive list of BSM top-
ics covered includes bounds on NSI [143,143,148,151,152,
180,183,185,492–496] (see also Sect. 2.2), constraints on
neutrino electromagnetic properties [153,497–500], sterile
neutrino searches [59,501], or searches for new weakly-
interacting particles from a hidden sector [502–505]. On the
other hand, standard physics studies include new constraints
on the weak mixing angle [506–508] at very low momentum
transfer, as well as studies of the nuclear structure factors of
the target nuclei [158,507–516]. This illustrates that these
experiments can cross-check possible anomalies or explore
new avenues. Furthermore, there is a large variety of pro-
posed future CEνNS experiments, with both neutron spalla-
tion sources (COHERENT [517], Coherent CAPTAIN-Mills
[190,518], ESS-based experiment [159]) and reactor sources
(CONNIE [519], CONUS [520] NEON [521], NUCLEUS
[522] MINER [523] RED-100 [524], RICOCHET [525],
TEXONO [526]). Thus, we should understand the comple-
mentarity between different techniques and which approach
is best at solving each problem. For additional details on
the current and future prospects for CEνNS measurements,
please see the dedicated Snowmass White Paper [527].

3.1.2.2 Dark matter detectors
Direct detection dark matter experiments are approaching the
multi-ton scale. At this level, they should start being sensi-
tive to solar neutrinos (DARWIN [528,529], DarkSide-20k
[530,531]). It is therefore very appealing to explore the capa-
bilities of these experiments that, although not mainly built
to explore neutrino physics, will provide useful data. Fur-
thermore, they will be uniquely sensitive to low-energy pp
neutrinos.

Figure 12 illustrates the complementarity between reactor
neutrino experiments and solar neutrino data from DUNE
and the DARWIN dark matter experiment (labelled as DWN).
The figure shows the combined sensitivity on θ12 and the mix-
ing angle θ14 parametrizing the mixing with putative sterile
neutrinos.

Exploring sterile neutrinos in νe detection has become
more pressing now that the Gallium anomaly has reached
the > 5σ level [532,533]. Solar neutrino data exclude an
sterile neutrino interpretation of the anomaly with ∼ 3σ ,
and provide the only constraint in a large sterile neutrino
mass range. It is therefore very appealing that a combination
of different experimental approaches (a priori with different
systematic uncertainties) will significantly increase the cur-
rent sensitivity; and it could be interesting to explore if the
complementarity also extends to alternative models that may
explain the Gallium anomaly.
3.1.2.3 Beta-decay spectral measurements
Motivated by sensitivity to the absolute neutrino-mass scale,
experiments like KATRIN [534], Project 8 [535], ECHo
[536] and HOLMES [537] aim to measure β and electron-
capture spectra with unprecedented accuracy near the spec-
tral endpoint. Due to their unprecedented precision, they
offer complementary probes of many scenarios discussed in
Sect. 2.

These are potentially observable by their impact on the
electron energy spectrum. Some examples include sterile
neutrinos with eV (currently testable [538–542]) and keV
masses (testable in the future extensions such as TRISTAN
[543]) or new bosons [544], that would introduce kinks
at their corresponding endpoint energies; or Lorentz viola-
tion [545,546], that would change the final-state kinematics.
Beta-decay decay experiments can also test over-densities in
the local CνB (motivated by models that evade the cosmo-
logical mass bound and hence could lead to a large enough
neutrino mass to be detectable at KATRIN [321,547]), as in
such case the neutrino capture reaction results in a mono-
energetic electron signal beyond the endpoint.

3.1.3 Supernova neutrinos

The detection more than 30 years ago of neutrinos from
SN1987A [336,548,549] was a breakthrough in neutrino
physics [233,550–555] and astrophysics [556–558]. 25 ν̄e
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Fig. 12 Complementarity between different probes of low-energy neu-
trinos in exploring sterile neutrinos. Both panels show the sensitivity
on the standard mixing angle θ12 and the sterile mixing θ14. As we see,

different experiments probe different directions in parameter space. The
best results are thus obtained combining them. Figure from Ref. [56]

events detected Kamiokande, IMB, and Baksan were enough
to deserve a Nobel prize, open a new research field and trigger
phenomenology activity that continues today. As the galac-
tic core collapse supernova rate is estimated to be around 3
per century [559,560], we must make sure that we do not
miss the next event and that we take the most out of the data
[469,470,561–567].

The findings of numerous studies indicate that BSM
physics may considerably alter the evolution of core-collapse
supernovae. In turn, these supernovae should serve as com-
pelling testing facilities to discover or constrain BSM
physics. This includes but is not limited to sterile neutrinos
[553,568–581], non-standard mediators coupling to neutri-
nos [233,263,264,582], or also charged fermions [232,583]
and quarks [180,584–586], where any flavor-changing sce-
narios play a role as well. But core-collapse supernovae are
complex phenomena that incorporate symmetries and inter-
plays between particle, nuclear physics as well as hydrody-
namics [587]. Due to this, to make sure we get reliable limits,
modeling of the source evolution has to be performed meticu-
lously, taking into account the arising feedback from invoked
BSM physics, as that might drastically modify the obtained
limits, e.g., [581].

Luckily, for the next Milky Way core collapse supernova
we will have much better detectors [588] that will also com-
plement advances in astrophysics. Furthermore, we should be
able to detect all neutrino flavors: Super-Kamiokande [589]
(or its successor, Hyper-Kamiokande [485,590]) will lead
the statistics by detecting ν̄e, DUNE will detect νe [235],
and JUNO [236] together with large-scale direct dark matter
and CEνNS detectors will observe other flavors. By look-
ing at the excess over large background rates, IceCube and
KM3NeT should also be able to detect supernova neutri-
nos [591,592]. It is thus interesting to explore the comple-

mentarities that detecting different flavors will bring about,
and whether uncertainties related to collective neutrino fla-
vor effects can be overcome (see, e.g., Refs. [326,593–595]).
In addition, this multi-channel observation will serve well in
probing and constraining non-standard physics in the neu-
trino sector, described in the previous paragraph.

Finally, even if we are unlucky and a galactic supernova
does not take place within the near future, supernovae have
been exploding throughout the entire history of the Uni-
verse, generating a Diffuse Supernova Neutrino Background
(DSNB) [596–598]. Its detection is also valuable by itself
regardless of the occurrence of the next galactic supernova,
as it is essential to observe neutrinos from multiple super-
nova events, which is by definition the DSNB, to understand
the whole core-collapse supernova population [599–603].
It also opens up a window to probe non-standard interac-
tions occurring between DSNB and cosmic neutrino back-
ground [604] or dark matter [265]. Although backgrounds
affecting the detection of this flux are large, the enrich-
ment of Super-Kamiokande with gadolinium should dramat-
ically reduce them and make detection of ν̄e from the DSNB
an actual possibility [486,605–611]. In the future, Hyper-
Kamiokande [485], DUNE [235] and JUNO [236] could
detect both ν̄e and νe; and together with dark matter detec-
tors put an upper bound on contributions from other flavors
[612,613]. Both the generic DSNB detection as well as its
flavor content would bring about interesting physics studies
[337,338,612,614].

3.2 Medium energies: neutrinos with energies between the
GeV and TeV scales

Main authors: D. V. Forero and M. Ross-Lonergan
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As we increase in neutrino energy, we enter the realm
of man-made neutrino sources from accelerators, and atmo-
spheric neutrino measurements. In this section we focus on
the energy range between the GeV and TeV scales, where
oscillation effects are observable, leaving for Sect. 3.3 the
discussion of ultra-high-energy neutrinos and neutrino tele-
scopes.

3.2.1 Past and contemporary neutrino beam experiments

At neutrino beams, high-energy proton beams are collided
with a stationary target to produce charged mesons (predom-
inantly pions and kaons). These are then focused inside a
magnetic horn where their subsequent decays produce a rel-
atively collimated and intense beam of neutrinos. By choos-
ing the polarity of the magnetic focusing horns either posi-
tive (π+, K+) or negative (π−, K−) mesons can be selec-
tively chosen, leading to a predominately neutrino (νμ) or
anti-neutrino (νμ) beam respectively. The fact that the initial
proton beam, the magnetic horn and target are all carefully
designed and controlled means that the resulting spectrum of
neutrino species and kinematics can be well understood in
comparison to many natural sources of neutrinos. This is fur-
ther bolstered by the use of a near-detector, located close to
the neutrino beam source, that measures the expected spec-
trum of neutrino well before any oscillations are expected to
take place under the assumption of three neutrinos. Precise
measurement of the neutrino interactions at the near detec-
tor allows the spectrum at the far detector be estimated to a
much higher precision, leading to higher sensitivity to oscil-
latory effects that take place in the interim. This section sum-
marizes past and contemporary neutrino beam experiments
which could be sensitive to BSM effects on neutrino flavor,
while a review of future proposals is provided in Sect. 3.2.2.
3.2.1.1 MINOS/MINOS+
MINOS [615] was an on-axis, long-baseline experiment with
a near detector located at Fermilab, and a far detector at the
Soudan Underground Laboratory in northern Minnesota. It
ran originally from 2005 to 2012, and for a further 3 years as
MINOS+. The neutrino energy of the NuMI beam is config-
urable, with the majority of the original MINOS data being
taken in “low-energy” mode with a peak neutrino energy of
≈ 3 GeV, and MINOS+ taking data in the “medium-energy”
configuration whose peak neutrino energy is ≈ 6 GeV. Both
the far and near detectors were functionally identical magne-
tized steel plastic scintilator detectors [616]. The near detec-
tor had a mass of 980 ton, located 1km from the target, with
the 5.4 kt far detector located 735km from the target. The
primary goal of MINOS/MINOS+ was the measurement of
the atmospheric oscillation parameters though both νμ dis-
appearance and νe neutrino appearance channels [617,618].

Alongside the standard three-neutrino paradigm,
MINOS/MINOS+ had a significant program of BSM searches

that highlighted the power of long baseline experiments in
probing exotic models. These results include searches for
Lorentz invariance and CPT violation using both the far
detector [405] and near detector [402], neutrino decoherence
[617], non-standard neutrino interactions [619,620], light
sterile neutrinos searches [66] and large-extra dimensions
[82]. Alongside their own light sterile neutrino searches,
MINOS+ also published a combined study with the Daya-
Bay collaboration and Bugey-3 experiment [621].
3.2.1.2 NOvA
The NuMI Off-Axis νe Appearance (NOvA) Experiment is a
long-baseline neutrino experiment looking for oscillations in
neutrinos originating in the “Neutrinos at the Main Injector”
(NuMI) beam [622] at Fermilab in Illinois. The experiment
consists of two detectors, one 300 ton near detector located at
Fermilab and a second 14 kt far detector located 810 km away
on the surface in Ash River, Minnesota. The location of the
far detector is 0.8◦ off the primary NuMI neutrino beam axis,
leading to a predicted neutrino spectrum peaked strongly at
2 GeV energies. There are several planned searches for BSM
physics at NOνA, with a mature analysis on NSI focusing
on the εμτ element by looking for deviations in the CC νμ

spectrum, when compared to three ν oscillations. The com-
bination of this with a CC νe disappearance study can be
sensitive to εμ and ετ individually. NOνA has also published
searches for 3+1 sterile neutrino oscillations in neutral cur-
rent interactions both for neutrino [623] and anti-neutrino
[624] running mode, where no evidence for oscillations was
observed in either channel.
3.2.1.3 T2K
The Tokai-to-Kamioka (T2K) experiment is a 275km long-
baseline experiment, using neutrinos from the J-PARC in
Tokai, operating since 2009. The primary near detector is
located 280m downstream, ND280, and samples the neutrino
flux before oscillations. Alongside ND280 there are addi-
tional detectors such as INGRID, WAGASCI+BabyMIND
used to constrain the flux and better understand interaction
cross-sections. The Far detector consists of the 50kt water
Cerenkov Super-Kamiokande detector, located 2.5◦ off the
neutrino beam axis. This results in the neutrino beam form-
ing a narrow peak at 650MeV, at the expected maximum
oscillation point assuming three neutrinos.

In the past T2K has probed Lorentz and CPT violation
[400] by searching for sidereal modulations in the observed
neutrino interaction rate, with plans to improve with larger
data sets in the future. T2K has also published bounds on light
sterile neutrinos [625] using a combination of five charged
current and three neutral current samples, observing no evi-
dence for new oscillation frequencies. Future searches will
be further improved by a series of planned improvements
to both the beam and near detector complex. By studying
the charged pion yields in a T2K-replica target measured by
the NA61/SHINE experiment [626] the beam flux prediction
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Fig. 13 Comparison of energy and baselines of various accelerator
driven long-baseline experiments. The various lines for T2HKK repre-
sent different possible baselines, all focusing on the second oscillation
maxima. Figure from [234]

can be constrained and has can reduce the flux uncertainty
from about 10% to around 5% near the flux peak. This is
expected to be further improved as more data is obtained by
NA61/SHINE experiment on the replica target. In addition, a
magnet power supply upgrade as well as RF upgrades mean
the neutrino beam itself is expected to increase in power from
500 kW to 1MW by Japanese Fiscal Year 2025.

3.2.2 Future and potential neutrino beam experiments

The overall energy and baseline ranges for both contempo-
rary and future planned long-baseline experiments is high-
lighted in Fig. 13. All contemporary experiments are situated
at or near the first oscillation maxima assuming the standard
three neutrino paradigm. DUNE and T2HK also are sitting
directly on the first oscillation maxima, but T2HKK (detector
situated in Korea) and ESSνSB target the second oscillation
maxima. By sitting at the second oscillation maximum in
terms of L/Eν , the CP violating term in νμ to νe oscillations
is approximately three times larger than at the first oscillation
maxima.
3.2.2.1 T2HK/T2HKK
The T2HK [627] (Tokai to Hyper-K) experiment contin-
ues the usage of the of the T2K beam of neutrinos from
the J-PARC in Tokai, upgraded to 2.6 times the power
(1.3 MW), but with the far detector being the next generation
underground water Cherenkov detector Hyper-Kamiokande
located near Kamioka town. Hyper-Kamiokande build on
the extensive experience and knowledge of water Cherekov
reconstruction developed during the successful running of
the Super-Kamiokande experiment. For more details on the
Hyper-Kamiokande detector, see the following section on
atmospheric neutrinos. The T2HKK (”Tokai to Hyper-K
detector in Korea”) [234] is a proposed expansion featur-
ing both a detector in the Kamioka mine and a second

Hyper-Kamiokande detector located in Korea. When con-
sidering the Korean candidate site, the longer baseline and
thus larger matter effect significantly enhances sensitivities
to non-standard interactions [135,628].
3.2.2.2 DUNE
The Deep Underground Neutrino Experiment (DUNE) is a
next-generation, long-baseline neutrino oscillation experi-
ment, designed to be sensitive to νμ to νe oscillation. The
experiment consists of a 1.2 MW, broadband neutrino beam
around 1−5 GeV, with a near detector complex located at Fer-
milab, and a > 20 kt liquid argon time-projection chamber
far detector located at the 4850 ft level of Sanford Under-
ground Research Facility in Lead, South Dakota. The com-
bination of high powered beam and comprehensive suite of
both near and far detectors provides a huge opportunity for
a rich and diverse set of BSM physics searches, which is
explored extensively in [80,235].

Due to the particularly long 1300 km baseline DUNE is
sensitive to non-standard interactions that affect neutrinos
propagation thought the earth and can substantially improve
bounds on NC matter NSI parameters [115,117,122]. New
CC NSI interactions which can produce BSM effects at the
source and detector have been shown to not be discoverable
at DUNE [122,629]. DUNE will also be able to place world
leading bounds on Lorentz and CPT violation [389,630] in
the neutrino sector, improving bounds by several orders of
magnitude. Searches for non-unitary at DUNE [12,36] have
been shown to produce bounds comparable with other con-
straints from present oscillation experiments. Further stud-
ies on sensitivities to new physics at DUNE include neutrino
decay, see Table 3.
3.2.2.3 ESSνSB
The ESS neutrino Super Beam (ESSνSB) is a proposed neu-
trino beam utilizing the 5 MW proton linear accelerator of
the European Spallation Source (ESS) in Lund, Sweden, that
is currently under construction. Although the final site for the
associated far detector is not set, current proposed sites are
the Garpenberg mine (baseline of 540 km) or the Zinkgruvan
mine (baseline of 360km) both located in Sweden. In com-
bination with relatively low energy expected flux peak of
≈ 0.25 GeV [631], this allows for the probing of the second
oscillation maxima of νμ → νe oscillations.

Studies of the potential of the ESSνSB have been per-
formed to bound non-unitarity [632], with the best sensitivi-
ties to the non-unitary parameters studied (α21) are achieved
for the shortest 200 km baseline that was studied, with 360km
performing somewhat better that 540km although remain-
ing comparable to current bounds. Studies have shown that
ESSνSB would also be sensitive to CPT violation [633] and
to neutrino decay (see Table 3). Due to the shorter baselines,
the ESSνSB is less sensitive to matter effects and therefore
to NSI parameters.
3.2.2.4 Precision beams: nuSTORM and Iso-DAR
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While conventional superbeams (neutrino beams from meson
decay-at-rest) from accelerators provide well understood
fluxes in comparison to many natural sources, there remains
still an overall O(5 → 10%) uncertainty, growing larger at
lower energies. Alternative approaches, for example neutrino
factory (neutrino beams from muon decays in a storage ring)
and beta beam (neutrino beams from boosted radioactive
decays) have known spectrum and flavor structures. These
beams can contribute BSM physics search from neutrino fla-
vor beyond what superbeams can.

NuSTORM [634] The Neutrinos from Stored Muons (nuS-
TORM) facility forms the neutrino beam from the decay of
stored muons and pions in a low-energy muon decay ring.
By placing appropriate instrumentation in the decay ring,
the total integrated neutrino flux can be estimated with a
precision of ≈ 1%. The initial pion injection will lead to an
intense flux of neutrinos from primarily pion decay, with sub-
sequent rotations of the stored muons providing a neutrino
beam that can be calculated precisely using the known three-
body Michel decay parameters alongside the instrumentation
of the muon decay ring.

IsoDAR [635] An accelerator-driven single-isotope antineu-
trino source (IsoDAR) uses a high-power cyclotron to deliver
protons on a beryllium target, and ejected neutrons are cap-
tured by a surrounding 7Li sleeve. Then subsequent decays
(8Li →8 Be + e− + ν̄e) produce a pure ν̄e beam with known
spectrum. Currently, there is a ongoing effort to build such
facility at the Yemilab underground facility, South Korea.
Here, 60 MeV cyclotron is proposed to operate from 2027,
with 2.3 kt of liquid scintillator counter.

MOMENT [636] The MuOn-decay MEdium-baseline
NeuTrino beam facility is proposed to generate a very intense
beam of neutrinos and antineutrinos (from a proton beam
expected to reach 15 MW power at 1.5 GeV energy) via decay
of positive and negative muons to match the second oscil-
lation maximum with the neutrino beam energy peaked at
around 200–300 MeV and a baseline of 150 km, although dif-
ferent baselines can be considered [637]. BSM physics poten-
tial studies for non-standard neutrino interactions [638] and
invisible neutrino decays [358] has been performed assum-
ing a large gadolinium-doped water Cherenkov detector of
500 kt.
3.2.2.5 Near detectors
New generation neutrino oscillation facilities feature beams
of unprecedented luminosity which, when observed by their
near detectors (ND), will provide a very powerful tool to
explore extremely small new physics effects as long as they
do not require long baselines to develop. These searches can
be divided in three main categories:

• Searches for the decay products of long-lived new parti-
cles produced in the beam. This is the case of new light
and weakly interacting gauge bosons, dark fermions, or

even heavy neutrinos in the MeV-GeV range as out-
lined in Sect. 2.1. These scenarios are discussed in more
detail in the dedicated Snowmass White Papers in Refs.
[3,639].

• Precision measurements of neutrino scattering processes.
Due to the large cross section uncertainties involved in
neutrino-nucleus scattering, better prospects are expected
for ν − e elastic scattering. As discussed in Sect.2.2.4,
these measurements can be used to constrain models with
light mediators, as long as they are coupled to electrons.
For example, in flavored U (1)′ models such as Le − Lμ,
a new mediator opens up a new t-channel diagram for
ν − e scattering through the Z ′, which leads to inter-
ference with the existing SM processes. This has been
studied for the DUNE ND, both in the context of a total
rate analysis [220,640] and for a binned energy spec-
trum [221] which shows that in a bin-by-bin analysis the
effect of destructive interference is reduced compared to
the total rate approach. The DUNE ND could provide
competitive bounds for mass ranges (≈ 0.02 − 0.2 GeV)
of the Lμ − Le Z ′.

• Additionally, new physics effects that may lead to neu-
trino flavour change at very short or even zero baselines
are best probed at near detectors. These include the zero
distance effects discussed for non-unitarity and LED, but
also light sterile neutrinos with large enough �m2 so as to
be in the averaged-out regime as discussed in Sect. 2.1 as
well as CC NSI affecting neutrino production and detec-
tion processes, described in Sect. 2.2. Indeed, the most
stringent constraints in the right column of Table 1 stem
from the non-observation of this zero-distance effect and
in the case of αμμ the MINOS/MINOS+ ND plays a cru-
cial role, as discussed in [16]. Future prospects for the
DUNE ND to some of these BSM scenarios have been
studied e.g. in Refs. [641–643].

Given the very high statistics that can be collected with
intense beams at near detectors, the bottleneck for the sensi-
tivity to these searches is always the level of understanding of
the signal sample. That is, systematic uncertainties are criti-
cal and must be evaluated and modelled thoroughly in order
to derive reliable constraints.

3.2.3 Neutrinos from colliders: FASERνnd SND@LHC

Two experiments at CERN aim to measure for the first time
the intense flux of neutrinos created in pp collisons at the
LHC. Constructed using 1000 emulsion layers interleaved
with 1-mm tungsten plates, FASERν [644,645] sits 480 m
from the ATLAS interaction point and was installed dur-
ing the LHC Long Shutdown 2. FASErν aims to measure
primarily νμ interactions but with sensitivity to νe and ντ

interactions also. The energy of the expected νμ neutrinos
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peaks ≈ 0.5 TeV, with ντ and νe components being slightly
higher O(TeV) energies. Its primary goal is the detection of
these collider neutrinos across all three flavors and measure
their cross sections atO(TeV) energies, higher than any man-
made neutrino beam thus far. Beyond this, it has been shown
that FASERν will provide strong bounds on neutrino non-
standard interactions [100] as described in Sect. 2.2.1. Com-
plementary to FASERν, the Scattering and Neutrino Detec-
tor at the LHC (SND@LHC) [646] will search for collider
neutrinos off-axis angles relative to the beamline larger than
those covered by FASERν, with the the corresponding neu-
trinos mostly originating from charm decays with energies
between 350 GeV and a few TeV, with sensitivity to all neu-
trino flavours. The detector will be a small-scale prototype of
the scattering and neutrino detector of the SHiP experiment
[647].

3.2.4 Atmospheric neutrinos

Neutrinos produced by the interaction of incoming cos-
mic rays with the upper atmosphere of the Earth provide
us with an abundant source of neutrinos. These neutrinos,
referred to as atmospheric neutrinos, are the byproduct of
the decay of mesons that are produced by energetic pro-
tons colliding with the elements that composes the Earth
atmosphere. Not only does Nature provide us with a natu-
ral neutrino source, but its flux spans several orders of mag-
nitude in energy, ranging from few hundred MeV to hun-
dreds of TeV. These atmospheric neutrinos were the first
natural neutrinos to ever be observed, at experiments in the
East Rand Proprietary Mines in South Africa [648] and the
Kolar Gold Fields mine in India [649]. Atmospheric neutri-
nos has since been observed in many experiments including
MACRO [650], Soudan2 [651], Super-Kamiokande [652]
and IceCube-DeepCore [653]. Historically, the first obser-
vation of the neutrino flavor conversion, consistent with the
neutrino oscillation phenomenon, was performed in Super-
Kamiokande. This observation was made possible thanks to
both a wide atmospheric neutrino flux and that neutrinos can
travel different distances from the production point to the
detector, which ranges from few tens of kilometers to the
Earth diameter.

In the following we describe the main experimental fea-
tures of current atmospheric neutrino experiments and the
BSM studies that have been performed so far to search for
any modifications to the expected neutrino flavor profile. This
will help to introduce the future experiments and their exper-
imental prospects.
3.2.4.1 The Super-Kamiokande (SK) experiment
SK has been observing both solar and atmospheric neutrinos
for more than two decades providing valuable information
that has converged in our current understanding of the three-
flavor neutrino oscillation mechanism.

The SK detector, located underground inside a zinc mine
in Kamioka-Japan, is a cylindrical 50 kt water Cerenkov neu-
trino detector with nominal fiducial volume of 22.5 kt. SK
is able to observe atmospheric neutrino events spanning four
orders of magnitude. Fully-contained events have energies
ranging from a few hundred MeV to ∼ 10 GeV. Partially
contained events (with vertices inside the fiducial volume,
but leptons that leave the inner detector) have energies rang-
ing from a few GeV to tens of GeV. Finally, up-going muon
events (those which start in the surrounding rock and pass
through both the outer and inner detector volumes) have ener-
gies between a few GeVs and TeVs. The data collected since
SK started operating in 1996 (divided into four different run-
ning periods) have been used to search for a wide set of BSM
effects. In particular, tests of non-standard neutrino interac-
tions (NSI) [654], tests of Lorentz invariance [655] and light
sterile neutrino searches [656] have been performed.

In 2018, the Super-Kamiokande experiment entered in a
new phase, after the water purification system was upgraded
to allow operation while doped with gadolinium sulfate (SK-
Gd). This improves the differentiation between neutrinos and
antineutrinos, thanks to neutron capture by gadolinium (neu-
tron tagging), and is expected to impact the physics reach of
SK program. Operation with 0.01% loading started in 2020.
In addition, the atmospheric neutrino analysis is expected to
be improved by better modeling of neutrino interactions from
measurements at the T2K near detector [657] and MINERvA
[658].
3.2.4.2 The Hyper-Kamiokande (HK) experiment
Hyper-Kamiokande is the successor to the SK experiment
with a 8.4 times larger effective volume. Hyper-Kamiokande
is expecting to start operation in 2027. The detector tank will
have a total volume of 258 kt. As SK it is separated into an
inner and an outer veto detector. The inner region containing
217 kt of water and will have an array of 40,000 high QE Box
& Line (B&L) PMTs with 50 cm diameter. The new PMT
type improves the photon detection efficiency with a better
timing resolution, and charge resolution of SK PMTs [659].

With a larger detector mass than SK and running for 20
years (high statistics) plus the mentioned detection improve-
ments plus better modeling of neutrino interactions (reduc-
tion of systematical uncertainties), precise measurements
with atmospheric neutrinos are expected in HK. This can be
used to test for BSM scenarios that affect neutrino flavor, sim-
ilar to what has been done at SK, such as Lorentz invariance
violation [655], non-standard neutrino interactions [654], and
light sterile neutrino oscillations [656].
3.2.4.3 IceCube DeepCore
The IceCube neutrino detector is a 1 km3 of ice instrumented
with 86 strings with 60 digital optical modules (DOMs) each,
located at the South Pole, Antarctica. The basic mechanism
is similar to that of Water Cerenkov detectors: the DOMs
contain the PMTs that detect the Cerenkov radiation emitted
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by charged particles (produced in neutrino interactions) trav-
eling faster than the speed of light in the ice. The strings are
arranged in a hexagonal grid, buried below the ice surface
at depths ranging from 1450 to 2450 m, and with a typi-
cal separation between strings of 125 m (or, 50 m between
DOMs).

At the center of the IceCube detector, DeepCore is com-
prised of eight additional strings with more efficient PMTs
(increasing light collection), and with a typical separation
of 17 m between strings (7 m between DOMs). With an
increased DOM density, DeepCore is sensitive to lower neu-
trino energies than Icecube. Moreover, its geometry was
optimized to maximize the detection efficiency for neutrino
events in the range of 10–100 GeV. In this energy range,
the high cosmic-ray background is mitigated by using Ice-
Cube surrounding strings as an active muon veto [653]. At
DeepCore, muon tracks are reconstructed with an angular
resolution of 12◦ at 10 GeV. The muon energy can be recon-
structed from the muon track length and adding the energy of
the hadronic shower (estimated from the total amount of light
collected by the detector) provides a proxy for the neutrino
energy [660]. The median energy resolution is about 30% at
8 GeV [661].

Using three years of atmospheric neutrino data from the
DeepCore detector [662] a search for a light sterile neu-
trino was performed in Ref. [661], resulting in limits on the
sterile-active mixing matrix elements |Uμ4|2 < 0.11 and
|Uτ4|2 < 0.15 (at 90% CL), for a value of the neutrino mass
splitting �m2

41 = 1 eV2. Using the same data sample, a limit
on the NC NSI parameter εμτ was found to be in the range
−0.0067 < εμτ < 0.081 (at 90% C.L.) [660], perform-
ing a similar analysis as Super-Kamiokande [654]. Recently,
a more general analysis considering all NSI couplings with
quarks (including the effect of the NSI phases) was performed
in Ref. [110], using 3 years of Icecube DeepCore data.
3.2.4.4 IceCube Upgrade
An additional array of 7 strings, with an separation between
DOMs of 3 m, will be added to DeepCore within the follow-
ing year. This upgrade will impact important experimental
features as the energy and directional resolution, lowering
the detector energy threshold while increasing the efficiency
below 10 GeV. The detector and ice calibration will also be
improved by the deployment of new calibration devises. A
significant reduction of systematic uncertainties is expected
which, together with the high IceCube statistics, will improve
precision on the determination of standard oscillation param-
eters and at the same time extend the BSM physics sensitivity.

3.3 High energies: neutrinos above the TeV scale

Main authors: C. Argüelles and T. Katori
The quest to observe neutrinos from high-energy astro-

physical sources, where hadronic activity has been inferred

to be present, has led to the development of a category of
detectors known as neutrino telescopes. In order to achieve
the large effective masses needed to observe these very small
fluxes, these detectors use naturally occurring materials –
e.g. lakes, oceans, glaciers, mountains, etc – as targets for
the neutrino interactions.

Current and proposed neutrino telescopes are listed in
Table 5, where they have been organized by the detector
technology and their acceptance to different neutrino fla-
vors. These experiments can be roughly grouped into two
categories: those that aim to observe and characterize high-
energy neutrinos (1 TeV < Eν < 10 PeV) and those that aim
to discover extremely-high-energy neutrinos (Eν > 10 PeV).
The high-energy neutrino telescopes (HENT) can measure
the high-energy part of the atmospheric neutrino flux and
astrophysical neutrino sources. HENT will be able to per-
form new physics searches using both of these sources, which
we discuss in Sects. 3.3.1 and 3.3.2 respectively. Extremely
high-energy neutrino telescopes (EHENT) aim to observe
for the first time neutrinos produced in interactions of cosmic
rays with the cosmic microwave background. These so-called
cosmogenic neutrinos have not yet been observed; however,
as we will discuss in Sect. 3.3.3 observation of anomalous
events on detectors hunting for cosmogenic neutrinos has
produced significant discussion.

Neutrino flavor conversions are quantum effects happen-
ing on a macroscopic scale. Neutrino flavor conversion prob-
abilities are the solution of the effective neutrino Hamilto-
nian, which is given by

Hef f (να → νβ) ∼ m2/2E + V

+new physics(E0, E1, E2, . . .) . (16)

Here, the first term is the neutrino mass term which is pro-
portional to E−1, V is the matter potential, and the last term
represents new physics one can explore from the flavor con-
version. Since new physics terms are in general zero or pos-
itive power of energy at larger energies, the mass term is
suppressed, potentially making new physics terms become
the dominant term. On top of this, longer baseline oscil-
lation can explore smaller couplings. The quantum effect,
long-baseline, and high-energy combination make HENT
and EHENT extremely sensitive to many new physics mod-
els.

The neutrino telescopes shown in Table 5 can also be orga-
nized by their capacity to identify different neutrino flavors.
In this respect, neutrino telescopes can be roughly organized
as all-flavor detectors or tau-neutrino-specific detectors. The
latter are in a special category since tau-neutrinos interactions
generate secondary neutrinos that carry a significant fraction
of the primary energy [663–677] The capacity to identify fla-
vor in these experiments will be crucial for the target models
of this white paper. At present multi-flavor neutrino detec-
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tors can differentiate well between muon-neutrino charged-
current interactions and all other neutrino interactions but
have limited capacity to separate between tau neutrinos and
electron neutrinos. The latter point motivates tau-neutrino-
specific experiments that aim to single out that component.

Figure 14 shows the energy ranges and the relevant neu-
trino fluxes. The three fluxes discussed in this section are
shown there: atmospheric (orange), high-energy astrophysi-
cal (blue), and ultra-high-energy (red). Since neutrino flavor
changing depends on the distance traversed by the neutrino
the distance from the neutrino source to us is shown in the
vertical axis. These spans distances from the Earth radius to
several gigaparsecs in length. The region probed by exper-
iments today is signaled by a pink background, while the
region that is expected to be probed by next-generation detec-
tors is shaded light blue.

Due to the fact that neutrino telescopes need to instrument
large volumes, they are sparsely instrumented. This implies
that the information we can obtain on each individual event
is limited compared to what is available in hodoscopic detec-
tors such as DUNE. Four observables can be extracted out
of the neutrino events observed by these detectors. These
are: direction, morphology, energy, and time of arrival of the
event. Of these four observables, the one more accurately
measured is the time of arrival.

The capacity to reconstruct the direction and energy of
the events is correlated with the event morphology [698].
Morphological information is correlated with the neutrino
flavor and interaction type. Current neutrino telescopes
morphological categories are [699]: tracks, cascades, and
double cascades. Tracks are produced by charged-current
muon-neutrino interaction, though they can also be pro-
duced by charged-current tau-neutrino interactions when the
tau decays leptonically to a muon. The cascades are pro-
duced in all neutral-current neutrino interactions, as well as
charged-current electron neutrino interactions and most of
the tau-neutrino interactions. Double cascades are a smoking
gun signature of tau neutrino interactions and have recently
been observed by IceCube [700]. Additionally, the resonant
production of W -bosons in antineutrino-electron scattering
[701–703] can be identified by selecting events that con-
tain no outgoing track and where the shower has energy
close to the expected resonant energy with hadronic activ-
ity. Recently, IceCube has detected the first of these events
[704], which are interesting as they provide a unique han-
dle on the ratio of neutrinos to antineutrinos. In general, the
ratio of neutrinos to antineutrinos cannot be disentangled on
an event-by-event basis, but only statistically at sub-10 PeV
energies due to the difference in the cross-section.

Figure 15 shows how these four observables get modified
in the presence of new physics. New physics flavor scenar-
ios can be present in the production of the neutrino, e.g.
dark matter decaying into neutrinos [696,705–729], and in

the detection of the neutrinos, e.g. secret neutrino interac-
tions that modify the neutrino-nucleon cross section [730–
740]. The propagation of the neutrinos can be affected by
new physics which involves the flavor changing, and this can
explore many topics including new neutrino properties (neu-
trino decay [328,332,335,342,344,741–750], sterile neutri-
nos [364,751–756], mass-varying neutrinos [757]), new neu-
trino interactions (neutrino – dark-matter-background scat-
tering [271,309,758–765], neutrino – dark-energy scatter-
ing [766,767], neutrino self-interaction [248,251,253,266–
270,273,274,759,768–772], non-standard interactions [773,
774]), long-range force [277], Lorentz violation [410,412,
424–426,428–434], quantum decoherence [440,456,459–
461], extra-dimension [775], etc.

3.3.1 High-energy atmospheric neutrinos

Atmospheric neutrinos are produced in collisions of primary
cosmic rays and the Earth’s atmosphere. These neutrinos
have varying propagation distances from their production
point, on average above 20 km above the Earth’s surface,
to their detection. The incident angle of detection of these
neutrinos is then a proxy for the propagation distance, where
the maximum propagation distance is an up-going neutrino
travelling the Earth’s diameter. The atmospheric neutrino flux
has a steeply falling power-law energy distribution, which at
low energies follows the cosmic-ray spectrum and at higher
energies becomes on spectral index softer due to the interac-
tions of mesons with the atmosphere. These neutrinos, pre-
dominantly produced by kaon decay, have been observed to
have energies as large as hundreds TeVs; making them the
highest energy neutrinos from terrestrial origin. Thus atmo-
spheric neutrinos are the only system to study neutrino flavor
transitions at baselines up to ∼ 12, 800 km and energies up to
∼ 100 TeV. A regime far beyond what accelerator-based neu-
trino experiments can achieve. Since neutrino oscillations act
as natural interferometers, therefore, atmospheric neutrino
interferometry is unique to test various exotic flavor mixing
due to new physics.

The energy region of 1 TeV or lower can be measur-
able by neutrino detectors with tanks. Super-Kamiokande
reported 318 up-going showering muon events from 1645
days of data [776]. These high-energy muons lose energy
stochastically most likely originated from muon neutrino
over 1 TeV. Thus, we expect similar or a few times larger
sample sizes of such events in neutrino tank detectors such as
JUNO [236], DUNE [678], THEIA [488], Super- and Hyper-
Kamiokande [485,652]. The advantages of these detectors
are their resolution compared with neutrino telescopes with-
out detector tanks [777]. In this energy region, however,
low-energy arrays of neutrino telescopes, such as ANTARES
[679], DeepCore [653], IceCube-Upgrade [435], and ORCA
[681] have overwhelmingly larger sample sizes. For exam-
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Table 5 Neutrino detectors and neutrino telescopes sorted from smaller
to larger energies. These are grouped into three categories separated
by the double lines: large neutrino detectors (top), high-energy neu-
trino telescopes (HENT, middle), and extremely high-energy neutrino

telescopes (EHENT, bottom). The detector technology and the neutrino
interaction that they are sensitive to are shown in the right most columns
with references. The label ‘All Flavors’ implies that they can also detect
both charge- and neutral-current interactions. Table adapted from [696]

Energy range Experiment Technology Detected flavor References

� 103 GeV JUNO Liquid scintillator All flavors [236]

� 103 GeV DUNE LArTPC All Flavors [678]

� 103 GeV THEIA WbLS All flavors [488]

� 103 GeV Super-Kamiokande Gd-loaded water C All flavors [652]

� 104 GeV Hyper-Kamiokande Water Cherenkov All flavors [485]

� 105 GeV ANTARES Sea-Water Cherenkov νμ, ν̄μ (CC) [679]

� 106 GeV IceCube/IceCube-Gen2 Ice Cherenkov All flavors [435,680]

� 106 GeV KM3NeT Sea-water Cherenkov All flavors [681]

� 106 GeV Baikal-GVD Lake-Water Cherenkov All flavors [682]

� 106 GeV P-ONE Sea-Water Cherenkov All flavors [683]

1 − 100 PeV TAMBO Earth-skimming WC ντ , ν̄τ (CC) [684]

� 1 PeV Trinity Earth-skimming Image ντ , ν̄τ (CC) [685]

� 10 PeV RET-N Radar echo All flavors [686]

� 10 PeV IceCube-Gen2 In-ice Radio All flavors [435]

� 10 PeV ARIANNA-200 On-ice Radio All Flavors [687]

� 20 PeV POEMMA Space Air-shower image ντ , ν̄τ (CC) [688]

� 100 PeV RNO-G In-ice radio All flavors [689]

� 100 PeV ANITA/PUEO Balloon radio All Flavors [690,691]

� 100 PeV Auger/GCOS Earth-skimming WC ντ , ν̄τ (CC) [692,693]

� 100 PeV Beacon Earth-skimming radio ντ , ν̄τ (CC) [694]

� 100 PeV GRAND Earth-skimming radio ντ , ν̄τ (CC) [695]

Fig. 14 Energy and distance
scales relevant for neutrino
telescopes. Three high-energy
neutrino fluxes are labeled as
atmospheric (orange),
high-energy astrophysical
(blue), and ultra-high-energy
(red). The region explored by the
current experiment is shown in
pink, while next-generation is in
light blue. Adapted from [697]

ple, DeepCore has an effective 10 Mton volume recorded
over 300, 000 neutrino events in the eight years run. Neutrino
telescopes can use large sample sizes to study the νμ disap-
pearance and ντ appearance channels to look for new physics
through neutrino oscillations [410,778–781], and tank detec-
tors use all channels however much smaller sample sizes.
Thus, detector tanks designed for accelerator-based neutrino
experiments and neutrino telescopes designed for extrater-
restrial neutrino detection overlap in this energy region but
differences in technologies make them complimentary.

Currently, the TeV or larger energy region is only acces-
sible by neutrino telescopes such as IceCube/IceCube-Gen2
[435,680], KM3NeT [681], and Baikal-GVD [682]. Over
the next decade, these experiments will be joined by next-
generation detectors such as P-ONE [683] and TAMBO
[684]. This is a unique region to look for exotic effects which
disturb standard neutrino oscillation. Figure 16 shows exam-
ples from IceCube. The left figure shows an oscillogram
with eV-scale sterile neutrino, where νμ disappearance peak
shows up in the TeV range [779,780]. The right figure shows
the double ratio of νμ-disappearance oscillation probability
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Fig. 15 Models and how they
modify high-energy neutrino
observables. An incomplete list
of models is shown in the center
of the figure. When a new
physics scenario modifies one of
the four observables available in
neutrino telescopes (flavor,
energy, time, and direction) they
are linked by a line from the
model to the observable. The
location where the new physics
happens (production,
propagation, and detection) is
illustrated by shaded inner
regions. Adapted from [697]

[410]. The numerator is the vertical events (long propaga-
tion) and the denominator is horizontal events (short prop-
agation and no exotic oscillation). If the new physics, for
example Lorentz violation or quantum decoherence [456],
are small effects, we only expect these at high energy where
neutrino mass effect is suppressed, then neutrino telescopes
with atmospheric neutrinos can be the only place to explore
this.

3.3.2 High-energy astrophysical neutrinos

High-energy astrophysical neutrinos were discovered by the
IceCube Neutrino Observatory in the South Pole [782].
To date, no other neutrino telescope has measured astro-
physical neutrinos, though hints exist in the ANTARES
data [783]. IceCube has established and characterized the
astrophysical neutrino flux using all available morphologies
[355,782,784–790]. First, they were measured using high-
energy starting events [782,784], which are predominantly
cascades, and, in their latest analysis, reported that the flux
energy distribution is compatible with an unbroken single
power-law with a spectral index of 2.87 [789]. Second, evi-

dence was found using northern sky muon-neutrino events,
which are morphologically tracks, and, in their latest anal-
ysis, this channel reported a spectral index of 2.37 [790].
Finally, the astrophysical flux was measured by using all-sky
cascades and obtained a spectral index of 2.53 [788]. Other
notable measurements of the diffuse astrophysical neutrino
flux include measurement of it by selecting starting muon-
neutrino events [355], by selecting medium energy start-
ing events [785], by searching for double bang signatures
[700], and finally by searching for signatures for resonant
W -production in electron antineutrino scattering [704].

Studies of the arrival direction of IceCube’s neutrinos indi-
cate that the diffuse astrophysical component is compatible
with an isotropic distribution [791]. Searches for contribu-
tions from the galactic center have so far yielded only con-
straints and the galactic component has been shown to be no
larger than approximately 10% of the diffuse astrophysical
flux [792]. Searches for neutrino sources by either looking
for clustering, comparing with catalogues of known sources,
and looking for real-time and spatial correlation with gamma-
rays have also been performed. Evidence has been found
for a neutrino source in the direction of the TXS0506+056
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Fig. 16 Signatures of flavor change in TeV neutrinos. Left panel shows
the antineutrino survival probability as a function of the neutrino energy
and the cosine of the zenith angle. Earth-core-through going muon-
antineutrinos (cos θ = −1) experience a significant matter-resonant-
enhanced depletion at TeV energies for an eV sterile neutrino with
non-zero muon-neutrino mixing. Figure is taken from Ref. [779]. Right

panel shows the ratio of the muon-neutrino survival probability between
a scenario with Lorentz violation and the standard case as a function
of the neutrino energy. Different color lines indicate different values
of the dimensionful coupling of the effective operator that governs the
neutrino interaction with the Lorentz violating field. Figure is taken
from [410]

blazar by correlating the arrival time of a neutrino alert and
a gamma-ray flare [793]. To date, the sources of bulk astro-
physical neutrino flux are unknown and they are the targets
of current and next-generation HENTs.

Measurements of the flavor composition of astrophysi-
cal neutrinos using different samples are shown in Fig. 17,
left. Current measurements are limited by the small sam-
ple size and difficulty in separating between different fla-
vors. The expected flavor composition from standard pro-
duction scenarios and known neutrino oscillation parame-
ters yields a democratic flavor composition [309,344,364,
697,752,774,794–798]. The current constraints are com-
patible with this expectation and only at-earth flavor con-
figurations that significantly deviate from the democratic
behaviour are ruled out, e.g. 100% electron-neutrinos or
100% muon neutrinos [412,789]. Despite this limitation,
astrophysical neutrino flavor composition has already been
used to put some of the most stringent constraints in dark
matter-neutrino interactions [271,309,758–765], and low-
energy manifestations of quantum gravity [412], among oth-
ers [328,332,335,364,697,697,746–750].

Figure 17 right shows the expected progression of high-
energy neutrino telescopes effective volume as a function of
time. Notably, within this decade we will five-fold increase
the neutrino effective volume and in the next decade the
aggregated neutrino telescopes effective volume will be more
than ten-fold larger. Not only we expect an increase in the
sample size, but also improvements in reconstruction using

machine learning are expected to yield improved flavor iden-
tification. This is complemented by the development of tau-
neutrino-flavor-specific detectors, e.g. TAMBO or Trinity,
whose independent measurement would break the degen-
eracy between electron and tau neutrino flavors. Figure 17
left shows the expected flavor composition measurements at
Earth when combining the experiments listed in Fig. 17 right.
(IceCube [680], IceCube-Gen2 [435], Baikal GVD [682],
KM3NeT [681], P-ONE [683], TAMBO [684]). In this fig-
ure, we can also see the expected regions from standard pro-
duction scenarios, which are also expected to become smaller
as both the sources are identified and the neutrino oscillation
parameters uncertainties are reduced. The effect of the latter
is shown in this figure by comparing the size of the same
color region with the two different hues, the dark hue is with
current uncertainties and the lighter one with expected uncer-
tainties. As illustrated in this figure by 2040 the combined
neutrino telescopes, with morphological mis-identification,
is expected to be able to disentangle between the differ-
ent production scenarios and also constraint new physics
that produces anomalous flavor compositions. Meantime, as
shown in Fig. 17 right, next-generation long-baseline oscil-
lation experiments (JUNO [236], IceCube-Upgrade [435],
DUNE [678], Hyper-Kamiokande [485]) will improve the
oscillation parameter measurements. This is relevant because
BSM effects are often sub-dominant processes of the stan-
dard flavor conversions, and the ability to access new physics
through astrophysical neutrino flavor is limited by oscillation
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parameter errors. This is shown in various shaded regions in
Fig. 17 left, these predicted flavor ratios on the Earth with
different astrophysical neutrino flavor production models.

In what follows we briefly described the HENT that are
expected to contributed to the astrophysical neutrino flavor
measurements in the 100 TeV to 10 PeV energy range.

IceCube [680] (build): The IceCube Neutrino Observatory
is a gigaton scale ice-Cherenkov detector build in the antar-
tic continent. IceCube is comprised of 86 strings which are
arranged on a hexagonal grid instrumenting approximately
one cubic kilometer of ice. Each string hosts sixty digital
optical modules (DOMs) each of which comprises of one
photomultiplier tube with its on data acquisition system.

KM3NeT [681] (underconstruction): The cubic-kilometer
scale water Cherenkov detector is under construction in
the Mediterranean sea. KM3NeT has two separate sites
optimized for different energy ranges. The low-energy site
is called KM3NeT/ORCA and is been deployed south of
Toulon, France. The high-energy site is called
KM3NeT/ARCA and will be deployed close to the sicilian
shore. In its final configuration KM3NeT/ARCA is expected
to see 11 muon-neutrinos, 41 electron-neutrinos, and 26 tau-
neutrinos when assuming an E−2 flux compatible with Ice-
Cube’s measurements.

Baikal-GVD [682] (underconstruction): The Baikal Giga-
ton Volume Detector is the next generation detector to be
deployed in lake Baikal following the NT-200 detector. The
detector has recently reached an effective volume of approx-
imately 0.4 km3. The full detector will contain 10,386 opti-
calmodules arranged in 27 clusters of strings and is expected
to have an instrumented volume of 1.5 km3. Due to the
relatively large spacing between clusters Baikal-GVD is
expected to have a larger energy threshold than IceCube.

P-ONE [683] (proposed): The Pacific-Ocean Neutrino
Experiment is a proposed water Cherenkov detector to be
deployed off the coast of Vancouver island in Canada. The
full detector is expected to have 70 strings and be completed
by 2030.

TAMBO [684] (proposed): The Tau Air-shower Mountain-
Based Observatory is a proposed water-Cherenkov detector
to be deployed in the Colca Valley in Peru. The Colca Val-
ley geometry is ideal for the detection of Earth-skimming
PeV tau neutrinos. In its final configuration the TAMBO tau-
neutrino effective area is expected to be ten times larger than
IceCube’s at a PeV and thirty times larger at ten PeV.

IceCube-Gen2 (ice) [435] (proposed): The next-generation
ice-Cherenkov detector to be deployed in Antartica is
expected to have a detection volume a factor of ten times
greater than IceCube.

3.3.3 Extremely-high-energy astrophysical neutrinos

Extremely-high-energy neutrino telescopes (EHENTs) [694,
800–802] aim to discovery neutrinos produced in interac-
tions of cosmic rays with the cosmic microwave background
[803,804]. Radio emission is expected from the neutrino
interaction at these extremely high energies. Radio has the
advantage of traveling longer distances than optical light
and allows for the detector to be more spaced, increasing
the effective area. Additionally, the polarization of the radio
emission can be used to reject downward-going cosmic-
ray showers. Several experiments have used this technique
to search for cosmogenic neutrinos, yielding so far con-
straints [690,692,805,806] and anomalous results observed
by ANITA [807,808]. These events cannot be explained by
standard neutrino interactions [809], since the required flux
overshoots the present constraints and due to the lack of
observation of the correlated low-energy neutrinos produced
in the neutrino transport through the Earth [675,810]. Sev-
eral explanations have been put forward for this events, these
include dark matter [811–815], supersymmetric partners
[816,817], leptoquarks [818], sterile neutrinos [819,820],
secret interactions [821], axions [822], as well as more mun-
dane explanations [823].

Figure 18 shows the projected sensitivity of next-generation
EHENTs; see Ref. [824] for a recent discussion on new
physics searches for very high energy tau neutrinos. Using
different detection techniques that vary from earth-skimming
neutrinos, Cherenkov detectors, and radio. Combining up-
going and down-going measurements allow disentangling
particle physics (cross-sections) from astrophysics (flux)
[825,826], and constrain both the properties of astrophys-
ical sources and the interactions of neutrinos far above the
weak scale [827]. In what follows, we briefly describe the
detectors that are currently probing this energy range and
those proposed to follow up:

Auger [692,693] (build): The Pierre Auger Observatory
is a hybrid detector consisting of both an array of water
Cherenkov surface detectors and atmospheric fluorescence
detectors. The main surface array is comprised of 1660 water
Cherenkov tanks spread over 3000 squared kilometers and
overlooked by 24 air-fluorescence telescopes. The observa-
tory has been in operation since 2008 and so far collected an
exposure that exceeds 40,000 km2 sr yr. The Global Cosmic
Ray Observatory (GCOS) is a conceptual design of similar
observatory but covering 40,000 km2, roughly 13 times big-
ger than Auger.

ANITA/PUEO [690,691] (build/under construction): The
ANtarctic Impulsive Transient Antenna (ANITA) is an array
of radio antennas installed on a helium balloon surveys
Antarctica for ∼ 30 days at a time. ANITA has completed
four flights and set the strongest constraints on the astro-
physical neutrino flux above 1010 GeV, as well as observed
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Fig. 17 Left: Flavor composition of astrophysical neutrinos at Earth
now and in the future. Production scenarios are indicated by the differ-
ent colors. The hue of the colors indicated the assumed uncertainties
on the oscillation parameters: dark hues use the current uncertainties,
while light hues use the expected uncertainties in 2040. Current con-
straint on the flavor composition are shown in gray, while projections
under different scenarios are shown in blue with different linestyles.
Right: Evolution of high-energy neutrino telescopes volumes, neutrino

mixing angles, and unitarity constraints. Top: effective volume of high-
energy neutrino telescopes stacked. Middle: Uncertainties in the neu-
trino oscillation parameters as a function of time. Experiments relevant
for neutrino oscillation parameter measurements are also shown with
their proposed timelines. Bottom: Constraints on the unitarity of the
neutrino mixing matrix for different neutrino flavor rows. Figures are
from Ref. [799]

anomalous events that are yet unexplained. The follow-up of
ANITA is called PUEO, and it has recently been approved
for construction. PUEO is expected to have a sensitivity that
is an order of magnitude larger than its predecessor below 30
EeV and with lower threshold for tau neutrinos [691].

ARIANNA [687] (proposed): Antartic Ross Ice-Shelf
ANtenna Neutrino Array is the larger form of ongoing ARI-
ANNA effort. It also aims to detect radio wave from neutrino
interactions, however, it utilizes the radio wave reflection by
the Ross Ice Shelf, allowing to locate autonomous indepen-
dent detectors on the ice surface.

RNO-G [689] (under construction): The Radio Neutrino
Observatory in Greenland [828] is an array of antennas to be
deployed in ice designed to measure the neutrino flux above
1016 eV. The array consists of surface and deep antenna arrays
organized in 35 stations. The deep array will survey a larger
effective volume, while the surface array will be used to reject
incident cosmic rays.

TAMBO [684] (proposed): See description above.
Trinity [685] (proposed): Trinity is comprised of three

stations, each of which deploys an imaging atmospheric

Cherenkov telescope on a mountaintop. These are expected
to observe the Cherenkov radiation produced by the decay of
Earth-skimming tau-neutrinos.

BEACON [694] (proposed): The Beamforming Elevated
Array for COsmic Neutrinos (BEACON) uses a sparse array
of clustered antennas to search for the radio signal from upgo-
ing tau neutrinos. The concept uses interferometric triggering
on top of a high-elevation mountains to maximize each sta-
tion’s sensitivity. Stations of about ten antennas are separated
by 1 kilometer and view a large area of the horizon.

RET-N [686] (proposed): Radio Echo Telescope-Neutrino
observes radio wave reflection by the clouds of ionized media
produced by high-energy neutrinos. This is the second stage
of RET-CR (Cosmic Ray).

POEMMA [688] (proposed): POEMMA consists of two
identical satellites orbiting the Earth at an altitude of 525
km. These satellites can operate in two different observation
modes. First, they can operate in POEMMA-stereo mode,
which aims to detect cosmic rays or neutrinos up to 20 EeV by
observing the fluorescence emission in up-ward going atmo-
spheric air showers. Second, they can operate in POEMMA-
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Fig. 18 Projected sensitivities of future neutrino telescopes to the all-
flavor cosmogenic neutrino flux above PeV energies. Figure from Ref.
[824]

limb mode, where they aim to detect the Cherenkov light
produced by an up-ward going tau neutrino decay. These
two modes are complementary as they provide all-flavor and
single-flavor detection capabilities.

GRAND [695] (proposed): GRAND is a radio antenna
array expected to be deployed in China over a mountain
slope. It aims to detect the radio emission produced by high-
energy air-shower showers produced by Earth-skimming tau
neutrino interactions. The distance between the antennas is
expected to be one kilometer; these are then arranged into
twenty GRAND10k clusters. Each GRAND10k cluster is
comprised of ten thousand antennas that cover approximately
100 km2 patch of the mountain slope.

IceCube-Gen2 (radio) [435] (proposed): Expected to be
located in the antarctic glacier near the current IceCube array,
the radio component of IceCube-Gen2 is expected to be com-
posed of stations that combine shallow, sub-surface antennas
with antennas deployed at depths down to 100 m. The shal-
lower antennas are expected to have improved signal sensi-
tivity and capacity to reject cosmic-ray airshower. These are
complemented by the deeper antennas that provide a larger
effective volume and sky coverage. Two hundred stations are
expected to be deployed in the South Pole over an area of 500
square kilometers.

4 Summary and outlook

In this White Paper we have reviewed the theoretical aspects
of Beyond the Standard Model (BSM) scenarios that can
impact neutrino flavor measurements, leading to deviations
with respect to the three-neutrino standard paradigm in
neutrino oscillations, neutrino telescopes and core-collapse

supernovae. The list of models affecting neutrino flavor pat-
terns is wide and difficult to cover exhaustively in a sin-
gle document. Therefore, we have defined four general cat-
egories accounting for different phenomenological conse-
quences expected in general extensions of the SM. The addi-
tion of extra neutrino states (Sect. 2.1) is well-motivated from
the theoretical point of view: right-handed neutrinos are sin-
glets of the SM gauge group and pose one of the simplest
extensions of the SM able to generate neutrino masses and
mixings. These may lead to deviations from non-unitarity,
to which neutrino oscillation experiments could be sensi-
tive, or could impact the neutrino oscillation pattern through
the addition of new oscillation frequencies. This white paper
provides an updated summary of current constraints on non-
unitarity parameters and LED-induced oscillations. We have
also reviewed the phenomenological consequences derived
from the plausible existence of new neutrino interactions in
Sect. 2.2. Theory challenges associated to model building
which could lead to large effects in the neutrino sector have
been reviewed, pointing out possible ways out and model
building strategies. We also include a detailed review of con-
straints applicable to flavored models with light and ultra-
light mediators, to which neutrino oscillations in matter are
sensitive, as well as a discussion of the phenomenological
consequences from dark matter-neutrino interactions. Next,
we have reviewed the main consequences of neutrino decay
in a variety of setups in Sect. 2.3.3. Neutrino decay searches
offer an indirect way to test the neutrino mass generation
mechanism, which is a priori unknown. The phenomeno-
logical consequences are diverse, and here we review the
main consequences from both visible and invisible neutrino
decay, which impact neutrino flavor measurements in differ-
ent ways. Tables 2 and 3 summarize the current bounds and
expected sensitivities for a variety of experiments. Finally,
given the singular quantum-mechanical neutrino properties,
neutrinos also provide a unique avenue for testing funda-
mental symmetries as CPT or Lorentz invariance, as well as
non-standard quantum decoherence. The phenomenological
consequences derived from these scenarios are reviewed in
Sect. 2.4, which includes a review of current bounds (see,
e.g. Table 4) as well as a summary of future prospects to
improve over these using neutrino oscillation experiments
and neutrino telescopes.

Neutrinos from different sources spans several orders of
magnitude in neutrino energy (ranging from keVs to EeVs),
and therefore to be detected, facilities with different exper-
imental requirements have been (and will be) built. At the
same time, BSM effects might be present at neutrino produc-
tion, propagation, and detection affecting each one of this
stages in different ways. In particular, BSM scenarios that
impact neutrino flavor leave signals at more than one exper-
iment. Fortunately, several future neutrino experiments have
been approved or are already being built, and will allow for
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exciting BSM searches. In the future, identifying all neutrino
flavors is important, which calls for multi-channel observa-
tion.

Understanding complementarity between different tech-
niques and facilities is also relevant. For instance, devel-
opments in detector technologies motivated by direct dark
matter searches have finally made detecting coherent neu-
trino nucleus elastic scattering process feasible. Addition-
ally, direct dark matter searches are starting to be sensitive
to solar and atmospheric neutrino scattering and therefore
can provide additional constraints on new physics affect-
ing the neutrino floor, as discussed in Sect. 3.1. Section 3.2
discussed medium-energy experiments, including neutrino
beam experiments and atmospheric neutrino detectors. Neu-
trino beam experiments can provide beams with relatively
well-known spectra, flavor content, and timing information,
which offer multiple advantages with respect to neutrino
fluxes from natural sources. At these, the use of near detec-
tors is crucial to reduce the level of uncertainties and allow to
search for BSM effects using their far detector data. Past and
current experiments have performed BSM searches using this
two-detector setup, and future beam-based experiments will
build upon past experience and efforts in this regard, leading
to state-of-the-art facilities, with higher power, and a reduced
level of systematic errors. Atmospheric neutrino experiments
are complementary to low-energy and beam-based experi-
ments. The atmospheric neutrino flux spans several orders of
magnitude in energy (tens of MeV to hundreds of TeV) and
neutrinos can travel different distances from the production
point to the detector (tens of km to the Earth diameter). BSM
searches benefit from both higher energies and baselines in
comparison to long-baseline experiments, and also from the
experience gained with multi-purpose detectors used to look
for different physics. Upgrades of current atmospheric exper-
iments include increasing their volume (to gather more statis-
tics) or improving the detector technology in order to gain
energy and angular resolution as well as particle identifi-
cation, which aids in BSM searches. Finally, neutrino tele-
scopes (described in Sect. 3.3) provide a unique window
for high- and extremely high-energy neutrinos. These facili-
ties aim to measure the high-energy part of the atmospheric
neutrino flux and astrophysical neutrino sources. Extremely
high-energy neutrino telescopes aim to detect particles with
the highest energies on the Earth surface. Given the energy
ranges and the very long distances traveled by the neutri-
nos detected (from the Earth radius to several gigaparsecs),
neutrino telescopes provide a unique avenue to probe BSM
scenarios.

Clearly, the best way to confront BSM models with data
is by exploiting the synergies between different experiments
and probing BSM effects across a wide range of energies, and
for multiple detector technologies. Thus, next generations
experiments will be crucial for discovering or ruling out the

new physics scenarios reviewed here, that are of interest of
the particle physics community.
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