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The prospect of detecting galactic supernova neutrinos is promising with forthcoming large neu-
trino detectors. Such detections provide a wealth of information on fundamental neutrino proper-
ties. Among these properties, the flavor transition mechanisms of supernova neutrinos during their
propagation are of high interests. We present a method to verify Mikheyev-Smirnov-Wolfenstein
effect during the propagation of SN neutrinos from the SN core to the Earth. The non-MSW
scenario to be distinguished from the MSW one is the incoherent flavor transition probability for
neutrino propagation in the vacuum. We present studies on the time evolution of neutrino event
rates in liquid Argon, liquid scintillation and water Cherenkov detectors. Liquid Argon detector
is sensitive to 𝜈𝑒 flux while liquid scintillation and water Cherenkov detectors can measure 𝜈̄𝑒
flux through inverse 𝛽 decay process (IBD). Using currently available simulations for SN neutrino
emissions, the time evolution of 𝜈𝑒Ar and 𝜈̄𝑒 IBD event rates and the corresponding cumulative
event fractions are calculated up to 𝑡 = 100 ms in DUNE, JUNO and Hyper-Kamiokande detectors,
respectively. We demonstrate that the area under the cumulative time distribution curve from 𝑡 = 0
to 𝑡 = 100 ms in each detector and their ratio is useful for discriminating different flavor transition
scenarios of SN neutrinos.
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1. Introduction

The forthcoming large neutrino detectors such as DUNE [1], JUNO [2], and Hyper-Kamiokande
(HyperK) [3] would be able to detect up to 104 events of galactic supernova neutrinos due to their
immense target masses. The DUNE detector is sensitive to 𝜈𝑒 flux through the reaction channel
𝜈𝑒 + 40Ar → 40K∗ + 𝑒− with the reaction cross section given by [4]. On the other hand, JUNO and
Hyper-K detectors are capable of detecting 𝜈̄𝑒 through inverse 𝛽 decay process (IBD) 𝜈̄𝑒+𝑝 → 𝑒++𝑛
with cross section given in [5]. The simultaneous detection of 𝜈𝑒 and 𝜈̄𝑒 fluxes is crucial for unveiling
the flavor transition mechanisms of supernova neutrinos during their propagation from the source
to the terrestrial detectors.

In different era of the SN explosion, different flavor transition scenario may dominate over
others. During the neutronization burst, the overwhelmingly huge flux of 𝜈𝑒 would suppress fast
flavor conversions and leave only MSW effects to take place [6]. However, neutrinos are largely
generated in all flavors with significant differences in flux spectra between electron and non-electron
flavors during the accretion phase. These spectral differences shall lead to prominent flavor transition
effects in this peroid, which may be solely due to MSW or with the effect of fast flavor conversions
as well [7]. Finally, in the cooling phase the neutrino spectrum of each flavor is quite similar to
each other so that the flavor transition effects are not significant.

In this presentation, we shall focus on MSW effects [8, 9] to the propagation of SN neutrinos
in the era of neutronization burst. We note that there already existed many studies [10–17] focusing
on the determination of neutrino mass ordering from SN neutrino events. On the other hand, these
studies all assume the occurrence of MSW effects. Although MSW effect has been confirmed
to occur in the propagation of solar neutrinos, such effects on the propagation of SN neutrinos
are far more intriguing in two aspects. First, such effects are operative for both neutrinos and
anti-neutrinos. Second, they are sensitive to the value of neutrino mixing parameter |𝑈𝑒3 |2 [18],
which determines whether MSW flavor conversions of SN neutrinos are in the adiabatic regime or
not. Recent measurements on this parameter as summarized in [19] imply the former. Given the
above two aspects, it is worthwhile to verify whether MSW effects really occur or not in the era of
neutronization burst. To do this, we compare the MSW scenario to the vacuum oscillation, which
reduces to incoherent flavor transition probability [20–22] for neutrinos traversing a vast distance.

2. MSW and vacuum flavor transitions

If MSW effects are not operative, the flavor contents of SN neutrinos arriving on the Earth are
incoherent superposition of mass eigenstates leaving from SN, which can be written as

𝐹𝛼 (𝐸, 𝑡) = 𝑃𝛼𝛽𝐹
0
𝛽 (𝐸, 𝑡), (1)

where 𝐹0
𝛼 (𝐸, 𝑡) and 𝐹𝛼 (𝐸, 𝑡) are SN neutrino flux spectra on the Earth without and with the flavor

transition effects, respectively, and the flavor transition probability 𝑃𝛼𝛽 ≡ 𝑃(𝜈𝛽 → 𝜈𝛼) is given
by [20–22]

𝑃𝛼𝛽 =
∑︁
𝑘

|𝑈𝛼𝑘 |2 |𝑈𝛽𝑘 |2. (2)

Here 𝑈 is PMNS mixing matrix of neutrinos [23] and the flavor 𝛼 runs for both neutrinos and
anti-neutrinos. This scenario is referred to as vacuum flavor transition (VFT) in our subsequent
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discussions. We calculate 𝑃𝛼𝛽 using the best-fit values of neutrino mixing angles in the normal
mass ordering (NO) [24, 25]. Best-fit mixing angles in inverted mass ordering (IO) do not give
noticeable changes on 𝑃𝛼𝛽 . In MSW scenarios, the flux spectra arriving at the detector on Earth
are given by

𝐹𝑒 = 𝐹0
𝑥 , (3)

𝐹𝑒̄ = (1 − 𝑃̄2𝑒)𝐹0
𝑒̄ + 𝑃̄2𝑒𝐹

0
𝑥̄ , (4)

4𝐹𝑥 = 𝐹0
𝑒 + 𝐹0

𝑒̄ + 4𝐹0
𝑥 − 𝐹𝑒 − 𝐹𝑒̄ = 𝐹0

𝑒 + 𝑃̄2𝑒𝐹
0
𝑒̄ + (3 − 𝑃̄2𝑒)𝐹0

𝑥 , (5)

for the NO, and

𝐹𝑒 = 𝑃2𝑒𝐹
0
𝑒 + (1 − 𝑃2𝑒)𝐹0

𝑥 , (6)
𝐹𝑒̄ = 𝐹0

𝑥̄ , (7)
4𝐹𝑥 = 𝐹0

𝑒 + 𝐹0
𝑒̄ + 4𝐹0

𝑥 − 𝐹𝑒 − 𝐹𝑒̄ = (1 − 𝑃2𝑒)𝐹0
𝑒 + 𝐹0

𝑒̄ + (2 + 𝑃2𝑒)𝐹0
𝑥 , (8)

for IO [18]. Here 𝑃2𝑒 (𝑃̄2𝑒) is the probability that a mass eigenstate 𝜈2 (𝜈̄2) is observed as 𝜈𝑒 (𝜈̄𝑒)
when it reaches the terrestrial detector. Since Earth matter effects are negligible for our discussions,
we have 𝑃2𝑒 = |𝑈𝑒2 |2 = sin2 𝜃12 + O(sin2 𝜃13). We can simply take 𝑃2𝑒 = sin2 𝜃12 by disregarding
O(sin2 𝜃13) contributions. The best-fit value for sin2 𝜃12 is 0.310 for both NO and IO [24].

To proceed with calculating the SN neutrino event rates, we note that the flux spectra 𝐹0
𝛽
(𝐸, 𝑡)

is given by

𝐹0
𝛽 (𝐸, 𝑡) =

1
4𝜋𝑑2

(
𝑑2𝑁𝜈𝛽

𝑑𝑡𝑑𝐸

)
, (9)

where 𝑑2𝑁𝜈𝛽/𝑑𝑡𝑑𝐸 is the number of SN 𝜈𝛽 emitted per unit time and energy interval.
We shall carry out the subsequent analysis based upon neutrino emissions simulated by three

different groups, which are for the progenitor mass of 8.8 M⊙ by Garching group [26], for many
different progenitor masses by Burrow et al. [27], and for the progenitor mass of 11.2 M⊙ by
Fischer et al. [28].

3. Event rates in DUNE, JUNO and HyperK detectors

In DUNE, 𝜈𝑒 is captured by Argon nuclei through charged-current interaction, 𝜈𝑒 + 40Ar →
40K∗ + 𝑒−. The above capture cross section has been calculated by [4]. Taking a SN at a distance
of 5 kpc as a benchmark, we obtain the following event spectrum of 𝜈𝑒Ar in DUNE [1]:(

𝑑2𝑁𝜈𝑒Ar

𝑑𝐸𝑒−𝑑𝑡

)
Δ𝑡 = 𝑁Ar ·

∫
𝑑𝐸𝜈𝐹𝑒 (𝐸𝜈 , 𝑡)Δ𝑡 ·

𝑑𝜎𝜈𝑒Ar(𝐸𝜈 , 𝐸𝑒− )
𝑑𝐸𝑒−

, (10)

where Δ𝑡 ≡ 5 ms is our chosen bin width, and 𝑁Ar is the number of target liquid Argon in DUNE
detector. Since we shall focus on the neutronization burst era, we study the event spectrum only up
to 𝑡 = 100 ms. In this period, 𝜈𝑒 luminosity dominates those of the other flavors and 𝜈𝑒Ar event
spectrum exhibits a clear peak as shown in [29].

In JUNO scintillation detector, the spectrum of inverse beta decay (IBD) events is obtained
by measuring the positron energy deposit. The predicted event spectrum can be calculated by a
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formula similar to Eq. (10) with 𝜈𝑒Ar cross section replaced by that of the inverse 𝛽 decay (IBD)
and 𝑁Ar replaced by 𝑁𝑝, the number of target protons in JUNO detector. The IBD cross section
is taken from [5]. The spectrum of IBD events in HyperK detector [3] is similar to that of JUNO
detector except the event number of the former is 17 times larger [29].

4. Discriminating vacuum flavor transitions from MSW effects

To characterize the 𝜈𝑒 peak in the neutronization burst era, we define cumulative time distri-
butions of SN neutrino signals for the time interval 𝑡 = (0 − 0.1) s as in [13]

𝐾 𝑖,Ar(𝑡) =
∫ 𝑡

0
𝑑𝑁 𝑖

Ar
𝑑𝑡 ′ 𝑑𝑡

′∫ 0.1s
0

𝑑𝑁 𝑖
Ar

𝑑𝑡 ′ 𝑑𝑡
′
, (11)

where 𝑖 = VFT, MSW-NO and MSW-IO. For IBD events expected in JUNO or HyperK, one can
define similar cumulative time distributions 𝐾 𝑖,IBD(𝑡).

For experimental analyses, we quantify the time-profile of 𝐾 𝑖,Ar(𝑡) for different flavor transition
mechanisms by integrating each 𝐾 over the time period of interests. Explicitly, the integral of
cumulative time distribution (A) is given by

A𝑖,Ar =
1
𝑇

∫ 𝑇

0
𝐾 𝑖,Ar(𝑡)𝑑𝑡, (12)

with 𝑇 = 0.1s. Similar quantity A𝑖,IBD can be defined for IBD events. In Fig. 1, we present
values of A for DUNE and JUNO detectors in different flavor transition scenarios predicted by
simulations G, F, and B for SN distances 𝑑 = 5 kpc. We do not show A𝑖,IBD for HyperK since
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Figure 1: A𝑖,Ar of 𝜈𝑒Ar events in DUNE detector (left panels) and A𝑖,IBD of IBD events in JUNO detector
(right panels). G and F on the 𝑥-axis denote predictions by simulations G and F, while the numbers denote
predictions by simulation B for different progenitor masses in the unit of M⊙ .

they differ from those of JUNO only in statistical uncertainties. Looking at the result for A𝑖,Ar, it
is seen that MSW-NO can in general be distinguished from other scenarios. We also observe that
the separation between MSW-NO and VFT is quite significant. Finally, one can see that AIO,Ar
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predicted by simulations G and F overlaps with AVFT,Ar predicted by simulations B for several
progenitor masses. Therefore, VFT and MSW-IO are not distinguishable by 𝜈𝑒Ar events alone.

On the right panel of Fig. 1, it is seen that AIO,IBD > AVFT,IBD > ANO,IBD. However
AVFT,IBD predicted by simulation G overlaps with AIO,IBD predicted by simulation B for a few
different progenitor masses, i.e., one cannot distinguish between MSW-IO and VFT with IBD events
alone.

In order to discriminate between MSW-IO and VFT, we observe that AVFT,Ar > AIO,Ar while
AIO,IBD > AVFT,IBD for all simulations. This motivates us to use the ratio

R𝑖 ≡ A𝑖,Ar

A𝑖,IBD (13)

for discriminating between MSW-IO and VFT. In Fig. 2, we present values of R𝑖 with the denomi-
nator A𝑖,IBD given by JUNO (left panel) and HyperK (right panel), respectively. It is seen that VFT
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Figure 2: Values of R𝑖 with the denominator A𝑖,IBD given by JUNO (left panel) and HyperK (right panel),
respectively.

is well separated from MSW-IO on both left and right panels. Hence R𝑖 is an effective quantity for
discriminating VFT from MSW-IO.
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