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Precise measurement of the survival probability P,, of solar electron neutrino (v,) as a function of its
energy [P,.(E,.)] is one of the key issues in neutrino physics. Current P,, data, due to their limited
accuracy, still allow for nonstandard interactions (NSIs) to be alternatives to the standard one, which is
based on the MSW-LMA prediction. In order to determine P,, values at several values of E,, with higher
accuracy, we propose to use several target nuclei with different threshold energies for v, detection. We
examined charged-current (CC) responses of various nuclei seeking the ones: (a) having large and
concentrated Gamow-Teller (GT) transition strength in the low excitation-energy region, and (b) having
appropriate and a variety of reaction Q values, i.e., 1 to 17 MeV, in the (v,, e”) reaction. As a result, we
found that systematic solar v, measurements with target nuclei °Li, 'Li, 12C, 80, '°F, and **Ca can put
strong constraints on the P,,(E,,) curve and thus on these NSI models. In addition, we notice that three of
these nuclei, °Li, "Li, and '>C, have large and concentrated neutral-current (NC) responses with detection
threshold-energies of 3.56, 0.48, and 15.11 MeV, respectively. Note that the NC measurement is flavor

independent. Thus, the measured results should represent the original strength of v, from the Sun.
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I. INTRODUCTION

Since the experimental finding of the continuous /3 decay
spectra observed about a century ago and its solution by
Pauli in 1930 [1] proposing a new lepton nowadays called
neutrino that shares energy with the emitted electron, the
physics on neutrino has expanded enormously. Shortly
after, energy production via fusion reactions in stars has
been proposed by von Weizsdicker and Bethe [2-5].
Pontecorvo followed the neutrino hypothesis of Pauli
and suggested that neutrino (i.e., the electron neutrino
v,) can also be produced in the Sun. In addition, for the
detection of v,, he even proposed to use the reaction of v,
on the target nucleus *’Cl into 3’Ar [6]. Many years later,
this led into the Homestake chlorine experiment which
successfully measured solar v, for the first time [7,8].
Important finding of this experiment is that they observed a
reduced number of v,s than expected from the standard
solar modeling.

Improved radiochemical experiments have been per-
formed based on the v, reaction on the target nucleus
"1Ga into 7'Ge. Owing to the small reaction Q value of
0.23 MeV, even the low-energy pp-v,, which is dominant,
could be detected. Measurements were performed by the

ffujita@rcnp.osaka—u.ac.jp
"kai.zuber @tu-dresden.de

2470-0010/2021,/104(1)/013004(8)

013004-1

GALLEX [9,10], GNO [11], and SAGE [12] experiments
and again they all confirmed a deficit of the v, flux. In
addition, the Kamiokande experiment and its upgrades,
measuring higher energy ®B-v,, also confirmed the defi-
cit [13].

In the SNO experiment, target nucleus deuteron has been
used, which allowed a simultaneous neutral-current (NC)
and charged-current (CC) measurement [14]. In the CC
measurement, they also found the deficit of the v, flux. On
the other hand, in the NC measurement, which is flavour
blind and all kinds of neutrinos contribute, the total number
of detected neutrinos was in agreement with the total
number of solar v,s expected from the standard solar
modeling. This finding was a strong evidence that a
neutrino can change its flavor.

Further measurements have been made by Borexino.
This solar neutrino detector is based on an ultrapure liquid
scintillator. They could observe almost all kinds of v,s
produced in the pp-chain (except the v, from the hep
reaction) by using v,—e~ elastic scattering [15]. On the
basis of their observation, values of v, survival probability
P,,, i.e., the probability of v,s produced in the Sun still
being detected as v,s on the Earth, were derived at four
values of v, energy (E,,) [15-17] (see Fig. 1). Although the
uncertainties are rather large, we see that the values of P,,
are more or less constant in the low E,, region and they
become smaller at higher E,, region. The constant but
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FIG. 1. Theoretical predictions and experimental data for the v,

survival probability P,, as a function of its energy E,, (original
figure: from [20]). Theoretical prediction from the MSW-LMA
solution is shown by the pink band, where uncertainties of
oscillation parameters are included. Also shown are the MSW-
LMA + nonstandard interaction (NSI) solutions for
¢ =—0.5,40.5, and +1.0. Four experimental P,, values from
the latest Borexino analysis under the HZ-SSM assumption are
plotted for pp-v,, Be-v,, pep-v,, and also Bz, [15]. In addition
to these, a P,, value for 'Be-v, is available from KamLAND-Zen
measurement [21], and values for ®B-v, are available from Super-
Kamiokande [13] and SNO [22]. For the six candidates of target
nuclei to be discussed in this paper, the threshold energies for v,
detection, i.e., the Qgc values, are indicated.

reduced values of P,, ~ 0.55 in the E,, < 1 MeV region
can be qualitatively explained by the effects of vacuum
oscillation. On the other hand, the smaller P,, values at
higher energies (>1 MeV) shows that the Mikheyev-
Smirnov-Wolfenstein (MSW) effect, i.e., the matter effect
inside the Sun [18,19], should also be taken into account.

The measured data points can constrain the shape of the
theoretical P,,(E,,) curve; we see in Fig. 1 that they are, to
some extent, consistent with the P,,(E,,) curve derived by
the MSW-LMA (large mixing angle) solution [20].
However, given the large experimental uncertainty, there
still remains some room for beyond Standard Model (BSM)
physics, like the one assuming nonstandard interaction
(NSI) (see, e.g., Ref. [23] and references in [20]).

Seeking a better accuracy in the P,,(E,,) measurement,
here we propose to use several target nuclei with different
v,-detection threshold energies. In addition, we request
each target nucleus to have compact and strong v, -detection
response in the low excitation-energy (E,) region. As will
be discussed in detail in Sec. IV, we find, in total, six
candidates of target nuclei having these properties by
investigating the whole nuclear chart. Their Q values cover
the full v, energy range of our interest, i.e., from 0.9 MeV
up to 17 MeV.

Note that the very light particle v, can induce mainly the
angular-momentum-transfer AL = 0 components of the
CC-induced transition. In nuclear physics, the correspond-
ing transitions are well defined; they are the Gamow-Teller

(GT) and Fermi transitions. Therefore, we discuss the v,
response-function of each target nucleus quantitatively in
terms of the distributions of B(GT) and B(F) strengths, i.c.,
the reduced GT and Fermi transition strengths.

II. NUCLEAR PHYSICS BACKGROUND

A. Solar neutrino induced reaction and f-decay

Solar electron neutrinos (solar v,s) can be detected by
using CC-induced reactions, i.e., the charge-exchange
reactions (CE reactions) on target nuclei 4[Z] . The reaction
is expressed by

Nzl (e e)MZ 4 1y (1)

where A is the mass number, Z the proton number, N the
neutron number, and A = Z + N. [Z] and [Z + 1] are the
elements with proton numbers Z and Z + 1, respectively.
The active interaction here is the weak interaction. The Q
value in the v, -induced CE reaction is the " -decay Qgc
value of the final nucleus 4[Z + 1]y_,. Therefore, only
those v,s having energies E,, > Qgc are detected by a
target nucleus.

In the reaction shown by Eq. (1), v,s make mostly Fermi
and GT transitions with target nuclei. These transitions are
caused by the simple isospin (z) and spin-isospin (o7)
operators, respectively [24,25]. They are called the
“allowed transitions” in f# decays due to their AL =0
nature.

The z-operator can change a neutron in a nucleus into a
proton and vice versa. Thus, its contribution is essential in /3
decays and also in the v, -induced CE reactions. It is noted
that 7-operator cannot change the spacial nor spin structures
in nuclei. As a result, the total reduced Fermi transition
strength, i.e., B(F) = N — Z, concentrates, in principle, in
the transition to the isobaric analog state (IAS). Note that
the value of B(F) shows the sensitivity for detecting v, by
means of Fermi transition.

In GT transitions caused by the oz-operator, change in
spin structure is additionally allowed. Therefore, the
available total sum of the GT strengths, given by the
Ikeda GT sum-rule (GT-SR) [26]

SB(GT") — ZB(GT+) = 3(N - Z). (2)

can be distributed into a number of GT-excited states (GT
states) in the final nuclei, where B(GT*) are the reduced
GT transition strengths in the * directions, respectively.
Note that the value of B(GT) shows the sensitivity for
detecting v, by means of GT transition.

B. Gamow-Teller responses in nuclei

Since the 1980s, it was gradually recognized that GT and
also Fermi transitions can be studied by means of hadronic
CE reactions [25]. Note that f decays can study GT
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transitions only inside the f-decay Q windows, but they can
give absolute values of B(GT). On the other hand, hadronic
CE reactions can study GT transitions to higher E| region,
but only relative values of B(GT) can be studied. Thus, /8
decay and hadronic CE reaction are complementary [25].

It was found that hadronic CE reactions, such as (p, n) or
(*He, f) reactions (here ¢ stands for triton, i.e., “H),
performed at intermediate incoming energies of E; >
100 MeV /nucleon selectively excite GT transitions with
AL = 0 at the scattering angle ® ~ 0° [25,27]. Note that
under these conditions, the reaction mechanism is simple.
As a result, although there are some exceptions, a close
proportionality between the cross sections at ® = 0° and
the B(GT) values

o(0°) = 6°7(0°) B(GT). (3)

has been empirically established [25,27-32]. Here, 6T (0°)
is the unit GT cross section at ® = 0°. Note that AL =0
transitions are most prominent at ® = (°.

Here, the (°*He, f) reaction on a target nucleus “4[Z] can
be written as

AZ]yCHe, )AZ 4 1]y, 4)

and we see a similarity with Eq. (1), although this reaction
is caused by the hadronic strong interaction.

As discussed, GT transition strength can be distributed in
a number of states. In addition, the distributions are largely
dependent on the structures of individual nuclei and some
of them are extreme [25,28,33]. In order to deduce the
nuclear response caused by the (v,, e”) CE reaction, let us
discuss the GT response in the f~-direction that can be
studied by the (p, n)-type (*He, 1) reaction. Note that in this
reaction, approximately one-order-of-magnitude better
energy resolution can be achieved compared to the tradi-
tionally used (p, n) reaction [25]. As a result, even weak
GT transitions are well studied.

One of the extreme structures of GT excitations, but well
studied in (p, n)-type CE reactions since the 1980s, is the GT
resonance (GTR) [28,34]. GTR structures are commonly
observed in higher E, regions (E, = 5-15 MeV) of neutron-
excess (N > Z) nuclei. They carry a large part of the GT
strength allowed by the GT-SR value [see Eq. (2)] and show
resonancelike structures. In the {7Cl,,(*He, 1)3;Ar, reac-
tion, a GTR with a bumplike structure has been observed as
fragmented states in the E, ~ 8 MeV region of *’Ar [35] [see
Fig. 2(a)]. As a result, only a small portion of GT strength
remains for the states in the £, <5 MeV region.

On the other hand, there are several extreme cases in
which most of the observed GT strength is concentrated in
one or two low-E, states. Typical examples are the low-
energy super GT (LeSGT) states [33,36-38]. The LeSGT
state is the lowest GT state in the final nucleus and carries a
large part of the GT-SR strength. In the }*0,,(*He, 1)1%F,

=
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FIG. 2. Spectra of (a) 3'CI(He,?)*’Ar [35] and
(b) 'BO(*He, 1)'®F [36] CE reactions measured at ® = 0° with
an energy resolution of ~30 keV. The origins of the E, axes are
shifted by the amount of g.s.—g.s. Qgc values, i.e., 0.81 and
1.66 MeV for the 37Ar and '8F nuclei, respectively. As a result, the
minimum energy of v, needed to excite each state, i.e., the Qgc
value, can be seen directly. The B(GT) value derived by using
Eq. (3) is given for each GT state. In the 3’Ar spectrum [(a)], the
vertical scale is expanded [in terms of B(GT)] by a factor of 2.5
compared to that of (b). In the 180 — '3F transition [(b)], the GT
strength is much concentrated in the J* = 1] g.s., i.e., the LeSGT
state [36]. The IAS at 1.04 MeV is excited with
BF)=N-Z=2.

CE reaction, a LeSGT state has been observed as a
pronounced and sharp ground state (g.s.) in 'F [36]. It
carries a very large B(GT) value of 3.08 [see Fig. 2(b)].
Note that this value is two orders-of-magnitude larger than
the B(GT) value of 0.03 in the *'Clg.s. — 3’Arg.s. GT
transition [35].

I1I. FOR THE ACCURATE STUDY OF P,,(E,,)

Seeking a better accuracy in the study of P,,(E,.), we
start with a short review of the representative v,-detection
projects from a viewpoint of GT responses of target nuclei
used in them.

In the Homestake experiment [7], v,s were detected by
the 37Cly(v,, e7)34Ar o CE reaction taking the advantage
of small Qg value of 0.81 MeV. As we have seen, the CC
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response of *'Cl for v, can be examined by the
YICI(*He, 1)*’Ar reaction at ® = 0° [Fig. 2(a)]. With the
exception of the 4.98 MeV state, which is known to be
the IAS of 3'Cl g.s. carrying the total Fermi transition
strength of B(F) = N —Z = 3 and a weak GT transition
strength of B(GT) = 0.06 [35], other states carrying the GT
strength are fragmented and weak in 3’Ar [35]. In particu-
lar, all GT states up to E, =5 MeV have small B(GT)
values of < 0.1. For example, the g.s. carries a very small
B(GT) of 0.03. Therefore, we see that the detection
efficiency of *’Cl-based v, detectors should be low for
low-energy v,s. In addition, the GT response of *’Cl for v,
in total is very complicated as a function of E,,. Therefore,
with the data from a ¥’Cl-based v, detector, it seems it is
almost impossible to decompose the obtained energy
spectra into the number of v, as a function of E,,.

In the projects GALLEX [9,10], GNO [11], and SAGE
[12], one of the middle heavy nuclei 7'Ga was used as the
target nucleus of their v, detectors. Owing to the very small
reaction Qg value of 0.23 MeV of the 11 Gayg(v,, e7)}1Gesg
CE reaction, even the main part of the p p-v, was detected.
However, as we can see from the "'Ga(*He, 7)"'Ge spectrum
givenin Ref. [39], the GT strength distribution in 'Ge is even
more fragmented than in ’Ar. In addition, the GT strength is
moved up more in the GTR region. Therefore, we also see
that "'Ga-based v, detectors are not appropriate for the
purpose of deriving the P,.(E,,) curve.

In the Borexino measurement, v,—e~ elastic scattering is
used. Therefore, the response of their detector as a function
of E,, is more or less linear. As discussed, using this simple
response, they could derive the P,, values for v, s emitted in
the pp-, ‘Be-, pep-, and ®B-processes [20]. However, it
seems that the derivation of P,, values is still not easy; the
contributions of all of the v,-producing processes having
their own v, intensity distributions (see Fig. 3) should be
taken into account in a single overall analysis. As we see in
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FIG. 3. The flux of solar v,s from various fusion processes as a
function of E,,. The Qg values of candidates for target nuclei are
indicated.

Fig. 1, the P,, values derived at four E,, values are
associated with relatively large uncertainties.

On the basis of the discussions given above, we now
propose to use several target nuclei having following
properties for the P, (E,,) study:

(a) target nuclei should have compact response functions;
strengths of GT (and also Fermi) transitions should be
concentrated in a single or at most a few excited states
in the low-E, region,

(b) they should have appropriate Qgc values in the range
of ~1-17 MeV to study P,, at different E,,.

IV. NUCLEI HAVING CONCENTRATED GT AND
FERMI TRANSITION STRENGTHS

We discuss here the properties of GT and also Fermi
transitions for the six candidates of target nuclei. They are,
in the order of increasing Qgc value, 1Liy, 04, §°F)o,
8Li3, 55Cayy, and }’Cg. Note that each of them can detect the
v,s with energies higher than its Qgc value. These nuclei, in
total, cover the Qgc range from 0.9 up to 17 MeV. From
Fig. 3, we can identify which fusion processes in the Sun
can be studied by each target nucleus.

For the discussions given below, the nuclear structure
data compiled in Refs. [40,41] are used.

A. GT and Fermi response of JLi,

The g.s.—g.s. transition of JLi4(z,, ¢~)]Be; CE reaction
has a small Qgc value of 0.86 MeV, as we see in Fig. 4.
Nuclei 'Li and "Be are the T, = +1/2 mirror nuclei, where
T, is the z component of isospin 7" and defined by T, =
(N —Z)/2 (in the definition of nuclear physics). In mirror
nuclei, proton number Z and neutron number N are
reversed. Therefore, as for the strong interaction is con-
cerned, they are the same nuclei, and thus, their nuclear
structures should be identical. The action of the electro-
magnetic (EM) interaction (Coulomb force), however, is

(Vese)
Qpc=1.29

B(GT)=1.19
B(F)=1.0

FIG. 4. Energy-level diagram and GT and Fermi transitions in
A =7 nuclei. Properties of excitations caused by the
Li(v,, e~)"Be CE reaction are indicated in red. Decay properties
of the states in ’Be are shown in blue. The strength
[B(GT) = 1.06] in the square brackets given for the GT transition
from the "Li g.s. to the "Be 0.43 MeV state is borrowed from that
of the mirror (isospin analogous) GT transition studied in the p*
decay of the "Be g.s. to the "Li 0.48 MeV state.
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different and thus symmetry of their structures can be
broken to some extent.

The experimentally obtained ’Li(p,n)’Be spectrum
measured at the scattering angle ® = 0° and at an inter-
mediate incoming energy of E, = 160 MeV [42] shows
that only two states are excited, i.e., the g.s. and the
0.43 MeV state of ’Be. Angular distribution analysis
showed that both of them are excited by AL =0 tran-
sitions, indicating that these states are excited by Fermi
and/or GT transitions.

Since “Li and "Be are mirror nuclei, the Fermi transition
strength of B(F) = N — Z = 1 should be concentrated in
the g.s.—g.s. transition. The contribution of the GT tran-
sition in this g.s.—g.s. transition can be derived by analyzing
the *-decay data of Be into 7Li. The obtained B(GT) =
1.19 is large.

In the "Li(v,, e~)'Be CE reaction, the 0.43 MeV state is
purely excited by the GT transition. A large B(GT) value of
1.06 is estimated assuming the isospin symmetry of
analogous GT transitions between the T, = 41/2 mirror
nuclei (see the caption of Fig. 4). By detecting the
0.43 MeV vy ray, the GT excitation of the 0.43 MeV, J* =
1/2" state in 'Be with a Qpc = 1.29 MeV is identified. The
Bt decay of the 'Be g.s. can be studied by detecting the
0.51 MeV annihilation y.

The target nucleus ’Li is attractive, because it is also
sensitive to NC excitation. In the 7, = £1/2 mirror nuclei
’Li and "Be, the 0.48 MeV state in "Li is the analogous state
of the 0.43 MeV state in Be, where we know that the latter
is excited with a large B(GT) value of 1.06 from the g.s. of
Li. Therefore, the 0.48 MeV state in 'Li should also be
strongly excited by neutrinos with all flavors by means
of the spin-M1 excitation (inelastic scattering) caused, like
the GT transition, by the o7 operator [25]. The excitation of
the 7Li, 0.48 MeV state is identified by the study of the
0.48 MeV vy ray.

B. GT and Fermi response of }*0

The Fermi and GT transitions are separated when they
start from nuclei with even Z and even N numbers (e-¢
nuclei). As we have seen in Fig. 2(b), the main part of the
GT strength is concentrated in the }*0,0" g.s. —
o%Fg, 17 g.s. transition. As discussed, this strong transition
is the LeSGT transition. In Fig. 5, we see that the associated
B(GT) value is very large [B(GT) = 3.08], where the
QOrc = 1.66 MeV. This B(GT) value is obtained from that
of the * decay of the '®F, 17 g.s. to the 130, 0" g.s. after
correcting the difference of spin Clebsch-Gordan (CG)
coefficients associated with the transitions for reversed
directions. The 1.04 MeV, 0* IAS in '®F is excited by the
Fermi transition with the strength of B(F) = 2.

By detecting the 1.04 MeV y ray, the excitation of the
IAS with a Qpc = 2.70 MeV is identified. The g decay of

g.s 0*
B*decay /18, Ne
Qgc=3.41 Tlg 4
- B(F)=2.0
Q(Veie2 ;0 ® B* decay
EC=2: 104 O Qgp=445
B(F)=2.0 B(GT)=3.09

Qgo=1.66
B(GT)=3.08

=
B* decay
183015 T, o= 110 min
TZ= +1

FIG. 5. Energy-level diagram and the prominent GT and Fermi
transitions in A = 18 nuclei. Properties of 7, = +1 — 0 tran-
sitions caused by the '30(v,, e7)'®F CE reaction are indicated in
red. Decay properties of '8F are shown in blue. Properties of
T, = —1 — 0 transitions from '®Ne to '3F are shown in black. We
see that the T, = =1 — O mirror g.s.—g.s. GT transitions have
B(GT) values of 3.08(2) and 3.09(3), respectively; they are
consistent within uncertainties.

the '8F g.s. can be studied via the detection of the 0.51 MeV
annihilation y.

One of the attractive features of the target nucleus 30,
with the Qgc value of 1.66 MeV, in combination with the
target nucleus 'Li, with the Q¢ value of 0.86 MeV, is the
possibility of studying three kinds of CNO-v,s in detail.
They are the *N-v,, ’0-v,, and '"F-v, having maximum
E,, values of 1.12, 1.73, and 1.74 MeV, respectively (see
Fig. 3). The "Li-based detector is sensitive to all of them.
On the other hand, the '®0-based detector can detect only
the ’O-v, and ""F-v,.

C. GT and Fermi response of }°F,

The target nucleus }°F), and the final nucleus }JNey are
T, = £+1/2 mirror nuclei. Therefore, just like the case of
A = 7 mirror nuclei, both Fermi and GT transitions can
contribute in the g.s.—g.s. transition, where the Fermi
transition strength B(F) = N —Z =1 (see Fig. 6).

We see that the GT + Fermi response of F is very
simple. The "F(p, n)'”Ne spectrum measured at ® = 0°
and at an intermediate incoming energy of £, = 120 MeV

(Ve,e-) g.s 1/2*
Qpe=3.24 9
BGT=161 // T,=-1/2
B decay
. T1/2= 17.2s
19
9F10
T,=+1/2

FIG. 6. Energy-level diagram and the prominent GT + Fermi
g.s.—g.s. transitions in A = 19 nuclei. Properties of the transition
caused by the “F(v,, e7)!°Ne CE reaction are indicated in red.
Decay properties of the g.s. of !°Ne are shown in blue.
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(energy resolution AE =~ 400 keV) [43] shows that only
one state, i.e., g.s. of ’Ne, dominates the spectrum. In
addition, recent high-resolution '"F(*He, #)!°Ne measure-
ment (AE =40 keV) confirmed that the higher E, GT
states are all very weak [44].

The contribution of GT strength in this strong g.s.—g.s.
transition can be studied by analyzing the f*-decay data of
Ne into "F. As a result, we notice that a large B(GT)
value of 1.61 coexists with the Fermi transition strength of
B(F) =1, as we see in Fig. 6.

The Qgc value is 3.24 MeV. Therefore, the ®B-v, and
hep-v, above this energy can be detected (see Fig. 3). The
B+ decay of the '°Ne g.s. can be studied by the detection of
0.51 MeV annihilation y.

D. GT response of §Lij;

As shown in Fig. 7, the Z = N = 3 odd-odd nucleus Li
has T, =0, and thus the 17 g.s. has 7 = 0. Since no
analogous state of the °Li g.s. with T = 0 is expected in the
T. = —1 nucleus “Be, no Fermi transition is expected in the
SLi3(v,, e”)$Be, reaction.

The °Li(p, n)°Be CE reaction performed at E, = 160
and 200 MeV [42] reports only one strong and concentrated
GT transition, i.e., the °Li, 1* g.s. — ®Be, 0" g.s. transition.
Therefore, it is expected that only the “Be g.s. is strongly
excited in the °Li(v,, e~ )°Be CE reaction.

The Qgc value is 4.29 MeV. Therefore, the B-v, and
hep-v, above this energy can be detected (see Fig. 3). The
g.s. of °Be excited by the (v,, e~) CE reaction decays into a
and two protons.

The °Li target can detect neutrinos with all three flavors
via the NC excitation of the 3.56 MeV, 0 state. Note that
this state is the IAS of the 07 g.s. of ®He and °Be with
isospin T = 1. Therefore, this 0" state should be excited
strongly from the 17 g.s. of SLi by the spin-M1 transition

gs O
=92 keV
gs 0O* 3.56 0* 6,Be,

6 : T,=-1
T2Hef1‘_ : 4 3
=+ H - O+
z- Ydecay: (Vese) P

B’ decay i [ Qgc=4.29
Q(p")=3.51 + [[B(GT)=1.58]
B(GT)=4.73 \ 98 17y

84Lis
T,=0

z

FIG. 7. Energy-level diagram and GT transitions in A =6
nuclei, where gHe4 and gBez are mirror nuclei. Properties of the
excitation caused by the °Li(v,, ¢~)®Be CE reaction are indicated
in red. The strength [B(GT) = 1.58] in the square brackets, given
for the GT transition from the °Li g.s. to the %Be g.s., is borrowed
from that of the mirror (isospin analogous) GT transition studied
in the #~ decay of the ®He g.s. to the °Li g.s., where the factor of
three, i.e., the difference of the relevant spin CG coefficients, is
corrected.

caused by the o7 operator [25]. The excitation of this state
can be identified by the detection of the 3.56 MeV y ray.

E. GT and Fermi response of 33Ca,,

Like in the A = 18 system, the Fermi and GT transitions
starting from the e-e nucleus 33Ca,, excite the J* = 0" g.s.
(the T = 1 IAS) and J* = 1" GT states in the final nucleus
42Sc,;, respectively [37]. Again, like in the A = 18 system,
the main part of the GT strength, i.e., B(GT) = 2.17 is
concentrated in the GT transition to the 0.61 MeV, lowest 17
state (see Fig. 8). Note that this state is also the LeSGT state
(see the #Ca(*He, )**Sc spectrum shown in Ref. [37]).

Due to the large Qgc value of 6.43 MeV in the Fermi
transition and that of 7.04 MeV in the GT transition, the v,
detector using this target nucleus “*Ca will be rather silent;
only the higher end part of ®B-v, and hep-v, can be
detected (see Fig. 3).

By detecting the 0.61 MeV y ray, the excitation of the 17,
LeSGT state is identified. The 8+ decay of the **Sc g.s. (the
IAS) can be studied by the detection of the 0.51 MeV
annihilation y.

(Ves®)
Qpc=7.04
[B(GT)=2.17]

42
20Cag)
TZ= +1

FIG. 8. Energy-level diagram and the prominent GT and Fermi
transitions in A = 42 nuclei. Properties of excitations caused by
the ¥’Ca(v,, e7)*Sc CE reaction are indicated in red, while the
decay properties of isospin analogous GT transitions from *?Ti
are shown in black. The strength [B(GT) = 2.17] in the square
brackets for the GT transition from the “*Ca g.s. to the 0.61 MeV
state in **Sc is borrowed from that of the mirror (isospin
analogous) GT transition studied in the p+ decay of the *’Ti
g.s. to the 0.61 MeV state in *?Sc. Decay properties of the states in
42Sc are shown in blue.
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FIG. 9. Energy-level diagram and the important transitions in
A =12 nuclei. Properties of the GT transition caused by the
2C(v,,e™)">N CE reaction are indicated in red. The decay
properties of the 17 g.s. of N and its IAS at 15.11 MeV in
12C are shown in blue. Note that the vertical energy scale of this
diagram is reduced by a factor of two compared to those for other
target nuclei.

F. GT response of }*Cq

The GT response of 'C has been studied by
$Ce(p,n)Y’Ns experiments (see e.g., Refs. [27,28,45]).
They report that the B(GT) value of 0.89(1) concentrates in
the 'C,0" g.s. — 2N, 11 g.s. transition. No Fermi transi-
tion is expected in the CE reaction starting from the
T =T, =0, e-e nucleus [*Cq. Therefore, a very simple
and concentrated GT response is expected in the
2C(v,,e™)!>N CE reaction (see Fig. 9).

Due to the large Qpc value of 17.3 MeV, only the hep-v,
can be selectively detected. The 17 g.s. of >N excited in the
(v,, e”) CE reaction decays back to the 0" g.s. of '*C by the
BT decay with an ~95% probability. Its half-life is 11.0 ms.

The 15.11 MeV, 17 state of '’C is the IAS of the 17 g.s.
of 1°N with isospin T = 1. Therefore, this state should be
well excited by means of the NC (in this case, by means of
the o7 operator) from the 0% g.s. of '’C by the neutrinos
with all flavors. The y-decay branching ratio from this state
to the g.s. is high (x76%). The detection of this high-energy
v, however, is not easy.

V. SUMMARY AND OUTLOOK

Traditionally it has been thought that solar neutrino
detectors should be capable of detecting low-energy v, with
high intensity. For this purpose, good choices were to use
target nuclei 4[Z], with smaller reaction Q values (Qgc
values) in the 4[Z] y (v,, e™)A[Z + 1]y_, CE reaction. Taking
other conditions also into account, target nuclei 31C1 and
"1Ga were preferably selected. In particular, the Qg value

of 7'Ga is very small; it is only 0.23 MeV. Note that this
enabled the detection of low-energy pp-v,.

For the measurement of the P, (E,,) values, i.e., the
survival probability of electron neutrino v, as a function of
its energy, however, we found that the GT and Fermi
responses of these target nuclei are not ideal from a nuclear
structure point of view; their GT responses are rather
fragmented and also their GT strengths are all weak in
the region of low excitation energy.

Progress has been made by the Borexino experiment.
They use the simple v, — e~ elastic scattering. Therefore, in
their measurement, the response for v,s is linear as a
function of E,,. They reported P,, values at four E,, values
in the region between 0.3 to 10 MeV. Their values are
consistent with the P,, curve assuming the standard MSW-
LMA prediction. However, their measured P,, values (and
also those from other experiments; see the caption of Fig. 1)
are not precise enough to reject BSM physics, like the one
assuming NSIL.

Seeking a better determination of the P,, values at
different E,, values, we proposed here to use several target
nuclei with different reaction Qg values, i.e., Li, %0, !°F,
®Li, 4’Ca, and '>C with the Qg values of 0.86, 1.66, 3.24,
4.29, 6.43, and 17.3 MeV, respectively. The splendid point
of these target nuclei is the simple GT and Fermi responses;
most of the GT and also Fermi strengths are concentrated in
the low E, region of the final nuclei, i.e., 'Be, '°F, °Ne,
%Be, 4’Sc, and '’N, respectively. Therefore, by using these
target nuclei, we expect:

(1) v,s with energies higher than the Qg value of each
target nucleus are selectively and efficiently de-
tected, and also

(2) the analysis to derive P,, values for v,s having
above the Qgc values becomes simpler, and thus
more reliable.

As discussed, among these candidates of target nuclei,
three of them, ie., 'Li, °Li, and '’C, have large and
concentrated NC responses with detection threshold ener-
gies of 0.48, 3.56, and 15.11 MeV, respectively. Note that
the NC measurement, not like that of CC, is flavor
independent. Therefore, the measurement should represent
the original strength distribution of v,s produced in the Sun.
It is suggested that P,, values can be better determined by
making a combined and consistent analyses of the data
from the CC and NC measurements.

In summary, we proposed several target nuclei suited for
the P, (E,,) measurements on the basis of nuclear structure
point of view. How to realize the neutrino detectors using
the proposed target nuclei is still a remaining open
question. One of the recent technical options is to realize
water-based liquid scintillators (WbLS) [46] loaded with
these proposed isotopes. We, however, admit that further
technical studies and also discussions in the scientific
society are needed.
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