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Double beta decay

Double beta decay (DBD):
decay process where a nucleus releases
two beta rays as a single process
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DBD nuclei (observed so far):
48Ca’ 7666, 8286, 96Zf, 100|\/|O, 128Te’ 130Te, 136)(6, 150Nd’ 238U



forbidden in
Two modes “standard” model

DBD

- Ovmode (AZ)—>(AZ+2)+2e B
-2vmode (A Z)>(AZ+2)+2e +2v,

Ov mode 2v mode

Majorana
%

Ov event ...

— Vv is Majorana particle.

— absolute mass is deduced from
the half life. ...mass hierarchy
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Nuclear Matrix Elements

...0v DBD occurs in nucleus

e second order process (A.Z) (AZ+1)  daughter

e Intermediate states:
mother

°g.s. | intermediate
e other states of various Jm. (A.Z+2)

Ov life time and v mass
Phase space / weak coupling ~ “nuclear matrix element” (NME)

i I nuclear structure

calculation
Shell model, RPA,...

%
(Tfz)" = 6" (m, ) MEer — M [ .

NME is important!
e analysis ... absolute mass / mass limit of v
e search planning ... which nucleus is the best candidate?



Reliability of NME (2005)

EX) °Ge

J. Suhonen, 2005

r\(:EBH
od We“

1]

converge
t understo

(D)
12

Bahcall,

x30difference

Murayama,
2004

n O
o O O
O O O
— AN N
e ] 1
mm n O
_ O O
O o O
O —



Suhonen, 2005 _

Uncertainty in
j 1* component !

J™ of intermediate state



Shell model? QRPA?

« Each has uncertainty of ~ 30%
Menendez, PRL100(2008)052503

ORPA

e SM predictions ...

20-50% smaller than
QRPA. \\\\\\1

 Concerns...
SM : limited model space
QRPA :

sufficient correlation?



Constraints on the calculations a
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stepl first order transitions

« Single B- & B* rates < daughter
e 2v-DBD rate

/

mother intermediate °Se

Ex RPA (Rodin
* Occupation numbers P Q ( )
« . > °Ge 7Se 6Ge 76Se
of “valence” nucleons: o
(@p). (p.0). g
(a,2He), (°He,q) z
S 0g9/2
D
& 0f5/2
step3 relevant transitions 1p
* B-type transitions: Kay, Schiffer et al., 2009
energy, strength, ... _-” Our work:

Gamow-Teller (1%)

mother — intermediate — daughter \ _"\q- A21)



GT transitions and 2v-DBD

2v[3[3 decay
(A Z)—> (AZ+2)+2e +2v, Az) NAZ+1)  daughter
* second order weak process ooty
e rarest process confirmed so far intermediate
e if thoroughly understood, (A,Z+2)

it helps analysis of Ovpp decay rate. Half lives ... not understood well

Suhonen et al., PR300(1998)123
Half-life and matrix element:

_ 2 48Ca ~4.3x10® (1.3-6.0) x 10%°
(-I-Zv) 1 _ GZV M 2v
vel bet %Ge  ~1.4x1021 (0.8-1.4)x 10%
- < f HOGT_Hm><mHOGT_H|> 2S¢ ~09x10%° (0.1-1.1)x 10%
DGT ~— 96 ~ 19 _ 19
- Em_(Mi+Mf)/2 Zr 2.1x10 (3.0-11)x 10

100Mo ~8.0x 10 (1.7 -32) x 1018

GT operator: O,., =) ot
o Z,: ' * y 16Cd  ~3.3x10° (5.1 —10) x 101
GT strength:  B(GT*) =|{j|Ocr.[i) 1286Te  ~25x10% (0.6 —37)x 10%
130Te ~0.9x10% (0.3-2.7)x10%

150Nd  ~7.0x10¥8 (6.7 —27) x 108



B(GT) in low-lying states

GT strengths:
(p.n) type
(°He,t)
(n,p) type
48Cq 48Sc (d,’He)

= 4276 keV

T, =4x10°y 48]

Low lying states
... high resolution measurements

48Ca(3He,t) @ 140A MeV (RCNP)
48Tj(d,2He) @ 90A MeV (KVI)

Grewe et al., PRC76(2007)054307



Horol et al.

Current understanding by shell model  zc/5200m08430

L e

Shell model calculation Shell model
... reasonable. (full fp)
Exp e GXPF1A
«Q-=0.6
2v
M “upperlimit”

decay



Aim

o |f your strategy is to check
or constrain the theoretical
calculations, you need the GTGR
full snapshots of the B(GT)
distribution.

e B(GT*") distributions were
studied up to the
continuum, in the

. . . (p.n)
Intermediate nuclel,
48SC, 116|n_ (n p)
e Measurement 18Ca 185

— Epoo= 300 MeV

- 0=0" ~12°
{48Ca(p,n)4850 {116Cd(p,n)116ln 48T
“Ti(n,p)*8Sc  |°Sn(n,p)*HeIn



(p,n) & (n,p) at 300 MeV

Advatages

» Simple reaction mechanism
e 300 MeV:
1. Effective interaction favors Spin-flip
transitions over Non-Spin-flip ones
(t_/t)
= GT transitions are most clearly seen.
2. Distortion effects are smallest (t,).
= analysis with DWIA is reliable.
3. Tensor interaction is smallest (t)).
= Proportionality relation is reliable.

Cross section & strength tensor

... Multipole decomposition analysis works FraneyLove

best.



(p,n) & (n,p) facilities at RCNP

(p,n) facility Ring Cyclotron
K =400

AVF Cyclotron
K=120

(n,p) facility



d*c._ /dQ/dE (mb/sr/MeV)

" « 48Ca target
Ca(p,n) measurement 17 mg/cm2, 98%

48Ca(p n)4BSc at 300 Me ® energy resolution
410 keV

e angular range
0 — 40 deg
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(n,p) measurement K.Y. et al., NIMA592(2008)88

(n,p) facility

» 2x10° neutrons/s
by "Li(p,n)
 0-12deg ...covered
by 3 angular settings
of LAS



48Ti(n,p) spectra at 293 Mev

e angular range
0-12 deg

e energy resolution
1.2 MeV

e Statistical accuracy
1--3% / 2MeV+1deg

e systematic uncertainty
4%

d®0,,/dOdE (mbsr 'Mev?)

0 10 20 30 400 10 20 30 40
Excitation energy of 3¢ (MeV)



Multipole decomposition analysis

~— MDA | ~N
eXp( cm’E ) Zajﬂgcicjﬁ cm’E )
DWIA
\AL=0,1,2,3 [J7=1",(0"1,27),(2",3"),47)

DWIA inputs (DW81)
* NN interaction:

t-matrix by Franey & Love @325 MeV
e optical model parameters:
Global optical potential
(phenomenological, Cooper et al.)
e one-body transition density:
pure 1p-1h configurations

Particle: 1f, 2p, 19, 2d, 3s, or 1h11/2
Hole: 1p, 1d, 2s, or 1f

radial wave functions ... W.S./ H.O.

48Ti(n,p) angular dist.
E, = 15 MeV



Examples of angular distribution

The DWIA description of GT transition

IS good.

(a)

48(:{a(p’,nl)488(3
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Decomposed angular distributions [*Ti(n,p)] mik
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B(GT*") distribution
K.Y. et al., PRL103(2009)012503

MD analysis ...

(p,n) : strengths exist
beyond GTGR

(n,p) : peak at 3 MeV
shoulder at 6 MeV IVSM?
bump(?) at 12 MeV S

Integrated strengths
(E, < 30 MeV)

{ SB(GT) = 15.3%+2.2
IVSM?

SB(GT*) = 2.8+0.3
S s W

E, <5 MeV ... consistent with
(°He,t) & (d,’He)

New

Contamination of IVSM?

isovector spin monopole ... AS=1,AL=0, 2hw, O =r%0oT
contribution estimated by DWIA: 0.9=%+0.2 for (p,n), 0.9%0.4 for (n,p)



B(GT*") distribution ... comparison with shell model

Shell model ...

with quenched operator
Spectra agree gqualitatively

up to ... full fp, Qe = 0.6
(p,n) : E, =15 MeV
(n,p) : 8 MeV

Strengths beyond
... underestimated.

(n,p) channel :

2B(GT*exp) =1.9%+0.3...
(w subtraction of [IVSM)

!

2B(GT*;ShellModel(Qg=0.6)) = 0.9

The “best” calculations fail to account for the spectra.
Necessity of larger model space? Correlations?, ...



' Study of Gamow-Teller transition strengths
in the intermediate nucleus *1°In

of the 11°Cd double-3 decay
via the 116Cd(p,n) and 11%Sn(n,p) reactions
at 300 MeV

Masaki Sasano (RIKEN)



QRPA calculation

with a large model space

QRPA prediction (GT + IVSM)
(Rodin et al., Tuebingen Univ.)
Large model space (34 levels)
= Enough for 2hw excitation by Rodin et al.
* quenching factor, 0.843 & g,, = 0.5
=adjusted for M(2v) and 3 decays from the 116In g.s.

Transition density
+ DWIA calculation (DW81) (k. Amos, A. Faessler and V. Rodin, Phys. Rev. C 76, 014604 (2007))
Base: H.O. b=2.23 fm
NN int. : FL325MeV
Global optical potential by Cooper & Hama
= Cross sections
= Strengths
= Smearing with escape width & exp. res.
(Rodin & Urin, Phys. of Atomic Nuclei, 66 (2009), 2128)



Comparison

101

dB(GT + IVSM)/dE (MeV 1)

exp. E

GT (QRPA)
GT + IVSM

underestimated.

B- : strengths in the low energy

region to be pushed up

B+: extra strength of about 2
and/or strengths around 22 MeV

to be pushed down

Theo. EXp.

GT IVSM GT+IVSM | GT+IVSM
B+ | 0.4 54 6.8 11+1
B- |42 4 52 45+8

<:> Interf. : ~15%

Strengths around 10 MeV are



Summary

« Study of beta-type transitions in DBD nuclei can guide / constrain the
structure theories used in the prediction of NME.

 We measured the cross section spectra for
the 48Ca(p,n)*8Sc / *8Ti(n,p)*8Sc reactions

at 300 MeV.
« MD analysis — B(GT*") distribution (E, < 30 MeV)

o 48Ca — 48Sc — 48Ti [PRL103(2009)012503]
— 2B(GT)=15.3+2.2
2B(GT*) = 2.8+0.3
— shell model predictions :
B(GT): good agreement up to GTGR (E, <15 MeV).
B(GT™): reasonable for E, < 8 MeV,
underestimation for E, > 8 MeV
« Waitch out! Current predictions of Ov-NME might be a way off!



	Double-beta decay �and charge exchange reactions
	Double beta decay
	Two modes
	スライド番号 4
	Nuclear Matrix Elements
	Reliability of NME (2005)
	スライド番号 7
	Shell model? QRPA?
	Constraints on the calculations
	GT transitions and 2v-DBD
	B(GT) in low-lying states
	Current understanding by shell model
	Aim
	(p,n) & (n,p) at 300 MeV
	(p,n) & (n,p) facilities at RCNP
	48Ca(p,n) measurement
	(n,p) measurement
	48Ti(n,p) spectra
	Multipole decomposition analysis
	Examples of angular distribution
	Decomposed angular distributions [48Ti(n,p)]
	スライド番号 22
	スライド番号 23
	Study of Gamow-Teller transition strengths �in the intermediate nucleus 116In �of the 116Cd double-β decay �via the 116Cd(p,n) and 116Sn(n,p) reactions at 300 MeV
	QRPA calculation �with a large model space
	Comparison
	スライド番号 27

