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Ever since the discovery of neutrinos, we have wondered if neutrinos are their own antiparticles. One
remarkable possibility is that neutrinos have a pseudo-Dirac nature, predicting a tiny mass difference
between active and sterile states. We analyze the neutrino data from SN1987A in the light of active-sterile
oscillations and find a mild preference (Δχ2 ≈ 3) for δm2 ¼ 6.31 × 10−20 eV2. Notably, the same data is
able to exclude δm2 ∼ ½2.55; 3.01� × 10−20 eV2 with Δχ2 > 9, the tiniest mass differences constrained so
far. We further consider the next-generation of experiments and demonstrate their sensitivity exploring the
nature of the neutrino mass.
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I. INTRODUCTION

The quest to understand the fundamental nature of
neutrinos still remains the Holy Grail of neutrino physics.
The general consensus is that neutrinos can either be Dirac
or Majorana, depending on whether the net lepton number
is a conserved symmetry of the Standard Model (SM) or
not. Our inability to distinguish between the two rests on
the fact that in the ultrarelativistic limit, Dirac and
Majorana neutrinos behave identically in all experiments
[1]. Hence, one needs to probe lepton-number violation
[2], search for nonrelativistic neutrinos [3–5], or find other
kinds of nonstandard neutrino physics to answer this
crucial question [6–9].
However, there remains a possibility that nature solves

this dichotomy by preferring a middle ground, where
neutrinos are Majorana, but they behave almost as if they
were Dirac. The hypothesis that neutrinos are pseudo-Dirac
(PD) requires soft lepton-number violation, thereby intro-
ducing a tiny mass splitting in the chiral components of the
mass eigenstates [10–16]. This allows for a 50-50 admixture
of active and sterile states, with a possible oscillation

between the two governed by their tiny mass-squared
differences δm2. Note that such oscillations between
active-sterile neutrinos, driven by a tiny mass-squared differ-
ence can also arise in other scenarios, for, e.g., mirror
models [17].
Testing this scenario is extremely difficult because

these active-sterile oscillations take place over a baseline
inversely proportional to the tiny mass-squared differe-
nces, so for all terrestrial experiments, these neutrinos
behave like Dirac neutrinos. Since these oscillations can
develop over astrophysical distances, the strongest bounds
come from solar neutrinos (δm2 ≲ 10−12 eV2) [15], and
atmospheric neutrinos (δm2 ≲ 10−4 eV2) [18]. Smaller
values (δm2 ∼ 10−24 eV2) can be tested with the meas-
urement of the diffuse supernova background neutrinos
(DSNB) [19]. Future terrestrial experiments, such as
DUNE or JUNO, can also test the PD hypothesis,
although they will be sensitive to larger quadratic mass
differences [20]. Collider signals of heavy PD neutrinos
have also been explored [21,22]. High energy astrophysi-
cal neutrinos would in principle be sensitive to mass
difference of the order 10−18 eV2 ≲ δm2 ≲ 10−12 eV2

[18,23–27]. On the other hand, a galactic core-collapse
supernova (SN), which releases almost its entire energy in
the form of neutrinos, can provide the perfect astrophysi-
cal laboratory to test the PD nature of neutrinos. Such
sensitivity, summarized in Fig. 1 as an updated version of
the results presented in [18], arises from the combination
of the naturally long baseline and relatively small energy
range of the emitted neutrinos, Eν ∼OðMeVÞ, and allows
one to probe large oscillation lengths.
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In this work, we utilize, for the first time, the SN1987A
neutrino observation data from Kamiokande-II (KII)
[29,30], IMB [31,32], and Baksan [33] to probe the
possible active-sterile oscillations in neutrinos over galac-
tic-scale baselines. Performing an unbinned likelihood
analysis, we find, quite intriguingly, that the combined
data from the three experiments have a marginal preference
for the PD scenario. Moreover, such data allow for the
exclusion of mass differences in the range 2.55 ×
10−20 eV2 ≲ δm2 ≲ 3.01 × 10−20 eV2 with a Δχ2 > 9,
the smallest values constrained yet. We further analyze
the sensitivity of upcoming neutrino experiments like
Hyper-Kamiokande and DUNE to utilize a future galactic
SN, and find that, for a SN happening at 10 kpc, these
experiments can probe values of δm2 ∼ ½10−18; 10−21� eV2.
Clearly, a future galactic SN can allow us to probe such
extreme values of the mass-squared differences that are not
accessible to Solar System–bound neutrino experiments.
This, along with observations of the DSNB, as well as high
energy neutrinos, can provide some of the most stringent
bounds on the PD scenario.

II. ACTIVE-STERILE OSCILLATIONS

One of the most austere extensions of the SM to address
neutrino masses consists of adding at least two right-handed
neutrinos, singlets under the SM symmetries, and then
implementing the Higgs mechanism. Nevertheless, gauge
invariance allows for Majorana mass terms for the right-
handed neutrinos. Thus, in general, the neutrino mass matrix
below the electroweak scale is given by

Mν ¼
�

03 Yv=
ffiffiffi
2

p

Yv=
ffiffiffi
2

p
MR

�
; ð1Þ

v=
ffiffiffi
2

p
being the SM vacuum expectation value and Y the

Yukawa matrix. We have not considered heretofore any
hierarchy in the mass matrix. The well-known seesaw
mechanism [34–41] assumes that the right-handed neutrino
mass far exceeds the electroweak scale MR ≫ Yv, thus
explaining the petiteness of neutrino masses.
On the other hand, if the lepton number is softly broken,

i.e., MR ≪ Yv, then the small Majorana terms break the
degeneracy between the masses of the left- and right-handed
components, present in a purely Dirac neutrino. This can be
an important scenario for neutrino masses if experiments
searching for lepton number violation return a null result. In
such regime, the mass matrix Mν can be diagonalized using
the following unitary 6 × 6 matrix V [13]

V ¼
�
U 0

0 UR

�
·
1ffiffiffi
2

p
�
13 i13
φ −iφ

�
; ð2Þ

U and UR being the Pontecorvo-Maki-Nakagawa-Sakata
matrix, and another unitary matrix that diagonalize the active
and sterile sectors respectively. φ is a diagonal matrix
containing arbitrary phases φ ¼ diagðe−iϕ1 ; e−iϕ2 ; e−iϕ3Þ,
while 13 is the 3 × 3 unitary matrix. A flavor neutrino field
νβL (β ¼ e, μ, τ) corresponds to a maximally mixed super-
position of two neutrino mass eigenstates νþk and ν−k ,
(k ¼ f1; 2; 3g) [13]

νβL ¼ Uβkffiffiffi
2

p ðνþk þ iν−k Þ; ð3Þ

having almost degenerate masses m2
k;� ¼ m2

k � δm2
k=2,

respectively. For simplicity, we assume that mass difference
δm2

k, related to the matrix elements ofMR and Y, is the same
for all mass eigenstates, and simply write δm2 hereafter.
Current constraints indicate that δm2 should be much
smaller than the solar and atmospheric mass differences,
δm2 ≪ jΔm2

21;31j, and hence, over astrophysical baselines,
oscillations induced by the former can happen whereas those
due to the latter average out. Thus, the flavor oscillation

probability Pβγ ¼ Pðνβ
ð−Þ

→ νγ
ð−ÞÞ can be factorized in terms of

an active-active survival probability Paa times the standard
averaged term [19]

Pβγ ¼ PaaðEν;L; δm2Þ
X
k

jUβkj2jUγkj2; ð4Þ

where Eν is the neutrino energy, and L is the distance
traveled. Neutrinos oscillations over astrophysical dis-
tances are also susceptible to decoherence due to sepa-
ration of wave packets, owing to different group velocities
of the mass-eigenstates. This is physically equivalent
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FIG. 1. Characteristic energies and baselines of distinct experi-
ments with reactor (lilac), accelerator (green), atmospheric (light
blue), solar (yellow), SN (emerald), DSNB (purple), and high
energy (violet) neutrinos. Dotted lines indicate the sensitivity to
Δm2 via vacuum oscillations; we show three specific values in
red for jΔm2

3ij;Δm2
21; δm

2, where, in the normal ordering,
Δm2

31 ¼ 2.51 × 10−3 eV2;Δm2
21 ¼ 7.42 × 10−5 eV2 [28], and

δm2 ¼ 6.31 × 10−20 eV2. The particular case for SN1987A is
highlighted with the fuchsia rectangle.
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to an energy-dependent “dephasing” of the oscillation
phase [42].1 Including such decoherence effects, Paa is

PaaðEνÞ ¼
1

2

�
1þ e−ð

L
Lcoh

Þ2 cos
�
2πL
Losc

��
: ð5Þ

The PD oscillation Losc and coherence Lcoh lengths have
similar dependence on neutrino energy as in the standard
case,

Losc ¼
4πEν

δm2
≈ 20 kpc

�
Eν

25 MeV

��
10−19 eV2

δm2

�
; ð6aÞ

Lcoh ¼
4

ffiffiffi
2

p
Eν

jδm2j ðEνσxÞ;

≈ 114 kpc

�
Eν

25MeV

�
2
�
10−19 eV2

δm2

��
σx

10−13 m

�
;

ð6bÞ

where σx is the initial size of the wave packet. We conclude
that for 10−21 eV2 ≲ δm2 ≲ 10−18 eV2 the active-sterile
oscillations can develop over scales of OðkpcÞ, right on
the ballpark of expected baselines and energies for SN
neutrinos. The initial wave packet size can be determined
from the processes producing the neutrinos in a SN, and has
been estimated to be around σx ∼ 10−13 m [43], a value that
we take as benchmark henceforth.

III. SN1987A ANALYSIS AND RESULTS

The time-integrated neutrino spectra from a SN is well
approximated by a blackbody emission, and is parame-
trized by the following alpha-fit spectra [44]

ϕβðEνÞ ¼
1

E0β

ð1þ αÞ1þα

Γð1þ αÞ
�
Eν

E0β

�
α

e
−ð1þαÞ Eν

E0β ; ð7Þ

where E0β the average energy for a flavor νβ, and α is a
parameter that determines the width of the distributions.
For subsequent analysis, we set α ¼ 2.3 [45]. We present in
the Appendix the impact of having different values of α.
Assuming that neutrinos are PD, the observed νe fluence

corresponds to the SN neutrino fluence multiplied by the
PD probability,

dΦ87

dEν
¼ Ee

tot

4πd2
Paa

�
p̄
ϕe

E0e
þ rxeð1 − p̄Þ ϕx

E0x

�
: ð8Þ

where Ee
tot is the SN total emitted energy in electron

neutrinos (in erg), rxe ¼ Ex
tot=Ee

tot is a relative scale factor,
and d is the distance to Sanduleak-69 202, the progenitor
star, taken here to be equal to 50 kpc. Here p̄ ¼ jUe1j2

represents the permutation parameter between ν̄e and ν̄x, x
being nonelectron flavors, related to the adiabatic Mikheyev-
Smirnov-Wolfenstein flavor conversions [46–48].2
In Fig. 2, we present the energy-averaged νe flux

multiplied by the energy squared, E2
νdhΦ87i=dEν, for

the standard case, i.e., including only standard
oscillations (green dashed) and introducing active-sterile
oscillations, assuming δm2 ¼ 6.31 × 10−20 eV2 (purple).
We have included a moderate neutrino energy resolution
σEν

¼ 10%=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eν=5 MeV

p
, only for illustration purposes.

Interestingly, we observe that the oscillations induce a strong
depletion in the flux for energies around 27.5 MeV.
However, for Eν ≳ 27.5 MeV the flux becomes larger than
in the standard case.
To analyze the SN1987A data, we consider the events

observed in KII, IMB, and Baksan. Since active-sterile
oscillations mainly affect the neutrino energy spectra, we
perform our analysis considering the fluence only.
Following the standard treatments [45,50–53], we define
the unbinned extended likelihood for a single experiment as

L ¼ e−Ntot

YNobs

i

dEi

�
dS
dEi

þ dB
dEi

�
; ð9Þ

where dS=dEiðdB=dEiÞ are the expected signal (back-
ground) events within an energy window dEi around the
observed energy Ei, and Ntot (Nobs) are the total number of
expected (observed) events. We adopt the background

FIG. 2. Energy averaged neutrino flux times energy squared,
E2
νdhΦ87i=dEν, as function of the neutrino energy for the

standard case, i.e., including only standard oscillations (green
dashed) and introducing active-sterile oscillations (purple). We
assumed Ee

tot ¼ 2.9 × 1053 erg, E0e ¼ 4 MeV, E0x ¼ 13 MeV,
and δm2 ¼ 6.31 × 10−20 eV2 in the PD case (purple), and
Ee
tot ¼ 1.2 × 1053 erg, E0e ¼ 5 MeV, E0x ¼ 15 MeV for the

standard case (green).

1We thank Georg Raffelt for pointing this out.

2Matter effects, both at the SN and the Earth, are not affected
by the presence of the sterile states [49,50].

SIGNS OF PSEUDO-DIRAC NEUTRINOS IN SN1987A DATA PHYS. REV. D 105, 095019 (2022)

095019-3



treatment presented in [50], and we fix the minimum
energy for KII equal to 4.5 MeV. In our analysis, we fit
the fluence parameters fEtot; E0e; E0xg together with the
quadratic mass difference δm2, fixing the initial size of the
neutrino wave packets to σx ¼ 10−13 m. For the analysis,
we fix rxe ¼ 1, however, our results are not very sensitive
to the variation in rxe, as shown in the Appendix.
In Fig. 3 (left panel) we present Δχ2 ≡ −2ðlnL −

lnLmaxÞ as function of δm2, marginalized over the fluence
parameters, for each experiment, KII (light-blue dashed),
IMB (green dotted), Baksan (orange dot-dashed), and the
combined fit (purple), see also Table I for the best fit values
in each case. Note that values of δm2 < 10−21 eV2 corre-
sponds to the no-oscillation hypothesis, since for these
values the oscillation length ≳1 Mpc, and is not relevant
for a galactic core-collapse SN. Individually, KII prefers a
nonzero δm2 with a Δχ2 ≈ 1.1 relative to the nonoscillated
case, because the oscillated spectrum predicts less events in
the energy window Ei ∼ 21 MeV–31 MeV, consistent with
the data. Meanwhile, both IMB and Baksan have a larger
preference for the PD scenario, with Δχ2 ≈ 1.7. However,

the preferred values for both IMB and Baksan have a
significant tension. Baksan prefers a value of δm2 ∼ 3.3×
10−20 eV2, such that its measured spectrum is enhanced
around Ei ∼ 17 MeV. Such value, nonetheless, predicts an
oscillation minimum around Ei ∼ 35 MeV, contrary to the
IMB measurement.
In the combined fit, we observe a preference for a nonzero

value of δm2 ¼ 6.31 × 10−20 eV2, while the scenario with-
out active-sterile oscillations (δm2 ≲ 10−21 eV2) is disfa-
vored withΔχ2 ≈ 3. Such a preference is related to the slight
tension between the events measured by KII and IMB: KII
observed a spectra concentrated at lower energies, with an
average positron energy of hEiiKII ¼ 15.4� 1.1 MeV, than
those measured at IMB (hEiiIMB ¼ 31.9� 2.3 MeV),
see Fig. 4. Meanwhile, Baksan events are more compatible
with KII (hEiiBaksan ¼ 18.2� 1.7 MeV).3 In the absence of
active-sterile oscillations, broad neutrino spectra are more
favored to compensate this tension [45,52]. The additional
energy dependence coming from the oscillation probability
Paa allows for a much broader spectrum in IMB, while
still predicting for KII a reduction of events around
Ei ∼ 27.5 MeV, as seen in Fig. 4.
Notably, the SN1987A data excludes values in the range

2.55×10−20 eV2≲δm2≲3.0×10−20 eV2, with Δχ2 > 9,
the lowest quadratic mass values constrained by experiments
so far. Clearly, a δm2 in such a region induces significant
modifications to the spectra that contradict observations.
For instance, for δm2 ¼ 3.2 × 10−20 eV2—excluded with
Δχ2 ≈ 13—the KII spectrum would have more events in the

FIG. 3. Results of our analysis of the SN1987A data in the light of the PD scenario. Left: marginalizedΔχ2 as function of the quadratic
mass difference δm2 for the individual analysis of KII (light-blue dashed), IMB (green dotted), Baksan (orange dot-dashed), and the
combined analysis (purple). Right: allowed regions for total energy Ee

tot vs average energy, E0 ≡ ðE0e þ E0xÞ=2. The black dashed is the
allowed region without active-sterile oscillations at the Δχ2 ¼ 9 level.

TABLE I. Best fit values of the fluence parameters, Ee
tot in

1053 erg, E0e, E0x in MeV, and the quadratic mass difference δm2

in 10−20 eV2 for each individual experiment and their combina-
tion. Δχ2NoOsc corresponds to the value at which the no-oscillation
case is disfavored.

Experiment(s) Ee
tot E0e E0x δm2 Δχ2NoOsc

KII 2.2 4.24 10.96 6.31 1.1
IMB 3.2 1.36 12.86 6.03 1.7
Baksan 15.7 4.28 8.03 3.16 1.7
Joint fit 2.7 4.00 12.61 6.31 2.9

3Although IMB has a small efficiency at lower energies, it
observed more events than KII in the region where both experi-
ments have similar efficiencies.
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window Ei ∈ ½15; 25� MeV than observed, while IMB
predicts almost no events with Ei ≳ 35 MeV, as noticed
before.
An interesting feature is present in the Δχ2 for values

δm2 ≳ 4 × 10−19 eV2: the obtained value of the Δχ2 is
the same as in the case of no oscillations. For such values
of δm2, the active-sterile oscillations are averaged out, so
that the detectable fluence arriving at the Earth is in fact
half of the value originated at the SN1987A. Since in our
simulation we have not included any prior, increasing
the total energy by a factor of two can compensate
the averaging out of the neutrino fluence. Thus, we
obtain the same sensitivity as in the case without
oscillations, consistent with some previous estimates
[25,54,55].
Finally, let us comment on the effects of the PD

hypothesis on the observed fluence parameters from
SN1987A. In Fig. 3 (right panel), we present the allowed
region in the total energy vs the average energy E0 ≡
ðE0e þ E0xÞ=2 plane, marginalized with respect to the
orthogonal parameter ΔE≡ E0x − E0e. The best fit pre-
fers values of E0 ¼ 9 MeV, and somewhat larger values
for Ee

tot ¼ 2 × 1053 erg. Although the PD scenario pre-
dicts a larger total energy, the regions are compatible with
the nonoscillated case (black line) at the Δχ2 ∼ 9 level.

A. Future sensitivity

The next generation of neutrino experiments can probe
the PD nature of neutrinos with a high accuracy. For our
analysis, we consider two such detectors, DUNE [56] and
Hyper-Kamiokande (HK) [57], owing to their large volume
and the precision in the reconstruction of low energy
neutrinos. The main interaction channel of MeV neutrinos
at the DUNE liquid argon detectors corresponds to νe
scattering with Ar. To simulate the neutrino interaction in
liquid argon detector, we used MARLEY, a Monte Carlo
event generator that allow to include all the nuclear
transitions happening after the neutrino interaction [58].
On the other hand, HK is a water Cherenkov detector,
which is mostly sensitive to ν̄e through the inverse beta
decay process [59].
We have considered that both the νe and the ν̄e

components of the fluence follow an alpha fit [Eq. (7)],
and as benchmark scenario (the nonoscillation hypothesis),
we have considered the best fit parameters describing
SN1987A. In the analysis, the total energy (Etot), and
the average energy (E0) are treated as free parameters in the
oscillation hypothesis, in that way we get a conservative
prediction for the region that can be explored. The
sensitivity plot is obtained by varying δm2 for a given
value of σx.
Figure 5 shows the 95% CL sensitivity region for both

DUNE and HK in the δm2 − σx plane, for a SN happening
at 10 kpc, assuming a Gaussian likelihood analysis. For this
baseline, the maximum sensitivity is expected to be around
δm2 ∼ 10−20 eV2. For a smaller δm2, neutrinos would not
have enough time to oscillate by before arriving at the
Earth. On the other hand, for a larger δm2, wave packet
decoherence sets in. Although both experiments show a
large overlap in the region that can be explored, there are
some complementarities in their measurements. HK is

FIG. 4. Measured spectra (gray dashed lines) and individual
observed events at KII (top), IMB (middle), and Baksan (bottom)
as function of the positron energy Ei. We present the predicted
spectra in the standard case (green) and including active-sterile
oscillations (purple). The assumed parameters correspond to the
best fit of the joint analysis, see Table I.

FIG. 5. Expected sensitivity on δm2 as a function of σx for
DUNE (purple) and HK (green), together with the excluded
region from SN1987A (blue) at more than 95% CL We assume
that the SN occurs at 10 kpc.
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sensitive to smaller values of δm2 due to its larger volume,
whereas DUNE can explore larger values of the mass
splitting thanks to its energy resolution at the MeV scale.
It is worth noting that both experiments can explore a large
fraction of the excluded region from SN1987A. An
interesting effect appears if the coherence length is smaller
than the distance traveled by the neutrinos. That happens
for σx ≤ 10−14 m. In that case, the decoherence effect
suppresses the fluence at lower energies, as expected from
Eq. (5), bringing an additional dependence on δm2.

IV. FINAL THOUGHTS

To summarise, in this work, we explored the possibility
that neutrinos are PD fermions, and the consequences of that
on the neutrino fluence from a SN. We analyzed the neutrino
data from SN1987A under such a hypothesis, and found a
mild preference for PD nature of neutrinos, owing to the
slight tension between the data from KII and IMB.
Interestingly, mass-squared differences between 2.55 ×
10−20 eV2 ≲ δm2 ≲ 3.0 × 10−20 eV2 are excluded with
Δχ2 > 9, resulting on the first constraint yet on such tiny
mass differences. The next galactic SN will be a watershed
moment in the history of neutrino physics. Equipped with
the next generation detectors, onewould expect to detect tens
of thousands of events, which can be leveraged to put strong
bounds on extreme neutrino properties. Our study reveals
that, for a future galactic SN happening at 10 kpc, DUNE
and HK can easily probe tiny mass-squared differences,
δm2 ∼ 10−20 eV2. One may wonder if it is possible to falsify
such a scenario. We believe that neutral current measure-
ments will play a crucial role in testing this scenario, since
these active-sterile oscillations would induce a disappear-
ance of all flavor states in the same way. Observations of
nonelectron neutrino events (see, e.g., [60]) in future
detectors can definitely shed more light on this topic.
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APPENDIX: ADDITIONAL CROSS-CHECKS

1. Dependence on hE0e;0xi
Supernova simulations have established that the average

neutrino energies should be of Oð10Þ MeV, while the

standard SN1987a prefers much smaller values for E0e
(see Table I). Thus, one may wonder if the results presented
in the main text would suffer any alteration if we impose a
prior on the average energies of the νe;x. In Fig. 6, we
present the results of our analysis after introducing a
flat prioron E0e;0x ∈ ½10; 20� MeV. We observe no signifi-
cant modification on the Δχ2, apart from the region
δm2 ∈ ½5; 30� × 10−21 eV2. Our best fit in this case corre-
sponds to δm2 ¼ 6.31 × 10−20 eV2, Etot ¼ 0.54 × 1053 erg,
E0e ¼ 10 MeV, and E0x ¼ 15.05 MeV.

2. Dependence on rxe =Ex
tot=E

e
tot

In this subsection, we discuss the sensitivity of our
analysis to changes in values of rxe ¼ Ex

tot=Ee
tot. In Fig. 7,

we show the combined Δχ2 for three different cases,
(A) rxe ¼ 1, (B) 0.025 ≤ rxe ≤ 2, and (C) 0.5 ≤ rxe ≤ 1
The first case considers rxe to be fixed, while in the latter

FIG. 6. Marginalized Δχ2 for the joint fit of the three distinct
datasets coming from KII, IMB, and Baksan as function of δm2

for different priors on hE0e;0xi.

FIG. 7. Marginalized Δχ2 for the joint fit of the three distinct
datasets coming from KII, IMB, and Baksan as function of δm2

for different values of rxe as discussed in the text.
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two cases, we marginalize over rxe. We present the best fit
in each case in Table II for the combined analysis. We find
that our results are mildly dependent on the variation in rxe,
and does not affect our best fit point. In fact, for the third
case, we find that the no-oscillation hypothesis is ruled out
with a slightly largerΔχ2 ≳ 4. Since the dependence in very
mild, we present our results in terms of rxe ¼ 1 in our
main text.

3. Dependence on the pinching parameter

The pinching parameter α is a crucial parameter which
describes how the SN neutrino spectrum departs from being
fully thermal. In our simulation, we have fixed as prior a
value of α ¼ 2.3, resulting from different SN simulations.
Here we present how our results change if we choose a
different value instead. In Fig. 8, we present the combined
Δχ2 for three different values of α ¼ f0.; 2.3; 4g. We
observe that our results are only mildly dependent on
the pinching parameter. In fact, for values of the mass-
squared difference δm2 ≳ 4 × 10−20 eV2, the marginalized
fit basically coincides for all values. Moreover, the pref-
erence for δm2 ¼ 6.31 × 10−20 eV2 is independent of α.
For values δm2 ≲ 4 × 10−20 eV2, larger differences are
present, but the overall behavior is the same.

4. Varying the initial wave packet size

Another important parameter corresponds to the initial
wave packet size σx. As pointed out in the main text,
estimates indicate that such values should be around
σx ¼ 10−13 m. Nevertheless, there is no definite consensus
on what is its actual value. Here, we consider how our
results change by modifying the value of σx. Let us stress
that we are not varying σx as a parameter to be fitted;
instead we fix σx and we determine the Δχ2 in each case. In
Fig. 9, we present our results. We observe that, for values
σx ≳ 2 × 10−13 m, the Δχ2 is independent of the initial
wave packet size. Such independence arises because the
coherence lengths become much larger than the distance
traveled by the neutrinos. In other words, the neutrino wave
packets do not have decoherence in this case. On the other
hand, when the decoherence is important, that is, for
σx ≲ 2 × 10−14 m, the oscillations are erased, and the
sensitivity to active-sterile oscillation is lost. Explicitly,
for σx ≲ 4 × 10−15 m, the Δχ2 ≤ 1 for all values of δm2 in
the range that we are considering. Since for such values the
decoherence lengths are smaller than the oscillations
lengths, the flux that arrives to the Earth is basically an
incoherent superposition, so that the active component of
the flux is close to half the original value. Therefore, given
that in the fit the reduction of the flux can be compensated
by increasing the total energy, the sensitivity to the PD
scenario is lost.

TABLE II. Best fit values of the fluence parameters, Ee
tot in

1053 erg, E0e, E0x in MeV, the quadratic mass difference δm2 in
10−20 eV2, and the νx to νe total energy ratio rex, for two distinct
priors.

Prior Ee
tot E0e E0x δm2 rex

B 0.68 10.00 16.96 6.31 0.48
C 0.58 11.52 11.53 6.31 0.99

FIG. 8. Marginalized Δχ2 for the joint fit of the three distinct
datasets coming from KII, IMB, and Baksan as a function of δm2

for different values of the pinching parameter α ¼ 0 (orange
dashed), 2.3 (purple), and 4 (green dotted).

FIG. 9. Marginalized Δχ2 for the joint fit of the three distinct
datasets coming from KII, IMB, and Baksan in the plane δm2 vs
σx. The regions with Δχ2 ≤ f1; 4; 9g correspond to the blue,
green, and yellow colors, respectively. The white region is
excluded at more than Δχ2 > 9.
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5. Future sensitivity details

As shown in previous sections, in the case of a core-
collapse supernova, the next generation of experiments,
will probe mass splittings between active and sterile along
with several orders of magnitude. To observe neutrinos at
the MeV scale, in the future, there would be two ideal
detectors, DUNE [56] and Hyper-Kamiokande (HK) [57],
thanks to their large volume and the precision in the
reconstruction of low energy neutrinos. As a benchmark
scenario, we have considered a supernova happening
at 10 kpc described by the best-fit parameters of the
SN1987A.
In a liquid argon detector, the main interaction channel

of MeV neutrinos consists of the scattering of electron
neutrinos with the argon nuclei (νe þ 40Ar → e− þ 40K�),
which will generate an electron and an excited nucleus of
potassium (40K�). After the deexcitation of the potassium,
a photon cascade is also generated. Other particles can
also be generated in the neutrino interaction, like neu-
trons, protons, or deuterons. In this work, we will consider
just the observation of the electron. To simulate the
neutrino interaction in the liquid argon detector, we used
MARLEY, a Monte Carlo event generator, to include all
the nuclear transitions happening after the neutrino
interaction [58]. After a neutrino interaction, we consider
that it can be detected if an electron with energy larger
than 4 MeV is generated. The energy associated to each
event correspond to the reconstructed electron energy,
and they will be distributed in energy bins of 2 MeV. The
finite energy resolution of the detector will introduce an
error in the reconstruction of the electron energy.
Following the measurement done in previous liquid argon
experiments [61], we assumed an increase in the reso-
lution energy as σE ¼ 0.11

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E=MeV

p þ 0.2ðE=MeVÞ.

As a fiducial volume, we assumed 40 ktons for DUNE.
The expected number of events is shown in Fig. 10
for three different cases: neutrinos are pure Dirac
states (Dirac), the best-fit of the SN1987A analysis
(δm2 ¼ 6.31 × 10−20 and σx ¼ 10−13 m), and the coher-
ence length is shorter than the distance traveled by the
neutrinos (decoherence). In the last case, we have set
δm2 ¼ 5 × 10−21 eV2 and σx ¼ 10−15 m. If neutrinos are
pseudo-Dirac particles, and the mass splitting is on order
∼10−20 eV2, then an oscillation pattern would be observed
in the event distribution. In the case where the size of the
wave packet is small enough such that neutrinos will
arrive as an incoherent superposition of states, there would
still be a sensitivity over the mass splitting due to the
modifications of the flux at lower energies. The expected
sensitivity for DUNE for different values of σx is shown in
Fig. 4 of the main paper.
A water Cherenkov detector will mainly observe the

electron-antineutrino component of the supernova. At
the MeV scale, ν̄e interact via inverse beta decay [59]
with the free protons in water (ν̄e þ p → eþ þ n). In the
reconstruction of the positron energy, we have assumed a
similar energy resolution as Super-Kamiokande [57]
(σE ¼ 0.6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E=MeV

p
) in the measurement of solar neutri-

nos. The uncertainty in the energy is included assuming a
Gaussian distribution of the energy measured centered at
the electron energy after the interaction. The events are
distributed as a function of the reconstructed positron
energy in bins of 1 MeV, Fig. 10 (left). The deviations
found in the number of events is similar to the DUNE
experiment. As a fiducial volume for HK, we have
considered one tank of 187 kton. The sensitivity of HK
for different values of σx is shown in Fig. 4 of the
main paper.

FIG. 10. The number of events expected in HK (left) and DUNE (right) for a supernova happening at 10 kpc. For the supernova
luminosity, we assume the best-fit value of the SN1987A. We show the number of events for three different scenarios: neutrinos are
Dirac fermions, the best-fit point of the SN1987A analysis, and coherence lengths shorter than 10 kpc (decoherence). In particular, in the
last case, we use the following parameters: δm2 ¼ 5 × 10−21 eV2; σx ¼ 10−15 m
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