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Nuclear matrix elements (NMEs) for neutrinoless S8 decays and inverse-g8 decays are crucial for studying v
properties beyond the standard model and astro-v nuclear interactions. The NMEs consist mainly of the isospin
(7) spin (o) component, and the to strength (square of the to NME) is studied experimentally by charge
exchange reactions (CERs). The summed Gammow-Teller (o) and spin dipole (toY;) strengths measured by
CERs are shown to be reduced half with respect to the nucleon-based sum-rule limits. The ro NMEs are shown
to be quenched due to the non-nucleonic A-isobar resonance effect on the basis of the measured strengths and
the quasiparticle random-phase approximation analysis with effective nucleon-nucleon and N A to interactions.
The quenching effect is incorporated by using an effective ro coupling of g5 /g, ~ 0.7 with g, being the
coupling for a free nucleon. The quenching effect is applied to the o components of the weak, electromagnetic
and nuclear interaction NMEs. Impact of the A-resonance effect on v studies in nuclei is discussed.

DOI: 10.1103/gtwh-dgmm

I. INTRODUCTION

Neutrino (v) properties such as the Majorana nature, the v-
mass, and the right-handed weak currents beyond the standard
model are studied by neutrinoless double-beta decays (88)
as discussed in Refs. [1-4]. Astro-v productions, syntheses,
and oscillations are studied by v-nuclear reactions (inverse-8
decays). Nuclear matrix elements (NMEs) for nuclear 88 and
inverse-f decays are crucial for studying these v properties of
the current astroparticle physics interests.

The NME:s, reflecting complex nuclear structures, are very
sensitive to all kinds of nucleonic and non-nucleonic corre-
lations. Major components of the NME are the isospin (7)
axial-vector (spin o) ones. Accordingly, the 88 and inverse-
B NMEs depend much on nucleonic and non-nucleonic o
correlations, which are induced by various to-type nuclear
interactions. The B NMEs have been discussed extensively
in Refs. [5-15] and references therein, and the 88 NMEs in
Refs. [10,13,16-25] and references therein.

A nucleus is composed mainly by nucleons (N) with 7, o
= 1/2,1/2, and thus the nucleon-nucleon (NN) tTo correlations
are the correlations to be considered in 88 and inverse-8
NMEs. The delta isobar (A = As3) with 7,0 = 3/2,3/2 is
strongly excited by the quark o flip from a nucleon, and the
NA to correlations are the key non-nucleonic correlations to
be considered as well for the §8 and inverse-8 NMEs. The
NMEs discussed in the present work are such to ones that
couple directly with the A. They are involved in axial-vector
weak, isovector magnetic and to nuclear interactions.

The strong repulsive (V > 0) NNto interaction pushes up
the nuclear to strength (square of the to NME) to form the
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o NN giant resonance (GRy) in the 10- to 15-MeV region,
leaving a little 7o strength in low-lying quasiparticle (QP)
states. Then ro NMEs for low-lying states are much reduced
due to this to NN correlation.

Likewise, the strong repulsive NA to interaction pushes
up the to strength to form the NA giant resonance (GRp)
at the high-excitation region around the A mass (=300 MeV)
and thereby shifts some 7o strength from the N region around
0-30 MeV to the A region around 300 MeV, resulting in
considerable reduction of the summed to strengths in the
N region and thus in severe quenching of the axial-vector
components of the B and inverse-8 NMEs in the N region.

The present report is concerned mainly with the gross
non-nucleonic effect associated with the GR o. This effect is
studied experimentally by investigating the reduction of the
summed 7o strengths in the N region. Actually, there are
many other nucleonic correlations that affect more or less
individual nuclear states and their NMEs as discussed exten-
sively by using various kinds of nuclear models in the review
[13], but they are not discussed in the present work.

The o strengths in double-beta-decay (DBD) nuclei have
been well studied experimentally in the wide nucleonic exci-
tation region (N region) of E ~ 0-30 MeV by using charge
exchange reactions (CERs). Then, the non-nucleonic reduc-
tion effect is well studied experimentally by investigation the
summed to strengths there.

The present work aims to study for the first time the
non-nucleonic GR, effects on 7o (axial-vector) NMEs for
medium-heavy DBD nuclei on the basis of the experimen-
tal summed 7o strengths and GR energies measured by the
medium-energy CERs. The gross feature of the non-nucleonic
quenching effect is discussed by using the quasiparticle
random-phase approximation (QRPA) [(NA)] with both the
NNto and NA to nuclear interactions. The DBD nuclei

©2025 American Physical Society


https://orcid.org/0000-0003-0568-3528
https://ror.org/035t8zc32
https://crossmark.crossref.org/dialog/?doi=10.1103/gtwh-dqmm&domain=pdf&date_stamp=2025-10-20
https://doi.org/10.1103/gtwh-dqmm

HIROYASU EJIRI

PHYSICAL REVIEW C 112, 045505 (2025)

p, ev p,e v p,ev Ajev
+"W = 9w 29w —2Vw
n, n, n; N;

P, € € P
W v W
Ny n;

FIG. 1. Schematic diagram of a QP g decay (top) and that of
a BB decay (bottom). v: Majorana neutrino. The NME is given
schematically by a coherent sum of a QP NME for n; — p; and a
GRy NME for %; [n; — p;] and a GRy NME for [N, — As].
The GRy and the GR, are mixed with the QP by the NN and NA
interactions via meson-exchange interactions.

discussed are "°Ge, 8%Se, %°7r, %Mo, 130Te, 136Xe, and '9ONd,
which are of current interest. They are the nuclei with N (neu-
tron number) 3> Z (proton number) since f/electron capture
(EC) decays are forbidden.

The QP B and Bg transition diagrams are schematically
shown in Fig. 1. Here GRy is given by a coherent sum of
J-neutron (n;) to j-proton (p;) excitations, while GR by a
coherent sum of N, to A excitations. The o NME for a low-
lying QP state is reduced from the QP NME for n; to p; by
the negative-phase admixtures of the NMEs for the GRy and
GR . Here the admixture is due to the repulsive NN and NA
interactions.

Actually, the A effect on o NMEs involved in weak,
electromagnetic and nuclear (strong) interactions has been
discussed before [7-9,26-33]. These works suggest severe
reduction (quenching) due to the A effect. Exchange (meson)
and two-body (2B) currents are associated with the A via the
meson-exchange between two nucleons (2B), and their effects
on B and BB NMEs are discussed very well theoretically
[14,15,18].

Axial-vector (to) B and 88 NME:s are discussed as given
in reviews and references therein [10,13] and also in recent
works [11,12,25,34]. There the experimental Gamov-Teller
(GT) and spin dipole (SD) NMEs are shown to be reduced
much more than expected from nucleonic ro correlations, and
some reduction effects due to non-nucleonic correlations such
as the NA are discussed.

II. SUMMED GT STRENGTHS

A. Summed GT strengths in the N region

Lt us first discuss summed GT t¥ strengths defined as
ST = SB(GT?*) with B(GT*) = IM(GTH)|? for 0t — 1t

transition in the N region. The Ikeda-Fujii-Fujita sum rule
[35] is given as Sy(GT) = S~ — ST = 6T, = 3(N — Z). This
rule is based on nuclear models with N (nucleon: i.e., A — Z
neutrons with #, = 1/2 and Z protons with t, = —1/2) and NN
correlations, but no non-nucleonic baryons like A and their
correlations.

The non-nucleonic A effect on the ro NMEs is studied
by investigating if the sum in the N region gets smaller than
the sum rule by shifting the strength up from the nucleonic
N region around 0-30 MeV to the non-nucleonic A region
around 300 MeV. Recently, the B(GT~) for low-lying QP
states relevant to 2v88 NMEs within the standard model
were measured at RCNP Osaka by using the (*He, ) CERs
[36—46] on medium-heavy DBD nuclei and others. The data
were reanalyzed in the present work to extract the GT and
SD summed strengths and their GR energies relevant to the
OvBB NMEs beyond SM and astro-v NMEs. The GT and
SD NMEs studied by CERs with the strong interaction are
the same GT and SD NMEs for weak and electromagnetic
interactions, although their interaction couplings are very
different.

The unique features of the present CER are as follows
[10,13]. (i) The medium-energy (E ~ 0.42-0.45 GeV) projec-
tile excites preferentially GT(11) and SD(27) states because
of the dominant to (axial-vector) nuclear (strong) interaction,
namely V;, > V;, Vr, where V,,, V;, and V; are the axial-
vector, the vector, and the tensor interactions [10,13,47]. The
distortion potential of V gets minimum at the medium energy
E. (ii) The high energy-resolution (10~°) spectrometers for
the incident and emitted particles make it possible to measure
well the GT and SD strengths, being free from backgrounds.
The distortion effect is well evaluated experimentally. Thus
one can get experimentally reliable GT and SD to NMEs.
In fact, GT NMEs derived from the CER experiments, after
adequate corrections for the Vr effects, agree within a few
percentages with GT NMEs derived from f-decay and EC
experiments [10,13,43,48]. (iii) The present CERs with the
nuclear probe is quite feasible, while the CERs with weak
probes like neutrinos and muons are not realistic experi-
mentally because of the extremely small cross section, the
very low beam intensity and the poor energy resolutions by
many orders of magnitude than those of the present CER
experiment.

GT™ and SD™ strengths at low lying QP states are shifted
to the GRy(GT) and GRy(SD) and to the possible GR(GT)
and GRA(SD), as shown in Fig. 2. The isobaric analog state
(F in Fig. 2) is the Fermi (7 7)-type GRy (F).

The GT strength from the 0% state (]0)) to the GT (J =
17) state is expressed by

B(GT) = |(fllo||0)>, sn=68l=0, 8j=0,1, (1)

with n, [, j being the radial-node number, the angular-node
number, and the angular momentum. The GT t7(87) tran-
sitions with the transition operators of t and o are limited,
in thems of nuclear shell models, to the neutron — proton
transitions between the same n, [ shell-orbit in the excitation
region mainly below 25 MeV (i.e., no jump in energy to higher
on # 0 shells in the region beyond E =~ 20 MeV) with no
changes of the radial and angular nodes of » and /. Thus, the
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FIG. 2. The (°He, 1) energy spectrum (top), together with the
possible GR, (bottom). F, GT, and SD are GRy(F), GRy(GT), and
GRy(SD). Red, yellow, pink, light blue, blue, and green spectra are
for angle intervals of 0-0.5°, 0.5-1°, 1-1.5°, 1.5-2°, 2-2.5°, and
2.5-3°. The I = 0 GT and the / = 1 SD components dominate at
0-0.5° and 1.5-2° [25,41].

GT transition is allowed only within the same N/iw shell and
not to higher N'7iw shells in the higher-excitation continuum
region. The emitted ¢ is limited to the forward direction of
6 ~ 0° because of §/ = 0. Thus the GT excitation is limited
mainly in the low-excitation region around 0—20 MeV because
of §n = 0 and at the low (forward) angle region around 6 =
0° because of Al = 0. The selection of the §n = 0 component
is crucial for identification of GT in the high-excitation region
as remarked in the Sec. 3.7 in Ref. [13].

The GT(8! = 0, 6n = 0) strength in the CER energy spec-
trum at 0° in the 0- to 28-MeV region consists mainly of
the 8/ = 0 component with the small admixtures of §/ = 1,
2 ones, which are corrected for in the analysis. The [ = 0
component is due to the low-lying QP GT states, the
GRy(GT) around 10-15 MeV and the quasifree scattering
(QFS) in the 10- to 28-MeV continuum region [36,40,46,49].
The GRy(GT) width of I'(GT) =~ 8 MeV reflects the large
spreading of the GRy(GT) strength to two-particle-two-hole
(2p-2h) states [50,51]. The QFS consists of the QF-GT com-
ponent, including the GT strength spreading into the 2p-2h
and the upper-isospin GT strength, and the QF non-GT
(6n # 0) strength.

Then the summed GT strength S™(GT) is the sum of the
B(GT) values for the low-lying QP GT states, the GRy(GT)
and the QF-GT continuum. The non-GT (6n # 0) strength
is around 7% of the S™(GT), being consistent with the low-
energy part of the calculated non-GT J* = 1% strength
(isovector monopole and other An = 1) around 25-36 MeV.
The summed strengths of S™(GT) for DBD and Sn nuclei are
around 47 £ 5% of Sy(GT) [35] as shown in Fig. 3. The [
= 0 strength extending beyond 25 MeV is mainly non-GT
(8n = 1, 2) excitations. The individual CER cross sections at
0° are affected a little by the tensor interaction contribution,
but the effects cancel out more or less in the summed strength.

oo
o

Sn(GT)

[=2]
o

S™(GT)=ZB(GT")

v
20
0
0 10 20 30 40
N-Z
<~ 3000
= —
E Sn(SD)
g 2000
L
3
1000 A
[
£
Iw 0

0 10 20 30 40
N-Z

FIG. 3. Top: Summed GT strength of S™(GT). Blue squares:
(*He, ) on DBD nuclei. Blue diamonds: (*He, ) on Sn isotopes.
Light blue squares: (p, n). Solid thin line: Sy(GT) = 3(N — Z).
Thick line: 0.47 Sy(GT). Bottom: Summed SD strength of S™(SD).
Blue triangles: (*He, ) on DBD nuclei. Light blue squares and thick
line: sum rule of S (SD). Thin line: 0.50 Sy, (SD).

The t strength in the DBD nuclei has been investigated by
(d,”He) and (¢, *He) reactions [40,52,53]. It is around 5% of
Sn(GT) because of the blocking of the p-to-n transition by the
large excess neutrons in the 8~ 8~ -DBD nuclei. The non-GT
(8n # 0) BT strength extends beyond 10 MeV in the QFS re-
gion, being not blocked by the excess neutrons [54,55]. Then
one gets S~ — ST ~ 0.42 4 0.05 of Sy(GT) for the summed
GT (8] = 6n = 0) strengths up to 28 MeV. The error includes
systematic errors in corrections for the small non-GT (i.e.,
8l # 0, 6n # 0) components. The §/ = 0 strength extends
due to the 2p-2h spreading certainly beyond 28 MeV, but is
mainly of non-GT with §n > 1. The GT component beyond
28 MeV is evaluated to be an order of 5% of Sy(GT). Then,
including this, S~ — S & 0.47 4 0.07 of Sy(GT) is obtained.
This reduction is nearly same with the reduction around 0.5 in
other nuclei [10,13,56,57].

B. Comments on (p, n) CERs reactions

GT and SD strengths for non-DBD nuclei have been exten-
sively studied in the 1980s and 1990s by using medium energy
(p, n) and (n, p) reactions as given in the review [10,13] and
references therein. They excite preferentially GT and other
To states/resonances as the present (®He, ) reactions because
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of the dominant V;, interaction. The summed strengths of
Sy(GT) in the N region of around E = 0-30 MeV are found
to be around 50% of the sum-rule limit of 3(N — Z) in a wide
mass region of the mass number A = 30-208, including *°Zr
[56,57]. These are similar to the present (*He, t) CER results
for DBD nuclei.

The (p, n) reaction on *°Zr shows the large summed GT
strength of S~ — ST ~ 3(N — Z) below 50 MeV [58]. It is
claimed that the 90% of the sum-rule limit [35] is the min-
imum value and suggests a large strength of the order of
10-20% of the limit in the higher region of 50-60 MeV. A
similar work on *Zr reports 88 + 6% of the sum rule [59].
These works are in support of the sum rule but are contrasted
to the other CER data for the same *°Zr and others [56,57].

The (p, n) spectra for *°Zr in both Refs. [56,57] and Ref.
[58] show the same strong GT (6n = 0) GRy around E =~
10 MeV of the §n = 0 region, extending up to around 16
MeV and the similar continuum spectrum increasing slowly
from 16 to 50 MeV and beyond. This high-excitation region
corresponds just to the non-GT én = 1, 2, 3 region. The
strength in this continuum is not included into the summed
GT strength, resulting in the severe quenching with respect
to the sum-rule limit in Ref. [57] and other (p, n) works.
On the other hand, the strength in this continuum, except
the isovector spin monopole contribution, is considered to be
included in the summed GT strength, resulting in the full sum-
rule limit in Ref. [58]. The observed strength in the én > 1
continuum region beyond 25 MeV should be corrected for the
main non-GT components with §n = 1-3.

Actually the observed strength around 30 MeV is con-
sistent with the calculated 6n = 1 strength. Then the large
observed GT strength of Sy (GT) = 90% of the sum-rule value
could be reduced to about 50-60% of it if the large non-GT
strength with én > 1 in the high-excitation region would be
corrected for. The systematic studies of the (p, n) CERs in the
mass region of A = 13-90 show some 50-60% of the sum-rule
limit [60]. The (p, n) reaction on the much lighter nucleus of
#BCa gives the S~ — ST = 52% of 3(N — Z) below 30 MeV
[61]. The measured S~ up to 30 MeV is certainly smaller than
the 2p-2h calculation without the A [51].

The RPA calculation for the *°Zr shows that the strength in
the GRy én = 0 region below 25 MeV is GT with én = 0, but
the large strength in the §n > 1 region beyond 30 MeV is not
GT [29]. On the other hand, the calculation including coupling
with 2p-2h shows a large spread of the GT strength of around
40% into the higher-excitation region of 25-40 MeV in case
of no coupling with A [50].

In the (p, n) experiment, a wide excitation energy region
is covered by measuring emitted neutrons by time of flight
method, while in the present (*He, 1) experiment the emitted
tritons are measured by the spectrometer at RCNP with the
limited region around 0-30 MeV in the excitation energy.
Then the non-GT (8 # 0) contribution in the continuum region
of 18-28 MeV has been corrected for, and then the possible
small GT contribution beyond 28 MeV to be included in the
summed GT strength is evaluated.

The CER strength in the continuum region beyond 20 MeV
is also treated as QFS (quasifree scattering), where a nucleon
in the target nucleus is excited to the unbound continuum

region. It includes a little GT strength in the lower-excitation
region below 20 MeV, but is mainly non-GT strengths with
dn > 1, and thus all the QFS at the higher excitation is not
included into the GT with §n = 0, being in contrast to the
(p, n) work in Ref. [58].

It is noted here that the present GR, is based on the ex-
perimental data showing the severe quenching of the summed
strengths with respect to the sum-rule limit [35]. The recent
theoretical work on 2B [14] shows also the severe quenching
of the summed GT strength. In fact, the present GR o and other
A effects and the exchange (2B) effects are based mainly on
the non-nucleonic quenching effect of A located far above
the N region. Thus they would be not be right if all the GT
strengths of the sum-rule limit would be found experimentally
or theoretically in the N region of 0-50 MeV as claimed in
Ref. [58]. So further theoretical and experimental studies of
the summed GT strengths are interesting.

C. Summed SD strength in the N region

The SD strength for the én =0,1 and §/ =1 7o tran-
sitions is given by B(SD) = |(f||r[toYi1,]|0)|> with J =
0,1,2. The GRy(SD) is located about 1 Zw ~ 10-8 MeV
above the GRy(GT) as shown in Fig. 2. The large width
around 15 MeV is due to the spreading of the SD strengths to
2p-2h states and the J dependence of E(SD). The summed SD
strength S™(SD) is derived from the measured (*He, 1) CER
spectra at & &~ 2° where the / = 1 cross section gets maximum.
The strengths, including the QFS with §/ =1, n =0, 1 for
the DBD nuclei are around 50 & 7% of the N-based summed
strength of Sy (SD) ~ X2/ + 1)(N,/2% )Rﬁ with N, and R,
being the effective number and the radius of the neutrons
involved in the 1Aw(§] = 1) neutron to proton transitions,
as shown in Fig. 3. The summed strengths measured by the
(p, n) reactions for medium-heavy nuclei are about a half of
the Tamm Donkoff limit and the N-based QRPA [QRPA(N)]
calculations [56]. These data indicate the quenching effect due
to the non-nucleonic A effect.

SD and 8/ = 1 NME:s for low-lying states in medium heavy
nuclei are smaller than nuclear model NMEs with NN correla-
tions, suggesting the possible A effects due to non-nucleonic
NA correlations [7,8]. The SD NMEs are also discussed in
terms of the shell model and are shown to be quenched by a
coefficient around 0.77 [62].

In short, the summed GT and SD strengths are reduced
from the sum-rule limits by a factor around (Kx )2 with Ky =
0.7 £0.07 being the quenching coefficient. Here the error
includes the systematic ones in subtracting the small non-GT
components with §/ # 0, n # 0, and also the uncertainty in
getting the NMEs from the CER cross section. The tensor
component with ([Y,o];) is not more than a few percentages.
Noting that the sum rule is independent of nuclear models
with nucleonic (NN) correlations, the deviation from the rule
indicates some non-nucleonic correlation, which is mainly
the NA resonance effect as shown later. The GT sum rule
in the nucleon region is about 50% smaller than the limit
of 3(N — Z) [35] because of the 50% shifted to the non-
nucleonic GR region.
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III. NON-NUCLEONIC EFFECTS AND QRPA(NA)

A. NA coupling and 7o quenching

Experimental toc NMEs involved in axial-vector 8 and
EM transitions are known to be smaller than NMEs based on
thoeretical models with various nucleonic (NN) correlations,
suggesting appreciable non-nucleonic effects. Non-nucleonic
effects have been extensively discussed theoretically as stated
in Sec. I. Some of them are made in terms of the AN cou-
pling (core-polarization) effect in Refs. [7,9,27,31-33] and
others recently in terms of the 2B current effect using the
very advanced effective field theory in Refs. [14,15,18]. The
non-nucleonic A effect on axial-vector weak transitions is
discussed in terms of the effective weak coupling of g5 in
Ref. [13] and refs therein, and also in Refs. [11,12].

The AN coupling theory relies on effective N A interaction
and explains more or less the the quenched to NMEs as
observed. The 2B (meson-exchange) quenching effects are
non-nucleonic effects associated with excited nucleons (i.e.,
non-nucleons as A and other baryons) that couple with nu-
cleons via the meson-exchange interactions. In the present
case of the to NMEs, A is the only one non-nucleon that
couples strongly with the nucleon via the m-exchange inter-
action. Thus, the origin and the effect of the 2B quenching
are nealy the same as those of the AN quenching, although
the theoretical ways of evaluating them are different. These
thoretical approaches lead to the severe quenching for the to
NME:s and also for the summed 7o strengths in the N region.

On the other hand, the present quenching effect is based
on the experimental reduction (quenching) of the summed to
strengths in the N region. Since the A involved in the AN
interaction and in the 2B current is located far (300 MeV)
above the N region, the quenchin effects for the NMEs in low-
lying (a few MeV) state and for the summed strength in the N
region are almost same. Accordingly the present experimental
quenching coefficient and the theoretical NA /2B quenching
coefficient are considered to agree with each other within the
experimental and theoretical uncertainties.

In fact, the 2B effects for '°Sn and for the summed GT
strength in the A = 90 nucleus are similar to the present effect
of 0.7 & 0.07 for the similar mass medium heavy nuclei [14].
It is interesting to see how the 2B calculations for DBD nuclei
reproduce the present experimental To strengths.

The 2p-2h correlations [50,51] are the nucleonic NN cor-
relations, which are not included in simple QP and QRPA
models with Ip-1h correlations, and modify the to NMEs
for low-lying states. They spread and shift some o strengths
from the GRy region around 10-15 MeV to the higher-
excitation region above 15 MeV within the N region. Thus
it is different from the present non-nucleonic A and 2B cor-
relations that shift the to strengths to the non-nucleonic A
region at 300 MeV far beyond the N region. Thus the 2p-2h
correlation does not quench the summed o strength.

Then, the non-nucleonic effect shown in the summed to
strengths may be well explained by using the GR as ex-
plained in Sec. I. The strong repulsive NA interaction gives
rise to the giant resonance of GR,, which is a coherent sum
of the 2A NA amplitudes with A being the mass number of
the nucleus, and the A-origin quenching effect is exclusively

incorporated in the GR 5 effect. The merits of using the GR o
concept is to help understand the effect as given in Fig. 1 and
in the following subsection and to be linked to the experimen-
tal GRy and GR .

So far, most QRPA(N), ISM, IBM, and other model cal-
culations for DBD NMEs take explicitly realistic nucleonic
NNto correlations but not explicitly non-nucleonic NA cor-
relations [13]. QRPA(N) takes into account so many relevant
NN correlations as extensively used for 8, DBD and others
[6,10,13]. In these QRPA(N), the non-nucleonic N A interac-
tion is not explicitly included in the model, and then the to
NN interactions are adjusted so as to reproduce the observed
GRy energies, and the calculated summed GT strength is
not quenched because the NA interaction is not explicitly
included.

B. NN-N A QRPA for GR,)

A schematic QRPA(NA) model with both the NN and
NA to interactions is used to evaluate gross effects of their
correlations on the summed GT strengths and the 8 and 88
NME:s in the N region of E < 30 MeV. In fact, the N A effects
have been discussed also in the QRPA calculations [31,32,56].
The interaction is expressed as

V = guwCViao100T1T2 + gy aC'ViaS10:Ti 1o, (2)

where gy, and gy, are the NN and NA interaction co-
efficients, Vi, = 8°(r1, 12), C = 392 MeV fm?, and C' =
(fana/fenn)C =2C,and T and S are for the A isospin and
spin [31,32,63]. In the present case of the T~ transition, the
particle hole excitations involved are n to p, nto A", and p to
AT for the forward correlations and p to n, p to A°, and n to
A~ for the backward ones.

In the present DBD and other medium-heavy nuclei with
the large neutron excess, the valence neutron shell is so sep-
arated from the proton one that the cross-term (D? in Ref.
[5]) is around or less than 0.03. So we assume D? = 0. Then,
using xy = 48 gy MeV and xa = 96 gy, MeV for the DBD
nuclei with the density of py = 1.21 fm~>, the dispersion
equation for the present medium-heavy DBD nuclei with the
large N — Z is given by

“lloT™|]0)? (¥ 11ST~10) [
o i [T P
A € —€ A €pnj— €
xa < {SIISTH10)
=y =1, 3
+ T r te 3)

where ¢, denotes the ni’1 pi state, ¢f denotes the n;l AJ* and

p;l AT states, and ¢ denotes the n.'A; and p; ' AY states.
€, €j, and ¢, are their energies and € is the eigenenergy. The
backward p~'n correlation is assumed to be blocked by the
large-n excess in the DBD nuclei. Contributions from the A
at around 300 MeV are given by the second and third terms of
Eq. (3). Their sum is given by

 Xa[2(A+0334)
A4 T 300Mev

i| = 0.009xa/MeV, @

045505-5



HIROYASU EJIRI

PHYSICAL REVIEW C 112, 045505 (2025)

where « stands for the A 7o susceptibility. Then using «a,
the dispersion equation is rewritten as

, - 2
XN [Eilmllaf 110} }: .
A(l 4+ kp) € —€

where xn/(1 4+ k) is the renormalized NN interaction that
includes the A isobar effect. The summed GT strength in the
N region is quenched by the same coefficient of

&)

Kx =1/(1 +kp). (6)

The quenching coefficient of Kp = 0.7 £ 0.07 derived
experimentally from the summed GT and SD strengths cor-
responds to the susceptibility of ko & 0.43 in Eq. (6). This is
just expected from gy, , & 0.5 as in the Jiirich-Tokyo potential,
Ref. [31] and the N A interaction y, = 48 MeV in Eq. (4).

The quenching due to the GR, effect is a kind of the
to-type NA core polarization with x being the to-NA
susceptibility (polarizability) [7,9,30].

The present susceptibility is nearly the same as the one
derived theoretically in Ref. [30].

The non-nucleonic reduction effect of GR,, which is far
above the N region, is considered to be common for all nuclear
to components of the weak, electromagnetic and nuclear
interaction NMEs in the N region. It is expressed by using
the reduced coupling of g2, as

& ~ gl +ka)' 2 0.7g00, (7

where g, is the coupling for a free nucleon. In case of the
weak o NME, the g, is the axial-vector weak coupling of
ga for afree nucleon. Itis given as go = 1.27gy with gy being
the vector coupling.

The A mixing amplitude a; is of the order of (x/A)/300
MeV ~ 1.5 x107% per nucleon, and the A probability is
as small as a? ~ 2 x 107, but the coherent sum of a@; over
2A =~ 200 of the As excited from A =~ 100 of Ns (nucleons)
is of the order of ko & 0.3, resulting in the severe quenching
coefficient around 0.7 as observed.

Since the NA interaction depends on the interaction pa-
rameter gy, and the density p, g5 /g.» depends on g, and
p as shown in Fig. 4. The observed quenching coefficient is
just as expected from the appropriate NA coupling around
gva ~ 0.5 and the known nuclear density around p ~ 1.25
fm~3. The similar p dependence is seen in the analysis in
terms of the 2B effect [18].

The present schematic QRPA(N A) analysis with both NN
and NA interactions is limited on the gross effect of the
GRA and GRy. Since A is isolated from the N region and
is only one resonance that couples strongly with N via the
To interaction, the non-nucleonic quenching effect on the to
NME is mostly (=90%) taken into account by K, and gﬁ, in
Egs. (6) and (7).

C. NN and NA GRs

The N A interaction pushes down the GRy in energy, while
the NN one pushes up that. The GRy(GT) energy is calcu-
lated by using Eq. (3) with the NA interaction of gy, = 0.5
and the NN interaction of gy, = 0.62 (xy ~ 30 MeV) as

1.2

1m

0.4

0.2

0 0.2 0.4 0.6 0.8 1
gNA

10

0

0 0.5 1 1.5 2
p/£m>

FIG. 4. Top: Axial-vector (to) effective coupling against the NA
interaction parameter gy, at the density p = 1.21 fm™>. Bottom:
Axial-vector (to) effective coupling against the density p with the
N A interaction parameter gy ,= 0.5.

in the Jiilich Tokyo potential and others [31,32]. The calcu-
lated values reproduce well the observed GRy(GT) energies
as shown in Fig. 5. They are given as Eca(GT) =~ 0.22(N —
Z) + 9.3 MeV. The NN interaction that would fit the observed
GRy(GT) energy without the N A interaction would be around
Xy ~ 21 MeV, which is just Ko x xy & 0.7 x 30 MeV with
the N A interaction.

The SD mode is the To excitation over 17w. The GRy(SD)
energies for DBD nuclei are extracted from the CERs data
[36-42]. The GRy(SD) is at about 1/iw above the GRy(GT),
and the SD QP NME:s follow the similar reduction (quench-
ing) as the GT ones [25].

The GR, is pushed up in energy due to the repulsive NA
interaction from the GRy. The GR, energy is expressed by
using the unperturbed energy Ex(0) for A in the nucleus and
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FIG. 5. Experimental GRy(GT) energies against calculated ones.
Line Egx(GT) & Eca(GT).

the NA interaction energy of xa,

E(GRy) = Ex(0) + 2222524 ®)
A 3

Using (4Z + 2A)/3A ~ 1.2 for the DBD nuclei, one gets
E(GRp) = EA(0) + 58 MeV. Assuming the A binding en-
ergy of 20 MeV as the nucleon one, the unperturbed A energy
is evaluated as EA(0) &~ 276 MeV, and the A GR energy as
E(GRp) &~ 334 MeV. The GR, energy has been studied by
using photo nuclear reaction [33,64]. The average excitation
energy for heavy nuclei with the similar (4Z 4 2A)/3A =~ 1.2
as for DBD nuclei is around 330-340 MeV, although the
resonance energy is not well defined due to the large intrinsic
and spreading widths of A. The cross sections are proportional
to A. These are consistent with the present GR with the xa.

IV. QUENCHING OF o NMES FOR LOW-LYING STATES

The GT and SD NMEs for the low-lying QP states are
reduced due to the NN and NA 7o correlations. The GT
strength is partly shifted from the QP to the GRy(GT) around
11-15 MeV and partly to the GR (GT) above 300 MeV. Then
the NME M for the ground-state GT transition is given as
[5,6,10]

1
1+ICN+KA’

where xa & 0.43 as discussed in Sec. III and «y is the to-
NN susceptibility due to the GRy as discussed extensively in
Refs. [6,10]. In the medium-heavy nuclei ky is around 2 [6],
but it depends much on the nuclear structure. Then, assuming
Ky ~ 2, the reduction coefficient is Kya= 1/(1 +2 + 0.43)
~ (0.3. The ro NME for the ground QP state is reduced by
a coefficient around 0.3 with respect to the simple QP NME
due to the distractive couplings of GRy and GR. We get the
same quenching coefficient by using

Kya = Ky x Ka, (10)

M = KyaMgp, )]

Kna =

where Ky, = 1/(1 + «y) and ky, = knKa = 0.7y
The non-nucleonic quenching effect of the GR has been
discussed on the basis of the experimental summed strengths.

Actually, the non-nucleonic effect has been discussed theoret-
ically since 1970 mainly in terms of the A effects [7,9,26—
29,31-33] and also the 2B and the exchange-current (-
exchange between 2B) effects [9,14,15,18,30]. These are
mostly on weak GT NMEs. The A effect on the weak SD
NME:s is discussed in Ref. [7].

Now let us discuss briefly effects of the GRA and the
GRy on B and 88 NMEs for low-lying QP states in DBD
nuclei. Experimental GT and SD NME:s for the ground-state
B/EC transitions in medium-heavy DBD and other nuclei are
smaller by a reduction coefficient Kgx ~ 0.21 & 0.03 with
respect to the simple QP NMEs without NN and NA corre-
lations [11,12].

The reduction coefficient K5, ~ 0.4 is found to be due to
the NNto (GRy) and other NN correlations in the QRPA(N)
with the realistic G-matrix NN interactions. [11,12]. Here the
particle-hole interaction parameter of gp, is adjusted so as
to reproduce the experimental GRy energies. The coefficient
of Kgx ~ 0.21 is smaller than the product of K}, ~ 0.4 and
Ka =~ 0.7 [see Eq. (10)], suggesting further reduction around
0.8 due to such nucleonic and non-nucleonic effects that are
not well included in that QRPA(N) model [11,12] for the nu-
cleonic correlation and the present K, for the non-nucleonic
correlation. Since most of the non-nucleonic effect is included
well in the present K, as explained in Sec. III, this reduction
is likely due to such nucleonic effects as the 2p-2h correlation
[50,51] and other NN correlations that are not included in that
QRPA(N) model. These effects depend much on the individ-
ual QP ground state, being small in case of the ground state
isolated in energy from other NN states.

The axial-vector B8 NME is expressed as MY =
(gff)zMO, where Mg is the model NME. Here the effective
coupling of g4 in units of g4 for a free nucleon is introduced
to incorporate effects which are not included in the model
[25]. Using M9 and M2 derived by the QRPA (N) [25] and
the value of 0.8 Ko = 0.8 x 0.7 for g‘jff, MO =~ 5.2-0.0254,
with A being the mass number, is obtained. This is close to the
NMEs in Ref. [25] with similar g& and those with the 2BC
[18].

In any way it is indispensable for reliable 8/EC and DBD
NME calculations for individual medium heavy nuclei to in-
clude exactly all relevant 1p-1h, 2p-2h, and other nucleonic
correlations as well as the non-nucleonic GR, effects that
affect the axial-vector, vector, and tensor DBD NMEs. This is
beyond the scope of the present paper, which discusses mainly
the non-nucleonic GR effect common to all medium heavy
nuclei.

V. DISCUSSIONS AND CONCLUDING REMARKS

GT and SD 7o NMEs for the medium-heavy DBD nuclei
are investigated on the basis of the experimental o summed
strengths measured by the medium energy CERs. Summed
GT and SD strengths in the N region are shown to be quenched
by a factor around (K, = 0.7 £0.07)> with respect to the
sum-rule limits for nuclei composed by nucleons without non-
nucleonic NA correlations, i.e., the sum rule [35] in case of
GT.
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The quenching of the to NME in the N region is based
on the reduction of the summed strengths in the nucleonic
(N) region and thus is due to the non-nucleonic A effect in
the present case of the to NME. The measured quenching is
shown by using a schematic QRPA(N A) to be explained by
the destructive coupling (interference) with the GR . This is
a kind of the A polarization effect and the main part of the
2B/exchange current effect discussed in other nuclei. The A
effect is mainly represented by the GR effect.

The present GR 5 explains well how the A components in
the GRx lying far in energy above the N region reduces the To
strength in the N region by acting coherently with the negative
sign. The GR 4 is shown to be consistent with the experimental
GR, and GRy energies.

The present quenching coefficient is based on the missing
summed to strengths by the CERs. It could be around 0.77
if some 10% of the sum rule [35] would be located beyond
the present measurement for the N region. On the other hand,
the present GR and other A and 2B machanisms, which are
based mainly on the A with the strong non-nucleonic NA
coupling, would not be appropriate if the summed GT strength
in the N region would agree exactly with the sum rule [35,58].

The quenching coefficient derived from the experimental
summed 7o strengths, together with the experimental GRy
and GR, energies, are consistent with the QRPA(N A) eval-
uations using the NA and NN interactions [31]. It is noted
here that the GR  is only the axial-vector (7o) non-nucleonic
resonance that couples strongly with the axial-vector NMEs
in the N region.

The quenching effects on the axial-vector g and 88 NMEs
are expressed as M(B) = (gh/ga)My(B) and M(BB) =
(gr/8aA)’My(BB) with gh/ga = Ka =0.740.07, and
My (B) and My (B 8) are the axial-vector 8 and 88 NMEs with
all relevant NN correlations. The quenching effect due to the
GR,, which is located far beyond the nucleon region of E =
0-30 MeV, is common to all o NME:s in the medium-heavy
nuclei, being not dependent on individual nuclear structures.

The GR, effect on axial-vector NMEs for the medium-
heavy DBD nuclei with A = 76-136 is discussed in the present
work. The interactions used are y, = 21 MeV(=0.7xy) and
xa = 48 MeV for all nuclei, and thus the quenching co-
efficient is 0.7 for all the medium heavy DBD nuclei. The
quenching effect gets much less at light nuclei in case of
the A-dependent interaction proportional to A% as suggested
in Ref. [65]. In this case the quenching coefficients for light
nuclei are g2 /g., ~ 0,9, 0.82, 0.79, and 0.77 for nuclei with
A =5, 10, 20, and 30. Actually, the quenching coefficients
evaluated for light nuclei with A = 15-38 are 0.9-0.7 [26], and
a similar feature is seen in Ref. [14]. The coefficients for the
medium-heavy DBD nuclei with A = 76-136 are 0.71-0.68,
being nearly the same as 0.7 for the present constant interac-
tion. The A dependence may reflect the density dependence in
Fig. 4. So interesting is to measure the summed GT strength
in light nuclei to see the A dependence of the GR 5 effect.

The present work is mainly on the axial-vector (to) com-
ponent in 8 and B8 NMEs. In fact, 8 and 88 NME:s include
the vector (t) component, which is considered to be not much
quenched because of no coupling with GR . It is important to

measure them experimentally to see if any quenching in there
and to validate the theoretical model calculation for them.
Gamma rays from isobaric analog states excited by CERs
are used to study vector NMEs [66]. Ordinary muon capture,
which is a kind of the lepton CER of (i, v,,), is useful to study
both the vector and axial-vector NMEs up to around 50 MeV
[13,67].

The present GR, effect is considered to be the dominant
non-nucleonic to correlation. There are so many nucleonic
correlations to be exactly taken into the model calculations for
accurate evaluations of the 8 and 88 NMEs. Then the CER
cross-section data are used to check the theoretical models
with nucleonic and non-nucleonic correlations, as the summed
GT and SD strengths are used for the present non-nucleonic
GR effect.

The GR, effect is associated with the GR, excited by
the strong To-type nuclear interaction, and reduce (quench)
o components of the weak-, electromagnetic-, and strong-
interaction NME:s in astronuclear physics. Then the to-type
NME:s involved in supernova v-nuclear syntheses, photonu-
clear excitations, isovector spin nuclear reactions, and others
are reduced similarly by the quenching coefficient K5, which
is around 0.7 in medium and heavy nuclei. Thus impact of
the GRA on astronuclear and particle physics is indeed very
large. It is important to include explicitly and precisely in 88
and other NME calculations the N A interaction in addition to
the relevant NN interactions.

It is noted that the effect of the present GR, associated
with the strong to (isospin spin) coupling is exclusively on
the isospin spin components of the weak, electromagnetic and
nuclear interaction NMEs. The to component is the dominant
one in cases of the low-energy axial-vector (unique:GT) weak
and also in the medium-energy CER NMEs for 17 — 0F,
and thus they are quenched by the similar coefficient, and the
GR, and the 2B effects are nearly the same. On the other
hand, in the other cases as nonunique weak, electromagnetic,
and inelastic nuclear interactions, the vector, the isoscalar, the
orbital and even the tensor components are involved more or
less in addition to the To component [10,13]. Accordingly, the
2B quenching effects depend much on the relative weights of
these components, and on individual nuclear structures, and
thus are different from the GRA quenching effects. The 2B
effects on electromagnetic NMEs are discussed in the recent
works [68,69].
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