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We first discuss and determine the isospinmixing of the two 2− states (12.53MeV and 12.97
MeV) of the16O nucleus using inelastic electron scattering data. We then evaluate the cross
section of 4.4-MeV γ rays produced in the neutrino neutral-current (NC) reaction 16O(ν,
ν

′
)16O(12.97 MeV, 2−) in a water Cherenkov detector at a low energy, below 100 MeV. The

detection of γ rays for Eγ > 5 MeV from the NC reaction 16O(ν, ν
′
)16O(Ex > 16 MeV, T

= 1) with a water Cherenkov detector in supernova neutrino bursts has been proposed and
discussed by several authors previously. In this article, we discuss a newNC reaction channel
from 16O(12.97 MeV, 2−) producing a 4.4-MeV γ ray, the cross section of which is more
robust and even larger at low energy (Eν < 25MeV) than the NC cross section from 16O(Ex
> 16 MeV, T = 1). We also evaluate the number of such events induced by neutrinos from
supernova explosion which can be observed by the Super-Kamiokande, an Earth-based
32-kton water Cherenkov detector.
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1. Introduction
In the past, the neutral-current (NC) reactions of a few tens of MeV were observed in
12C(ν, ν

′
)12C(15.1MeV, JP = 1+) by theKARMENexperiment [1,2] and recently in coherent ν-

CsI(Na) scattering by the COHERENT Collaboration [3]. The authors of Refs. [4,5] proposed
to measure γ rays for the detection of NC inelastic events from 12C and 16O(ν, ν

′
) reactions

induced by supernova (SN) neutrinos, and Beacom and Vogel [6,7] estimated the number of
NC γ -ray events with a water Cherenkov detector. While the electron–neutrino νe and their
antiparticle νe interact through both charged-current (CC) and NC reactions in the SN core
and in neutrino detectors on Earth, the muon–neutrino νμ and the tau–neutrino ντ (and their
antiparticles) only interact through NC reactions because their energies are too low to produce
muons and tau-leptons through CC reactions. Since the neutrino spectrum from SN explosion
was only measured for νe at SN1987A and the neutrino spectra for other neutrino flavors are

C© The Author(s) 2022. Published by Oxford University Press on behalf of the Physical Society of Japan. This is an Open Access article distributed under the
terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and
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not known, it is important to estimate and measure as many NC reactions with good accuracy
for the better understanding of core-collapse SN explosion and neutrino oscillations [8–11].
The Super-Kamiokande (SK) Collaboration summarizes the detection channels from SN

neutrino bursts with a water Cherenkov detector in Refs. [12,13]. The inverse β decay (IBD)
reaction induced by ν̄e on a proton in water (ν̄ep → e+n) is the dominant reaction. The detec-
tion of γ rays for Eγ > 5 MeV from the NC reaction 16O(ν, ν

′
)16O(Ex > 16MeV, T = 1) with

a water Cherenkov detector in the SN bursts was proposed by Langanke, Kolbe, and Vogel [5]
just when the SK experiment was about to start in 1996. The production of the γ rays forEγ > 5
MeV from the NC reactions has been calculated and discussed previously since then by several
authors [5–7]. The neutrino-16O charged-current (CC) cross section [7,14,15] and its electron
spectra [16] in the SK experiment have been studied previously for an SN neutrino burst.
The SK experiment has been measuring the 8B solar neutrino spectrum since 1996 [17–20].

The analysis threshold of the recoil electron energy has recently been lowered from 5 MeV
(SK-I, II, III) [17–19] to 3.5 MeV (SK-IV) [20] by improvements in the electronics system,
water system, calibration, and analysis technique. Thus, it is timely to discuss detection of the
4.4-MeV γ rays. We discuss for the first time a detection of 4.4-MeV γ rays produced in the
neutrino NC reaction 16O(ν, ν

′
)16O(12.97MeV, 2−) with a water Cherenkov detector in the SN

neutrino bursts. The SK experiment, now called SK-Gd [21,22], collects data with an addition
of gadolinium to pure water in order to observe the SN relic neutrinos [23–25].
The following three quantities must be understood before the NC cross section of 4.4MeV γ -

ray production from 16O(12.97MeV, 2−) is calculated: (a) the isospinmixing parameter between
the 12.97 MeV and 12.53 MeV states from the (e, e

′
) cross section, (b) the NC neutrino oxygen

cross section 16O(ν, ν
′
)16O(12.97 MeV, 2−), and (c) the branching ratio Br(α1) of the 12.97-

MeV state decaying to α + 12C(4.4 MeV, 2+), which emits a 4.4-MeV γ ray. Thus, this report is
organized as follows. In Sect. 2, we explain the isospin mixing between the two 2− states, 12.53
MeV and 12.97 MeV. In Sect. 3, we determine the isospin mixing parameter between the two
states using the published (e, e

′
) data. In Sect. 4, we show the NC cross section calculations. In

Sect. 5, we combine the results of Sects. 2-4 with the typical neutrino flux spectra produced in
core-collapse SN explosion and estimate the number of γ -ray events produced in NC inelastic
reactions from SN neutrinos. In addition, we summarize in Appendix A all the formulas of the
electron–oxygen inelastic reaction, the NC neutrino–oxygen cross section, the rate of muon
capture on oxygen, and the16N β-decay rate, which are used in this article. In Appendix B, we
determine the quenching factor fs = geffs /gs of the spin g-factor gs for themagnetic form factors
and the quenching factor fA = geffA /gA of the weak axial-vector coupling constant gA for the
12.97-MeV state, in order to evaluate both the electromagnetic and weak interactions with the
12.97-MeV state precisely.

2. The two 2− states, 12.53 MeV (T = 0) and 12.97 MeV (T = 1), of 16O and the
isospin mixing between the two states
In this section, we explain the isospin mixing effect observed between the two 2− states, 12.53
MeV (T= 0) and 12.97MeV (T= 1), of 16O. The two excited states of 12C at 12.71MeV (1+, T
= 0) and 15.11 MeV (1+, T = 1) provide a well-known example of isospin mixing [26–28]. We
start with a simple two-state model of the isospin mixing between the two adjacent states of a
nucleus. The isospin mixing is known to be caused, for example, by the Coulombic interaction
between the protons in the nucleus which may violate the isospin symmetry, but the exact origin
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of the effect is still unresolved [29,30]. The physical two 2− states (the higher-energy state |U〉
and the lower-energy state |D〉) are written in terms of the pure isospin states as,

|U 〉 =
√
1 − β2 |U,T = 1〉 − β |U,T = 0〉,

|D〉 =
√
1 − β2 |D,T = 0〉 + β |D,T = 1〉, (1)

where |U〉 and |D〉 stand for the 12.97-MeV and 12.53-MeV states, respectively, and β is the
isospin mixing parameter. Another definition of the isospin mixing parameter ε is sometimes
used and they are mutually related as β = ε/

√
1 + ε2.

The 12.97-MeV state and the 12.53-MeV state lie just above the proton separation energy
(12.1 MeV) of 16O. They both can decay to p+ 15N(ground state (g.s.), 1/2−, T= 1/2) and only
theT= 0 state can decay to α + 12C(g.s., 0+) and 12C(4.4MeV, 2+), whose energy thresholds are
7.2 MeV and 11.6 MeV, respectively. If it were not for the isospin mixing effect, the 12.97-MeV
state (T= 1) would decay only to p+ 15N(g.s.), which produces no signal in a water Cherenkov
detector even if it is produced in the neutrino interactions.
There have been several previous reports on the isospin mixing between the 12.97 MeV (T

= 1) and 12.53 MeV (T = 0) states [31–35]. Stroetzel [31] measured the reduced transition
probability B(M2, q) of the two states in the 16O(e, e

′
) reaction and discussed the effect of

the isospin mixing between those two states, using the values B(M2, q = 0) = 0.42 ± 0.10
fm4 and 1.34 ± 0.27 fm4 for the 12.53-MeV and 12.97-MeV states, respectively. He gave the
ratio of B(M2, q = 0, 12.53MeV)/[B(M2, q = 0, 12.53MeV) + B(M2, q = 0, 12.97MeV)]
= 0.25 as a size of the mixing effect. Wagner et al. [32] measured the three pickup reactions
17O(d, 3He)16N, 17O(d, 3t)16O and 17O(3He, α)16O, and evaluated the isospin mixing between
the 12.97-MeV state (T= 1) and the 12.53-MeV state (T= 0) to be ε2 ≥ 0.17 ± 0.07, where the
ε is the mixing parameter defined in the text after Eq. (1). We note that they need not only the
α decay branching ratio 	α1/	 but also the Coulombic penetration factor in order to determine
the isospin mixing parameter ε (or β) [26,32,33]. Wagner et al. also quoted the value of the
mixing effect, 0.24 ± 0.07, in their paper, by referring to the paper by Stroetzel [31]. This value
and the uncertainty, 0.24 ± 0.07, comes from the ratio 0.25 quoted by Stroetzel [31].
Then, two experiments measuring the proton capture reactions reported the branching ra-

tio 	α1/	 = Br(12.97MeV → α + 12C(4.4MeV)): Leavitt et al. [33] gave Γα1/Γ = 0.37 ± 0.06,
and Zijderhand and van der Leun [34] reported Γα1/Γ = 0.22 ± 0.04; their measured val-
ues were very inconsistent with each other. Recently, Charity et al. [35] measured the value
Γα1/Γ = 0.46 ± 0.08 in the neutron-transfer reaction using the ion beam, which is barely con-
sistent with the former, but is inconsistent with the latter. The Evaluated Nuclear Structure
File (ENSDF) evaluation [36] and the compilation of Tilley et al. [37] do not update the results
yet. A problem of the variation in the measurements of Γα1/Γ of 16O(12.97 MeV) remains
unresolved until now. We do not discuss the variations of the three measurements which were
observed by the hadronic reaction experiments [33–35], but we take a simple mean of the three
branching ratio values and use this mean value, Br(α1) = 	α1/	 = 0.35, in the present paper1.

1We note that a similarly confusing situation is also seen in the isospin mixing of the two JP = 1+

states (12.71 MeV and 15.11 MeV) of 12C. The analysis of Ref. [28] shows that the variations of the
isospin mixing effects between the two 1+ states (12.71 MeV and 15.11 MeV) of 12C are seen in the
hadronic reactions, but that the results are consistent with each other among (e, e

′
) experiments [27,28].

The branching ratios Γα1/Γ of 12.97MeV and 12.53MeV can be related to the isospinmixing parameter
under the condition that the α-particle penetrability from 16O at Ex=12.53 MeV and 12.97 MeV can be
calculated precisely [32,33].
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Fig. 1. The squared root of the reduced transition probability
√
B(M2, q) for the excited states 12.97

MeV (closed squares) and 12.53 MeV (closed circles) as a function of the momentum transfer squared
q2(fm−2). Data are taken from Stroetzel (blue data points, Ref. [31]) and Kim et al. (red data points,
Ref. [38]). Predictions of

√
B(M2, q) for the 12.97-MeV and 12.53MeV states are shown for β = 0.25

(best fit) as a upper solid line and a lower solid line, respectively. Predictions for β = 0.2 (dotted lines)
and 0.35 (dashed lines) are shown for comparison of the sensitivity of the β values to

√
B(M2, q).

Since theNC 16O(ν, ν
′
)16O(12.97MeV, 2−,T= 1) cross section depends on the isospinmixing

between the 12.97-MeV and 12.53-MeV states, we evaluate the isospin mixing parameter using
the existing 16O(e, e

′
) data of the two states in the next section.

3. The evaluation of the isospin mixing parameter between the 12.53 MeV (T = 0) and
12.97 MeV (T = 1) of 16O
We re-examine the published (e, e

′
) cross section at the 12.97-MeV and 12.53-MeV states [31,38]

and obtain the isospin mixing parameter β defined in Eq. (1), using the squared root of the
reduced transition probability

√
B(M2, q).

We note that the 12.97-MeV state is the first strong 2− excited state of 16O just above the
proton separation energy and is one of the dominant multipoles in the neutrino–oxygen inter-
actions at low energy, <100 MeV. The electromagnetic form factors F2(q) of these states were
measured in (e, e

′
) reactions in 1960 [31,38–40]. Those data of the excited states from 12 MeV

to 20 MeV of 16O were then examined by Donnelly and Walecka [41–43] and were applied to
the calculations of the neutrino–oxygen cross section. No new measurements of those states in
(e, e

′
) reactions have been performed since then.

In Appendix B, we evaluate the quenching factor fs of the spin g factor and obtained fs =
0.65 for the Ex = 13 MeV region. We now use the data of the reduced transition probabilities
B(M2, q) for 12.53 MeV and 12.97 MeV using this fs value for various values of the isospin-
mixing parameter β defined in Eq. (1). Stroetzel published the data of

√
B(M2, q) [31]. We

converted the values of F 2
T (M2, q) measured byKim et al. [38] into

√
B(M2, q) using Eq. (A12)

of Appendix A. The data of the squared root of the reduced transition probability
√
B(M2, q)

for the excited states 12.97 MeV (closed squares) and 12.53 MeV (closed circles) are plotted as
a function of the momentum transfer squared q2(fm−2) in Fig. 1. Predictions of

√
B(M2, q)

for the 12.97-MeV and 12.53MeV states are also shown for β = 0.2 (dotted line), 0.25 (solid
line), and 0.35 (dashed line) as a upper line and a lower line, respectively. We find that β = 0.25
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Fig. 2. The NC cross sections σ (Ex) of 16O(ν, ν ′)(10−42 cm2) as a function of excitation energy Ex at the
neutrino energy Eν = 30 MeV. Multipoles of JP = 2−, 1−, 0−, and 1+ are shown in red, blue, green, and
black bar graphs, respectively. The first peak (red bar) corresponds to the 12.97-MeV state (2−, T = 1).

± 0.05 gives a good fit to the data. The data of Sick et al. [40] for q2 > 0.8 fm−2 are not used in
this analysis, since their data contain a significant contribution of 13.26 MeV (3−) as shown in
Fig. B1. The data of Vanpraet [39] are not used either, since the statistics are not good.

4. Calculation of the cross section of the neutral-current neutrino–oxygen reaction
16O(ν, ν

′
)16O(12.97 MeV, 2−) and the 4.4-MeV γ-ray production

In Sects. 2 and 3, we fixed (a) the isospin mixing parameter β = 0.25 between the 12.97-MeV
and 12.53-MeV states and (c) the branching ratio Br(α1)=Br(12.97MeV→ α + 12C(4.4MeV))
= 0.35. Since this paper concerns isospin mixing, a good description of both T = 1 and T = 0
transition matrices of the electron–16O and neutrino–16O reactions is important. We thus use
the shell-model calculation of Refs. [44,45] for the T = 1 part of the Hamiltonian, called SFO-
tls, and that of Ref. [46] for the T = 0 part of the Hamiltonian, called YSOX. The details of
the shell model calculations are given elsewhere [46–49] and all the formulas used in this paper
are described in Appendix A.
Using the formula of Eq. (A2), we calculate and show the NC cross section for the excited

states of 16O atEν = 30MeV in Fig. 2. The multipoles (JP = 1−, 2−, and 0−,T= 1) via the spin-
dipole transitions from the p-shell to the sd-shell are important. Since the transition strength
of the multipole (J) is roughly proportional to (2J + 1), the contribution of the multipole (2−)
is the largest of the three multipoles. The first peaks are due to the excited states 12.97 MeV
(2−, T= 1) and 13.09 MeV (1−, T= 1). The cross section of 12.79 MeV (0−, T= 1) is less than
0.01 × 10−42 cm2 and is not seen. The 13.09-MeV state (1−, T = 1) decays only to the T = 1
component of p+ 15N((g.s.), 1/2−, T= 1/2) due to the isospin conservation, giving no signal to
a water Cherenkov detector. The contribution of 1+ is smaller than that of 0−. The NC cross
sections calculated by the CRPA models [4,50] show the larger contribution of the 13.09-MeV
state (1−, T = 1) compared with that of the 12.97-MeV state (2−, T = 1).
The multipoles (2−, 1−, 0−, 1+, T = 1) of the excitation energy Ex above 16 MeV are also

shown in Fig. 3. The shell model can predict the energies of the excited states of the multipoles
(2−, 1−, 0−, T = 1) below 15 MeV within ±1 MeV. But, since the excited states above 16 MeV
overlap in data, the one-to-one correspondence between the observed states and the model
predictions is difficult for Ex > 16 MeV.
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Fig. 3. The inelastic cross sections 16O(ν, ν
′
)16O as a function of the neutrino energy Eν .

We show in Fig. 3 the NC cross section of the 12.97-MeV state for a neutrino (red solid line)
and an antineutrino (red dashed line) and the 4.4-MeV γ -ray production cross section (closed
square symbol) as a function of the neutrino energy. The neutrino cross section is larger by
about 5% at Eν = 20 MeV and by almost 50% at Eν = 100 MeV than the antineutrino cross
section, since the interference term of Eq. (A2) is proportional to |q/(gAMN)| in the first ap-
proximation, where q, gA, andMN are the momentum transfer, the weak axial-vector coupling
constant, and the mass of a nucleon, respectively [51]. We show only the average cross sec-
tion hereinafter for simplicity. We also show the dominant IBD cross section [52] (dotted line)
and the NC cross section of the excited states for 16 < Ex < 30 MeV (including 1+) for com-
parison (dashed line). The calculation of 16O(ν, ν

′
X) cross section for Ex > 16MeV was shown

to agree with that by the CRPA model of Ref. [15] within 10% in the energy range 30 < Eν <

80 MeV in Ref. [49]. In order to compare the 4.4-MeV γ -ray production cross section (closed
squares) with the latter cross section (Ex > 16MeV) producing γ rays above 5MeV (closed tri-
angles), we multiply the latter cross section by the emission probability of about 30% estimated
by the authors of Ref. [6]2.
First, we comment on the energy threshold and the energy dependence of the cross section of

each reaction shown in Fig. 3. They are important features when we discuss detection of the
SN neutrinos whose energy spectra may have a peak in the energy range between 10 and 15
MeV. The energy threshold of the IBD reaction is 1.8 MeV. The IBD cross section increases
rapidly from 1.8 MeV to 10 MeV and moderately above 10 MeV. The energy threshold of the
NC cross section of the 12.97-MeV state is 12.97 MeV and if the neutrino energy is larger than
12.97 MeV, it can produce a 4.4-MeV γ ray through its decay to α + 12C(4.4 MeV) channel,
the threshold of which is 11.6 MeV. The cross section increases rapidly from 12.97 MeV until
100MeV. The energy threshold of the NC cross section due to the excited states (Ex > 16MeV)
producing a 5.3-MeV or 6.3-MeV γ ray is about 18 MeV. The cross section increases rapidly
from 18 MeV until 100 MeV.

2We did not use the simple analytic form σ (Eν) = (0.75 × 10−47 cm2)(Eν − 15)4, which is given in
Ref. [6], since it disagrees with the cross section (×0.3) given by Ref. [7].
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Fig. 5. (a) The SN neutrino spectrum from an ordinary SN model consistent with SN1987A (NK1) and
(b) that from a black-hole-forming collapse (NK2), calculated for νe, νe and νx by Nakazato et al. [63].
νx stands for either one of νμ, ντ and their antiparticles.

As shown in Figs. 2 and 3, the NC cross section of the 12.97-MeV state is larger than that
of the excited states (Ex > 16 MeV) for Eν < 25 MeV. This feature is very important, since the
majority of the neutrino spectrum from SN bursts is less than 25MeV as shown later in Figs. 4
and 5. The latter cross section becomes larger than that of the 12.97-MeV state for Eν > 25
MeV.
The calculation of the NC cross section of the 12.97-MeV state is robust, since it is based

on the measurements of both the electromagnetic form factors of 12.97 MeV and 12.53 MeV
and the weak reaction rates (muon capture and β decay), or, in other words, it is based on
the quenching factors fs and fA for the 12.97-MeV state and the isospin mixing parameter β

between the 12.97-MeV and 12.53-MeV states as described in detail in Appendix B and Sect. 3.
However, the measurement of the branching ratio Br(α1)=Γα1/Γ of the 12.97-MeV state to
produce 4.4-MeV γ ray is uncertain, ranging from 0.22 to 0.46.
The cross section of the NC reaction 16O(ν, ν

′
)16O(Ex > 16 MeV, T = 1) can also produce γ

rays (Eγ > 5 MeV), but those excited states involve several overlapping resonances, and their
form factors for the spin-dipole states (1−, 2−), which are important to neutrino interactions, are
not clearly resolved yet [53] and the electromagnetic form factors are not measured accurately
in the electron scattering experiments [54,55]. Furthermore, the γ -ray emission probabilities
from those states (Ex > 16 MeV) are not measured separately, except for a preliminary result
for some of the unresolved states [56]. As a result, the prediction of the cross section producing
γ rays from Ex > 16 MeV is uncertain by ±30% or even more.
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Finally, we comment on a small, but non-negligible, NC cross section σD
NC of the 12.53-MeV

state (lower 2− stateD) through the isospin mixing, as compared to the NC cross section σU
NC of

the 12.97-MeV state (upper 2− state U). The ratio of σD
NC/σU

NC is about β2/(1 − β2) = 0.067 for
β = 0.25. However, the branching ratio of the 12.53-MeV state decaying to α + 12C(4.4 MeV,
2+) = 0.83 ± 0.03 [36,37], which is larger than the value 0.35 of the 12.97-MeV state decaying
to α + 12C(4.4MeV, 2+). The ratio of the 4.4-MeV production cross section from the two states
is (σD

NC × 0.83)/(σU
NC × 0.35) = 0.16. Thus, the 12.53-MeV state will add about 16% to the NC

cross section of the 4.4-MeV γ -ray production from the 12.97-MeV state at each Eν . We will
not correct the numbers in the figures and tables for this effect in the present report, but we will
report the details elsewhere 3.

5. Estimation of γ-ray production from neutral-current neutrino–oxygen inelastic
reactions induced by SN neutrinos
We evaluate the number of theNC events induced by neutrinos fromSN explosionwhich can be
observed by the Super-Kamiokande, an Earth-based 32-ktonwater Cherenkov detector [12,13].
While SN simulations with sophisticated neutrino interaction rates and multidimensional ef-
fects have been performed recently, differences in the time-integrated neutrino spectra are not
drastic [57–60]. Thus, we calculate the number of events at various average energies which
we assume to be flavor independent. In this report, we adopt the following commonly used
parametrization (called KRJ fit [61,62]) for the normalized neutrino spectra f(Eν):

f (Eν ) = (α + 1)α+1

Γ (α + 1)〈Eν〉α+1
Eα

ν exp
(

− (α + 1)Eν

〈Eν〉
)

, (2)

where 〈Eν〉 is the average neutrino energy. In this expression, 	(α + 1) is the Gamma func-
tion and α is the pinching parameter. The distribution with α = 2 is referred to as Maxwell–
Boltzmann (MB) thermal distribution and that with α = 3 is referred to as modified Maxwell–
Boltzmann (mMB) distribution. As the value α becomes larger than 2, the high-energy tail of
the distribution is more suppressed relative to the spectra of a thermal spectrum with the same
average energy. The authors of Ref. [61] suggest the range 2 < α < 4 from the study of the
neutrino spectra formation in an SN core, using Monte Carlo models.
The time-integrated number spectrum of neutrinos emitted from an SN core, dNν /dEν , is

related to the normalized neutrino spectra f(Eν) as
dNν

dEν

= E tot
ν

〈Eν〉 f (Eν ), (3)

where E tot
ν is the total energy emitted by one neutrino flavor. Using the KRJ fit in Eq. (2), we

plot dNν /dEν in Fig. 4 for various values of α and 〈Eν〉. Hereinafter, we set E tot
ν = 5 × 1052 erg

for each neutrino flavor when we adopt the KRJ fit. The peak and the width of each spectrum
is larger as the average value 〈Eν〉 takes a value from (a) 10MeV to (c) 14MeV as shown in Figs.
4(a–c). For the same value of 〈Eν〉, the high energy tail of the distribution for Eν > 25 MeV is
more suppressed as the pinching parameter α is larger. Furthermore, we calculate the number
of events at various average energies using the corresponding neutrino flux F(Eν) at a detector
on Earth, which is given as

F (Eν ) = 1
4πd2SN

E tot
ν

〈Eν〉 f (Eν ). (4)

3M.Sakuda, T.Suzuki, M.S.Reen, K.Nakazato and H.Suzuki, manuscript in preparation.
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Table 1.Average energy, 〈Eν〉, and total energy,E tot
ν , of the SN neutrino spectrum for νe, ν̄e, and νx (= νμ,

ν̄μ, ντ , and ν̄τ ). The neutrino spectra of the ordinary SN (NK1) and the case of a black hole formation
(NK2) are taken from Ref. [63].

〈Eνe〉 〈Eν̄e〉 〈Eνx〉 E tot
νe

E tot
ν̄e

E tot
νx

Neutrino flux model (MeV) (MeV) (MeV) (1052 erg) (1052 erg) (1052 erg)

Ordinary SN (NK1) 9.32 11.1 11.9 3.30 2.82 3.27
Black hole (NK2) 17.5 21.7 23.4 9.49 8.10 4.00

Hereafter, we set the distance from a detector to the SN to dSN = 10 kpc.
In addition to the KRJ fit with various α values, we choose other two sets of the SN neutrino

flux spectra from the SN Neutrino Database [63]: one is the model with (M, Z) = (20M	,
0.02) and a shock revival time of 200 ms, which is chosen as an ordinary SN neutrino model
consistent with SN1987A; the other one is the model with (M, Z) = (30M	, 0.004), which is a
model of neutrino emission from a black-hole-forming collapse. Here,M,M	, andZ stand for
a progenitor mass, a solar mass, and the metalicity, respectively. We name the former spectra
NK1 and the latter spectraNK2 in this report. In Figs. 5(a) and (b), we show the time-integrated
neutrino spectra dNν /dEν of the NK1 andNK2models, respectively, for each neutrino flavor at
an SN core. The average and total energies of the twomodels are listed in Table 1. The neutrino
spectra of theNK1 andNK2models have high-energy tails in comparisonwith themodels with
the KRJ fit. These high-energy components originate from the accretion phase, in which an SN
core is heated due to the accretion of matter in the outer region. Since the average energy of
neutrinos emitted from an SN core is time variant, the time-integrated neutrino spectra of the
NK1 and NK2 models become less pinched. Whereas we assume the same average energy for
each neutrino flavor for the models with the KRJ fit, the average energies of νx (= νμ, ν̄μ, ντ ,
and ν̄τ ), ν̄e, and νe are higher in that order for the models of NK1 and NK2. This is because,
for νx, the neutrino sphere resides deeper inside an SN core and the temperature at the neutrino
sphere is higher. Note that, in this report, we do not consider the effects of neutrino oscillation
because the NC cross section is flavor independent in each of the neutrino and antineutrino
sectors.
We already showed in Fig. 3 the NC cross section of the 12.97-MeV state and the 4.4-MeV

γ -ray production cross section as a function of the neutrino energy and compared it with the
sum of the cross section of the excited states (including 1+) for 16 < Ex < 30 MeV. We denote
this cross section as σ

(i)
NC(Eν ) for Ex = 12.97 MeV (i = 1) or for states in 16 < Ex < 30 MeV

(i = 2). The corresponding γ -ray production cross sections are also denoted as σ
(i)
NC γ

(Eν ) =
σ
(i)
NC(Eν ) · R(i)

γ , where R(i)
γ denotes the γ -ray emission probability and we use R(1)

γ = 0.35 for Ex
= 12.97 MeV and R(2)

γ = 0.30 for 16 < Ex < 30 MeV.
We now calculate the number of NC events containing 4.4-MeV γ rays fromEx = 12.97MeV

excited by neutrinos from SN explosion which can be observed by the Super-Kamiokande. We
give the corresponding number of the NC events containing γ rays from 16 < Ex < 30 MeV
for comparison. We fold the neutrino flux and the NC cross section to evaluate the number of
NC γ events as

N (i)
NC γ

= ntar

∫ Emax
ν

0
dEνF (Eν )σ

(i)
NC γ

(Eν ), (5)

where ntar is the number of targets (16O) in the neutrino detectors.
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Fig. 6. Left: the number of events from 16O(ν, ν ′)16O(12.97 MeV) (dashed lines) and that producing
4.4-MeV γ rays (solid lines) as a function of the average neutrino energy, 〈Eν〉. The three (solid and
dashed) lines correspond to the KRJ parameters with α = 2 (black line), 3 (red line), and 4 (green line),
respectively. The corresponding numbers of the IBD events (×0.1) are also shown in the figure, where the
three lines almost overlap. Right: the corresponding number of events from 16O(ν, ν ′)16O(16 < Ex < 30
MeV) (dashed lines) and that producing γ rays above 5 MeV (solid lines) are shown.
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Fig. 7. Visible energy spectrum of the γ ray (4.4 MeV from 12.97MeV, red closed symbols, and 6.3 MeV
(and 5.3MeV) from 16<Ex < 30MeV, black closed symbols) and the IBD events (black lines), expected
at the SK detector. The number of events (/2 MeV) corresponds to the three cases with α = 3 and 〈Eν〉
= 10 MeV, 12 MeV, and 14 MeV.

The results of Eq. (5) are shown in Fig. 6 with the flux of the KRJ fit as a function of 〈Eν〉 for
various α values. As expected, the number of NC γ events is larger for higher 〈Eν〉. We can see
that the number of NC γ events is sensitive to the α value. Provided that the average neutrino
energy 〈Eν〉 is the same, the spectrum is broader and neutrinos with Eν > 25 MeV are more
abundant for smaller α (see Fig. 4). Thus, the number of events is larger for smaller α. This
trend is common to the production of both the 4.4-MeV γ rays and the γ rays above 5MeV. In
contrast, the number of the IBD events, which is also shown in comparison with NC γ events
in Fig. 6, is rather insensitive to the α values. We again note that the NC neutrino–16O inelastic
cross section increases exponentially as Eν exceeds the threshold energy Ex = 12.97 MeV and
excited states Ex > 16 MeV as shown in Fig. 3. The cross section of IBD reaction increases
rapidly above the threshold energy (1.8 MeV) and moderately above 20 MeV.
In Fig. 7, the number of NC γ events is compared with the IBD event spectrum with an

energy-bin width of 2MeV as a function of the visible energyEvis, where the KRJ fit is adopted
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Table 2.Expected number of neutrino events from a core-collapse SN at 10 kpc to be detected at Super-K
(32 kton) for the models with KRJ fit.

KRJ parameters (α, 〈Eν〉 [MeV]) (3, 10) (3, 12) (3, 14)

p(ν̄e, e+)n 4840 5900 6900

16O(ν, ν
′
)16O(12.97 MeV), Eγ = 4.4 MeV 1.9 5.1 10.7

16O(ν, ν
′
)16O(16 < Ex < 30 MeV), Eγ > 5 MeV [7,49] 3.3 12.5 33.9

Table 3.Expected number of neutrino events from a core-collapse SN at 10 kpc to be detected at Super-K
(32 kton) for the NK1 and NK2 models.

Model NK1 NK1 NK1 NK2 NK2 NK2
Neutrino oscillation No osc. NH IH No osc. NH IH

Previous work [16]
p(ν̄e, e+)n 3199 3534 4242 17525 14879 9255
νe elastic scattering 140 157 156 514 320 351
16O(νe, e−)+16O(ν̄e, e+), Ee > 5 MeV [49] 77 236 237 3831 3607 3448

Present work
16O(ν, ν

′
)16O(12.97 MeV), Eγ = 4.4 MeV 20 20 20 240 240 240

16O(ν, ν
′
)16O(16 < Ex < 30 MeV), Eγ > 5 MeV [7,49] 140 140 140 984 984 984

with α = 3 and 〈Eν〉 = 10, 12, and 14 MeV. Incidentally, the values of the corresponding event
numbers are shown in Table 2. We note again that the numbers of NC γ events are larger as the
α value becomes smaller, or equivalently the higher-energy tail of the SN spectra increases. We
assume that the IBD events can be identified and reconstructed unambiguously by the delayed
coincidence method in the SK-Gd detector and that the ν̄e spectrum can be measured from the
visible energy using the relation Eν̄e = Evis + 1.8 MeV as described in Ref. [24]. On the other
hand, the NC γ events from the 12.97-MeV state produce the visible energy due to a 4.4-MeV
γ ray, regardless of the incident neutrino energy. We also assume that the γ -ray energy can be
reconstructed as the visible energy Evis. We plot the neutrino energy Eν̄e for the IBD events in
Fig. 7. We also show the γ -ray energy originating fromNC γ events of the excited states 16O(16
< Ex < 30 MeV), assuming that the detector can measure the total energy of all γ rays even
in a cascade transition and the number of events is plotted at the visible energy at 6.3 MeV,
representing 5.3 MeV, 6.3 MeV, and other γ rays.
Besides the IBD events, the elastic neutrino–electron scattering and the CC reactions on 16O

produce possible background events for the NC γ events. The numbers of those events were
calculated for the NK1 and NK2 models in Ref. [16]. While they depend on the neutrino mass
hierarchy through the neutrino oscillation, the dependence is insignificant and one can refer
to Ref. [16] for the details. In Table 3, they are compared to the numbers of the NC γ events
calculated in the present work. Whereas the CC reactions provide a larger number of events
than the NC reactions, the visible energy of those events due to a scattered electron/positron
will spread from 0 to 100MeV and the number of events around 4–6MeV in the visible energy
is much smaller than that of the NC γ events (see Figs. 5 and 6 of Ref. [16]).We can also see that
the NK2 model (for black-hole-forming collapse) has a much larger number of NC γ events
than the NK1 model (for ordinary core collapse SN). This is because the neutrino spectrum
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Fig. 8. The number of events per second from 16O(ν, ν ′)16O(12.97 MeV) producing 4.4-MeV γ rays as
a function of time for the NK1 model. The time is measured from the bounce of an SN core. The black
dashed line denotes the contribution from all neutrinos. The black and blue lines denote the contribution
from neutrinos emitted as νe and ν̄e at the source, respectively. The red line denotes the contribution from
neutrinos emitted as νμ, ν̄μ, ντ , and ν̄τ . The black dotted line denotes the IBD events (×0.01), where the
effects of the neutrino oscillation are not considered.

of the NK2 model has not only higher average and larger total energies (Table 1) but also a
longer high-energy tail (Fig. 5) than the NK1 model. Note that, in the case of the black hole
formation, the mass accretion continues longer and more high-energy neutrinos are emitted in
comparison with the NK1 model.
In Fig. 8, the number of events per second in the NK1 model is shown for NC events with

4.4-MeV γ rays. For comparison, the number of the IBD events calculated using the cross sec-
tion fromRef. [52] is also shown, while the effect of the neutrino oscillation was not considered.
We can see that the rate of NC γ events is higher for the accretion phase (�0.3 s in Fig. 8) than
for the cooling phase (�0.3 s). Furthermore, the contribution of neutrinos that were emitted as
νx at the source is large because their average energy is high as already stated (Table 1). There-
fore, the detection of NC γ events is advantageous to probing νx emission in an SN core [5,6].
In addition, since the flux spectra and time variation of emitted neutrinos are different among
models [63,64], the detection of NC γ events would be useful for model discrimination.
The detection of a single 4.4-MeV γ ray in a water Cherenkov detector is a challenge, but

the recent Super-Kamiokande detector reports an analysis of the recoil electron kinetic energy
above a 3.5-MeV threshold [20]. Further, since one knows the start time of the SN neutrino
bursts by the dominant IBD signals, one may be able to detect this 4.4-MeV signal using this
start time, just as the T2K collaboration reported the detection of 6-MeV γ rays from the NC
neutrino–oxygen quasielastic interaction [65] with the Super-Kamiokande detector by knowing
the GPS start time of the signal arrival [66,67].

6. Summary
We have re-examined the published electromagnetic form factors of 12.97-MeV and 12.53-
MeV states of 16O considering the isospin mixing effect and determined both the quenching
factor for the spin g factor and the isospin-mixing parameter β of the two 2− states to be fs =
0.65 ± 0.05 and β = +0.25 ± 0.05, respectively. We then determined the quenching factor for
the axial-vector coupling constant to be fA = 0.68 ± 0.05. It is of fundamental importance to
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nuclear physics to understand the isospin mixing in light nuclei. We note that the first precise
determination of the electroweak matrix elements of the 13-MeV complex was performed by
Donnelly and Walecka [41–43], without the effect of isospin mixing.
Using the above values, we discussed a new NC reaction channel from 16O(12.97 MeV, 2−),

the cross section of which is more robust and even larger at low energy (Eν < 25MeV) than the
NC cross section from O(Ex > 16 MeV, T = 1). The accuracy of our calculation for the new
channel is about 20%. The threshold neutrino energy of this new reaction is as low as 12.97
MeV, which is about the peak neutrino energy of the neutrino spectrum expected for an SN
explosion. The threshold energy of the NC γ events from excited states (Ex > 16MeV) is about
18 MeV. The cross section increases rapidly above the threshold energy as the neutrino energy
increases.
We point out a possible detection of 4.4-MeV γ rays produced in the neutrino NC reaction

16O(ν, ν
′
)16O(12.97 MeV, JP = 2−, T = 1) with a water Cherenkov detector in the SN neutrino

bursts. This reaction from the 12.97-MeV state produces a visible energy of about 4.4 MeV
in the detector, regardless of the incident neutrino energy, while the IBD events and the CC
neutrino–oxygen reaction produce the visible energy of the electron and positron related to the
incident neutrino energy. The 4.4-MeV γ -ray emission probability Br(α1) of 16O(12.97 MeV,
JP = 2−) is still uncertain to 50%, since there are three conflicting measurements which were
performed by the hadronic reaction experiments [33–35].
We also evaluated the expected number of NC γ events in the Super-Kamiokande detec-

tor [12,13] due to the new NC reaction channel for typical models of SN neutrinos. One is the
flux model called the Keil–Raffelt–Janka (KRJ) fit [61,62] with various average energies 〈Eν〉
and various pinching parameters α, where we assume the flux to be flavor independent. We
found that the number of NC γ events from this channel is larger for higher 〈Eν〉. We showed,
as an example, that the number of NC γ events from this channel changes from 1.9 to 10.9
events when 〈Eν〉 changes from 10 MeV to 14 MeV for a fixed value α = 3, while the num-
ber of IBD events changes from 4840 to 6900. As for dependence on α values, we found that
the smaller α is, the larger the number of NC γ events is. This is because neutrinos with Eν >

25 MeV are more abundant for smaller α models with given 〈Eν〉 and E tot
ν .

Another set of the SN neutrino flux spectra (NK1 andNK2) are taken from the SNNeutrino
Database [63]. NK1 is chosen as an ordinary SN neutrino model consistent with SN1987A and
NK2 is a model for a black-hole-forming collapse. We calculated the numbers of NC γ events
from the new reaction channel in Table 3 for NK1 and NK2models [16]. Since the NC reaction
is independent of the neutrino oscillations, the numbers of expected events are the same for
the non-oscillation case and the oscillation cases (NH and IH). We included the number of CC
events in the table for comparison. The number of NC γ events for NK2 (black-hole-forming
case) is much larger than that for NK1, since the neutrino spectrum of the NK2 model has not
only larger total energies but also larger high-energy tails resulting in higher average energies.
We also showed the number of NC γ events from the new reaction channel per second in the
NK1 model and compared it with that of the CC IBD events, while the effect of the neutrino
oscillation was not considered. We find that the rate of NC γ events is higher for the accretion
phase than for the cooling phase. Furthermore, the contribution of νx neutrinos at the source
is large because their average energy is high within this model. It suggests that the detection of
the new channel may be useful to probing νx emission in an SN core and also useful for the
model discrimination.
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We hope that new measurements of the cross section of 16O(e, e
′
)16O(12.53MeV, 12.97MeV,

JP = 2−) and the branching ratios of 16O(12.53 MeV, 12.97 MeV, 2−) decaying to p and α

channels will be performed in the near future at the low-energy electron accelerators (Ee =
30-80 MeV) at S-DALINAC [68], at the MESA accelerator [69], or at the Research Center
for Electron-Photon Science (Tohoku University) [70,71], so that the isospin mixing of the
two 2− states can be measured accurately and the prediction of the NC neutrino–oxygen cross
sections for the 12.97-MeV state and the subsequent 4.4-MeV γ -ray production can be accurate
to a level of 10% or less.
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Appendix A. Shell model calculations of 16O(e, e
′
) cross section, 16O(ν, ν

′
) cross section,

the muon capture on 16O and the β−-decay from 16N to 16O
The calculations of the cross section of the electron–16O scattering, the rate of the muon cap-
ture on 16O and the β− decay from the ground state (2−, T= 1) of 16N to the ground state (0+)
of 16O, and the cross section of the NC neutrino–16O reaction are based on the shell-model
Hamiltonian, called SFO-tls [44,45]. This shell model improved the p–sd cross-shell part of
the shell model, called the SFO shell model [47], which was shown to reproduce the neutrino–
12C charged-current reaction cross sections measured by the KARMEN and LSND experi-
ments [72–76]. Thus, this SFO-tls model works better for the spin-dipole interactions between
the p–sd cross shell which is important in neutrino–16O reactions, than the SFO model, while
keeping the good features of the Gamov–Teller interactions.
Although the T = 1 states of 16O are well described by the SFO-tls shell model, the T = 0

states of 16O, such as the energy levels, are shown to be better described by another shell model,
the YSOX model [46]. We thus use the shell model calculation of SFO-tls for the T= 1 part of
theHamiltonian and that of YSOX for theT= 0 part of theHamiltonian. TheYSOXHamilto-
nian [46] constructed in the p–sd shell developed from a monopole-based universal interaction
(VMU) [77]. Its p–sd cross-shell part has the same tensor and two-body spin-orbit components
of meson exchanges as the SFO-tls, while the central components have been tuned based on
those of VMU. The YSOX can reproduce well the ground-state energies, energy levels, electric
quadrupole properties, and spin properties of boron, carbon, nitrogen and oxygen isotopes. The
monopole terms of the YSOX and SFO-tls are rather close to each other in the T= 1 channel,
but there are noticeable differences between them in the T= 0 channel. The monopole terms of
the YSOX in the T = 0 channel are generally close to those of the WBP and WBT [78], which
are phenomenologically good Hamiltonians. Thus, the spectroscopic properties in the T = 0
channel are expected to be generally favored for the YSOX compared with the SFO-tls. All the
formulas used in this paper are described here. Since we focus on the isospin mixing between
the two states (12.53MeV and 12.97MeV) with isospin T= 0 and 1, we show the isospin struc-
ture of the hadronic currents explicitly, which consist of the electromagnetic current (J (γ )

μ ), the
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neutrino charged current (JCCμ ) and the neutral current (JNC
μ ). They are written as,

Jγ
μ = Jγ (V )

μ + Jγ (S)
μ ,

JCCμ = V±1
μ + A±1

μ ,

JNC
μ = V 3

μ + A3
μ + AS

μ − 2 sin2 θWJγ
μ , (A1)

where V and S denote the isovector (T = 1) and isoscalar (T = 0) component, respectively,V i
μ

and Ai
μ (i = 1–3) denote an isovector component of the weak vector and weak axial-vector

current, respectively, V±1
μ = V 1

μ ± iV 2
μ and A±1

μ = A1
μ ± iA2

μ. A
S
μ denotes an isoscalar compo-

nent of the weak axial current. θW is the weak mixing angle. The CVC hypothesis requires
Jγ (V )

μ = V 3
μ and the axial-vector coupling constant gA = −1.267 is used. The isoscalar compo-

nent of the weak vector current VS
μ was reported to be less than a few percent [79,80] and is

neglected. The isoscalar component of the weak axial-vector current AS
μ originates from the

strange quark contribution and the first moment of the strange quark spin is set to �s= −0.08
± 0.02 [81,82]. This isoscalar component contributes to the NC cross section through A3

μ + AS
μ

of Eq. (A1) and the neutrino cross section is larger by about 3% than the antineutrino for the
12.97-MeV state.
We define kinematic variables of the reaction as follows: kμ = (E,�k) and k

′μ= (E ′,�k′) are the
incident and scattered neutrino (or electron) four vectors, respectively, and qμ = kμ − k

′μ = (ω,
�q) = (E − E ′,�k− �k′) is a four momentum-transfer vector. We define q ≡ |�q| and q2μ ≡ q2 − ω2

= 2EE
′
(1 − cos θ ), where θ is the neutrino (or electron) scattering angle with respect to the

incident particle direction and the electron mass is ignored.We note that q2 = ω2 + |q2μ| ≥ |q2μ|.
In our application, Ji is the ground state (g.s.) of the 16O nucleus and and Jf is either 0−, 1−,
2−, or 1+.
We start with the NC(neutral-current) 16O(ν, ν

′
) reaction. The cross sections induced by ν or

ν̄ are written in terms of the multipole operators [42,43,83] as,(
dσ

d�

)
ν

ν̄′

= 2G2
FE

2
ν ′

π

1
2Ji + 1

cos2
θ

2

{ ∞∑
J=0

∣∣〈Jf ‖ MJ (q) − ω

q
LJ (q) ‖ Ji〉

∣∣2

+
[

|q2μ|
2q2

+ tan2
θ

2

]
·
[ ∞∑
J=1

(∣∣〈Jf ‖ T el
J (q) ‖ Ji〉

∣∣2 + ∣∣〈Jf ‖ T mag
J (q) ‖ Ji〉

∣∣2)]

× ∓ tan
θ

2

√
|q2μ|
q2

+ tan2
θ

2
·

×
[ ∞∑
J=1

2Re〈Jf ‖ T mag
J (q) ‖ Ji〉〈Jf ‖ T el

J (q) ‖ Ji〉∗
]}

, (A2)

where GF is the Fermi constant, MJ (q), LJ (q), T el
J (q), and T mag

J (q) are the Coulomb, longitu-
dinal, transverse electric, and transverse magnetic multipole operators for the weak hadronic
currents, respectively, and the transition matrix elements for these multipole operators are eval-
uated at the momentum transfer q. The minus (plus) sign (∓) corresponds to the neutrino (an-
tineutrino) case. The multipole operators are defined by the sum of the vector and axial-vector
current operators for the neutral-current reactions,

MJ (q) = MJ (q) +M5
J (q), LJ (q) = LJ (q) + L5

J (q),

T el
J (q) = T el

J (q) + T el,5
J (q), and T mag

J (q) = Tmag
J (q) + Tmag,5

J (q), (A3)
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where the first term is due to the vector current and the second term with the index 5 is due
to the axial-vector current. The concrete forms of the multipole operators and the transition
matrix elements can be found in Refs. [43,51,83].
The rate of the muon capture from the atomic 1s orbit of 16O is calculated as,

ωμ = 2G2
F cos

2 θC

1 + ν/MT
|φ1s|2 1

2Ji + 1

·
{ ∞∑
J=0

∣∣〈Jf ‖ MJ (q) − LJ (q) ‖ Ji〉
∣∣2 +

∞∑
J=1

∣∣〈Jf ‖ T el
J (q) − T mag

J (q) ‖ Ji〉
∣∣2}. (A4)

The multipole operators are evaluated at the momentum transfer q = |�q| = |�ν − �k|, which is 95
MeV/c.
The differential β− decay rate dΛβ− to yield an electron with energy ε in the solid angle d�k

and a neutrino in the solid angle d�ν is written as [43,83],

dΛβ− = G2
F cos

2 θC

2π2
kε(W0 − ε)2dε

dΩk

4π
dΩν

4π
4π

2Ji + 1

{ ∞∑
J=0

∣∣〈Jf ‖ MJ (q) − LJ (q) ‖ Ji〉
∣∣2

+
[ ∞∑
J=1

∣∣〈Jf ‖ T mag
J (q) + T el

J (q) ‖ Ji〉
∣∣2]}

, (A5)

where θC is the Cabibbo angle andW0 is the maximum value of ε. The multipole operators are
evaluated at the momentum transfer q = |�q| = |�k+ �ν| (0 ≤ q ≤10.4 MeV/c).
We now describe the electromagnetic (e, e

′
) reaction. When the electron is scattered by the

nucleus with the momentum transfer q from the ground state (Ji = 0+) to the excited states (JP),
the differential (e, e

′
) cross section ( dσ

dΩ
)(e,e′ ) and the form factors are written in the following

form [42,84–86]4, (
dσ

dΩ

)
e,e′

= 4πσMottF 2(q)/Rrecoil, (A6)

σMott =
[

α cos θ
2

2E sin2 θ
2

]2

, (A7)

F 2(q) =
(

|q2μ|
q2

)2

F 2
L (q) +

(
|q2μ|
2q2

+ tan2
θ

2

)
F 2
T (q), (A8)

F 2
L (q) = 1

2Ji + 1

∞∑
J=0

∣∣〈J ‖ M̃J (q) ‖ Ji〉
∣∣2, (A9)

F 2
T (q) = 1

2Ji + 1

∞∑
J=1

{∣∣〈J ‖ T̃ el
J (q) ‖ Ji〉

∣∣2 + ∣∣〈J ‖ T̃mag
J (q) ‖ Ji〉

∣∣2}, (A10)

Rrecoil = 1 +
(
2E sin2

θ

2

)
/MT, (A11)

where σMott is the Mott cross section, F2(q) is the nuclear form factor, F 2
L (q) and F 2

T (q) are
the longitudinal and transverse form factors, respectively, M̃J (q), T̃ el

J (q), and T̃mag
J (q) are the

Coulomb, electric, and magnetic multipole (J) operators for the hadronic current induced by
the electromagnetic interaction, respectively, and MT is the mass of the target nucleus, and

4We write the definition of the form factors as in Ref. [40,41], which is different from others [31,38] by
a factor 4π /Z2. Special care should be taken when the data are plotted in the same figure.
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Rrecoil is the recoil correction. We assign tilde (˜) on the electromagnetic multipole operators
and they have both isovector and isoscalar components. The CVC requires that the isovector
component of M̃J (q), T̃ el

J (q), and T̃mag
J (q) is equal toMJ(q), T el

J (q), and Tmag
J (q), respectively.

The sum over Jmay be just one dominant multipole (J) or it is taken over some multipoles (J)
being excited during the interaction. In our case, Ji = 0+

g.s. and Jf is either 0
−, 1−, 2−, or 3−.

We use the reduced transition probability B(M2, q) to discuss the isospin mixing parameter
in the present paper. The quantity B(EJ, q) or B(MJ, q) is sometimes used instead of the form
factors, since it is directly related to the electric or magnetic multipole moment [51,85,87] which
is measured experimentally. The reduced magnetic transition probability B(MJ, q) is related to
the magnetic form factors F 2

T (MJ, q) as [85,86],

B(MJ, q) = J[(2J + 1)!!]2

J + 1
q−2JF 2

T (MJ, q). (A12)

Stroetzelmeasured
√
B(M2, q) [31], while othersmeasuredF 2

T (M2, q) [38,40].We converted the
values of F 2

T (M2, q) of Kim et al. [38] to
√
B(M2, q) using the above equation. No Coulomb

corrections were applied, which may be significant at low incident energy, <50 MeV [86].

Appendix B. The quenching factor fs = geffs /gs of the spin g factor gs and the quenching
factor fA = geffA /gA of the weak axial-vector coupling constant gA
Donnelly and Walecka of Refs. [41–43] analyzed the data of 16O(e, e

′
)16O(Ex = 12–20 MeV)

scattering and semileptonic weak interactions (muon capture and β decay) and obtained the
reduction factors (a/ξ = 0.6-0.7) to the transition amplitudes of their model to calculate the
neutrino–16O cross sections at Ex = 13–19 MeV precisely with an accuracy of 15–20%. This
reduction in transition amplitudes of a calculation model (or in the coupling constant) is some-
times called a quenching factor. At the time of this analysis, the isospin mixing of the two 2−

states at 12.53 MeV and 12.97 MeV was not known and was not considered. We follow this
analysis and determine the correction factors (quenching factors) of both the axial-vector cou-
pling constant and the electromagnetic spin g factor by considering the isospin mixing effect in
(e, e

′
) data and using newer data of the muon capture and β decay.

First, we determine the quenching factor fs = geffs /gs of the spin g factor gs for the magnetic
form factors for the excited states of 16O atEx = 12–13MeV in order to get a reliable calculation
of the (e, e

′
) cross section. The evaluation of the quenching factor fs must be performed for

16O(Ex = 12–13 MeV, T = 1) using the (e, e
′
) cross section. Thus, we use the data of 16O(Ex =

13.09MeV, 13.25MeV, T= 1), but we do not use those of 16O(12.97MeV and 12.53MeV, 2−),
since the electromagnetic interaction mixes the isovector (T = 1) and isoscalar (T = 0) states
according to Eq. (A1) and the data may have been affected by a possible isospin mixing effect.

Fig. B1 shows the data (squares, trianglesm and circles) and the predictions (lines) of the
transverse form factor F 2

T (q) of the (e, e
′
) cross section near 13 MeV [31,38,40]. We find that a

quenching factor fs = 0.65 ± 0.05 reproduces the data for the 13.09-MeV (1−) and 13.25-MeV
(3−) states well.We do not show the older data of Ref. [39], since their statistics are very low and
their data are inconsistent with those shown in the figure. We note that we use data of F 2

T (q) for
only q >1.5 fm−1 in this evaluation to exclude a possible isospin mixing effect of 12.97 MeV
and 12.53 MeV. Thus, we use fs = 0.65 to evaluate the isospin mixing between the 12.53-MeV
and 12.97-MeV states in Sect. 3.
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16O 
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2- 3-
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Figure B1. Transverse form factor F 2
T (q) of the inelastic electron scattering as a function of the momen-

tum transfer q (fm−1) for the multipoles near 13 MeV including the 12.97-MeV (2−), 13.09-MeV (1−),
and 13.26-MeV (3−) states. Data are taken from Stroetzel (red squares, Ref. [31]), Kim (blue triangles,
Ref. [38]) and Sick (black circles, Ref. [40]). The predictions of theM2, E1, andM3 form factors with fs =
geffs /gs = 1.0 are shown by red dashed, blue long-short dashedm and green dash-dotted lines, respectively.
The black solid line denotes the prediction of the sum of the M2, E1, and M3 form factors with fs =
0.65. The M3 form factors with fs = 0.65 and 0.60 are shown by green dashed and dashed-two-dotted
lines, respectively. In this figure, no isospin mixing is assumed (β = 0).

Table B1.Rate of the partial muon capture (μ−, νμ) from the 1s orbit on 16O(g.s., 0+) to the bound states
(2−(g.s.), 0−, 3−, 1−, T = 1) of 16N and the total muon capture rate from 16O to 16N(g.s., 2−), in units
of 103 1/s. The β−-decay rate from the ground state of 16N to 16O(g.s.) is also shown. The energy Ex is
given with respect to the ground state (2−) of 16N.

Weak process States of 16N Experimental Model prediction [44]
Ex MeV(JP) Data [Ref.] (with fA = geffA /gA)

μ capture (103/s) 0 MeV(2−) 6.3 ± 0.7 [89,90] 7.2
7.9 ± 0.8 [91] (fA = 0.63 ± 0.03)
8.0 ± 1.2 [92]

0.120 MeV(0−) 1.1 ± 0.2 [89,90] 1.33
1.56 ± 0.18 [92] (fA = 0.62 ± 0.02)

0.298 MeV(3−) <0.09 [92] fA < 0.60
0.397 MeV(1−) 1.73 ± 0.10 [89,90] 1.52

1.31 ± 0.11 [92] (fA = 0.62 ± 0.03)
Sum(2−+1−+0−) 9.15 ± 0.70 [89,90] 10.1 ± 0.5

10.9 ± 0.7 [91] (fA = 0.62 ± 0.02)
10.87 ± 1.22 [92]

Ex >5 MeV 102.6 ± 0.6 [88] 112.0
(0.98 ± 0.03) × 102 [93] (fA = 0.95)

16N β− decay rate
�β− (× 10−3/s) 2− → 0+ 27.2 ± 0.4 [94–97] 27.2 (fA = 0.73 ± 0.01)

Next, we also determine the quenching factor fA = geffA /gA of the weak axial-vector coupling
constant gA in order to calculate the 16O(ν, ν

′
) cross section for the 12.97-MeV state precisely.

In this calculation, we use a quenching factor fs = 0.65 for the spin g factor in the magnetic
form factors.
The SFO-tls model was found to reproduce the experimental data of the muon capture on

16O [88] within 10%, with a quenching factor fA = geffA /gA = 0.95 [44]. However, the total muon
capture rate wasmainly determined by the contribution of the giant resonances atEx >16MeV,
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since themomentum transfer q=Eν is about 95MeV/c. The evaluation of the quenching factor
fA must be carried out for 16O(12.97 MeV, 2−, T = 1). This time, the CC reactions such as the
rate of the muon capture on 16O(g.s.) to 16N [89–93] and the β− decay from the ground state
(2−, T = 1) of 16N to the ground state (0+) of 16O [94–96] can be used, since the CC reactions
are induced only by the isovector (T = 1) weak vector and the axial-vector current JCCμ , and
the isoscalar (T = 0) component is zero. The ground state of 16N(0 MeV, 2−, T = 1, T3 = −1)
is the isobaric analog state of the excited state 16O(12.97 MeV, 2−, T = 1, T3 = 0) and the
spatial part of their wave functions is common. The comparison of the experimental data with
the shell model using various fA is given in Table B1 and we find that while fA = 0.62 ± 0.03
reproduces the data of the muon capture rate, fA = 0.73 ± 0.02 reproduces the β− decay rate
reasonably well. We note that the transition amplitudes for the muon capture are evaluated at
q= 95 MeV/c and that those for the β− decay rate are evaluated at 0 < q<10 MeV/c. Taking a
simple mean and the variation of the two values, we use fA = 0.68 ± 0.05 in the calculation of
the neutrino–16O(12.97 MeV, 2−) cross sections. When we calculate the neutrino–16O(Ex >16
MeV) cross sections, we use fA = 0.95 as in Table B1 and Ref. [44].
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