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Theoretical models beyond-the-SM physics.

Neutrinos are the Standard Model (SM) particles which we understand the least, often due to how
weakly they interact with the other SM particles. Beyond this, very little is known about interactions
among the neutrinos, i.e., their self-interactions. The SM predicts neutrino self-interactions at a
level beyond any current experimental capabilities, leaving open the possibility for beyond-the-
SM interactions across many energy scales. In this white paper, we review the current knowledge
of neutrino self-interactions from a vast array of probes, from cosmology, to astrophysics, to the
laboratory. We also discuss theoretical motivations for such self-interactions, including neutrino
masses and possible connections to dark matter. Looking forward, we discuss the capabilities of
searches in the next generation and beyond, highlighting the possibility of future discovery of this

© 2023 Elsevier B.V. All rights reserved.

1. Introduction & Executive summary

Neutrinos are a fundamental ingredient of the Standard Model
(SM) of particle physics and cosmology. Due to their neutrality
and weak interactions, however, their properties are the least un-
derstood out of the SM particles. In particular, neutrinos can serve
as a portal to beyond-Standard Model physics, imbuing them with
new interactions. Remarkably, these interactions can be signifi-
cantly larger than those provided by the electroweak (EW) gauge
bosons. This observation suggests a multitude of new phenomena
that can be enabled by such interactions. While non-standard
interactions with charged SM fermions are in some cases straight-
forwardly tested with traditional v scattering and oscillation ex-
periments, it is remarkable that neutrino self-interactions, vSI,
can also be tested by a variety of methods.! In this review we fo-
cus on the latter class of non-standard neutrino interactions, and
discuss both the theoretical motivation and the physical systems
in which they can be observed. Our goals are (i) to define a set of
benchmark models, (ii) to comprehensively review the relevant
physical phenomena within these scenarios, and (iii) to highlight
upcoming short- and long-term prospects for discovering vSI.

We begin our discussion in Section 2 by outlining the main
contexts in which neutrino self-interactions arise. These include
the important problems of neutrino mass generation, gauge ex-
tensions of the SM, and the production of dark matter in the
early Universe. Below the scale of EW symmetry breaking, vSI can
usually be described by a schematic interaction like vv¢ where
¢ is a scalar or vector mediator particle. However, since v are
part of an EW doublet, an ultraviolet (UV) completion is usually
required to embed such an interaction consistently within the
SM. We therefore also consider different UV-complete scenarios.
We emphasize that, unlike for non-standard interactions in the
charged fermion sector, in many cases the mediator ¢ cannot
be integrated out. This becomes particularly important when we
explore the complementarity of experimental and observational
probes of vSI that are sensitive to a wide range of energy scales.

Section 3 then focuses on the imprints of neutrino-self in-
teractions on cosmological observables, including light element
abundances, the Cosmic Microwave Background (CMB), and the

1 The sM predicts vSI mediated by tree-level Z exchange. Their strength is
set by the Fermi constant Gp; we will see that much larger self-interactions,
generated by beyond-SM physics, are experimentally allowed.

matter distribution in the Universe. These observables probe self-
interactions at comparatively low scales of ~eV to ~MeV. Su-
pernovae and other astrophysical sources of neutrinos discussed
in Section 4 can test characteristic self-interaction scales up to
O(100 MeV). Finally we consider laboratory experiments in Sec-
tion 5, which can access the broadest range of self-interaction
scales all the way up to O(100 GeV). We demonstrate how sev-
eral future experiments will further probe vSI, testing important
theoretically motivated targets.

Remarkably, all of the aforementioned probes (cosmologi-
cal, astrophysical, and laboratory) provide important constraints
across a broad range of parameter space - Fig. 1 presents a
selection of the probes discussed in this white paper across this
broad range. In order for us to thoroughly test the motivated
scenarios (including those connected to neutrino masses, dark
matter production, etc.), it is imperative that the community
considers all of these domains simultaneously. Only then can we
maximize the potential for discovering new physics via neutrino
self-interactions.

2. Theoretical motivations

Self-interactions among active neutrinos, mediated by a new
scalar or vector boson, occur in many theories beyond the SM.
Given the elusive nature of neutrinos, their SM self-interaction
has never been directly measured in the laboratory. The Z-boson
invisible width measured at the LEP experiment [1] is only an
indirect measurement and does not exclude the presence of ad-
ditional mediators.

Motivations for introducing new neutrino self interactions
include explaining the origin of neutrino mass, connections to
dark matter and addressing its relic abundance, as well as other
puzzles (e.g., the Hubble tension, muon g — 2). If the media-
tor couples universally to a left-handed lepton doublet, vSI are
often accompanied by non-standard neutrino interactions with
charged SM fermions, leading to other complementary probes. It
is possible to make the mediator neutrinophilic given that the
EW symmetry is broken. A famous example of this type is the
Majoron.

The vast majority of phenomenological studies considered in
this work can be completely described in terms of the minimal
coupling of a new mediator ¢ to neutrinos as (in two-component
spinor notation)

LD gaﬂqbvavﬂ (21)
if ¢ is a scalar or pseudoscalar, and as

LD gupduvictvg (2.2)
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Fig. 1. A schematic summary of the various searches for neutrino self-interactions discussed in this white paper. The self-interaction is generated by a new mediator
particle, whose mass (coupling to neutrinos) is shown on the horizontal (vertical) axis. The relative importance of laboratory, astrophysical, and cosmological
observations depends on the flavor structure of the mediator-neutrino coupling (assumed here to be universal). Cosmological constraints arise from Big Bang
Nucleosynthesis (BBN) and Cosmic Microwave Background (CMB). Laboratory bounds come from searches for neutrinoless double beta decay; rare meson, T and
Z decays; collider searches for new neutrino scattering (DUNE, FPF) and missing energy channels. The presence of the new self-interactions can also modify the
observed spectrum of high-energy neutrinos at IceCube. The neutrino self-interaction can also play a key role in producing the dark matter of the Universe via a
freeze-in mechanism, leading to a theoretically motivated target in the mediator mass-coupling parameter space. This target for a representative model is shown by

the solid black line.

if ¢ is a vector. The self-interactions can be specified either in
flavor or mass basis, whose eigenstates are labeled by « and 8
above (the flavor versus mass basis distinction of the indices will
be given explicitly when important). Here, ¢ can be a new particle
in the usual sense, or a manifestation of strongly coupled physics.

It is clear that the interactions of Egs. (2.1) and (2.2) are not
invariant under EW symmetry transformations (v is part of a
SU(2), doublet with a hypercharge), so there must be additional
beyond-SM matter at a higher scale. All existing astrophysical
and cosmological observables, as well as many laboratory probes
probe vSI with /s < GeV, such that the simplified model with
only the new mediator particle is sufficient. The exceptions to
this observation are high-energy collider experiments that access
/s at the EW scale and above, rendering the UV completions of
Egs. (2.1) and (2.2) relevant.

Additionally, unless ¢ carries lepton number, Eq. (2.1) violates
lepton-number conservation in scenarios where this is a global
symmetry. While this distinction is important for the theoretical
motivations of the following discussion, it rarely yields distinct
phenomena in the searches for vSI discussed in Sections 3-5; we
will highlight these distinctions wherever relevant.

Neutrino self-interactions are also an inevitable aspect of neu-
trino non-standard interactions (NSI) [2-4] which are new inter-
actions between neutrinos and electrons, up quarks, and/or down
quarks. In addition, since the coupling to charged particles is often
more tightly constrained than that to neutrinos, NSI may lead to
sizable neutrino self-interactions.

2.1. Neutrino masses

Neutrino self-interactions can be generated in theories that
explain the origin of neutrino mass. In models where lepton num-
ber symmetry is spontaneously broken [5-7], the corresponding
(pseudo-)Goldstone boson (Majoron) J can play the role of a light
neutrinophilic scalar boson. Because a Majorana neutrino mass
carries both SU(2); and U(1)y charges, if the Majoron originates

from a scalar multiplet charged under these symmetries, it suffers
from strong constraints from Z — o and Z — Z*]] — vyJJ
decays that contribute to the Z-boson invisible width. In the
first decay channel, o stands for the “Higgs” boson for lepton-
number violation,. Such a decay mode is kinematically allowed
if the lepton-number breaking scale occurs below the EW scale.?
To avoid such limitations, the minimal setup is to have the Ma-
joron from a SM gauge singlet complex scalar ¢ whose vacuum
expectation value serves the sole purpose of breaking lepton
number [5]. A gauge-invariant neutrino mass operator is con-
structed using Higgs field insertions. The corresponding effective
interacting Lagrangian takes the form
L= i(LH)2¢ (2.3)
A2 ’ '
where ¢ carries —2 units of lepton number. For clarity, we sup-
press the lepton flavor indices in this subsection. Possible UV
completions for this operator will be addressed in Section 2.4.
Below the EW scale, the above Lagrangian contributes to a
Yukawa-like interaction between ¢ and neutrinos,

v2

L= ﬁij) .
Assuming ¢ has a potential which makes it pick up a vacuum ex-
pectation value at scale f/ V/2, this term contributes to Majorana
neutrino mass

2
M=——9
24/2 A2

Below the f scale, the ¢ field decomposes into ¢ = (f+o +if)/+/2.
In this very simple model, the interactions between o,J and,

(2.4)

(2.5)

2 In the model where | and o belong to an SU(2), triplet with hypercharge 2
whose vacuum expectation value, which breaks both lepton number and SU(2),,
is constrained to be lower than a few GeV for the p parameter to pass the EW
precision tests [8].
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neutrino are proportional to the above neutrino mass

%vv(a +1]). (2.6)
In perturbative theories, the mass of ¢ is tied to the symme-
try breaking scale f, whereas | is massless if the Lagrangian
we start with respects the lepton-number global symmetry. A
nonzero mass of J can be generated in the presence of explicit
lepton-number violation.

Both o and | can mediate self-interaction among the ac-
tive neutrinos. If the physical processes involving neutrino self-
interactions occur at an energy scale E below m, but above
my, the Majoron plays the dominant role over o. However, if
E lies above the lepton number breaking scale f, both o and J
contribute. For E > f, symmetry restoration is expected if all
mass scales are negligible at leading order. In this case, it is more
effective to perform calculations using the whole complex field

¢ [9].

Lint =

2.2. Gauge extensions of the standard model

While new gauge bosons are a key ingredient of high-scale
theories like GUTs [10-14] and left-right symmetric models
[11,15,16], an extended gauge sector with direct couplings to
SM particles can also appear low energies. In this context, there
is a special class of minimal models, corresponding to gauging
of anomaly-free global currents of the SM. These scenarios are
minimal because they do not require additional light matter to
regulate pathological high-energy behavior in amplitudes involv-
ing these bosons.> Examples of anomaly-free SM currents include
B—1L, L —Lj, B—3L; (B— L requires the presence of an additional
right-handed neutrino), where B (L) stands for the baryon (lepton)
number current with possible flavor-dependence indicated by the
subscript index [19-21] (see also Ref. [22] for a comprehensive
discussion of all anomaly-free U(1) currents in SM and simple
extensions). The key observation is that many of these currents
involve couplings to the lepton doublets; the new gauge bosons
therefore induce new interactions between neutrinos of the form
in Eq. (2.2).

In all of these gauge extensions, the beyond-SM interactions
are not purely neutrinophilic, leading to interactions among the
charged SM fermions and between them and the neutrinos. More
often than not, this feature leads to the most powerful searches
for these extensions emerging from experimental scenarios in-
volving protons and electrons, rather than neutrinos. We refer the
reader to Ref. [23] for a thorough discussion on searches for these
types of new mediators. Ref. [24] additionally explores the impact
of these gauge extensions on neutrino self-interactions.

2.3. Connections to dark matter

Neutrino oscillations allow for a direct connection between
dark matter (DM) and neutrino physics when the DM candidate is
a fermionic singlet with mass at the keV scale and a tiny mixture
with neutrinos. Dodelson and Widrow (DW) showed that the
entire content of DM in the Universe can be produced from the
oscillation of active neutrinos into these sterile neutrinos through
a “freeze-in” mechanism [25]. In the absence of any other new
physics, the freeze-in of the DM can be achieved for mixing angles
sin?20 ~ 10712 — 10° in conjunction with sterile neutrino
masses in the range 1—50 keV [25]. This mechanism is well mo-
tivated since oscillations among active and sterile neutrinos are
typical of beyond-standard-model neutrino physics [26]. Adding

3 Equivalently, this behavior can be used to set very strong constraints on
anomalous gauge symmetries [17,18].
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motivation to this scenario, the small mixing allows for X-ray
signals from the radiative decay of the sterile neutrino to v; plus
a photon, which renders this mechanism testable.

The sterile neutrino DM scenario assumes the existence of a
fourth mass eigenstate that is a linear combination of active and
sterile neutrinos, v4 = vscos6 + v, sinf. The sterile neutrino
population is negligible very early in the Universe. It then evolves
as a function of time, for fixed neutrino energy E = x T, where T is
the temperature of active neutrinos, governed by the Boltzmann
equation [25,27]

df,, I sin® 20 f

dz 4Hz "
A?sin? 20

A2sin? 20 + I'2/4+ (Acos20 — V)2’

where f, (x,z) is the sterile neutrino phase-space distribution
function and f,, is the usual thermal distribution function for the
active neutrinos, I" is the total interaction rate among the active
neutrino, and H is the Hubble rate. A = mﬁ/(ZE) is the neutrino
oscillation frequency in vacuum, where my > mj 3, and Vr is
the thermal potential experienced by the active neutrino.

This mechanism, in its simplest form proposed by Dodelson
and Widrow, is however strongly constrained by non-
observations of X-rays from DM-rich galaxies by X-ray tele-
scopes [28-32]. If v4 (with a mass larger than 2 keV) is responsible
for all the DM in the Universe, it requires a mixing angle 0 large
enough that X-ray radiation should have been observed by X-
ray telescopes. In order to make this scenario compatible with
observations, new-physics solutions are needed; for instance, the
introduction of a large lepton-number asymmetry [33]. However,
the amount of lepton asymmetry required for this mechanism to
work is currently not testable by any cosmological surveys.

An alternative and simple solution comes from the introduc-
tion of new self-interactions among the active neutrinos medi-
ated by scalar [34,35] or vector particles [36], which allow for
an enhancement of the effective mixing angle 6e¢ in Eq. (2.7)
while maintaining the vacuum mixing angle 6 well below the cur-
rent experimental constraints. These models with new “secret”
interactions have the advantage of being testable in a variety of
current and future neutrino and dark photon experiments. Inter-
estingly, this class of production mechanisms is compatible with
the unidentified 3.5 keV line [37,38], unlike the minimal form
of Dodelson-Widrow. The sterile neutrino interpretation of this
scenario is constrained, however, by small-scale structure [39]
and X-ray observations [31], regardless of production mechanism.

In the case of a scalar mediator [35], interaction terms such
as %‘”vava(p + h.c. are added to the theory, where ¢ is a com-
plex scalar with mass m, ranging from keV to GeV.* The effect
of the new interaction is reflected in contributions to the self-
interaction rate I" and the thermal potential V7 in Eq. (2.7). Since
the mediator is light relative to the mass of the Z boson, there is
typically an epoch during which T > m, and the sign of the new
contribution to V7 is opposite to the SM contribution. This may
lead to an interference effect as the denominator of sin? 26, gets
suppressed if [V ~ |V}Ne‘”‘| in this period. Additionally, the
new interaction could keep the neutrinos in thermal equilibrium
with themselves for a longer period than the weak interaction,
which also facilitates the production rate of DM. The presence
of the new neutrino interaction extends the allowed parameter
from a narrow line on the sin®20 — my plane to a broad band,
as shown in Fig. 2 (left panel). Some of the extended param-
eter space will be challenged by the next generations of X-ray

z = MeV/T, (2.7)

sin? 20e ™~

(2.8)

4 For the purpose of generation of DM, only the effective theory is considered.
Operators like the one presented here can be further embedded in reasonable
UV-complete models [9,41,42].
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Fig. 2. Left panel: dark matter mass/mixing parameter space showing the region predicted by the standard Dodelson-Widrow mechanism (black line), as well as the
additional region allowed due to neutrino self-interactions (between the black line and the red, hatched area). Constraints from X-ray telescopes, future sensitivities
from KATRIN, and bounds from dwarf galaxies are also shown. Right panel: self-interaction mediator mass/coupling parameter space showing constraints from meson
decays (magenta), BBN (blue), and invisible Z-decays (orange) on new neutrino interactions. The black contour, shown for m, = 4keV and sin’ 20 = 1072, can make
up for all the DM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Source: Plots taken from Refs. [35,40] respectively.

observations but some of the parameter space associated to the
smallest mixing angles will remain available even in the absence
of an astrophysical discovery. However, these smaller values of 6
require new neutrino interactions that are strong enough to be
probed using precision measurement of pion, kaon, and Z-boson
decays (see the right panel of Fig. 2). These laboratory constraints,
as well as upcoming searches at the Deep Underground Neutrino
Experiment [43] and the Forward Physics Facility [44], will be
discussed in detail in Section 5. At low mediator masses, cos-
mological surveys provide the strongest constraints and future
prospects [45] - see Section 3 for more detail on cosmological
impacts of this BSM physics.

Self-interactions mediated by a vector boson may include a
neutrinophilic interaction, as well as gauged L, — L, and B—1L
symmetries [36]. These scenarios share many features with the
scalar-mediated case. The effects on the production mechanism
are very similar, leading to an enhancement of the oscillation
probability even for very small mixing angles. In the
neutrinophilic model, a vector boson V' couples only to the active
neutrinos. This model leads to efficient production of sterile neu-
trino DM when the mass of V lies between MeV to GeV and the
corresponding coupling to neutrinos ranges from 107% to 1072
If the new vector boson V is thermalized in the early Universe
and light enough to remain relativistic by the time of BBN, it is
required that my > 5 MeV to be compatible with ANk [42].° If
V is lighter than ~100 MeV, it can be produced from neutrino
scatterings in the explosion of Supernova 1987A and carry away
significant amount of energy, modifying the neutrino emission
timescale, which imposes additional constraints for small cou-
plings and mediator masses. There is a prospective signal of this
model in DUNE in which the final muon in the process v,n —
u~ptV carries lower energy than expected since the vector V
takes away both energy and transverse momentum. Finally, more
constraints come from meson decays, invisible Z boson decay,
and invisible Higgs boson decay. The latter constraint turns out
to be the most stringent of them and it is expected to be further
improved with the high-luminosity run of the LHC [47].

Models with gauge interactions U(1);, 1, and U(1)s—; are not
precisely “secret” since other fields in the SM are also charged un-
der these symmetries. They do, however, facilitate the production
of sterile-neutrino DM in a similar fashion as the other two cases

5 For details of the effects of non-standard neutrino self-interactions on BBN,
see [46].

presented above. The U(1);, -, interaction, which was also stud-
ied in [48], is more constrained compared to the neutrinophilic
case, and the region of parameter space that leads to the expected
DM relic abundance can be covered by proposed experiments,
including SHiP, NAG2, NA64-u, M3, and DUNE [36]. The U(1)s_;
model is the most strongly constrained among the three vector-
mediated models; its parameter space is already narrow and will
be fully covered by future high intensity experiments, including
BELLE-II, FASER, and LDMX.

The impact of new interactions among neutrinos and their ef-
fects in the dynamics of DM has been also explored in
[49-54]. Ref. [55] studied self-interactions from the effective field
theory perspective and included the case in which not all DM is
made up of sterile neutrinos. New self-interactions have also been
studied in the context of DM in non-standard cosmologies [56].
Self-interactions can also be explored in the case of very light
vector mediators, my < eV, as done in Ref. [57]. This case differs
from the DW mechanism and the production of sterile neutrino
DM comes from the resonant oscillation of a cosmological dark
photon condensate.

Going beyond these freeze-in scenarios, neutrino self-
interactions can also accommodate connections between the SM
and DM in thermal freeze-out scenarios. This can be achieved for
DM at the ~GeV scales using a variety of interactions among a
mediator and DM, all with the interaction between the mediator
and neutrinos of the type in Eq. (2.1) [9]. Majoron mediators (see
Section 2.1 above) can allow for light, sub-MeV dark matter, as
explored in Ref. [58]. Furthermore, the Majoron (or a Majoron-
like-particle) can act as DM itself, which has been studied, e.g., in
Refs. [59-63].

2.4. Ultraviolet completions

A simple model for neutrino self-interactions involves the so-
called ‘leptonic scalars’ ¢ that carry a B — L charge of +2 but
are singlets under the SM gauge group [41,64,65]. They can only
couple to the SM fields via higher-dimensional operators, the
lowest of which is of dimension six, given in Eq. (2.3), where A
represents some new physics scale. After EW symmetry breaking,
the operator (2.3) yields flavor-dependent NSIs of neutrinos with
the leptonic scalar of the form

)"aﬂ¢vavﬁ ) (29)

where A ~ v?/A? and v is the EW vacuum expectation value
(VEV). Finally, at energy scales below the mass of ¢, this leads to
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an effective flavor-dependent non-standard neutrino self-
interaction of the form Aqgh,sva VgV, va/mé.

In this section, we discuss several possible UV-complete mod-
els that, after integrating out the heavy degrees of freedom, lead
to the effective operator (2.3).

Self-interactions from weakly coupled physics: These models are
inspired by the tree-level seesaw realizations of the dimension-
five Weinberg operator (LH)(LH)/A [66], except that all new
particles introduced here preserve the B — L symmetry. The first
model we will discuss is based on Ref. [65] and is motivated by
the type-II seesaw [67-72] with an SU(2),-triplet scalar field A
with hypercharge +1 and B—L charge +2. Here the key difference
compared to the type-II seesaw is that the neutral component of
A does not acquire a VEV, which keeps the custodial symmetry
intact. As a consequence, the lepton-number symmetry is not
broken and the neutrinos are Dirac-type in this model, with the
addition of SM-singlet B — L = —1 RH neutrino fields vg,. We
also add a SM-singlet B — L = 42 complex scalar field &, whose
CP-even and odd components act as the leptonic scalars ¢ in the
model. The relevant piece of the Yukawa Lagrangian is given by

—Ly = yv,otﬁiaHVRﬁ + YaﬂLZCl‘OzALﬂ +yv’aﬁU;aCURﬂ¢ + h.c. s
(2.10)

and the scalar potential is given by

A
V(H, A, @) = —m} + Z(HTH)2 +MATH(ATA) + M2 o
+ A (HTHTH(ATA) + A, [Tr(ATA)?
+ATI[(ATAY] + rg(HT A)ATH)
+as(@TDY + 1e(PTPYHH) + 27(@T)Tr(AT A)
+rg(i®H 0, ATH + h.c.), (2.11)
The effective operator (2.3) is generated by integrating out the A
field, with the effective coupling (2.9) given by

Aap = /2Yup 506, (2.12)
where

A 2
tan20 = ikt (2.13)

M2 4 v2(Ay 4+ Ag — Ag)/2 — M2’

is the mixing between the CP-even neutral components of ¢ and
A fields. This UV-completion of the leptonic scalar is particularly
interesting, as it leads to some distinctive collider signatures [65]
(see also Section 5.4).

Another possible UV-completion of the operator (2.3) is to
introduce pairs of vector-like fermions N; and Ni (with i =
1,2,...,n) which are SM singlets with B — L charges F1, re-
spectively. The relevant renormalizable Lagrangian is given by

L D ya,-LaHNf + )\N,ij(bNiNj + MN,,‘N,‘NiC + h.c. (2.14)

This is in a similar vein to the type-I seesaw model [73-76], but
there are no B — L violating terms here. After integrating out the
heavy vector-like fermion fields, we obtain the desired A,g, with
the effective A-couplings in Eq. (2.9) given by

hap = VVaiMy iin My Vs - (2.15)

Here the Yukawa couplings y,; also lead to the mixing of the
SM neutrinos with the new vector-like fermions, with the mixing
angle 6 ~ yv/My, which is generically constrained to be <
0(0.01) for My > v from EW precision data [77]. Thus, the A-
couplings in Eq. (2.15) are expected to be small < ©(10~*) in this
setup, obliterating their detection prospects [64].
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A third possible UV-completion is to replace the SM-singlet
vector-like fermions in Eq. (2.14) by SU(2),-triplet fermions, as
in the type-Ill seesaw model [78]. In this case, the Yukawa La-
grangian is of the form y,iL,0%HNj;, where a = 1,2, 3 is the
SU(2); index in the adjoint representation and o are the Pauli
matrices. After integrating out the heavy N; fields, the low-energy
effective operator takes the form (Lo®H)(Lo H)¢/A?, with the
effective ¢vv coupling (2.9) related to the UV parameters in
the same way as in Eq. (2.15). Nonetheless, the experimental
constraints on y are still applicable in this case, thus ruling out
the possibility of large A, but the SU(2),-triplet fermions might
still offer some interesting collider phenomenology, as in type-III
seesaw [79].

Similar examples of UV-complete models for Majorana neu-
trinos have been discussed in Ref. [42]. Using the leptonic scalar
field as a portal to the dark sector has been discussed in Ref. [9],
where an additional Z,, Z3, or U(1) symmetry was invoked to
stabilize the dark matter.

The effective coupling of ¢ to neutrinos as in Eq. (2.9) is similar
to that of a Majoron [6]. The equivalent coupling X in this case is
related to the observed neutrino masses, A ~ m, /f, where f is the
spontaneous lepton number-breaking scale. However, in order to
get sizable couplings A ~ O(1) for phenomenological purposes,
the lepton number-breaking scale would have to be very low,
f~m, <O(1eV).

Secret interactions for active neutrinos through mixing: Neutrino
self-interactions, including those in Eq. (2.9), can be embedded in
UV-complete models through a combination of neutrino mixing
and vs-philic interactions. For instance, starting from an SU(2)-
invariant interaction, vsvs¢, the secret interaction can leak into
the active neutrino sector via neutrino mixing, (LH)vs. In the mass
basis,

LD ZU;Usjiide)‘i‘ e
i.j

(2.16)

where U; are the mixing elements of the sterile flavor with the
mass eigenstate i. In this type of UV completion, self-interactions
between active neutrinos can be suppressed in physical observ-
ables. For example, meson decays, M™ — £+ v¢ and ¢ emission in
OvBp decays are both examples where cancellations akin to the
GIM mechanism in K; — p*u~ suppress the rate by m3/E?, with
E the energy scale of the process. As an example, the unitarity of
U can be used to show that the amplitude for Wt — £l v is
suppressed. Explicitly,

+ m
MW*)ZO(VJ‘(? 0.8 Z U;iUSlU* P : Z USI s] 21,
i

5o (2.17)

where we assumed the typical momentum exchange to be large,
p* > m,.z. For p* « mi, the rate will be instead suppressed by
1 /mf1 and it is still proportional to small mixing factors
|U54Ua4Usj|2. Because of this cancellation, some of the strongest
constraints on the parameter A,, such as those coming from
meson decays, can be avoided altogether, while interesting as-
trophysical signatures remain.

Another interesting aspect of such UV completions is that vy
can lead to additional experimental signatures. For instance, the
decays in flight of v4 can generate effective flavor transitions in
neutrino beams [80-83] as well as lead to apparent neutrino-
antineutrino conversion [84]. Finally, it is worth noting that the
secret interactions can also leak to the charged lepton and quark
sectors via one-loop diagrams, where they can be constrained by
searches for long-range forces [85,86].
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Self-interactions from strong dynamics: A separate, attractive class
of UV-completions for neutrino mass models and vSI is through
strong dynamics. One primary motivation to consider such a class
of models is to explain the smallness of the neutrino masses nat-
urally, through their couplings to a strongly coupled sector [87-
90]. The compositeness scale, generated through dimensional
transmutation, can be parametrically lower than the Planck scale.
Next, the small neutrino mass can stem from operators with
(mass) dimensions greater than four. The composite neutrino
framework can connect to dark matter [91-93], to the origin of
the baryon asymmetry [94], and have cosmological imprints [95].

Compared with weakly coupled neutrino mass theories, the
singlet neutrinos are now the hadrons of a new strong force, and
the light neutrinos can be partially composite particles. Here we
follow the recent development [90] to show how would the UV
models for composite neutrinos work. At low energy, one wants
to realize, e.g., an inverse-seesaw Lagrangian,

Lr D iNG"3,N +iN‘G"3,N°

c
— [MNNCN + ALHN + % (NC)2 + h.c‘il . (2.18)
The essential smallness for all the parameters can be naturally
explained in this class of UV models and explained below. We,
in particular, consider the strongly coupled sector to be neutral
under the SM gauge groups. Hence, the compositeness scales can
lie well below the EW scale.

We begin with the strong dynamics of a conformal field theory
(CFT), deformed by a relevant operator Os (explicit examples of
strong dynamics based on SU(N) gauge theories can be found
in, e.g., Refs. [87,89]). When the deformation Os gets large, it
triggers the breaking of the CFT at a scale, denoted by A, which
corresponds to the mass scale of the lightest composite particles
for composite scenarios without pions or other light composite
states. The composite singlet neutrinos with mass My of order A
appear in the low-energy Lagrangian.

The CFT couples to the SM through a neutrino portal interac-
tion which takes the form
Lyv D %LHON + h.c. = L D ALHN + h.c.

Mg

The mass scale Myy represents the UV cutoff of the theory and
A is an O(1) dimensionless parameter. Here Oy is a primary
operator of the CFT and Ay > 3/2 is its scaling dimension,
whose validity regime is discussed in detail in Ref. [90]. Note that
for Ay = 3/2, the form of the interaction reduces back to the
weakly coupled theory. At energies of order A, the interaction
in Eq. (2.19) gives rise to the portal term in the low-energy
Lagrangian Ljg. Importantly, the portal coupling X is of the order,

. A AN—3/2
A~ C)\ A (7) s

(2.19)

Mov (2.20)
where the order one multiplicative factor C, is estimated in
Ref. [90]. We can see that this IR parameter is naturally sup-
pressed for large Ay.

The Lagrangian also contains a small deformation of the CFT,
denoted by O,n¢, which explicitly violates lepton number,
nec I’LC 2

Oone + hc = LR D 7 (NC) + h.c.

Lyv D (2.21)

Ayne—4
My
Here A,nc (that is > 1 from unitarity requirement) is the scal-
ing dimension of the operator O,yc, and ¢ is a dimensionless
parameter. The limiting case of Ay« = 1 corresponds to a
free scalar. Assuming this deformation carries a lepton number
of (—2), at scales of order A the Lagrangian contains a lepton
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number violating term. The mass parameter u¢ is related to the
parameters in the ultraviolet theory as

A Ajne—4
C~C it Al — ,
1% me (MUV>

(2.22)

where the multiplicative factor C, is estimated in Ref. [90].
Having all the ingredients needed in the IR, in Eq. (2.18),

generated from the UV theory, we get a contribution to the

masses of the light neutrinos from the inverse seesaw of order

2 Aqne —4
A' A 2N
m, ~ /~’LC< UEW> ~ A C,L/:LC <7>
My Muyy
2
e A\ A2
x CAA(—EW) 2 .
A Muyy

The strength of the lepton-number violation in the composite
sector and the partial compositeness are controlled by the first
square bracket and second square bracket in Eq. (2.23), respec-
tively. Together, these effects generate Majorana neutrino masses.
From Eq. (2.23), we can see that the scaling dimensions of the
operators, Oy and O,ye, control the sizes for these effects. In
such a way, the scaling dimensions of CFT operators provides a
natural explanation for the small neutrino masses. It is worth
noting phenomenological differences from other weakly interact-
ing theories. The strong dynamics enables multiple new singlet
neutrino productions in a single collision, and in the extreme
case, it will undergo a process of showering in the new sector.
The resulting spectrum of the accompanied leptons from the
charged-current production and the strategy in observing the
long-lived singlet neutrinos can enable new opportunities beyond
the current searches [90,96-100].

Of particular relevance to the neutrino self-interaction, the
Lagrangian (at the scale A) is also expected to contain four-
fermion interactions between the N’s. These take the schematic
form,

(2.23)

(No"N)*  (N°N)?
a2 TR
where we have shown two such terms, and « and «’ are ex-
pected to be of order (4 )?. The composite nature of the singlet
neutrinos, signified by these renormalizable couplings, call for
more explorations. The self-interactions play an important role
in the phenomenology of this class of models, particularly in
astrophysics and cosmology. More details of this phenomenology

are discussed in Ref. [90].

LR D —Kk

+oe (2.24)

3. Cosmological probes

Neutrino self-interactions can leave an imprint on a vari-
ety of cosmological observables such as the matter and Cos-
mic Microwave Background (CMB) power spectra. In this section
we summarize the impact of neutrinos and their potential self-
interactions on key cosmological epochs, including Big Bang Nu-
cleosynthesis (BBN), the formation of the CMB, and the growth
of structure in the Universe. In many cases, the corresponding
observables are able to probe unique regions of the neutrino
self-interaction parameter space.

We begin with a brief summary of the role self-interactions
in the standard cosmology. As the Universe expands, particle
momenta redshift and energies decrease. In a system of coupled
particles in thermal equilibrium, expansion leads directly to cool-
ing and decreasing temperatures. The constituent particles have
less energy when they participate in scattering and other reac-
tions. Weak interaction cross sections scale with the energies of
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Neutrino Self-Interaction Rates
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Fig. 3. Schematic illustration of neutrino self-interaction (vSI) rate I" over the
Hubble expansion rate H for different vSI models as a function of temperature
(lower horizontal axis) or redshift (upper horizontal axis). The CMB and BBN
epochs are highlighted as gray bands. Freeze-out occurs when I"/H falls below
1, indicated by the gray dotted line. For the SM weak interaction this occurs just
before BBN, at temperatures ©(MeV). In models with non-standard interactions,
the freeze-out of self-interactions can be significantly delayed as in vSI models
with a heavy (compared to the temperatures of interest) mediator. If the
mediator is instead light, self-interactions can freeze-out at the usual time, but
then become important again through the beyond-SM processes.

the incoming particles, so less energy implies a smaller cross sec-
tion and subsequent reaction rate. Those rates eventually become
too small to maintain thermal contact between the neutrinos and
the electroweak plasma. Besides gravity, neutrinos experience
no other Standard-Model interactions at a significant level, so
the freeze-out of the weak interactions between the neutrinos
and the electroweak plasma is functionally a decoupling of the
neutrinos and the other constituents of the Universe. In addition,
neutrinos experience weak interactions among themselves at
approximately the same strength as they do with the charged
leptons of the electroweak plasma. The temperature evolution
of the rate of weak interactions compared to the expansion rate
is shown in Fig. 3. Therefore, individual neutrinos kinematically
decouple from one another at the same epoch. In the standard
cosmology assuming SM interactions, the neutrino decoupling
epoch occurs on the precipice of BBN when the plasma tem-
perature has cooled to the MeV scale, roughly when the age
of the Universe is one second. After decoupling, neutrinos free-
stream, initially moving with ultra-relativistic kinematics and
negligible rest masses. The free-streaming of neutrinos contin-
ues until their rest mass becomes a significant component of
their total energy, at which point neutrinos decouple from the
Hubble flow when the age of the Universe is billions of years.
Therefore, in the standard cosmology neutrino self-interactions
do not play an important role since they are frozen out by BBN
and especially during the CMB epoch. However, non-standard
self-interactions generated by physics beyond the SM (vSI) can
lead to significantly larger scattering rates amongst neutrinos and
different time/temperature dependence. Two such examples are
shown in Fig. 3 (these are discussed in more detail below). In
these cosmologies key cosmological observables can be modified
compared to ACDM.

We start with a description of the influence of non-standard
neutrino self-interactions on the CMB in Section 3.1 and the
distribution of matter in Section 3.2. Neutrino self-interactions
have been proposed as a means of easing the Hubble and Sg ten-
sions, disagreement between late- and early-time measurements
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of the present expansion rate and matter clustering amplitude,
respectively. These anomalies provide an exciting application of
vSI, which we study in Sections 3.3 and 3.4. While the combi-
nation of the latest cosmological and laboratory data preclude
this from completely accounting for the Hy and Sg tensions, they
nevertheless provide an interesting study of the complementarity
of a wide range of vSI probes. Such considerations have recently
motivated the study of flavor-non-universal vSI, since laboratory
constraints are often strongly flavor dependent; the CMB and
baryon acoustic oscillation (BAO) constraints on such interac-
tions are described in Section 3.5. The rich physics of neutrino
decoupling at ~ MeV temperatures is also sensitive to vSI as
described in Section 3.6 through modifications of the neutrino
phases-space distributions, which feed into the light element
abundances. Finally, in Section 3.7 we point out that vSI can
have important indirect effects on the inference of parameters of
inflationary models from CMB observables.

3.1. Cosmic microwave background

In a standard ACDM cosmology at T < 1 MeV, free-streaming
neutrinos travel supersonically through the photon-baryon
plasma at early times, hence gravitationally pulling photon-
baryon wave fronts slightly ahead of where they would be in the
absence of neutrinos [101-103]. Such free-streaming neutrinos
thus imprint a net phase shift in the CMB power spectra towards
larger scales (smaller ¢), as well as a slight suppression of its
amplitude. These effects are present in both CMB temperature
and polarization spectra. Free-streaming neutrinos thus lead to
a physical size of the photon sound horizon at last scattering
r, that is slightly larger than it would otherwise be. This phase
shift is thought to be a robust signature of the presence of free-
streaming radiation in the early Universe [103-105], and it plays
an important role in constraining the abundance of light free-
streaming relics in the pre-recombination Universe. The same
phase-shift is also imprinted in the full spectral data of BAO [105].

The presence of neutrino self-interaction at early times (such
as those mediated by a massive scalar) delay the epoch at which
neutrinos begin to free-stream, as shown schematically in Fig. 3
by the “Heavy Mediator” line. Fourier modes of photon-baryon
perturbations entering the causal horizon while neutrinos are
still tightly coupled will not experience the gravitational tug of
supersonic neutrinos and will therefore not receive the associated
phase shift and amplitude reduction described above. Compared
to the standard ACDM model, neutrino self-interactions thus shift
the CMB power spectra peaks towards smaller scales (larger £)
and boost their fluctuation amplitude on angular scales entering
the causal horizon prior to the onset of free streaming. These
effects are illustrated in the upper panel of Fig. 4, which shows
the normalized difference between self-interacting neutrinos and
ACDM for the massive mediator case; the phase shift and en-
hanced amplitude of high-¢ modes are evident in the oscillating
nature and increasing size of these residuals. If neutrino self-
decoupling is delayed until close to the epoch of recombination,
this can lead to a net (although small) reduction of the phys-
ical size of the photon sound horizon at last scattering r,. As
we briefly discuss in Section 3.3 below, this smaller predicted
size of the sound horizon is an important ingredient that could
help reconcile CMB and late-time measurements of the Hubble
constant Hy, although other model ingredients beyond neutrino
self-interaction are likely necessary to completely eliminate the
tension.

In general, not all neutrino flavors have to interact with the
same strength in the early Universe. In fact, the flavor-universal
case in which all neutrino species interact with the same coupling
strength is tightly constrained by an array of non-cosmological
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Fig. 4. Relative impact of decoupling (upper panel) and recoupling (lower panel) neutrino self-interactions on the CMB power spectrum. Each plot shows the
normalized difference of the temperature-temperature power spectrum from the ACDM expectation for several self-interaction model parameters. Observed Planck
spectrum residuals are shown by dots with error bars. The impact of decoupling vSI is greatest at small multipoles, while recoupling affects larger scales/smaller £.
The decoupling (recoupling) scenario corresponds to the “heavy mediator” (“light mediator”) model in Fig. 3.

Source: The plots are adapted from Refs. [106,107].

experiments [42,108], leaving flavor-nonuniversal interaction as
a more plausible avenue for neutrinos to self-interact at early
times. Such nonuniversal interaction will be discussed further in
Section 3.5 below. While cosmological constraints on the possible
strength of neutrino self-interaction of course depend on the ex-
act form of the chosen coupling matrix, they tend to have generic
features that are nearly always present. Perhaps their most sur-
prising characteristic is the bimodality of the interaction strength
posterior distribution. Indeed, CMB and BAO data,® when used
to constrain the possible strength of neutrino self-interaction in
the early Universe, yield two distinct islands of probability in
which interacting neutrino models provide a good fit to them. The
first mode, dubbed the moderately interacting (MI) mode, is close
in phenomenology to ACDM. There, the onset of neutrino free-
streaming is still delayed compared to the SM case, but neutrinos
are still largely free-streaming by the time the smallest length
scales probed by the CMB are entering the causal horizon. The
other statistical mode, dubbed the strongly-interacting (SI) mode,
corresponds to neutrinos self-interacting with a strength many

6 While the full BAO data is in principle directly sensitive to non-free-
streaming radiation through the phase shift, most analyses only make use
of the peak BAO scale at different redshifts, which helps tighten constraints
on cosmological parameters, or break degeneracies in some models [109]. For
exceptions, see, e.g., Refs. [110,111].

orders of magnitude larger than in the SM, resulting in an onset of
neutrino free streaming around redshift z ~ 10% That such strong
self-interactions are allowed by CMB and BAO data is astonishing
and is the result of a multi-parameter degeneracy [112] between
the neutrino interaction strength and the primordial spectrum of
fluctuations. The relative statistical weight of each mode depends
on the exact data sets and neutrino interaction model used, with
Planck CMB data generally disfavoring the SI mode as compared
to the MI one for the universal coupling case [113,114], while the
nonuniversal case places the modes on a more equal statistical
footing (see below). In contrast, recent analysis of the ACT data
has shown a preference for the SI mode [115]; this difference
with respect to the Planck data is attributed to a relative upward
fluctuation of E-mode polarization for multipoles 700 < £ < 1000
which is better accommodated by a delayed onset of neutrino
freestreaming.

The previous discussion focused on self-interactions through
a massive mediator, i.e., those that can be completely described
by a Fermi-type interaction; this leads to delayed decoupling of
neutrinos from themselves. Another possibility, realized for a very
light mediator, is that neutrinos decouple at T >~ 1 MeV as in
the standard scenario, and start free-streaming until a later time,
when they cease to do so as they “self-recouple” and become col-
lisional again as a result of the self-interactions. The cosmological
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evolution of the neutrino self-interaction rate in this case (labeled
“Light mediator”) is compared to the previous example in Fig. 3.
The effect on perturbation modes entering the horizon when
neutrinos are collisional is the same described above, i.e., these
modes will not experience the phase shift towards larger scales
and amplitude reduction. Hence the CMB spectra will be boosted
and shifted towards smaller scales with respect to the free-
streaming case. However, in the recoupling scenario different
scales are affected with respect to the case of delayed decoupling:
those that enter the horizon after the end of the free-streaming
regime. Thus the effects on CMB spectra are seen at multipoles
smaller than the one corresponding to the scale that enters the
horizon at the time of recoupling. This is illustrated in the bottom
panel of Fig. 4 which shows the normalized shift in the CMB
power spectrum due to self-interactions through a light mediator.
The imprint of neutrino perturbations on CMB anisotropies is
mostly important when neutrinos make a sizeable contribution
to the cosmological energy density, i.e., during the radiation era.
Thus the boost and phase shift disappear at multipoles smaller
than the one corresponding to matter-radiation equality.

CMB data can be used to constrain the recoupling scenario
[107,116,117]. Planck 2015 temperature data have been shown
to prefer the noninteracting scenario, and constrain, combined
with the Planck lensing data, the recoupling redshift z.. to be
smaller than 3800 (95% credible interval) [107]. This bound is
strengthened to z... < 2300 when small-scale polarization is
also included. These results can be used to gather information
on the coupling of neutrinos to a very light mediator, although
the relation between the decoupling redshift and the strength of
nonstandard interactions is somewhat model-dependent. In the
simple case of interactions between Majorana neutrinos medi-
ated by a light (effectively massless) pseudoscalar, as in Majoron
models, the bounds reported imply that the coupling constant g
should be < 7.7 x 107 (6.7 x 10~7 when small-scale polarization
is included).

3.2. Matter distribution

The growth of matter fluctuations is sensitive to the presence
of self-interacting neutrinos through the neutrinos’ impact on the
two gravitational potentials ¢ and ¢ in the conformal Newtonian
gauge. Indeed, neutrino self-interactions suppress the anisotropic
stress of the Universe, leading to ¢ — v = 0 before the onset of
neutrino free streaming. This contrasts with the ACDM case, for
which ¢ = (1 4+ 2R,/5)¢ on large scales at early times for the
adiabatic mode [118], where R, is the radiation free-streaming
fraction. This difference in the evolution of the potentials modifies
the gravitational source term driving the growth of matter fluc-
tuations. In the radiation-dominated epoch, the growth of dark
matter fluctuation is given by the following solution [119]:

d.(k, ) = —gqbp + k2 /T do’'t’'y(k, ") In(z' /1), (3.1)
0

where d. 8¢ — 3¢ in which 8. = §p./pc is the standard
dark matter energy density contrast in the Newtonian gauge,
and where ¢, is the primordial value of ¢ on large scales, k is
the comoving wavenumber, and 7 is the conformal time. The
gauge-invariant variable d. represents the fractional dark matter
number density perturbation by unit coordinate volume. At late
times, d. is nearly equal to §. and it is thus a useful quantity to
understand the structure of the matter power spectrum at z = 0.
The integral appearing in Eq. (3.1) obtains most of its contribu-
tion when kt ~ 1. The changes to the growth of dark matter
fluctuations can thus be understood by examining the behavior
of the ¥ potential at horizon entry, which is particularly sensitive
to whether all or some of the neutrinos are self-interacting.

10

Physics of the Dark Universe 42 (2023) 101267

10°4

--- ACDM

1.06 A

1.04 1

1.02

N
N

10°

de 1 /de. AcDM

0.98

0.96

v
0.94 T ; ™
108 10* 103 10? 10! 10°

z

107 106

Fig. 5. The evolution of the gauge invariant dark matter density contrast d.
for different k modes as a function of redshift. Solid lines correspond to the
interacting neutrino case with a flavor-universal interaction, whereas dashed
lines correspond to the ACDM case. The lower panel shows the ratio of the dark
matter fluctuations in the two models. The onset of neutrino free streaming
for the interacting neutrino model shown here occurs at Zge, =~ 10%. Dark
matter fluctuations entering the horizon while neutrinos are still tightly coupled
decay and appear damped at present relative to ACDM, while those entering
the horizon during neutrino decoupling receive a net boost that persists until
the present epoch.

When modes enter the horizon during the radiation-
dominated era, the gravitational potential ¢ decays in an os-
cillatory fashion [119]. If a fraction of neutrinos are not yet
free-streaming, the reduced amount of anisotropic stress implies
that  starts its oscillatory decaying behavior from a larger am-
plitude. This boosts the amplitude of the envelope of the decaying
oscillations as compared to ACDM, leading to an overall slower
decay. While this at first increases the amplitude of dark matter
fluctuations at horizon entry as compared to ACDM (see bottom
panel of Fig. 5), the subsequent oscillations of the integrand
appearing in Eq. (3.1) lead to a net damping of the dark matter
perturbation amplitude. Another way to think about this is that
the slower decay of the potential ¢ in the presence of self-
interacting neutrinos reduces the horizon-entry boost that dark
matter fluctuations experience as compared to ACDM.

For modes entering the horizon at the time of neutrino de-
coupling, the potential ¥y begins decaying from its larger value
with R, < R, acpm but rapidly locks into its standard ACDM
evolution due to the onset of neutrino free streaming. This case
thus displays the quickest damping of the i potential after hori-
zon entry, which leads to a net boost of dark matter fluctuations
as compared to ACDM. Indeed, these modes receive a positive
contribution near horizon entry from the integral in Eq. (3.1), but
without the subsequent extra damping due to the i potential
quickly converging to its ACDM behavior. The evolution of the
k = 0.3h/Mpc mode in Fig. 5 displays this behavior.
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Finally, modes entering the horizon well after the onset of
neutrino free streaming behave exactly like their ACDM coun-
terparts, as illustrated by the k = 10~> h~'Mpc mode in Fig. 5.
Taking together the evolution of the different Fourier modes
entering before, during, and after neutrino decoupling, we expect
the matter power spectrum to have the following properties
(at fixed neutrino mass): For large wave numbers entering the
horizon while neutrinos are tightly coupled, we expect the matter
power spectrum to be suppressed compared to ACDM. As we
go to larger scales and approach modes entering the horizon at
the onset of free streaming, we expect a “bump”-like feature
displaying an excess of power as compared to ACDM. As we go
to even larger scales, the matter power spectrum is expected to
asymptote to its standard ACDM value.

The effects described above offer an opportunity for testing
vSI using the matter distribution as probed by, e.g., the full-shape
power spectrum of galaxies, as mentioned in Ref. [120]. So far,
this data has been used to constrain an effective fluid model of
vSIin [121], but this model does not include decoupling effects
described above.

3.3. The Hubble tension

The concordance ACDM model provides an excellent fit to
many cosmological observations, including the CMB, the distribu-
tion of matter at large scales, and primordial abundances of light
elements. However, as the sensitivity of current cosmological
surveys increases, tiny cracks in this otherwise successful picture
start to emerge, mostly in the form of disagreement (or “tension”)
between different sets of cosmological and astrophysical data.
The most famous example, widely discussed over the past years
since the first data release of the Planck satellite, is the so-called
“Hubble tension”. Indeed, the value of the Hubble constant Hy in-
ferred from “local” (low-redshift) distance ladder measurements
calibrated against Cepheids and the value indirectly inferred from
cosmological observations (either CMB-driven or based on an
inverse distance ladder calibrated independently of the CMB)
within the ACDM framework disagree at the level of 50 [122-
127] (note, however, that other similarly-precise measurements
of Hy based on tip-of-the red giant branch calibration are consis-
tent with the CMB-inferred value [128-130]). Extensive studies
of the possible origin of such a disagreement have been pursued
in the past years. Leaving aside unaccounted instrumental sys-
tematics that might have contaminated the Hy estimates, it is of
more interest to this paper the possibility that the Hy tension
is signaling the need for going beyond the standard ACDM pic-
ture. Indeed, cosmological probes are not directly sensitive to Hy.
Rather, the Hp estimate can be obtained as a derived quantity
when data are analyzed in the context of a specific cosmological
model. In particular, Hy enters the calculation of peculiar angular
scales that can be measured with cosmological probes, such as
the angular scale of the sound horizon:

6 ~ r./da(Ho) (3.2)

where 1, is the physical scale of the sound horizon and d, is the
angular diameter distance to last scattering, which depends on
the late-time expansion history, and therefore on Hp.

Different classes of solutions have been proposed [131-136]
that look for departures from the standard ACDM model as
a way to reconcile the value of the Hubble constant inferred
in these extended or exotic cosmologies with local estimates.
Among these solutions, the possibility that neutrinos possess
non-standard interactions offer an intriguing alternative. As seen
in Sections 3.1 and 3.2, free-streaming particles at the time of
recombination modify the phase of the acoustic oscillations in
the baryon-photon fluid. A change in the phase of the oscillations
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affects the position of the acoustic peaks in the CMB and matter
power spectra, from which the angular scale of the sound horizon
- hence, Hy - is estimated.

In the presence of flavor-universal strong non-standard inter-
actions (SI mode defined in Section 3.1), the phase shift is altered
in such a dramatic way that a rather large departure from the
ACDM best fit could be allowed in order to keep the theoretical
predictions (mostly represented by the position of the acoustic
peaks in the CMB spectra) in agreement with observations. Such
a shift in cosmological parameters includes a larger value of the
Hubble constant than the estimate obtained within the context
of ACDM. Improved constraints of the position of the CMB peaks,
and in general on the angular size of the sound horizon, are
therefore key to assess the viability of vSI to ease the Hubble
tension. As mentioned in Section 3.1, when the full suite of CMB
(temperature and polarization) and BAO data are combined, the
preference for the SI mode - and its ability to alleviate the Hy
tension - becomes marginal with respect to the MI mode. The
relative weight of the two modes can be altered if one allows
for non-universal flavor interactions, though the different cosmo-
logical phenomenology with respect to the flavor-universal case
prevents the model from successfully tackling the Hy tension.
Further discussions can be found in Section 3.5 below.

3.4. Sg tension

Similar to the case of the Hubble parameter, there is a (much
milder) tension between late- and early-time inferences of Sg =
0g+/$21m/0.3, a parameter that determines the amplitude of linear
matter fluctuations on 8 h™! Mpc scales. For example, Planck
finds Sg = 0.825 + 0.011 [109], while SZ cluster counts [137],
and galaxy surveys like KIDs [138] and DES [139] obtain a lower
value 0.76-0.78 (with slightly larger uncertainties), leading to a
~20 discrepancy.

Neutrinos have a variety of indirect effects on the amplitude
of matter fluctuations, including modification of the initial am-
plitude and the evolution of gravitational potentials on certain
scales (see Section 3.2), as well as changing the inference of £2,,,
and amplitude and spectral index of primordial curvature fluctua-
tions. In Ref. [106] these effects combined to bring the early-time
inference into better agreement with late-time measurements.
However, the later analyzes that included the final Planck likeli-
hood with polarization and BAO data [113,114,140] found no such
preference, and instead recovered ACDM-like values of Sg.

3.5. Non-universal interactions

Recent studies of BBN and laboratory experiments constrain-
ing neutrino self-interaction have generated interest in the cos-
mology of flavor-nonuniversal interaction [113,114]. The strongly
interacting mode requires a mediator below ~ MeV scale for a
coupling strength g < 0.1 in a four-Fermi interaction scenario.
However, such MeV-scale mediator can be thermally produced
in the early Universe during BBN changing the relic abundance
of light elements. Additionally, new decay channels of K-meson,
Z decay width, and double-beta decays (see Section 5) constrain
all of the strongly and moderately interacting modes for flavor-
universal case [42,108]. It was shown that laboratory constraints
allow strong self-interaction only for tau neutrinos.

Ref. [113] discusses the implications of the flavor-nonuniversal
interaction in the cosmological data assuming massless neutri-
nos. The coupling between neutrino states is taken to be flavor
diagonal. The constraint on the interaction strength from the
Bayesian analysis using Planck data [109] is summarized in Fig. 6.
The significance of the strongly interacting mode discussed in
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Fig. 6. 1D posterior of neutrino self-interaction strength from the Bayesian anal-
ysis using Planck dataset for both flavor universal and non-universal interaction
from Ref. [113]. The 3c + Of line corresponds to the flavor universal neutrino
self-interaction, whereas, 2c + 1f and 1c + 2f stands for flavor non-universal
interactions where respectively two and one neutrino flavors are self-interacting.
The significance of the SI mode peak is highly enhanced in flavor non-universal
scenario.

the earlier section, increases dramatically in case of flavor non-
universal interaction. In particular, the model with only one neu-
trino flavor self-interacting provides a similar fit to the Planck
data as ACDM. The modification of the CMB spectrum compared
to ACDM is milder when only one or two flavor of neutrinos are
self-interacting compared to the flavor-universal scenario. This
allows for increased flexibility for fitting the CMB spectrum which
results in an increased significance for the SI mode.

Notably, the value of interaction strength corresponding to the
SI modes does not change appreciably compared to the flavor-
universal case. The interaction strength corresponding to the SI
mode is such that it keeps neutrinos coupled until just before
matter-radiation equality, and thus, affects all the CMB multipole
with ¢ > 100. These changes in the CMB spectrum get compen-
sated by variation of ACDM parameters specially the amplitude
of the primordial perturbation A and the spectral index n;s (and
effective number of neutrino degrees of freedom N.s when it
is varied). This also explains the existence of a valley region
between the SI and MI mode peaks in the 1D posterior. For those
values of the interaction strength, vSI affects only the high-¢ part
of the CMB spectrum. In this case, the degeneracy with other pa-
rameters fails to fully compensate for those changes, resulting in
a poor fit. Since the origin of the SI mode peak is tied to neutrino
decoupling around matter-radiation equality — regardless of the
number of interacting flavors, the position of the SI mode peak
remains virtually unchanged for flavor-nonuniversal interactions.

The SI mode corresponds to a higher value of Hy, even when
Negr is kept fixed, by the virtue of acoustic phase shift of the
CMB spectrum induced by the stopping of neutrino free stream-
ing [101,102,141], as explained in the earlier section. In the
flavor non-universal interaction, since fewer neutrinos are self-
interacting, the phase shift compared to ACDM is smaller relative
to flavor-universal interaction. Therefore, the increase of Hy in fla-
vor non-universal vSI is smaller as well. This assessment remains
true even when N is allowed to vary. Since SI mode in general
allows for higher Hy, addition of the local Hubble measurement
in the cosmological dataset increases of the significance of the SI
mode.

While Ref. [113] focuses on the study of massless neutrino
self-interaction, the case with massive neutrinos is studied in
Ref. [114], which considered four cases, introducing a varying
neutrino mass sum, a varying total Neg, and a varying interacting
fraction of extra relativistic species:
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e Case 1: Varying Neg, varying Y  m,, all species interacting.

The strongly interacting mode is ruled out to high signif-

icance compared to a fully free-streaming comparison case

when including Planck 2018 polarization data (in agreement

with Ref. [140]).

Case 2: Fixed Neff.free—streaming r2, Varying Neff,interactingy

varying Y m,.

The strongly interacting mode persists with high signifi-

cance compared to weaker interactions (the latter of which

are preferred only due to parameter space volume consid-

erations), but interactions are slightly disfavored compared

to a fully free-streaming comparison case due to the com-

plexity of the interacting model, despite a similar fit to the

data.

e Case 3: Fixed Ner = 3.046, varying Y m,, varying interact-
ing fraction.
The strongly interacting mode is marginal and a weaker in-
teraction is preferred, but still slightly disfavored compared
to a fully free-streaming comparison case due to model
complexity, despite a similar fit to the data. The bound
on Neff interacting < 0.79 at 68% CI (< 2.34 at 95% CI) is
dominated by the weakly interacting mode and is much
tighter for strongly interacting values, as can be seen by the
bound on a species that never decouples Negayia < 0.28
at 68% CI (< 0.50 at 95% CI), where the latter bound is in
agreement with [142].

e Case 4: Varying Ne, fixed ) m,, varying interacting frac-
tion.
The only case where the data show a marginal preference
for interactions over the fully free-streaming comparison
case. In addition to the usual weakly and strongly interact-
ing modes, an additional mode with a decoupling redshift
around z ~ 1000 appears, with a slightly disfavored re-
gion between this recombination-era decoupling and the
usual strongly interacting mode. For this case, the bound
Neff interacting < 0.86 (95% CI) remains mostly constant across
most of the decoupling redshift/coupling strength parame-
ter space, as illustrated by the bounds for the fluid case only
being somewhat tighter at Nefr fiuig < 0.51 (95% CI), with the
latter bound in agreement with [142].

Common to all of these cases is that they do not help alleviate
the Hy tension once Planck 2018 polarization data is included and
as such the hints and interacting modes for interacting neutrinos
and extra relativistic species have to be considered on their own
merits, rather than in the context of cosmological tensions.

In summary, the current cosmological datasets prefer strong
flavor-nonuniversal self-interaction over the highly constrained
flavor-universal interaction. Moreover, non-universal interaction
provides similar fits to the cosmological data as ACDM. Fur-
ther exploration in this direction, such as theoretical model-
building for flavor-nonuniversal interaction, analysis with ex-
tended datasets, and estimates of the sensitivity of future ex-
periments are needed to further understand the possible role of
flavor-nonuniversal vSI in cosmology.

3.6. Big bang nucleosynthesis

In the standard picture described in the introduction to this
section, neutrinos only experience gravitational interactions dur-
ing the period of free-streaming. If neutrinos were to experience
other, currently unknown interactions, then the standard pic-
ture would no longer capture all of neutrino dynamics [42,46,
143]. If these unknown interactions are confined to the neutrino
sector, then the neutrino distributions can equilibrate with a
temperature different from the photon-baryon fluid. Instead of a



J.M. Berryman, N. Blinov, V. Brdar et al.

system of decoupled particles each following their own individual
world-lines, the neutrino sector would act as an ideal gas with a
temperature and chemical potential. In this non-standard picture,
weak decoupling and neutrino decoupling will occur at vastly
different scales [46].

The weak decoupling transition is not instantaneous in either
the standard or secret-interaction (vSI) scenarios [144,145]. En-
tropy flows from the electromagnetic components of the plasma
into the neutrino seas over many Hubble times in the early Uni-
verse. For neutrinos experiencing secret interactions with large
cross sections, the heat and particle number flow as to maintain
Fermi-Dirac (FD) distributions with a temperature T, and chemi-
cal potential u,. The equations governing the evolution of T, and
degeneracy parameter n, = u, /T, are

ap on
n, —| —3T,n—
dT, at |, at |,
— Y = _HT, +T, " (3.3)
dt 4pn,, —9T,n
an 0
P
M _ a—za’ (3.4)
dt 4pn,, —9T,n

where H is the Hubble expansion rate, n is the neutrino number
density, p is the neutrino energy density, dn/dt|, is the number
density added from out-of-equilibrium weak decoupling, dp/dt|,
is the energy density added, and n,, is the following expression

T3 €
n,,=3-% [ de .
7 2 / ec +1

The dummy variable € = E, /T.y, is a dimensionless quantity used
to index the neutrino distributions, Ty, is an energy scale which
redshifts with increasing scale factor, ensuring ¢ is a comoving
invariant. The above equations are phenomenological and inde-
pendent on the kind of secret interaction. The secret interaction
strength is assumed to be large enough to ensure equilibrium
throughout weak decoupling. In addition, Egs. (3.3)-(3.5) only
assume one unique temperature and degeneracy parameter for
three flavors of left-handed neutrinos and similarly three fla-
vors of right-handed anti-neutrinos. In the case that all three
flavors have unique temperatures and degeneracy parameters,
the equations are similar, with the inclusion of terms for the heat
and particle flow between neutrinos of different flavor. Keeping
neutrinos coupled to one another slightly changes the neutrino
distributions compared to the result from neutrino transport in
the standard picture. Fig. 7 shows the relative change in the oc-
cupation numbers plotted against € for the two different physical
scenarios at the conclusion of weak decoupling. The dashed green
and red lines show the out-of-equilibrium distributions using
Boltzmann neutrino transport and ignoring the effects of neutrino
oscillations. The solid blue line is a calculation with self-coupled
neutrinos. That distribution also has a FD spectrum, but with the
following parameters:

Iy
TClTl

(3.5)

2.463 x 1073, (3.6)

Ny = —4.282 x 1073, (3.7)

showing that the neutrinos have been slightly warmed by weak
decoupling. The negative degeneracy parameter shows that neu-
trinos are less numerous than expected for the given tempera-
ture.

With the inclusion of vSI, there is a larger flow of heat from the
electromagnetic plasma into the neutrino seas than the standard
picture. As the curves in Fig. 7 are all of the same scale, this
heat flow is only slightly larger with the inclusion of secret
interactions. When using the quantity Neg to parameterize the
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Fig. 7. Freeze-out neutrino spectra in the standard scenario (dashed) and the
self-interaction scenario (solid) plotted against €. In the vSI model the self-
interaction is so large that neutrinos maintain equilibrium distribution until
well after weak decoupling. In the standard scenario of Boltzmann transport,
the green dashed curve is the e flavor and the red dashed curve is either u or
7. The vertical axis is the relative change to a non-degenerate FD spectrum.
Source: Plot from Ref. [46].

early-Universe radiation energy density, the relative change in
the secret-interaction scenario compared to the standard picture
is

SNer =~ 3 x 1074, (3.8)

and well within uncertainties for parameter estimation. Further-
more, the change induced in the electron-flavor neutrino (and
anti-neutrino) spectrum changes the integration of the neutron-
to-proton interconversion rates. These rates set the neutron-to-
proton ratio for BBN. Similar to Neg, the secret interactions only
slightly modify the primordial abundances of helium-4 (Yp) and
deuterium (D/H)

8Yp >~ 4 x 1074,
§(D/H) ~ 2 x 1074,

(3.9)
(3.10)

and are well within observational precision of these quantities.

The above comparisons are between a secret-interaction sce-
nario and the standard picture of BBN. There exist two simple
extensions to BBN, namely, including a dark radiation compo-
nent [146] and a lepton number asymmetry [147]. If there ex-
ists a dark-radiation component (with no coupling to neutrinos
through any other interaction besides gravitation), then secret
interactions will only slightly modify the freeze-out neutrino
distributions and resulting cosmological parameters and observ-
ables. The picture is the same for a non-zero lepton number. In
this scenario, the secret interaction must conserve lepton-number
for the asymmetry to persist into BBN. At that point, neutrinos
and anti-neutrinos have similar temperatures but manifestly dif-
ferent degeneracy parameters. Nevertheless, the changes in Neg
and the primordial abundances are primarily influenced by the
initial asymmetry conditions and secret interactions add in effects
at higher precision.

Although neutrinos play a pivotal role in the dynamics of the
early Universe, the requirement of a self-coupled neutrino gas
does not fundamentally change the dynamics of weak decoupling
during BBN. Changes in cosmological parameters and observ-
ables are small and well within experimental precision when
including secret interactions which only maintain equilibrium
among the neutrinos. These results do not reference a particular
phenomenological model for the secret interactions. Given that
weak decoupling does not provide any meaningful constraints on
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Fig. 8. Left: Comparison of the predictions of Natural Inflation (green) and Coleman-Weinberg inflation (red) with the 68% (dark blue) and 95% (light blue) confidence
regions for the interacting neutrino mode. Dashed lines mark the confidence regions obtained within the standard ACDM framework assuming free-streaming neutrinos
(Gesr = 0). Right: The constraints on a neutrino self interaction; the region that relaxes the inflation constraints is shown in white labeled “self-interacting mode”.
The orange region is disfavored from CMB data [152], the purple region is disfavored from BBN data [153], and the blue region is disfavored from measurements of

the Z width [154,155].
Source: Both figures are from Ref. [152].

secret interactions, the field is open for the consideration of more
detailed models. For example, if the secret interaction is mediated
by an unknown particle, that particle could exist in appreciable
numbers with some modified form of a thermal distribution. The
particle will have couplings with neutrinos and could distort the
neutrino distributions during weak decoupling, depending on the
mass and coupling strength. An influx of energy into the neutrino
sector would reverse the flow of entropy in weak decoupling,
thereby changing the dynamics of the electromagnetic plasma
and influencing the primordial abundances. Other models may
require flavor-dependent couplings or a CP-asymmetry. In any
case, the early Universe provides a unique laboratory for neutrino
secret interactions.

3.7. Inflation

Two well-motivated inflation models are Natural Inflation
[148] (employing a shift-symmetric inflation with a naturally
flat potential) and Coleman-Weinberg inflation [149,150] (which
makes use of a guaranteed 1-loop contribution to the infla-
tion potential). Natural inflation generally predicts non-zero and
measurable tensor modes in the CMB, while Coleman-Weinberg
inflation predicts no tensor modes, but a somewhat low spectral
index, n,. Past constraints on ny and the ratio of tensor to scalar
modes, r, have put these models of inflation in moderate tension
with the data [151]. These models are only disfavored in the
vanilla ACDM model. In Ref. [152], it was shown that these
constraints can be significantly relaxed in the presence of a new
neutrino self-interaction which allows both of these models at
< 10 again; see the left panel of Fig. 8. This is because in the
presence of non-standard vSI, the posterior distributions of r and
ng are significantly different from those in ACDM, to compen-
sate for the modifications of the power spectrum described in
Section 3.1.

This scenario works for a new scalar interaction with g ~ 0.1
and my ~ 1 MeV; see the right panel of Fig. 8. In addition,
this preferred region overlaps with the parameter space which
could also partially alleviate the Hy tension (see Section 3.3 and
Ref. [106]).

The parameters relevant to relax the constraints on inflation
models can be tested elsewhere. Mediators in the range my €
[0.2,5] MeV are exactly the region of interest that IceCube is
sensitive to via high-energy neutrinos scattering off the CvB if
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the astrophysical uncertainties can be overcome [152]. This in-
teraction is ruled out by kaon decay measurements [42] unless
the interaction is only in the tau neutrino sector where it is still
viable.

4. Astrophysical probes

Neutrinos emitted by Galactic and extragalactic astrophysical
sources provide tests of BSM neutrino self-interactions that are
complementary to cosmological and laboratory-based searches.
Their probing power stems primarily from their very long base-
lines, of tens of kpc for Galactic neutrinos and of Mpc-Gpc for
extragalactic neutrinos. While propagating across these vast dis-
tances, astrophysical neutrinos may have a significant chance of
scattering off the background of low-energy (~0.1 meV) relic
neutrinos, even if the neutrino-neutrino coupling strength is fee-
ble. The scattering may affect the energy spectrum, flavor compo-
sition, and arrival times/directions of the astrophysical neutrinos
in characteristic and potentially detectable ways. Notably, if the
neutrino self-interaction is resonant, it may introduce dips in
the astrophysical neutrino energy spectrum around the resonance
energy, and a pile-up of neutrinos at lower energies.

Previous works have studied the effects of BSM self-
interactions in neutrinos from core-collapse supernovae (SNe)
and in high-energy extragalactic astrophysical neutrinos. Neu-
trinos from core-collapse supernovae, with energies of up to
a few tens of MeV, are sensitive to neutrino self-interactions
via mediators with keV-scale masses, when they occur during
propagation [156-159], or MeV-scale masses, when they oc-
cur in the SN core and affect the explosion mechanism [159]
and flavor conversions in the core [158]. High-energy extra-
galactic neutrinos, with energies of TeV-PeV, are sensitive to
MeV-scale mediator masses [160-167]. In both cases, the effects
of BSM self-interactions may be detectable in the flux of neutrinos
from a single astrophysical source, or in the diffuse flux from a
population of sources.

Studying the effect of BSM self-interactions on astrophysi-
cal neutrinos today is timely, in preparation for the imminent
detection of the next Galactic core-collapse SN, the discovery
of the diffuse supernova neutrino background, the detection of
more TeV-PeV neutrinos, and the discovery of EeV cosmogenic
neutrinos in existing and envisioned neutrino telescopes.
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We separate the discussion of these phenomena based on
observations of SNe (Section 4.1) and those from high/ultra-
high energy astrophysical neutrinos (Section 4.2). Additionally, in
Section 4.3 we discuss how many of these searches are modified
when both vSI and sterile neutrinos (which also self-interact) are
added to the SM. Fig. 9 summarizes some of the vSI constraints
coming from astrophysics.

4.1. Core-collapse supernovae

Core-collapse supernovae (CCSNe) are host to a huge swath
of neutrinos streaming out from the core, eventually leading to
cooling of the progenitor. It is estimated that almost 99% of the
binding energy of the SN is released in the form of neutrinos.
The huge density of emitted neutrinos naturally makes a SN an
ideal astrophysical laboratory to test non-standard vSI. Bounds on
self-interactions from SN neutrinos can be divided broadly into
two categories: (i) direct bounds arising from the observation of
0O(30) neutrinos from SN1987A over a period of approximately
10s [168-171], and (ii) changes in the SN neutrino flux and
spectra due to introduction of new physics in the neutrino sector,
as compared to those predicted by simulations.

Our current favored understanding of the explosion mech-
anism of a SN follows the neutrino-driven delayed explosion
scenario [172,173], where neutrinos emitted from the SN core
transfer enough energy to the stalled shock wave to cause a suc-
cessful explosion. Large non-standard neutrino self-interactions
in the SN core of the type, vv — vv, can give rise to 2v — 4v
interactions at the next-to-leading order [159]. This could result
in a net reduction of the energy transferred by the neutrinos to
the stalled shockwave, thereby halting the explosion completely.
The very fact that we have observed neutrinos from SN1987A can
be used to constrain stronger-than-weak non-standard neutrino-
interactions in all flavors. If the new physics mediating neutrino
self-interactions is lepton-number violating, e.g., like a Majoron
model [5], then as the neutrinos get trapped in the core, number-
conserving and number-changing processes can lead to a thermal
equilibrium among the neutrinos, whereas chemical equilibrium
with the charged leptons is obtained through weak interactions
only. If the new interactions are stronger than weak interactions,
this can lead to the thermal equilibrium happening on time scales
much shorter than weak interactions. This can generate extra
entropy in the SN core, thereby leading to a core-bounce at sub-
nuclear densities. This will affect the neutrino spectra, and can be
used to constrain neutrino self-interactions [174]. Furthermore,
depending on the mass, the mediator particle can also be pro-
duced on-shell within the SN core [175,176]. If the mediator mass
and coupling to the neutrinos are in the right ballpark values,
it can cause the SN to cool faster than what is expected. This
leads to additional bounds on these couplings [41]. This argument
has been used to constrain all kinds of new light scale physics,
coupled to neutrinos (e.g., see Ref. [177]).

Flavor evolution of neutrinos within a SN is driven mostly
by their self-interactions, and hence is highly sensitive to new
physics in that sector. Deep inside the SN envelope, the neutrino
density is high enough that neutrinos feel a potential due to their
interactions with the ambient neutrinos. Such neutrino-neutrino
self-interactions in a dense neutrino gas can lead to non-linear
collective flavor conversions, thereby influencing their flavor evo-
lution, and hence the emitted spectra [178]. It was demonstrated
using simple toy models that secret self-interactions of neutrinos,
stronger than weak interactions, can drastically alter our under-
standing of neutrino flavor evolution [179,180]. However, the
impact of such collective oscillations is still uncertain due to the
possibility of flavor decoherence, particularly caused due to neu-
trinos moving in different trajectories (known in the community
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Fig. 9. Limits on the coupling strength of neutrino self-interactions, gus, as a
function of the mediator mass, M. We show limits from the propagation of
neutrinos from SN 1987A [156,159], from inside the SN 1987A core [156,159],
CMB [116] (see also Ref. [182]), BBN [42], laboratory measurements of particle
decays [41], double beta decay (¢B8) [183], stellar cooling [177], IceCube High
Energy Starting Events (HESE) [167], and a high-energy neutrino detected by
IceCube from the blazar TXS 05064056 [165].

Source: Figure modified from Ref. [167].

as multi-angle effects) [181]. Recent theoretical developments
have also shown that neutrino non-standard self-interactions
can also cause fast flavor conversions of neutrinos — a phe-
nomenon where the neutrino ensemble undergoes rapid flavor
conversions just outside the neutrinosphere [158]. This results
in altering the flavor content of the neutrinos, and consequently
the neutron-proton ratio inside the SN. As a consequence, these
secret interactions can have direct consequences for the SN ex-
plosion mechanism, as well as nucleosynthesis of heavy elements.
This is a topic of intense investigation, and the final word is yet
to be determined.

Finally, vSI can also manifest themselves through the in-
teractions of the SN neutrinos with the cosmic neutrino back-
ground (CvB). During propagation, neutrinos from a SN can scat-
ter with the CvB and lose energy, and/or get deflected causing
a time delay. Knowing the distance at which the SN occurred
(e.g., SN1987A occurred roughly at a distance of 50 kpc in the
Large Magellanic Cloud), one can estimate the time delay, and
change in spectral shape due to these scatterings to put tight
constraints on vSI [156,159,166]. The same operator giving rise
to vSI can also cause neutrinos to decay if the mediator is
light enough. This can cause spectral distortions, which can be
used to put bounds on such couplings, and consequently on vSI
[184,185]. Refs. [157,186] explored the possibility of sterile neu-
trinos undergoing secret interactions on the diffuse supernova
neutrino background. A collection of various limits on the vSI
coupling, as discussed, is depicted in Fig. 9. The possible ob-
servation of neutrinos from a CCSN at similar/closer distances
to SN1987A with current/next-generation neutrino experiments
promises exciting prospects for extending these searches across
this parameter space.
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4.2. High-energy and ultra-high-energy neutrinos

Complementary to neutrinos emitted in SNe, many astrophys-
ical sources (across a vast span of distances from Earth) exist
that produce neutrinos across orders of magnitudes of energies.
With the advent of gigaton-scale neutrino telescopes (such as
IceCube [187] and ANTARES [188]), more and more neutrinos
from these sources are being observed and being identified as
extragalactic. Even with these first observations, fundamental
properties of neutrinos are capable of being explored with un-
precedented precision. Moreover, future neutrino telescope pro-
posals, including Baikal-GVD [189], KM3NeT [190], P-ONE [191],
TAMBO [192], IceCube-Gen2 [193], and their combination [194],
are capable of even deeper understanding of neutrino proper-
ties. By measuring the properties of these astrophysical neu-
trinos [195], we have the opportunity to combine laboratory-
and astrophysics-based studies of neutrinos to search for physics
beyond the standard model, including the possibility of vSIL.

4.2.1. Absorption effects and neutrino telescopes

Astrophysical neutrinos probe the interactions that occur dur-
ing propagation and detection, in addition to the source physics.
Since the cosmic neutrino background (CvB) permeates the Uni-
verse, neutrino self-interactions can lead to distortions in the
spectrum as “signal” neutrinos scatter from CvB neutrinos. This
idea goes back to SN 1987A, where Kolb & Turner placed limits on
neutrino self-interactions [156]. Later work built on this, consid-
ering sources such as the diffuse supernova neutrino background
(DSNB) and high-energy astrophysical neutrinos, and a variety
of neutrino self-interaction scenarios [152,159,161,162,167,186,
196-199].

Qualitatively, the effect of self-interactions on a spectrum
can be understood by considering a collision between a signal
neutrino and a nonrelativistic CvB neutrino. The result of the scat-
tering will be two outgoing neutrinos, generally at higher energy
than the CvB neutrino and lower energy than the signal neutrino.
This can be described as removing neutrinos from the spectrum at
energies where the scattering cross section is relatively large and
injecting neutrinos at a lower energy. In practice, the accumula-
tion of neutrinos at the low-energy end of the spectrum is often
below the detector threshold, so the higher-energy dips are more
phenomenologically significant. The exact form of the resulting
spectrum depends on the details of the neutrino self-interactions
and the source. For example, with a massive scalar mediator
there is a resonant energy that depends on the mediator mass,
and this sets the scale for the location of dips in the spectrum.
For sources distributed over cosmological distances, redshift of
neutrino energies during propagation is important.

In addition to mediator mass, the position of dips, particularly
their separation in energy, depends on neutrino masses. Since
the CvB neutrinos are non-relativistic, the center-of-mass energy
of the HE/CvB scattering is s = 2E,m,, where E, is the HEv
energy. For resonant scattering with a neutrinophilic mediator
¢, this resonance occurs when s my or E, = mj/(2m,).
The cosmological bound of ) m, < 0.12 eV, together with
the measured neutrino squared mass splitting, disfavors neutrino
mass degeneracy. As such there should be at least two observable
dips in the neutrino spectrum at IceCube, given the mass of two
eigenstates (v, v;) are close to each other. In case of normal
ordering (NO, m; < m, < mjs, i.e., one heavy and two light states)
the mass of the lightest state is greater than that compared to
Inverted Ordering (IO, m3 < my; < my, i.e.,, one light and two
heavy states). Therefore, keeping > m, ~ 0.12 eV, the dips in
case of NO are a factor of O(1) apart in energy, whereas for IO the
dips are a factor of ©(100) apart in energy [ 199]. As NO is slightly
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Fig. 10. Present constraints on neutrino self-interactions from the IceCube HESE
diffuse neutrino flux [solid green], together with the Gen2 sensitivity [dashed].
Also shown is the Moderately Interacting neutrino mode (labeled as “MIv
solution”) and, more generically, the scale above which neutrinos self-scatter in
the Early Universe at times relevant for CMB observations. The constraints here
assume self-interactions only in the v, sector to avoid strong constraints from K
decay, but comparable sensitivity should apply to all flavors. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Source: Figure from Ref. [199].

favored over 10, Fig. 10 depicts the vSI constraints considering
NO.

Detecting high-energy astrophysical neutrinos with IceCube
opened a novel window into exploring vSI. There exist, however,
astrophysical uncertainties related to the unknown normalization
and spectrum of the primary neutrino flux. Two phenomenologi-
cal approaches have been suggested in the literature to overcome
them. On the one hand, astrophysical acceleration mechanisms
typically predict a power-law spectrum. Self-interactions, spe-
cially if they are resonantly enhanced at a particular energy,
would introduce spectral deviations such as dips or bumps that
can be looked for. For recent analyses in this direction using
IceCube data, see Refs. [167,199].

On the other hand, if high-energy neutrinos can be associated
to an astrophysical source, and the luminosity of this source is
inferred by other means, one can estimate the primary neutrino
luminosity. If it is consistent with observations, self-interactions
leading to a mean free path smaller than the distance to the
source can be excluded. Despite relying on astrophysical assump-
tions, this method can yield competitive constraints with rather
small statistics, see Ref. [165].

IceCube data available up to now has provided unique con-
straints that, unfortunately, are typically weaker than laboratory
probes. The future, however, is very promising. Fig. 10 shows the
reach of the proposed IceCube-Gen2 [193] neutrino observatory.
The impressive statistics of this detector, combined with the
high-energy reach that will robustly determine the underlying
spectrum, will increase the current sensitivity of IceCube by three
orders of magnitude. It will even overcome laboratory constraints
for a large mediator mass range. Furthermore, the sensitivity in
that figure is only based on analyzing the all-flavor diffuse flux.
Exploring flavor effects can bring about interesting complemen-
tarity with flavor-dependent self-interactions. And, in addition,
Gen?2 is expected to detect many neutrino point sources [193].
As discussed above, this will open a complementary channel.

This program will be boosted by any detection of Ultra-High
Energy neutrinos, with energies of 100 PeV and higher. Although
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Fig. 11. (Left panel) Schematic picture of neutrino “echoes” induced by BSM interactions, reproduced from [166]. (Right panel) Constraints on a vector model of
neutrino self-interactions in the coupling versus mediator mass plane. The transient distance and neutrino mass are D = 3 Gpc and m, = 0.1 eV, respectively.

very challenging to detect, their higher energy will generically
imply probing even heavier mediators. Altogether, future as-
trophysical neutrino data will robustly explore uncharted terri-
tory, where any hint will be cross-checked with complementary
probes.

4.2.2. Neutrino echoes

In addition to spectral and flavor distortions of the astro-
physical neutrino flux [53,160,161,200,201], neutrino scattering
on the CvB can also produce distinct temporal signatures [166].
As depicted in Fig. 11, these neutrino “echoes” are produced
via the lengthened path scattered neutrinos follow en route to
the Earth. Neutrino-bright multimessenger transient sources will
then allow for the sensitivity to a time delay induced by the
neutrino self-interaction.

4.3. Sterile neutrino secret interactions

Neutrino secret interactions may also couple active neutri-
nos of the Standard Model with additional sterile (non-weakly-
interacting) species. Indeed, sterile neutrinos have been proposed
at various energy scales, from the eV to the Grand Unification
scale at 10" GeV. Such additional species are motivated either
by theoretical expectations, for example in the case of the seesaw
mechanism and leptogenesis with a heavy sterile neutrino, or by
experimental observation, as light sterile neutrinos at masses of
eV and keV which could explain neutrino oscillation anomalies
and dark matter, respectively.

Secret interactions between active and sterile neutrinos can
be probed by similar means as active-active secret interactions.
Let us assume a coupling between active and sterile neutrinos
[202,203]

Lg = Z )“aDaySszs

o

where « runs over the three active flavors, ¢ is a (pseudoscalar)
mediator, v is the sterile neutrino field, and A, are three cou-
plings.

A first set of constraints that must be satisfied come from
laboratory experiments. The new interaction leads to additional
decay channels for the kaon of the form K — vslp and K —
vs€Vpvs. As shown in Ref. [203], the measurements of the kaon
decay rate can be used to constrain the couplings A, to the level
of A ~ 0.1 — 1. The constraints do not apply when the masses
of the mediator and of the sterile neutrino become of the order
of 100 MeV, since the decays become kinematically forbidden.
Furthermore, the choice A, # 0, A, = A, = 0 cannot be
constrained by this method, since the decays K — vstp, K —
Vs TV s are always kinematically forbidden.

(4.1)
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A second way to constrain the secret interaction is by look-
ing at dense environments of neutrinos, such as the primordial
plasma and the supernovae. As shown in Ref. [203], the most
important constraints come from cosmology. The presence of
an additional sterile relativistic species in equilibrium with the
plasma at a temperature of order T ~ 1 MeV increases the
effective number of relativistic degrees of freedom, jeopardizing
BBN. Therefore, the newly added species ¢ and vs must have
masses larger than about 10 MeV.” These masses are also safe
from constraints from supernovae.

Finally, active-sterile secret interactions can be constrained
by observation of high-energy and ultra-high-energy neutrinos.
Secret interactions cause the neutrinos, propagating to the Earth,
to collide with the CvB via the reaction v,v; — vsvs. The cross-
section peaks at an active neutrino energy E, ~ m;/ma ~
10® GeV(m,,/100 MeV)?, where m, is the mass scale of the active
neutrinos, assumed to be 0.1 eV. Sterile neutrinos are produced
collinearly with the active neutrinos, and in their subsequent
propagation can regenerate the high-energy active neutrino flux
via the reaction with the CvB vsv, — v.vs. Furthermore, if
mg > m,, sterile neutrinos can also directly regenerate active
neutrinos via the decay vs — v,¢. The non-standard propagation
causes mainly two effects: a depletion of the flux at an energy
E, ~ 108 GeV(m,/100 MeV)?, and a small pile-up of neutrinos at
lower energies, caused by the regeneration process. Therefore, the
astrophysical neutrino spectrum is distorted by the interaction.
The energy scale at which these effects are expected depends
on the mass of the mediator. For m, >~ 10 MeV, the distortion
of the spectrum happens around 1 PeV, in an energy region
which can already be probed by IceCube. In order to give rise to
significantly large effects, couplings of order 1 are necessary. Such
couplings are allowed by meson decay bounds only if the secret
interaction couples the tau neutrino only, as mentioned above.
This effect is shown for benchmark values of the parameters
in the left panel of Fig. 12. For larger masses of the mediator,
the spectrum distortion naturally shifts at ultra-high energies,
in the EeV region. A guaranteed population in this region are
cosmogenic neutrinos, produced by cosmic-ray py collisions with
the Cosmic Microwave Background. We show the impact of secret
interactions on the cosmogenic flux, assuming cosmic-rays are
purely made of protons, in the right panel of Fig. 12, showing
that it is in principle detectable by proposed ultra-high energy
neutrino radio telescopes such as GRAND [204].

7 Sterile neutrinos at lighter mass scales can still be present if they are not
in equilibrium with the plasma at BBN: for example, keV sterile neutrinos are a
candidate for dark matter if they are produced via oscillation of active neutrinos
before BBN.
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Fig. 12. Effects of active-sterile secret interactions on astrophysical neutrino fluxes. (Left panel) Spectral distortion of astrophysical neutrino power-law flux in the
IceCube energy range. For the dashed line only the tau neutrino is coupled to the interaction; for the dotted line all three flavors couple with the same strength.
The parameters chosen are shown in figure. (Right panel) Spectral distortion of cosmogenic neutrino flux in the ultra-high energy range. The curve is obtained in a
simplified 141 flavor model. The upper bound of Pierre Auger Observatory, and the sensitivities of ARIANNA and GRAND200k are shown as well.

Source: Figures adapted from Refs. [202,203].

5. Laboratory probes

In Section 2, we discussed how new neutrino self-interactions
require the existence of a new mediator. Depending on the mass
of such a particle, it may be produced and potentially studied in
a variety of laboratory environments. This section details several
ways to search for the physical effects of neutrinophilic media-
tors in the laboratory and summarizes the current experimental
landscape of these searches, as well as some future prospects.

We discuss the following searches: production of
neutrinophilic mediators in double-beta decay processes (Sec-
tion 5.1); new, rare meson/charged lepton/Higgs boson decay
processes (Section 5.2); scattering-related production of the new
mediator in neutrino experiments (Section 5.3); and produc-
tion of mediators in collider environments such as the LHC
(Section 5.4).

5.1. Double-beta decays

For realizations of the neutrino self-interaction like in Eq. (2.9)
in which the mediator ¢ carries lepton number, new effects may
be present in searches for neutrinoless double-beta decay. In
these experiments a nucleus spontaneously undergoes the decay
process, converting two neutrons into protons simultaneously,
and emitting two electrons. If neutrinos are Majorana fermions,
then this process may occur without any outgoing neutrinos; the
final-state electrons therefore have a specific total energy that
is distinct from the broad energy distribution in neutrino-full
double-beta decay.

If the interaction of Eq. (2.9) exists, and the mass of ¢ is below
the Q-value of the nuclear double-beta transition, then ¢ may be
emitted in this decay in lieu of the two neutrinos. In this case,
the signal electrons will have a distribution instead of a well-
defined value; however, the spectrum is distinct from that in
standard double-beta decay. This effect has been studied in detail
in Refs. [183,205-210], and provides constraints® on the order of
Xee < 107> for mediators lighter than ~ MeV.

8 Because double-beta decay searches always involve outgoing electrons, this
type of search for new mediators can only constrain the coupling of ¢ to electron
flavor, Aee.
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Even if the new neutrino self-interaction mediator does not
carry lepton number, and if the new mediator is heavier than
the Q-value of the double-beta decay transition in question, new-
physics effects can still be manifest in these searches. Ref. [211]
studied this scenario in detail, finding that constraints from
double-beta decay searches are competitive with searches for
self-interactions in cosmology.

5.2. Rare decay processes

Charged pions, kaons, and D mesons have significant leptonic
branching ratios. The two-body decays into a single charged lep-
ton and a neutrino are particularly important because their rates
are chirality-suppressed. In models with neutrino self-
interactions, the final-state neutrinos can radiate the vSI mediator
if kinematically allowed. This opens up the possibility of three-
body decays of the meson m, e.g, m~ — £, vg¢p; while these
decays suffer from the three-body phase-space suppression, they
are not chirality-suppressed and therefore can be important. The
decay rate for these new channels should not exceed limits on
the processes including a single (detectable) charged lepton in
the final state, e.g., m~ — £, v,vv. Constraints on the couplings
of an L-charged scalar were derived in this way in Ref. [41]; these
limits are shown in gray (g ), blue (g,,.) and pink (g.) in Fig. 9.
Similar limits were previously reported for fixed my = 1 keV in
Ref. [212].

We should note that limits from meson decays also exist
in the scenarios where the boson is heavier than the decaying
meson. This means that, in the relevant semi-leptonic meson-
decay Feynman diagram, two further neutrino lines need to be
attached to the boson line in order to have the process kinemat-
ically open. Then, one has four-body decay into a charged lepton
and three neutrinos. While such rate is coupling- and phase-
space-suppressed with respect to the above three-body decay
realization, it appears relevant for, e.g., neutrinophilic dark matter
searches [9].

This document has largely focused on vSI induced by new
scalars, but we briefly remark on the possible existence of new
vector interactions. These generate (lepton-number-conserving)
meson decays such as m~ — £, vgV. These decays have been
studied in, e.g., Refs. [155,213]; we also note the studies of meson
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Fig. 13. Feynman diagrams of charged-current process with initial-state neu-
trino radiation via contact operator (left) or light mediator (right). Time goes
from left to right. Arrows indicate flow of lepton number.

decays in the context of gauged L, — L, in Refs. [214,215]. These
constraints, while nontrivial, are generally not competitive with
constraints from other sources; see, e.g., Ref. [23,216].

Additional vSI will also generate new contributions to the
decays of the Higgs and Z bosons. In Ref. [41], the decays H —
vovg¢ and Z — v,vg¢ were used to derive constraints [Ayg| <
0.7 and |Ayg| < 0.5(14+64p), respectively, for a sub-GeV L-charged
scalar using measurements of invisible decay widths. Ref. [217]
refined the limit for Z — invisible by including rescattering
contributions to Z — v,Vg enabled by the new scalar. The
constraint from H — invisible is dominant for a GeV-scale new
scalar; below this, both H and Z decays are subdominant to
meson decays. Ref. [217] also derived a constraint from four-
body t decays, i.e., T~ — £, VgV, ¢, though this turns out to be
subdominant to meson decays, as well.

Accelerator neutrino experiments rely on meson decays to
produce beams of neutrinos and antineutrinos. If present, then
the meson decays discussed in this section will manifest as non-
standard components of the beam. To wit, these neutrinos will
be less energetic than their two-body-decay counterparts; in the
case of the L-charged scalar, this can lead to nonstandard flavor
structure [218] and the appearance of antineutrinos in a neutrino
beam (and vice versa). In a real-world environment, however,
it would be difficult to identify these contributions: pure beams
of (anti)neutrinos cannot be produced, so the nonstandard com-
ponent would be overwhelmed by this background. In the next
subsection, however, we discuss how the same interactions can
appear in the detector at such an experiment, and the additional
handles that can be used to identify such a process. We conclude
by noting that the new force mediator may decay back into
neutrinos or, in the case of vector mediators, charged leptons
within the detector volume at such an experiment, which can
lead to an observable signal [219,220].

5.3. Neutrino scattering

Neutrino self-interactions, if sufficiently strong, could manifest
in neutrino scattering processes. Let us consider two scenarios
where vSI occurs through an effective operator (vv)(vv) or via
the exchange of a light mediator ¢. One could then imagine the
radiation of two neutrinos or a ¢ in any scattering processes
triggered by a neutrino. It is most useful to consider this oc-
curring in association with a charged-current neutrino scattering
process where all the final-state particles are visible except for
the radiated two neutrinos or ¢. The processes are depicted by
the Feynman diagrams shown in Fig. 13.

This class of processes was first considered in Ref. [221] in the
context of the Standard Model and then in models containing a
light Majoron [222]. Two classes of signatures to probe this model
were identified:

Wrong-Sign Leptons Already in Refs. [221,222] it has been no-
ticed that the final-state charged lepton can be of “wrong
sign”, i.e., carry the opposite lepton number to that of the
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initial-state neutrino. It can serve as a striking signal in
experiments with a relatively pure neutrino beam and a
magnetized detector with charge identification capability.
Indeed, Ref. [41] considered a published search for CPT
violation performed by the MINOS experiment [223] and
reinterpreted its results to constrain the ¢vv coupling as a
function of ¢ mass.

Mono-Neutrino If a neutrino detector cannot identify charge,
one has to resort to the other handle — the missing trans-
verse momentum with respect to the incoming neutrino
direction. One can therefore search for neutrino charged-
current interaction final states along with missing trans-
verse momentum, which was dubbed the “mono-neutrino”
signature in Refs. [9,224].

For concreteness, let us consider the benchmark model of
a massive scalar ¢ with couplings to muon neutrinos as de-
scribed by the low-energy Lagrangian £ ~ %Mu"uvu‘ﬁ- The
corresponding parameter space is shown in Fig. 14. The gray-
shaded regions have been excluded by previous measurements
including laboratory-based constraints detailed in Section 5.2 —
from precision measurements of t-lepton decays as derived in
Ref. [217]; constraints from precision measurements of D-meson
and kaon decays as derived in Ref. [41,225]; and constraints from
the measurements of the Z-boson and Higgs invisible decay width
at high-energy colliders as derived in Ref. [41,217]. In addition,
we also show the projected sensitivity from future experiments
as colored lines:

DUNE: The Deep Underground Neutrino Experiment, or DUNE,
is a long-baseline neutrino facility that is currently under
construction in the US. Here an intense beam of neutrinos
with energies of a few GeV is created at Fermilab and send
to a far detector located roughly 1300 km, with the goal of
measuring the neutrino oscillation parameters with a high
precision. In addition, DUNE contains a liquid argon near
detector, which will observe a large number of neutrino
interactions. As proposed in Refs. [9,41], this setup can be
used to probe neutrinophilic scalars with masses of up to
a few GeV. Since the DUNE near detector cannot identify
charge of the outgoing lepton, the proposed analysis strat-
egy focuses on the identification of the “mono-neutrino”
signature. The projected reach is presented as a red dashed
line in Fig. 14.

FPF at the LHC: As the collider experiment with the highest
beam energy, the LHC is also the source of the highest-
energy neutrinos produced in a laboratory environment.
Indeed, at its interactions points, the LHC produces an
intense and strongly collimated beam of up to multi-
TeV-energy neutrinos in the forward direction. Two ded-
icated LHC neutrino experiments, FASERv [226,227] and
SND@LHC [228,229], will start their operation in 2022
and observe thousands of high-energy neutrino interac-
tions within a few years. To further increase the neu-
trino event rate, larger LHC neutrino experiments for the
high-luminosity LHC era have been proposed as part of
the Forward Physics Facility (or FPF) [44]. The proposed
detectors include the emulsion-based neutrino detector
FASERv, the electronic neutrino detector AdvSND, and the
liquid-argon neutrino detector FLArE [230]. These detectors
would be able to detect about a million interactions of TeV
neutrinos, providing an opportunity to produce and probe
neutrinophilic scalars with larger masses. Although FPF
neutrino experiments will have charge identification capa-
bilities, the sensitivity of the “wrong-sign lepton” signature
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Fig. 14. Parameter space of neutrinophilic scalar spanned by its coupling to muon neutrinos A,, and its mass my. The region excluded by previous measurements
is shown in gray-shaded, while the projected reach of DUNE and the FPF are shown as red and blue colored lines, respectively. Various DM target lines are shown
in black. See text and Refs. [9,224] for details. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

is diluted due to a similar number of neutrinos and anti-
neutrinos in the LHC neutrino beam. Therefore, at the FPF
the “mono-neutrino” signature seems more promising. The
corresponding sensitivity reaches of this analysis strategy
have been obtained in Ref. [224] and are shown as blue
lines in Fig. 14.

It is worth noting that the corresponding reaches in the pa-
rameter space are sensitive to the hadronic energy resolution
of the upcoming neutrino detectors. Precision measurements of
hadronic energies in this neutrino scattering allow for further
separation of the signal (with large missing transverse momen-
tum) and the SM background (with zero or very small missing
transverse momentum) [224].

In the same figure, we also show the dark matter targets as
black curves of various styles. This includes the sterile neutrino
dark matter production via neutrino self-interaction mediated
by ¢ [35,36,45] and the thermal freeze out fermionic and scalar
dark matter candidates that couples to ¢ [9], as discussed in
Section 2.3. The benchmark values for the mass and coupling
parameters are given in Ref. [224]. As we can see, future mea-
surements with DUNE and FPF experiments will be able to probe
a large fraction of well-motivated parameter space of such a
neutrinophilic mediator.

5.4. Collider probes

The leptonic scalar mediators for neutrino self-interaction dis-
cussed in Section 2 can be effectively probed at high-energy
colliders using their direct production and subsequent decay into
neutrinos, thus giving rise to characteristic missing transverse
energy signatures [64,65]. The LHC and future colliders could
potentially extend the reach to higher masses, complementary
to the low-energy laboratory probes and the astrophysical and
cosmological observations discussed above.

Given the interaction in Eq. (2.9), the leptonic scalar ¢ can be
produced at colliders by radiation off a neutrino leg. In partic-
ular, it can be produced in vector-boson fusion (VBF) processes
(see Fig. 15), leading to the characteristic signal of same-sign
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Fig. 15. Representative Feynman diagram for the production of leptonic scalar
¢ at the LHC.

dileptons, two forward jets in opposite hemispheres, and missing
transverse energy, i.e.,
pp — GG +EM (@, B=e, 1, 1). (5.1)
Although this process by itself may not uniquely distinguish any
specific UV-complete model, such as those discussed in Section 2,
it can be used in conjunction with additional signals arising in
specific UV-completions (see below) to probe the leptonic scalar
at the LHC.

The 95% C.L. LHC and HL-LHC sensitivities to the coupling
|Auul using the process in Eq. (5.1) are shown in Fig. 16. The
corresponding limits for || and |A¢,| can be found in Ref. [64].
The dot-dashed thick red line is for the most optimistic case at the
14 TeV HL-LHC with 3 ab~! integrated luminosity and without
any systematic error. With a realistic 10% (20%) systematic error,
the sensitivities at the HL-LHC are slightly weaker, denoted by the
solid (dashed) thick red lines. This implies that our leptonic scalar
signals are rather robust against the systematic uncertainties on
the background determination. For comparison, we also show
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Fig. 16. Projected sensitivity for the coupling |A,,| as a function of the leptonic
scalar mass m, at 14 TeV LHC with luminosity of 300 fb~' (solid thin red
line) and HL-LHC with 3 ab~! and with systematic errors of 0% (dot-dashed
thick red line), 10% (solid thick red line) and 20% (dashed thick red line). Also
shown are the low-energy limits from meson decay (gray), t decay (brown),
heavy neutrino searches in meson decay spectra (orange), invisible Z decay
(purple) and the prospect of invisible SM Higgs decay at HL-LHC (dashed pink),
the current IceCube limits on neutrino-neutrino interactions (blue) and future
prospect (dashed blue), as well as the MINOS limit (green) and future prospect
at DUNE (dashed green). All the shaded regions are excluded. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Source: From Ref. [64].

the prospects at the 14 TeV LHC with only 300 fb~! integrated
luminosity, which is achievable in the upcoming run within a few
years. Since the difference between the LHC prospects with 0%,
10% and 20% systematic uncertainties is not appreciable, we show
only the prospects with 10% systematic error as the thin red line
in Fig. 16.

The prospects of A4 at the LHC and HL-LHC are largely com-
plementary to the low-energy constraints discussed above. To see
it more clearly, we show in Fig. 16 the limits from meson decays
(gray), t decays (brown), heavy neutrino searches in two-body
meson decay spectra (orange), the invisible Z decay (purple),
neutrino-matter scattering at MINOS (green), and IceCube limits
on new neutrino-neutrino interactions (blue). All the shaded
regions are excluded. Also shown are the prospects of invisible
SM Higgs decay at HL-LHC by the dashed pink lines and the
prospects at IceCube-Gen2 by the dashed blue lines. We have also
shown the prospect from DUNE by dashed green line. One can
see that the HL-LHC prospects exceed all the existing limits when
the scalar mass mg > 10 GeV. At a future 100-TeV pp collider,
further improvement in the sensitivity is expected. We would
like to emphasize that this is a direct probe of scalar-mediated
neutrino self-interactions at high-energy colliders.

There can be additional collider signals in specific UV-complete
models, such as those discussed in Section 2. For example, in
the type-Il seesaw-motivated model of Ref. [65], the leptonic
scalar can be produced either from the doubly-charged scalar
H** — W*W%¢ or from the singly-charged scalar H¥* —
W=*¢. As the leptonic scalar ¢ decays exclusively into neutrinos,
these new channels will lead to same-sign dilepton plus missing
transverse energy plus jets signal at the hadron colliders, which is
different from the standard type-II seesaw. We find that the mass
of doubly-charged scalars in the small and large Yukawa coupling
scenarios can be probed up to respectively 800 GeV and 1.1 TeV
at 20 significance, corresponding to a 95% confidence level, in
the new channels at the HL-LHC with integrated luminosity of 3
ab~!, and can be improved up to 3.8 TeV and 4 TeV respectively at
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future 100 TeV colliders with luminosity of 30 ab—!. We also find
that since in the large Yukawa coupling case, the missing energy
is completely from the leptonic scalar, its mass can be determined
with an accuracy of about 10% at the HL-LHC.

6. Outlook & conclusions

This white paper provides an overview of the current status
and future prospects of exploring beyond-the-Standard-Model
interactions among neutrinos. As we have demonstrated, these
new-physics scenarios have a range of motivations and have the
possibility of addressing a number of important questions in par-
ticle physics and cosmology. This includes the unknown genera-
tion of neutrino masses, explanations of the origin of dark matter
in the Universe, and relieving tensions in different measurements
of cosmological parameters.

Depending on whether or not the new interactions couple
predominantly to neutrinos (and therefore are neutrinophilic),
the prospects for searches for these new interactions, and their
associated mediators, can be very difficult (compared against
searches, for instance, for dark photons or dark Higgs bosons).
We have discussed a wide range of mediator masses in this white
paper, ranging from below the keV scale to hundreds of GeV. This
parameter space is ripe for exploration and for novel ideas in how
to test these interactions.

In order to thoroughly test this parameter space, probes of all
types are necessary. They include (i) cosmological probes using
the cosmic microwave background, large- and small-scale struc-
tures, Big-Bang nucleosynthesis, and even imprints from infla-
tion; (ii) astrophysical probes using high-energy cosmic neutrinos
and supernovae; and (iii) laboratory probes using double-beta
decay, meson rare decays, accelerator neutrino experiments, as
well as high-energy colliders like the LHC. In this white paper,
we have summarized the current status of these three categories
of searches, and how they provide complementary information
when searching for neutrino self-interactions.

Additionally, many upcoming experimental endeavors in the
short- and long-term will provide excellent capabilities for
searching for new neutrino self-interactions. We have highlighted
a number of these prospects that can and will guide us through
the next generation of experiments. We conclude that this is
a very exciting time for the prospects of discovering neutrino
self-interactions, and our understanding of this phenomenon will
soon be improved substantially.
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