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Neutrinos can be pseudo-Dirac in nature – Majorana fermions behaving as Dirac fermions for
all practical purposes. In such a scenario, active and sterile neutrinos are quasi-degenerate in
mass, and hence oscillations between the two, due to their tiny mass-squared difference (δm2),
can develop only over very long baselines. Under this hypothesis, we analyze the neutrino data
from SN1987A, and find a mild preference for a non-zero mass-squared difference. The same
data can also be used to exclude values of δm2 ∼ 10−20eV2 – the smallest constrained so far.
We also discuss how next-generation experiments like the DUNE and Hyper-Kamiokande can
probe this scenario for a future galactic supernova.

1 Introduction

The origin of neutrino masses has been eluding the particle physics community for decades.
Broadly, neutrino masses can either be categorized into Dirac, or Majorana, according whether
lepton number is a conserved symmetry of the Standard Model (SM) or not. In fact, probing
lepton number violation is one of the very few ways to distinguish between these two hypothesis,
since in the relativistic limit, Dirac and Majorana neutrinos behave identically in oscillation
experiments. However, it is also possible that while lepton number is violated in the SM, it
happens in a controlled, soft manner, such that for all practical purposes, neutrinos behave
as Dirac fermions, although they are originally Majorana fermions. These pseudo-Dirac (PD)
fermions are characterized by a maximal mixture of almost degenerate active and sterile states.
Such a tiny mass-squared difference δm2 allows for the possibility of oscillations between active-
sterile neutrinos over very long baselines.

Since these active-sterile oscillations take place over a long distance ∝
(
Eν/δm

2
)
, the

strongest bounds come from astrophyical sources like solar neutrinos 1(δm2 . 10−12eV2), atmo-
spheric neutrinos 2(δm2 . 10−4eV2), and even smaller values (δm2 ∼ 10−24eV2) can be probed
by a measurement of the diffuse supernova background neutrinos 3. Of particular interest to
this scenario is a galactic core-collapse supernova (SN), which emits almost all of its energy in
the form of O(MeV) neutrinos. The relatively small energy of the neutrinos, coupled with the
baseline of around O(kpc), makes it a natural laboratory to test oscillations driven by tiny δm2.

In this proceeding based on 4, we will discuss how one can use neutrino observation data
from SN1987A by the Kamiokande-II (KII) collaboration 5, the IMB collaboration 6 and the
Baksan collaboration 7 to probe active-sterile oscillations arising in the PD hypothesis. Using
an unbinned likelihood analysis, we find that the combined data from all the three experiments
have a slight preference for active-sterile oscillations, over the no-oscillation hypothesis. On the
other hand, one can use the same observations to constrain a mass-squared difference, δm2 ∼
10−20eV2, the smallest value probed so far. Finally, we also discuss how future experiments like
the Hyper-Kamiokande (HK) and the Deep Underground Neutrino Experiment (DUNE) can
utilize a galactic SN to constrain even tinier values of δm2, thereby providing stringent bounds
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on the PD hypothesis.

2 Pseudo-Dirac Neutrinos

The SM can be minimally extended by adding three right handed neutrinos (N). After elec-
troweak symmetry breaking, the neutrino mass matrix (Mν) consists of a Dirac mass term,
given by Y v/

√
2 (where v/

√
2 denotes the Higgs vacuum expectation value, and Y refers to the

Yukawa matrix), and a Majorana mass (MN ) term. The limit of soft lepton-number violation
is achieved by setting MN � Y v, such that MN breaks the degeneracy between the masses of
the left and right handed states. In such a limit, Mν can be diagonalized by a 6 × 6 unitary
matrix, consisting of two diagonal unitary matrices: the PMNS matrix U , and another unitary
matrix UN that diagonalizes the sterile sector 8. A neutrino flavor field νβL (β = e, µ, τ) can be
written as a superposition of an active and a sterile field, such that νβL = Uβk(νks + i νka)/

√
2

for k = 1, 2, 3. Note that due to the smallness of MN , the states are maximally mixed, and
have quasi-degenerate masses m2

ks,ka = m2
k±δm2

k/2. Henceforth, for simplicity, we will drop the

subscript k, and assume that the mass difference is the same for all states, given by δm2.

If the δm2 is much smaller than the mass-squared differences associated with the solar
and atmospheric differences, oscillations due to the latter are averaged out over astrophysical
distances, whereas those due to δm2 survive. The oscillation probability between νβ and νγ ,
driven by δm2, can be computed as,

Pβγ =
1

2

(
1 + e

−
(

L
Lcoh

)2

cos

(
2πL

Losc

))
×
∑
k

|Uβk|2 |Uγk|2 , (1)

where Losc = (4πEν)/(δm2) indicates the oscillation length for a neutrino of energy Eν . Neu-
trinos traversing astrophysical baselines can be sensitive to decoherence due to separation of
wavepackets after a certain distance, given by Lcoh = (4

√
2E2

νσx)/(|δm2|), where σx measures
the size of the neutrino wave-packet.

3 Application to neutrino data from SN1987A

The neutrino fluence from a SN at a distance d can be approximated by the alpha-fit spectra 11,

φβ(Eν) =
Etot
E0β

1

4πd2
(1 + α)1+α

Γ(1 + α)

(
Eν
E0β

)α
e
−(1+α) Eν

E0β , (2)

where E0β is the average energy for νβ, and Etot gives the total energy emitted in ergs. Here,
α = 2.3 determines the width of the distributions, and we fix d = 50 kpc.

To test our hypothesis, we consider that the fluence in Eq. 2 gets processed by the PD
probability in Eq. 1, and fit it to the O(30) events observed in KII, IMB and Baksan in total.
We perform an unbinned extended likelihood (L ) analysis for each experiment, by carefully
adopting the background treatment 9. We take effectively two flavors e, and x, which can be a
linear combination of µ and τ . We fit the parameters {Etot, E0e, E0x, δm

2}, while σx = 10−13 m
is kept fixed 10.

In the left panel of Fig. 1, we demonstrate the results of our fit through ∆χ2 ≡ −2(ln L −
ln Lmax), which is calculated as a function of δm2, by marginalizing over the other parameters.
In this analysis, values of δm2 < 10−21eV2 correspond to no active-sterile oscillations, as the
oscillation lengths are longer than what is relevant for a galactic SN. We find that KII (light-
blue dashed) prefers a non-zero δm2 at a ∆χ2 ≈ 1.1 over the non-oscillation hypothesis. This
is primarily because KII observed zero events in the energy range between (21MeV, 31MeV),
which is better explained in the PD hypothesis due to the presence of an oscillation minima.
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Figure 1 – Left: Plot showing marginalized ∆χ2 as a function of δm2 for KII, IMB, Baksan, and the combined set
of three experiments. Right: Sensitivity plot on the δm2 − σx plane for DUNE and HK, along with the exclusion
contours from SN1987A for comparison.

Similarly IMB (green dotted) and Baksan (orange dot-dashed) also prefer the PD scenario by a
∆χ2 ≈ 1.7, although there is some tension between their best fit values.

Finally, the combined data from all three experiments prefer a non-zero value of δm2 = 6.31×
10−20eV2, disfavoring the no-oscillation scenario with ∆χ2 ≈ 3. This is primarily dominated
by the tension in data between KII and IMB. Active-sterile oscillations due to δm2 allow to
reconcile this difference, by predicting a broader spectra for IMB, while leading to a suppression
of events observed in KII. Furthermore, the data can be used to exclude values 2.55×10−20eV2 .
δm2 . 3.0× 10−20eV2 with a ∆χ2 > 9. This makes it the lowest values of δm2 constrained by
experiments till date, and provides the strongest constraints on the PD hypothesis. However,
one needs to do a more dedicated Monte-Carlo analysis, before assigning a statistical significance
to the exclusion region.

3.1 Sensitivity studies for a future galactic supernova

This brings us to an important question – in the event of a future galactic SN, where we are
far better prepared to detect thousands of events, how will the bounds on δm2 improve? For
the analysis, we consider DUNE and HK, because of their large fiducial volume, and excellent
energy reconstruction. We assume the SN to take place at 10kpc. For the analysis, we treat
Etot and E0 as free parameters, while δm2 is varied for a series of values of σx. This allows us
to get the sensitivity to both oscillations over large distances, as well as to decoherence due to
wave-packet separation.

Our results are depicted in the right panel of Fig. 1, which shows the 95% sensitivity contours
for DUNE (purple) and HK (green). We find that, for the baseline chosen, the maximum
sensitivity appears around δm2 ∼ 10−20eV2. For smaller values of δm2, oscillation baselines are
longer than 10kpc, and hence sensitivity decreases. However, for σx ≤ 10−14m, some sensitivity
still exists since a lower value of σx cancels the effect of low δm2. On the other hand, for
a larger δm2, decoherence nullifies the effect of rapid oscillations. Furthermore, for values of
σx > 10−13m, there is little sensitivity to values of σx since the coherence length remains larger
than the relevant baseline. We find that HK and DUNE results can be complementary, since
HK can probe smaller values of δm2 due to its massive size, whereas DUNE has more sensitivity
to larger values of δm2 due to its good energy resolution. To compare with existing results, the
region which can be explored using data from SN1987A is shown in blue. Both DUNE and HK
can easily probe a large chunk of the excluded region from SN1987A, and therefore, will be able
to strengthen the results significantly.



4 Conclusion

The signatures of pseudo-Dirac neutrinos can be manifested through active-sterile oscillations
over long baselines. In this respect, we explored the scenario that neutrinos are pseudo-Dirac,
and studied the impact on the neutrino fluence from SN1987A. Curiously, we found that the
existing data from SN1987A presents a mild preference for the pseudo-Dirac hypothesis. Further-
more, using the same data, we excluded the tiniest values of mass-squared differences considered
so far, 2.55 × 10−20eV2 . δm2 . 3.0 × 10−20eV2, with a ∆χ2 > 9. Finally, we used next gen-
eration experiments like DUNE and HK to study the constraints that can be imposed on this
scenario from a future galactic core-collapse supernova. Needless to say, the occurrence of a
galactic supernova will open up a plethora of avenues for exploration in neutrino physics.
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