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Spin-M1 excitations of nuclei are important for describing neutrino reactions in
supernovae or in neutrino detectors since they are allowed transitions mediated by
neutral current neutrino interactions. The spin-M1 excitation strength distributions in
self-conjugate N =Z nuclei were studied by proton inelastic scattering at forward
angles for each of isovector and isoscalar excitations as reported in H. Matsubara et al.,
Phys. Rev. Lett. 115, 102501 (2015). The experiment was carried out at the Research
Center for Nuclear Physics, Osaka University, employing a proton beam at 295 MeV
and the high-resolution spectrometer Grand Raiden. The measured cross-section of
each excited state was converted to the squared nuclear matrix elements of spin-M1
transitions by applying a unit cross-section method. Comparison with predictions by a
shell-model has revealed that isoscalar spin-M1 strengths are not quenched from the
prediction although isovector spin-M1 strengths are quenched similarly with Gamow-
Teller strengths in charged-current reactions. This finding hints at an important origin of
the quenching of the strength relevant to neutrino scattering, that is, the proton-
neutron spin-spin correlation in the ground state of the target nucleus. In this
manuscript we present the details of the unit cross-section method used in the
data analysis and discuss the consistency between the quenching of the isoscalar
magnetic moments and that of the isoscalar spin-M1 strengths.

Keywords: Sd-shell nuclei, shell-model calculation, proton inelastic scattering, spin-M1 transition, GT-transition

1 INTRODUCTION

Response of nuclei to incoming neutrinos is categorized into two types of reactions: charged-
current (CC) and neutral-current (NC). Gamow-Teller (GT) transition of nuclei belongs to the CC
neutrino reaction, while the isovector (IV) spin magnetic-dipole (M1) transition to NC. The GT
(AJ" =1, AT =1 and AT, = +1) transitions are analogous to the IV spin-M1 (A]" =17, AT =1
and AT, = 0) transitions under isospin symmetry. Relevant transition rates are predicted by
theoretical models such as the shell-model. The experimentally observed transition rates are,
however, quenched compared to the model predictions by employing bare transition operators.
Quenching is a basic property of nuclear structure and influences the neutrino reaction rates in
astrophysical processes and terrestrial neutrino detectors. The nuclear spin responses and their
quenching have strong effects on the mean free path of neutrinos in dense nuclear matter, the size
of the neutrino sphere formed in the center of a core-collapsing star, and the cooling process of
proton-neutron stars.
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The quenching has been extensively studied for the GT
transitions. The GT transition strength contained in the GT giant
resonances studied by (p, ) reactions was found to be ~60% of the
prediction by the Ikeda-Fujii-Fujita sum-rule (Ikeda et al, 1963)
consistently for a large variety of nuclei. Two mechanisms were
presented to explain GT quenching in the context of the mixing of
higher-order configurations with the fundamental one-particle-one-
hole nature of the GT excitation. One is the A-hole mixing
originating from the quark degree of freedom. The other is the
two-particle-two-hole as well as the higher-order particle-hole
excitations within the nucleonic degree of freedom. Detailed
study of the GT strength distribution embedded in the
continuum located above the GT giant resonance revealed that
the major part of quenching is caused by mixing in the nucleonic
degree of freedom (Ichimura et al, 2006). The observed GT
transition strengths studied by beta-decay are also quenched from
shell-model predictions using the bare g-factor. Recent ab initio
calculations using the chiral effective field theory (Gysbers et al,
2019) indicated that quenching was resolved by introducing two-
body currents and nuclear many-body correlations. Quenching in
the analogous spin-M1 transitions was studied by proton inelastic
scattering (Anantaraman et al., 1984; Crawley et al., 1989). The result
was unclear due to the poor quality of the experimental data and to
the ambiguity of the transition matrix element relying on the
reaction calculation. This problem has been overcome by the
achievement of a high-precision measurement (Matsubara et al,
2015) using high-resolution proton scattering at forward scattering
angles including zero degrees that reported the quenching of the
nuclear matrix elements for the IV spin-M1 transitions, similar to
the analogous GT transitions, but no-quenching for the isoscalar (IS)
spin-M1. Exhaustion of the sum-rule of the spin-M1 strengths is
relevant to the spin susceptibility of asymmetric nuclear matter, its
response to the strong magnetic field in magnetars, and possible
phase-transition of nuclear medium in a neutron star to the
ferromagnetic state.

The experimental work gave new insight, by the use of the
non-energy-weighted sum-rule, that the underlying quenching
mechanism is embedded in the ground state property as spin-spin
correlation of neutron(n)-proton(p) pairs. The expectation value
of the correlation in the ground state is equivalent to the
difference of the quenching of nuclear matrix elements
between the IS and IV spin-M1 transitions. Thus, the
quenching of the IS and IV spin-M1 transitions needs to be
described simultaneously and mutually-consistently. The details
are described in Section 5.4.

The n-p correlation in the nuclear ground state is one of the
recent topics in nuclear physics. The short range correlation as well
as the tensor correlation are considered to be the origin of the
neutron-proton correlation and are relevant to the IS spin-triplet n-p
pairing. The high-momentum nature of the correlation has been
studied by the knockout reaction by electron scattering (Subedi et al.,
2008; Hen et al,, 2014; Hen et al,, 2017) or by high-momentum
transfer reaction by using (p,d) scattering (Ong et al, 2013;
Terashima et al., 2018). In both cases, dominant contribution of
the n-p pairs is reported rather than the identical pairs, n-n or p-p, to
the high-momentum component in the ground state.

Quenching of Spin-M1 Excitation Strengths

In a different approach, the spin-aligned IS n-p coupling of the
valence particles around the Fermi surface was studied from a
level structure determined by gamma spectroscopy (Cederwall
et al, 2011). It is interesting to observe how those n-p paring
components and the IS spin-triplet n-p pairing are related to the
n-p spin-spin correlation in the ground state.

In the work of Matsubara et al. (2015), IS and IV spin-M1
excitation strength  distributions individually
determined by a high-resolution proton inelastic scattering
experiment at zero degrees and forward angles for self-
conjugate even-even nuclei from '*C to *°Ar. The squared
nuclear matrix element of each transition was extracted from
the observed differential cross-section by using the unit
cross-section method. The summed strength up to the
excitation energy of 16 MeV was compared with the
prediction by a shell-model for the discussion of
quenching of the IS and IV transitions. In this article we
describe in greater detail the unit cross-section method in the
data analysis. Also, the observed no-quenching of the IS spin-
M1 transitions is compared with the historical knowledge of
the quenching of the IS magnetic moment. The difference of
IS and IV quenching is discussed in terms of the n-p spin-
spin correlation in the ground state.

In Section 2, formalism is presented for discussion of the
nuclear matrix elements of the IS and IV spin-M1 transitions, the
IS and IV magnetic moments of the nuclear ground state, sum-
rules, and the n-p spin-spin correlation function. The
experimental methods and the data analysis are described in
Section 3. The nuclear matrix elements are determined from the
experimental data by using the unit cross-section method as
described in Section 4. The quenching of the IS and IV spin-M1
nuclear matrix elements, IS magnetic moment, and the #n-p spin-
spin correlation are discussed in Section 5. Summary and
prospects are given in Section 6.

were

2 FORMALISM

2.1 Nuclear Magnetic Moment
The M1 operator O (M1) for magnetic Q;pole moments and M1
transitions consists of an orbital part (/) and a spin part ).

O(M1) = [i(gf_ll +g§’?’k>+ i(gf_ll +g1?i>]m 1

k=1 k=Z+1

: ST ISE])( |\ lva -
S DRI FAUET <ol RN WA R AC) 78 § )
k=1

where ,; is the nuclear magneton, 0 is the Pauli spin matrix, the
operator 7 is the third component of the isospin operator 7
acting on the k-th nucleon and its eigen value is +1 for neutrons (v)
and —1 for protons (rr). The gyromagnetic factors (g-factors) of g°,
>, gV, and gV are taken as g°=1(g'+g) =05,
& =3 +g)=0880, g'=-3(¢g~g)=-05  and
gV =-1 (g - g)) = —4.706, where the g-factors in the free space,
g=1 ¢ =0, g =5586, and g = -3.826, are employed. The
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suffixes of IS and IV denote isoscalar and isovector, respectively.
Thus, a magnetic moment is expressed as

p = GlOMD)]i)pry 3)

where |i) denotes an initial state. Here, magnetic moments can be
divided into IS and IV parts by corresponding analogous
magnetic moments in mirror nuclei (T, = +7T) as

1

s =5 (u, + 1) (4)
1
v = ) (!‘+ - .“-)) (5)

respectively, where y, ) is a magnetic moment in the case of
T, =+T(-T). Because total spin has a relation J =1+s, the
following can be obtained

J = CGlLe |8y pey + il i (6)
YA A .
where L =Y} Iy and S = Y sk (Brown and Wildenthal, 1983).

Applying the above relation to IS magnetic moment
(s = <ilglL + g58|i) p=;), one gets
*xJ
(S) = S|Py = 7151 (7)
-8

where we denote the function as ¢S) according to Brown and
Wildenthal (1983), and it will be discussed in Section 5.3.

2.2 M1 Transition Strength

The reduced transition probability (transition strength) for M1
excitation is written as

BM1) = 2|00

IS
g,SMf( I ) +‘%Mf(?> +g}VMf<TTZ>
2
+ %Mf(?‘[z) ;412\,, (8)

where |f) denotes a final state in a transition. Following the
convention of Edmonds (Edmonds, 1960; Brown and Wildenthal,
1987), the reduced nuclear matrix element in spin from an initial
state to a final state is defined as

zak z> ©)

M(O
(0)- 21, <
Tty and T mTai.

where O(k) denotes l (k)» ?(kb
Expressing corresponding analogous M1 transitions in mirror
nuclei (T, = +T) as B(M1)., IS and IV parts of a transition
strength B(M1) can be written using B(M1). (Fujita et al., 20005
Fujita et al., 2011) or using the reduced matrix elements as

B(MI)IS—f[\/B(Ml ~\B(M1)_ ]

1S
- 8
- et )+ f@)

‘ui] (10)
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B(M1),, = l[\/B(Mn+ +BM1). ]2

gIV 2
g,VMf< 1 Tz) + —Mg( O'TZ) ‘ui,, (11)

respectively. If only spin parts are extracted as IS and IV spin-M1
transition strengths, they are expressed as

(@)

3 g (H )2
=— M| o1
T Tam| 2\ T

B(M1), = 1y (12)

4

B(M1), e (13)

respectively.

Here, we focus on an IS part, B(M1);s. Because total angular
momentum operator (j = T+ 7/2) gives a good quantum
number, taking a ground state as |g.s.), j |g.s) is proportional
to |g.s) but is orthogonal to any other eigenstates. Thus, the
following restriction (Bernabéu et al., 1992; Kawabata et al., 2004)

can be obtained
<f g.s.> =0 (14)

N
Since the above restriction leads to My (1) = —%Mf (), the
right-hand side of Eq. 10 is rewritten as

3 1e8-¢ ? &g\
s le< ) ‘ui’=<sgls]>B(M1)a

A

37412

k=1

B(M1)s = i

2 S
(15)

2.3 Squared Nuclear Matrix Element

Nuclear excitation AJ” = 1* with AT, = 0 is an M1 transition.
When nuclear excitation at low momentum transfer is
considered, spin-parts of the M1 transition are probed due
to the local nature of the nucleon-nucleon (NN) interaction
(Petrovich and Love, 1981). Thus, the 1* excitation by (p,p’)
reaction at forward angles is spin-M1 transition. Since spin-
M1 transition is not probed by electromagnetic interaction
but by nuclear interaction, its transition strength does not
relate to g-factors. Therefore, transition strengths of IS and IV
spin-M1 transitions from the ground state |g.s.) to an excited
state | f) are expressed by squared nuclear matrix element

(SNME) as
—\2 _ 1 a — ’
e (g o
|Mf(7rz)|2: \/7]__< Z O kTok gs.>‘ (17)

respectively. The factor 1/+/2]; + 1 is unity for a 0" ground state.

2.4 Relation to Gamow-Teller Excitation
Next, reduced nuclear matrix element and transition strength in
GT excitation are defined as
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5 1 ¢
Mf(O'Ti> \/7]1—< %}; OkT 4+ k gS> (18)
2
B(GT*) = Mf(?ri) , (19)

respectively, where 7. =1 (7, tir,). Applying the Wigner-
Eckart theorem in the isospin space, transition strengths of
GT and IV spin-M1 excitations are obtained as

2

B(GT1)=| 1 (T, Ty, 1, £1Ty, T > 2 wrers|
N S /D B
(20)
3V 1 (T, T 10|, Tp) ’
B(Ml)‘”:4n|g2 V2Ii + 1 \/2TfJ|r{ oM (ML) 5,
(1)

respectively, where M'(GT*) and M’'(M]1,,;) are reduced
nuclear matrix elements in spin and isospin expressed as

A

M'(GT*) = (£l Y. rlllgs. ) (22)
k=1
A

M' (M1,:) = (E|Y T erailllgs ) (23)
k=1

respectively. Because |M’(GT1')|2 = lM’ (M1,,)? is realized
under the assumption of isospin symmetry, the following
relationship between B(GT *) and B(M1),, can be obtained as

B(GT*) 81 1 (T;Tpl, + 1|1}, Tp)’ (24)
B(MV), [ui 3 (gV)’ (T;Ter 1,0|Ty, Tp)?

Here, it should be noted that the isospin symmetry is
reasonably assumed within the accuracy of the data in the
present study although the meson exchange current
contribution can be different between an IV M1 transition
measured by electron scattering and the analogous GT
transition by charge-exchange reaction (Richter et al., 1990;
Liittge et al., 1996).

2.5 Total Spin Correlation in Ground State
For the discussion of total spin correlation in a ground state
(Matsubara et al., 2015), the difference between the sums of the IS
and IV spin-M1 SNMEs integrated up to the excitation energy of
Ey, Agpin (Ey), is defined as

=1 T M@ - Y M7

E¢< Ex Ef<Ex

Aspin (Ex) =

N
With the proton (neutron) total spin operator S () defined as
1200

p(n)— Z Ok (26)

the sum is taken for all the protons (neutron).When a ground
state is J” = 0%, the IS and IV spin-M1 nuclear matrix elements
are represented by

Quenching of Spin-M1 Excitation Strengths

Mf(_a’> = 2<f|_’,,
(arz) 2<f|

respectively, where |0) denotes the ground state. In the limit of
E, — 00, the completeness of the final state, lf), yields

(55

27)

S,lo) (28)

Z<g.s.|§’n + ?P|f> <f|§’n + §’p|g.s.>
f

1 2
= lim ~ ) Mf<?) (29)
EXH°°4Ef<E
2 1 2
((3:-5,) ) = Jim (7n)  ©o
E"HOO4Ef<EX

Here the expectation values of the left side of the equations are
taken for the 0" ground state. We then derive

1 2 2
Do = i A (B = 4{<(a +3) - (5.-3,) >}

—>

=(S,- S (31)

which represents the expectation value of the proton-neutron
spin-spin correlation in the ground state.

3 EXPERIMENT

In this section we briefly describe the experimental method and
the assignment of the spin-M1 excitations. Details can be found
in former publications (Tamii et al., 2009; Matsubara et al., 2015;
von Neumann-Cosel and Tamii, 2019).

3.1 Measurement of the (p,p’) Reactions
The experiment was performed at the cyclotron facility of the
Research Center for Nuclear Physics (RCNP), Osaka University.
A proton beam was accelerated by a cascade of two cyclotrons to
E, = 295 MeV. The beam was transported to the West-South
(WS) beam line (Wakasa et al., 2002), where a high-dispersion on
target was created. An excitation-energy resolution of 18 keV
(FWHM) was achieved by applying dispersion matching (Fujita
et al,, 1997; Fujita H. et al., 2002; Fujita et al., 2011) between the
WS beam line and the Grand Raiden (GR) spectrometer
(Fujiwara et al., 1999). The scattered protons by the target
were momentum-analyzed and were detected by two sets of
multi-wire drift-chambers and two plastic scintillation
counters at the focal plane by GR spectrometer. A scattering
angle range of 0-14" was covered by placing the GR spectrometer
at 0, 2.5,4.5, 6, 8, 10, 12, and 14". The details of the experimental
technique are described in Ref. (Tamii et al., 2009; von Neumann-
Cosel and Tamii, 2019).

Self-conjugate even-even nuclei, '*C, **Mg, 2*Si, **S and *°Ar,
were used as the target. Areal densities of 1.0-2.5 mg/cm?® were
prepared for '*C, **Mg, and **Si. Magnesium and argon targets
were isotopically enriched to 100%, while the others were in
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FIGURE 1 | (A) Excitation energy spectrum of the 28Si(p, p’) reaction at

Ep =295 MeV and 6z, = 0° - 0.5°. The arrows in the figure indicate
conditions that are definitely determined as 1*. Angular distributions of (B) IS
and (C) IV spin-M1 excitations marked by red and blue arrows in (A),
respectively, in comparison with theoretical angular distributions for several
multipolarities. The figures were taken from Matsubara et al. (2015).

natural abundance. The *°S target was kept at the liquid nitrogen
temperature for preventing sublimation due to heat by charged
particle irradiation (Matsubara et al., 2009) with an areal density
of 15 mg/cm®. The *°Ar target was kept at 1.0 atm in a gas cell at
room temperature (Matsubara et al., 2012) sealed by aramid foils
with a thickness of 6 um on one side.

3.2 Assignment of Spin-M1 Excitations

Figure 1A shows an excitation energy spectrum of the **Si(p, p')
reaction at a scattering angle of 0.0-0.5". The excited states below
E, =16 MeV are well isolated from the others. Excited state with a
spin-parity of 17 state was identified by comparing the shape of
the measured angular distribution of the differential cross-section
with  Distorted-Wave Impulse Approximation (DWIA)
calculations by using the code DWBAO7 (Raynal, 2007). One-
body transition densities were obtained by shell-model
calculations with the code Nushell@MSU (Brown and Rae,
2014) and the USD interactions (Brown and Wildenthal,
1983). No sizable difference in the angular distribution was
observed depending on the choice of the effective interaction
from USD, USDA, or USDB (Brown and Richter, 2006; Richter
et al, 2008). The effective NN interaction parametrized at
325MeV was used after conversion to a beam energy of
295MeV as indicated in (Love and Franey, 1981; Franey and
Love, 1985). Optical potential parameters were determined by
fitting the angular distribution of the differential cross-section of
the elastic scattering measured in the same experiment

Quenching of Spin-M1 Excitation Strengths

(Matsubara, 2010). Harmonic oscillator parameters were taken
from a global analysis (Kirson, 2007).

The measured angular distributions of the differential cross-
section for the excited states at E, = 9.495 (1*: T = 0) and
11.447 MeV (1*%: T = 1) in 2%Si are shown in Figures 1B,C,
respectively, by the solid circles. They are compared with the
predictions of the DWIA calculation shown by the curves for J™ =
0%, 17, and 27, and for each of the IS and IV 1 transitions. The
predicted cross-sections are normalized to the experimental data
at the smallest measured angle. The angular distribution of the IS
1" excitation is predicted to be flatter than the IV 17 excitation at
the forward angles smaller than 5° due to the relatively stronger
contribution of the exchange tensor component compared to the
central component in the effective NN interaction (Franey and
Love, 1985; Tamii et al., 1999). Thus, the measured angular
distribution allowed determination of the transferred isospin,
AT =0 (IS) or 1 (IV), for the 17 transitions.

The IS and IV 1" excited states were assigned from the
observed discrete excited states by the following method. First
the angular distribution of the differential cross-sections for each
of the observed discrete excited states was deduced from the data
analysis. The excited states were selected according to the angular
distribution below 5° for those having an almost flat distribution
as a signature of an IS 17 state or a quickly dropping distribution
of an IV 17 state as shown in Figures 1B,C, respectively. Second,
the most appropriate assignment was chosen from IS 1%, IV 17,
0%,17,and 2" distributions by comparing the angular distribution
up to 14° with the theoretical predictions. Third, the assignment
for the IS or IV 1" states with a reduced y* value close to unity was
taken as confident and that for the rests as less confident. The
confident assignments of the IS and IV 17 states were in good
agreement for the conditions studied by electron scattering
(Bendel et al., 1971; Richter et al., 1990; Foltz et al., 1994;
Littge et al., 1996; Hofmann et al, 2002). The high energy-
resolution measurement allowed us to observe several new states
including the less-confident assignments as shown in Section 5.1.

4 UNIT CROSS-SECTION METHOD

4.1 Definition

4.1.1 Unit Cross-Section

The differential cross-section of the 1" excitations by proton

inelastic scattering at 0° is considered to be approximately

proportional to SNME in the intermediate energy region of

100-400 MeV. Unit cross-sections (UCSs), 01s and opy, are

introduced in analogy to the study of Gamow-Teller

excitations by (p,n) reactions (Taddeucci et al., 1987; Sasano

et al., 2009). The differential cross-section at 0° is written as
do ..

d_Q (0°) =0rFr (q, Ex)le (OT)|2 (32)
where T stands for IS or IV. Oy is the operator, 7 or 91, for IS
or IV transitions, respectively. Fr (g, Ey) is the kinematic factor
that accounts for dependence on the momentum transfer (gq) and
the excitation energy (Ey), and was determined by the DWIA
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FIGURE 2 | Kinematic correction factors Fis (g, Ex) and Fy (g, Ex) in the case of 28Si obtained from DWIA calculation using USD interaction. (A) The strongest
excitation and others are drawn in red bold and black dashed curves, respectively. (B) Distributions of several IV OBTDs are overlapped.

TABLE 1 | Data used for obtaining IV UCSs.

Nuclide E, 2 (0.4°) Fv (9, Ey) B(GT*) Giv
(MeV) (mb/sr) (mb/sr)
2c 15.113  3.429 + 0.62 0.897 0.924 + 0.04 211 +0.13
Mg 13.302 0.703 + 0.30 0.904 0.408 + 0.018 1.92 +0.12
N 10.655 0.981 +0.12 0.916 0.191 + 0.022 0.94 + 0.11

calculation as explained in Section 4.1.2. The target mass (A)
dependence of UCSs is parameterized as (Taddeucci et al., 1987)

o1 (A) = Nrexp (—xrA'?) (33)

where Nr and x7 are the normalization and mass-dependence
parameters. The mass-dependence parameter xr essentially
originates from the distortion effect of the reaction that is
common between the IS and IV transitions. Thus we assume
x5 = xpv, which is held within an accuracy of 5% in DWIA
calculations. Details will be discussed in Section 4.4.2.

4.1.2 Kinematic Factor

The kinematic factors Fis (g, E,) and Fry (g, E,) were determined by
DWIA calculation using the USD interaction as shown in Figure 2 as
a case of **Si, where only OBTDs above the experimental detection
limit were employed. The distributions were obtained from a ratio of
differential cross-section at 0° at E, # 0 to that at E, = 0. As seen in
Figure 2B, IV distributions of the kinematic factor overlap. Since the
result suggests that Fiy (g, E,) does not depend on wavefunction,
Fiv (g, E,) was expressed as a smooth function of E, and A by fitting
As shown in Figure 2A, however, IS distributions of the kinematic
factor depend on wavefunction as they do not overlap. Because the
result suggests that Fis (¢, E,) cannot be expressed as a function of E,
owing to dependence of wavefunction, Fis (¢, E,) = 1.00 + 0.10 was
simply assumed in order to cover the variation of wavefunctions
below E, = 15 MeV.

4.2 Derivation From Experiment

4.2.1 Cases of 12-Carbon, 26-Magnesium, 58-Nickel
Isovector UCSs of '>C, **Mg, and **Ni were obtained using the
data summarized in Table 1 by assuming isospin symmetry. The

UB(p,p) at E,=392 MeV; E,=2.12 MeV
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FIGURE 3 | Decomposition of differential cross-section of ''B(p,p")
reaction at £, = 392 MeV compared to the state at £, = 2.12 MeV. The
experimental data were taken from Kawabata et al. (2004).

differential cross-section of (p,p') reaction at E, = 295 MeV at
scattering angles 0.4° was taken from Tamii et al. (2009), where
0.4’ is the most forward angle by selecting scattering angles
between 0.0 and 0.5°. The cross-section was extrapolated to E, =
0 MeV using Fry (g, Ex).

Log ft-value of B-decay and (*He, f) data (Alburger and
Nathan, 1978; Fujita Y. et al., 2002; Zegers et al., 2006; Fujita
et al., 2007; Fujita et al., 2011) were used to obtain GT strength
(B(GT*)) from ground state to an excited state corresponding to
the (p,p') cross-section under the isospin symmetry. After
B(GT*) was converted to IV spin-M1 SNME following Egs.
13, 24, o1y was obtained. Here, the (p,n) data (Sasano et al.,
2009) were also employed for the calibration of B(GT") in 8N

4.2.2 Case of 11-Boron

The y-decay widths of the mirror states in ''B and ''C from the
first excited states (Firestone, 1996), corresponding to B(M1);p
and B(M1);,¢, respectively, were employed to obtain B(M1)g
and B(M1)y following Egs. 10, 11. Then, B(M1), and B(M1),,
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TABLE 2 | Data used for obtaining UCSs of "B. The upper table is expressed in unit of uﬁ.

B(M1)y4, B(M1)y, B(M1)s B(M1)y B(M1), B(M1),,
0.544 + 0.043 0.347 + 0.024 0.0055 + 0.0013 0.440 + 0.012 0.030 + 0.007 0.57 + 0.04
g—g (0%) 392 MeV Kawabata et al. (2004) 295 MeV Tamii et al. (1999), Tamii et al. (2009)
Total (17 + 27) IS 1" V1 IS 1" vV 1*
(mb/sr) 0.820 0.0633 0.818 0.0621 + 0.0052 0.780 + 0.042
Nuclide Ex Fis(q=0,Ex) Gis Fv(q=0E) Gy
(MeV) (mb/sr) (mb/sr)
B 212 1.00 + 0.10 0.0971 + 0.025 0.9926 1.81 +0.16
A 015 1 ———++r—m B 3 . —_———T
Exp.+~6~ Exp@—
Normalized

Isoscalar

0
A

et al. (2015).

FIGURE 4 | Empirically determined IS (left) and IV (right) UCSs. The mass dependence of the data were fit with the functional form of Eq. 33 as shown by the solid
lines in the IV panel. The band shows the uncertainty of one sigma. The IS slope parameter xis is taken to be the same as xy. The figures were adapted from Matsubara

were obtained from B(M1);s and B(GT") = 0.402 + 0.031
(Taddeucci et al.,, 1990; Kawabata et al., 2004) using Egs. 15,
24, respectively. Finally, IS and IV spin-M1 SNME:s in the case of
1B were obtained using Egs. 12, 13, respectively.

The differential cross-section data of the 'B(p, p') reaction at E, =
392 MeV and at E, = 2.12 MeV was taken from Kawabata et al.
(2004). The angular distribution of the differential cross-section was
decomposed into IS 1%, IV 17, and 2" transitions using the DWIA
calculation, where an incoherent (a coherent) sum was assumed
between 17 and 2% (IS 1" and IV 1%) excitations. The OBTDs
based on CKPOT interaction (Cohen and Kurath, 1965), the
effective NN interaction derived at 325MeV (Love and Franey,
1981; Franey and Love, 1985), and the global optical potential
parameters (Cooper et al., 2009) were employed in this calculation.
The OBTDs were normalized to reproduce the experimental values of
IS and IV SNMEs, and B (E2) (Firestone, 1996) in IS 1%,IV 17, and 2"
excitations, respectively. Because the normalized OBTDs did not
reproduce the experimental angular distribution of the differential
cross-section, additional normalization factors of 1.1 and 1.3 were
applied to the 1" and 2" excitations, respectively, as shown in Figure 3.
The differential cross-section data of total, IS 1%, and IV 1" at Ej, = 392
MeV and at 0° were decomposed as summarized in Table 2, where the
experimental uncertainty was assumed to be negligible because the

TABLE 3 | Empirically determined UCS parameters from the fit shown in Figure 4.

Nis Niv Xy =Xis
(mb/sr) (mb/sr)
0.226 + 0.043 4.85 + 0.82 0.38 + 0.06

error bars were invisible in Kawabata et al. (2004). Here, choice of an
interaction with OBTDs did not change the final result because
differences among CKPOT, SFO (Suzuki et al., 2003), and MK3w
(Warburton and Millener, 1989) interactions in the model spaces of p,
psd, and spsdpf , respectively, were within 0.5%. Next, the cross-section
data at E, = 392 MeV were converted to those at E, = 295 MeV by
making use of a ratio of the *C(p, p') reaction at 0" to the states
E, =12.71 and 15.11 MeV known as IS 1" and IV 1" excitations,
respectively, where the experimental data were taken from Tamii et al.
(1999), Tamii et al. (2009). Thus, the data of ''B(p, p') excitation to
E, =2.12 MeV at E, = 295 MeV and at 0° were obtained.

Combining the SNMEs with the differential cross-section after
correction of Fr(q, E,), IS and IV UCSs in the case of B were
obtained as summarized in Table 2. Here, 615 does not include
uncertainty owing to Fis (g, Ex).
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FIGURE 6 | Mass dependence of ratio of IS to IV UCSs studied by
calculation.

4.3 Results of Unit Cross-Section
The experimentally obtained IS and IV UCSs were plotted as a

function of the mass number in Figures 4A,B, respectively.
The mass dependence of the IV UCS data was fitted with the
functional form of Eq. 33 having free parameters of Njy and
xrv. The result is shown by the solid line in Figure 4B with the
one-sigma uncertainty band. The IS normalization parameter,
Nis, was determined from the data at A = 11. The IS slope
parameter, x5, was taken to be the same as xjy as discussed in
Section 4.4.2. The IS uncertainty band includes contribution
of 10% from the Fis(g,E;) (Section 4.1.2). The obtained
parameters are summarized in Table 3.

4.4 Model Study

4.4.1 Proportionality of Squared Nuclear Matrix
Elements to the Differential Cross-Section

Validity of the application of the UCS method has been
theoretically examined by the use of shell-model target
wave functions as USD interaction and DWIA calculation.
Since B(M1), and B(M1),, were calculated using the code
Nushell@MSU (Brown and Rae, 2014), SNMEs were obtained

from the relations in Eqs. 12, 13. Each differential cross-
section at ¢ =0 and at E, =0 MeV was calculated using
corresponding OBTD of the USD interaction. Here the
following correction for mass dependence to be
normalized to A =28 was applied as

dO'* _ do _0.38x (281/3—A1/3)
70 40 X (34)

.
where 42

4G is the corrected cross-section and 0.38 comes from
xr determined in Table 3. As shown in Figure 5, good linearity
was seen especially above the experimental detection limit

shown by the lines for each target nucleus.

4.4.2 Distortion Effect

The mass-dependence term in Eq. 32, xr, essentially originates
from the distortion effect that is common between the IS and
IV transitions. A slope for each nucleus in Figure 5
corresponds to UCSs theoretically obtained, where the
weighting sum within the experimental detection limit was
taken. Those ratios of IS to IV UCSs for each nucleus are
plotted as a function of mass number in Figure 6, where the
suffix of “cal” indicates that the value of UCS is obtained from
the calculation. The result for '°C is added in Figure 6. The
SFO interaction (Suzuki et al., 2003), which is applicable to the
p-shell nuclei, is used instead of the USD interaction. The
results suggest that the assumption is supported, as the ratios
are constant within 5%.

5 RESULTS AND DISCUSSION
5.1 Strength Distribution

The SNME:s of the transitions to the excited states assigned as
T =0(IS) or T = 1(IV) 1" states were determined by using Eq.
32 from the measured differential cross-section at 0°. The
results are plotted in Figure 7 , where the figure was taken
from Matsubara et al. (2015) with addition of the '*C data. The
strengths of '>C were observed to be centered to single state,
which was consistent with previous work (von Neumann-
Cosel et al., 2000). For 24Mg, 285i, 325, and SAr, we
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FIGURE 7 | Observed distributions of spin-M1 SNMEs. The bars labeled + indicate states with a less confident spin assignment. The figures were taken from
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FIGURE 8 | Integrated values of spin-M1 SNMEs for IS (A) and IV (B) transitions up to Ex = 16 MeV as a function of the target mass. Error bars indicate the total
experimental uncertainties, and gray bands show partial uncertainties from indefinite spin assignments. Solid and long-dashed lines indicate the prediction of a shell-
model calculation using bare USD and bare USDB interactions, respectively. Dotted and dashed-dotted lines applied empirical quenching factors (see text for more
details) to USD and USDB interactions, respectively. The short-dashed lines (green) are calculated using the USDB interaction modification in the IS spin-triplet
interaction and in the IV quenching factor from Sagawa and Suzuki (2018). The figures were taken from Matsubara et al. (2015) with some updates using the modified
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identified 1-4 (4-8) states in each target nucleus
corresponding to the IS (IV) spin-M1 transitions.
Additionally, 1-3 (1-7) states were assigned as IS (IV)
spin-M1 transitions with less confidence, and they are
marked with ”+.” We reassigned 1-6 states as 0", which
were claimed as 17 in previous studies (Anantaraman

et al., 1984; Crawley et al.,, 1989).

5.2 Quenching of Squared Nuclear Matrix
Elements of Isoscalar and Isovector
Spin-M1 Transitions

The integrated values of the SNMEs up to Ex = 16 MeV were

plotted as a function of the target mass in Figure 8 for each of the
IS (left panel) and IV (right panel) transitions. Error bars show
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FIGURE 9 | The diagonal spin matrix element (S) obtained from the IS magnetic moments of mirror nuclei in the sd-shell region. The data were taken and
calculated from Brown and Wildenthal (1983), Brown and Wildenthal (1987). The lines are for guiding the viewer’s eyes.
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the full experimental uncertainties, while gray bands show the
partial uncertainties originating from the less-confident spin-
parity assignment of the transitions (see Section 5.1). Predicted
SNMEs by shell-model calculation employing USD interaction
(Brown and Wildenthal, 1987) integrated up to 16 MeV is shown
by solid lines. Altering the effective interaction to USDA or USDB
(Brown and Richter, 2006; Richter et al., 2008) gave only a small
change in the prediction (<10%), as shown in Figure 8 for USDB
(dashed line). It has been found that the measured values are
significantly smaller than the model prediction for the integrated
IV SNMEs, while the values are consistent with the model
prediction of the integrated IS SNMEs within the experimental
uncertainties. We defined the quenching factor as the ratio of the
experimentally observed SNMEs integrated up to the
experimental limit of 16 MeV to the theoretical predictions
integrated to the same excitation energy. The numbers are
1.01(9) and 0.61(6), compared with predictions by the shell
model using the USD interaction for the IS and IV spin-M1
transitions, respectively, when the averages of the measured
nuclei are used.

The observed quenching factor of the IV spin-M1 transitions
is similar to the study of the quenching of the Gamow Teller
transitions that is analogous to the IV spin-M1 transitions in
terms of isospin symmetry (Anderson et al., 1987). Quenching of
the reduced transition probability B(M1) is, in a conventional
prescription, implemented by modification of the g-factors
(Brown and Wildenthal, 1987) that is multiplied to the
SNMEs to obtain B(M1). Here, we applied the same empirical
quenching factor as used in the modification of g-factors to the
SNMEs calculated by the shell model. The results are shown by
the dotted lines (USDB®") in Figure 8. The empirical quenching
factors are similar between IS and IV transitions. SNMEs of the
IV spin-M1 transitions with the empirical quenching factor
turned out to be compatible with the data.

In contrast, description of the IS transitions became worse by
introducing the empirical quenching factor. The present result
shows that the widely-used effective g-factors lead to an over-

quenching of the IS spin component of the M1transition in the
sd-shell. It should be noted that the observed B(M1) strength of
the 17 excited state at 10.23 MeV in **Ca by (p,p’) scattering is
more consistent with electron scattering data when no quenching
is assumed for the IS part of the transition strength (Birkhan et al.,
2016; Mathy et al., 2017). A recent theoretical work (Sagawa et al.,
2016; Sagawa and Suzuki, 2018) reported that both the IS and IV
SNME:s can be reproduced (short dashed line) by enhancing the
IS spin-triplet pairing matrices by a factor of 1.1 in addition to
applying the empirical quenching factor to the IV spin-M1
operator but not the IS spin-M1 operator (USDB*qiv). Note
that in (Sagawa and Suzuki, 2018) the USDB*qiv result for the IS
spin-M1 excitations is not shown, but it is the same as USDB*.
The theoretical work implies that the present description of the
shell model using USD interactions and the empirical quenching
factors may have room to be improved in the IS spin-triplet
interaction channel and in the IS quenching factor.

5.3 Isoscalar Magnetic Moments

In this section, we discuss how the new finding of quenching of
the IS and IV spin-M1 SNME:s is understood in relation to the IS
and IV magnetic moment studied in the past. The magnetic
moment is described by the diagonal component of the nuclear
matrix element with the relevant M1 operator while the M1
transitions correspond to the off-diagonal components as
described in Section 2.

The experimental (S) data are plotted in the left panel of
Figure 9, and the squared values in the right panel. The {S)
values calculated by the shell model with the effective IS g-factors
(Brown and Wildenthal, 1983; Brown and Wildenthal, 1987)
using the USD interaction are indicated by open circles and
crosses for the bare and effective g factors, respectively. The
results show clear discrepancies between the experimental data
and the prediction with the bare g-factor, corresponding to the
quenching, in the edge regions of the sd-shell (A = 17-19 and
35-39) close to the magic numbers of A = 16 and 40. The
difference is, however, not obvious in the mid-shell region
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FIGURE 10 | Experimental data of Agpin (Ex) summed up to £, = 16 MeV

are plotted for proton (electron) scattering by the horizontal bars (cross mark)
with the error bars. The definitions of error bars a_r)]d gray bands are the same
as in Figure 8. Theoretical predictions of Agpin=¢Sp, - S) are plotted for

the shell models, Correlated Gaussian (CG) method (Suzuki et al., 2008), and
No-Core Shell-Model (NCSM) (Roth et al., 2010). The figure was taken from
Matsubara et al. (2015) with updated predictions from Sagawa and Suzuki
(2018).

(A =21-31). The discrepancies in the edge regions are reduced by
introduction of the effective IS g-factors. The IS magnetic moments
in the mid-shell region are reasonably reproduced without
introducing the effective IS g-factors, which is consistent with
our finding of no quenching of the IS spin-M1 SNMEs.

5.4 Proton-Neutron Spin-Spin Correlation in

the Ground State

Figure 10 shows the A, (Ey) data summed up to E,=16 MeV
by the solid bars. Electron scattering data (von Neumann-
Cosel et al., 2000) is plotted at A = 12 by the black cross mark
with the error bar, which is consistent with the proton
scattering data within experimental uncertainty. It is
interesting to note that all the experimental data show
positive numbers. The Agpi, values at A = 4 predicted by
Correlated Gaussian (CG) method (Suzuki et al., 2008), an ab
initio approach, are plotted for each of the NN interactions of
AVS8 (red solid square), G3RS (red open square) and
Minnesota (red plus). The predictions by the No-Core
Shell-Model (NCSM) (Roth et al, 2010) are plotted for
chiral NN (Entem and Machleidt, 2003) (blue open circle)
and Minnesota (blue cross) interactions. Both predictions
using the Minnesota interaction are consistent with each
other and are slightly negative. The Minnesota interaction
does not contain tensor interactions. It is illuminating to see
that the predictions are positive when more realistic NN
interactions are used: AVS8 (Pudliner et al., 1997) and
G3RS (Tamagaki, 1968) interactions for the CG method
and chiral NN interaction (Entem and Machleidt, 2003) for
NCSM. The shell model predictions of Agyn at A = 12 with
SFO interaction (solid horizontal line) and A = 20-36 with
USD interaction are slightly negative or close to zero, which is
significantly smaller than the experimental data of Ayyi,. The
trend of the USDB interaction (dashed line) is similar. The
predicted values increase a little but are still much smaller
than the experimental results when the IS and IV effective

Quenching of Spin-M1 Excitation Strengths

quenching factors determined in the study of the g-factors
(Brown and Wildenthal, 1987) are applied to the SNME
predicted by the shell model (dot-dashed line). The
situation is similar for the other studies of effective
g-factors (Towner and Khanna, 1983; Arima et al., 1987;
Towner, 1987). The experimental data are reproduced
when IS spin-triple pairing matrices are enhanced by a
factor of 1.1, and only the IV part of SNME is quenched by
effective quenching factors (dotted line) (Sagawa and Suzuki,
2018).

NCSM with the chiral NN interaction predicts Ay, values
for 2°Ne (Nmax = 4) and 24Mg (Nmax = 2), as indicated by the
open blue circles in Figure 10. Here, Nyjax defines the maximal
allowed harmonic-oscillator excitation energy above the
unperturbed ground state (Roth et al, 2010), hence
representing a measure of the model space. Variation of the
values depending on Nyax shows a clear trend toward positive
when Nyax increases: —0.007, 0.028, and 0.072 for Nyax =0, 2
and 4 for 2°Ne and —-0.018 and 0.011 for Nyax=0 and 2 for
**Mg, respectively. Although the values are not converged yet,
they are taken as a lower limit in the plot (expressed by
arrows). The increase of Agy, with increasing Nyax implies
that mixing of higher-lying orbits is important for reproducing
the Agpin >0 values.

The observed positive A, value implies that deuteron-like
correlated np pairs are formed in the ground state of the target
nuclei. Note that A, takes a value of 1/4 for the IS np pair like
a deuteron, —3/4 for the IV np pair, and zero for uncorrelated
np pairs. Thus the IS np pairs are favored over the IV np pairs.
It would be interesting to see how A, values are predicated
by ab initio calculations (Gysbers et al., 2019) that reproduce
the GT transition strengths studied by beta-decay without a
quenching factor by introducing the contribution from the
two-body current and many-body correlations. The finding
would have relevance to the observed np pair dominance in
the correlated NN pairs with high relative momentum in
nuclei observed by electron scattering (Subedi et al., 2008;
Hen et al., 2014; Hen et al,, 2017) or by léO(p, d) reactions
(Ong et al.,, 2013; Terashima et al., 2018). The electron
scattering data probe all the components of the correlated
NN pairs due to the high incident energy of the electrons
without limitation placed on the excitation energy of the
residual nucleus after knockout of a correlated NN pair. In
contrast, the *O(p, d) data would be relevant to the NN pairs
at around the Fermi surface of the target nucleus since the
excitation energy of the residual nucleus is limited in the
region of several MeV. The present experimental data of
Agpin (E) are also limited to 16MeV and thus are
considered to be sensitive to the spin-spin correlation in
the np pairs at around the Fermi surface. The spin-aligned
IS np coupling of the valence particles in **Pd was studied
from the level structure determined by gamma spectroscopy
(Cederwall et al., 2011), which also indicates the effect of IS np
pairs at around the Fermi surface. It would be interesting to
extend the study of Agpin (Ex) to higher-excitation energies to
observe how the np spin-spin correlation changes in deeper
single particle orbits.
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6 SUMMARY

In summary, spin-M1 excitation in nuclei is important for the
study of NC neutrino reactions in astrophysical phenomena and
in neutrino detectors. Quenching of the IS and IV spin-M1
SNMEs for N = Z sd-shell nuclei has been studied by high
energy-resolution measurement of proton inelastic scattering
up to the excitation energy of 16 MeV. No quenching of the IS
spin-M1 SNMEs has been observed in the measured nuclei,
while the IV spin-M1 SNMEs are quenched by an amount
comparable with the analogous GT transitions. Consistency
with the study of the IS and IV magnetic moment in the
same mass region has been discussed. It has been shown by
applying the sum rule values that the difference of the IS and IV
spin-M1 SNME:s is relevant to the np spin-spin correlation in
the ground state. Thus, quenching of the IS and IV spin-M1
SNMEs needs to be described in a mutually consistent manner
by theoretical models. The np spin-spin correlation would have
a relevance to the correlated np pair with high relative
momentum studied by electron scattering and (p,d)
reactions as well as to the spin-aligned IS np coupling. It
would be of interest to extend the present study to higher
excitation energies and to mass and isotope dependencies.
For example, decomposition of the spin-M1 strength in the
continuum might be applicable by the multipole decomposition
analysis of the angular distribution in combination with an
isoscalar probe like deuteron scattering or with a pure isovector
probe like (p,n). It is worth considering the measurement of
(**C,12C") reactions for studying each of the IS and IV spin-flip
excitations of the target nucleus by tagging the IS and IV 1*
states of the ejectile with the coincidence detection of the a or y
emission. Also a measurement in inverse kinematics with an
active target based on a time projection chamber would be able
to extend the study to larger masses than 40 by employing
radioactive secondary beams.
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We note that a theoretical work (Isacker and Macchiavelli, 2021)
appeared during the review process of this ag'cle.lhat study reported
that the positive Ag,y values, referred as (S, - S, in their paper,
were not reproduced by Hamiltonian for all the possible parameter
values describing neutrons and protons interacting in a single-I shell
through a surface delta interaction. Theoretical interpretation of the
positive values is still an open question.
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