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Basics of neutrino-nucleus processes
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B~ decay:n —p+e + 7
Decay rate
Driven by Q-value ( = decay energy)
Q = Ekin(ei) + Ekin(D)
Hindered strongly by A] = |J; — J| and
very strongly by Gr?

Neutrino-nucleus (charged-current)
scattering at low energies (< 100 MeV):
Vet+n—op+te
Cross section
Driven by E,, > Ethreshold
Diminished moderately by A = |J; — Jf|

and very strongly by G
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75 Charged-current scattering off Mo
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INTRO: Rare weak decays (of interest for

determination of v properties)

What causes the rare weak decays to be so rare?
o Very low decay energies (Q values) of 3 decays

o Weak-interaction processes of higher order (58
decays)

o Large difference in the angular momenta of the
initial and final states (forbidden /5 decays)

See the recent reviews:
H. Ejiri, J. S., K. Zuber: Neutrino-nuclear responses for astro-neutrinos, single beta
decays and double beta decays, Physics Reports 797 (2019) 1-102

K. Blaum, S. Eliseev, F. A. Danevich, V. I. Tretyak, S. Kovalenko, M. I. Krivoruchenko,
Yu. N. Novikov and J. S., Neutrinoless double-electron capture, Reviews of Modern
Physics 92 (2020) 1-61.
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Electron spectra and forbidden beta transitions
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0.0 5.0 0.0 150 200 Decay rate ~ ((qr)*) ~ (107),
E [keV] q=pe +p»
¢ = 0 <> allowed transition
¢ > 1 < £:th forbidden transition
|Ji = Jf| = £ + 1 <> only one NME involved

> unique /:th forbidden transition

E = kinetic energy of the emitted
electron

Eo = endpoint energy
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Evaluation of the decay rates:

— _ In2 __
B~ decay rate = Tis =

GszW o C(we)pewe(wo — we)?Fo(Z, we)dwe =

1.
I.Iu-_ { /_\ -F.::l-e_'ln'l",.

L i)
C(we) = gv*ME + ga>2M%7 <> shape factor for allowed decays
= (E + mec?)/mec? » electron energy
wo = (Eg + mec?) /mec* ++ electron endpoint energy
Pe <> electron momentum
Fo(Z,w.) <> Fermi function for final-state Coulomb effects
gv = 1is the vector coupling (CVC value!)

gA is the axial-vector coupling

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Effective value of the weak axial coupling ga

The PCVC hypothesis = ga = 1.27

\U/ Non-nucleonic degrees of freedom (delta resonances)

\U/ Nuclear many-body effects (two-body currents)

\U/ Nuclear-model effects (configuration-space truncations,
neglect of three-nucleon forces,...)

Effective value: ¢St
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Effective value of ga affects everything

Motivation:

Effective value of the weak coupling g is involved in all weak

processes, and thus have impact on
e studies of rare 5 decays

@ processes in neutrino physics (33 decay, low-energy
(anti)neutrino-nucleus scattering, nuclear muon capture, .. .)

e processes in astrophysics (allowed and forbidden /5 decays,
p phy y

(anti)neutrino-nucleus scattering cross sections,. . .)

.

Affects (strongly) the determination of neutrino properties!

)
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Allowed Gamow-Teller decays
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Try to determine %' by reproducing exper-

imental comparative half-lives (= log ft val-
ues) by the random-phase approximation
theory

6289
logft = log(fot12[s]) = log | 5—5——5—5—
/ SYME + 8A2Mgr

QUESTION: Can this be done?

Yes: Recent work by O. Civitarese, F. Dep-

pisch, H. Ejiri, P. Pirinen, J. S.: quenched

eff
SA
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Evaluation of the decay rates:

(with universal spectral shape)

1 erfl(zﬁwe)
g {kﬁk;ﬂ v/ (2ke — D)!(k, — 1)! Fo(Z,we)

x pg(keil)(wO - we)z(kuil)} X gA2M11t2

+ shape function for /:th forbidden unique decays
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First-forbidden unique beta decays
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Extract ¢S by repro-

ducing the logft values
of the beta decays.

4

QUESTION: Anything
sensible coming out? }

\

ANSWER: H. Ejiri, N.
Soukouti and J. S., Phys.
Lett. B 729 (2014) 27:
quenched g5t
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Decay rates,
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continues...

2 VK2 = (aZ)? I4+1 I+1
wy — we) [gyMy — 1] —— gaMs] [gyM M
Gt D@ £ 1) Fewe (wo — we) [ vMy T 8A 3} [x\ h + T8A 3}

2 Fro 1(Z,
+ (671 x 1078, | M be =12 ) atke 1) (1 )20k D
@D, Ve D (2k D Fo(Zwe)
(I+1) ke — ky ke — l/) 24,2 24,2
oM 4 g Mpmy + e TR 2y W 2M
{(Zke—l)(zku—l) SN + 20uga MMy o e TMa® £ o ga "My

+ shape function for forbidden non-unique decays

Extension to include also the next-order terms: M. Haaranen, J. Kotila
and J. S., Phys. Rev. C 95 (2017) 024327.
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Motivation for the Work: Double Beta Decay
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Highly-suppressed weak decays

Nuclear decays of higher order:
Double beta decays:

Two-neutrino 3 decay
and

NEUTRINOLESS 33 decay
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2v 3 decay from nuclear-structure point of view

Virtual + transition
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Two-neutrino double beta decay

Nucleus half-life (years) experiments
;:ga 4.4;%2%3- 10121 laboratory FINAL NL(‘LELfZ‘N_n
e 1.607 ) - 10 laboratory PaN
82Ge (0.92 +£0.07) - 10"  laboratory, geochemical
%6 Zr (2.3+0.2) - 10" laboratory, geochemical ) _
100Mo (7.14+0.4)-10'8 laboratory R 2
100Mo(Oi*') 6.2f8‘g -10%0 laboratory \/
1ecd (2.85+0.15) - 10%° laboratory
1287 (2.0£0.3) - 1024 geochemical JINTERMEDIATE STATES |
130Te (6.9+1.3-10% geochemical
136xe (2.20 4 0.06) - 102 laboratory
150Nd (8.240.9)-10'8 laboratory < g
150Nd(0;L) 1.33:’8:32 -10%0 laboratory \/
28y (2.040.6) - 102 radio-chemical LN
n n (Z,N-2)
10%° years = INITIAL NUCLEUS

10000000000 x age of the UNIVERSE

MAYORANA2023

Jouni Suhonen (JYFL, Finland)



EXAMPLE: 2v33 decay of 7°Ge to states in 7°Se

Convergence of the large-scale shell-model calculation in the single-particle model
space Ofs/5s — 1p — 0992 using the effective Hamiltonian JUN45 (M. Honma et al., Phys.
Rev. C 80 (2009) 064323)

2015 Oye 2 2!
= = 0002 2
2 X 2
; e :
K OJr Model space K Model space
x 010 2 — Ful X 0000 — Ful
e -+ Truncationt g -+ Truncation
2 -~ Truncation2 2 || e - - Tnuncation2
Soos 2 -0.002 2
5 5
3 ¢}
0.00
0 5 10 15 20 0 5 10 15 20
Excitation energy of °As Excitation energy of "°As
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2v33 decay of 7°Ge: Relative feeding of final states

J. Kostensalo, .S, K. Zuber, Phys. Lett. B 831 (2022) 137170

76
o AS
g.s.
76
Ge 25 <0.01%
— 0 0.07%
27 <0.01%
+
0g.s.99.93%

TGSe
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Highly forbidden beta decays: Dramatic continuation

°Zr and **Ca: Competition of beta
and double beta decays
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#Ca decay channels calculated by the SHELL MODEL

M. Haaranen, M. Horoi, J.S, Phys. Rev. C 89 (2014) 034315

o T,,=4367h
@0 - 4 Q=26keV, T, = 54x 100y
F” — & Q=147 keV; T\, =34 % 100y
- G e 0 =278keV; T\, =55x 108 y
R™ =
i » B 3.500
- B 3.333
4 2206
=
2 0. D&
BE = 44" 0 x 10y
- 0, (0
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%6Zr decay channels calculated by the pnQRPA

H. Heiskanen, M. T. Mustonen, J.S, J. Phys. G 34 (2007) 837

T, > 38 x 10y T}, = 23.35h
S - (1) Q 9.3 % 10%
LA . 0 6 % 10
Ll (V| ¥
-t 8] L0 s 10
®NL
-5 2.975
-7 2.876
-G 9.755
=0 F 2441
5 2439
o _
T = (2.3 4£0.2) x 101y .
-0* 0.000

® Mo

0" — 4T < 4th forbidden non-unique transition
0" — 5T < 4th forbidden unique transition

0" — 61 « 6th forbidden non-unique transition

MAYORANA2023

Jouni Suhonen (JYFL, Finland)



Neutrinoless double 5~ decay
Ov33 Decay is Able to:

@ Reveal if the neutrino is a Majorana particle

@ Probe the neutrino effective mass

(m,)

cP 2
= Zj:light /\j |Uej|"m;

@ Probe the degenerate or inverted mass
hierarchies (next-generation experiments!)

@ Probe possibly the CP phases (nuclear matrix

elements are critical!)

2
}Amahm

YAmMZ,
o]

Normal hierarchy

0.16
Amz = 7-67:).19

0.11
Am?,, = 23918

YAam?,
2
} AmGi,

Inverted hierarchy

x 1075 eV?
x 1073 eV?

[Global 3v oscillation analysis (2008)]
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MASS MODE:
Tf/lz o (my,)?
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\ helicities
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m,=0 7

i

[INTERMEDIATE §TATES |

€] /

N

helicities PN
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transition

Ov 3B decay from nuclear-structure point of view

Decay rate:

In2

— (gA)4g<OV)(Q) [M(U”>]2(mu)2
1/2
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@ ¢(™)(Q) x Q° is the phase-space
factor

@ M) = NUCLEAR MATRIX
ELEMENT

@ Effective neutrino mass:

(my) = > A |Uil*m;
j=light

@ Light and heavy Majorana-neutrino
exchange: J. Hyvérinen and J.S.,
Phys. Rev. C 91 (2015) 024613
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INTRO: The Standard Model

(weak) (e\ectromagn.)

Jouni Suhonen (JYFL, Finland)

(s*r‘uhf)

e Only massless
neutrinos

e Only Dirac
neutrinos

e Lepton number
is conserved
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OvB~ 3~ Decays

SPECIFIC FEATURES
OF
Ov3~ 5~ DECAYS




Matrix Elements of the Ov3~ 3~ Decay

MASS MODE:

2
o]t _ 4 ~(0v) (my) (0v)}2
[100] " = e (L) e,
2
MO) = M0 _ <?> MO 4 )
A

Ggou) (Q) o Q° is the phase-space factor ,

(my,) = Z A]Cij|Uej|2(Effective neutrino mass) ,
i

Ov)
M( _Z +||Zh+ Tmn, E ||0 )
MGT —Z +th+ Tmn, Ea) (o - O'n)||0+)
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Specific Properties of Ov3~ 3~ NMEs

Nucleon-nucleon short-range correlations:

one has to prevent the two
decaying nucleons to overlap

— Use a short-range correlator, like Jastrow (tra-
ditional) or UCOM (applied already in 2007 by the
Jyvéskyld group)

Other improvements (Tiibingen, 1999):

I

I

finite nucleon size (form factors)
and

higher-order terms in nucleonic weak current

Jouni Suhonen (JYFL, Finland)
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Nucleonic Weak Current and Nucleon Form Factors

Lepton-nucleon weak current:

Gg /. ) _
Hw = 71;— (]L;J’J) +He ;5 jiu=evu(l—15)ver,

ot

JEASE 2o [gv(qZ)’y“ - igm(q‘z)mqu — ga(@)V" s + gr(q)g s | W

¥ = nucleon fields, My = nucleon mass, o#¥ = %[’y“, 7]

The dipole form factors read:

2@ = ¢ &

W ; gA(qz) = (

(1+q2/M3)?’
gv =1.00,g5 = 2?77, My = 850MeV, M, = 1086 MeV ,

am(9?) = (pp — 1n)gv(q?) [Weak magnetism]

¢r(q%) = 2Mnga(q?)(g? + m2)~! [Goldberger-Treiman relation]
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About the Nuclear Models

Nuclear Models:

HOW CAN WE DESCRIBE
THE VIRTUAL TRANSITIONS?




proton-neutron Quasiparticle Random-Phase Approximation (pnQRPA)

Single-particle space

T y

; s AF
partlcle creation: Cps Cn We bosonize
(p = proton, n = neutron)

[H,T}]|0) = BT j0)

|l BCS
Quasiparticle mean field [}
quasiparticle creation: a;, af, | Equations of motion
U’ anRPA ( A(gphngP) B(gphngP) ) ( Xk )
Basic excitation: —B(gphsgpp)™  —A(gphs gpp)” vk

-a (%)
ty = 5 (% afal], ~ v o] AN

pn
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Determination of the Values of the Scaling Parameters

E MeV]
16
homo oo
' ]
e Value of g, <— Energy
centroid of the GTGR S
(Gamow-Teller giant
resonance)
@ gpp remains a free S S
parameter «— The “gpp, [ =0 % srengin

problem”

Calculated 8~ and B+ strengths for Gamow-Teller transitions from the
PpnQRPA ground state of %Zn to the 17 PpnQRPA states in %Ga and ®Cu.
The dashed bars represent a 0f-1p calculation and the solid bars a
0f-1p-0gg /5 calculation. (Jouni Suhonen, From Nucleons to Nucleus,

Springer 2007)
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Determination of the Value of the g,, Parameter

Z M Ou)

ME ™) =307 1D [oFa(
n j

(Ov)
MGT

r])L t]'_ 1] n)

10+
(]WnHZ [o'jFA(l'j)]]t]‘ [10;")
]
0.4 7
0.2 4
= Exp.
2 004
T Exp.
S -02 A
=
-04 ~
06 ——/———————7T—— 77—
05 06 07 08 09 10 1.1 12

gPP
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Interacting Shell Model (ISM) vs. pnQRPA

ISM

@ Advantage: All configurations taken into account in a given
single-particle space, e.g. the Of5 >-1p3,-1p1 /» space:

(m0fs/2)™ (w1ps )" (wpy o) 7ot
X (10f52)" (V1py )" (V1P )Nt 7

@ Disadvantage: Only small single-particle spaces possible due to computational reasons

pnQRPA

@ Advantage: Large single-particle spaces computationally possible

@ Disadvantage: Contains only a limited class of (quasiparticle) configurations in a given
single-particle space, e.g.

AX2qp+Bx6qp+Cx10gp+ ...,

where A, B, C, ... are fixed by the form of the (correlated) pnQRPA ground state
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Relevance of the Spin-Orbit-Partner Orbitals

4
ot J
Toyl
v

ey
28

v
L =76,

gz
Ly
[T
Iy

T3

Toy?

L
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Matrix Elements

76Ge (Jastrow) 6
i 76Ge (UCOM)
—e— SMII
—a— WS+BCS| - gm:l
1 —— F{'; 5] |—4—ws+BCS|
0 —v— Exp.
c —<—PLB
]
§
31 o 4]
X
=
©
=
24 3]
1 r T T ) 2 T : T T ,
0 1 2 3 5 0 1 2 3 4 5
Basis Basis
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About Ov3-decay experiments

UNDERGROUND
LABORATORIES
protect from
COSMIC RAYS
and their secondary
particles

Canfranc (Spain)
Kamioka (Japan)

e’ Boulby (England)
UNDER ?P\Rl QUND Gran Sasso (Italy)
g EX.EEEMEVT S Pyhésalmi (Finland)

Baksan (Ukraine)
Modane (France-Italy)
Sudbury (Canada)

MAYORANA2023
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Experimental status (outdated)

Table: Presently running experiments with results.

Nucleus Half-life (yr) Experiment (m, ) (eV)
®Ge >2.1-10% GERDA < 0.21 —0.38
825e >3.6-10%2 NEMO-3 < 0.89 — 1.61

1000 > 1.1-10% NEMO-3 < 0.29 —0.93
Hecy >17-10® SOLOTVINO < 1.17 —2.76
1307e >28-10%  CUORICINO < 0.28 — 0.59
136 > 4.5.10% DAMA < 0.84 —2.67

Table: Prospects for the running and planned experiments.

Sensitivity Sensitivity
Nucleus Experiment Mass (kg) half-life (yr) (m,, ) (meV) Status
®Ge MAJORANA I 30 — 60 (1—2)-10%® 70 — 300 In progress
MAJORANA II 1000 6 - 107 10 — 40 R&D
76Ge GERDA 1 40 2.10% 70 — 300 In progress
GERDA II 1000 6 - 10¥ 10 — 40 R&D
8250 SuperNEMO 100 — 200 (1 —2)-10% 40 — 110 R&D
130Te CUORE 200 2.1-10% 35 — 90 In progress
136xe EXOT 200 6.4 - 10% 70 — 220 Started in 2011
EXOII 1000 8. 10% 20 — 65 R&D
136xe KamLAND-Zen 400 4.5.10% 30 — 95 Started in 2011
KamLAND-Zen II 1000 ~ 107 20 — 65 R&D
150Nd SNO+ 1 56 4.5.10% 130 — 300 In progress
SNO+ 1T 500 3.10% 55 — 120 R&D
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Miscellaneous

Personal reminiscences ]
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Inauguration Day of NEMO3, 12 July 2002
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The ZORRO Experiment

ZORRO } Needs 100 kg of *°Zr, this is a
AT _ORiented PROBLEM

. o

Rare” aents
Qbservatary

+

Oqs. —
? 9% = op=&Menl
2r ' Ty O} (ronorLe VIBRATION)

: ST 100k of %6z,
1 —_ 0;“ .
Mo Y5 83 eV
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Double 5" /EC decays

Double beta decays on the
positron-emitting /electron-capture
side

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Double positron/EC decays (2v decays have two v, in final state)

Ovpt B+ Decay

Final nucleus (Z — 2, N + 2)
n (Z=2,N)

p (Z_QaN) P

Initial nucleus (Z, N)

Jouni Suhonen (JYFL, Finland)

OvB+EC Decay

Final nucleus (Z — 2, N + 2)

Z —-2,N
n ( N) I

e
p (Z _ 27 j\/v) p bound

Initial nucleus (Z, N)

MAYORANA2023



Two-neutrino double electron capture

Final nucleus (Z — 2, N + 2)

H n (Z727N) n H

PN

Ve Ve

PN

bound P (Z _ 27 N) p el)ound

€

Initial nucleus (Z, N)
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Example: Various 2123 decay modes of *°Ru (calculated by using pnQRPA)

T+

gs
96 0%
13153 88

ECEC: > 1.6 x 10%, 3TEC: > 3.4 x 108

96
1uRus,

"
25 7\ 1625.90 keV [~ ‘ -
ot 1497.79 keV ECEC: (1.8 — 6500) x 10%, +EC: (2.1 — 16000) x 103
Oi 1330 keV ECEC: (3.6 — 54) x 10%, 3TEC: (7.5 — 150) x 10%7
2 ; ;
o 1148.13 keV ECEC: (4.2 — 92) x 10*', BTEC: (6.1 — 190) x 10%*
1
ot 778.24 keV ECEC: (4.2 —22000) x 10%%, B*EC: (1.3 — 12000) x 10%7
3 -
ot ECEC: (4.7 — 39) x 10?0, 3TEC: (2.0 — 23) x 10*!
T, pHAT (1.2 - 10) x 10%

Jouni Suhonen (JYFL, Finland)
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Example: Various 0023 decay modes of 7®Kr (calculated by using pnQRPA)

1%
$Brys
0 —
[H IO

ot 1498.60 keV BYEC: (1.8 — 5.3) x 1032

! - _nc-
g 130864 keV (my) =03eV

2
o+ 613.73 keV

y Do fdxeV
0+ BTEC: (4.3 —7.2) x 1077, +A+: (1.0 — 1.7) x 10%
. 8Sey - (my) = 0.3eV

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Neutrinoless double electron capture

Radiative OvECEC Resonant OvECEC
Final nucleus (Z — 2, N +2) Final nucleus (Z — 2, N + 2)*
Z-2 N Z-2 N
I n ) n I I n o ( ) n I
PN L]
7 A
Ve = T, Ve = U,
A
PN L]
Chound P (Z-2,N) P Chound Chound P (Z-2,N) P Chound

Initial nucleus (Z, N) Initial nucleus (Z, N)

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Rate of resonant OvECEC Decay

ﬁ _ gECEC {MECEC]z (my>21“
T2 (Q—E)2+12/4’

Q—E = degeneracy parameterJ

@ Atomic factor

GreosOc\* (ga)!
ECEC ;4\ _ F C 8A 6 p /2
g (0 ) - ( \/i ) 47_[_2 me%,—l )

where N _1 is the normalization of the relativistic K-shell(1s; /2) Dirac
wave function for a uniformly charged spherical nucleus

@ Q=M(Z,A)— M(Z —2,A) = difference between the initial and final
atomic masses

@ £ =E*+ Ey + Ey + Egg = nuclear excitation energy + electron binding

@ I' =TI +T'y + I'yr = nuclear and atomic radiative widths

@ NUCLEAR MATRIX ELEMENT: MFCEC = ﬁM(O”)/, Ry =12AY3 fm

Enhancement factors of 10° possible (]. Bernabeu, A. De Rujula, and C. Jarlskog, Nucl.
Phys. B 223 (1983) 15 ; Z. Sujkowski and S. Wycech, Phys. Rev. C 70 (2004) 052501(R))

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Example: Various 2123 decay modes of 1**Xe (calculated by using pnQRPA)

20
I.:..'IIIH
(0
I-‘_::X-'-'TL.'
L 165728 eV ECEC: (1.7 — 530) = M, *EC: (4.4 — 38000) = WP
i -

g+ 1325.51 keV ECEC: (1.1 = 3700) = 1™, 3YEC: (2.0

130040} 3 107

o G2.73 ke BECEC: (2.3 = 11000} = 10%, 3*EC: (8.8 — 25000)

¢ 1
_| - 3 3,
gtat: (10 = 32) = 10"
N ECEC: (4.0 — 88) = 1™, 8*EC: (9.4 - 97) = 107
Uz - :
= I£[’T{\.—, grat (17 = 38) = 10

Jouni Suhonen (JYFL, Finland)
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Example: Various 0v23 decay modes of 1?*Xe (calculated by using pnQRPA)

124

. 2y
¥k \ /XK saln

0%) 9854.87 kev  R-ECEC: (1.9 — 5.6) x 10%

"
(my,) = 0.3eV a 124X e,

oF _1657.28 keV BTEC: > 5.9 x 10%

! (my) = 0.3eV
ot 132551 keV

+ 132551 keV.

L 602.73 keV
of T

N BTEC: (1.2 — 4.2) x 1077, 378 (2.3 — 7.7) x 10%
gs : 3eV
24T, (m,) =0.3eV

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Concise List of Other Cases (

Transition Ir Q — E[keV] At orb. T1/2 [yr] Ref.

"Se — ™Ge 2+ 2.23 LoLs  (0.2-100) x 104 [1]

%Ru — **Mo 2+ 8.92(13) LiLs 2]
0"? —3.90(13) LiL, (4.9 —22) x 10 [3],Q[2]

12pgq — 102Ry 2" 75.26(36) KL; [4]
106Cq — 106pq 0"? 8.39 KK (2.3 -6.3) x 10°"  [5], Q [4]

(2,3)7?  —0.33(41) KL;3 [4]

2gn 5 M2¢q ot —45 KK > 6.6 x 10% [6]
124%e — 1MTe 0"? 1.86(15) KK (1.9 —5.6) x 10 [7], Q[8]

130B, 5 130Xe 0"? 10.18(30) KK [8]

1%6Ce — 136Ba 0t —11.67 KK (3.3 -26) x 10® 9]

[1] V. Kolhinen ef al., PLB 684 (2010) 17 (JYFLTRAP, JYFL) ; [2] S. Eliseev et al., PRC 83 (2011)
038501 (SHIPTRAP, GSI) ; [3] J. Suhonen, PRC 86 (2012) 024301 ; [4] M. Goncharov et al., PRC 84
(2011) 028501 (SHIPTRAP, GSI) ; [5] J. Suhonen, PLB 701 (2011) 490 ; [6] S. Rahaman et al., PRL
103 (2009) 042501 (JYFLTRAP, JYFL) ; [7] J. Suhonen, JPG 40 (2013) 075102 ; [8] D. A. Nesterenko
et al., PRC 86 (2012) 044313 (SHIPTRAP, GSI) ; [9] V. Kolhinen et al., PLB 697 (2011) 116

(JYFLTRAP, JYFL)

Jouni Suhonen (JYFL, Finland)
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Concise List of Other Cases (

Transition JF Q — E[keV] At orb. Ty /2 [yr] Ref.
Mom — MNd  2* 171.89(87) KL; [1]
?Gd — *Sm 0 0.91(18) KL, (1.1 -1.7) x 10®  [2] and [3]
Dy — %Gd 1 0.75(10) KL, [4]
0t 0.54(24) LiL, [4]
2+ 0.04(10) M;N3 [4]
125y — Dy 27 2.69(30) keV KL; [5]
"Er — Dy 04 6.81(13) LiL; (3.6 —5.8) x10* [3]and [6]
18yb — %8Er  (27) 1.52(25)keV  MiM; [5]
W — BHf 0 11.24(27) KK (4.4 —11) x 10*°  [3] and [7]

[1] M. Goncharov et al., PRC 84 (2011) 028501 (SHIPTRAP, GSI) ; [2] S. Eliseev et al., PRL 106
(2011) 052504 (SHIPTRAP, GSI) ; [3] T.R. Rodriguez et al., PRC 85 (2012) 044310 ; [4] S. Eliseev et
al., PRC 84 (2011) 012501(R) (SHIPTRAP, GSI) ; [5] S. Eliseev et al., PRC 83 (2011) 038501
(SHIPTRAP, GSI) ; [6] S. Eliseev et al., PRL 107 (2011) 052501 (SHIPTRAP, GSI) ; [7] A. Droese et
al., NPA 775 (2012) 1 (SHIPTRAP, GSI)

See the recent review: K. Blaum, S. Eliseev, F. A. Danevich, V. I. Tretyak, S. Kovalenko, M. I.
Krivoruchenko, Yu. N. Novikov and J. S., Rev. Mod. Phys. 92 (2020) 045007.
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The annoying problem with the weak axial coupling

The grand problem of geff J

Jouni Suhonen (JYFL, Finland) MAYORANA2023



eff

Motivation for the studies of g%

v |? My (MR (1
2068 — rate ~ [MEL]" = (1) ‘Zmni“ it

OvBB — rate ~ ‘MGTGT’ = (ga00) ’E;w +HOGTGT(]”)H01'+)‘2

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Example: 0v33 NMEs of 7°Ge, effect on the half-life

@ Jiao ef al.: Phys.
Rev. C 96 (2017)
054310
(GCM+ISM)

@ Menendez et al.:
Nucl. Phys. A
818 (2009) 139
(ISM)

@ Senkov et al.:
Phys. Rev. C 93
(2016) 044334
(ISM)

@ Barea et al.: Phys.
Rev. C 91 (2015)
034304 (IBM-2)

@ Suhonen: Phys.
Rev. C 96 (2017)
055501 (pnQRPA
+ gpp + isospin
restoration + data
on 2v3[3)

i
4 {m.) = S0meV
hY
P o ~ ;\,\
] ~
] \\\
0 7 NN N
~ TS
\\ > w7 Jino ef al (teiaxial)
s ~ . - :
i \\ - < * Menemndez ef al
\ >~
R Senkov et al.
107 - ™~ Jiao et al (axial)
:. ~ Barea et al.
% Suhonen
-
LU L. ga

Jouni Suhonen (JYFL, Finland)



Let us open with the easiest part: Gamow-Teller

decays

There are data on:

Gamow-Teller
TRANSITIONS

Theoretical approaches:

ISM (Interacting Shell Model)
pnQRPA (proton-neutron QRPA)

Jouni Suhonen (JYFL, Finland)
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Typical Gamow-Teller 3 transitions

D 1
o e oIy T

0 -
7 Moy,
L

" Tom
ooy
1'Nbgg

1) l:
My | a3Test

stable . s _ stable

- : - - 05
00N, 2 100Ma W Ry
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Interacting Shell Model (ISM)

Results from:

Quenching of ga

in the ISM calculations

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Results from the ISM

Mass range N Reference

Full Op shell 1.0319% W. T. Chou et al. 1993

0p — low1s0d shell 1.12150 D. H. Wilkinson et al. 1974

Full 150d shell 096700 B. H. Wildenthal et al. 1983
1.0 T. Siiskonen et al. 2001

A = 41 — 50 (1p0f shell) 0937001 G.Martinez-Pinedo et al. 1996

1p0f shell 0.98 T. Siiskonen et al. 2001

°Ni 0.71 T. Siiskonen et al. 2001

A = 52 — 67 (1p0f shell) 0.83870%,  V.Kumar et al. 2016

A = 67 — 80 (0fs5,21p0g9 2 shell) 0.869 +0.019 V. Kumar et al. 2016

A = 63 — 96 (1p0f0g1d2s shell) 0.8 M. Honma et al. 2006

A =76 — 82 (1p0f0g9,> shell) 0.76 E. Caurier et al. 2012

A =90 — 97 (1p0f0g1d2s shell) 0.60 A. Juodagalvis et al. 2005

1008n 0.52 T. Siiskonen et al. 2001

A =128 — 130 (0g7/21d250h;1 /5 shell) 0.72 E. Caurier et al. 2012

A = 130 — 136 (0g7/21d250M;; /5 shell) 0.94 M. Horoi et al. 2016

A =136 (0g7/21d250h, s shell) 0.57 E. Caurier et al. 2012

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Results from the ISM (illustration)

Ga

L.

(LA}

Kumar et al.

Gl

Honma et al.
Caurier ef al.

1
Huroi et al.

Juodagalvis ef al.

]
Silglonen ef al.

-

T 1100 1200 130 140
A

PV IV

Kumar et al.: J. Phys. G
43 (2016) 105104

Honma et al.: J. Phys.
Conf. Ser. 49 (2006) 45

Caurier et al.: Phys.
Lett. B 711 (2012) 62

Horoi et al.: Phys. Rev.
C 93 (2016) 024308

Juodagalvis et al.:
Phys. Rev. C 72 (2005)
024306

Siiskonen ef al.: Phys.
Rev. C 63 (2001)
055501

Jouni Suhonen (JYFL, Finland)

MAYORANA2023 60 /148



Proton-neutron Quasiparticle Random-Phase

Approximation (pnQRPA)

Results from:

Quenching of ga
in the pnQRPA calculations

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Results from the pnQRPA analyses

A pn Conf. ngf [1]

62—70  1ps;p—1lpiy 081020
78 —82  0gyy —0g9/y 0.88+0.12
98 —116  0gg/, — 07/, 0.53+0.13
118 - 136  1ds;, — 15, 0.6540.17
138 — 142 1ds;, — 1d3p  1.14%0.10

[1]1 H. Ejiri, J. S., J. Phys. G 42 (2015)
055201

Other analyses in the whole range:
[2] P. Pirinen, J. S., Phys. Rev. C 91
(2015) 054309

[3] E. Deppisch, J. S., Phys. Rev. C 94
(2016) 055501

Jouni Suhonen (JYFL, Finland)

B Ejivi et al. (2015)
Whale pnQRPA rangs

0.0

-

G 70 B0 00 1000 1100 1200 130 140
A

Fundamental quenching: M. Ericson (1971); M. Ericson et al. (1973);
M. Rho (1974); D. H. Wilkinson (1974)

(Meson-exchange currents — effective two-body operators)

MAYORANA2023



Results from the ISM on top of the pnQRPA ranges

@ Kumar et al.: J. Phys. G
Homma ef al. 43 (2016) 105104

Caurier ef al.

L0 @ Honma et al.: J. Phys.
' i Conlf. Ser. 49 (2006) 45

Kumar et al. Haroi et al.
@ Caurier ef al.: Phys.

- _ Lett. B 711 (2012) 62
Juodagalvis ef al. P

Ga

Horoi et al.: Phys. Rev.
C 93 (2016) 024308

@ Juodagalvis et al.:
Phys. Rev. C 72 (2005)
024306

@ Siiskonen ef al.: Phys.
: : : : : : : - Rev. C 63 (2001)
G0 T B S 1000 1100 1200 130 140 055501

A

(.5 Sii:—{k{lllﬁl et al.

(LA}
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Calculations for the 3 decays and 33 decays

Results from:

Quenching of ga
in the pnQRPA-based,
ISM-based and

IBM-based calculations
of 8 decays and 3/ decays

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Interacting Boson Model (IBM) and its extensions

Collective fermion space

S(J = 0)and D (J = 2) collective fermion pairs
Add one proton U or neutron fermion

IBEM-2

microscopic Interacting Boson-
Fermion Model for odd-mass
nuclei: H]: — HIBFMfZ

(sub-space of the full ISM space, Pauli principle

rules!)

1|} OAI mapping
IBM

s(J = 0)and d (] = 2) bosons (no Pauli principle)
Hy — Hg(st,s,d,d) (Otsuka-Arima-Tachello
mapping) IBFFM-2

microscopic Interacting Boson-Fermion-

Add one protonU and neutron fermion

proton and neutron U, degrees of freedom

IBM-2

Fermion Model for odd-odd mass nuclei:

Hr — Hiprrm—2

Microscopic IBM: Proton and neutron s and
d bosons: Hr — Hipm—2 J

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Results from the pnQRPA, IBM-2, and IBFFM-2

A pnQRPA IBFEM-2 [1] IBM-2 [2]
ga(B+ Bp) 3] ga(P) 4] ga(BB) [4] ga(B) ga(BB) ga(BB)

100 0.70 — 0.79 0.61—0.70  0.75—0.85 - - 0.46(1) [SSD]

116 0.81 — 0.88 0.66 —0.81  0.59 — 0.65 - 0.41(1) [SSD]

128 0.37 — 0.41 0.330 —0.335 0.38—-0.43 0.25—-0.31 0.293 0.55(3) [CA]

[1] N. Yoshida, F. Iachello, Prog. Theor. Exp. Phys. 2013 (2013) 043D01 ; [2] J. Barea, J. Kotila, F. Iachello, Phys. Rev. C 87 (2013)
014315 ; [3] A. Faessler et al., arXiv 0711.3996v1 [Nucl-th] ; [4] ]. Suhonen, O. Civitarese, Nucl. Phys. A 924 (2014) 1

0T, .
U 1y 14 15 134 Cs7 gy A7 15 19 Bg7

[ - L. [

(7.1 0.4) % 10"y 150 iRy (2.8 40.2) % 101 1662 leSugs

[

[

128
175

i3 Terg 5.0401

(L9 £ 0.4) % 1Py 6.061 12,

0,

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Results from the 5+ calculations against the

pnQRPA ranges from Gamow-Teller /5 decays

Fuaessaler ef al

Suhonen ef al. (4] @ Faessler ef al.: A. Faessler,
1.0 Suhaonen et al. [ 34) G. L. FOgli, E. Lisi, V.
. Rodin, A. M. Rotunno, F.
Simkovic, arXiv
0711.3996v1 [Nucl-th]

.J-.j _—— @ Suhonenetal.:].

. Suhonen, O. Civitarese,

0.5 BA IBM-3 T Nucl. Phys. A 924 (2014)
1

@ (33 ISM and IBM-2: J.
Barea, J. Kotila, E.
Iachello, Phys. Rev. C 87
(2013) 014315

13 1SM

ga

-8
[TEFFM-2

-

G0 70 B0 90 100 1100 1200 1300 140
A
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Collection of results extracted from the GT 3+ /EC and 2v38 calculations

i
g5

Fuessler2007 | Suhemen2014
Caurier2112

Ab initio

LU= M-P106
— Kumard) 16

Tumta2()16

®
ke en 20001

— lower limit (Suhonen2017)

0.0
10 50 60 TO 80 S0 100 110 120 130 140

A
Ab initio: P. Gysbers et al., Nature Physics 15 (2019) 428

Faessler2007: pnQRPA A. Faessler et al.,
arXiv 0711.3996v1 [Nucl-th]

Suhonen2014: pnQRPA J. Suhonen et
al.,, Nucl. Phys. A 924 (2014) 1

Suhonen2017: pnQRPA J. Suhonen,
Phys. Rev. C 96 (2017) 055501

Caurier2012: ISM E. Caurier et al., Phys.
Lett. B711 (2012) 62

Horoi2016: ISM M. Horoi et al., Phys.
Rev. C 93 (2016) 024308

M-P1996: ISM G. Martinez-Pinedo et al.,
Phys. Rev. C 53 (1996) R2602

Iwata2016: ISM Y. Iwata et.al., Phys.
Rev. Lett. 116 (2016) 112502

Kumar2016: ISM V. Kumar et al., J.
Phys. G 43 (2016) 105104 Phys. Lett. B
711 (2012) 62

Siiskonen2001: ISM T. Siiskonen et al.,
Phys. Rev. C 63 (2001) 055501

BB ISM and IBM-2: ]. Barea et al., Phys.
Rev. C 87 (2013) 014315

Light hatched regions: pnQRPA H. Ejiri
etal., J. Phys. G 42 (2015) 055201 ; .
Pirinen et al., Phys. Rev. C 91 (2015)
054309 ; . Deppisch et al., Phys. Rev. C
94 (2016) 055501

Jouni Suhonen (JYFL, Finland)
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Spin-multipole NMEs

Results from:

Quenching of ga

as derived from
spin-multipole NMEs

of forbidden unique 3 decays

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Spin-multipole (SM) nuclear matrix elements

General half-life formula for the allowed and unique-forbidden beta decays

tK 0+ o ]ﬂ _ Constant ,
1720 2 J7) S (M) e

where

@ fx is the phase-space factor for the K" forbidden (allowed = 0" forbidden)
unique S-decay transition,

@ g, is the axial-vector coupling constant,
@ Ji=]Jor]; =0(J = K+ 1) is the angular momentum of the decaying state, and
@ MX(SMJ™) is the spin-multipole NME for the K forbidden unique transition.

The unique decays are classified as:

K 0 (allowed) 1 2 3 4 5 6 7

I 1+ 2 3t 4 5t 6 7t 8"

Jouni Suhonen (JYFL, Finland)




Km=k

E
=

Global study for the first-forbidden (K = 1) spin-dipole 2, — 0f; decays

H. Ejiri, N. Soukouti and J. S., Spin-dipole nuclear matrix elements for double beta
decays and astro-neutrinos, Phys. Lett. B 729 (2014) 27

Jouni Suhonen (JYFL, Finland)

100

Mass number A

120

ey Y

i=}

= g% ~ 0.57
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Decays through higher spin-multipole (K > 2)

operators

Question:
WHAT CAN WE LEARN
FROM THE UNIQUE HIGHER-FORBIDDEN
3 DECAYS?
Answer:
A LOT!

Jouni Suhonen (JYFL, Finland) MAYORANA2023



INCENTIVE: ov35 decay through the higher spin-multipole states

=,

Jouni Suhonen (JYFL, Finland)

-

-0

: Ilfﬂ Dg7

D=3

- L L L

stable o+
0



Decays through higher spin-multipole (K > 2)

operators

Task:
STUDY 148 UNIQUE HIGHER-FORBIDDEN
£ DECAYS IN ISOTOPIC CHAINS
Problem:
NO EXP. DATA AVAILABLE
Study:
M rpa (SMJ™)
k= i\/f?il()gww) =7
Dependence on K and mass number A?

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Example: Decays in the A = 96 chain

[
(e = 20973 MeV
W o b,
ty ol BCY =
+ stable 32(7) < 107 s
-
. jr

s o
Moy,

Jouni Suhonen (JYFL, Finland)

t 2 (BC/ 3

ar L.51m 98902) =
*H sk '3_'.]“ L mh
|..‘|)I"|.‘|I [

Qe = 6.445 MeV
4.28d
W il 2% fort,
TCs tialB7 = fLEC84) =t (R0
1.2(4) = W% gy 102 0% = ll.ll.-'il:t
1{H} =7 mil : W ra2
2y § P h 1R e i
04— = 0259 MeV

1 a

1225 +
L

el =

i3 (l-'ll.)

e b

J.40 MeV

MAYORANA2023



Example: Decays in the A = 116 chain

Opel8™) = 0,754 MeV

01.5%0 MeV

T forh,
t12(EC) =

A(2) » 10 a

2188
H4. 20 m

+ i s
12 (1410 s)

e

E forh,
ty e (EC) =

YRR ]

L1
il gy

L, Finland)

Jouni Suhonen (J

" Forls.
t12(ECH=
B2} = W a

2.49h i+
0
7 1f2 12 T o E8
tay2 Mare) i Teg,

2 forh,

- 60.3m ¥ flEC) =

Plaom | 158 m 25(5) = 10¥a

thog - .
Qre(87) = 5.0900MeV | & |]=|=f.;|3___ Al e I p2
i [ 743

& Qi) = 117 MeV
O . - .
Qre(3Y) =\1.55 heV

3,568 MeV
3405 MeV

O (87)
Q- ()

T o, 4707 MeV
tyald” ) =
2.1(5) x

Lo 37

10%a

T forb. 24 fors,
talECH = |t (EC/aY) =
Bi2) = W¥a 31(T)a

-

-
mlgg e — wlfre  ®hyy e oz

MAYORANA2023



Example: Decays in the A = 136 chain

= ]..?.{i:i.‘-i
- 'F:"}T*‘.a 1

Qs = 143 MeV

1.4 s

Hids

LM
53 I.‘\_'I.

G

ko

Qs =T.57MeV

bl 87

1 a

f| _-I"i a J =
(220 £ 0067 = 0% a

pre.
Iri‘ }Hﬁn:

MAYORANA2023

(U
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Example: Continuation of the A = 136 chain

T forh,
ty2(EC) =
G2 » 1P TEa

0l " 1l A2} L . 17.55 8-

. EXT e
fo g Y — 136 L
. ty 2l @8 _|_.> Y .I'll_.l_r.[l.l | -'|-'|':‘-'h-‘\l
L [(2Hy (i) = 1 a G} = 1P a
U -

I

Ly
5 il}u'\-‘\_’

(5 (57) = 2.518 MeV

(da-(87) = 30066 MeV
(el 57) = 0067 MeV

Ql—i{ f 870 = (1L.585 MeV

1 Forh. T forh.
typal 37 )= tya(d7 ) =
W1} o 10a | 1.84) = 10" a stahble
Ll -
Ty — Bl w0 — vl I_-;Ej:]_g;lm {1

Jouni Suhonen (JYFL, Finland)
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Ratio k for 74 3 decays involving non-magic nuclei

' K=2 A
K=3
‘_\40.757 5 K=4 Z
K=35
8 05-@ O. ® A K=6 Q
A, O ® =
8 A @ A Q CD AABZE 7 D
€3 o2 4 A s Ag®® 4|0
S b A‘ljjjj:%]ﬁ
o2 0 ee co
50 €0 ' 140 150

70 & 90 100 110 120 130
Mass Number A
k extracted using the geometric mean of the full set of K (K = 2 —7)

forbidden f-decay transitions in an isobaric chain (J. Kostensalo, J. Suhonen,
Phys. Rev. C 95 (2017) 014322)

Jouni Suhonen (JYFL, Finland) MAYORANA2023



Separation to 5~ and 5% /EC decays

- o
0.75t P il ]
A 4 B ‘
‘5 : A . Ec/pt @
- 7% e o oo o ®
] AA A A ® ® : ® A
€3 oz °2 ¢ i A o A ®
m Py ® ‘A‘ A :
A . ° “Ax M
0
50 60 110 120 140 150

Jouni Suhonen (JYFL, Finland)
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Results for the Ratio k = M, qrpa (SM]7) /Mg, (SM]7)

A GT[1] K=1[2] K=2 K=3 K=4 K=5 K=6 K=7 Avg
50 — 88 0.35 0.40 025 046 043 043 - - 0.39
90— 122 052 0.40 025 035 034 038 041 013 031
122 — 146 040 0.40 030 028 007 035 - 019 024
Average 042 0.40 027 036 028 039 041 016 031

[1] H. Ejiri, J. S., J. Phys. G: Nucl. Part. Phys. 42 (2015) 055201
[2] H. Ejiri, N. Soukouti, J. S., Phys. Lett. B 729 (2014) 27

Conclusion: k is roughly independent of K = Low-energy quenching of ga derivable
from the hatched regions of the Gamow-Teller studies in the pnQRPA framework:

Massrange A=76—-82 A=100—-116 A =122-136

Show 0.7-0.9 0.5 05— 0.7

Assumption: Also the forbidden non-unique virtual transitions behave like the
forbidden unique virtual transitions.
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Enhancement of the axial charge and quenching of ga

Results from:

Effective value of ga

as derived from
half-lives of
first-forbidden non-unique g decays

Jouni Suhonen (JYFL, Finland) MAYORANA2023



First-forbidden non-unique [* < |~ § decays

Enhancement of the time component of the axial current:

Nuclear matrix elements
gAMK+1,K,1 (unique transitions) ; gAMK,K,l H gVMK,K,O 5 gVMK,Kfl,l

for K-fold forbidden § transitions emerge from the nucleonic current ]{\LI = gvy* — gavHY0.
Two additional contributions (gaMo,1,1 ; gaMo,0,0) for |7 <+ ]~ 3 decays:

space components  gay"y°  — QAT - O

time component  ga7’y’  —  ga(y’) TR

Ve (axial charge)

Axial-charge NME ga(y? )Mo 0.0

ENHANCED through gA (",’5) = (1 + EMEC )gAi Predicted 40 years ago by argu-

ments based on soft-pion theorems and chiral symmetry. In the 90’s studied from the perspective

of exchange of heavy mesons.
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Axial-charge strength as function of the mass number

_ +
5P X
Y

2

previous studies —- |

EMEC

ga = 0.60 =~
ga = 0.70 @~
A & gp = 0.80 > 7
g = 1.00 —¥
ga = 1.27 -
0.5 linear fit--- -
0 50 100 150 200 250

Mass Number A

Previous studies: E. K. Warburton, 1. S. Towner and B. A. Brown, Phys. Rev. C 49 (1994) 824 ; E. K. Warburton, J. A. Becker,
B. A. Brown and D. J. Millener, Annals of Physics 187 (1988) 471 ; E. K. Warburton, Phys. Rev. C 44 (1991) 233.
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Effect of axial-charge strength on 3 spectra

0.0005 ;
emec = 1.4 —
Emec = 1.7 ---
& 0.0004 emc = 2.0 |
'c ga = 0.60
3
i ga = 1.00 N |
£ 0.0003 ga=127mM
£ 0.0002 -
c
g
S 0.0001 :
0 1 1 L L L L -
0 500 1000 1500 2000 2500 3000 3500

Electron kinetic energy (keV)

From: J. Kostensalo, J. S., Mesonic enhancement of the weak axial charge and its effect on the
half-lives and spectral shapes of first-forbidden J+ <+ ]~ decays, Phys. Lett. B 781 (2018) 480
(computed by using the ISM).
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Introducing the : Spectrum-Shape Method

Higher-multipole transitions: Spectrum-Shape Method (SSM)*:
Effective value of ga(J™)

as derived from

electron spectra of

forbidden non-unique s decays

*First introduced in: M. Haaranen, P. C. Srivastava and J. S., Forbidden nonunique § decays and

effective values of weak coupling constants, Phys. Rev. C 93 (2016) 034308
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Spectral shape of higher-forbidden non-unique g decays

Half-life: ~
t] /2 = K / S.
Dimensionless integrated shape function:

wo

S= S(we)dw., S(we) = C(w.)pwe(wo — wf)zFo(Zf,wg),
1
Shape factor:
Cwe) = D A [MK<ke,ku>2+mK<ke,ku>2— 2”iMK(ke,ku)mm,m} ,
ke K kewe
where

Fr,—1(Z, we)
A, = — = = /K2 — (aZf)?,
ke Fo(Z,w0) Y = ke — (aZf)
Fr_1(Z, we) being the generalized Fermi function.

Decomposition of the shape factor:

C(w.) = gv*Cv(we) + ga*Ca(we) + gvgaCva (we).
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EXAMPLE: 1st-forbidden nonunique decay of *°Cs

First-forbidden nonunique §~ transition *°Cs(17) — Ba(0T): a high-yield fission
product—s Contributes to the reactor-flux anomalies!

140(:5(1—) — 14UBa(0+)

0.0003 pyve—

~— 0.00025 - 090 —

8 -

= 1,00

S 0.0002 - i;g -

el . R

E 0.00015 Allowed - ]

=

2 0.0001 .

g .

= 5e-005 ]
0

2000 3000 4000 5000 6000 7000
Electron kinetic energy (keV)

0 1000

For the allowed approximation we have just a multiplicative factor and a universal spectral

shape (independent of ga): C(we)ajiowed = ZIET (gAZMZGT + gszlz:) # function of w,
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ISM-computed [ spectra for different values of ga

Normalized ISM-computed
electron spectra for the
2nd-forbidden nonunique
B~ decays of *Nb and *Tc

(gv = 1.0).

From: J. Kostensalo and J. S.,
ga-driven shapes of electron
spectra of forbidden S decays in
the nuclear shell model, Phys.
Rev. C 96 (2017) 024317
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0.006
0.005
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0 50 100 150 200 250 300 350 400

Electron kinetic energy (keV)
MAYORANA2023



Example: ISM- and MQPM-computed electron spectra

Normalized electron spectra for
the 2nd-forbidden nonunique
B~ decay of *Tc (gv = 1.0)
using different values of ga.

Going to be treated by the
IBS-KNU-KRISS-LUKE-JYFL group:
gA EXPERiment and Theory
collaboration = gA-EXPERT
and

the GSSI-INFN-LNGS-LUKE-JYFL
Collaboration: Array of Cryogenic
Calorimeters to Evaluate Spectral

Shapes = ACCESS

Intensity (a.u.)

Intensity (a.u.)

0.01
0.008
0.006
0.004
0.002

0 50 100 150 200 250 300
Electron kinetic energy (keV) (ISM)

150 200 250 300

Electron kinetic energy (keV) (MQPM)

0 50 100
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Introducing the MQPM (Microscopic Quasiparticle-Phonon Model (MQPM)

for odd-mass nuclei (J. Toivanen and J. S., Phys. Rev. C 57 (1998) 1237)

ll Bosonization leads to EOM

Single-particle space

particle creation: cl A B Xk Xk
B —A* ve ) TEA v

(a = proton or a = neutron) -5 =

|l BCS
Quasiparticle mean field i) MQPM basic excitation
. . . 1
quasiparticle creation: a; Z Chay; + Z Dy [ﬂa F;]]
v ﬂ
QRPA U, (for even-even nuclei)
Basic excitation: {} Equations of motion

FT_;N};,])( Xk [g;gg]]—lf’;b[aguﬂ;) (A B )( cl ):El(l 0 )(C’

BT A’
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EXAMPLE: 1st-forbidden nonunique decay of *!°Bi

First-forbidden nonunique B~ transition 21°Bi(17) — 21%Po(0%)
Spectral shapes for different values of go = 0.80(solid red), 0.90,1.00,1.10, 1.20(dashed black)

210Bj(17) — 210pg(0*
0.0024 T T () T ( )|

0.002F "~
0.0016
0.0012

- -

000088  TTT0T7T 1

Intensity (arb. units)

0.0004

0

0 200 400 600 800 1000 1200

Measured and currently analyzed by the gA-EXPERT.
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3 spectral shapes without dependence on ga

Normalized computed electron spectrum for

the 2nd-forbidden nonunique A~ decay of 1¥Cs

137¢s(7/2+) — 197Ba(3/2%)

0.002 T Shell Mode]
0.0016 MQPM ==~ ]

0.0012 b

0.0008 - b

Intensity (a.u.)

0.0004 - 1
0

0 200 400 600 800 1000 1200
Electron kinetic energy (keV)

From: J. Kostensalo and J. S., Phys. Rev. C 96
(2017) 024317

Jouni Suhonen (JYFL, Finland)

Counts/(124 keV)

(D-MC)/o

First-forbidden nonunique 5~ decay
187Xe(7/27) — 137Cs(7/271).

Theory + Det. Effects, x*/ndf= 0.76
e Calibrated Data — Bkgs MC

400

0= 0232062, y1=-9.4¢-05:2.26-04 keV.
- - w=023:062

1500 2000 3500 2000

2500 3000
Ecan SS (keV)

From: S. Al Kharusi et al. (EXO-200
Collaboration), Phys. Rev. Lett. 124 (2020)
232502.
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Current list of ga-dependent 3-spectrum shapes

Transition ];Ti (gs) ];f (nf) Branching K  Sensitivity = Nuclear model

Fe — ¥Co 3/2=  7/27 (gs) 0.18% 2 Moderate  ISM

00Fe — 90Co ot 27 (gs) 100% 2  Moderate  ISM

8Rb — 87Sr 3/2- 9/27 (gs) 100% 3  Moderate  MQPM, ISM

9Nb — %Mo 6+ 4t (2) 100% 2 Strong ISM

BTc — BRu 61 4+ (3) 100% 2  Strong ISM

PTec — PRu 9/2t  5/2F (gs) 100% 2 Strong MQPM, ISM

BCd — M 12t 9/2F (gs) 100% 4  Strong MQPM, ISM;, IBEM-2
W — M5sn  9/2F  1/2% (gs) 100% 4 Strong MQPM, ISM, IBFM-2
136Te — 1361 0t 17) (gs) 8.7% 1  Strong ISM

37Xe — 137Cs  7/2=  5/2t (1) 30% 1  Strong ISM

138Cs — 138Ba 3~ 3t (1) 44% 1  Strong ISM

210Bj — 210pg 1~ 0% (gs) 100% 1  Strong ISM

@ Electron spectra of 13Cd (L. Bodenstein-Dresler et al., Phys. Lett. B 800 (2020) 135092)
measured by the COBRA collaboration.
@ Electron spectrum of '>In measured by using LilnSe; bolometers
(Experimentalists-Jyvaskyla collaboration).

Jouni Suhonen (JYFL, Finland)
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EXAMPLE: 4th-forbidden nonunique decay of *3Cd

4th-forbidden nonunique 3~ transition '13Cd(1/2%) — M3In(9/27)

7.7(3) -10" yrs
ok S T

Cd

A~ 100%

Qg = 0.320 MeV
23.20(10)

L e

kN 113

In

Calculated by using the Interacting Shell Model (ISM), the Microscopic
Quasiparticle-Phonon Model (MQPM) and the microscopic Interacting
Boson-Fermion Model (IBFM-2).
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Decay of ''3Cd — Comparison with data

Measured spectrum by detector no. 54:
Normalized electron spectra
for the 4th-forbidden
nonunique 3~ transition
Bcd(1/27) — "In(9/27)
(gv = 1.0).

COBRA 2019

—}— single detector data
template for 9,= 0.8525

normalized decay rate [a.u.]

Experimental data from
The COBRA collaboration:
PLB2020: L. Bodenstein-Dresler
et al., Phys. Lett. B 800 (2020)
135092.

template for g, =0.8925
template for g,=0.9125

template for 9,= 0.9325

\\\[\\\[\\\[

template for g, =0.9725

o
o

P o A
150 200 250

—_
o
o

T 300
energy [keV]
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Decay of ''3Cd — Comparison with data

+ ISM
* MQPM
% |IBFM=2

COBRA 2019

S I il | o a————— [
0 0D.80 0.85 090 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30

PLB2020 : A (ISM) = 0.914 + 0.008; PLB2021 := 0.907 £ 0.064
PLB2020 : ga(MQPM) = 0.910 £ 0.013; PLB2021 := 0.993 + 0.063
PLB2020 : ga(IBEM-2) = 0.955 £ 0.035; PLB2021 := 0.828 4 0.140
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Decay of '*Cd - ¢5ff using spectral moments

SMM = Spectral Moments Method

wo
n = / S(we)wgdwe:

Wthr

n = 0 <> area under the spectral
curve <> Ty,
n =1 <> mean energy
n = 2 <> variance
Usually only first few moments 1
are enough!

Result from
J. Kostensalo, E. Lisi, A. Marrone and J.
S., 113Cd B-decay spectrum and ga
quenching using spectral moments,

Phys. Rev. C 107 (2023) 055502.

Jouni Suhonen (JYFL, Finland)

S =S-NME

r= gA/gv

ga(ISM) = 0.96 — 0.99
ga(IBFM-2) = 1.03 — 1.13
ga(MQPM) = 1.02 — 1.07
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EXAMPLE: 4th-forbidden nonunique transition °In(9/2%) — °Sn(1/2+)

1/2- 4'5}__1__9.330
[+ L . - + ™ 1 ps -
9/2% 0.000 ——#=3/2 - 0.497
15 - N Q= 0.155(24) keV
191G ‘ T = 4.1(6) x 10y
Ty o(gs) = 4.4 x 101y
1258 A ¥ 0.000
L ‘L’;.N 5 .
151[)51165

Interesting ultra-low Q-value transition: The 2nd-forbidden unique transition
1151n(9/2+) — 1159n(3/2%) has the smallest known Q value of a nuclear transition: J.S. E.

Wieslander et al., Phys. Rev. Lett. 103 (2009) 122501; B. ]. Mount et al., Phys. Rev. Lett. 103 (2009) 122502.
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Decay of "°In — Comparison with data

Normalized electron spectra
for the 4th-forbidden
nonunique 5~ decay

31 (9/27) — 158n(1/27T)
(gv = 1.0).

Result from
The CEA-CNRS-CSNSM-
INR-JYFL-MIT-LUKE-UCB
collaboration: A.F. Leder et
al., Phys. Rev. Lett. 129 (2022)
232502.

3.0

2.5

2.0

15

Fit Values
MQPM
1SM

s IBM

11510 Halflife, Ty (X105 yrs)
=
o

b) Inset of Above —— B8% BCR
--- 85% BCR

- 99.7% BCR

Pfeiffer (1979)

00 0.825 0.850 0.875 0.900 0.925
galgv

3a(ISM) = 0.830 + 0.002
ga(IBFM-2) = 0.845 £ 0.006

gAa(MQPM) = 0.936 + 0.003

0.950 0.975 1.000

Jouni Suhonen (JYFL, Finland)
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Conclusions about the effective ga

Conclusion 1:

The long chain of ISM calculations and the recent pnQRPA and
IBM-2 calculations of Gamow-Teller 5 decays and 2v33 decays
are (surprisingly!) consistent with each other and clearly point to
a A-dependent quenched ga

v

Conclusion 2:

The spectrum-shape method (SSM) and the spectral moments
method (SMM) for forbidden non-unique 5 decays seem robust
tools (largely independent of the nuclear model, the assumed
Hamiltonian and mean field) to search for the effective value of
ga and to try to solve other problems, like those related to the
reactor-7, spectra

v
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Spectral shapes as background: Total 3 spectrum of 2“Pb

85Kr, 212Pb and 24Pb are
backgrounds in dark-matter
experiments like XENON1T,
XENONNT, PandaX, etc. (see S.
J. Haselschwardt et al., Phys.
Rev. C 102 (2020) 065501.

Beta decay of 2'4Pb includes
several first-forbidden
non-unique transitions from 0+
to 0~ and 1~ states within the

decay Q window.

Total spectrum from
M. Ramalho et al., in
collaboration with the PandaX

dark-matter experiment

Jouni Suhonen (JYFL, Finland)

dN/dE (non-normalized)

-

Beta spectrum: Pb214 -> Bi214 | gA/eMEC = [0.85/2.413]

Calc. Half-fife: 1621.05 5

—— 04->0-0.352 |BR: 44.55 % *
0+->1-10.533 |BR: 106 % *
0+->1-10295 |BR:39.0 %+
0+->1-]00 [BR:1277%
0+->1+]0839 [BR:275 %*
0+->2-]0.642 |BR: 0.0 %
0+->2-]0.493 | BR: 0.03 %

—=- 0+->2:]0.055 |BR:0.03 %

—— Total of Spectrum | Tot BR: 100.19%

06
Energy (Mev)
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Still more spectral shapes: 3 spectra of fission yields

Investigating

Reactor-v anomaly

and

the spectral bump
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Neutrino-related anomalies and sterile neutrinos

Sterile neutrinos:

The gallium anomaly

(J. Kostensalo, J. S., C. Giunti and P. C. Srivastava,
The gallium anomaly revisited, Phys. Lett. B 795 (2019) 542)

The reactor antineutrino anomaly

imply oscillations of the “ordinary” neutrinos (ve, v, v-) to

STERILE NEUTRINO

in the mass range of a few eV

But what is the reactor antineutrino anomaly?
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The reactor antineutrino anomaly

The 7. flux from reactors has been measured in short-baseline neutrino-oscillation
experiments]: Daya Bay (in Daya Bay, China; 6 reactors, 8 detectors), RENO (South Korea; 2

detectors 294m and 1383 m from 6 reactors) and Double Chooz (Chooz, France, 2 detectors 400m
and 1050 m from 2 reactors, schematic figure below).

Nuclear reactor

Near detector Far detector

i} 400 10 1050 m Distanes

lRENO: Phys. Rev. Lett. 108 (2012) 191802; Double Chooz: J. High Energy Phys. 2014 (2014) 86; Daya Bay: Phys. Rev. Lett.
116 (2016) 061801.

Jouni Suhonen (JYFL, Finland)
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The neutrino-flux measurements find:

The reactor 7. anomaly:

The measured flux is some 5% smaller than that predicted from
the 3 decays of the fission yields of the reactor fuel

(?
——> Oscillations to STERILE NEUTRINOS

The bump anomaly:

There is an unexpected bump at 4 — 6 MeV (spectral shoulder) in
the measured 7, spectrum.

— 77?7
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Important contributions from B decays to the reactor

antineutrino spectra (deviations from the allowed spectral shape)

Pseudovector transitions with (130Te) and

without (149Xe) ¢4 dependence

31 — ga=060 —— ga=10
ga=080 —— ga=127

[ ]

135-|-e

=

140y @

Normalized shape factor

N

Normalized shape factor
W

-

o M/

0.50 . . T T T .

) 3 ) 3 P 0.0 0.2 0.4 0.6 0.8 1.0
Electron Energy [MeV] Scaled electron energy

The transitions

137Xe(7/27) — 13Cs(7/24,5/2; ) are highly

interesting: Measurement of the spectral shapes

by EXO-200
Jouni Suhonen (JYFL, Finland) MAYORANA2023

pseudoscalar (A] = 0, non-unique),
pseudovector (A] = 1, non-unique) and

pseudotensor (A] = 2, unique) transitions




Results from the analyses including the 3 spectra

Taking into account the 10.0 4
(first-forbidden) decays of ~ _
S 751
86Br(0T), #Br(2t+), 87Se, 8Rb,
89Br(3/2+), ¥Br(5/2+), Rb,  § 5.01
(l)
IKr(5/27), "Kr(3/27),?Rb, 5 %7
92Y, 93Rb, 94y(0+), 94y(0+)/ E 0.0
9%BRb(7/2+), BRb(3/2+), 5Sr, £ 2.5
(=}
9%y 97y 98y 133G 134m5b(6+) = 504
I3y et oy 1350 1emy 1371 | e ReNO
mgh(6+?), 13T, 136m7, 1377, 75 e DayaBay
1387 139y 140 142 ; ; ; ; —t ;
I, *°"Xe, **Cs, ***Cs > 3 4 5 6 7
changes the o flux by a few Prompt energy (MeV)
% ! The spectral shoulder appears due to forbidden
HKSS flux model: spectral corrections !

See: L. Hayen, J. Kostensalo, N. Severijns, ].S., First-forbidden transitions in reactor antineutrino

spectra/in the reactor anomaly, Phys. Rev. C 99 (2019) 031301(R) ; Phys. Rev. C 100 (2019) 054323
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Clear evidence of a contribution to the spectral "bump": The case of *’Rb

Pioneering calculation of a total S-electron spectrum of a high-Q reactor fission

product: The B~ decay of “Rb with a Q value of 8.095 MeV
Computed cumulative electron spectrum Comparison of the computed total spectrum

3 with the TAS spectrum. Computations done by

Cluster 1: 87.495% = ----
Cluster 2: 9.274%
Cluster 3: 2.409%

Cluster 1 + 2

Total Spec: 99.18%

using two available shell-model interactions.

TAS Spectrum
glekpn (1,106, 1.3)
glepn (1.083, 1.57) —— |

N

dN/dE (107%)

dN/dE (10°%)

0 2000 4000 6000 8000
Electron energy (keV)

Cluster 1: gs-to-gs transition (based on TAS-measured 0 2000 4000 6000 8000
Electron energy (keV)

Rel. deviation %
o

branching), Cluster 2: known 1st-forbidden transitions (based
TA i f he TAS- A. Al
on TAS-measured branchings), Cluster 3: unresolved $ spectrum obtained from the TAS-measured ( gora ct

higher-energy 1st-forbidden and allowed transitions co.) branchings assuming all transitions to be allowed.
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About the gallium anomaly

Small sidestep to

the gallium anomaly

and

charge-exchange reactions
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The "'Ga anomaly (has pestered us for some 20 years!)

B2
ar2 L

Shkel

Charged-current
neutrino-"'Ga scattering

via Gamow-Teller type of
transitions.

9z LrkeV

1 1 - = 52 173 ket
ve+ Tha— "Get e o
, 11Gey AL
Monoenergetic v, from = !l
artificial neutrino sources log fE = 4.35
via 3/, — L
Electron captures: nGity
SCr+e™ = 'V 4 v, (E, = 751keV)

YAr+e” — ¥Cl+v. (E, = 814keV) ;

The scattering cross sections o have been measured by the GALLEX experiment

[Phys. Lett. B 342 (1995) 440 ; ibid B 420 (1998) 114 ; ibid B 685 (2010) 47] and the

SAGE experiment [Phys. Rev. Lett. 77 (1996) 4708 ; Phys. Rev. C 59 (1999) 2246 ; ibid C
73 (2006) 045805 ; ibid C 80 (2009) 015807]

MAYORANA2023
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Estimation of the scattering cross section

The cross sections can be deduced from neutrino kinematics, as first done by J. N. Bahcall, Phys.
Rev. C 56 (1997) 3391 (verified by our more complete calculations)

(¥ Ar) = 6.62 x 107% cm? | 14 0.695 BCTwzs | 063BCTsw )
BGTgs BGTgs
BGT BGT
51 —45 2 175 500
Cr) =553 x 10 1+0.667 0.218 ,
o (") e < OO e, T BGTgS>

where BGTgs can be normalized by the log ft of the Gamow-Teller EC transition
71Ge(l/Zg_s) —71 Ga(3/2g;), and BGT = (g4)%(f1Octlli)?/(2]; + 1), J; being the angular
momentum of the initial state.

BGT ratios can be taken from D. Frekers ef al., The 7'Ga(°He, t) reaction and the low-energy
neutrino response, Phys. Lett B 706 (2011) 134:

BGT BGT
75 _ 0,039 +0.080; 2oL _ 202 40,016,
BGTgs BGTgs
or from our shell-model calculations with the JUN45 interaction:
BGT
175 _ 0.033; BGTsm _ 0.016,
BGTygs BGTgs
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Quantitative statement of the gallium anomaly

R—M

Oestimated

It seems that experiments measure a reduced neutrino flux:

Estimate GALLEX1 GALLEX2 SAGE 1 SAGE 2

R(Frekersetal) 0.93+£0.11 0.794+0.11 0.93+0.11 0.77£0.08
R(SM, JUN45) 098+0.11 0.83+0.11 0.97+0.12 0.81+0.09

9
——> Oscillations to STERILE NEUTRINOS

Questions raised:

@ Are there problems with the cross-section measurements (GALLEX 1 vs.
GALLEX 2, SAGE 2)?

@ Why the BGT of Frekers ef al. deviate from our shell-model computed BGTs?

Jouni Suhonen (JYFL, Finland)
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Problems with the analysis of the !Ga(*He, t) reaction?

BGTreaction = $25 [(fI| Ot i) + o(FOx i),

where Or ~ [0Y3]; is the tensor part entering the reaction analysis and § = 0.097 is the
mixing strength (From the analysis of Gamow-Teller transitions in the sd shell: W.C.
Haxton, Phys. Lett. B 431 (1998) 110.).

We find interference of the GT and tensor terms:

Transition (fllOcrlli)  (fllOrlli) BGTg(SM)  BGTreaction(SM)
3/27(Ga) — 1/2~ (Ge, gs) ~0.795 0.465 0.158 0.141
3/27(Ga) — 5/27 (Ge, 175keV) 0.144 —1.902 0.0052 0.0004
3/2-(Ga) — 3/2~ (Ge, 500 keV) 0.100 0.048 0.0025 0.0027

The charge-exchange reactions assume always a constructive interference of the GT

and tensor terms!
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Conclusions about the ?Ga anomaly

Conclusions:

NONE YET!

The work continues. . .
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Low Q values: spectral shapes and Breit-Wigner

resonances

Low Q-value 8~ /EC decays
for (anti)neutrino-mass measurements

B~ (AZ) = (A Z+1)+e + 1

EC:(A,Z)+e = (A,Z—1)+ 1,
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Neutrino Mass Measurements with low Q values

The KArlsruhe TRItium Neutrino experiment = KATRIN

Qp- = 18.6keV, Allowed
*H(1/2%) — *He(1/2") B~ decay, Ty, = 12.33y
Sensitivity to neutrino mass: m, ~ 0.2eV

4

(The Microcalorimetric Array for a Rhenium Experiment = MARE

Qz— = 2.469(4) keV, First-forbidden unique 187Re(5/21) — ¥0s(1/27) B~ decay, Ty jp = 4 X 1010 y)

The Electron Capture in Holmium experiment = ECHo
Qrc = 2.833(34) keV (Penning trap), Allowed '*Ho(7/27) — ®*Dy(5/27) EC decay,
T1 /2 = 4570 y

Sensitivity to neutrino mass: m, ~7
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Extraction of the neutrino mass

l-"" elec trons

R henium

0.0 50000 10000 15000
E [eV]

The fraction of decays in an energy interval AE near the endpoint goes as (AE/Q)?
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Decays (1st and 2nd forbidden unique) of °Cs to excited states

7Y g 00 Hié: —0.268 Recent measurement of the Q value by the
-1 o2 JYFLTRAP gives Q = 268.66(30) keV, leading to
MiEz| M Qexc = 0.44(31) keV for the first-forbidden unique
transition 3°Cs(7/21) — 1%Ba(11/27).
32t —1 0.000
HBa Adopting gE’Aff = 0.8 — 1.2 leads to half-life
13505 beta decay to the ground state of 1358, prediction:
10 ——
Theoretical half-life
8 A 1000 ¢
wc; 3 ] f 100F
= 2
£ g 10 [
5 ¢ 1 =
- sinog K 1F b
NS Sug49 i in
0.1k . . w . 4
0.2 0.4 0.6 0.8 1
| I ! ! I 1 1 L L Q value (keV)

0
019 0.20 021 022 023 024 025 0.26 027 028 029

Q value (MeV)
A. de Roubin ef al., Phys. Rev. Lett. 124 (2020)

M.T. Mustonen and J. S., PLB 703 (2011) 370: 229503
Important to revisit the Q-value msrmt!
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Allowed electron-capture decay of Dy to an excited state

Recent measurement of the Q value by the JYFLTRAP gives

gs-gs Q value improved over the Q = 364.73(19) keV, leading to Qexc = 1.18(19) keV for the
AME2020 mass evaluation: allowed B transition '¥Dy(3/27) — 1¥Tb(5/27).
0 322 144.42)d_ One has the N1, N2, 01, O2 and P1 (and M1 and M2 Breit-Wigner tails!)
N2 “rc 159Dy
= NI : atomic-shell contributions at the endpoint:
Z1 51 #sn o
% M2 17312)keV —  1.18(19) keV 10 N1
£ b
E g 101F Of M1
3 T 2.68(19) keV g5 102F
3.2(12) keV Qkc 109k
_10*F
5 105 F-
= 6
32+ stable S 1077
159Th g 1075 1010
5 10 \
10° 10"
A new candidate for 1010 1072
neutrino-mass determination! 107" 1o
-12
Z.Ge et al., Phys. Rev. Lett. 127 (2021) o ) ) 101 ‘ ‘
272301 10 -1000 -800 -600 -400 -200
E-Qglev]
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Allowed electron-capture decay of ''In to an excited state

Recent measurement of the Q value by the JYFLTRAP gives
Q = 857.63(17) keV, leading to Qexc = 3.69(19) keV for the
allowed g transition "In(9/21) — M1Cd(7/27).

One has the M1, M2, N1, N2, O1 and O2 (and possibly L2!) atomic-shell

gs-gs Q value improved over the

AME2020 mass evaluation:

ted !!'n contributions at the endpoint:
866.60 (6) 3127 2.8 ps i 100 N1
864.8(3)32% |\ [ 5695 M1 N1
- \ / 7w 10ty NI Ot
855.6 (10) 32°\ / IT100%
853.94 (1) 72°\\ pa 102 ¢
53. \ P 2.8047d (4)
s R Qg = 860.2 (34) (AME2020) = 10°F
48.50 ke = 86023 :
" Uit o0 1 i) 104 F
o R T =
stable =< 105F
u - L2
B 10°F
. G |
A new candidate for 10
108 ¢

1010

neutrino-mass determination!
Z.Ge et al., Phys. Lett. B 832 (2022)

137226 101! 1009 ‘
-4000 -3000 -2000 -1000 0

E-QleV]

101

N E1012
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Still more information on the value of the weak

couplings

These methods are now available:
For low momentum exchanges (34):
e Study half-lives of 7 decays (17 and 2" states)
e Study half-lives of 2v/33 decays (17 states)
e Study electron spectral shapes of 3 decays (J" states)
e Study charge-exchange reactions
e Study double charge-exchange reactions

For high momentum exchanges like 0v3/3 decay (g4 0.):
e Study charge-exchange reactions
e Study double charge-exchange reactions
e Study nuclear muon capture (J” states)

Jouni Suhonen (JYFL, Finland)
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Nuclear muon capture:

OMC: E‘X +pu = ZﬁlY + vy

Also:
Muon decay: p~ — e~ + UV, + v, (T = 2.2us)

v

OMC probability ~ 74
(in Fe 91% are captured,
breakeven at Z ~ 11)

Jouni Suhonen (JYFL, Finland)
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Ordinary muon capture (OMC) on 7Se

2 ~
76Se + ,U_ N 76AS + » myc- =~ 105 MeV

OMC - ‘

3)
-\ /ﬁ% — e OMC and Ovf3p operate
o in the g ~ 100 MeV
padinty momentum-exchange
\ [Ei;)) region = g 0. (/")
BB :1*) @ Induced currents (gp!)
¥ are activated
a
Experiments:
o 2, RCNP, Osaka ; J-PARC MLE,
Japan ; PSI, Villigen, Switzer-
76 76 76 0" land
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The capture rate of OMC

The muon-capture rate (in units of 1/s) can be written as:

2 +1
i (17 q )qz,
2 +1 i, + AMy

where g is OMC Q-value (essentially the magnitude of the muon-neutrino momentum) and My
the (average) nucleon mass. Here

1

P:EZ

KU

2
s @PY) 4 (@)Y — S p@) 4 5 1o (2yp
My 2My

> 2 2
+\f (gv(q ) — em()PS) — %Piu ( v (%) — ga(q?))PY)

Compare with the inverse half-life of the Ov33 decay:

()" = e (52)°

+

2
(PPME + A PPMEY — oM

2 12
o S PPMED + L b PG — en (PP
N
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OMC first suggested as an experimental probe for

Ov (3 matrix elements in:

Pioneering works:

M. Kortelainen and J. S., Ordinary muon capture as a probe of virtual
transitions of 33 decay, Europhysics Letters 58 (2002) 666-672
M. Kortelainen and J. S., Microscopic study of muon-capture
transitions in nuclei involved in double-beta-decay processes, Nuclear
Physics A 713 (2003) 501-521
M. Kortelainen and J. S., Nuclear muon capture as a powerful probe of
double-beta decays in light nuclei, Journal of Physics G: Nucl. Part. Phys.
30 (2004) 2003-2018

v

Original theory from: M. Morita and A. Fujii, Theory of allowed and
forbidden transitions in muon capture reactions, Phys. Rev. 118 (1960) 606.
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OMC in ligth nuclei calculated by the nuclear shell model

Nuclear muon capture:

OMC: 49X+ pu~ = , Y + v,
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Cumulative sums for the Ov 3/ matrix elements

NME calculated for the 0v33 decay of **Ca using the nuclear shell model

_ ' M(Ou) _ ZM(OV) (]77) f
: I

FPBP interaction

= L._%i in the pf shell:
25 04 B
S I M@1T) = -0.402
M@2%Y) = —0.304
i M@BT) = —0332
7 I M(4T) = —0.183
0.0 I e e B e A B MGBY) = —0.249
] 3 6 9 12 15 +
E, [MeV] M(6") = -0.102
M(7t) = -0.151
TOTAL = -1.723
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OMC as a powerful tool to probe the 2v33 decay

2v 3 decay of #*Ca and OMC on #Ti

2 M (LM (L) v
M) = 3 PR = STt ),
n

n

LM L -
|
T | L) |
- -~
—_ — II II ]l |
l'| b |

= =
5 z

T T T T T T T T T T T T T T T T T
0 3 6 9 12 15 ] 3 6 9 12 15

E, [MeV] E, [MeV]
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OMC as a tool to probe the 0v33 decay (Case of **Ca)

ET

= | agy=-10 |

™
F, [MeV]

P IR T I I
a =3
= T
31 I

M
2
=
=
T T T T
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As before but with distributions of gaussian shape

I e
o 3 6 9 1 1 I

E, [MeV] E, [MeV]

Jinl =4+

Mo

| Nllllv)(']lv,r) |
E [
noL
w L
| M E‘lv)(‘]z) |

12 15

W()M C
W(JM C

6 9
E, [MeV]
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Recently: OMC in medium-heavy and heavy nuclei

There are and will be more data on:

PARTIAL CAPTURE RATES of OMC

and in particular:

OMC STRENGTH DISTRIBUTIONS

Now we need:
Large-basis (with Wood-Saxon single-particle
energies) no-core pnQRPA calculations with
realistic effective two-nucleon interactions.
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RECENT WORK on OMC strength distributions: OMC on Mo

10f , 01
i — All multipoles
—Exp.

Relative rate(%)

E(MeV)
First evidence on OMC giant resonance:
L. Jokiniemi, . S., H. Ejiri, I.H. Hashim, Pinning down the
strength function for ordinary muon capture on 1Mo,
Phys. Lett. B 794 (2019) 143.

Jouni Suhonen (JYFL, Finland)

Experiments: MuSIC beam

channel at RCNP (Research
Center for Nuclear Physics),
Osaka, Japan

D2 beam channel in J-PARC
(Japan Proton Accelerator
Research Complex) MLF,
Ibaraki, Japan

Ongoing work:
experiments at the ;/E4
beamline at PSI by The
MONUMENT
Cgllaboration
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OMC strength functions: Transitions to various J* states

24 oo+ 18 8o+
2.2 o1t 1.6 ol
9 o9+ 09+
B- 1.4 B-
=0 2 Z 12 2
= 16 "Higher multipoles = "Higher multipoles
= &
=z r
3 =
~ 2
_____ i
35 40 45 50 30 35 40 45 50

E(MeV) E(MeV)
0%, 17 and 27 strength: low-lying = 0hw excitations, high-lying (> 20 MeV) = 2w excitations
1~ and 2~ strength: low-lying "giant resonance" (5 — 15 MeV) = 1/w excitations, high-lying
(> 25 MeV) = 3hw excitations. The shape of the strength functions is not very sensitive to the
values of A and gp. (From: L. Jokiniemi and J. S., Muon-capture strength functions in intermediate nuclei of 0v 33

decays, Phys. Rev. C 100 (2019) 014619)
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Recent work: OMC vs. 0v3/ decay

Studied in: L. Jokiniemi and J. S., Comparative analysis of muon-capture and Ov33-decay matrix
elements, Phys. Rev. C 102 (2020) 024303

o -0
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Comparative analysis between OMC rates and 0v33 NME for 7°Ge

0 10 20 30 40

5

N N N
=2 =2 =2
= = =
o g s
20 2| 2

e
= B =

E(MeV)

0 10 20 30 40 50

| )]

Wonmc

E(MeV)
o s
0 10 20 3 4 5 0 10 20 30 40 50

E(MeV)

@Jr =1
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Comparative analysis between OMC rates and 033 NME for 1**Xe

M[(O“)‘

Wonmc

‘1\/1(0")‘

Womc

0 10 20 30 40 50
E(MeV)

(b)J™ =2*

‘ ]\1(01/) ‘

Womce

| M)

Wonmce

0 10 20 30 40 50 0 10 20 30 40 5 0 10 20 30 40 50
E(MeV) E(MeV) E(MeV)
djr=1- eJr=2
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Cumulative relative (%) OMC rates and Ov /35 NMEs

Cumulative contribution (%)
Cumulative contribution (%)

0(; 10 20 30 40 50
E(MeV) E(MeV)
A=176 A =136

From: L. Jokiniemi and J. S., Comparative analysis of muon-capture and Ov33-decay matrix
elements, Phys. Rev. C 102 (2020) 024303
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Comparison of the OMC and Ov 5 multipole decompositions

4 Share in %

30 A=T6 M 0v53 30 A =100 W Ovss
W OMC W OMC
2+ 2+
10+ 10+
[ S L S A I L por o1t 17 2t 27 4t 50 4t 4
Multipole Multipole
(a) OMC: 100%, 0v33: 76% (b) OMC: 98%, Ov33: 68%
aShare in % . 4 Share in % -
30 A =130 W O0uis gy A=136 W Ov35
W OMC W OMC
204 2+
10+ 10+
- -
(I S R L S LG I S of o1t 17 2t 27 4t 50 4t 4
Multipole Multipole

(c) OMC: 96%, 0v33: 63% (d) OMC: 95%, Ov33: 67%
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Recent and very recent work: OMC partial capture

rates to individual final states

There are and will be more data on:

OMC CAPTURE RATES

to
INDIVIDUAL FINAL STATES

Now we can use:

pnQRPA theory, the nuclear shell model and
ab initio methods
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OMC to individual ™ states

OMC on 76Se: Rates to states J™ in 7°As

OMC on 76Se:
below some 1 MeV: no-core
large-basis pnQRPA calculation
@) OMcC (gv(0) = 1.0, g (0) = 0.8, gp(0) = 7.0)
@) J© Exp.(1/s)  Th.(1/s)
\—[\/ L 0+ 5120 114
(.3-) 1t 218240 236 595
~ /3 1~ 31360 28991
\ ) 2+ 120960 114016
1" 27 145920 + g.s. 177 802
" 3t 60160 55355
3- 53120 34836
{1") 4+ - 2797
4= 30080 23897
.
0 Data from: D. Zinatulina ef al., Phys. Rev.
N C 99 (2019) 024327
MGE 76 As T %" Calculation from: L. Jokiniemi and J.S.,

Phys. Rev. C 100 (2019) 014619
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NEW: Add two-body meson-exchange currents

Quenching of the weak cou- 1 -
plings by 2BC: i da(q?)

In addition to the one-body (weak nu- 3 e 5ap(q2) H
cleon) current (1BC) one can take into r R
account the meson exchanges by adding 0.5} =
(normal-ordered one-body part of) the

two-body current (2BC) through the re- _ppmeT
placements: e

Sa@®) = (14 6a(d®))ga (@), g 1

o PAME 2 o ey
o) = (1-T20 @) | 1

See: M. Hoferichter et al., Phys. Rev. D

102 (2020) 074018 " ===t p=0.11fm™%, cp =030 |
H -==-p=0.09fm™ 3, ¢cp = —6.08 |
NOTE: Does not account for deficiencies _ ! Lo

T L
0 100 200 300 400
/ q(MeV)

in the many-body framework!
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OMC on '2C to individual J™ states in '?B: 2BCs added

Shell-model calculated capture rates in units of 10 1/s, with gv(0) =1.0,
9a(0) =1.27, gr(0)/ga(0) = 6.8 (PCAC, Goldberger-Treiman):

JT Exp. Th.: 1BC Th.: IBC+2BC*
15 56870 6.48 3.98 —4.45
27 031195 0.42 0.30 — 0.32
25 0.0267001;  0.011 0.008 — 0.009

* The spread comes from the spread in the assumed values of the EFT low-energy constants

Data from: Y. Abe et al., Phys. Rev. C 93 (2016) 054608
Nuclear shell-model calculation from: L. Jokiniemi, T. Miyagi, S. R. Stroberg, J. D. Holt, J. Kotila
and J.S., Phys. Rev. C 107 (2023) 014327
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Recent work continues: OMC and double positron

decays

NEW:

OMC

probing the
INITTIAL BRANCH

of

DOUBLE BETA DECAY
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OMC and Ov3* 3" decay of 1%°Cd

E(keV) :
e - - 205.95 ———(3)T<- -
L _. 110.66 2) o
TTT89.66 6t !
---- 0.0 —— 1t < 4

ot —¥—
26 Pdco

L. Jokiniemi, J.S. and J. Kotila, Comparative Analysis of nuclear matrix elements of Ov3+ 3+

decay and muon capture in 1%Cd, Front. Phys. 9 (2021) 652536
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OMC on %Cd: Muon orbital wave function

T
0.25 N B-S:
B-S (p1) Bethe-Salpeter
Dirac(pl) point-like
0.2 —— Dirac(fs) | nucleus
o approximation;
7 0.15 s Dirac:
\;.E:i/ Numerical
— solution of the
(DI 0.1f ] Dirac equation;
pl: point-like
0.05 |- B nucleus;
fs: finite-size
0 . ‘ ‘
0 10 20 30 40 nucleus.
r (fm)
—i 1-—
B—S:4,(r) = ( G‘:;}i” ) i Foa=-— Y6,
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106Cd: OMC and 0v* 3T multipole decompositions

| M, (J7)(10-7GeV /2

o

—-

Ovpp

| o HHHHUHHUDHDDDDD nnnnnnn

0F

decay

lor =—1 |
lor =+

H [

0123456789101112
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(a) Basis: ’Adj.’

0123456789101112
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1 — |

0123456789101112
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(a) Basis: 'Adj.’
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Donald Henry Rumsfeld about “atomic effects” in

CBS-NEWS:

Direct quotation:

7

there are known knowns. These are things we
know that we know. There are known unknowns, that
is to say, there are things that we now know we don't

know. But there are also unknown unknowns, there
are things we do not know we don’t know.’
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