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Novel approaches to the nuclear
physics of Bp-decay:

chargex reactions, mass-measurements, u-capture
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Where do we stand in B decay when putting

together the pieces of the puzzle?

1.

General features

2. Chargex-reactions (3He,t) & (d,2He)
> perfect for 2vBp NME's

3. Chargex-reactions
> limited for OvBB NME's
(here: 2- states and nuclear wave function)

4. Mass measurements
> OvBp NME
> 9Zr is a ,golden" case (PRL116, Feb-2016)

%2Zr (B-) T 9©Nb, and g,

5. Muon capture projects starting (MuSIC)
» a high-q transfer phenomenon !!
gives handle on g, quenching

| JYVASKYLAN YLIOPISTO

UNIVERSITY OFJYVASKYLA
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General features

(2vBp / OvBp decay)
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to remember:
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1. 2 sequential & ,allowed” B~-decays
of ,Gamow-Teller" type

.1, 2,3, ... forbidden™ decays
negligible

Fermi-transitions do no contribute
(because of different isospin-mulfiple‘rs“

2.

3.

Can be determined via charge-
exchange reactions in the
(n,p) and (p,n) direction

( e.g. (d,2He) or (3He,t) )
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The situation of the Nuclear Matrix Elemets for
neutrinoless BB decay

P.\Vogel, J. Phys. G, NPP39, 2012 |
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Charge-exchange reactions

GT-part
(2vpp decay)




Charge-exchange reactions

Grand Raiden
Magnetic Spectrometer

AE/E ~5x10™° =~ 25 keV
. b at 420 MeV (3He)




Resolution is the key !l
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almost 70 !! resolved single states up to 5 MeV
Identified as GT 1+ transitions !!!
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St the other leg
i (BGT):
°Se(d,?He)°As

(AE = 120 keV)



the other leg
(BGTY):
ML 5Se(d,’He) °As

Oc.m. = 0.4°

AE = 120 keV (AE — 120 kev)
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a surprise:

23 ..; £ 76Ge(3He,1)76As 0.0° < Ojap < 0.5°

R82 2 E = 420 MeV 0.5°<Ojap<1.0°
i AE = 30 keV 1
| 1
T ‘

w

0°<0)3p<1.5°
5°<0)ap<2.0°
2.0°<0Q)zp<2.5°

low-E part of
NME makes up
~100% of total
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Nuclear matrix elements and deformation

%Ge: B~+0.1 ’
%Se: B~-0.2

reduction of the NME B
due to deformation is
theoretically confirmed

but

expm‘lly it seems to manifests
itself (in 2vpp decay) by a lack
of correlation between the two
different B(GT) ,,legs*, rather
than a reduction of individual
strength

From: T. R. Rodriguez, et al, PRL105 (2010)



100Mo

N-Z=16
T 5 = 6.9 x 1018 yp

has the largest NME
(NME ~ 0.24/MeV)




HERE: almost the entire
low-E 6T strength is
concentrated in the g.s.
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has the smallest NME

question: why so stable !l
(lives 300 times longer than 1°°Mo)
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. What's the size of the NME?

= 136 3 136 2Nn _ 21
| Xe(He.n1%Cs T3 = 2.2x10% yr
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A. Poves (simultaneous to our publication):

there is no B(GT"*) strength, except for lowest 1* state

Recall:
136xe is almost
doubly magic!!
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Shell model provides conclusive explanation for the
deemed ,,pathologically* long half-life of 136Xe.
Expt‘l test: 13°Ba(d,’He)3¢Cs
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Charge-exchange reactions

spin-dipole part
(OvBp decay)




Charge-exchange reaction towards

the 0vBB NME's

Here: 2- states via chargex reactions
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D Mg(2)(au)  3e
0 -5 MeV

I= ISM (Poves)

76Ge 82Se 967r 100Mo128Te 130Te 136Xe
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Low-energy spin-dipole (2-) strength to test
nuclear wave function for Ovpp decay NME's

2
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2 ll =QRPA QRPA
815 [] =no-core QRPA - reasonable description
g I =Fsap
g 10F 1 no-core QRPA
3 5 | I |:| -> washes out shell structures
FSQP

%Ge  82Se 9%Zr 100Mo 128Te  130Te 136Xe - semi-microscopic model

excellent description of data

forbidden in the
extreme shell model
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Mass measurements
and Ov[33 NMEs

96Zr-




EC never O*
O+ / (Z+L, N-1) (odd-odd)
(even-even) Z N "
PB"
O+
(even-even)
(Z+2, N-2)
1. 43Ca 7, 130Te
N ;ONd 8. °Xe The 3-B- decay candidates with
124

3.7 9- 73N — highest Q-value
1. °°Mo 10. 76Ge
2. 52Se 11. "°Pd
3. "6Cd




0+ B 6"
(even-even) W ~ m (odd-odd)
4SCa BP- N‘ 0
962[' m (even-even)
1. ¥8Ca 7. 3%Te N
2. °Nd  8.%5%e The B-B- decay candidates with

3. 962|“ 0. 12491
1. °°Mo 10. 7°Ge
2. 82Ge 11. "°Pd
3. 116cd

— highest Q-value




Idea
96 O+Y 4+  146.1 keV
Zr N
* measure Q-value for °°Zr —> °°Nb \ 5 2kev

6t gs.
single B-decay by precision mass 96Nb

measurement
* measure the single B-decay rate
- ft-value
« determine the %Zr 4-fold forbidden |’ [naturaln

—~—

40 . decomposition of Ov3 NME

nnatural «

A\

20

B-decay NME and confront with theory

PLB 262 2005

10

e confront with same theories aimed at
calculating Ovpp-decay NME for the 0.0
same nucleus!! 1o

1~ 2+ 3-4%+ 5 6t 778t 07 11|23+ 4~ 5+t6 7+

B9,p=08% []gp,=096
Oopp=100 [ g,,=105

Suhonen




Competition between [ & Bp decay of 9Zr

two conflicting half-lives: o+

R 4+  146.1

NEMO3: T2 =(2.3£0.2)x10%y 967r \T\T o+
chem: - 9y —&r 42

geo-chem: T,, =(0.94%£0.32)x10"y T1/ﬂ2 96ND g

can this difference be reconciled ?
yes, if single B competes with BB decay

(T1/2 )_1 = (TﬁZBB )_1 + (Tl[;z )_l
expected T, = (1.6£0.9)x10%y
experiment Th >26x10°y )

pred. (QRPA) T/, =24x10°y @&
BUT

(T4 ) e 0(Q®)g2 (M4’

old non-unique (unobservably long)
old unique (possible)
old non-unique (no phase space)

O OO
+ + +
Vb
S o1 o
H bHO
= —h —h

1/2

Q-value === M ;' s (1/77)" o Q°[M 5 2 <mﬂﬂ>2

(1) Wieser, PRC64,2001,(2) Barabash, JPG-NPP22, 1996 (3) Heiskanen, JPG3,2007
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s S>——— 44.2 (5%)

9627r - ot
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Next: need T,,, of single B decay

0 — 14641 47
%z T2— “28 T, (QRPA)= Z—fxlolg yr

QBNb\T ~23h Ua
e 11
U T,,(SM) = =x10% yr
B3 3 3 'R
l T,,(exp) > 2.3x10° yr

Important side effect:

single p decay depends on 03
2v/0vBp decay depends on g

A measurements of single  decay gives expmtl
handle on the quenching of g,




OvBp NMEs

1. what about getting
the OvBp NMEs ?

P. Vogel, J. Phys. G, NPP39, 2012
® KUKPA
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2. what about how to test the
models ?

3. what are the expmtl tools?

76 82 967100\ 130Te!36Xe 150N d

‘ investigate ,Lhigher-order forbidden" matrix elements of ot- type
0"—>2; 0">3"; ... ) = limited possibilities, not promising

‘ are there nuclei, where B and Bp decay are in competition ?

= YES! 48Ca and %6Zr

‘ can muon-nuclear physics help?
- YES p-capture a potentially powerful tool



Muon capture
and OvBp NMEs




* pu-cap features momentum transfers similar
to OvBp decay (q;. ~0.5fm-! ~100MeV/c)

+ p-cap processes to 17 states in A(n",Vv)B may
be compared with charge-ex reactions of (n,p) type.

* u-cap may give access to g, quenching issue

However

« only the On-channel (~10%)
is relevant for Ovpp decay

* level scheme of final
odd-odd nucleus is
extremely poorly known




The muon capture and g, in weak

decays

Title
Exclusive p-capture on Mg, *S and **Fe populating
low-lying 17 states to probe the weak axial current at high

momentum transfer

M. Alanssari,! I. H. Hashim,? L. Jokiniemi,” H. Ejiri,*

E. Ideguchi,* A. Sato.! J. Suhonen.” and D. Frekers!

Mnstitut fir Kernphysik, Westfilische Wilhelms-Universitéit, D-48149 Miinster, Germany
“Universiti Teknologi Malaysia, 81310 Johor Bahru, Malaysia
*University of Jyvaskyla, Department of Physics, FI-40014, Finland

‘Research Center for Nuclear Physics, Osaka University, Ibaraki, Osaka 567-0047, Japan




The amazing muon

There has not been any other elementary particle so .successful” in
advancing our knowledge in so many different areas of physics.

Producti +A-> X+71
roduction: [ (26 bﬂ -|-1/ Eprofon ~ 500 MeV

(2.215) Iee +V, v,

Surface muons: produced from stopped (usually nega’rive) pions at end of target

P > 00 EH ~ 41 MeV
77" q, ~30MeV/c
e 1 GémS -3
Life-time: ' =—= (1— £)=(2,196981(2) ,useC) (e =10 )

“ 1, 19278
Gr =116637(2)-10°GeV % m, =105.6583745(24) MeV

Muonium: u*+e- | an exotic hydrogen I ~136¢eV



S (I=0) P (I=1) D (I=2 E (1=3) G (I=4)

n
6 7 /
5
4 I N(ng-4f)
3 // M(nf-3d)
2 ' L(nd-2p)
ST prompt Lyman o.-series of atomic L-capture

followed by delayed nucl. capture
ﬂ‘c total Qﬂdecay

Huff-factor

Adecay = (2.2us) " =4.54.10°s™
A ~ (10—1000Nns)™ ~10° —10°s™
Q~09-1.0
* the neutrino takes most of the energy
E,(nucl) <10 — 20 MeV

captured by
the nucleus




The issue of g, queching

5.94 min
ot 0
=~ 56
2407 215.1 SGFE(HaVM)SGM n, (On)
QB = 1617 keV 104.6 keV (95%) 215.1 keV (5%) /
M 1+ 110.5 54ns
83.9 keV (95%) k
2+ [ - 26.6 g7ns ".’\ 56Fe(d’2He)56Mn
3* .y ’56; d 2 2.58h ",
25Mn %\:]'4‘ I T T I | | |
S o[ (9BFe(d,2He)56Mn 0056y <10 == |
E E=183keV  josgab% =
o 10+ 3°<@|ab<40|:|—
X 40 : @Iab - 50 —
@ gl = “lab ]
Example: 3 .
Compare transition S
. I 4}
strength in p-cap and 5
2
0

(d,2He) charge-ex




The issue of g, queching

326(p1,v, 2P, (0 n)
14 1149.4 ﬁ pture/ K> H ’
1071.3ke\xg°/¢ /

636.6 keV (50%)

0+ 512.7 '00
ot 512.7 keV 78 . 1 ‘0"
L T T s (d’ZHe)‘%\ 325(d,2HE)32P
32 .
15P ’0‘
Qp = 1710 keV . ", 40— | | | 1 | =
0 33 /3,’ i 3250’2He)32p |
169 2% Eq=183kev || _
E 30  0°sip,<1® 2|2 —
2 %e g §
=< — .
Example: g3, A
Compare transition < ~
strength in p-cap and ¢ g
(d,2He) charge-ex i




The issue of g, queching

1+ 1346.6 Apture

24Mg(p,v

1344.7 3+ '\ / /
1341.4 2+ r
B74.4 keV (100% Y@
.
e 563.2 R
1+ 472.2 (20ms) %,
v
‘ *
.
4+ 0 (d, EHE}‘ "0
15h ., .

24 .
11Na o %
.
= 5516 keV/ *e
.

24M *e —~

12M4g %“ _
Example: 3
Compare transition g
strength in p-cap and
(d,2He) charge-ex S

,)**Na, (0 n)

=183 keV
ﬂﬂ = Blab < 10




Schematics of set-up

\ / Clover aray

CO T! é

C2 g
m—-beam CB
. target

CO i
/ \\ Clover aray

[~

Hsiop =COACLIAC2AC3
# of u—stop = 8 - 25 x 103 with 20 -30 MeV/c

target can be used for solids and gas




Schematics of set-up
muon beam line facility
“MuSIC” + “CAGRA”

at RCNP Osaka
\Y

m— beam

«——1405—>
CAGRA = Clover Array Gamma RAy spectrometer

MuSIC = MUon Science Innovative muon beam Channel



The issue of g, queching

But: Hold your horses !l
things are a bit more complicated

there is a pseudo-scalar coupling effective in p-capture
with a constant g, ( also badly known !!)

What is this ??2?2?

Inside the nucleus the muon can decay back into a virtual pion
(lots of energy available!!), and the pion generates a final state
imprinting it with the parity of the pion. (P(r) =—1)

The effect depends on how many protons there are.
24Mg - 12 protons
326 - 16 protons
*6Fe > 26 protons



Conclusion

« Charge-ex reactions:

— useful tool for 2vpp decay NME's.

« Spin-dipole excitation via charge-ex:
—used for first time, low-E spin-dipole
strength mirrors ground-state properties

* Precision mass measurement:

—9%Zr is a golden case for testing Ov—NME's
and getting experimental handle on g,

+ p-cap:
— maybe the only viable tool to study weak
response at high momentum transfer and to
fix the g, problem by comparing with (d,?He)



