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ABSTRACT: Neutrino being massive, they can decay. A heavier neutrino could decay into
a lighter one and a massless scalar or pseudoscalar boson, such as the Majoron. Two-body
non-radiative decay could occur in dense matter, such as in the inner dense regions of a
core-collapse supernova. We first derive novel bounds on neutrino-Majoron couplings using
the spectral distortions induced by neutrino non-radiative two-body decay in matter, and
two-dimensional likelihood analyses of the 24 v, events from SN1987A. We then explore
the prospects of neutrino-Majoron couplings from a future galactic core-collapse supernova,
leaving either a neutron star or a black-hole. To this aim, we use information from detailed
one-dimensional supernova simulations. We consider the supernova neutrino signal associated
with inverse-beta decay in the JUNO and upcoming Hyper-Kamiokande detectors, with
neutrino-argon scattering in DUNE, or with coherent neutrino-nucleus scattering in the
DARWIN experiment. In a full 3v framework, based on the spectral distortions induced
by neutrino decay in matter, we perform two-dimensional likelihood analyses and provide
prospects for the limits on neutrino-Majoron couplings. Our results show that the observation
of a future supernova will significantly improve on the current bounds, in particular from
SN1987A and neutrinoless double-beta decay. Finally, we explore the impact of neutrino decay
in matter on the diffuse supernova neutrino background formed by past supernova explosions.
We show for the first time that the effects on black-hole contributions are important and
modify the DSNB number of events by several tens of percent in Hyper-Kamiokande.
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Introduction

Neutrinos are unique elementary particles with mixing. Weakly interacting, they tell us

about the interior of the Sun and of massive stars that undergo gravitational core-collapse.

They are tightly linked to stellar nucleosynthesis processes and left an imprint on primordial

nucleosynthesis, one second after the Big Bang. Milestone observations in astrophysics

were the pioneering experiment of R. Davis on solar neutrinos [1] and the detection of

SN1987A neutrino events, i.e., of the first neutrinos from the core-collapse of a massive

star [2-4]. GW170817 was also unique, bringing the first measurement of gravitational

waves concomitantly with a short gamma-ray burst and a kilonova [5]. A new window in



neutrino astrophysics was opened with the detection of the first PeV neutrinos in the IceCube
experiment [6] and, very recently, with the measurement of a cosmic neutrino event, with
the highest energy ever observed, by the KM3NeT Collaboration [7].

After the breakthrough discovery of neutrino oscillations [8], solar, reactor, and accelerators
have paved our knowledge of the neutrino oscillation parameters [9]. Still, many important
open questions remain. Among the open questions is how neutrinos change flavor in dense
environments. Indeed, neutral-current neutrino-neutrino interactions become sizable in such
sites, and make neutrino propagation a non-linear many-body problem [10]. Moreover,
collisions, shock wave, and turbulence effects also add to the complexity. In this context,
important progress is being made to assess how neutrinos change flavor in dense environments

(see [11-14] for reviews).

It is to be noted that the effects of the neutrino-neutrino interactions have made the
object of intense investigations in the last two decades. While important progress was made
in our understanding of their effects, because of the complexity of the problem, a definite
assessment of its impact requires further extensive investigations [11-14]. Astrophysical and
cosmological neutrinos provide complementary avenues to put tight constraints on unknown
neutrino properties and new physics. Neutrinos are also tightly connected to dark matter
searches in several ways and constitute a background for dark matter experiments, often
referred to as the “neutrino floor”. Interestingly, the PandaX-4T [15] and XENONnT [16]
dark matter experiments found the first identification of 8B solar neutrinos.

Core-collapse supernovae are among the most powerful neutrino sources. During their

0% erg of gravitational binding energy is taken away by neutrinos of

explosions, about 3x1
all flavors in a ten-second burst. Core-collapse supernovae are rare events in our Galaxy. A
combined analysis of different estimates of the core-collapse supernova rate gives a mean
time of occurrence of 61731 years [17], Past supernovae in our Universe constitute the diffuse
supernova neutrino background (DSNB) of all species, which is actively searched. A combined
analysis of the ensemble of Super-Kamiokande data (SK) shows a hint at 1.80 from the
model-dependent analysis [18, 19]. Significance is now at the level of 2.30 with the first
results with the inclusion of Gadolinium, an idea first suggested in ref. [20] with the goal

of suppressing backgrounds through better neutron tagging.

Unknown neutrino properties include neutrino non-radiative two-body decay. Core-
collapse supernovae and cosmology have a unique sensitivity to long lifetime-to-mass ratios
for this process (see figure 1 of ref. [21]). In particular, neutrino decay in vacuum or in
matter into a massive Majoron, or a Majoron-like particle, was investigated based on CMB
observations [22], using core-collapse supernovae as neutrino sources [23], considering the
DSNB produced by past supernovae [24-27], or the 24 v, events from SN1987A [21, 26, 28].
Ref. [29] investigated the impact of neutrino invisible decay in vacuum on solar, supernova
and the DSNB neutrinos, giving prospects on the sensitivity on 7/m from future observations.
Bounds on neutrino-Majoron couplings producing massive Majoron decays into neutrinos
in supernovae were also derived from the absence of high-energy neutrinos [30-32]. Current
limits on neutrino decay into a massive Majoron are summarized in figure 1. Note that
bounds for massless Majorons (not shown) are provided by analyses based on the neutrino
events from SN1987A [33-36].



Unknown neutrino properties include neutrino non-radiative two-body decay into a
massive or massless Majoron, or a Majoron-like particle. Core-collapse supernovae and
cosmology have a unique sensitivity to long 7/m lifetime-to-mass ratios for this process (see
figure 1 of ref. [21]). In particular, neutrino decay into a massive Majoron was investigated
based on CMB observations [22] or using core-collapse supernovae as neutrino sources [23],
or the 24 v, events from SN1987A [21, 26, 28]. Bounds on neutrino-Majoron couplings
producing massive Majoron decays into neutrinos in supernovae were also derived from the
absence of high-energy neutrinos [30-32]. The impact of neutrino nonradiative decay in
vacuum into a massless (pseudo)scalar boson was also investigated on the DSNB produced
by past supernovae [24-27, 29]. Current limits on neutrino decay into a massive Majoron are
summarized in figure 1. Note that bounds for massless Majorons (not shown) are provided
by analyses based on the neutrino events from SN1987A [33-36].

Concerning the DSNB, ref. [21] provided the first investigation in a full 3v framework
including astrophysical uncertainties from the evolving core-collapse supernova rate. DSNB
predictions in the absence and in the presence of decay are found to be degenerate for
normal neutrino mass ordering, while for inverted mass ordering, the DSNB rates are strongly
suppressed by neutrino decay. Ref. [27] provided the first Bayesian analysis combining
different DSNB detection channels in SK, JUNO, DUNE, and Hyper-Kamiokande (HK) in a
3v framework, with the goal of exploring the capability to discriminate DSNB predictions
without and with neutrino non-radiative two-body decay. Such an analysis included the
uncertainty in the evolving core-collapse supernova rate, and used neutrino fluxes from the
Garching and Nakazato one-dimensional core-collapse supernova simulations. The results
showed that, for the case of normal mass ordering, discriminating between the case with
decay and without decay requires new avenues.

Numerous constraints on neutrino decay were also derived using the 24 v, events from
SN1987A, recorded in the Kamiokande [2], Irvine-Michigan-Brookhaven (IMB) [3] detectors
and Baksan Scintillator Telescope (BST) [4]. These detectors were operating! when the
supernova was observed, in the Large Magellanic Cloud, on the 27th of February 1987. Tight
bounds were obtained concerning neutrino radiative decay [9]. Moreover, ref. [21] performed
the first likelihood analysis of the SN1987A events, including the spectral distortion from non-
radiative decay in vacuum. For inverted neutrino mass ordering, the analysis brought the lower
bound of 2.4 (1.2) x 10°eV /s at 68 % (90%) CL for the vy and v4 neutrino mass eigenstates.
This limit is tighter than previous ones, and competitive with cosmological ones (see e.g. [38]).

Neutrinos could also decay in matter. This possibility was studied in, e.g., refs. [33,
34, 39, 40]. Neutrino two-body decay can produce a pseudoscalar Goldstone boson, the
Majoron, associated with total lepton number violation. Majorons were first introduced in a
singlet model [41] and then in a triplet model [42], now excluded. In relation to SN1987A,
limits on neutrino-Majoron couplings were discussed either using the cooling argument, or
based on a deleptonization argument that exploits the ruled-out supernova prompt explosion
mechanism [43], as well as using neutrino spectral distortions from neutrino decay [33, 34].
Ref. [35] refined the limits based on the cooling argument, whereas ref. [44] discussed decay

!Note that the Mont Blanc Liquid Scintillator Detector (LSD) recorded 5 events several hours before
others [37].
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Figure 1. Current limits on the neutrino-Majoron coupling g as a function of the Majoron mass
mg. The bounds shown are obtained from: i) the absence of 100 MeV neutrinos from the decay of
Majoron-like bosons (more stringent), or from the luminosity argument (less stringent) using a “hot”
(solid line) and a “cold” (dashed line) supernova model [31]; ii) the luminosity argument applied to
SN1987A neutrino events (closed contour) [23]; iii) CMB observations (dotted lines) [22]; iv) Big-bang
nucleosynthesis (dot-dashed contour) [45].

rates of neutrino-Majoron decay in matter. Moreover, in our previous work ref. [36], we
performed the first likelihood analysis of the spectral distortion of the SN1987A neutrino
events due to neutrino-Majoron decay in matter. The analyses provided novel bounds on
neutrino-Majoron couplings that go beyond the existing limits from SN1987A, and are
competitive with those obtained from neutrinoless double-beta decay or several orders of
magnitude better than the ones from lepton and meson decays.

In this manuscript, we present new bounds on neutrino-Majoron couplings, considering
neutrino non-radiative two-body decay in matter, first considering SN1987A neutrino events,
and then focusing on future observations of neutrinos from the next galactic core-collapse
supernova. Following the theoretical framework developed in our previous work [36], we
consider the impact on the supernova neutrino signal of neutrino two-body non-radiative decay
in matter, into a massless (or almost massless) Majoron or Majoron-like particle. To this aim,
we consider that the matter and decaying eigenstates coincide, and use detailed information
from one-dimensional supernova simulations to calculate the neutrinosphere, transportsphere,
and energysphere radii. These quantities are necessary to determine the impact of neutrino
decay and the consequent neutrino spectral distortion. We first perform a likelihood analysis
of the neutrino spectral distortions induced by neutrino decay, considering the 24 7, events
coming from SN1987A detected in the Kamiokande, IMB, and Baksan experiments, thus
extending our previous work. Such analyses include the detailed response functions for each



of the detectors. We then focus on a future galactic supernova, for which we consider the
following two cases. i) A core-collapse supernova giving a neutron star (NS) for which we use
the simulations from the Garching group [46, 47] that leave 1.36 Mg, 1.44 Mg, 1.62 Mg with
the DD2 or the SFHx neutron star equations-of-state (EOS). ii) A core-collapse supernova
leaving a black-hole (BH) for which we employ Nakazato simulations for a 30 Mg progenitor
with the Lattimer-Swesty (L), the Shen (S), or the Togashi (T) EOS [48-50]. We present the
impact of neutrino decay in matter on the core-collapse supernova neutrino fluxes, including
also the well established Mikheev-Smirnov-Wolfenstein effect, and on the expected neutrino
number of events in the JUNO, the upcoming HK, and the more distant future DUNE detector,
as well as the DARWIN experiment. We then perform likelihood analyses of the spectral
distortions of such events due to decay, considering both the signal in detectors individually
and then combining them. We present novel bounds on neutrino-Majoron couplings and
discuss how the limits improve on current ones and vary with the core-collapse supernova
distance, in the Milky Way. Finally, we investigate the role of neutrino decay in matter on
the DSNB, and explore its impact in the JUNO, HK, DUNE, and DARWIN detectors.

The manuscript is structured as follows. Section 2 introduces the 3v formalism employed
to study neutrino non-radiative two-body decay in matter. Section 3 presents the core-collapse
supernova neutrino fluxes used from the Garching and Nakazato’s one-dimensional simulations.
Details are also given of the calculations of the neutrinospheres, the transportspheres, and
the energyspheres necessary to compute the fluxes when neutrinos decay in matter. Section 4
discusses the likelihood analysis for the spectral distortion of SN1987A data in Kamiokande,
IMB, and Baksan, and presents new results on the neutrino-Majoron bounds. Section 5 gives
the expected number of events as well as the prospects on the neutrino-Majoron couplings
using the neutrino signal from a future supernova in JUNO, HK, DUNE, and DARWIN.
Section 6 presents the theoretical framework used for the DSNB, and our predictions for the
expected DSNB number of events in the presence and in the absence of decay. Section 7 is a
Conclusion. Finally, appendix A presents the statistical analysis we employ, and appendix B
gives supplementary results.

2 Theoretical framework

Since neutrinos are massive particles, they could decay into a massless (or massive) scalar or
pseudoscalar boson such as a Majoron, or a Majoron-like particle. Thus, while we will refer to
Majorons, our analysis also holds for any massless (or almost massless) pseudoscalar boson.

Neutrino-Majoron interactions can be described generally by the following Lagrangian

Ling < Y gioiysvid (2.1)

1,J

in which v; (with 4,j = 1,2, 3) is the neutrino field and J the Majoron field. In the simplest
Majoron models [51], the neutrino-Majoron coupling matrix g;; is proportional to the neutrino
mass matrix. Thus, the coupling matrix in the mass basis is diagonal and can be expressed
as gij o< m;0;; with m; the mass of the mass eigenstate i. Consequently, only one coupling
is independent, and the remaining two are related to it by the values of the squared-mass



differences measured in oscillation experiments. In our study, we will consider the theoretical
framework of three active neutrino flavors.

It is to be noted that the proportionality of the coupling matrix to the mass matrix
implies a suppression of the decay v, — v; + J in vacuum, from a heavier vy to a lighter
v; neutrino. Interestingly, in matter, the interactions of neutrinos with the particles in the
medium induce effective neutrino masses breaking this proportionality [52]. Thus, off-diagonal
terms g;; (¢ # j) appear in the coupling matrix, allowing new interaction channels that can
enhance neutrino decay in matter to Majorons.

Thus, in our analysis, there is only one independent coupling. For the case of normal
neutrino mass ordering, g11 and mj will be our fit parameters, with the other two couplings
g2 and ¢33 determined following the relations

Am? Am?
922 = g11y/1 + 221, 933 =g11¢/1 + 231 . (2.2)

Similarly, in the case of inverted neutrino mass ordering, ¢33 and ms will be our fit

parameters, with g11 and gos derived through analogous expressions

Am?3 Am?
g11 = g3z /1 + | 231’, g22 = 933/ 1+ | 232‘ : (2.3)
m3 m3

2.1 The neutrino Hamiltonian

We introduce here the 3v theoretical framework describing neutrino evolution in matter.
The Hamiltonian describing neutrino propagation in a core-collapse supernova, including
neutrino decay, can be expressed as

H = HO + Hmatter + Hint ) (24)

the first is the vacuum term, the second accounts for the interactions with the particles
in the medium, and the last implements neutrino-Majoron interactions eq. (2.1). In dense
environments, such as a core-collapse supernova, the neutrino-neutrino interactions, shock
wave effects, and turbulence might also influence the neutrino spectra (see, for example, [11-14]
for reviews). In particular, the neutral-current neutrino-neutrino interactions make neutrino
evolution a complex weakly interacting many-body problem, which is still under active
investigation. Indeed the solution of the full problem is numerically very challenging, since
its solution would require solving neutrino quantum kinetic equations that depend on time,
on the neutrino position and momentum (the phase space is thus seven dimensional) with
sizable vv interactions making it a nonlinear many-body problem. Therefore, in the present
analysis, we only consider neutrino-matter contributions responsible for the well-established
Mikheev-Smirnov-Wolfenstein effect [53, 54].

The first contribution to the neutrino Hamiltonian is responsible for the well-established
phenomenon of neutrino vacuum oscillations. In the flavor basis, it reads

Hy = UHw U, (2.5)



with Hyae = diag(FE;) (i = 1,3) being the propagation Hamiltonian of the mass eigenstates,
and E; the corresponding neutrino energies. Since neutrinos are ultrarelativistic (in the equal
momentum approximation), the elements of the vacuum Hamiltonian read

m?2
Hyaeij = [E + 2}3} 0ij » (2.6)
where E = |p], with p the neutrino momentum and d;; the Kronecker delta.
The unitary matrix U (UT = U~!) is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix relating the mass and flavor bases

va) = Ugilvi) (2.7)

(a summation on the i index is subtended). For 3v flavors, the PMNS matrix is parametrized
2
as® [9]

ey
c12€13 512€13 s13e”"

_ i i
U= | —si2c23 — c12513523€" C12C23 — $12513523€" C13523 ) (2.8)

)

. s
512823 — C12513C23¢€" —C12523 — S12513C23€"°  C13C23

with ¢;; = cosbyj;, sij = sinf; (i,j = 1,3) and ¢ the Dirac CP violating phase that we
set to zero in our work.

As neutrinos propagate in the supernova layers, they interact with the electrons, protons,
and neutrons composing the medium. Electron neutrinos v, and antineutrinos 7, interact
through both charged-current (CC) and neutral-current (NC) interactions, whereas non-

electron neutrinos v, and antineutrinos i, (z = p, 7) mostly experience NC interactions.
The corresponding potentials, in the mean-field approximation, are given by
Voo = \fQGFnB(Ye +Y..),
(2.9)

1
VNC = \@GFTLB <_2Yn + er> s

with G the Fermi constant, np the baryon density, and Y; = (n; —n;)/np the particle number
fraction® with i = e (electrons), ve, and n (neutrons). For antineutrinos, these potentials
have opposite signs. Thus, in the flavor basis, the mean-field neutrino-matter Hamiltonian is

Vee+ Ve 0 0
Vag = 0 Ve 0 . (2.10)
0 0 Wne

Putting the different contributions together, the neutrino Hamiltonian eq. (2.4) becomes
1
H:E]I+ﬁUM2UT+Va5, (2.11)

where I is the identity matrix.

2Note that we do not consider here the two Majorana phases that are not relevant in our analyses.

3We neglect here the presence of a finite density of muons in the core-collapse supernova core, that breaks
the degeneracy between muon and tau neutrinos (and antineutrinos) [55].

4Note that in our computations we set Y;, =0.



2.2 Neutrino non-radiative two-body decay in matter

In our treatment of neutrino two-body non-radiative decay in matter, we extend the framework
of refs. [33, 34]. To discuss the effect of neutrino decay in matter, we use the matter basis
that instantaneously diagonalizes the neutrino Hamiltonian (2.4), including the vacuum and
the matter contributions (only), through the following transformation

H=UHUT, (2.12)
where U is the mixing matrix in matter, relating the flavor and matter bases
V) = Ual) (2.13)

Note that U depends on the helicity of neutrinos, i.e. negative (positive) for neutrinos
(antineutrinos) and on the neutrino mass ordering.

For illustration purposes, let us discuss the case of 2v flavors. In this case, the matrices
U = R(#) and U = R(f) are rotation matrices parametrized by the # and # angles. The
diagonalization of H eq. (2.12) requires

sin 26
cos 20 — 2EVoe/Am?2’

tan 20 = (2.14)
with Am? = m3 — m? the squared-mass difference. At very high densities, |Voc| — oo, the
matter mixing angle is “suppressed”, i.e. § — 7/2 (0) for neutrinos (antineutrinos), so that
the matter and the flavor eigenstates essentially coincide.

For 3v flavors, the mixing matrix in matter can be parametrized as

U = UyoUy3003, (2.15)

where U;; = U;;(0;;) are rotation matrices in the i-j plane by an angle 6;; (we fixed § = 0°).
Since the neutrino mass ordering can be normal or inverted, because the sign of Am3;
is unknown, the sign of the second term in the denominator of eq. (2.14) can be positive
or negative, thus affecting the value of ;3. Table 1 shows the correspondence, at high
matter densities, between the matter and flavor eigenstates, considering both normal and
inverted mass ordering.

In general, the coupling matrix in the matter basis is related to the one in the flavor
basis through

ij ia Yo B3

gt — gty k) (2.16)

where we added the notation h; ; here to indicate the neutrino helicity. At high densities,
the coupling matrix in the matter basis can be approximated by the one in the rotated
flavor basis [33, 34]:

Gij = U23(023)gapU23(—023) = gorpr - (2.17)

From egs. (2.16)—(2.17), we observe that the coupling matrix in matter is no longer
diagonal and that, deep in the stellar interior, a Majoron-like particle couples to flavor



10 Uy Ve Vs Up Uyt Ve

Table 1. Correspondence between the matter and the flavor eigenstates in a 3v flavor framework,
for both normal (NO) and inverted (IO) neutrino mass orderings. The superscript in the matter
eigenstates indicates the helicity, namely (—) for neutrinos and (+4) for antineutrinos. The prime
indicates a rotated basis in the v,-v; subspace.

neutrino eigenstates. In the relativistic approximation, only helicity-flipping neutrino decays
are allowed with the total decay rate of the process I/&i) — VEF) + J given by [33, 52]

_ Yap
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with «, 8 = e, ¢/, 7" (the prime indicates the rotated basis). This process is only allowed if

Tog AVug, (2.18)

AVag =Vo — V3 > 0. (2.19)
The energy distribution of the daughter neutrinos is given by the following expression [56]
2 Eg
E.,Eg)=—(1—- =" 2.2
V(Ea ) = o (1- 2. (220)

where F, and Fjg correspond to the energies of the initial and final neutrino, respectively.

2.3 Neutrino fluxes in presence of neutrino-Majoron interactions

After being produced in the supernova core, neutrinos can undergo decay in matter when
the condition (2.19) is fulfilled. To treat the influence of decay, in contrast with ref. [33]
we employ a theoretical framework that implements the time dependence of the neutrino
emission in the core-collapse supernova. Interestingly, the computation of the impact of
neutrino decay includes a term in the survival probability, first pointed out in ref. [33] (see
eq. (2.22)) that involves an effective neutrino velocity and dominates over the constant term
previously considered. The early work [33] evaluated its contribution by assuming time-
independent density profiles using inputs from ref. [57] (at time ¢ = 6 s). In our framework,
we perform a detailed calculation of this term, of the associated mean-free paths for the
different microscopic processes that influence the neutrino species.

In the models we employ and the relevant radii, the condition (2.19) is fulfilled for 7,
only (and not for v,). Therefore, neutrinos will be treated as stable. The survival probability
of U, with energy E, emitted at the neutrinosphere is given by [33]

Ny (Ey) :exp{ T I’Ve(r’)}. (2.21)
Rxs
For 1, emitted at the energysphere, the survival probability reads
Ny, (E,) —exp{— / Ay [T Fl,w(rl)}. (2.22)
Res V(Ey, 1) Rrs



In these expressions, 7’ is the radial distance to the core-collapse supernova core. The term
L5y = > g=cur Lap represents the total decay rate. In eq. (2.22), the first integral inside
the exponential accounts for the decay occurring between the energysphere Rpg and the
transportsphere Rrs. As we will discuss, their values averaged over energy will be employed
in our calculations. In this region, v, are no longer in thermal equilibrium, but they remain
trapped and diffuse outwards with an effective velocity given by v(E,,r) = A(E,,r)/(Rrs —
Rgpg) where A is the mean free-path. The second term in the exponential represents the
decay once v, start free-streaming. In contrast, in eq. (2.21), there is only one term inside
the exponential. In this case, 7, fall out of equilibrium and start free-streaming at the same
point. Thus, only decay occurring beyond the neutrinosphere Ryg affects the spectrum.

Energysphere, transportsphere, and neutrinosphere. The neutrino flux suppression
due to neutrino decay in matter requires the computation of the neutrinosphere for v, (2.21),
the energysphere and the transportsphere for v, and v, (2.22). The main processes that
keep v, and v, in thermal equilibrium are beta processes [58]:

Vednspte , Uet+pentet. (2.23)

These processes freeze out at a region called the neutrinosphere, where v, and v, fall out of
thermal equilibrium and start free streaming. The radius rNg of the neutrinosphere is defined
as the energy-dependent location where the optical depth is equal to 2/3, i.e.,

T(rng) = /r:: dr)\gl(r) = %, (2.24)

where )\El(r) is the inverse mean free-path® of neutrinos associated to the beta processes
eq. (2.23). We remind that the mean free path of a particle that interacts through several
processes is calculated as

A‘lwa)::Z:AJIU;E)::§:7MUﬁaAED, (2.25)

where the index 7 runs over all the processes, the cross section of these processes is denoted
by o0, and n; indicates the target number.
Regarding the non-electronic flavors, neutral-current collisions on nucleons N

v+ N v+ N, (2.26)

are the main processes through which v, and v, interact with the medium [58]. The energy
exchange in this process is inefficient due to the large mass of the nucleons (my ~ 940 MeV)
compared to the neutrino energies (E, ~ 10 MeV). Consequently, other processes are instead
responsible for keeping v, and 7, in thermal equilibrium: nucleon-nucleon bremsstrahlung
and leptonic processes, respectively

N+N&N+N+v+v, et+e v+, videovite. (2.27)

Not to overburden the text, the explicit dependence on the neutrino energy in eq. (2.24) (coming from the
energy-dependence of the mean free-path) was dropped.

,10,



Non-electronic neutrinos and antineutrinos are kept in thermal equilibrium until these
interactions freeze out at the energysphere. The radius of the energysphere rgg is found
using the thermal optical depth [58, 59]:

T(rgs) = /T:: dr\/)\gl(r) {)\;1(7“) + )\gl(r)] = g (2.28)

In this expression, )\;31 and )\}1 denote the “energy” and “transport” inverse mean free paths®
For the calculation of the “energy” mean free path, we consider only nucleon bremsstrahlung,
AE = Abrem, Which dominates over the leptonic processes [58]. For the “transport” mean free
path, we consider NC collisions on nucleons, A" = )\;pl + 2L

Finally, the NC interactions of neutrinos with nucleons keep v, and v, trapped up to the
transportsphere. The radius of the energy-dependent transportsphere rpg can be obtained
using the following expression

rrrs) = [ dragl(r) = § (2.29)

TS

2.4 Neutrino fluxes with decay: from the supernova core to the Earth

In order to calculate the core-collapse supernova neutrino fluxes” including neutrino decay,
one needs qbga (E,,t), namely the flux of neutrinos v, with energy E, at a post-bounce time ¢
produced in the deep regions of the supernova core, before decoupling.

Supernova neutrino fluxes before decay. Since we consider the possibility that the next
galactic core-collapse supernova leaves either a NS or a BH, we use two sets of simulations
from the literature, one from the Garching group for the NS case, and one from Nakazato’s
work for the BH case. The inputs for the neutrino fluxes for the two sets of core-collapse
supernova simulations differ.

NS case. For the Garching simulations [46, 47], the neutrino fluxes are well accounted by
the usual power-law distribution [60], namely

0]
Ba<EV7t) = <E,,(t)>(p”"

where L, (t) and (E,(t)) indicate the neutrino luminosity and average energy, respectively.

(Ev,t), (2.30)

The neutrino energy distribution is given by

_ 1 [a(t>+1]a(t)+l E, a(t) _[1+a(t)] E,
et =y a0 (@) w2

In this expression, «a(t) represents the pinching parameter related to the first and second

moments of the energy through the relation

Oé(t) — <El/(t)2> — 2<El/(t)>2
(Ev(t)* — (Eu(t)?)

5Tt is to be noted that if neutrinos propagate in a medium where neutrinos interact either through a

(2.32)

iso-energetic scattering with Ar and a scattering process with energy-dependence that changes the energy
significantly Ag, one can introduce an effective mean free-path taking into account the random walk of the
neutrinos is given by Aeg = (AgAr)'/2. These lead to the expression for the optical depth (2.28) [58, 59].

"Note that we omit the dependence of the core-collapse supernova neutrino fluxes on the progenitor mass,
not to overburden the text.
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BH case. For Nakazato’s simulations [48, 49, 61], we directly use the numerical output and
perform a log-linear interpolation of the data. An example of the numerical fit is shown
in figure 17 of ref. [27].

Supernova neutrino fluxes with decay. In order to implement the time-dependence,
our theoretical framework employs time-dependent information from detailed supernova
simulations. To this aim, the core-collapse supernova evolution was split into six intervals to
optimize the computation. We chose a representative time point for each interval ; € [t;_1,t;]
and calculated the survival probabilities egs. (2.21)—(2.22) at that time N}, (E,) = Ny, (Ey, ;).
We then applied this survival probability to the fluxes in the corresponding time ranges.
Namely, the antineutrino fluxes after decay at time t € [t;_1,¢;] (¢ = 1,...,6) become

¢ (Ey,t) = N. (E,)¢9, (Ey,t). (2.33)

where the first factor is given by (2.21)—(2.22).
If neutrinos can decay, the neutrino fluxes as a function of time, when neutrinos start
free-streaming, can be expressed as follows

Oy (B, t) = 6, (By,t) + 63, (Byst) - (2.34)

Here (bfa (Ey,t) is the contribution to the neutrino flux from the antineutrinos that underwent
decay. The latter can be determined using the expression

o0
S (Bust) = / dE (B, By) Y. 1= Ni Ly, (BL)]| 65, (Bust). (2.35)
By B=e,u,T
The factor ¢ (FE!,, E,) represents the energy distribution of the daughter neutrino eq. (2.20),
and NE e ATE the partial survival probabilities of 773 to v, in the ¢ time interval. We remind
that only antineutrinos satisfy the condition for decay in matter given by the relation (2.19).

In order to verify that our numerical results do not depend on the procedure we use, we
checked that they do not depend on the representative points #; in each interval, and we
increased the number of intervals from six to ten. While two intervals were sufficient for the
accretion phase, the cooling phase required at least three intervals to achieve an accurate
representation. It is to be noted that we also checked the consistency of our results with
those of ref. [33] by considering a single time interval and using the core-collapse supernova
profiles from the Wilson model [57], and obtained good agreement.

It is to be noted that the neutrino-neutrino interaction can potentially modify the neutrino
flavor spectra and neutrino evolution close to the neutrinosphere and far from it. However, in
spite of almost twenty years investigations, the study of the neutrino-neutrino interaction, a
non-linear many-body problem, keeps being a rapidly evolving domain where new aspects keep
being uncovered and also the treatments of neutrino-neutrino interaction debated.® Clearly,

8For fast modes e.g. that can occur close to the neutrinosphere on very short (subgrid) scales, studies
are searching possible steady-state solutions considering boxes of a few km size. It appears that the use of
boxes without boundary do not lead to any steady-state solution (see e.g. [62]). Concerning slow modes,
previous investigations showed they occur far from the neutrinosphere [11], whereas recently ref. [63] pointed
out that they might be the first to appear and impact the conditions for the fast instabilities. Furthermore new
approaches are also emerging such as in ref. [64] that treats collective modes induced by the neutrino-neutrino
interaction as flavor waves, or flavomons, and have not yet been applied to realistic situations.
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a definite assessment on the role of the neutrino-neutrino interaction will require future work.
For these reasons, the present manuscript focuses on neutrino decay in matter considering
the established MSW effect. The inclusion of neutrino-neutrino interaction effects is beyond
the purpose of the present manuscript and will make the object of future investigations.
Once the neutrinos reach the MSW region, their fluxes are modified by neutrino-matter

interaction. Thus, depending on the sign of the squared mass differences Am3;, = m3 — m?
(that still remains unknown), the neutrino yields at the supernova surface become’
b = 91, bu = &y, bvs = bl (NO),  (236)
o = 9, G = 0}, Gvs = 0, (10),
and the antineutrino yields are
bin = 95, b = &y, bo = &, (NO),  (237)

o by = D by = DL, (10),

with NO standing for normal (i.e. Am3, > 0) and IO for inverted (i.e. Am%; < 0) v mass
ordering.

Finally, neutrinos propagate in vacuum from the core-collapse supernova surface to the
Earth. In a detector on Earth, the fluxes in the flavor basis are related to the ones in the
mass basis through the relation

1 2
(Z)z/a (Ewt) - m i;:B |Uaz‘ ¢1/i (Ey,t) ’ (238)

where L is the core-collapse supernova distance. Here, U,; are the elements of the PMNS
matrix.

3 Supernova models and neutrino fluxes

The evolution of a core-collapse supernova during the explosion and the corresponding
neutrino emission can be divided into three main phases.

At early times, as the shock breaks out from the neutrinosphere, large amounts of v,
are produced through the neutronization of the core, leading to the so-called neutronization
burst (figures 2 and 3, left panels). During this phase, the v, luminosity is very high, around
L,, ~ 10% erg/s, though it lasts only about 50 ms. Following this, matter keeps falling and
accreting the core in what is called the accretion phase (figures 2 and 3, middle panels),
which lasts up to several hundred ms. In this phase, neutrinos and antineutrinos of all
flavors are emitted with luminosities of ~ 1052 erg/s (or higher if a BH is formed). The
shock wave stalls at this stage, and a core-collapse supernova explosion is only possible if
some mechanism revives the shock.

Currently, the shock revival is thought to happen via neutrino energy deposition, combined
with neutrino-induced convection and turbulence, in the so-called delayed neutrino heating

9Note that here we neglect the explicit dependence of the neutrino fluxes on energy and time, not to
overburden the text.
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Figure 2. NS case: parameters defining the neutrino fluxes, as a function of time, for a core-collapse
supernova at 10 kpc leaving a NS. The three phases of the core-collapse supernova explosion are shown,
namely the neutronization burst (left), the accretion (middle), and the cooling phase of the newly
born neutron star (right figures). As a function of time, the figures present the neutrino luminosity
or the neutrino average energies. The curves correspond to the models 1.44 DD2 (solid lines), 1.44
SFHx (dashed lines), and 1.62 SFHx (dotted lines) from one-dimensional simulations of the Garching
group. For each model the results are for v, (blue), v, (red), and v, (yellow lines). (With courtesy
from [46, 47].)

mechanism first introduced by Bethe and Wilson [65]. Finally, the last stage of the neutrino
emission during the death of a massive star is the cooling of the newly formed proto-neutron
star (if the core-collapse supernova does not leave a black-hole). So, the luminosity significantly
decreases, and neutrinos are emitted with a quasi-thermal spectrum and almost luminosity
equipartition across flavors (figure 2, right panels). This last phase lasts for several seconds up
to ~ 10 s if a NS is formed. Interestingly, if the core-collapse supernova is close enough, one
could also detect the pre-supernova neutrinos from the last few days of the Si-burning phase
preceding the core-collapse [66], and also measure the late-time cooling of the proto-neutron
star that would be informative on the neutron star equation-of-state (EOS), the fate of the
core-collapse supernova, and possible non-standard cooling mechanisms [67].

3.1 Supernova models

Our investigation considers that the core-collapse supernova leaves either a NS or a BH.
To this aim, we exploit the outcome of detailed one-dimensional core-collapse supernova
simulations either from the Garching group for the NS case [46, 47], or from Nakazato for the
BH case [48, 49, 61]. Note that Garching simulations account well for SN1987A observations,
in particular for the time-integrated fluxes, the cumulative energy and event distribution
of the 24 ., except for the late neutrino events.
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Figure 3. BH case: parameters defining the neutrino fluxes, as a function of time, for a core-collapse
supernova at 10 kpc leaving a BH. The figures show the neutrino luminosity and the neutrino average
energies, as functions of time, for the 30 My, with metallicity Z = 0.004 and the LS220 (L), the Shen
(S) or the Togashi (T) EOS, from Nakazato’s simulations. (With courtesy from [48, 49, 61].)

In contrast with ref. [33], in our framework, the neutrino emission is time-dependent and
the transportspheres, the energyspheres, and the neutrinospheres are determined from micro-
scopic processes, namely nucleon-nucleon bremsstrahlung, neutrino-nucleon NC interaction,
and inverse-beta decay. Thus, to compute the neutrino decay rates in matter eq. (2.18) and
the survival probabilities for 7, eq. (2.21) and v, eq. (2.22) we use the neutrino fluxes, the
matter densities p(t,r) as a function of position and time, and the electron fraction Ye(t,7)
from detailed core-collapse supernova simulations.

Figure 2 illustrates the evolution of two of the parameters that characterize the core-
collapse supernova neutrino fluxes, i.e., the luminosity, the average energy for the different
neutrino flavors. The results correspond to the two sets of supernova simulation results used
in our study. For the NS case we considered the supernova simulation inputs corresponding to
the two neutron star masses 1.44 Mg and 1.62 Mg, with either the SEFHx [68] or the DD2 [69]
NS EOS. On the other hand, figure 3 shows the evolution of the neutrino luminosities and
average energies for the three neutrino species for the BH that corresponds to a 30 Mg
progenitor, with metallicity Z = 0.004 and three different EOS, namely the LS220 (L), the
Shen (S), or the Togashi (T) one [48, 49, 61].
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Figure 4. The figure shows examples of the results for the neutrinosphere, the transportsphere, and
the energysphere at three different time snapshots, during the neutronization burst, the accretion
phase, and the cooling of the newly formed proto-neutron star. The results correspond to the 1.44SFHx
model for the NS case.

3.2 Results on the neutrino fluxes with decay

It is interesting to look at the impact of neutrino decay in matter on the neutrino fluxes
for different values of the neutrino-Majoron couplings. For the computation of the neutrino
fluxes eq. (2.38) we use the following values of the neutrino mixing angles, sin?#;5 = 0.307,
sin? B3 = 0.547(0.534), and sin? #13 = 0.02 for normal (inverted) neutrino mass ordering [9].

In figure 4, we give three examples of the energy-dependent energyspheres and trans-
portspheres for the three phases of neutronization burst, accretion phase, and cooling of the
newly born proton-neutron star for information. As for the averages of such radii over energy
one gets Rgs = 21.9 km, Rrs = 69.2 km, and Rxg = 70.5 km for £ = 0.01 s; Rgs = 23.7
km, Rrs = 38.3 km, and Rns = 35.4 km for ¢ = 0.2 s; and Rgs = 11.8 km, Rpg = 12.7
km, and Ryg = 12.1 km for ¢t = 6 s. We checked that using the averaged quantities or the
energy-dependent ones does not influence our results in particular for the accretion and the
cooling phases that are those relevant for neutrino decay in matter.

Figures 5 and 6 present the neutrino fluxes as a function of neutrino energy for the NS and
the BH cases, respectively. The results correspond to ve, e and to the sum of non-electron
flavors (v, vr, vy, U7) denoted as v,. As one can see from the figure, while the decay of v,
produces a depletion of the corresponding flux, the v, fluxes increase due to the v, and
vy decay. Similarly, the sum of the v, fluxes shows both an increase and a decrease due
to neutrino decay. Indeed, it presents an increase at low energies, and a decrease at high
energies, due to the decay of the v, into v, V., and v,.

In the following, we shall use the simulations from the Garching group first to extract
from SN1987A neutrino events new bounds on neutrino-Majoron bounds from neutrino
decay in matter. Then, we shall use Nakazato simulations and the same simulations from
the Garching group to make prospects on the limits for neutrino-Majoron couplings from
neutrino decay in matter if a future galactic core-collapse supernova leaves a newly born NS
as remnant. It is to be noted that our analysis could be improved in the future by considering
continuous variations in reasonable priors for the supernova neutrino emission parameters
defining neutrino fluxes, as often done in the literature [21, 70]. However, our analysis also
requires detailed information on the electron fraction and the matter density profiles as a
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Figure 5. NS case: neutrino fluxes from a future core-collapse supernova, as a function of neutrino
energy, and impact of neutrino non-radiative decay for the case where a NS is formed. The one-
dimensional core-collapse supernova model used here is for a NS with 1.44 Mg mass and the SFHx
EOS (named 1.44SFHx) from the Garching simulations [46, 47]. The results shown are valid for
normal neutrino mass ordering and include neutrino-Majoron interactions with different values of
the lightest neutrino mass m and of the g;; neutrino-Majoron coupling. The flux predictions in the
absence of neutrino-Majoron interactions are also shown for comparison (black dotted line). The
core-collapse supernova is located at 10 kpc.

function of time that are not currently available apart for a set of models. For this reason
we employ the set of above-mentioned detailed supernova simulations, and proceed with
a similar statistical analysis as the one employed in refs. [31, 32, 47]. It is to be noted
that the use of a larger set of models, consistently providing the time-dependent neutrino
emission and supernova properties (matter density and electron fraction), which are necessary
to determine the impact of neutrino decay in matter, might weaken the neutrino-Majoron
bounds derived in the present work.

As for the supernova location we will consider either 10 kpc or 0.2 kpc, having in
mind Betelgeuse as an example. Concerning the DSNB, we shall use the same models
as templates to perform predictions in the presence and absence of neutrino nonradiative
two-body decay in matter.
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Figure 6. BH case: neutrino fluxes from a future core-collapse supernova, as a function of neutrino
energy, and impact of neutrino non-radiative decay for the case where a BH is formed. The one-
dimensional core-collapse supernova model used here is the 30 Mg, for the BH case from Nakazato
simulations, with metallicity Z = 0.004 and the Togashi EOS [48, 49, 61]. The results are valid for
normal neutrino mass ordering and include neutrino-Majoron interactions with different values of
the lightest neutrino mass m; and of the g;; neutrino-Majoron couplings. The flux predictions in
the absence of neutrino-Majoron interactions are also shown for comparison (black dotted line). The
core-collapse supernova is located at 10 kpc.

4 New bounds on neutrino-Majoron couplings from SN1987A

The observation of SN1987A, located 50 kpc away, marked the first and, so far, only
detection of neutrinos emitted from a core-collapse supernova. Three detectors, Kamiokande-
IT (2.14 kton), IMB (6.8 kton), and Baksan (0.28 kton), recorded 11, 8, and 5 v, events,
respectively [2-4]. The dominant process in these detectors was inverse beta decay (IBD).
More information about these events can be found in ref. [21]. For the likelihood analysis, we
follow [21, 71], and implement detailed information on the response of each of the detectors
included in the analysis. A complete description of the statistical analysis and precise inputs
can be found in appendix A.

Before presenting the results, we would like to emphasize that in the present work, we
determine limits on neutrino-Majoron couplings considering that Majorons are free-streaming.
Thus, our bounds are valid only in the free-streaming regime. It is to be noted, however, that
in the very dense regions of the inner core, Majorons and neutrinos can be trapped so that
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Figure 7. Constraints on the neutrino-Majoron coupling in the gs3—m; 3 plane from our SN1987A
analysis (blue) for normal at 68% CL.(left) and inverted ordering (right panel) at 90% CL. For
comparison, we show the constraints obtained by the Majoron luminosity argument (red), which
usually considers only one neutrino flavor at a time from ref. [33], along with the tightest limits from
0vBB decay (yellow solid line) [72]. The red-shaded areas are obtained by requiring the limit from
ref. [33] on gee (red solid line), g, (red dotted line), and g,, (red dashed line). Additionally, the
current limit on the absolute neutrino mass obtained by the KATRIN experiment is also shown [73].

neutrino-Majoron and Majoron-Majoron scattering can be important, as well as Majoron
decay to neutrinos. Moreover, neutrino scattering mediated by Majorons is possible.

A complete treatment would require self-consistent simulations solving neutrino transport
in the stellar core, including Majorons which is beyond the scope of the present work. It
is to be noted that bounds on neutrino-Majoron couplings, available in the literature, do
not use such a theoretical framework, and are always given in the free-streaming regime.
Refs. [39] and [40] are an exception, since the authors performed core-collapse supernova
simulations with Majorons, but with the goal of assessing their impact on the stellar collapse,
for the latter in the case of a massive Majoron. In this respect, it is to be noted that our
bounds lie in a region where weak processes dominate over neutrino scattering mediated
by Majorons for the case of inverted neutrino mass ordering, whereas for the normal mass
ordering if m; > 3 x 1073 eV. Very small m; values might require a treatment beyond the
free-streaming approximation we employ (see eq. (6b) of ref. [39]). So neutrino scattering
mediated by Majorons should not impact the core-collapse supernova dynamics in the range
of couplings of our bounds.

4.1 Limits on (g, m)

Neutrino-Majoron bounds in the mass basis. We will now present results using the
simulation inputs from the 1.44SFHx supernova model, as a reference model for SN1987A.
As discussed in ref. [47], this model is the one that better accounts for SN1987A observations.
For the likelihood analysis, the numerical results are obtained using the simplex method. We
employ the mass-squared differences Am3; = 7.53 x 107°eV? and Am3, = 2.437 (—2.519) x
1073 eV? for normal (inverted) neutrino mass orderings [9].
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Figure 7 shows our constraints in the neutrino mass basis, and in particular the ones
on ¢33, which were never shown before, as a function of the lightest neutrino mass, for
normal and inverted ordering. The blue area represents the region excluded by our SN1987A
likelihood analysis, considering the neutrino spectral distortions due to neutrino decay. The
areas excluded by the Majoron luminosity argument (3 x 1077 < |gap| < 2 x 107°) [33]
are shown in red for comparison. It is to be noted that the luminosity constraints are
commonly obtained by assuming only one coupling at a time. For that reason, we show
the bounds requiring the limit only on ge. (red solid line), g,, (red dotted line), and g,,
(red dashed line). Searches for Majoron-emitting neutrinoless double beta decay (0v33.J)
have been performed for many years. Here, we show the tightest limit obtained from Ov3p3
decay translated into the gss—mq, or gsz—ms plane. This limit, currently coming from the
EXO-200 [72], is represented by the yellow solid line.

Our results can be directly compared to those from [33, 34]. Our bounds for g;; improve
on the ones from the spectrum analysis in [33] by more than an order of magnitude in
normal ordering and by almost 2 orders of magnitude for ms > 1072 €V in inverted ordering.
Additionally, the limits we obtain for g2 are over an order of magnitude stronger than
those reported in ref. [34]. Note that a comparison for gss is not possible since this coupling
was set to zero in ref. [34].

Neutrino-Majoron bounds in the flavor basis. The neutrino-Majoron coupling matrix
in the flavor basis is related to the one in the mass basis through the relation

Jap = UaigijU;/B- (4.1)

Our results on the neutrino-Majoron bounds, presented in the previous section, translated to
the flavor basis, are shown in figure 8, both in normal and inverted neutrino mass ordering.

For the g.. coupling, our limits can be compared to the ones established by Ov35 decay
experiments. Table 2 summarizes the upper bounds on |ge.| obtained from our SN1987A
analysis and those from such experiments. The ranges shown for our results reflect the
dependence on my for normal ordering and mg for inverted ordering. For the Ov3j results,
the indicated ranges account for the uncertainties in the nuclear matrix elements. From
table 2, one can see that our limits are competitive with those from Ov53 decay experiments,
and are surpassed by EXO-200 results only [72]. It is important to note that the results
presented in table 2 are the tightest limits obtained at each experiment, corresponding to
OvfBBJ models with one Majoron emission. Other models considered in their analyses yield
significantly looser bounds (see ref. [72]).

It is to be noted that Ov35 decay experiments can only probe the g.. element of the
flavor coupling matrix. For the other couplings, we can only compare them to the limits from
the luminosity argument or meson and lepton decays. On the other hand, the limits obtained
from meson and lepton decays constrain certain combinations of the coupling elements rather
than individual ones. A detailed comparison to these limits was presented in our previous
work [36] where we showed that our bounds on the >4 giﬁ (o, B = e, u, T) improve by 4 — 7
orders of magnitude the bounds derived from meson and lepton decay data [79, 80].
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Figure 8. Constraints on the neutrino-Majoron couplings in the flavor basis at 90% CL, as a function
of the lightest neutrino mass, namely m; for normal (left panel) and ms for inverted (right panel)
neutrino mass ordering. The results shown are obtained from our likelihood analysis of the spectral
distortion of SN1987A neutrino events. The excluded areas are to the right of the lines. The bands
(light grey) indicate the region where the free-streaming approximation migh be replaced by a more

extended treatment including e.g. neutrino scattering mediated by Majorons (see text).

Analysis Reference |gee| bounds
SN1987A (NO) This work (0.6 —1.2) x 107°
SN1987A (1I0) This work (0.6 —1.8) x 1075

OvBBJ (136Xe) EX0-200 [72] (0.4 —0.9) x 107°
OvBBJ (13¢Xe) KamLand-Zen  [74] (0.8 —1.6) x 107°
OvBBJ (1Mo) NEMO-3 [75] (1.6 — 3.0) x 107
OvBBJ (32Se) CUPID-0 [76] (1.8 —4.4) x 107°
0vBBJ (T6Ge) GERDA (77 (1.8 —4.4) x107°
0vBBJ (1%9Mo) CUPID-Mo 78] (4.0 - 6.9) x 107°

Table 2. Upper bounds on |ge.| from different analyses. The limits derived from SN1987A were
obtained using the 1.44SFHx supernova model of ref. [47]. The corresponding ranges reflect the
dependence on the lightest neutrino mass. In contrast, the ranges in the Ov38J results account for
the uncertainties in the nuclear matrix elements.
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Figure 9. Comparison of our 90% CL results for the eight models considered: 1.44Mg, (solid lines)
and 1.62M, (dotted lines), each with four different equations of states (see legend). The left panel
displays results in the g;1—mj plane for normal ordering, while the right panel shows results in the
gsz3—mg3 plane in the inverted ordering case. Shaded areas represent the most conservative excluded
regions. Results from equations of state SFHo and SFHx are nearly identical, the corresponding lines
being almost indistinguishable.

4.2 Comparison of results with different models

We investigated the dependence of our bounds on the SN1987A model used. To this aim,
figure 9 compares the bounds derived using different core-collapse supernova models. The
shaded areas indicate the most conservative excluded regions. The figure presents the
results in the g11—m; plane for normal mass ordering. In this case, the 90% CL limits
span approximately an order of magnitude. All the 1.44 Mg models (solid lines) produce
similar results, while the 1.62 Mg models (dotted lines) yield looser limits. Additionally,
one should note that the equations of state SFHo and SFHx give almost indistinguishable
results. Figure 9 also shows the bounds in the g33—mg plane obtained for the inverted mass
ordering. Here, the bounds spread over approximately half an order of magnitude. This
suggests that our limits in the inverted ordering case are practically model-independent (for
the ensemble of models considered in the present work).

5 Prospects on the neutrino-Majoron couplings from a future supernova

Thanks to their larger fiducial volumes, the next generation of neutrino detectors will be able
to observe the neutrino flux from a future galactic core-collapse supernova with significantly
higher statistics compared to SN1987A. Additionally, as pointed out by ref. [81], dark matter
detectors will also be sensitive to the total supernova neutrino fluxes, offering complementary
observations. We consider here some of the supernova neutrino observatories included in the
upgraded version of the Supernova Neutrino Early Warning System (SNEWS 2.0). These are
the HK experiment, expected to start running in 2028 [82], the JUNO experiment that will
start in 2025-2026 [83], the DUNE experiment that will be operating in a staged approach
between 2029 and 2032 [84], and finally the DARWIN experiment [85].
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Experiment  Channel Ny Ey, (MeV) ref.

HK IBD 1.25 x 1034 5 86, 87]
ES 6.25 x 1034 5 [88]

JUNO IBD 1.21 x 1033 5 86, 87]
pES 1.21 x 1033 0.3 [89]
DUNE ve-9Ar  6.02 x 1032 5 [90]
DARWIN  CEvNS  1.83 x 10%° 1073 [81]

Table 3. Parameters characterizing the experiments and detection channels. The quantities /Ny and
FEyp, refer to the number of targets and the energy threshold, respectively, while the last column gives
the reference for the cross section associated with the main detection channel of the corresponding
experiment. For all experiments, an idealized efficiency of 100% was applied.

After presenting the details of the response functions and the inputs used for each of
these supernova neutrino observatories, we will present here our predictions for the expected
number of events associated with a galactic core-collapse supernova neutrino signal, both in
the presence and in the absence of neutrino decay. Then we will show the outcome of our
2-dimensional likelihood analyses of the spectral distortions induced by neutrino decay in
an exploding core-collapse supernova, and the bounds on the neutrino-Majoron couplings
in case such a rare event takes place.

5.1 Experiments

The expected signal rate at each of the future detectors considered, as a function of the
reconstructed energy E.., is calculated through the following expression

s ds;

=1 GE~ B 8(En) S, (5.1)

where dS;/dFE; represents the true signal distribution as a function of the true energy E,
and 7 denotes the efficiency, assumed here to be energy-independent. For all experiments,
we considered the idealized case of 100% efficiency, i.e., n = 1. The smearing function G is
considered Gaussian with uncertainty function 0(E,), specific to each detector.

We now present the experiments and the main detection channels of each detector under
consideration. Table 3 shows the corresponding number of targets, energy thresholds, and
the references for the associated cross sections used in our computations.

5.1.1 Hyper-Kamiokande

HK [82], currently under construction in Japan, is set to be the successor of SK. This water
Cherenkov detector will have a fiducial volume of 187 kton, more than eight times that of
SK. HK is expected to start taking data in 2028.

The main detection channel at HK will be IBD, making this detector predominantly
sensitive to the supernova v, flux. The true signal for this detection channel was calculated
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with eq. (5.1). For the reconstructed signal, we applied the uncertainty function given by [29]

S5(E,) = 0.1,/ E,[MeV] . (5.2)

Additionally, HK will be capable of detecting supernova neutrinos via elastic scattering
on electrons (ES):
=, - =
Vo +€ = Vg +e, witha=c¢,u,T. (5.3)
Although its cross-section is several orders of magnitude smaller than that of IBD, this
detection channel is still valuable as it probes all neutrino flavors. The true signal for ES
can be expressed as

dS;

a5 = N / Oj > (085 v (B E) v (By) + 0w 50 By B3, (B)|dEy - (5.4)

where E; here represents the true kinetic recoil energy of the electron, and E™® ~ Ey +m, /2
is the minimum energy necessary to induce a recoil F;. The cross-section ogg—,, depends
on the neutrino or antineutrino flavor. Finally, to compute the reconstructed signal for this
channel, we used the following uncertainty function [29, 91]:

E, . 12
OEY g ga9 4 0376 0123 (5.5)

E, VE,MeV]  E.[MeV]”

Other detection channels at HK include charged-current interactions of v, and 7, on oxygen

nuclei that we will neglect since these channels are subdominant [92].

5.1.2 JUNO

The Jiangmen Underground Neutrino Observatory (JUNO) [83] is a liquid-scintillator neutrino
experiment under construction in China. This detector will have a fiducial volume of 17 kton.
As HK, the main detection channel of JUNO is IBD. The number of proton targets is
N; = 1.21 x 1033 for its fiducial volume. We took the energy resolution

S(E,) = 0.03y/E,[MeV]. (5.6)

In addition, JUNO is sensitive to all neutrino flavors through elastic scattering of neutrinos
on protons (pES):
(-) (=) .
Vo +p— Vo +p, with a=e,u, 7. (5.7)
The cross-section of this interaction is around 3 times smaller than that of IBD. However,

this lower cross-section is compensated for by the contribution of all flavors. The signal
distribution as a function of the proton recoil energy Ej is

ds;
dE!

Nt /OO |:UpES—V(E1/7 Eé) Z (bl/a (Eu) + UpES—D(Ew Eé) Z ¢17a (El/>:| dE,, 5 (5-8)

min
EV
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where we distinguish the pES cross-section for neutrinos oprs—, and antineutrinos opgs—p.
The minimum neutrino energy needed to produce a recoil energy Ej is

! / /
Emin — Ei 4/ Et(zEt + 2my) . (5.9)
One should take into account that the visible energy FE; in the detector is strongly

quenched with respect to E; [89, 93, 94]. To convert from the true proton energy to the
visible one, we used the quenching factor from [83], obtained using the results of [94]. The
observed signal was obtained using the same uncertainty function as for the IBD channel.

5.1.3 DUNE

The upcoming Deep Underground Neutrino Experiment (DUNE) [84], in the United States,
will also be able to detect supernova neutrinos. DUNE will consist of four 10-kton liquid
argon time projection chambers, resulting in a total fiducial volume of 40 kton. This detector
will be built in a staged approach starting from early 2029 up to 2032.

The main detection channel at DUNE will be CC interactions on liquid argon, which
will allow probing the v, component of the supernova flux

ve +19 Ar — 7 +10K* . (5.10)

The signal as a function of the true neutrino energy is

dsS;
dE,

= Nyoy_ar(E,) by, (E,) . (5.11)

We used the number of targets N; = 6.02 x 1032. The cross-section o,_a, was taken from
SNOwWGLoBES [90]. To obtain the reconstructed signal, we used the following uncertainty
function [95]

§(E.) = 0.2E,. (5.12)
5.1.4 DARWIN

DARk matter WImp search with liquid xenoN (DARWIN) [85] will be an experiment whose
main purpose will be the direct detection of dark matter. In addition, it will also serve as a
neutrino detector. DARWIN will consist of 40 tons of Xenon. This detector will be sensitive to
neutrinos and antineutrinos of all flavors through Coherent Elastic Neutrino-Nucleus Scattering
(CEvNS) measured for the first time in 2017 by the COHERENT Collaboration [96], more
than 40 years after its predictions by Freedman [97].
The true signal as a function of the true nuclear recoil energy E; is
dSt

N °° s B B) 3 60, (o) + 0, (B)] . (5.13)

The minimum neutrino energy necessary to produce a recoil energy F; is E™" ~ \/myE; /2,
where my is the mass of the nucleus. For the reconstructed signal, we assumed an uncertainty
function given by [29, 98]

5(E, 232 .
(Br) _ o774 223 0.069

E, VE [keV] E,[keV]’

(5.14)
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Figure 10. Expected IBD events from a future core-collapse supernova at 10 kpc, assuming normal
ordering and including neutrino-Majoron interactions for different values of g11 and m; compatible
with current constraints. Predictions are given for HK and JUNO for the NS case using the 1.44SFHx
model (top panels) and for the BH case using the 30T model (bottom panels). For comparison, the
black dotted line shows the prediction in the absence of neutrino-Majoron interactions.

5.2 Predictions on the neutrino number of events

We present here our predictions for the number of events in the JUNO experiment, the
near-future HK, as well as the more distant-future DUNE and DARWIN experiments. The
computations were performed by considering a galactic core-collapse supernova at a nominal
distance of 10 kpc, 8 kpc (corresponding to the galactic center), and 0.2 kpc (approximate
distance to the supernova candidate Betelgeuse). While the distance simply acts as a scaling
factor for the number of events, it is still interesting to examine its influence on the projected
bounds on the neutrino-Majoron couplings.

Figure 10 presents the expected IBD events as a function of positron energy in HK and
JUNO, assuming normal mass ordering. The results correspond to the 1.44SFHx model from
the Garching simulations for the NS case and the 30T model from Nakazato’s simulations for
the BH case. The predictions are shown for the no-decay scenario and for neutrino decay
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Figure 11. Expected events from a future core-collapse supernova located at 10 kpc, assuming normal
ordering and including neutrino-Majoron interactions for different values of g11 and m; compatible
with current constraints. Predictions correspond to v-Ar scattering in DUNE and to coherent neutrino-
nucleus scattering in DARWIN for the NS case using the 1.44SFHx model (top panels) and for the BH
case using the 30T model (bottom panels). For comparison, the black dotted line shows the prediction
in the absence of neutrino-Majoron interactions.

with several values of the g11 coupling and the lightest neutrino mass mj. Similarly, figure 11
shows the expected v—4°Ar events at DUNE as a function of neutrino energy, along with the
CEvNS events at DARWIN. These results are also shown for normal ordering and for the NS
and BH cases using the 1.44SFHx and 30T models, respectively. Note that the effect of decay
in matter is modest in the ES signal at HK and in the pES signal at JUNO (see appendix B).
For the NS case, we find that decay effects are negligible in inverted ordering across all
detectors and detection channels. In contrast, for the BH case, the dominant channels exhibit
visible effects due to decay in inverted ordering (see appendix B). In this case, the IBD rates
are overall smaller than in normal ordering, although the decay-induced suppression is more
pronounced in inverted ordering for the BH case. Conversely, for DUNE and DARWIN, the
impact of decay is reduced in inverted ordering compared to normal ordering.
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g11 = 10~7 gi1 = 2x 106 g11 = 5x 1077 g11 = 7 x 1076

No decay
m1=10"%eV m; =10"2eV m; =10"3eV m; =10"2¢V
HK-IBD 26085 25957 25444 24794 22441
(58362) (57298) (53858) (51777) (47047)
HK-ES 1190 1185 1174 1154 1143
(1516) (1506) (1498) (1497) (1494)
JUNO-IBD 2525 2513 2463 2400 2173
(5650) (5547) (5214) (5012) (4554)
JUNO-pES 459 426 377 348 304
(3997) (3637) (3363) (3291) (3060)
DUNE 2452 2467 2498 2530 2588
(10489) (10821) (11212) (11351) (11580)
DARWIN 406 394 369 337 313
(870) (816) (767) (749) (708)

Table 4. Expected total number of events from a future supernova located at 10 kpc, including
neutrino-Majoron interactions producing neutrino nonradiative two-body decay in matter. The results
are for the case of normal mass ordering. The first column shows the detection channels of the four
experiments considered. The second column shows the results in the absence of decay, while the other
columns give the expected values for different values of the neutrino-Majoron couplings ¢g1; and the
lightest neutrino mass m;. The values correspond to the NS case with the 1.44SFHx model and to
the BH case with the 30T model (in parentheses).

Table 4 shows the total number of events in normal ordering, assuming fixed values of g11
and my. (The results in inverted mass ordering can be found in appendix B.) The results
are given for the NS case using the 1.44SFHx model, and for the BH case with the 30T
model. To compare the impact of decay in different scenarios, table 5 presents the number of
events for the no-decay case and for the case with the largest decay effects, along with the
corresponding ratio. These values are provided for both normal and inverted ordering, and
for the NS and BH cases using the 1.44SFHx and 30T models, respectively. Note that the
largest decay effects are obtained for g;; = 7 x 107¢ and m; = 1072 eV for normal ordering
and g33 = 1076 and ms = 1072eV for inverted ordering.

5.3 Prospects on the neutrino-Majoron couplings

It is interesting to determine the sensitivity to the neutrino-Majoron couplings that will be
obtained from the observation of the next galactic core-collapse supernova. To that aim, we
perform a likelihood analysis of simulated data (for details on the analysis, see appendix A).
Considering the IBD events in HK, the v~%YAr events in DUNE, and the CEvNS events
in DARWIN, we simulate the events at these detectors assuming a true model without
neutrino-Majoron interactions, and extract constraints by comparing it to a set of test models
including such interactions and profiling over this set of test models.

We assume that the large signal from the next galactic event will allow identification of
the remnant (NS or BH), and accordingly, restrict the profiling to models with the same
outcome as the true model. For the NS case, we consider two true models: 1.36DD2 and
1.62SFHx, chosen from the Garching group simulations for their distinct standard fluxes and
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NS BH
No decay Largest effect Ratio No decay Largest effect Ratio

HK-IBD 26085 22441 0.86 58362 47047 0.81
(27884) (26304)  (0.94)  (42560) (31888)  (0.75)

HK-ES 1190 1143 0.96 1516 1494 0.99
(1169) (1164)  (1.00) (1631) (1617)  (0.99)

JUNO-IBD 2558 2204 0.86 5659 4563 0.81
(2736) (2583)  (0.94) (4126) (3093)  (0.75)

JUNO-pES 459 304 0.66 3997 3060 0.77
(459) (423)  (0.92) (3997) (3597)  (0.90)

DUNE 2452 2588 1.06 10489 11580 1.10
(2136) (2170)  (1.02)  (10982) (11631)  (1.06)

DARWIN 406 313 0.77 870 708 0.81
(406) (393)  (0.97) (870) (810)  (0.93)

Table 5. Expected total number of events from a future supernova located at 10 kpc, including
neutrino-Majoron interactions, for the case of no decay (second column) and for the largest effect
produced by neutrino-Majoron interaction (third column). The fourth column gives the ratio between
the largest effect and the no-decay case. Results are given for normal ordering and inverted ordering
(in parentheses). The largest decay effects are obtained for g1 = 7 x 1079 and m; = 1072 eV for
normal ordering and gs3 = 107% and m3 = 1072 eV for inverted ordering. Results were obtained for
the NS case using the 1.44SFHx model and for the BH case using the 30T model (shown in columns
fifth to seven).

decay effects. These “extreme” cases help assess the model dependence of the results. The
profiling includes these two and an intermediate model, 1.44SFHx. For the BH case, the
true models considered are 30T and 30S, selected among the three models from Nakazato’s
simulations. The profiling is performed over all three: 30L, 30T, 30S.

For each possible outcome, NS or BH, we found the projected bounds to be nearly equal
for the two true models considered. Therefore, in the following, unless otherwise stated, we
only show the results for the 1.62SFHx model in the NS case and the 30T model in the
BH case. Figure 12 presents a comparison of the projected bounds with current limits on
the neutrino-Majoron coupling. Both the results for the NS case in normal and inverted
mass ordering and the BH case ones are given. The figure also shows a comparison of our
bounds from our SN1987A reference analysis and the current most optimistic limits from
EXO-200 [72]. Moreover the limits from the luminosity argument from [33] applied to the
couplings gee, guu, and g, are shown. One can see that the projected bounds from a future
supernova improve significantly upon those from SN1987A, especially if a BH is formed. Such
improvement is essentially coming from the increased statistics.

To assess how our projected bounds would improve upon current limits from laboratory
experiments, we translate them into the g..—m1 3 plane. Figure 13 shows the results for the
NS and the BH cases, considering both mass orderings, in comparison with the ones from
the luminosity argument ref. [33] and from EXO-200 [72], NEMO-3 [75], and CUPID-0 [76]
experiments. Also shown is how the bounds vary due to the uncertainty of the neutrinoless
double-beta decay nuclear matrix elements.
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Figure 12. Projected bounds on the neutrino-Majoron coupling in the g;—m; plane, with i = 1 for
normal ordering (left panels) and i = 3 for inverted ordering (right panels), for a NS-forming collapse
(top panels) and a BH-forming collapse (bottom panels) at 10 kpc. Solid blue lines show the 90% CL
limits from this analysis, while dotted blue lines indicate the corresponding constraints from our
SN1987A reference study. For comparison, we include bounds from the Majoron luminosity argument
from ref. [33] (red shaded regions and lines), obtained assuming one active flavor-coupling at a time,
and the most stringent current limits from neutrinoless double-beta decay experiments (solid yellow
line), obtained by EXO-200 with the most optimistic nuclear matrix element [72]. The upper limit on
the absolute neutrino mass from KATRIN is also shown [73]. Note that the bounds are obtained here
by profiling on the other models for the same case (see text).
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Figure 13. Projected bounds on the neutrino-Majoron coupling ge. from neutrino decay in matter,
as a function of the lightest stable neutrino mass eigenstate m; for normal (blue solid lines) and ms
for inverted (blue dashed lines) mass orderings. The results shown correspond to the NS case (NSFC)
using the 1.62SFHx model and the BH case (BHFC) with the 30T model. For comparison, the most
stringent, limits for massless Majorons from neutrinoless double-beta decay experiments are also given,
for the EXO-200 [72], NEMO-3 [75], and CUPID-0 [76] experiments. The uncertainties from the
nuclear matrix elements are shown by the arrows. The red band corresponds to the constraint from
the supernova cooling argument [33].

In order to highlight the role of the different experiments in determining the bounds, we
show the projected bounds from individual cases in figure 14, along with the result of the
combined analysis. The results are in normal ordering for the NS case, assuming a distance
of 10 kpc, for HK, DUNE, DARWIN, along with those from the combined analysis. This
comparison highlights the dominant role of HK, whose strong sensitivity largely drives the
results of the combined analysis.

Finally, it is interesting to look at the dependence of the limits on neutrino-Majoron
couplings from neutrino decay in matter on the possible location of the supernova. This is
shown in figure 14, where results for the NS case and a distance of 10 kpc, 8 kpc, and 0.2 kpc
are given. Interestingly, a close supernova located at 0.2 kpc would result in bounds nearly
an order of magnitude larger than those from an event at 10 kpc.

6 Neutrino decay in matter and impact on the Diffuse Supernova
Neutrino Background

After investigating the prospects of setting improved limits on neutrinos coupling to Majorons
from the next supernova, we turn to the case of the DSNB, whose discovery might lie in
the foreseeable future. Here we present the results of the first investigation of how neutrino
non-radiative two-body decay in matter can influence the DSNB. The DSNB flux, produced
by past core-collapse supernova explosions, needs important information from cosmology,
astrophysics, and neutrino physics. As such, its observation will bring unique information
with respect to individual core-collapse supernovae. We will show how this process impacts
the DSNB fluxes and event rates in the JUNO, upcoming Hyper-K, and near-future DUNE
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Figure 14. Limits on the neutrino-Majoron coupling ¢g11 (90 % C.L.) as a function of the lightest
mass eigenstate my in the case of neutrino normal mass ordering. The results shown are obtained
by considering 1.62SFHx as the true model and profiling over the others. Left figure: bounds from
signals at individual detectors, and from their combination. The results are for a supernova at 10 kpc.
Right figure: bounds vary depending on the supernova core-collapse supernova distance, taken from
the nominal value of 10 kpc, to 8 kpc (galactic center), to about 0.2 kpc (distance of Betelgeuse) as
examples.

and DARWIN experiments. But let us first see the theoretical framework of our study and
the scenarios we considered. Note that here we employ the parametrization commonly used.
Recently, a new parametrization based on the compactness has been suggested [99].

6.1 The DSNB flux
The DSNB flux reads

F,.(E)) = c /0 " [ /Q dM Rsx (2, M)du, ns(E,, M) (6.1)
dt.

dz

4 / dMRSN(z,M)%BH(E,’,,M)} (1+2)
>

Here ¢ is the speed of light, z the cosmological redshift, M is the progenitor mass, E!, =
(1 + z)E, is the redshifted neutrino energy, and |dt./dz| the cosmic time. The two terms
in the integral (6.1) depend on the evolving core-collapse supernova rate Rgn(z, M) and
the neutrino yields ¢,, ns(E;,, M) and ¢,, pa(E,,, M) correspond to the contributions from
core-collapse supernovae leaving either a neutron-star (NS) or a black-hole (BH). The terms
2 and ¥ indicate the relative progenitor mass domains. In our computations, we considered
z € [0,5] and progenitor masses in the range M € [8,125]|M,.
For the evolving core-collapse supernova rate, we used

Px(2)(M)

Rsn(z, M) = —5537 :
Jozal® ¢(M)M dM

(6.2)

with the initial mass function (IMF) ¢(M) such that ¢(M)dM is the number of stars in the
mass interval [M, M + dM]. We assume that ¢(M) ~ MX with x = —2.35 as introduced
by Salpeter in ref. [100].

- 32 —



For the star formation rate history, we take the piecewise broken power-law parametrization
by refs. [101, 102]

pu(2) = o [(1 T 2) 4 (122)5" + (- ;)] " (6.3)

where o = 3.4, 8 = —0.3, v = —3.5 are the logarithmic slopes, n = —10 is a smoothing

parameter and the parameters B = 5000 and C' = 9 define the redshift breaks. The quantity
po is the local star formation rate history whose value is adjusted to obtain the desired
local core-collapse supernova rate.'"

One can define the fraction of failed supernovae by

_ Jp dM¢(M)
fBH = [T (6.4)
8M

which was shown to be important in ref. [103] since neutrinos from supernovae leaving a
black-hole have higher luminosities and hotter spectra because of the compression of baryonic
matter to high densities, thus influencing the tail of the DSNB flux. In our analysis, we
considered fpg = 0.21 and 0.41 in accordance with the most conservative and optimistic cases
found in the extensive detailed supernova simulations of ref. [104]. The current uncertainty
on the local core-collapse supernova rate Rgn(0) is given by

125Mg
Rsn(0) = /8M Rsn(0, M) dM = (1.25 £ 0.5) x 1074 y~!Mpc 3. (6.5)
©

Concerning the cosmological model, we assume the ACDM model. For the cosmic
time we have

dt.

-1
o :H0(1+z)\/QA+(1+z)3Qm (6.6)

with Hy the Hubble constant that we take Hy = 70 km s~ 'Mpc~!, Qp = 0.7 and Q,,, = 0.3
the dark energy and the matter cosmic energy density, respectively.

6.2 The DSNB model

In order to model the contribution from different progenitors M to the DSNB flux, we
employed a parametric approach as done in e.g. [26, 27, 105, 106]. More explicitly, we
considered supernova templates for different progenitors and equations of state, as in our
previous analysis for a future galactic supernova. Note that refs. [102, 107, 108] also employed
information from SN1987A to model the DSNB flux, with different approaches and limitations.

Figure 15 presents the progenitor mass intervals and the supernova models used in each of
them. For NS-forming collapses, we used models from the Garching group: the 1.36DD2 and
1.44SFHx [46, 47]—with progenitors of 9Ms, and 18.8 M), respectively—and the $20.0 model
with the LS220 equation of state, denoted 20L.S220 [46, 55]. Note that for the NS cases, we also
considered the 1.62 My, which has an 18.6 M progenitor, but the results are insensitive to

19Gee table T in ref. [26] for explicit values.
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Figure 15. DSNB model: the figure shows the reference models taken in each progenitor mass
interval, where the core-collapse supernova leaves either a neutron star or a black hole. For the former,
the detailed one-dimensional simulations for SN1987A from the Garching group were used [47] as well
as the 20M¢ model from [109]. For the latter, the BH simulation from Nakazato was employed [61].
For the BH cases, the three equations of state were considered, namely the Togashi (T), the Lattimer-
Swesty (L), and Shen (S). Note that the same BH template was used for the two mass intervals, i.e.,
M € [22Mg, 25Mg] and M > 27Mg,.

this change. For BH-forming collapses, we used the 30T, 30S, and 30L models from simulations
of a 30, M progenitor with different equations of state [48, 49, 61]. We considered three
separate scenarios, each using one of these models to represent a BH forming case. The
model we adopted corresponds to a fraction of BH fgy = 0.21 (as the reference model in our
previous work [26]) while we also considered the most optimistic scenario in which fpy = 0.41
where we have one NS model with 1.44SFHx for the NS in the range M € [8Mg, 15M] and
one BH model with 30M¢, for the range in M > 15M;. We will comment on how our results
change when considering the most optimistic scenario for the BH fraction.

To implement the impact of neutrino decay in matter at each individual supernova,
we follow the theoretical treatment described in section 2. In particular, we consider that
neutrinos start free streaming from the energysphere to the transportspheres in the case of
v, and v, and from the neutrinosphere for v, 7, and undergo flux suppression egs. (2.21)—
(2.22) and spectral modification due to decay in these dense stellar regions. Then neutrinos
propagate and undergo the MSW effect in the outer stellar layers (2.36)—(2.37). We emphasize
that in the inclusion of neutrino decay in matter, we implemented the same time-dependence
as in section 2.4. The impact of decay on the neutrino fluxes at individual supernovae is the
one described previously, for each neutrino species. From the time-dependent fluxes with
and without decay, we build the DSNB fluences.

6.3 Neutrino decay in matter and the DSNB: numerical results

Before giving the DSNB results in the presence of decay, we show the sensitivity of the DSNB
fluxes to the BH contribution when the three EOS are considered. This is shown in figure 16
for ve, U, and the non-electronic neutrino species, for the case of normal ordering. The largest
variation reaches up to a factor of a few in the energy range E, € [10,35] MeV, from the
Lattimer-Swesty EOS and for .. It is to be noted, though, that this EOS does not comply
with some of the bounds for neutron star matter [110]. Table 7 displays the modifications
in the DSNB total number of events, in the different experiments, when varying the EOS.
The results are for the two mass orderings and our reference calculations with fgg = 0.21.
Note that in DARWIN, we find only a couple of DSNB events.

Concerning the impact of decay, figures 17 and 18 show, for normal neutrino mass ordering,
the DSNB fluxes for the v, and 7, and the flux ratios of the 7, and v, fluxes with decay over
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Figure 16. DSNB fluxes in the absence of neutrino decay for the different neutrino species for the case
of normal neutrino mass ordering. The different curves show the variations due to changes in the BH
template when considering different equations of state, namely the Togashi (T), the Lattimer-Swesty

(L), and Shen (S). The bands correspond to the current uncertainty on the evolving core-collapse
supernova rate associated with the results of the Shen EOS (see text).

BH template

Flux Current limits
30T 30S 30L

Ve 0.16 = 0.07 0.21 +0.08 0.13£0.05 19 (SNO)
(0.16 £ 0.07) (0.22 £ 0.09) (0.11 £0.04)

7 0.58 £0.23 0.80 £ 0.32 0.37 £0.15 2.7 (SK)
(0.52 £0.21) (0.63 £ 0.25) (0.43 £0.17)

Vg 1.46 £+ 0.58 1.93 £0.77 0.99 £0.39 (1.3-1.8) x 103
(1.50 + 0.60) (2.03 +0.81) (0.98 +0.39)

Table 6. Integrated DSNB fluxes in normal and inverted ordering (in parentheses), including
uncertainties from the core-collapse supernova rate. The flux values (v/cm?/s) correspond to the
integrated fluxes over the ranges E, € [22.9,36.9] MeV for v, E, > 17.3MeV for v,, and E, > 19 MeV
for v, and shown for different EOS for the BH model. The last column gives the experimental
upper limits on the DSNB fluxes (90% C.L.) from SK [18] and SNO [111]. The loosest bounds on v,
(x = p, T flavors) are obtained from [112].
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BH template

30T 30S 30L
HK-Gd 95 75 35
(48) (58) (40)
JUNO 19 25 14
(17) (19) (15)
DUNE 9 10 7

9) (11) (6)

Table 7. Expected total number of DSNB events, in the absence of neutrino-Majoron interactions,
at several detectors (first column) after 20 years of exposure. The results were obtained using fixed
templates for the NS cases and varying the templates for the BH cases between the models 30T
(second), 30S (third), and 30L (fourth column). The events are given in normal and inverted ordering
(in parentheses). The results for HK-Gd are obtained in the energy window E.+ € [16-30] MeV and an
efficiency of 0.4. The detection energy window for JUNO is E.+ € [11.5-29.5MeV, and we assumed
an efficiency of 0.86. For DUNE, we considered F, € [19-31 MeV and an efficiency of 0.85.

TN [ No decay E TN feeeen No decay 4
— (g11,m1) = (1077,1072 eV) ] — (g33,m3) = (1078 10 eV)
; (g11,m1) = (2 x 1079, IO’j eV) 1 :T> (933, m3) = : z eV)
1 (g11,m1) = (5 1077,107% V)| | -1 —(g33,m3) 10”, 1072 eV)
§ 107" ¢ (911 mi) (7 x 105,102 cV) § 107 —(g.z;,m;) ’,10° i
C‘j’) 1072} : L"’ 1072
| ] |
S 073 N & 1073
N S N
10~ : S 10~ =
20 40 60 80 20 40 60 80
E, (MeV) E, (MeV)

Figure 17. DSNB fluxes for 7, for normal (left) and inverted (right) mass ordering. The figure
compares the fluxes in the absence (dotted) and in the presence (full lines) of decay for different values
of neutrino-Majoron coupling g11 and lightest neutrino mass my (left) or gss and ms (right).

those without decay, respectively. As one can see, neutrino nonradiative decay suppresses
the fluxes when the neutrino-Majoron couplings vary from (gi1,m1) = (1077,1073) eV to
(7 x107%,1072) eV. This reduction is of less than 10 % for v, of about 30% for v, for normal
ordering and negligible for the inverted, and between 20-30% for v, in the [10,30] MeV
neutrino energy range. Thus one can see that the 7, and v, suppression at high energies
found for a single supernova leaving a NS (figure 5) and a BH (figure 6), are reflected in
the DSNB predictions, after integrating over redshift and including different progenitors, in
our DSNB model. In inverted ordering, the flux suppression in the DSNB region of interest
is larger than for normal ordering.
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Figure 18. Ratios of the DSNB fluxes with decay over the ones without decay for v, for normal (top
left) and inverted (top right) mass orderings, as well as for v, (bottom figure). The different curves
show the variations due to changes in the BH template when considering different equations of state,
namely the Togashi (T), the Lattimer-Swesty (L), and Shen (S).

Table 6 presents our integrated DSNB flux predictions, in comparison with the current
experimental DSNB bounds on v, and 7, from the SK and SNO experiments. One can see that
our results are more than an order of magnitude smaller than the current SK upper limit [18],
a factor of more than 20-30 below the ones from SNO and thus are on the conservative side,
as the ones in, e.g., refs. [26, 27]. The loosest bounds are those for v,.

To predict the number of events in the four experiments, we use the same cross sections
for the main detection channels as in section 5.1. The impact of neutrino nonradiative
two-body decay in matter on the DSNB number of events is shown in figure 19 for HK with
Gadolinium (HK-Gd). Table 7 presents the DSNB expected number of events in HK after 20
years running, for the detection channels. Our results show a decrease in the number of events
as a function of positron energy and in the total number of events for HK, while in the other
detectors, the DSNB predictions appear to have little sensitivity to this non-standard process.
Table 8 shows that the impact of decay on HK-Gd ranges at the level of about 25-30%. While
the neutrino decay impact is within the largest uncertainties associated with other factors
that determine the DSNB flux, in particular the evolving core-collapse supernova rate, the
fluxes at individual supernovae and the fraction of BH (or of binaries, see [104, 113]), its
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Figure 19. DSNB predictions on the total number of events as a function of positron energy in
HK-Gd, after 20 years running. The curves correspond to the case with decay for different values
of the neutrino-Majoron couplings g11 (gs3) as a function of the lightest neutrino mass m; (mgs) for
normal on the left figure (inverted, right figure) mass ordering. The bands display the uncertainty
coming from the evolving core-collapse supernova rate associated with the no decay case (dotted line).

BH template No decay Largest effect Ratio

30T 55 41 0.76
(48) (36) (0.75)

308 75 59 0.78
(58) (41) (0.71)

30L 35 24 0.68
(40) (31) (0.77)

Table 8. Expected total number of DSNB events at HK-Gd loaded after 20 years of exposure. The
results are obtained considering different templates for the BHs. The second column shows the number
of events in the absence of decay, while the third and fourth columns correspond to the cases with
the largest decay effects and the ratio between the two cases, respectively. Results are given for both
normal mass ordering and inverted ordering (in parentheses). The largest decay effects are obtained
for g11 = 7 x 107 and m; = 1072 eV for normal ordering and g33 = 107% and m3 = 1072 eV for
inverted ordering. The energy window considered for HK-Gd is E.+ € [16,30] MeV and the efficiency
is taken as n = 0.4.

impact is at the same level as aspects pointed out in the literature such as, e.g., shock wave
or flavor conversion effects (see [11, 114]).

7 Conclusions

In this work, we have investigated the impact of neutrino non-radiative two-body decay into
a massless Majoron, in matter, during a core-collapse supernova explosion, while our results
are also of interest for massless or close to massless Majoron-like particles (fuzzy dark matter).
The theoretical framework used is the one developed in our previous study ref. [36]. In
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particular, we consider a full 3v framework and employ inputs from detailed one-dimensional
core-collapse supernova simulations from the Garching group and from Nakazato’s simulations.
In particular, we have implemented the time-dependence of the neutrino fluxes, the matter
densities, and the electron fraction in our microscopic computation of the neutrinospheres,
energyspheres, and transportspheres necessary to determine the neutrino flux suppression
due to decay.

Based on such a theoretical framework, our investigation has followed three directions. We
have first given new limits on neutrino-Majoron couplings using SN1987A observations. Then
we have presented our prospects for a future galactic core-collapse supernova obtained from a
likelihood analysis exploiting the neutrino spectral distortion due to neutrino nonradiative
two-body decay. Besides, we have explored for the first time its impact on the DSNB and
shown that it is potentially significant for the HK experiment.

After showing the impact of neutrino decay on the neutrino fluxes, we have first presented
new bounds on neutrino-Majoron couplings obtained thanks to a 2-dimensional likelihood
analysis of the 24 v, events from SN1987A in Kamiokande, IMB, and Baksan. The results
shown are both for normal and for inverted neutrino mass ordering. Our bounds vary only
slightly when changing model or EOS for the cases considered, and are competitive with the
limits from neutrinoless double-beta decay experiments and from the luminosity argument.

Then, we have presented both the total and the expected number of neutrino events as a
function of neutrino energy, from a core-collapse supernova in four experiments, namely the
JUNO and near future HK experiments, and the more distant future DUNE and DARWIN,
showing the impact of neutrino decay for values of the neutrino-Majoron couplings still
allowed, also considering our limits from SN1987A. By exploiting the spectral distortions due
to neutrino decay in matter, we performed a 2-dimensional likelihood analysis, profiling on
the models, to give prospects on the neutrino-Majoron coupling if a core-collapse supernova
explodes at different locations in our Milky Way. Such an analysis has shown that a significant
improvement on the limits for neutrino-Majoron couplings could be obtained from the next
galactic supernova, both if a neutron star or if a black-hole is formed, the latter being the
most interesting case.

In our analysis of the impact of neutrino decay in matter on the DSNB, we have employed
a DSNB model using the NS and BH detailed simulations used for an individual supernova.
Our results show that neutrino decay can suppress the v, DSNB flux up to several tens of
percent in the energy region of interest and can impact the DSNB number of events in HK-Gd
up to 30 % while JUNO, DUNE and DARWIN appear to have negligible sensitivity to this
nonstandard process. The effect in HK or HK-Gd does not vary in our case if we increase
the BH fraction to the most optimistic value. This is likely due to the limited number of
templates included. In our DSNB predictions, the BH contribution is particularly important
and dominates the effect from decay. While our findings on the potential sensitivity of HK or
HK-Gd to neutrino decay in matter are encouraging, further investigations will be necessary
in particular using a more detailed description of the BH contributions and a larger set of
EOS when these will become available.

Clearly, several improvements of the presented analysis can be envisaged in the future, e.g.,
with the implementation of multidimensional supernova simulations, or of a more detailed
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description, in particular of the BH contribution, for the case of the DSNB. Moreover, a more
complete description of neutrino evolution in the presence of Majorons in the supernova core,
up to the solution of transport equations, could be envisaged, including neutrino decay in
matter. Furthermore, extensions of the presented framework could include more sophisticated
flavor conversion effects in the dense regions coming from, e.g., neutrino-neutrino interactions.

While awaiting the next core-collapse supernova in our Galaxy or nearby, the search for
the DSNB will continue. The upcoming results from SK, including Gadolinium, and from
JUNO, and the start of HK, and DUNE, which have the potential to discover the DSNB,
open very exciting times for neutrino astrophysics and the search for new physics. Our
investigation unveils new elements of the interesting potential that a future core-collapse
supernova and the DSNB have for the process of neutrino nonradiative decay.
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A Statistical analysis

In this work, we have considered two types of analysis: the analysis of observed data
(SN1987A) and the analysis of future simulated data. For the analysis of SN1987A, we
followed closely the procedure described in refs. [21, 71]. Due to the small size of the dataset,
we used an unbinned likelihood given by

NO S
ﬁ(l’) — e_(Stot($)+Btot) % l_i dE
=1

{ ds dB} | A)

dE; (@) + dE,

where x represents the set of parameters describing our model, Siqt indicates the expected
total number of signal events, and B the total background for each detector. The number
of observed events, Nyps, is equal to 11 for Kamiokande-I1I, 8 for IMB, and 5 for Baksan. The
term dS/dE; represents the expected number of signal events around the observed energies Fj,
while the background at those energies is denoted as dB/dE;. We followed [21] to calculate
the expected signal and used the information on the events given there.

In contrast, the next galactic core-collapse supernova is expected to result in a large
number of events. Therefore, it is convenient to use a binned Poisson likelihood for the
analysis. Dropping the constant terms, the logarithm of the binned likelihood is given by [115]

Nbins dS
log L(z) = —Siot(x) + Zzzl N; log iE, (x), (A.2)

where = denotes the model parameters, Siot the total number of expected events, and Nyjng
is the number of energy bins. The observed number of events in bin ¢ is represented by N;,
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while dS/dE; indicates the expected number of events in that bin. Since we are interested
in obtaining prospects for a future supernova detection, we simulate the observed data by
computing N; using a chosen “true” model.

In both of our analyses, for normal ordering, we chose g11 and mq as the free parameters,
while for inverted ordering, we took g3z and ms. The other two couplings were obtained
using the relations in eq. (2.2) and eq. (2.3) for normal and inverted ordering, respectively.
For the analysis of a future supernova, we additionally considered the core-collapse models as
discrete nuisance parameters, and we denote them by fgn. As a result, the parameters in
the analysis of a future supernova are g;;, m;, and fgn, with ¢ = 1 (3) for normal (inverted)
ordering. The profile likelihood is obtained by profiling over the core-collapse models, i.e.,
searching for the model that maximizes the likelihood for each set of (g;;, m;):

Lp(gii, mi) = max L(gii, mi, OsN)- (A.3)
SN
The maximum likelihood, on the other hand, is defined as

Lmax == E(guv m’iv éSN) == max [’(gllu mg, GSN)7 (A4-)

9ii,Mi,0sN

where §;;, m;, and fgy are the maximum likelihood estimators.

B Additional results

This appendix provides additional results for a future supernova. Figure 20 shows the
expected number of events in normal ordering for the ES channel at HK and the pES channel
at JUNO. For inverted ordering, figure 21 presents the event distributions for the dominant
detection channels at HK, JUNO, DUNE, and DARWIN in the BH case. The ES signal at
HK and the pES signal at JUNO are omitted in this case, as the impact of neutrino decay on
these channels is negligible. Finally, table 9 summarizes the total expected number of events
for all experiments and detection channels assuming inverted ordering.
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Figure 20. Expected events from a future core-collapse supernova located at 10 kpc, assuming normal
ordering and including neutrino-Majoron interactions for different values of ¢g;; and m; compatible
with current constraints. Predictions are given for the elastic scattering signal at HK and the proton
elastic scattering signal at JUNO for the NS case using the 1.44SFHx model (top panels) and for
the BH case using the 30T model (bottom panels). For comparison, the black dotted line shows the

prediction in the absence of neutrino-Majoron interactions.
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Figure 21. Expected events from a future core-collapse supernova located at 10 kpc, assuming
inverted ordering and including neutrino-Majoron interactions for different values of g33 and ms
compatible with current constraints. For comparison, the black dotted line shows the prediction in
the absence of neutrino-Majoron interactions. The results were obtained for the BH case using the
30T model. The predictions correspond to the following cases. Upper figures: inverse beta decay
events in HK (left) and JUNO (right). Bottom figures: v-Ar scattering in DUNE (left), coherent
neutrino-nucleus scattering in DARWIN (right).
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g33=10"%  g33=5x10"" g33=7x10"" gg3=10"F
No decay

m3=10"3eV m3=10"2eV m3=10"2eV m3=10"2eV

HK-IBD 27884 27868 27438 27046 26304
(42560) (42291) (37850) (35339) (31888)

HK-ES 1169 1169 1168 1167 1164
(1631) (1631) (1628) (1624) (1617)

JUNO-IBD 2700 2698 2656 2618 2547
(4120) (4094) (3664) (3421) (3087)

JUNO-pES 459 459 448 439 423
(3997) (3989) (3829) (3728) (3597)

DUNE 2136 2137 2146 2155 2170
(10982) (11018) (11392) (11514) (11631)

DARWIN 406 406 402 399 393
(870) (869) (845) (830) (810)

Table 9. Expected total number of events from a future supernova located at 10 kpc including
neutrino-Majoron interactions producing neutrino nonradiative two-body decay in matter. The results
are for the case of inverted mass ordering. The first column shows the detection channels of the four
experiments considered. The second column the results in absence of decay, while the other columns
give the expected values for different values of the neutrino-Majoron couplings gs3 and the lightest
neutrino mass ms. The values correspond to the NS case with the 1.44SFHx model and to the BH
case with the 30T model (in parenthesis).
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