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1. Experimental approaches to

« NMEs for DBD and Astro- v

* 2. Nuclear Single and double CERs for weak NMEs
* 3. Recent RCNP CERs and DCERs



A. Nuclear models and experimental observables

* Nuclear models (theories) to understand basic static /dynamic
properties as observed, and to predict (evaluate) nuclear
guantities, which are not known experimentally but are
valuable and interesting.

* Nuclear experiments to measure basic static/dynamic nuclear
properties, and to provide key data to help nuclear (models)

theories evaluate nuclear quantities of current interest.

The present talk : How can SCER /DCER provide key data for
astro—v and DBD nuclear theories to evaluate their NMEs.

Not to measure the NMEs, nor approximate values for them.



Astro-v :real DBD v: virtual

Boson W W W
Operators t,7c F, GT... 1t 1016 FF, GTGT...
Momentum L 10-50 MeV/c L=0-3 50-150 MeV L=0-6

*NMEs are very sensitive to all kinds of t, t6 nucleonic and non-
nucleonic correlations, i.e. 1, to polarization (giant resonances).
The NME models are such that include well these correlations.

( Note 2vBB NE is also sensitive to energies of GT states)
*Experimental t, to NMEs and t, to giant resonances help theories
to build models and parameters (g, 9,, 9»°") to be used and to
verify them if they reproduce the experimental T ¢ data. 5



Effective t (vector)and to (axial-vector) couplings
M=k, M (model) k=gf/g :
Such renormalization effects that are not explicitly included in the

model, deviation of model NME from Exp. NME

Y Models based on “nucleon” .
e The nucleon and the nuclei
changes. Since 1960, effective pu,

GT e¢ff/e , moment of inertia, etc.

A : Theoretical way gM with g,=1.27 and g,,~=1 for n-p NME, and
calculate M with all the effects of nucleonic and non-nucleonic
correlations in the nucleus. To be checked by comparing the model
T ,,7o multipole NMEs and others with experimental ones.

B: Experimental way. Provide theoretical models with useful
T and to and other data such as g¢'f/g for initial, intermediate and
final nuclei. The present talk on how SCER /DCER can do them



Double  decay, astro- vs and CERs at RCNP
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Nuclear interaction

Projectile p

Nucleus n

Boson T,P,...

Boson mass 0.1 GeV
Momentum 0.1-0.001 GeV/c
Cross-section 103 b (b=10-%* cm?)
Type T, TG, [ensor etc
Steps Single and Multi-steps
Distortion Absorption

Weak Interaction

100 GeV (M/M) 4:1012
0.1-0.001 GeV/c
10-1+—1018 b Ratio:1012
1(F), to(GT), T
Single step No distortion
No absorption



Cross sections for nuclear and neutrino CERs

(®He,t) with E=0.45 GeV >> 0.03 GeV excitation of the target.
o\~0.6 mb (exp) for all GT and SD strengths up to 30 MeV

oy~ 6,Np for nucleus.
Using experimental N5 ~0.04 for the projectile flux attenuation, we get
0,=1.510 b for nucleon, i.e k=0.01 of the total 6,=1.5b

o,~101 b atE,=0.1 GeV

Ejiri Engel and Kudomi PL B 530 27 2002
based on the RCNP experiments. ____——

The ratio
o,/o,~15102b /10 b~ (M_/M,,)*

-
(=]
,‘Il‘

o(E) (cm)

2. oy (1) =0.5 mb/sr for a low-state
= o B(GT)/B(GT sum) for SCER, 5| N

using B(GT)/B(GT sum) =510 -3 J/LT ﬂ
get 6=0.1 Db /sr

-
o

0 20 40 60 80 100
E (MeV)

oy ()= 0 k B(GT)/B(GT sum)? for D CE it
= o x0.01x25 10 -6 =25 nb/sr

Accelerator v: reactions H. Ejiri, NIM A503, 276 2003
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Nuclear Interactions

VE = VE(ry) + Vs (ryoi - 05 + Ve (ry)Ti + Vg (ry)oi - o5t

1 Central interactions
with T, 10, and YL as weak VIS = [VS(ry) + VS(ry)ug]L- S,

F and GT multipole ones.
vl = [VLS[I}__;) + VTLS(I'Ij)Tf'Ej]S; .

2. Tensor LS as well at
q — O i 5 - 2 G EV/C i H. Ejiri, J. Suhonen and K. Zuber / Physics Reports 797 (2019) 1-102

b)

lt(q)l [MeV fm3]

3. Major to and t also at
E/A~0.1-0.2 GeV.

4. Distortion and multi-step
process get minimum at ,
E/A=0.2 - 0.4 GeV. phangyt

Ep [MeV]
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Double charge exchange (2n-2p) in a nucleus via
lepton, hadron and nuclear probes

e+ anti-v v e-

>
Lepton: 1 l >
d p(u)
Weak OvDBD i W . blu)
uu T+ ud dd -
>
Hadron meson l l .
n (d) m m p(u)
uu-dd quarks " (d) > plu)
uu A++ AQ dd A .
Baryon A, 2., " () lm ml > p(u)
uu-dd quarks n (d) > p(u)
: n(d) >
2 nucleons in % l ofr)
Light ion (He) ~) < ml > o(0)
Heavy ion (B, C, O) n (d) » p(u)




DCE-nt
* The A contribution by DCE-r experiments.
* 1. Major DBD is AA mode AFazelyandL.C.Liu PRL 57 968 1986

VOLUME 57, NUMBER 8 PHYSICAL REVIEW LETTERS 25 AUGUST 1986

Exp. 164 MeV =t low momentum transfer to the final nucleus.

0=60-30 nb /sr D(Distortion)=0.01 -0.005 for A=76-130.

T. Tomoda AA is not major, but 30- 1 % for n and mass NMEs.
Using the exp. =60 nb /sr for A="°Ge,
M(n)=0.23 — 0.070=0.16 , where AA is -0.07 and g ¢ /g,=0.6.
M(m)=1.5-0.012= 1.49 , where AA is -0.012 and g ¢ /g,=0.6.
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Kinematics of RCNP SCER (®He,t)

3H
Lightest ion
Low Q~a few MeV ( I ; g P, >> 200 MeV/c

E/A=0.14-0.15 GeV
Projectile nucleon, go out, A P.<< 200 MeV/c
P;>>200 MeV/c
Target nucleon stays in the target
A P,<< 200 MeV/c 3He,t SCER

I

vy

LIl

MeV/c

Momentum P transfer ,
depending on the t angle,
Ap~0-200 MeV/c, Al=0-3

100

10

AP,

Major to axial-vector
excitation at E/A~0.1-0.2 GeV.

o
} . .

10 100 1
Projectile E/A MeV
RCNP



DBD Medium E/A~0.1 GeV CER

Each W AP<200 MeV/c to keep n in the In projectile, each m transfer
nucleus, the summed AP=2-3 MeV/c <200 MeV /c to keep nin the nucleus

Vv e

2n W W 2p

CE toto 1t NME

Medium-Low E/A=30MeV Low E <15 MeV

Projectile & target np are mixed e SE s [FTliE

up to CE or NCE. Multistep/distortion. interact with all n
4-8 n

evapor
N :
pAy . ation

CER &Non CER t&o Non CER Non toc



Momentum transfer

Q49,3n DBD lei: Q value=-7 MeV by 2
Lightest charged projectile o R
except (m*, m -)

| —
o )
Total p transfer small, = =
but relative = P.=100 MeV/c = 107~
n — > n _
2p ! > 7n & 10 . /:>
N 2 \\'/
as DBD
1
10 100

Projectile E/A MeV



Heavy lon DCERs for DBD

RCNP Lightest HI ions 1'B,*Li at E/A=0.08 GeV

Extensive program at Catania, 3 talks at NEWS.

« F. Cappuzzello, et al., Prog. Part. Nucl. Phys. 128, 103999
(2023). Universe 20206 217.

NEWS: Cappuzzello, Agodi, Menendez, Lenske
F. Cappuzzello et al Eur. Phys. J. A51 2015 145. NEUMEN
C. Agodi et al., NEWS , Catania HI CER Project

N. Shimizu, J. Menendez, K. Yako Phys. Rev. Lett. 120
142502 2018

H. Lenske et al, Universe 7 98 2021. NEWS
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Momentum P;and transfer
momentum A P; at 6=0 deg.

Conditions P;>> 200 MeV/c
A P; << 200 MeV/c

Lightest charged projectile and ejectile

1B, 1L Q/2=-20

T
| l
o -t
~ [ ]
>
[
=
100 =
a’" = .
EE 10
A
1 RANP
10 100

Projectile Energy E/A MeV

2N

Pf MeV/c

AP,

>
,2Nn

2p

20Ne ,290 Ex=5 MeV E/A=15 MeV.
Results Phys. 28 104691 2021 Te

[ n

»

100 .

10 mil]

10 100
Projectile energy E/A MeV

It is a challenge to get data relevant to
DBD GT/F NMEs from low-E HI exps.
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He4, 4n Reaction Q=-30 MeV

R

MeV/c

100

Pf
*

10

AP,

1

10 100
Energyder nucleon E/A MeV

Medium E/A=100MeV o interact with 2n,
CER to 2p, 30-MeV/c each P transfer like DBD

He4, 4n Reaction Q=-30 MeV

‘ ‘
.
. 4
L 2
100
> ¢ —
= ¢ a7
e |
10 T
_Iq_ '
1 f
10 100
rojectile energy E/A MeV
Low E/A=10/MeV « interact with all n, heat up

to a few Me), and 4 n evaporation, L~15 rotation

o 2n

>

4n
evaporation



Deformed DBD nuclel with A=150 Nd and 152, 154 Sm.
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Conversion Electrons from (a, xn)Reactions on Sm Isotopes and

Nuclear Structures of Gd Nuclei COMPOUND FINAL STATES

STATES  INTERMEDIATE
Hiroyasu Enri, Masayasu IsHiHARA, Mitsuo SAKAI STATES (o, 4n)

MOMENTUM SPECTRUM OF CONVERSION ELECTRONS FROM 5457\14‘“ REACTION Eq®36 MaV
"$46q 4-2 B4 6-4  Moas-6 B5e%-s |54Gd
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Fig. 4. Momentum spectrum of conversion electrons from the 15Sm -+« reaction with 36 MeV incident 15454 o
alphas. The discriminator level is risen at the position C1. TARGET

GROUND
BAND

1. Low energy (E/A=10 MeV) reaction (Q~30 MeV) is used to heat up nucleus.
Most E (40 MeV), P (0.5 GeV/c) and L (~20) are transferred to nucleus.

2. Cool down by neutron evaporation, leaving rotational motion. Charge
exchange because of the Coulomb barrier.

3. Gamma spectroscopy elucidates such nuclear structures of the final nucleus
as the deformation/moment of inertia and the pairing energy and so on.

4. In A=154 case, the large (1.5 factor) change of the moment of inertia from
initial to final nuclei. The DBD NME calculation should consider the chaage .
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RCNP cyclotron E/A= 0.1 GeV warrants one step CER.
Spectrometer with energy resolution 30 keV s used to select
Individual states up to 30 MeV of current interest.
Momentum transfer 0-200 MeV/c at 6=0-3 deg.,for L=0.1.2.
These are powerful for studies of astro-v and DBD NMESs

300 T T
Large Acceptance Spectrograph 10 (")
N\ rip.p
< N 7 T, =295MeV ]
4 o0 brn=0"
/~ - AE/E=4.3=<107°
;7 2%.79.8keV]

= 200
e v : S~ B
Active Slit System ° | 2

LOOC

N

N

BM7
N =
ﬁ BME
SSr

Target and Faraday Cup
i 2

1 1 % L
o
—100 —50 o 50 100 150 200

excitation energy of '®%)Er (keV)

S 1 Slit System
Spectrometer v for Dispersive Beam

Particle Stopper

BM5 /
SIit System .4 WS Beam Line
for Achromatic Beam .

BMA N

Slit System
for Achromatic Beam




2. Exp. GT & SD GRs and guenching for single- [3

CERs at RCNP

Most to strengths are pushed

up into GRs (Giant resonances)
Fermi No at low states, all In F-GR: IAS
GT Afew % at low states, 50% GT-GR T e
SD Afew % at low states, main SD-GR

4000

100

Mo(CHe,t

3500
3000
2500
2000
1500
1000

500

(8]
8 10 12 14 16 18 20 22 24 26 28

E [MeV]

Ejiri, Suhonen, Zuber PR 797 1 2019 Thiesetal PRC 2012 86 14303 26




Most axial vector states (L=0,1,2) are excited, but no
separation of M(J=1+) = M(to),+ dM(t(aY,), S-wave t at
forward angle, and M(J=2-) = M(tcY),+ dM(1(cY;), p-wave t .
Absolute NMEs calibration by B or y decays

Momentum dependence of g,°f/g ,=constant

1. H. THIES et af. PHYSICAL REVIEW C 86, 014304 (2012

Ex = 265 keV Eyx ~500 keV
JE= 1% JT= 1h 2=

ALY

A
N .»

’ . v v e,
Ex = 1.063 MeV Ex=3.848 MeV] | Ex = 4.268 MeV Ex =8.308 MeV
Jr=1+ r Jr= 1+ Rz JT= ot

dao/dC) [mb/sr]

o

2 3 40 1 2 3340 1 2 373i0 12 3
8z m.[deg]

FIG. 3. (Color) Cross-section angular distributions for selected states of the ™Ge(*He )™ As reaction as discussed in the text. Note that the
states around 100 keV and 500 keV could not be separated. The data points represent their sum.




M% (pnQRPA) Ejiri Jokiniemi Suhonen PRC L 104 2022
with exp. g,°f/g,, =0.65+0.1 from GT and SD exps,
Jon from SD GR exps and g, from 2vf3p exps.

1gNMEs with g, = and 0.55

LS

60 80 100 120 140 0 60 80 100 120 140 160
Mass number A Mass number
Mo~ pnQRPA with g,¢/g, =0.65%0.1 MO%~ depends on models
ff —
MOv=3-2 ~ 5.2-0.023A £ 10% (9,"9,=1)

(0.55/0.74)>=0.55, while NMEs ratio=0.8 ~ ROPP 2014 Vergados Ejiri Simkovic



2. RCNP DCER %B,!'Li at E/A=0.08 GeV

Unique features

1. Lightest projectile

for both charged
projectile and

ejectile reactions.

2. Medium energy
E/A~0.1 GeV for one-step
DCER like DBD.

3. P transfer of 100 MeV, L=1-3

4. 1Li no bound excited
state. Only ground state of the
ejectile to study the target
excitation.

Double charge exchange ('B,!'Li) reaction for double beta decay

response

K. Takahisa®, H. Ejiri®, H. Akimune®, H.F ujita®, R.Matumiya®,T.Ohta?®, T.Shima?,

M. Tanaka® and M. Yoso1*

“Research Center for Nuclear Physics, Osaka University, Osaka, 567-0047, Japan,
YKonan University, Hyogo 658-8501, Japan
“Kobe Tokiwa University, Kobe 653-0838 ,Japan

Nuclear DCER

arXiv 1703.08265
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RCNP Ring cyclotron provided
1B with E/A=0.08 GeV. R B

Grand RAIDEN high resolution e AT
spectrometer for Li momentum |
analysis, and identification by @
TOF and energy loss.

(PET: 0.5pm Myler)
/ VDC

@ Plastic scintillator
DSR /7

13C(1B,1Li)130 ground state
IS well identified.

DCER(''B,''Li)

1200
1000
800F

600~

400+

Energy loss(Channel)

Fo/dCQAdEnb/sr MeV)

2000 400 . 600 - 800 - 1000
Time of Flihgt(1Channel =0.1nsec)

ttered ''Li particle by using TOF and the energy . :
intillator (thickne: The start signal of the TOF is RF signal from the Excitat ion energvi A l e




How one can learn double axial-vector coupling, , double
guenching coefficient, being crucial for DBD NMEs, from DCER

* ” n i Universe 2022, 8, 457. https:/ /doi.org/10.3390 /universe8090457

Article

Single and Double Charge-Exchange Reactions and

Nuclear Matrix Element for Double Beta Decay

. - 10, T

Hiroyasu Ejir
Research Center for Nuclear Physics, Osaka University, Osaka 567-0047, Japan; ejiri@rcnp.osaka-u.ac.jp

Received: XX Aug.s 2022; Accepted: YY 2022; Published: ZZ

Abstract: Neutrino properties such as the Majorana nature and the masses, which are beyond the
standard model, are derived from the experimental double beta decay (DBD) rate by using the DBD
nuclear matrix element (NME). Theoretical evaluations for the NME, however, are very hard. Single
charge-exchange reactions (SCERs) and double charge-exchange reactions (DCERs) are used to study
nuclear isospin (7) and spin (¢) correlations involved in the DBD NME and to help the theoretical
calculation of the DBD NME. Single and double ¢ NMEs for quasi-particle states are studied by

SCERs and DCER_ They are reduced uniformly with respect to the quasi-particle model NMEs due to
the 7o correlations. Impact of the SCER- and DCER-NMEs on the DBD NME is discussed.




Schematic diagrams of SCER, DCER, and DBD

Figure 1. Schematic diagram for the Ovpp DBD transition of 4X—%, ,X with a neutrino exchange.
SCER: 9X—>é1 +1X. DCER: 9X—>§ +pX.. QP: Quasi particle-hole state. GR: Giant resonance. DGR:

Double giant resonance. M~ (MT): 7~ (7) single-B response associate with DBD.

Axial-vector to NMEs for low-lying (Q) states are reduced by
nucleonic and non-nucleonic to correlations, some of them are in
model, others are incorporated by axial-vector coupling,

Double NMEs for low-lying (Q) states are doubly reduced by
nucleonic and non-nucleonic correlations, some of them are In
model, others are incorporated by axial-vector coupling, i



SCER and DCER for low-lying SD states and IAS

on
—
on

—_—
(=4

o nb/sr/MeV
o nb/sr/MeV

on

Cross section mb/sr/MeV

n= Ll

2 4 6 8 10 - -
Excitation energy (HeV) £ : 0 ’ EW&"J b

[—]

0

Figure 4. Energy spectra of the SCER and the DCERs: A: SCER of (*He,t) on 7°Ge at =2 - 2.5 deg,,

where the SD (L=1) excitation gets maximum [17]. B: DCER of (1!B,!1Li) on 13C at #=0 - 2.5 deg., where
GTSQ (L=2) excitation gets maximum [24]. C: DCER of (!1B,!1Li) on ®®Fe at =0 - 2.5 deg., where

GTSD (L=1) excitation gets maximum [24]. GS: Ground state. IA: Isobaric analogue state. DIA: Double
isobaric analogue state.

The ground state is well excited in 120 .
The low states and IAS are little excited in SCER on’®Ge,
The low states and double IAS are very little excited in °°Fe.

SCER SD interaction is large and t interaction for IAS is small.

In SCER with E/A=0.14 GeV and DCER with E/A=0.08 GeV
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Analysis: key iIs extraction of absolute value for specific
(to) NME. Use the ratio of the cross section to the IAS
with known NME=N-Z.

Distortion factors (loss of the incoming and outgoing
particle flux: 0.05) are major uncertainties in SCE and
DCER. They are common for low and IAS since
E(IAS)=0.01 GeV << E(1B)=1 GeV.

do(SD, QP;)/d0) = (2L +1)K(SD, QP;)N(SD, QP j1(4:R) *|Jx¢|*B(SD, QP),

do(SD,QP;)/dQ _ , |j1(qiR)|* |Jx|* B(SD,QP;)
do(ET1A)/dQ " jo(qiaR)|? |J<|> B(EIA) ’

9.8 N-Z

do(GTSD,QPy)/dQ)  3j1(qxR)[* |Jzo|* B(GTSD, QPy)
do(FE DIA)/dQ  |jo(gpiR)|?4]<|* R(FEDIA)

GT SD p-p and f-g, p-d : 0-2 MeVfor 15MeV 11.5 6 34



Quenching (g¢/g) coefficients

M(EXP)=k_(QP)M(QP) k. (QP)~0.25-0.3, QP:only UV factors without tc.

0.5

K..(QP)~ k ,(QR) QP: 0-2 MeV, Kk’ for low 0-12 MeV

Table 1. Top: The SD strengths and the reduction coefficients for the QP and low-lying states by SCERs
on DBD nuclei. Shown are the SD strength B(SD,QP), the F strength B(FIA), the reduction coefficient
k¢ for the QP states, and the reduction coefficient k., (SD) for the low-lying states. See text.

Bottom: The GT-5D strength and the reduction coefficient for the QP states by DCER on %Fe. Shown
are the GT-SD strength B(GTSD,QP), the F strength B(FF,DIA), the reduction coefficient ko(GTSD).

Nuclide

Wﬂ:e

B(SD,QP) B(FIA)
0.080+0.016 12

kzo(SD)
0.30 +0.05

k7o (SD)
0.26+0.05

SZSe
962[
Hmhdo
lngé
]301&
]36Xe

Nuclide

0.091+0.018
0.024+0.005
0.053+0.011
0.452+0.090
0.45620.090
0.457+0.091

B(GTSD, QP)

14
16
16
24
26
28

B(FE, DIA)

0.2940.04
0.2740.04
0.35+0.05
0.32+0.05
0.31£0.05
0.34£0.05

ko (GTSD)

0.31+0.06
0.33+0.06
0.29+0.05
0.29+0.05
0.26£0.05

56Fe

0.61 +=0.12

8

0.0921-0.014
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4 o\ 100 1 W 1
ruTer

Figure 3. Reduction coefficients for §xial-vextor NMEs. Light blue triangles: k.(SD,QP) for the QP SD
states by SCERs on DBD nuclei. Ble diamonds: k',(SD,L) for low-ling SD states by SCERs on DBD
nuclei. Light blue square: (k;(GTS QP)1/2 for the QP GT-SD states by DCER on 26Fe. Solid line: the

reduction coefficient of 0.3 to guide eye




Lepton (e v u) CERSs
u-v, CER used at RCNP SNS Spectrum e
Lepton (e ,v) CERs /}
A: v from iIntense p
SNS (Spallation N) ORNL JPARC
T =pt + v,
p' =e'tv, +anti-v,

N~105/sec. 10% is used to irradiate 1 ton target
Yield = 0.6 10-Y/sec for 10-*'cm? for a low GT state

B: e from intense e linac 10%%/sec
e” + X=v, +Y* (y B decays)
30 MeV linac pulsed 0.5 A N~2 1015 /sec. 5gr/cm? target
Target 5 gr/cm?, Yield =0.6 103/ sec for 10-*cm? for a low GT.
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Concluding remarks

1. Single and double charge-exchange nuclear reactions (
are used to study the charged

current .
2. The nuclear cross sections are larger than the weak
ones, reflecting the much lighter mass of the mesons.
3. SCER-DCER NMEs with similar isospin spin ( ) and
multipole (Y,) operators are used to help evaluate the IBD and
DBD NMEs and the correlations.
4. Nuclear reactions with are useful to study IBD
and DBD NMEs with
5. Absolute NMEs are derived from the
to the cross section for the .
6. Axial vector for low-lying QP states are
reduced by a factor and axial-vector

due to nucleonic and non-nucleonic
correlations.
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