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Neutrinos from Presupernova Stars

magnitude smaller than the SN luminosity, the detection of pre-
SN is desired since pre-SN encode information about the late
stages of stellar evolution for high mass stars and could act as a
supernova alert; a more detailed discussion is found in
Section 5.

SN extend to a few tens of MeV. In comparison, the average
energy of pre-SN is low, typically E 2 MeV� . In this energy
range, there are three reactions that can be used to detect these
neutrinos in real time: coherent neutrino scattering, neutrino-
electron scattering, and inverse beta decay(IBD),

p e nēO � l �� . IBD has one of the highest cross sections
for neutrino detection. It also has relatively low backgrounds
due to the easily identifiable delayed coincidence signal created
by the prompt positron annihilation followed by the delayed
neutron capture. Depending on the detector material, coherent
neutrino scattering may have a higher cross section than IBD,
but the signal has never been observed due to the very low
reconstructed energy of the recoiling nucleus. The detection of
pre-SN through neutrino-electron scattering is possible. How-
ever, its cross section is lower than IBD, which reduces the
total number of detected events, and the background rate is
high since there is no coincidence signal. Thus, IBD is the most
promising channel for pre-SN detection.

The energy threshold for IBD is 1.8 MeV. A few days before
the supernova, a significant fraction of ēO exceeds the IBD
threshold and it becomes possible to detect the pre-SN with
IBD. IBD is the main supernova channel for both liquid
scintillator detectors and water-Cherenkov detectors like Super-
Kamiokande. Water-Cherenkov detectors have relatively high
energy thresholds, such as Ee=4.5 MeV(Renshaw
et al. 2014). This limits both the number of IBD prompt
events and the efficiency for detecting the delayed neutron
capture. In comparison, monolithic liquid scintillator detectors
have energy thresholds below 1MeV and are therefore able to
sample a larger fraction of the pre-SN prompt energy spectrum
and effectively detect the neutron capture. Thus, liquid
scintillator detectors have an advantage in detecting pre-SN,
even if they are smaller than typical water-Cherenkov
detectors.

There are two operating monolithic liquid scintillator
detectors with low-energy thresholds, KamLAND and Borex-
ino(Cadonati et al. 2002). The SNO+ detector(Chen 2008) is
expected to come online soon and construction has started on
the 20 kton JUNO detector(Li 2014). In addition, there are
several proposals for multi-kton experiments such as RENO-

50(Kim 2014), HANOHANO(Learned et al. 2008), LENA
(Wurm et al. 2012), and ASDC(Alonso et al. 2014). All of
these detectors would be sensitive to this pre-SN IBD signal. A
large Gd-doped water-Cherenkov detector such as Gd-doped
Super-Kamiokande(Beacom & Vagins 2004) would have
increased sensitivity due to the higher neutron capture detection
efficiency but the higher energy threshold continues to limit the
sensitivity. The Baksan and LVD scintillator detectors are
similarly limited in their sensitivity to pre-SN due to their
relatively high energy thresholds(Novoseltseva et al. 2011;
Agafonova et al. 2015).
In previous studies(Odrzywolek et al. 2004; Odrzywolek &

Heger 2010; Kato et al. 2015), the expected number of IBD
events in several detectors was evaluated without a detailed
detector response model. We focus on KamLAND since it is
currently the largest monolithic liquid scintillator detector. In
this article, we quantify KamLANDʼs sensitivity to pre-SN
using the actual background rates and a realistic detector
response model. We discuss the development of a supernova
alert based on pre-SN. Betelgeuse is a well-known possible
supernova progenitor(Dolan et al. 2014) and we evaluate the
performance of the pre-SN alert based on this astrophysical
object.

2. Pre-SN SIGNAL

The first calculation of the number of detected pre-SN is
found in Odrzywolek et al. (2004) and updates can be found in
Odrzywolek & Heger (2010) and Kato et al. (2015). We use the
pre-SN spectra t E d, ;M e( )¯G O as a function of time and energy
from Odrzywolekʼs results corrected for the distance dto the
pre-supernova star. We use this to calculate KamLANDʼs
sensitivity to pre-SN with two example stars of M=15Me
and M=25Me. Figure 2 shows the time evolution of the ēO
luminosity in the top panel and the averaged ēO energy in the
middle panel during the 48 hr before the collapse. The
integrated ēO luminosity over the last 48 hr preceding collapse
is 1.9×1050 erg and 6.1×1050 erg, respectively, for the two
star masses. They correspond to 1.2×1056 ēO and 3.8×1056 ēO ,
respectively. The weighed differential luminosity by energy,
E dL dE dL d Eloge e e¯ ¯ ¯_O O O , is also shown in the bottom of
Figure 2 with the SN for reference. The average energies of the
integrated ēO flux are 1.4 and 1.2 MeV for the 15Me and
25Memodels, respectively.

Figure 1. Time evolution of the ēO luminosity of pre-SN just before collapse(Odrzywolek & Heger 2010) and of SN after collapse(Nakazato et al. 2013). Note the
timescale of the horizontal axis, which is linear after the collapse but logarithmic before collapse.
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M⊙. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M⊙ becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M⊙.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M⊙, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M⊙ in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M⊙ in the tempera-
ture distribution. At Mr = 1.02M⊙ the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M⊙ is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-

Final Evolution of a 15M  Star and Neutrino Spectra 
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M⊙. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
indicates the neutrino emission ratio and red line indicates the detected neutrino emission ratio. See text for details. Right
panel: spectra of νe (orange dashed line), νµ,τ (sky-blue dashed line), ν̄e (red solid line), and ν̄µ,τ (blue solid line).
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M⊙.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M⊙ exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M⊙ and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M⊙. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
indicates the neutrino emission ratio and red line indicates the detected neutrino emission ratio. See text for details. Right
panel: spectra of νe (orange dashed line), νµ,τ (sky-blue dashed line), ν̄e (red solid line), and ν̄µ,τ (blue solid line).
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M⊙.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M⊙ exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M⊙ and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M⊙. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M⊙ becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M⊙.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M⊙, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M⊙ in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M⊙ in the tempera-
ture distribution. At Mr = 1.02M⊙ the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M⊙ is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M⊙. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
indicates the neutrino emission ratio and red line indicates the detected neutrino emission ratio. See text for details. Right
panel: spectra of νe (orange dashed line), νµ,τ (sky-blue dashed line), ν̄e (red solid line), and ν̄µ,τ (blue solid line).
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M⊙.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M⊙ exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M⊙ and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M⊙. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
indicates the neutrino emission ratio and red line indicates the detected neutrino emission ratio. See text for details. Right
panel: spectra of νe (orange dashed line), νµ,τ (sky-blue dashed line), ν̄e (red solid line), and ν̄µ,τ (blue solid line).
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M⊙.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M⊙ exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M⊙ and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M⊙. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M⊙ becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M⊙.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M⊙, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M⊙ in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M⊙ in the tempera-
ture distribution. At Mr = 1.02M⊙ the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M⊙ is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M⊙. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M⊙ becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M⊙.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M⊙, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M⊙ in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M⊙ in the tempera-
ture distribution. At Mr = 1.02M⊙ the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M⊙ is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-
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emission rate are factors of 1.6 and 3.4, respectively. This is
evidence for the ignition of the O shell burning. In
50 minutes before the last step, we also see slight decreases
in both rates, assigned by the right blue arrow. The ν̄e
emission rate and the detected emission rate decrease by
factors of 1.1 and 1.3, respectively. This corresponds to the
ignition of the Si shell burning. The trend of these decreases
is similar to the 15 M⊙ model.
In the 20 M⊙ model, the ν̄e emission rate is generally

larger than the 15 M⊙ model and the neutrino emission rate
has some properties different from the other stellar models.
We see the decrease in the emission rate is seen by a factor
of 1.2 at 0.9 days before the last step (the left green arrow in
the top panel). However, the steep increase in the detected
ν̄e emission rate is not seen at that time (the left green arrow
in the bottom panel). The ν̄e emission rate slightly
decreases at 6.5 and 2.4 hours before the last step (see
the center and right arrows in each panel). The correspond-
ing decreases of the detected ν̄e emission rate are small.
This seems to be due to differences of burning processes in
the advanced evolution. In the 20 M⊙ model, the con-
vective shell of the O shell burning before the Si core
burning extended to 1.5 M⊙ and the oxygen in this region
has been exhausted. The Si shell grows up to 1.59 M⊙
when the Si core burning ended. Then, the O shell burning
occurs in the region of Mr ≳ 1.6 M⊙. However, this
burning scarcely prevents the core contraction and, thus,
the neutrino emission rate scarcely decreases. We do not
see the decrease in the central temperature at this time. We
note that, in the 12 and 15 M⊙ models, the O and Si-
enriched region remains outside Mr ∼ 1.36 M⊙ even after
the Si core burning and, then, the O shell burning in this
region is stronger. The decrease at 2.4 hours before the last
step corresponds to the Si shell burning. The Si shell
burning occurs at Mr ∼ 0.7 M⊙ that is deeper than the 12
and 15 M⊙ models. We consider that stronger Si shell
burning prevents decreasing the neutrino emissivity.
We show the time evolution of the average ν̄e energy hϵνi

of these three models in Fig. 12. Before the Si core burning,
all models indicate the average energy with less than
∼1 MeV. When the Si core burning ignites, the neutrino
emission from the center increases and the average energy
becomes large for the 12 and 15 M⊙ models. The average
energy of the 20 M⊙ model also increases more steeply
than before, although the steepness is less than the less
massive models. The average energy during the Si core
burning is lower for more massive star models. As shown in
Fig. 1, the evolution track of the more massive one passes
through a lower density and higher temperature path. The
average ν̄e energy is higher in higher density for a given
temperature. Thus, we consider that lower density structure
of more massive star provides lower average ν̄e energy
during the Si burning. The average energy becomes small
during the O shell burning. The main region of the neutrino
emission is the O burning shell, where the temperature and

density is lower than the center. During the Si shell burning
to collapse, we do not see clear dependence on the stellar
mass. This is partly due to the difference of the contraction
time scale in these models. For a given central temperature
after the ignition of the Si shell burning, the average energy
is smaller for more a massive model.
We showed that the time evolution of the neutrino

emission rate and the detected neutrino emission rate from
the Si core burning to the core collapse is influenced by
burning processes in the central region of massive stars.
The ignition of the Si core burning raises the average ν̄e
energy and the neutrino detectability. The onset of O and Si
shell burnings decreases the neutrino emission rate as well
as the neutrino detectability for a moment. The stellar mass
dependence of the above burning processes brings about
the dependence of the neutrino properties from preSN stars.

IV. EVALUATION OF NEUTRINO EVENTS
BY NEUTRINO OBSERVATORIES

We investigate the neutrino event rate and the total events
by current and future neutrino detectors. Current and most
future neutrino detectors mainly detect ν̄e signals through
pðν̄e; eþ Þn reaction. So, we evaluate the neutrino events
through this reaction. In this study, we assume that the
distance of a preSN star is 200 pc. This distance corre-
sponds to the distance to Betelgeuse.
When we investigate the neutrino events of preSN stars,

we need to consider the flavor change by the Mikheyev-
Smirnov-Wolfenstein (MSW) effect during the passage of
the stellar interior. The flavor change mainly occurs at
resonance layers. In preSN stars, the flavors change at the
high (H) and low (L) resonances (e.g., [35,36]). The
adiabaticity and, thus, the transition probability depend on
the mixing angles. Recent neutrino experiments confirmed
that the mixing angle sin2θ13 ∼ 0.02 [37–40] and the large
sin2 θ13 value indicates adiabatic flavor change at the both
resonances. The density of the H resonance is written as
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FIG. 12. Time evolution of the average ν̄e energy of the 12
(blue line), 15 (red line), and 20 (green line) M⊙ models.
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fraction, seen in the center panel, are similar to stage (d);
there are two peaks at Mr ∼ 1.0 and 1.4 M⊙ for
the ν̄e emission and a peak atMr ∼ 1.0 M⊙ for the detected
ν̄e. The two peaks of the temperature distribution seen in
the previous stage still remain and the peak temperatures
rise. The detected rate of ν̄e from the Si shell burning
region is slightly larger than the rate of ν̄e from inside
the region. We obtain ϕDð0 M⊙; 1.0 M⊙Þ ¼ 0.41 and
ϕDð1.0 M⊙; 1.2 M⊙Þ ¼ 0.45 at this stage. The right panel
shows that the emission rates of νe and ν̄e increase to about
1052 s−1 and the spectra shift to high energy direction
further. The central high density region contributes the
production of high energy neutrinos. The average energy of
the neutrino spectra exceeds the threshold energy of
pðν̄e; eþ Þn reaction (see Table II).

B. Stellar mass dependence of neutrino emission

Massive stars form an Fe core in their final stage of the
evolution and the evolution time scale depends on the initial
mass. The period of the Si core burning is 7.4 days and
16 hours for the 12 and 20 M⊙ models, respectively (see
Table I). Thus, quantitative properties of neutrinos emitted
in the final stage also depend on the stellar mass. Here, we
show the dependence of the neutrino emission rate and
average energy on the stellar mass.
Figure 11 shows the time evolution of the ν̄e emission

rate and the detected ν̄e emission rate of the 12, 15, and
20 M⊙ model. Since the stellar mass dependence of the
emission rate for other flavors is similar to that of ν̄e, we
discuss only the dependence of ν̄e. Both the ν̄e emission
rate and the detected ν̄e emission rate increase with time for
most of the evolution period among the three models. In
the 12 M⊙ model, the ν̄e emission rate is smaller than the
15 M⊙ model for a given time. The ν̄e emission rate
decreases by a factor of 1.5 (see the left blue arrow in the
top panel) and the detected ν̄e rate increases by a factor of
2.5 (see the left blue arrow in the bottom panel) around
8.2 days before the last step. At this time the Si core
burning starts. Although this change is also seen in the
15 M⊙ model, the corresponding time is different. This is

due to the longer period of the Si core burning in the
12 M⊙ model.
We see the decrease in both rates in 10 hours before the

last step, assigned by the center blue arrow in each panel.
The decreases in the ν̄e emission rate and the detected
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the size of the chord members is selected to be „273 mm ◊ 8 mm, and the ventral
members are „219 mm ◊ 8 mm. The supporting rods (brace members) between acrylic
and truss are „102 mm ◊ 12 mm, and the columns for supporting truss are designed
to be „400 mm ◊ 20 mm. The final size will be determined in engineering design after
further stress analysis.

2.2.2.2 Single Layer Stainless-Steel Truss

As shown in Fig. 2.3 (a), this single layer truss is made of I-shaped unistrut in both
longitudinal and latitudinal directions. Similar to the double layer truss, the supporting
rods are also used to connect the sphere to the truss. The truss itself is supported on
the base of the water pool by a number of columns. To improve the stability of the
single layer truss and to avoid the possible torsion, a ring of spiral bracings are added
in the truss grids to prevent any occurrence of torsional vibration shape. In addition,
due to space limitation in the pole region of the truss, the square shaped structure
is replaced by a triangle shaped one, so the number of truss members is reduced, as
sketched in Fig. 2.3(b). This optimization gives more space for PMT installation and
keeps the grid size of the truss in a reasonable range.

(a) Single layer stainless-steel truss with spiral
support

(b) Reduction of the number of truss members in
pole region

Figure 2.3: Single layer steel truss

Compared to the double layer truss, the single layer truss can save a significant
amount of space and hence the civil construction cost. Another advantage of this
option is that PMT installation is much easier since there is no interference caused by
the truss members.

2.2.2.3 Equator Supporting Method

This supporting structure is indicated in Fig. 2.4. The acrylic sphere is supported at
the equator area with stainless-steel rings which connect to the wall or bottom of the
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(c) Hyper-Kamiokande CollaborationFukuda et al. (2003)

After considering other locations within Japan,
the Kamioka mine was determined to be the most
suitable location for the experiment for many
reasons. The Kamiokande experiment had been
successfully completed and made significant phy-
sics contributions; the mine was still in operation
with existing facilities (electricity, water, air ducts,
drains, communications); its rock structure was
well known and very stable. A suitable site was
identified within the mine for the new experiment,
close to the existing main tunnel; thus it would
not be necessary to excavate a new tunnel, whose
cost would be a substantial fraction of the total
budget.

The Super-Kamiokande project was approved
by the Japanese Ministry of Education, Science,
Sports and Culture in 1991 for total funding of
approximately $100M. The US portion of the
proposal, which was primarily to build the OD
system, was approved by the US Department of
Energy in 1993 for $3M. In addition the US has
also contributed about 2000 20 cm PMTs recycled
from the IMB experiment.

Excavation of the cavity started in 1991, and
detector construction was completed by Decem-
ber, 1995. Super-Kamiokande was successfully
commissioned and began operations on April 1,
1996, as scheduled. By May 1, 1996, minor initial
problems with the DAQ were cleared up and data
taking began in earnest. While earlier data are
valid, the large number of interrupted runs
collected in April, 1996 are normally discarded
for convenience in physics analyses except for
analyses of upward-going muons. Fig. 3 shows the
construction timeline.

A general view of the detector and other
facilities is shown in Fig. 4. In the inset at the
right bottom corner, a sectional view of Mt.
Ikenoyama is shown, with Super-Kamiokande
almost directly under the peak where the tunnels
merge.

The cavity which houses the 50 kton tank is
located near the mine’s main horizontal truck
tunnel, which is 1800m long at approximately
350m altitude above mean sea level, as shown in
Fig. 5. The Atotsu tunnel, named after the river
near its entrance, provides access to the tank top,
with its electronics huts and calibration equip-

ment, as well as the experiment control room, a
separate cavity housing the water purification
system, toilet facilities, and a parking area for
mine vehicles. A branch tunnel winds downward
around the tank and provides access to the
pressure hatch at the tank bottom. Additional
halls for the electron LINAC located above and
behind the main tank cavity and for equipment
storage are also provided.

The main tunnel also provides access to other
experiments at the Kamioka Observatory such as
KamLAND. As a safety backup the experimental
areas can also be reached by mine train from the
mine company’s surface facilities in Higashi–
Mozumi village.

Electronics Installtion

Excavation

Water Tank

Water Purification

Electronics

PMT Production

PMT Installation

1991 1992 1993 1994 1995 1996 1997

Data Taking

Commissioning

Fig. 3. Super-Kamiokande construction schedule.

Fig. 4. A sketch of the Super-Kamiokande detector site, under
Mt. Ikenoyama.

S. Fukuda et al. / Nuclear Instruments and Methods in Physics Research A 501 (2003) 418–462 425

Fig. 2. The PMT support structure (PSUP) shown inside the SNO cavity, surrounding the acrylic vessel, with light- and heavy-water
volumes located as indicated.

A description of the electronic readout chain is
given in Section 6, followed by a description of the
downstream data acquisition hardware and soft-
ware in Section 7. Separate !He neutral-current
detectors, which will be installed at a later date in
the D

"
O volume, are described in Section 8. The

detector control and monitoring system is de-
scribed in Section 9. The calibration system, con-
sisting of a variety of sources, a manipulator,
controlling software, and the analysis of calibration
data, is described in Section 10. The extensive e!ort
to maintain and monitor site cleanliness during and
after construction is described in Section 11. The
large software package used to generate simulated
data and analyze acquired data is described in

Section 12. Brief descriptions of the present de-
tector status and future plans are in Section 13.

2. Water systems

The SNO water system is comprised of two sep-
arate systems: one for the ultrapure light water
(H

"
O) and one for the heavy water (D

"
O). These

systems are located underground near the detector.
The source of water for the H

"
O system is a surface

puri"cation plant that produces potable water for
the mine. Underground, the water is pretreated,
puri"ed and degassed to levels acceptable for the
SNO detector, regassed with pure N

"
, and "nally
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Boger et al. (2000)

KamLAND (1kt) Super-Kamiokande
(22.5kt)

SNO+ (780t)Borexino (278t) Hyper-Kamiokande
(380kt)

low-metallicity ones [19]. A precise CNO solar neutrino
flux measurement has therefore the potential to discrimi-
nate between these competing models and to shed light on
the inner workings of heavy stars.
This paper provides a detailed description of the analysis

methods used to obtain the aforementioned measurements
of 7Be, pep, and CNO (upper limit) solar neutrino inter-
action rates in Borexino. After a brief description of
the detector, we discuss the expected neutrino signal, the
backgrounds, the variables used in the analysis, and the
procedures adopted to extract the signal. We then report on
a measurement of the annual modulation of the 7Be solar
neutrino rate. Finally, we discuss the physics implications
of the Borexino solar neutrino results and we report a global
analysis of the Borexino data combined with that of other
solar neutrino experiments and of reactor experiments
sensitive to Δm2

12 and θ12.
This paper reports the final results of the Borexino

Phase-I. Phase-II, with an even better radio purity already
obtained after an extensive purification campaign of the
scintillator, already started data taking in 2012 and will
continue for several years. The goals of Phase-II will be
reported in a separate paper.

II. THE BOREXINO DETECTOR

Borexino is installed in Hall C of the Laboratori
Nazionali del Gran Sasso (LNGS) in Italy. Its design
[20] is based on the principle of graded shielding, with
the inner scintillating core at the center of a set of
concentric shells of decreasing radio purity from inside
to outside (see Fig. 2). The active medium is a solution of
PPO (2,5-diphenyloxazole, a fluorescent dye) in pseudo-
cumene (PC, 1,2,4-trimethylbenzene) at a concentration of
1.5 g=l [21]. The scintillator mass (∼278 ton) is contained
in a 125 μm thick spherical nylon inner vessel (IV) [22]
with 4.25 m radius surrounded by 2212 photomultipliers
(PMTs) labeled as internal PMTs in Fig. 2. All but 371
PMTs are equipped with aluminum light concentrators
designed to increase the light collection efficiency.
Within the IVa fiducial volume (FV) is software defined

through the measured event position, obtained from the
PMTs timing data via a time-of-flight algorithm (see
Sec. X). A second 5.5 m radius nylon outer vessel (OV)
surrounds the IV, acting as a barrier against radon and other
background contamination originating from outside. The
region between the IVand the OV contains a passive shield
composed of PC and a small quantity of DMP (dime-
thylphthalate), a material that quenches the residual scin-
tillation of PC so that scintillation signals arise dominantly
from the interior of the IV [21]. The concentration of DMP
in PC was 5.0 g=l at the beginning of data taking and was
later reduced to 3.0 g=l (and then to 2.0 g=l) to mitigate the
effects of a small leak in the IV (discussed in Sec. II A).
A 6.85 m radius stainless steel sphere (SSS) encloses the

central part of the detector and serves also as a support
structure for the 2212 8 in. (ETL 9351) PMTs.
The region between the OVand the SSS is filled with the

same inert buffer fluid (PC plus DMP) which is layered
between the IVand the OV. The apparatus consisting of the
PC and its solvents, the nylon vessels, and the internal
PMTs is called inner detector (ID).
The ID is contained in a tank (9 m base radius, 16.9 m

height) filled by ultrapure water. The total liquid passive
shielding of the central volume from external radiation
(such as that originating from the rock) is thus 5.5 m of
water equivalent. The water tank (WT) serves also as an
active veto [outer detector (OD)] allowing the detection of
the Cherenkov light induced by muons in water. For this
purpose 208 PMTs are installed on the external side of the
SSS and on the WT walls. The walls of the water tank are
covered by a reflective material to enhance the light
collection. Details of the OD are described in [23].
All the materials of the detector internal components

(stainless steel, phototubes, cables, light concentrators,
nylon) were specially selected for extremely low radio-
activity. Furthermore, only qualified ultraclean processes
were employed for their realization, followed by careful
surface cleaning methods.
The final assembly of the elements in the SSS was

carried out in clean room conditions: the entire interior of
the sphere was converted into a class 1000 clean room,
while in front of the main entrance of the sphere itself an on
purpose clean room of class 100–1000 was used for all the
final cleaning procedures of the equipment. Key elements
determining the success of the experiment were also the
many liquid purification and handling systems [24], which
were designed and installed to ensure the proper fluid
manipulation at the exceptional purity level demanded by
Borexino.
The PC was specially produced for Borexino by Polimeri

Europa (Sarroch-IT), according to a stringent quality
control plan jointly developed. It was shipped to LNGS

Stainless steel sphereExternal water tank

Nylon inner vessel
Nylon outer vessel

Fiducial volume

Internal
PMTs

Scintillator

Buffer

Water
Ropes

Steel plates
for extra
shielding

Borexino Detector

Muon
PMTs

FIG. 2 (color online). The schematic view of the Borexino
detector.

FINAL RESULTS OF BOREXINO PHASE-I ON LOW … PHYSICAL REVIEW D 89, 112007 (2014)

112007-3

Chinese Physics C Vol. 41, No. 2 (2017) 023002

reach the level of target mass requirement. In addition,
graded shielding is necessary to reach a radioactive clean
central region.

1) The deep overburden limits both the tunnel size
and shape, putting a constraint on the target vol-
ume for a single detector. A thin and long detector
is very poor for physics performance.

2) The attenuation length is about 20 meters for liq-
uid scintillators. A detector should not have a di-
mension significantly larger than this length.

3) Water shielding in the outer layer was used in pre-
vious experiments to detect cosmic-ray muons and
shield the detector from neutrons and radiative
gammas in the surrounding rock, steel structure,
and PMTs. The minimal thickness is around 1–2
meters.

4) A central fiducial volume is necessary to reject
background events in the outer layer of the tar-
get region, which is usually from the gamma back-
grounds on the target material vessel.

5) Cost and risk for any large amount of civil con-
struction and detector construction.

In this section, we give a preliminary plan for the neu-
trino detectors. A preliminary study from a test-stand
is also shown to demonstrate the possible separation be-
tween Cherenkov and scintillation light. Considering the
current level of technology and expected development,
we also give some thought to the electronics used to pre-
cisely read out the waveform from photomultiplier tubes
(PMTs).

2.1 Experimental hall layout and neutrino de-
tector

At CJPL-II, two cylindrical caverns have already
been planned, each around 20 m in diameter and 24 m
in height.

A conceptual design for a cylindrical neutrino detec-
tor can be seen in Fig. 3. A spherical inner vessel is also
an option. The central vessel is made of acrylic, and the
height and diameter of the cylinder are both 14 meters.
The vessel is filled with the target material, which can be
either a regular liquid scintillator or a slow liquid scin-
tillator. The fiducial volume is defined by a cylinder of
11.2 m diameter and 11.2 m height, and the fiducial mass
is 1 kiloton assuming the target material density is 0.9
g/cm3.

The central vessel will be sealed and surrounded with
pure water. Scintillation and Cherenkov light originat-
ing from neutrino interactions with the target material
in the central region will be collected by the PMTs.

These PMTs will be mounted on a supporting stain-
less steel structure, and will be kept 2–3 m away from
the central vessel to shield from gammas. The outer-
most layer of the detector is a low radioactive stainless
steel tank 20 m in both diameter and height, which hosts
the central vessel, PMTs, supporting structure, and pure
water.

Fig. 3. (color online) The conceptual design for a
cylindrical neutrino detector at Jinping. Two de-
tectors are needed to reach the desired mass re-
quirement.

With two neutrino detectors, the total fiducial vol-
ume will be about 2 kilotons for the solar neutrino stud-
ies, in which the detection process is neutrino-electron
scattering. For the geo-neutrino and supernova neutrino
studies, the equivalent fiducial mass can be extended to
3 kiloton, because the signal is from the inverse beta de-
cay process, i.e. a prompt-delayed coincidence, and has
a better rejection of background.

Such a design is considered as the most economic op-
tion when balancing the need of the fiducial mass and
the dimensions of the CJPL-II tunnel. However, contin-
uing studies incorporated with scintillator performance
are ongoing to finalize the detector design.

2.2 Target material

We will use a liquid scintillator with sufficient light
yield for our baseline design. We also consider using a
slow liquid scintillator aiming at the separation between
Cerenkov and scintillator light. Redundant measure-
ments of a particle can be possible in this option. The
prompt Cherenkov light can be used for the directional
reconstruction of charged particles while the slow scintil-
lation light can be used for the energy reconstruction of
particles. Furthermore, Cherenkov light yield and scin-
tillation light yield have different dependencies on parti-
cle momentum and can be exploited to identify gammas,
electrons, muons, and protons.

023002-3

Liquid scintillation detector

Jinping (2kt) JUNO (20kt)

Water Cherenkov detector

(c) KamLAND Collaboration
Liquid Ar detector

DUNE (40kt)
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Figure 4.1: Left: 3D model of the reference design for the DUNE far detector to be located at the
4850L. Right: Schematic view of the active detector elements showing the plane ordering of the TPC
inside the detector.

Planning for the conventional facilities calls for construction of the second cryostat to be completed
prior to filling the first so that it may serve initially as a liquid storage facility. The detector
technology is expected to improve in the coming years with MicroBooNE, the SBN program and
the CERN neutrino platform. DUNE’s staged program allows selection of optimal designs for each
module as the technology evolves.

The reference design presented in this chapter and documented in the project cost and schedule is
patterned after the successful ICARUS experiment, but adapted to the local site requirements at
SURF and the scaled up detector size. The TPC configuration is shown on the right in Figure 4.1.
The TPC, described in Section 4.3, is constructed by placing alternating high-voltage cathode
planes and anode readout planes in a bath of ultra-pure liquid argon. Particles interacting in the
argon generate electron-ion pairs and scintillation light.

The single-phase design o�ers the advantage that the charge is collected directly without gain,
enabling precision charge calibration. However, signal levels are low, requiring the use of cold
electronics (Section 4.5). The readout is based on stereo induction and collection planes, requiring
a deconvolution of the induced signal. A photon detection system (Section 4.6) provides the t0
(event time) for physics processes that are uncorrelated with the LBNF neutrino beam.

4.2 Reference Design Expected Performance

The physics requirements are described in Volume 2: The Physics Program for DUNE at LBNF,
for the long-baseline oscillation, atmospheric, supernova and nucleon decay physics programs. This
section outlines the numerical detector performance parameters needed to meet the requirements
and the ability of the far detector reference design to achieve these performance parameters.

Volume 4: The DUNE Detectors at LBNF LBNF/DUNE Conceptual Design Report

Acciari et al. (2016)

Bellini et al. (2014)

Beacom et al. (2017)

Takashi Yoshida, June 26, 2018, NIC XV, Gran Sasso, Italy
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FIG. 13. Integrated neutrino events detected by KamLAND. Left panel corresponds to the normal mass hierarchy and right
panel does the inverted mass hierarchy. Blue, red, and green lines correspond to the 12, 15, and 20 M⊙ models, respectively.
Dashed lines indicate the cases when the neutrino oscillation is not taken into account.

capture. The low threshold energy enables to detect ν̄e

events from preSN stars with the distance of Betelgeuse
(e.g., [11, 12]).

We calculate the spectrum of the ν̄e events detected by
KamLAND in accordance with [12]:

d2N(t, εp)
dtdεp

= ϵliveϵs(εp)
NT

4πd2
(7)

×
∑

α

∫
d2Nν̄α(t, εν)

dtdεν
P(ν̄α→ν̄e)σp+ν̄e(εν)

×
(

dεν

dε′p

)
R(εp, ε

′
p)dε′p,

where ϵlive is mean livetime-to-runtime ratio, ϵs(εp) is
the total detection efficiency, NT = 5.98 × 1031 is the
fiducial proton number of KamLAND, d is the distance
to a preSN star, that is assumed to be 200 pc, ε′p is the
expected energy of the prompt event with the relation of
ε′p = εν − 0.78 MeV, R(εp, ε′p) is the detector response
assumed to be the Gaussian distribution of the energy
resolution of 6.4%/

√
ε′p (MeV). The neutrino event rate

in the energy range εpL ≤ εp ≤ εpU is obtained using

dN(t; εpL : εpU )
dt

=
∫ εpU

εpL

d2N(t, εp)
dtdεp

dεp, (8)

where εpL and εpU are the lower and upper limits of the
event energy.

We discuss the time evolution of the expected neu-
trino events by KamLAND. Here, we consider the neu-
trino events integrated from the last step of the evolution
calculation to a time before the stellar collapse:

N(tr; εpL : εpU ) =
∫ tf

tf−tr

dN(t′; εpL : εpU )
dt′

dt′, (9)

where tf is the time at the last step and tr is equal to
tf − t, i.e., the period from a time to the last-step time.

Figure 13 shows the integrated neutrino events by Kam-
LAND with the energy range of 0 ≤ εp ≤ ∞. It is
convenient to use this figure when we evaluate the neu-
trino events during a given period to the core collapse.
We assume that the effective livetime ϵlive is 0.903 and
use the average value 0.64 for the detection efficiency ϵs
[12], which we call “Average efficiency”.

The p(ν̄e, e+)n events integrated for seven days before
SN explosions observed by current and future neutrino
observatories are listed in Table III. We expect the neu-
trino events of 7–14 in the normal mass hierarchy and 4–7
in the inverted mass hierarchy for one week before a SN
explosion if the SN explode at the distance of ∼ 200 pc.
The smaller event number in the inverted mass hierarchy
is due to the fact that almost all electron antineutrinos
have been converted from µ or τ antineutrinos through
the MSW effect and that the emission rate of the µ and τ
antineutrinos is smaller than that of electron antineutri-
nos (see §2 and §3). For more massive stars, the number
of the total neutrino events is larger and the period of
observable neutrino events is shorter. Thus, combined
with these two features, we could constrain the stellar
mass of a SN from the observations of preSN neutrinos.

We show the expected spectrum of neutrino events de-
tected by KamLAND in Fig. 14. Although the average
energy is slightly larger for more massive models, the
stellar mass dependence of the spectrum feature is small.
The difference is mainly the total event number. Owing
to this reason, higher energy events may be observed for
a more massive model.

At present, KamLAND contains an inner balloon for
neutrino-less double beta-decay experiment (KamLAND-
Zen) [41]. K. Asakura et al. (The KamLAND Collabora-
tion) [12] adopted the energy dependent efficiency εs(ϵp)
due to the Likelihood selection. The main effect of the
efficiency loss is the inner balloon cut [12]. The observed
neutrino events depend on the detection efficiency de-
termined by the current installed system. So, we also

PreSN Neutrino Events by KamLAND and JUNO
Neutrino events from preSN stars at 200 pc by KamLAND (solid lines)
p + νe → n + e+ (Eth,ν = 1.8 MeV)

Normal mass hierarchy Inverted mass hierarchy

20M

15M

12M
20M

15M

12M

Neutrino (νe) events by KamLAND for one week before the explosion
~ 7, 10, 14 (normal), ~ 4, 5, 7 (inverted) for 12, 15, 20 M   star

Neutrino (νe) events by JUNO (20 kton fiducial mass) for one week
~ 232, 347, 480 (normal), ~ 126, 180, 251 (inverted)

Takashi Yoshida, June 26, 2018, NIC XV, Gran Sasso, Italy

Dashed lines:
No oscillations



PreSN Neutrino Events by Hyper-Kamiokande
Neutrino events by Hyper-Kamiokande (solid lines)

Normal mass hierarchy Inverted mass hierarchy
Mfiducial = 380 kton; Eth,ν = 4.79 MeV (Eth,p = 3.50 MeV)

Neutrino (νe) events for one week before the explosion
~ 134, 250, 406 (normal), ~ 80, 146, 233 (inverted) for 12, 15, 20 M   star

Most of the events will be observed for one day before the explosion.

p + νe → n + e+

(based on SK-IV; Sekiya et al. 2013)

20M

15M

12M

20M

15M

12M
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Supernova Alarm

Three νe events for 48 hours in KamLAND with 0.9 < εpositron < 3.5 MeV 
→ 3.7σ (2.1σ) detection significance in low (high) background (using the analysis in Asakura et al. 2016)

12M

15M   

20M   

 0  5  10  15  20  25

Time to collapse (hours)

Inverted

Normal

SN alarm using preSN neutrino events could be possible in a few to ten hours before the explosion.

d = 200pc

SN alarm using preSN neutrinos will also be possible by SNO+, Jinping, JUNO.

SN alarm using preSN neutrino events (Asakura et al. 2016; Yoshida et al. 2016)
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FIG. 15. Expected neutrino events per one hour detected by JUNO in 30 hours prior to a SN explosion. Left panel shows the
15 M⊙ model and right panel shows the 20 M⊙ model. Red and blue lines indicate the cases of the normal and inverted mass
hierarchies. Dashed and dash-dotted green lines indicate the background events per hour in high and low reactor phases.
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FIG. 16. Expected neutrino events per ten minutes detected
by JUNO in 120 minutes prior to a SN explosion of the 15 M⊙
model. Red and blue lines indicate the cases of the normal
and inverted mass hierarchies.

the ignition of the O shell burning after the termination
of the Si core burning. In the case the 12 M⊙ model, a
minimum appears around ten hours prior to the explo-
sion. A peak with eight events appears about six hours
prior to the minimum. Since the peak hight is smaller
than the 15 M⊙ model, it is more difficult to observe it.

We also see a minimum of the neutrino events around
seven hours prior to the explosion in the 20 M⊙ model.
This change is less prominent than the 15 M⊙ model but
still we would recognize the change of burning processes
in the central region. The 20 M⊙ model indicates weak
neutrino emission from the O shell. Thus, we could ob-
serve the evolution of burning processes in the central
region of collapsing stars through the preSN neutrino
events and could constrain shell burnings after the Si
core burning.

We present the time evolution of the neutrino events

TABLE V. Expected SN alarm time by JUNO (hours prior
to the explosion).

Model Time prior to the explosion (hr)
Low reactor phase High reactor phase
normal inverted normal inverted

12 M⊙ 19.9 16.1 1.29 0.640
15 M⊙ 23.6 20.0 17.2 1.31
20 M⊙ 16.8 12.6 10.9 8.46

just prior to the SN explosion. Figure 16 shows the ex-
pected neutrino events for ten minutes detected by JUNO
for two hours prior to the explosion in the 15 M⊙ model.
We see a minimum of the event around 50 minutes be-
fore the explosion but the difference of the event num-
ber at the maximum around 70 minutes is small. This
corresponds to the ignition of the Si shell burning at
Mr ∼ 1M⊙. This signal also would be observed by
Hyper-Kamiokande if low threshold energy is set. The
multiple observations of preSN neutrinos will raise the
reliability of observed neutrino signals. We note that the
neutrino events per ten minutes monotonically increase
for two hours in the 20 M⊙ model. Since the convec-
tion of the Si shell burning of the 20 M⊙ model is not
so strong, the efficiency of the convection would be con-
strained from the preSN neutrino signals.

A SN alarm using preSN neutrinos is also possible for
JUNO. We consider the time for the SN alarm using the
neutrino events per hour of the three models. The energy
range for the alarm is set to be 0.9 ≤ εp ≤ 3.5 MeV sim-
ilar to KamLAND. Table V lists the expected SN alarm
time given by JUNO. In the low reactor phase, the SN
alarm will be sent earlier than KamLAND. Except for
the case of the inverted mass hierarchy of the 12 M⊙
model, the alarm will be sent before the star starts the
O shell burning.

Time evolution of preSN neutrino events per hour

20M15M

8 - 17 hours before collapse

Normal
Inverted

Decrease in the neutrino events

Neutrino Events Revealing Burning Processes
~ 100 - 500 neutrino events for one week before the explosion by JUNO

Si core burning → O shell burning

3σ High BG

Low BG

3σ level of high background (BG) → Reactor neutrino is considered.

Si core O shell

The central burning processes will be observed by neutrinos!
Takashi Yoshida, June 26, 2018, NIC XV, Gran Sasso, Italy



Summary
Neutrinos from neighboring preSN stars (d ~ 200 pc) will be detectable by neutrino observatories.

Expected neutrino events from a preSN star
Several - tens neutrino events for KamLAND
Hundreds neutrino events for JUNO and Hyper-Kamiokande

Decrease in the neutrino event rate could be an evidence for O shell burning
  during the core-collapse 

Emission rate of neutrinos from a preSN star
Increase with time and decrease by shell burnings

SN alarm by preSN neutrinos
A few - tens hours before SN explosion by KamLAND, SNO+, Jinping, JUNO

Observation of final burning processes by neutrinos

Takashi Yoshida, June 26, 2018, NIC XV, Gran Sasso, Italy

Thank you for your attention!


