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The neutronization burst phase of a core-collapse supernova, which lasts for a few tens of mil-
liseconds post-bounce, is dominated by electron neutrinos and can offer exceptional discovery
potential for neutrino transition magnetic moments. We simulate the neutrino spectra from the
burst phase in forthcoming neutrino experiments like the Deep Underground Neutrino Experi-
ment, and the Hyper-Kamiokande, by taking into account spin-flavour conversions of supernova
neutrinos caused by interactions with ambient magnetic fields. We find that the sensitivities to
neutrino transition magnetic moments are an order to several orders of magnitude better than the
current terrestrial and astrophysical limits. We also discuss how this realization might provide
light on the Dirac/Majorana nature and the neutrino mass-generation mechanism.
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1. Introduction

The discovery of neutrino oscillations, driven by non-zero neutrino masses and mixing, pro-
vided the first robust evidence of physics beyond the Standard Model (SM). In order to account
for the tiny neutrino masses and mixing, the SM must be extended. In these extensions, a generic
outcome is the existence of a non-zero neutrino magnetic moment (`a) through quantum loop
corrections.

Neutrino magnetic moments can either be flavour-diagonal and/or flavour off-diagonal, de-
pending on the neutrino nature. Dirac neutrinos can have an intrinsic magnetic moment (IMM) that
gives rise to spin precession for a given flavour 𝛼, i.e. a𝛼𝐿 → a𝛼𝑅 in the presence of sufficiently
strong magnetic fields [1], as well as a transition magnetic moment (TMM) that induces flavour
precession in addition to rotation of the spin, i.e., a𝛼𝐿 → a𝛽𝑅 [2]. On the other hand, Majorana
neutrinos can have only transition moments [2].

Furthermore, coherent forward scattering of neutrinos off the surrounding matter background
can resonantly enhance these spin-flavour conversions, thereby termed as the resonant spin-flavour
precession (RSFP) [3]. This is very similar to matter enhancement of neutrino oscillations due to
the Mikheyev-Smirnov-Wolfenstein (MSW) effect [4].

2. Neutrinos from supernova neutronization burst phase

The dense matter environment, coupled with strong magnetic fields, makes a supernova (SN)
ideal for studying neutrino flavour transitions due to RSFP [3].

A simple, effective two-flavour analysis of neutrino flavour evolution in SN in the presence
of non-zero TMMs identifies, in addition to the usual MSW resonances, two extra resonances: (i)
the RSFP-H, associated with the atmospheric mass-squared difference (Δ𝑚2

31), occurring at high
densities, and (ii) the RSFP-L, associated with the solar mass-squared difference (Δ𝑚2

21), occurring
at lower densities. Ref. [5] studied the impact of such RSFP in a three-flavour setup and discussed
an additional type of resonance, the RSFP-E (electron-type), which is present in a pure three-flavour
analysis.

The first O(30)ms post-bounce is dominated by the deleptonization epoch, also known as the
neutronization burst. This epoch is characterized by a pure a𝑒 flux, with very little contamination of
ā𝑒 and a`,𝜏 , see the left panel of Fig. 1. During the neutronization burst, any new physics mechanism
that ends up converting a𝑒s would cause a dramatic change in the a𝑒 spectra. In particular, it was
discussed in Ref [5, 7, 8] that a combination of MSW and RSFP transitions can result in a𝑒 → ā𝑒

conversions during this epoch. A smoking-gun signal of such conversion in future detectors would
be a suppression of the a𝑒 flux in DUNE [9] while leading to an enhancement in the ā𝑒 channel in
Hyper-Kamiokande (HK) [10], see Figs. 2 and 3.

3. Evolution equation

We consider a three flavor setup, a = (a𝑒, a`, a𝜏)𝑇 and ā = (ā𝑒, ā`, ā𝜏)𝑇 , and a finite transverse
magnetic field 𝐵⊥ = 𝐵0 (𝑟0/𝑟)3, where 𝑟0 ≈ 0.0024𝑅⊙ is the radius of the iron core for a progenitor
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Figure 1: Left: Time-integrated neutrino number fluxes (upto 50 ms) for the neutronization burst epoch.
Note that a𝑒 dominates over other flavours upto 𝐸 ≲ 25 MeV. Right: The quantities, 𝜌(1 − 2𝑌𝑒) and 𝜌𝑌𝑒,
relevant for RSFP and MSW transitions respectively. These are taken from the static profile of a 15𝑀⊙ star
with solar metallicity [6]. Here we consider 𝑅⊙ = 696340 Km. Note than in units of 𝑅⊙ , the resonances
discussed in the text happens mostly for 𝑟/𝑅⊙ ≲ 1.

mass 15𝑀⊙ and 107 G ≲ 𝐵0 ≲ 1010 G [11]. The equation of motion is

𝑖
𝑑

𝑑𝑟

(
a

ā

)
=

(
𝐻a 𝐵⊥𝑀

−𝐵⊥𝑀 𝐻ā

) (
a

ā

)
, (1)

where 𝑟 is the radial coordinate in the SN. The 𝐻a (𝐻ā) is the neutrino (anti-neutrino) Hamiltonian
in matter that contains forward scattering potentials and are functions of the matter profile, 𝜌, and
electron number fraction, 𝑌𝑒 [5, 7, 8]. We use the static profile model for a progenitor mass 15𝑀⊙
and solar metallicity as shown in the right panel of Fig. 1 [6]. The matrix 𝑀 in Eq. 1 contains the
TMMs and is antisymmetric:

𝑀 =
©«

0 `𝑒` `𝑒𝜏

−`𝑒` 0 ``𝜏

−`𝑒𝜏 −``𝜏 0

ª®®¬ . (2)

4. Sensitivity in upcoming detectors

The effect of the RSFP is to reduce the a𝑒 flux, and increase the ā𝑒. Depending on the mass
ordering, the effect can be quite large. We focus on the Deep Underground Neutrino Experiment
(DUNE), which can detect a𝑒, and the Hyper-Kamiokande (HK) which is mainly sensitive to the
ā𝑒 flux. The number of events of species a𝛼 detected per unit energy is

𝑑𝑁a𝛼

𝑑𝐸𝑟

=
𝑁tar

4𝜋𝑅2

∫
𝑑𝐸𝑡𝐹a𝛼 (𝐸𝑡 )𝜎𝛼 (𝐸𝑡 )𝑊 (𝐸𝑟 , 𝐸𝑡 ), (3)

with 𝑁tar the number of targets, 𝑅 = 10 kpc the benchmark distance of the galactic supernova from
the Earth, 𝐹a𝛼 is the a𝛼 flux that reaches the detector, 𝜎𝛼 is the cross section and 𝑊 is the Gaussian
energy resolution function with width 𝜎𝐸 that depends on that experimental setup. 𝐸𝑡 is the actual
neutrino energy, while 𝐸𝑟 is the experimentally reconstructed energy. Results are shown in Figs. 2
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Figure 2: Expected event spectrum for a supernova explosion 10 kpc away in DUNE (left, a𝑒 channel) and
HK (right, ā𝑒 channel) for distinct values of `a𝐵0. We assume normal ordering (NO) for neutrino masses.
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Figure 3: Same as Fig. 2, but for inverted ordering (IO).

Experiments
Sensitivities on Neutrino Magnetic Moments (in `𝐵)

CASE 1 CASE 2 CASE 3
NO IO NO IO NO IO

HK 4.5 × 10−13 6 × 10−14 9 × 10−13 1.4 × 10−13 8 × 10−13 1.2 × 10−13

DUNE − 3 × 10−13 − 7 × 10−13 − 6 × 10−13

Table 1: Experimental sensitivities on neutrino magnetic moments for different benchmark scenarios for a
fixed value of magnetic field strength 𝐵0 = 1010 G. Case 1: both `𝑒` and `𝑒𝜏 in Eq. 1 are equal, set to `a ,
and considered free parameters. Case 2: `𝑒` = 0 and `𝑒𝜏 = `a is a free parameter. Case 3: `𝑒` = `a is
considered a free parameter, while `𝑒𝜏 = 0. The ``𝜏 is irrelevant and set to zero in all cases.

and 3 for both mass orderings. Observe that to derive constraints on `a , one needs prior knowledge
of 𝐵0 from simulations and/or astrophysical observations.

We perform a 𝜒2 analysis to study the sensitivity of DUNE and HK to the presence of neutrino
TMM. Table 1 summarizes the derived sensitivities to `a assuming 𝐵0 = 1010 G.

5. Implication for neutrino properties

We summarize the experimental constraints and theoretical predictions on neutrino magnetic
moments, along with our results, in Fig. 4. Existing limits on neutrino magnetic moments are
shown in blue, while the red lines indicate the future sensitivities on neutrino magnetic moments
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Figure 4: Summary of experimental constraints and theoretical predictions on neutrino magnetic moments.
The red lines indicate the future sensitivities on neutrino magnetic moments at DUNE and HK experiments
based on our analysis. Here we set magnetic field strength 𝐵0 = 1010 G. Theoretical predictions for maximum
possible strengths of neutrino magnetic moments are summarized from Ref. [12] and references therein. See
text for details.

at DUNE and HK, based on our analysis, by setting magnetic field strength 𝐵0 = 1010 G. Note that
as compared to existing limits, the sensitivity can be upgraded by two or three orders of magnitude
(from O[10−11] `𝐵 to O[10−14] `𝐵). This will have consequences for important unanswered
questions in neutrino physics:

• Dirac/Majorana nature of neutrinos: Based on an Effective Field Theory (EFT) analysis, it
has been shown that Dirac neutrino magnetic moments over 10−14`𝐵 would not be natural,
since this would generate unacceptably large neutrino masses at higher loops [13]. Therefore,
if DUNE or Hyper-Kamiokande experiment measure neutrino magnetic moments at the level
of 10−13 `𝐵, it is more likely that neutrinos are Majorana in nature.

• Neutrino mass generation mechanism: Due to similar chiral structure of the neutrino magnetic
moment and neutrino mass operator, while removing the photon line from the loop diagram
that yields the neutrino magnetic moment, a neutrino mass term is generated. A careful study
of neutrino magnetic moment may shed light on the underlying neutrino mass theory.

6. Conclusion

In this work, we have studied the neutrino flavour evolution inside a SN in the presence of a
finite TMM, and considered the effect it has on the spectra from the burst phase. By simulating the
event spectra in upcoming neutrino experiments like as DUNE and Hyper-Kamiokande, we have
found that the neutrino TMMs that may be probed by these experiments for a SN happening at
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10 kpc are two or three orders of magnitude (from O[10−11] `𝐵 to O[10−14] `𝐵 for the allowed
range of magnetic field strengths) better than the current terrestrial and astrophysical bounds. This
realization can impact the understanding of the Dirac/Majorana character of the neutrino and the
neutrino mass generation mechanism.
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