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Flavor transition mechanisms of supernova (SN) neutrinos during their propagation deserve a close
scrutiny. We present a method to verify Mikheyev-Smirnov-Wolfenstein (MSW) effect during the
propagation of SN neutrinos from the SN core to the Earth. The non-MSW scenarios to be distinguished
from the MSW one are the incoherent flavor transition probability for neutrino propagation in the vacuum
and the flavor equalization induced by fast flavor conversions. Our approach involves studying the time
evolution of neutrino event rates in liquid argon, liquid scintillation, and water Cherenkov detectors. The
liquid argon detector is sensitive to v, flux while liquid scintillation and water Cherenkov detectors can
measure 7, flux through inverse f decay process. The flux of v, (7,) is a linear combination of v, (7,) and
Vyr (U,.) fluxes from the source with the weighting of each component dictated by the flavor transition
mechanism. Using currently available simulations for SN neutrino emissions, the time evolution of v, Ar
and U, inverse § decay event rates and the corresponding cumulative event fractions are calculated up to
t = 100 ms in DUNE, JUNO, and Hyper-Kamiokande detectors, respectively. It is shown that the area
under the cumulative time distribution curve from ¢ = 0 to # = 100 ms in each detector and their ratio can

be used to discriminate different flavor transition scenarios of SN neutrinos.
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I. INTRODUCTION

The flavor transition of supernova (SN) neutrinos has
been an attractive field of research and motivated numerous
efforts (see [1] for a review) on studying the neutrino flavor
conversions during the gravitational core collapse of a
massive star. Originating from deep inside the SN core,
neutrinos are expected to undergo significant flavor tran-
sitions as they propagate outward from a SN core to the
terrestrial detectors. Studies have revealed that SN neutrino
flavor conversions are induced when neutrinos experience
significant matter potential, 4 = \/§GFne, and/or v —v
potential, u ~ V2Gpn,. Here n, and n, are electron and
neutrino number densities, respectively, inside the SN.

Due to Mikheyev-Smirnov-Wolfenstein (MSW) effects
(2,3], v, (@) flux swap with v, . (@, .) fluxes fully or
partially when the neutrino vacuum oscillation frequency
@ = Am?/2E is of the order of the matter potential, @ ~ 1
[4]. Here Am? denotes one of the mass-squared differences
and E the neutrino energy.

When neutrino densities are large, the off-diagonal
v — v potential, u ~ \/EGFn,,, arising from coherent v — v
forward scatterings, may induce collective pair flavor
oscillation v,v, <> v, U, with a frequency ~,/wu over
the entire energy range where x = y, 7. Based on theoretical
investigations and numerical calculations, large collec-
tive flavor conversions were predicted to occur when
w =~ pu [5-7].
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The v — v potential may induce even faster flavor con-
versions at a rate ~u than the above collective oscillation at a
rate ~,/wp [8]. This fast flavor conversion requires suffi-
ciently different angular distributions for different neutrino
flavors and may lead to an equalization of neutrino fluxes of
different flavors [9—11]. This requirement can be fulfilled by
different decoupling times of different flavors from matter.
Since the flavor yxl decouples from matter earlier than 7,,, and
the latter decouples earlier than v,, it can be expected that the
v, zenith-angle distribution would be more forward peaked
than that of ¥,, which in turn would be more forward peaked
than the v, distribution. Therefore, the conditions required
for fast flavor conversions are fulfilled.

Flavor transitions are expected to change flavor compo-
sitions of primary SN neutrino fluxes, and consequently to
leave imprints on neutrino events measured by terrestrial
detectors. This motivates us to study neutrino flavor
transitions with measurements of galactic SN neutrinos
arriving at the Earth. In different era during the SN
explosion, a different flavor transition scenario may domi-
nate overs others. During the neutronization burst, the
overwhelmingly huge flux of v, would suppress fast flavor
conversions and leave only MSW effects to take their place
[6]. During the accretion phase, neutrinos are largely
generated in all flavors with significant differences in flux

1 - . . .
Hereafter v, refers to v, , and 7, . for convenience in notation.

© 2023 American Physical Society


https://orcid.org/0000-0002-9537-363X
https://orcid.org/0000-0002-3407-1777
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.043017&domain=pdf&date_stamp=2023-02-15
https://doi.org/10.1103/PhysRevD.107.043017
https://doi.org/10.1103/PhysRevD.107.043017
https://doi.org/10.1103/PhysRevD.107.043017
https://doi.org/10.1103/PhysRevD.107.043017

LAI, LEUNG, and LIN

PHYS. REV. D 107, 043017 (2023)

spectra between electron and nonelectron flavors. These
spectral differences shall lead to prominent flavor transition
effects in the accretion phase, which may be solely due to
MSW or with the effect of fast flavor conversions as well
[12]. In the final cooling phase, the neutrino spectrum of
each flavor is quite similar to each other so that the flavor
transition effects are not significant.

We note that the discrimination between flavor tran-
sitions due to MSW effects and the flavor equalization
(FE) from fast flavor conversions has been well studied in
the accretion phase [12]. Here we shall focus on MSW
effects to the propagation of SN neutrinos in the era of a
neutronization burst. Based on the understanding that
MSW effects are sensitive to the neutrino mass ordering,
many studies [13-20] are devoted to probing such an
ordering with SN neutrino events detected on the Earth.
Naturally, these studies all assume the occurrence of
MSW effects. Although it has been well understood that
the MSW effect happens in the propagation of solar
neutrinos, such effects on the propagation of SN neutrinos
are far more nontrivial in the following two aspects. First,
such effects are operative for both neutrinos and anti-
neutrinos. Second, they are sensitive to the value of the
neutrino mixing parameter |U,;|*> [4]. Recent measure-
ments of this parameter are summarized in Ref. [21] where
original references are given. Results of these measure-
ments imply that MSW flavor conversions of SN neu-
trinos are in the adiabatic regime. Due to these intriguing
properties, it is worthwhile to verify whether MSW effects
really occur or not in the era of a neutronization burst. To
do this, we compute time dependencies of SN neutrino
event rates predicted by MSW effects for normal ordering
(NO) and inverted ordering (IO), respectively. The first
non-MSW scenario to be distinguished from the MSW
one is the vacuum oscillation, which reduces to incoherent
flavor transition probability [22-24] for neutrinos travers-
ing a vast distance. Time dependencies of SN neutrino
event rates in this scenario, which will be referred to as a
vacuum flavor transition (VFT) hereafter, are also calcu-
lated. The second non-MSW scenario to be compared
with MSW one is the FE just mentioned. Although this
scenario were argued to be important only in the accretion
phase, it is of interest to directly verify its role in the
neutronization era with the corresponding time depend-
encies of SN neutrino event rates. In NO, it is to be seen
that the v, event rate is sufficient to isolate MSW from
VFT and FE. However, for IO, one needs to invoke both v,
and 7, event rates for distinguishing various flavor
transition mechanisms.

This paper is organized as follows. In Sec. II, we briefly
review possible flavor transition mechanisms of SN neu-
trinos as they propagate outward from SN core until
reaching the terrestrial detector. We then summarize SN
neutrino fluxes obtained from the simulated SN neutrino
data, which will be used in our later analysis. In Sec. III, we

calculate event rates of v,Ar interactions for DUNE
detector and 7, inverse f decay (IBD) event rates for
JUNO and Hyper-Kamiokande (HyperK) detectors under
different flavor transition mechanisms, taking a galactic SN
burst at 5 kpc distance as a benchmark SN neutrino source.
In Sec. IV, we discuss the strategy of testing MSW effects
withv,Arand 7, IBD eventrates. We first present cumulative
time distributions of neutrino events expected in DUNE
detector for v, Ar interactions and JUNO detector represent-
ing for 7, IBD interactions. Since cumulative time distribu-
tions of HyperK events are similar to those of JUNO events
(except on statistical uncertainties), we do not present them
here but incorporate them in the latter analysis. We next
integrate the above cumulative time distributions over our
interested time range 0 <t < 100 ms. Values of these
integrals are effective for discriminating different flavor
transition scenarios. Specifically, for the benchmark case
of 5 kpc far SN, we shall see that integrals over cumulative
time distributions of v, Ar events in different flavor transition
scenarios are sufficient to separate MSW-NO from MSW-IO,
FE, and VFT. On the other hand, to discriminate between the
latter three scenarios, it is necessary to invoke integrals
arising from both v,Ar and 7, IBD event distributions. For
the latter type of integrals, we include expected results from
JUNO and HyperK detectors. The effect of SN distance to the
discriminating power of our method will also be presented.
Finally we also briefly discuss Earth matter effects to the
above integrals. It will be shown that Earth matter effects are
negligible in our analysis. We summarize and conclude
in Sec. V.

II. SUPERNOVA NEUTRINO FLUX SPECTRA

A. Primary neutrino flux spectra

A SN neutrino burst lasts for At =~ 10 s, during which the
neutronization burst happens at 7, ~ (10-15) ms. Here, 7,
denotes the postbounce time. In our calculation, the primary
neutrino flux spectra are extracted from SN simulations
accounting for SNe with iron core. Simulations of SN
explosion have been pursued by different groups. To dem-
onstrate our approach, we calculate expected SN neutrino
event rates based upon neutrino emissions simulated by four
different groups with respect to roughly similar progenitor
masses. These simulations are for progenitor masses of
8.8 Mg, by Garching group [25], of 10 My by Burrow et al.
[26], of 11.2 Mg, by Fischer et al. [27], and of 13 Mg by
Nakazato et al. [28]. We note that the simulations in
Refs. [26,28] cover many different progenitor masses. The
above specific choices of progenitor masses are made for
matching with studies of Refs. [25,27]. Finally, we take the
distance between the galactic SN and the Earth as 5 kpc for a
benchmark discussion.

The SN luminosity £, (erg/s) and emission rate n,,
(1/s) of neutrinos v, are shown in Figs. 1 and 2,
respectively. In each figure, the upper left is the result
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FIG. 1. Luminosities £, predicted by simulations G (upper left), B (upper right), F (bottom left), and N (bottom right) for progenitor

masses of 8.8, 10, 11.2, and 13 M, respectively. Here @ = {e, €, x} is the flavor index, and (E, ) is the average energy of neutrinos of

flavor a.

predicted by Garching simulation (simulation G), upper
right is by Burrow et al.’s simulation (simulation B), lower
right is by Fischer et al.’s simulation (simulation F), and
lower right is by Nakazato et al’s simulation (simulation
N). Clearly, the luminosity and emission curves predicted
by simulations G, B, and F have similar time dependencies
while those of simulation N are quite different from the
above. In simulation N with respect to £, , the neutroniza-
tion burst occurs at 7,;, ~ 10 ms with its full width at half
maximum Aty ~ 30 ms while, in the other simulations, the
neutronization burst occurs earlier with Azy ~ 10 ms. One
also observes that simulation N predicts a peak luminosity
twice larger than the tail one, while any of the other
simulations predicts a peak luminosity 10 times larger than
the tail one. To cover the whole duration of the neutroni-
zation burst, we perform the analyses in a time period of
At =100 ms from 7,, = 0.

The primary SN neutrino flux spectra of flavor a without
any flavor transitions during the neutrino propagation are
well fitted by the Keil parametrization [29], i.e.,

1

Fg(E,t) _W<

&N,
dtdE )’

with?

dsza _ N, (1 +77va)(l+m“) E \'a
didE — (E,) T(1+n,) \(E,)

< exp [—(ma 1) <EEJ @)

where 7, specifies the pinching of the spectrum, and d is
the distance between SN and the Earth. For our interested
time period, 0 <t < 100 ms, the relevant parameters in
Eq. (2) is summarized in Table I. The mean energies,
((E,,). (Es,).(E,)), in simulation G are the most degen-
erate while those in simulation N are the most diverse.

"Here we adopt the notation F9 instead of F Qu to denote the
flux spectra of v,. This notation simplifies Eq. (3).
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FIG. 2. Emission rates n, =L, /(E, ) predicted by simulations G, B, F, and N (arranged in the same way as Fig. 1) for progenitor

masses of 8.8, 10, 11.2, and 13 M, respectively.

While the (E, )s are about 10 MeV in all four simulations,
(E, ) ranges from 9.9 MeV in simulation G to 18.7 MeV in
simulation N.

B. Neutrino flux spectra with flavor transitions

In this paper, we investigate whether or not the flavor
contents of SN neutrinos are modified by the MSW effect
as they propagate outwards from deep inside a SN and
finally reaches the Earth. If MSW effects do not occur, the
flavor contents of SN neutrinos arriving on the Earth are the

incoherent superposition of mass eigenstates leaving from
SN, which can be written as

FulE.1) = PoyFY(E.1). 3)

where the flavor transition probability P,5 = P(vs —= v,,) is
given by [22-24]

Pa/i = Z|Uak|2|U/7'k|2' (4)
k

TABLE I. Mean energy (E, ), energy emission £, = [drL, , total number emitted N, = [drn, , and pinching 7, in Keil

parametrization of SN neutrino flux spectra given by Eq. (2).

Simulations G B F N

Flavor U, U, Uy v, U, Uy v, U, Uy v, U, Uy
(E,. ) [MeV] 9.3 9.1 9.9 10.3 12.1 14.7 10.6 11.9 14.7 10.5 13.4 18.7
Sba[IO51 erg] 9.1 2.6 2.2 7.2 3.5 2.5 6.4 2.1 1.9 7.4 2.7 3.2
./\/’D(I[IOS"] 5.7 1.3 1.0 4.4 1.8 1.0 3.8 1.1 0.8 44 1.3 1.1
Ny, 3.8 3.0 2.2 5.2 5.1 4.1 4.4 4.4 2.5 3.6 2.1 1.8
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Here U is Pontecorvo-Maki-Nakagawa-Sakata mixing
matrix of neutrinos [30] and the flavor a runs for both
neutrinos and antineutrinos. In terms of mixing angles, U is
given by

1 0 0
U=10 costy; sinfxy
0 —sinf,; cosOy;
cos 63 0 sin@;e®
X 0 1 0
—sinf;3e7® 0 cosé;
cosf@, sinf;, O
x | —sin@;, cosf;,, 0 |, (5)
0 0 1

where the updated values for the mixing angles can be
found from [21]. This scenario is the same as astrophysical
neutrinos traversing a long distance in vacuum before
reaching the Earth. As stated earlier, we have referred this
scenario as a VFT. We stress again that Eq. (4) is valid for
both neutrinos and antineutrinos.

Using best-fit values of neutrino mixing angles [31,32]
with the analysis of Super-Kamiokande atmospheric neu-
trino data included [33] for NO scenario, we have

0.55 0.18 0.27
0.18 044 038 |. (6)
027 038 0.35

Paﬂ:

Hence Eq. (3) becomes

o = 0.55F0 + 0.45F9, (7)
F; = 0.55F2 + 0.45F, (8)
4F, = 0.45F0 + 0.45F2 + 3.10FY, ©)

where 4F, = F, + F; + F, + F;. Bestit values of mix-
ing angles in IO do not give noticeable changes on the
above equations nor do mixing angles fitted by other
groups [34,35] mentioned in [21].

In MSW scenarios, the flux spectra arriving at the
detector on Earth are given by

Fe:F27 (10)
FE :(1_P26)F2+P26F)QC7 (11)

A4F, = FO+ F)+4F0-F, - F,
:F8+P26F(é)+(3_p23)F2? (12)

for the NO, and

Fe:PZeF(e)+(1_P2e)F27 (13)
F; =F?, (14)

A4F, = FO+ FQ+4F) - F, - F,
:(I_PZe)F8+Fg+(2+P26)F2v (15)

for 10 [4]. Here P,, (P,,) is the probability that a mass
eigenstate v, (¥,) is observed as v, (¥,) when it reaches the
terrestrial detector. Without taking into account Earth
matter effects, P,, = |U,,|* = sin? 0, + O(sin? 0,3). We
can simply take P,, = sin” 0}, by disregarding O(sin? 0,5)
contributions. In fact, contributions of the same order are
also neglected from Egs. (10) to (15). The best-fit value for
sin® @, is 0.310 for both NO and 10 [31].

In MSW scenarios, one can see that v, completely comes
from 1! from the source while 7, comes from both 79 and 7?
for NO. On the other hand, for IO, v, comes from both 9
and 19 while 7, completely comes from 79.

Finally for the FE scenario, we have

F,=F,=F,= (F2+Fg+2F2) (16)

W =

Before moving on, we reiterate that Earth matter effects
have not been taken into account so far. Such effects will be
estimated in Sec. IV and shown to be negligible in our
analysis.

III. EVENT RATES OF SN NEUTRINOS IN
TERRESTRIAL DETECTORS

With neutrino fluxes given above, we calculate event
rates of SN neutrinos for all flavors, v,, 7,, and v,, for VFT
scenario, the scenario that the flavor contents are modified
by MSW effects as SN neutrinos propagate outward from
the core, and finally the FE scenario induced by the fast
flavor conversions. In the second case, both NO and 10
scenarios are taken into consideration and denoted as
MSW-NO and MSW-IO, respectively. The event rates
and quantities induced from these rates are displayed in
numbers per bin with a 5 ms bin width throughout this
article.

In liquid argon time projection chambers, v, is the most
easily detected species via its charged-current interaction
with argon nuclei, v, + “°Ar — 4K* + ¢~. The cross sec-
tion for this v,Ar interaction has been computed in [36].
Numerical data compiled in [37] is used for our subsequent
analyses. Assuming a SN at a distance of 5 kpc, the event
spectrum of v,Ar in DUNE [38] is given by

d2Nu Ar do-u Ar(EwEe’)
< At=Ny,- | dE,F,(E, t)At-——————,
<dEe—dl> Ar / v e( v ) dEe—
(17)
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Event rates of v,Ar in DUNE for different flavor transition scenarios. These event rates are obtained for simulations G, B, F,

and N (arranged in the same way as Fig. 1) with progenitor masses of 8.8, 10, 11.2, and 13 M, respectively.

where At=15 ms is our chosen bin width, N,, is the
number of target liquid argon in DUNE detector.
Integrating the electron energy, we obtain v,Ar number
(dN, a;/dt)At per 5 ms as shown in Fig. 3. It is clearly
seen that the time-dependence profiles of the event rates for
simulations G, B, and F are similar while the profile for
simulation N is rather different from the others.

For simulations G, B, and F, the peak event rates of VFT
are larger than those in FE while the peak event rates of FE are
larger than those in MSW, in which the peak event rates of IO
are larger than those of NO. Hence the ordering of peak event
rates is VFT > FE > MSW — 10 > MSW — NO. This can
be understood from peak behaviors of £, and n, shownin
Figs. 1 and 2, respectively. We can see that £, (n, ) >
L, (n, )inthe peak region so that F, is approximately equal
to 0.55FY, 0.33FY, 0.31FY, and F? for VFT, FE, MSW-IO,
and MSW-NO, respectively. Such an ordering for peak v,
flux is preserved in the event rate level since the difference
between (E, ) and (E, ) is not sufficient to flip the ordering.
For the long tail region, F¥ and FY are both small and
comparable to each other so that, after their full or partial

swap, the resulting event rates in different scenarios are
indistinguishable with uncertainties taken into account.

For simulation N, the event rates in all scenarios show
similar behaviors except on the magnitude and timing of
the peak. The peak of VFT appears earlier than those of
MSW and FE scenarios. On the other hand, the peak event
rate of MSW-NO scenario is the largest. Here the ordering
of peak event rates are different because £, (n, ) is not so
much smaller than £, (n,,) as in the case of simulations G,
B, and F. Furthermore the contribution of F to v, event rate
through the flavor transition is enhanced due to a relatively
large (E, ) in simulation N. For the tail region, simulation
N also predicts roughly similar F, for different flavor
transition scenarios. However, due to large (E, ), the tail
event rates for different scenarios are also determined by
the fractions of F? in F,. These fractions are given by
Egs. (7), (10), (13), and (16), which predict the ordering of
event rates shown on the lower right of Fig. 3. It is seen that
these event rates are much larger than those in simulations
G, B, and F, which is again caused by the large (E, ) that
enhances the event rates.
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TABLE 1I.

Total number of SN neutrino events for 0 < ¢,;, <100 ms for v, Ar by DUNE detector and IBD signals by JUNO

and HyperK detectors in different flavor transition scenarios for simulations G, B, F, and N with progenitor masses of 8.8, 10, 11.2,

and 13 Mg, respectively.

Model G B F N

Signature v, Ar JUNO HyperK v, Ar JUNO HyperK v,Ar JUNO HyperK v, Ar JUNO HyperK
VFT 789 735 12474 749 973 16536 737 679 11527 1390 1193 20323
MSW-NO 512 737 12495 664 988 16775 603 664 11263 1874 1088 18523
MSW-10 668 729 12394 712 916 15605 678 738 12553 1601 1600 27308
FE 681 733 12442 716 950 16168 685 702 11932 1580 1353 23077

Table II presents the total event numbers obtained from
the event rates shown in Fig. 3 as well as total event
numbers of IBD detection channel of SN neutrinos as will
be discussed momentarily. The ordering of total v, Ar event
numbers follows that of the peak event rate, i.e., VFT >
FE > MSW — IO > MSW — NO for simulations G, B,
and F while MSW — NO > MSW — 10 > FE > VFT for
simulation N.

Besides v, Ar signals, SN neutrinos also interact in the
following channels in liquid argon time projection
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3
x 80¢f
s eof R :
s
401 3
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5I° 6o}
i
0 i i i i
0 20 40 60 80 100
SN postbounce time t,, [ms]
FIG. 4.

chamber detectors: v+ e~ — v+ ¢~ and D, Ar charged-
current interaction, o, + “°Ar — “0CI* + e*. The event
rates of these channels are subdominant compared to
v, Ar interactions (for a reference, see Table I in [39] and
Table T in [40]). Therefore, we only focus on v,Ar
interactions.

In JUNO scintillation detector, the spectrum of IBD
events is obtained by measuring the positron energy
deposit. The predicted event spectrum is given by

H “

T T
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SN postbounce time t,, [Ms]
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150
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0 20

IBD event rates in JUNO detector for different flavor transition scenarios. These event rates are obtained for simulations G, B,

F, and N (arranged in the same way as Fig. 1) with progenitor masses of 8.8, 10, 11.2, and 13 M, respectively.
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) dopp(E,. E,+)
dE,+ '
(18)

<d2 Nisp

At=N, - E F;(E,  t)A

where N, is the number of target protons in the detector,
and o1 (E, ) is the IBD cross section taken from [41]. The
minimum neutrino energy for generating IBD interactions
is Enin = 1.8 MeV. Integrating the positron energy, we
obtain the IBD event per 5 ms, (dNgp/dt) - At, in JUNO
[42] as shown in Fig. 4.

IBD events are caused by 7, flux. In simulation N, n;_is
comparable to n, as seen in Fig. 2. MSW oscillation does
not change the situation since it involves only the full
swapping (IO) or partial swapping (NO) between 7, and v,.
On the other hand, the mean energy of v, is significantly
larger than that of 7,, as described in Table 1. Since the IBD
cross section grows with the neutrino energy, the full and
partial swapping between 7, and v, in Egs. (11) and (14)
imply that IBD event rate in MSW-IO scenario is larger
than that of MSW-NO. In either VFT or FE scenario, the
fraction of 7, resulting from the flavor transition of v, at the
source is between MSW-10 and MSW-NO. Specifically, F;
contains 45% and 67% of FO for VFT and FE scenarios,
respectively. Hence IBD event rates in simulation N follow
the ordering MSW — 10 > FE > VFT > MSW — NO. For
simulations G, B, and F, it is seen that n, > n;_ in the
earlier time. Hence in the earlier time the IBD event rate in
MSW-IO scenario is largest due to the complete swapping
between v, and 7,.

The IBD event spectrum in HyperK detector [43] can
also be calculated by Eq. (18) with N, =2.48 x 10*,
which is the number of free protons in the designed fiducial
mass of 374 ktons. To calculate the number of IBD events
per 5 ms, we integrate the positron energy with the energy
resolution and the event threshold energy taken into
account, i.e.,

dNIBD / / JZNIBD
“BD)Ar= | dE, [ dE, ‘R(E,,E,+)At,
< dr g, ) T \dEd (Ea-Eer)

(19)

where R(E; E,+) is the energy resolution function
given by

1 (Ed - Ee+>2

R(E;, E~) = A\/Z_ﬂ’exp ( A2 ), (20)
with E, the detected energy, A/MeV = 0.6/E;/MeV the
energy resolution, and Ey = (5 MeV +m,) the event
threshold energy [44]. The time profiles of IBD event
rates in HyperK corresponding to different SN neutrino
simulations and neutrino flavor transitions are similar to
those in JUNO except the normalizations. We will not show
these time profiles but point out that the HyperK IBD event

number for 0 < 7,;, < 100 ms for each SN neutrino emis-
sion simulation and flavor transition scenario is summa-
rized in Table II. It is approximately 17 times larger than
that of JUNO regardless SN neutrino simulations and flavor
transition scenarios.

IV. EXAMINING THE PRESENCE
OF MSW EFFECTS

A. Cumulative time distribution

To characterize the sharp rise of v, flux during the
neutronization burst, we define cumulative time distribu-
tions of SN neutrino signals for the time interval of interest
t=(0-0.1) s as in [16]

dN',
t Ar dt/
. J
Kl’Ar<t> _ 0 dr : ,
0.1 s 4Ny, dr
0 dr

(1)

where i = VFT, MSW-NO, MSW-IO, and FE.

We note that the authors in [16] introduced cumulative
time distribution of SN 7, events and applied it to decipher
the neutrino mass orderings with IceCube detector. In our
study, we construct not only K“A'(¢) for liquid argon
detectors but also K*BP(¢) for liquid scintillation detectors.
Furthermore, we shall calculate the area under each of the
above cumulative time distributions, which is a powerful
diagnostic quantity in our study (see discussions later).

To make comparisons between various time dependen-
cies of SN event rates, it is important to adopt an
observational definition for the origin of time. For example,
although the characteristic event peak (driven by v, flux) in
VFT, FE, and MSW-IO event rates most likely appears in
top = (5—10) ms, the postbounce time is not an exper-
imentally observable quantity. The time variable " we
propose is defined as follows. First we propose to bin the
neutrino events with a 5 ms bin width. Second, if the
characteristic sharp peak emerges (such as in MSW-10, FE,
and VFT scenarios), then t* = 0 is defined at 5 ms before
the peak. In other words the end of the first time bin,
t* =5 ms, is exactly at the beginning of the peak. Finally,
if the sharp peak does not appear, then t* = 0 is defined
at the time when first event appears. For the IBD events
to be discussed later, we also define the origin of #* in this
way since there are no clear event peaks as shown by Fig. 4.
It is important to note that the origin of #* depends on
simulations. Taking Fig. 4 as an example, the SN neutrino
events predicted by simulations G and N occur significantly
later than those predicted by simulations B and F.

In Fig. 5, we present K*A"(¢*), the cumulative time
distributions of v,Ar event rates, in VFT, MSW-NO,
MSW-IO, and FE scenarios, respectively. By definition,
0 < K*A1(#*) < 1. The method for calculating the statistical
errors of K“AT(t*) as well as K*BP(+*) to be defined
momentarily is discussed in the Appendix. In simulations
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Cumulative time distributions K*A(#*) of v, Ar signals in DUNE detector in the time period of 0 < t* < 0.1 s. These event

distributions are predictions of simulations G, B, F, and N for progenitor masses of 8.8, 10, 11.2, and 13 M, respectively.

G, B, and F, the neutronization peak causes KYFTAT(£*),
KFEAT (), and K'OAT(#*) to increase faster in the begin-
ning while KNO-AT(#*) increases in a more even pace.
Quantitatively, the ordering KVFTAT(r*) > KFEAT(y*) >
KIOAr (1) > KNOAr(¢)  holds in these simulations.
Clearly K"A"(¢*) is useful for discriminating different flavor
transition scenarios due to the significant differences
between peak event rates in different scenarios. In simu-
lation N, K*“A*(#*) is much less useful for discriminating
different scenarios since none of the flavor transition
scenarios exhibit sharp neutronization peaks.

Similar cumulative time distributions can be defined for
IBD events. We present K"'BP(#*) in Fig. 6. For all
simulations considered, it is clear that K™D (¢*) is largest
among all scenarios since IBD event rate of MSW-IO
increases the fastest in the earlier time. Explicitly, the
ordering K1OTBD (1) > KFEIBD . gVFTIBD (4 5 gNO.IBD (f+)
holds although differences among KFTEIBD ~KVFTIBD anq
KNOIBD are not significant.

In the next subsection, we shall quantify the time profiles
of K*A1(t*) and K"BP(¢*) for different flavor transition
scenarios.

B. Integral of cumulative time distribution

For experimental analysis in a liquid argon detector,
we quantify the ordering of K“A"(¢*) by integrating
each K over the time period of interests. Explicitly,
the integral of cumulative time distribution (A) is

given by
1 [T .
/ KA (1) dr,

Ai.Ar —
T Jo

(22)

with 7= 0.1 s. Similar integral can be defined for
cumulative time distribution of IBD events. We note that
AiAr(IBD) s the normalized area under the cumulative
time distribution K“A*BP)(#).  The ordering of
KATIBD) (#) for different flavor transition scenarios is
naturally preserved in the ordering of A“Ar(IBD)
Moreover, the latter is a more convenient diagnostic
quantity since it is just a number. In Fig. 7, 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, 1, and 10 kpc, respectively.
For simulation B, we include results from different
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distributions are predictions of simulations G, B, F, and N for progenitor masses of 8.8, 10, 11.2, and 13 M, respectively.

progenitor masses labeled as numbers in the unit of Mg, as
shown on the x axis of each plot. The statistical error of A
is calculated using the formula in the Appendix. We do not
consider simulation N from this stage on because it gives
very different predictions on neutrino flux spectra, par-
ticularly on the neutronization peak of v, flux. In simu-
lation N, this peak is much broader and lower than those
predicted by other simulations. We do not show A"BP for
HyperK since they differ from those of JUNO only in
statistical uncertainties. However these results will be
included later when we combine A"BP with A"A" for
testing MSW flavor transitions of SN neutrinos.

On left panels of Fig. 7, one can see that AYFTAT >
AFEAr o AIOAr o ANOAr £4, imulations G, B, and F. For
central values, ANOAT < (.52 while A9Ar > (.55, and
AVFTAT > (0.60. The central value of AFEAT is slightly
larger than that of A'0A", Looking at the plot for A>A" for
d =5 kpc, it is seen that MSW-NO can in general be
distinguished from other scenarios, except that ANOAT of
simulation G (8.8 M progenitor mass) and A'OAT of
simulation B with 25 M progenitor mass almost overlap.

On the other hand, with similar progenitor masses, AO-A"
of simulation B with 9.0 Mg progenitor mass is well
separated from ANOAT of simulation G. We also observe
that the separation between MSW-NO and VFT is quite
significant. Finally, one can see that A©A" predicted by
simulations G and F overlaps with AVFTAT predicted by
simulations B for several progenitor masses. Therefore,
VFET and MSW-IO are not distinguishable by v,Ar events
alone. Since AEAT is in between AVFTAT and AOAT one
also concludes that FE and MSW-IO are not distinguish-
able by relying on v,Ar events only. For d = 1 kpc, the
separation between MSW-NO and other scenarios become
very apparent. For d = 10 kpc, ANOAT of simulation G
slightly overlaps with A'©AT of simulation B with 25 M,
progenitor mass.

On right panels, it is seen that AOBD >
AFEIBD o AVFT.IBD o ANOJBD Eor g — 5 kpc, AVFTIBD
predicted by simulation G overlaps with AOBP predicted
by simulation B for a few different progenitor masses, i.e.,
one cannot distinguish between MSW-1IO and VFT with
IBD events alone. Since AP is in between AOBP and
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FIG. 7. Integrals of cumulative time distributions A*" of v, Ar events in DUNE detector (left panels) and A" of IBD events in
JUNO detector (right panels). Top panel shows results for the benchmark SN distance of d = 5 kpc, while middle and bottom panels
show results for d = 1 kpc and d = 10 kpc, respectively. G and F on the x axis denote predictions by simulations G and F corresponding
to progenitor masses of 8.8 and 11.2 M, respectively, while the numbers denote predictions by simulation B for different progenitor

masses in the unit of Mg,.

AVFLIBD "MSW-IO and FE are also not distinguishable by
relying on IBD events only. For d = 1 kpc, the separabil-
ities between different flavor transition scenarios do not
improve. In order to discriminate between MSW-IO and

VFT, we observe that AVFT-Ar 5 AIO.Ar whjle AIOIBD -
AVFLIBD for all simulations. Similarly, for all simula-
tions, we also observe that AFEAT > AIOAr whijle
AIOIBD . AFEIBD “This motivates us to use the ratio
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R =imp (23)

for discriminating between MSW-IO and VFT or between
MSW-IO and FE.

In Fig. 8, we present values of R’ with the denominator
AMBD given by JUNO (left panels) and HyperK (right

9 10 12 13 14 15 19 25 G F
Simulations

Values of R’ with the denominator A“™BP given by JUNO (left panels) and HyperK (right panels), respectively. From top to
bottom, we take the SN distance as 5, 1, and 10 kpc, respectively.

panels), respectively. From top to bottom, we take the SN
distance as 5, 1, and 10 kpc, respectively. In Fig. 8, it is seen
that the red bars representing VFT scenarios are well
separated from the blue ones representing MSW-IO on
both left and right panels, and for all three SN distances.
Quantitatively speaking, for central values RVFT > 1.40
while R© <1.22 for all simulations. The statistical
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uncertainties are too small to account for the differences
between RYFT and R'C. Hence R’ is an effective quantity
for discriminating VFT from MSW-1O. We also observe
that the values of RFE are in between RVFT and RC. For
d =1 kpc, FE can also be separated from MSW-IO due to
small statistical uncertainties. Finally it is interesting to see
that for all three SN distances, VFT and FE are clearly
separable no matter the denominator A*BP is from JUNO
or HyperK.

C. Earth matter effects

Here we investigate whether Earth matter effects could
affect discriminations between MSW and other flavor
transition scenarios or not. As mentioned earlier, neutrinos
arriving on Earth are in mass eigenstates [4]. Earth matter
effects then modify the probability of each mass eigenstate
being measured as a specific flavor eigenstate. Hence we
have

P(Ul - ye) = |Uvel|2 _frega
P(UZ - Ue) = |(/e2|2 +freg- (24)

The quantity f,, is the regeneration factor resulting from
Earth matter effects and its value depends on both the
neutrino energy and the neutrino path length inside the
Earth [45]. For antineutrinos, we have

P<Dl - De) = |Uel|2 _.frega
P<l_/2 - De) = |Ue'2|2 +]_£reg’ (25)

where ]_”reg is the regeneration factor with respect to
antineutrinos. The analytic forms for fy., and freg have
been given in [45], while Earth matter effects to the
observations of SN neutrinos with different detectors have
been discussed in [46—49]. With Earth matter effects, the
flavor transition probability of VFT scenario, Eq. (4), is
modified into

Pm(l/ﬂ _)l/a) = (|Ual|2 _freg)|U[)’1|2
+(|U(12|2+freg)|Uﬂ2|2+|Ua3|2|U/)’3 ’
=PV = Vo) + freg([Un = Unl?)  (26)

2

for neutrinos, and
Pm(l_//} - Da) = (|Ual |2 _.}_Creg)|Uﬁl |2
+ (|Ua2|2 +]_creg)|U/32|2 + |Ua3|2|U[)’3 s
=P(U = Vo) + freg([Up* = Un [*)  (27)

2

for antineutrinos. Hence Eqgs. (7) and (8) become’

*Here we do not discuss Earth matter effects to F,.

F, = (0.55—p)F2+ (0.45 + p)FY, (28)
Fy =(0.55—p)FY + (0.45 4 p)FY, (29)

with p:freg(|Uel|2 - |U62|2) and P :]reg(|Uel|2_
|U,»|?). For MSW-NO with Earth matter effects, the flux
spectra of v, and 7, are given by

F,=F?, (30)

Fz =(c08* 013 = freg) FY + (sin* 015 + freg) FY,  (31)
while their flux spectra in MSW-IO are

Fo = (5in% 013 + freg) FO + (cO8? 013 — frep) FY, (32)

F, = FY. (33)

Finally, FE scenario implies that all three neutrino mass
eigenstates arrive on Earth in equal numbers. Since
F.(E,t) = F,(E,t)P(v; = v,) with F;(E, 1) the flux spec-
trum of ith neutrino mass eigenstate arriving on the
Earth, one still has F, = F, = F, as a consequence of
F| = F, = F;. This follows from the condition ), P(v; —
v,) = 1 despite the Earth matter effects given by Eq. (24)
have been included in transition probabilities. Similarly we
have F; = F = F>.

Numerically, for a neutrino path length L = 8000 km
inside the Earth, f., oscillates between 0 and 0.06 [49] for
most probable energies of v,Ar events during the accretion
phase, ~15 MeV, as given by [12] based upon simulation G.
Since the most probable energies for v,Ar events for ¢ <
0.1 s considered here are comparable, one expects the
maximum amplitude of f., is also about 0.06. For the
extreme case with L = 12000 km, f,., does not increase
much. Hence, to make simple estimations for Earth matter
effects, we take an average value for fy,, i.e., free = 0.03.
Since p:freg(| Uel |2 - | Ue2|2) :fregC052912+O<Sin2913),
we have p~0.01 by using the best-fit value of sin’ 8,
mentioned before. To estimate ]_‘reg, we note that simulation G
also predicts the most probable energies of IBD events to be
~15 MeV for the accretion phase [12]. From the result of
[49] with L = 8000 km, f, oscillates between —0.06 and
0 for E, around 15 MeV. Following the previous argument
for fr, it is reasonable to take ]_‘reg = —0.03 for making
estimations. This leads to p ~ —0.01.

In Table III, we summarize the values of A“AT, AMBD
and R! with and without Earth matter effects where the SN
neutrino emission is based upon simulation G, the SN
distance is taken as 5 kpc, and the value for A“BP is that
expected in JUNO detector. We note that the Earth matter
effects to AFEAT AFEIBD = and RFE vanish as we have
argued earlier. It is seen that A'0A" and R are most
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TABLE III.  Values of A"AT, AYBD and R! with and without
corrections from Earth matter effects with Garching simulation of
SN neutrino emissions. Here d = 5 kpc is taken and the value for
AMBD g that expected in the JUNO detector.

w/o Earth matter effect w Earth matter effect

Ai,Ar
VFT 0.70 + 0.01 0.70 + 0.01
NO 0.52 +0.01 0.52 +0.01
10 0.61 £0.01 0.63 £0.01
Ai.IBD
VFT 0.49 +0.01 0.49 +0.01
NO 0.48 £0.01 0.48 £0.01
10 0.52 £0.01 0.52 £0.01
Ri
VFT 1.44 +0.01 1.43 +0.01
NO 1.08 +0.01 1.08 + 0.01
10 1.19 £ 0.01 1.21 £ 0.01

affected by Earth matter effects. However, these effects are
still negligible for our analysis.

V. SUMMARY AND CONCLUSIONS

We have proposed to use the time evolution of SN
neutrino event rates during the neutronization burst to test
MSW effects occurring in SN neutrino propagation. The
non-MSW scenarios for comparisons are the incoherent
flavor transition probability for neutrino propagation in the
vacuum and the flavor equalization induced by fast flavor
conversions. The event rates for various flavor transition
scenarios are calculated with SN neutrino emissions
extracted from simulations of four groups [25-28]. The
behaviors of neutrino emissions in these four simulations
are analyzed.

To characterize the neutronization peak of v, flux in
MSW-IO, FE, and VFT scenarios, we define cumulative
time distribution K**A*(#*) of SN v, event in a liquid argon
detector for * between 0 and 0.1s as in Eq. (21). To further
quantify the ordering of K™A(¢*) for different flavor
transition scenarios, we define the integral A*A" as given
by Eq. (22). It is seen from left panels of Fig. 7 that, for
d = 1 kpc and 5 kpc, ANOAT is distinguishable from all of
AVFTAT - AFEAr “and ATOAT in the DUNE detector given
statistical uncertainties and simulation dependencies.
However neither AYFTAT and AOAT nor AFEAT and
AOAT can be separated. To discriminate MSW-IO from
VFT or FE, we invoke IBD events caused by SN 7, flux and
measured by JUNO or HyperK detectors, i.e., we define the
integral A“BP as in the case of liquid argon detector.

We  observed that AIOBD 5 AVFLIBD  while
AOAT o AVFTAT - Additionally we also observed that
AIOIBD . AFEIBD wwhile AIOAT < AFEAT We have there-
fore taken advantages of such orderings and defined the
ratio R’ in Eq. (23). Itis clearly seen from Fig. 8 that, for all

three chosen SN distances, MSW-IO can be clearly
separated from VFT by combining either DUNE and
JUNO measurements or DUNE and HyperK measure-
ments. In the same way, MSW-IO is separable from FE
for d = 1 kpc due to small statistical uncertainties. Finally
it is interesting to see that for all three SN distances, VFT
and FE are clearly separable. We also argued that Earth
matter effects are negligible in our analysis. Hence our
method is effective for determining whether MSW effects
indeed occur or not in the propagation of SN neutrinos.

In conclusion, the combined observations of v,Ar and
IBD events are imperative for discriminating MSW from
VFT or FE flavor transitions in the propagation of SN
neutrinos during the neutronization burst era. We have seen
that DUNE detector can in general separate MSW-NO from
MSW-IO, VFT, and FE while the latter three can be further
discriminated with the IBD events of JUNO or HyperK
detectors included for a combined analysis.
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APPENDIX: STATISTICAL ERROR
PROPAGATION IN CUMULATIVE TIME
DISTRIBUTION K(t*) AND ITS TIME
INTEGRATION A

As we have already discussed in our previous context,
the cumulative time distribution K (¢*) is defined as the ratio
between two event numbers, the number of events N,
within a time interval 0 < ¢ <¢*, and the total event
number N, within the time interval 0 < ¢ < T, where
T = 100 ms in our study:

N,
K(f*)EN;,
" dN
N, = —dt,
! A dr

T dN
Ny = —dr.
r /0 dr

For simplicity in notations, we shall replace r* with ¢
hereafter.
By definition, the variances for N, and N are given by

(A1)

1 L
= r Y Wa-Ny] )
i=0
1 L
2 2
= Jim | > (N7~ ) -
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Where L is the number of repeated measurements, N, and
N, ; stand for the mean of measured event numbers and the
event number of ith measurement, respectively. Since K (¢)
is a function of two variables N, and Ny, the standard
deviation of K(#) can be derived from the well-known error
propagation formula, i.e.,

512 5% 0t2T
2 + 2 b
N; N,Nt

OK() = K([) X (A4)
where 67, is the covariance between the variables N, and
N7, which is given by

L—o

ot = fim 1S (4, = M)W= N (43)

i=0

In addition, one can see that NV, is actually involved in Ny
since

T dN dN T dN
Ny= | Zar= | Z=ar+ | =—ar,
T /) dr /d’ /, dr

N+ /_dt

=N, +Nr,T’ (A6)

with

dN
Nt,T = / — dt (A7)
t

dr

Therefore, the covariance term cannot be neglected. In fact
one can show that 67, = ¢7. To prove this, we start from

Eq. (AS) and rearrange the right-hand side of the equa-
tion. Hence,

L
ot = Jim [ D (W= N) s )
L~ =0
L
= lim |- (Ni=N)(N N+ N1, NIT):|
L—oo L=
1L L
= LIEEO _Z;(Nt,i ] + hm [ z:(; Niri— Nt,T>i|’
=02, (AB)
The last equality holds because the first term is 67 by JER o2
definition, while the second term vanishes because N, and ok =K (1) [2 + 2 2t
N, are measurements in different time windows that do Ni Nt NNt
not correlate with each other. 1 1
Neutrino events are rare due to rather small interaction =K(1) NN (A12)
T

cross sections. Therefore, we should expect the statistical
uncertainty of the measurement follows Poisson distribu-
tion, i.e., the standard deviation can be obtained directly
from the mean event number ¢ = \/N

P
G?T = 6?=N,, (A9)
o7 5131_{20 [_ (Nei _Nt>2:| gNta (A10)
5 1 2| P
GT:]\lll—lzalo N(Nt.T—NT) =Nr. (A11)

Here P stands for the Poisson statistics. By substituting the
above equations for variance and covariance into Eq. (A4),
we obtain

To derive the variance of the time-integrated cumulative
distribution A, we recall the definition of A,

(A13)

where, as stated before, * has been replaced by ¢ for
simplicity. Since we have binned SN neutrino events with
5 ms bin size for a total time period 7 = 100 ms, the above
integral is in fact a summation of 20 terms, i.e.,

1 [T |
TA K(t)dt=fl$1£2°ZK(ti)At

i=1

(Al14)
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1 &
- =Y K(1;)At, (A15)
T
5ms &
= K Al
100 ms 2 K(6) (Al6)
From Eq. (A2), we may write
K(1;) = Zfz, (A17)
=1
with
1 [udN N
flz—/’—dt’z—’. (A18)
Ny Ji_, dt Np
Therefore,

20 20

S K@) =) (21 =m)f,.

i=1 m=1

(A19)

and the variance of A is given by

5ms 2 [/
%= (i) (3=

m=1

+ > 2021-1)(21 —m)cov(f,,fm)>. (A20)

1<i<m

For Poisson distribution, it is easy to show that

62 l(l_fl) COV(f],fm):_flfm

. A21
fi Ny ’ Ny ( )

With these results, o4 can be readily calculated.
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