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Motivation to determine the effective value of weak axial coupling g,

Effective value of the weak coupling g, is involved in all weak
processes, and thus has impact on

Processes in neutrino physics (" decay, low-energy (anti)neutrino -nucleus scattering,

nuclear muon capture, E )

Studies of rare ! decays

Processes in astrophysics (allowed and forbidden ! decays, (anti)neutrino -nucleus

scattering cross sections, E )

4

Affects (strongly ) the determination of neutrino properties !



Axial coupling g, and ! * decays

" decay without the presence of neutrinos, if

observed, could open a new window beyond the 212" Q‘X ! §+2 Y +2€ + 29
Standard Model .
The nuclear matrix elements for the '# mode and 202" L AX 2 ,Y +2€e" +21,

for the $# !"#$ can be related to each other |
through relevant parameters: in the free nucleon | 2I"# © ’Q‘X + e | é‘, , Y +e +21,
interaction, the g value is 1.2723, but, when '

considering a nuclear decay, there are 2! 2" - '%X +2¢e | é! > Y +21¢
indications that the phenomenological axial-
vector coupling value is reduced at g, < 1, L conserved

depending on the nuclear model adopted to
infer the g, value.

02" AX 1 5.Y +2¢€

% investigation with various nuclei would shed

new light in constraining these and other L violated (& ( % * massive

important model -dependent parameters . Majorana
neutrino




y At low energy [

Theoretical background

Weak Hamiltonian (leptonic -hadronic): ! , " f(# ﬂ_o)%&'('

1, ( 224456728 *# GeV-2is the Fermi coupling constant;

%op (5572 > <) %95, Where ?gq ( @:)!*A&(B@, where the weak eigenstates of the
neutrino ?gg are given in terms of the mass eigenstates B(g, B, Is the number of
generations and Ag are the electronic neutrino elements of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix.

At the quark level: @“ ( B<*(2> <))F at the hadronic level: G™( B[l %> JO]K
J#- #.70, 1 9::<=P*+,-, +/.%0, 1

L n L
2 3 (4N)5 %63 A 8 4R, @ " 38(4N)5L5T %3U74N84L5T

Where V, is the nucleon mass (roughly 1 GeV), W (X?) is the weakNmagnetism form factor and
W (X?) is the induced pseudoscalar form factor.



Vector and axialector coupling constants

In the free nucleon interaction :

3% " ABBe 3z " ACDCHCE [1]

Inside nuclear matter the value of W is affected by nuclear medium effects and nuclear many-body
effects. Thus a quenched or enhanced value is needed to reproduce experimental observations.

Dipole approximation:

ov(@) = aripme 94W0) = Grg gy

Where X is the magnitude of the momentum transfer, W and W are the weak vector and axial-

vector coupling strengths at zero momentum transfer (X ( 8). For the vector and the axial masses,
one wusually takes \ ,( ] MeV and \; ~1 GeV, coming from the accelerator-neutrino

phenomenology .

[1] Suhonen JT (2017), Front. Phys. 5:55. 5



The rare decays

They are classified as allowed or forbidden

with some level of forbiddenness depending Allowed 0+, 17
on the change of spin ! and parity " between Forbidden non - 0-,1-2+3,4%, '()*%% #S$
unique
t and daught lei. .
parent ane Sangiter naee Forbidden unique 2-3% 4, ... "( )*$%L #$( )

Fermi: " # $; Gamow -Teller: " # %

The shape of " spectrum in general is described as:

F(G) " Fyccdear 7G8HI 73 .8

Where
Us7780e: (N) (0. (j<K g) | g > h)?

Is the distribution for the allowed spectrum; | 4 is the total energy of the o particle (in units of electron
mass); mis the o particle momentum ; j < is the charge number of the daughter nucleus and i . (j <K &) IS the
Fermi function which accounts for the distortion of the spectrum due to the electric field of the nucleus and
of the atomic shell. p g) is a correction factor. 6



Theory of$ decays p U e

I 2 N AN /\
2
2! Ov 2!
e =B (B0 2) M3 | SMP'
1/ 2 A '\ /
G?¥(Ey, Z) is the result of the integration in the phase space of the leptons: | INTERMEDIATE §TATES |
3 P P P
E is the energy difference between the initial and final states;
Mcz;'f/r and M}%V are the matrix elements which contain the nuclear structure o 7,
information for Gamow -Teller and Fermi transitions; \/
gy and g4 are the vector and the axial -vector weak interaction effective PaN
coupling constants. T 0
n n (Z,N-2)
5 12 | "o INITIAL NUCLEUS
o| ‘3 ( 0Oy ) . —7 M . T 2
Ti/o 9a F me
is the Majorana effective mass definition for +, where
(V) ( A82¢(V( , ) are the masses of the neutrino eigenstates and - (4 are
() *'22 the electronic neutrino elements of the Pontecorvo-Maki-

Nakagawa-Sakata (PMNS) mixing matrix.



Effects of quenched valuegpbn halflives
of | "#$ decays:

At the nuclear level: 33— " K35 **, where K" —2~is a quenching factor.

Mo
)2

v 1 e 1% V)12 [ (my
[ng)} — (gAf,foy)LLG(O ) [MO)] (<me>

A reduced 35 implies alonger “th\,,which IS undesirable for experimental

searches on BMNOdecays.



Nuclear models to estimate the_

I (L I I I I I
" | ® EDF-NR a® °
value ofg, I
- | @ IBM-2 ° ()
: o : " | A QRPA-CH m $§
Different sources of renormalization affecting the value [ |, qreasy | X . 0
of ga: - QRPATU | & @ ©
. o X SM-MI ’ v . .
Effects  beyond the  impulse | 4[| * swswark | v 7
Nuclear- approximation (e.g. two-body meson- 2 | X ) e
medium __ exchange currents); . £ \ AN
effects oL ¢ ¥ ox * ¥ °
Non-nucleonic degrees of freedom ¢ L &
__(e.g. &resonances); rx
.. . . [ L L1 | L1 |
Nuclear Deficiencies in the nuclear many-  ° 4 e 8 esi00 116 1150136 150
- : R
model — bOdY approach, that de_tenor_ate the [2] J.M. Dolinski et al, Annu. Rev. Nucl. Part. Sci. 2019. 69:219-51
effects quality of the wave functions involved

In the decay processes.
Determining the accuracy and uncertainties of the

! |S|\/| various possible NMEs can be considered the most
—— challenging theoretical problem that hinders precision
! |BM-2 studies of 0% &decay in the event of a discovery .

| pnQRPA 1

Affected by the uncertain value of ga



Dependence aj, on the atomic
number A for different nuclear models

A
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How do we extract information on the valug,gf

For low momentum exchanges :

Study halfBlives of Odecays (1* and 2~ states) _
Constrained by the NMEs

Study half-lives of NMNOdecays (1* states) calculations !

Study electron spectral shapes of O decays mm) SPectrum -Shape

(higher -forbidden non-unique ) Method (SSM) [17]

For high momentum exchanges (Z[\]] ~ ):

Study half-lives of ] MNa decays mm)  COnstrained by the NMEs
calculations and (! | )!

Study nuclear muon capture (b* states)

I"HSEIE)) )+, + % %D%2)34)2)+5%%60' P8I %9,2%/%:;%<=>"?@%>;A;>B% .



Spectral shape of higher-forbidden non-unique " decays

" # SY
31.7
$ = 2#°gIn 2 = 6147 s, Is aconstant and ygis the Cabibbo angle;
m32c*(Gr cos %)?
! Wo . . . . .
¢ = C(We)pwe(Wo ! We)?Fo(Zs, we)dw, IS the dimensionless integrated shape function;
1
! ) 5 s 2k # isthe general form of the shape
Clwe) = » ke Mi(ke ki )™+ my(ke ki)™ ! keWeMK(ke' k)M (ke ki) . tactor for forbidden o decays;
kLK
. Py (Z,we) $ T . I a.n+(J K g) is the generalized Fermi function; zg and
where ke = Fo(Z, We) e = k! (#Z5)%, z. come from the partial-wave expansion of the

electron and neutrino wave function

Decomposition of the shape factor:

C(We) = gv°Cv(We) + 0a°Ca(We) + gva Cua (We)

12



Current list of g,~dependent # spectrum shapes

Transition Ji”‘ (gs) J;T f (nf) Branching K  Sensitivity  Nuclear model

FFe!l 5°Co 3/2 7/2" (gs) 0.18% 2 Moderate  ISM

60Fe! 60Co 0t 21 (gs) 100% 2  Moderate  ISM

8’Rb! 87sr 3/2 9/2F (gs) 100% 3 Moderate  MQPM, ISM

Nb ! %Mo 61 4t (2) 100% 2  Strong ISM

BTc! 9BRu 61 4% (3) 100% 2  Strong ISM

¥Tc!  *°Ru 9/2t  5/2% (gs) 100% 2  Strong MQPM, ISM

3cd1 M In 1/2+ 9/2% (gs) 100% 4  Strong MQPM, ISM; IBFM-2
W1 Sgn g/2+  1/2% (gs) 100% 4  Strong MQPM, ISM, IBFM-2
136Te 1 139 ot (1' ) (gs) 8.7% 1  Strong ISM
Bixelr ¥cs  7/2 5/2% (1) 30% 1  Strong ISM

138cs 1 13%pg 3 3+ (1) 44% 1  Strong ISM

210gj 1 210pg 1 0t (gs) 100% 1  Strong ISM

, 6%, 2%(1): has sensitivity.

96Zr* 9Nd, 0*, 67(g.s): has strong sensitivity.

13



EXAMPLES of electron spectrasetondorbiddennon-unique! decays

(ISM) - (ISM)
Nb(6%) — 9Mo(4* BTc(67) — %BRu(4* "
0.006 ———— ,(.). . (.). : 0.007 N (,) , ,( ), | W ( 23
~ 0.005 ' 1~ 0.006f .
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. T Q
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—~ 0.008 0301 —= 0.008R e — experimental group
= P - =3 2
- 1.10--- - 1.10--- (South Korea) +
= 0.006 120---7 3 0.006 1.20--- calculations by the
% % group: gA
= 0.002 = 0.002 EXPERiment and
0 . . . S 0 . . . _e Theory collaboration
0 50 100 150 200 250 300 0 50 100 150 200 250 300 = gA-EXPERT

Electron kinetic energy (keV) Electron kinetic energy (keV) »



EXAMPLE of' spectral shapes without dependencg,on

First-forbidden non -unique {  decay of
137Xe (7/2°) * 137Cs (7/2%)
Normalized computed electron spectrum for

2nd_forbidden non -unique {  decay of 137Cs | | [ Theory + Det. Effects, x*/nd/= 0.80
4007 ¢ Calibrated Data — Bkgs MC |
s 137¢g(7/2%) — 137Ba(3/2%) s |
| | | - Shell Model — 5
~ 0.0016 MQ d S ol
i 0.0012 - ] S
2 0.0008 - .
i) 0
= 0.0004 ) o 2f L. . . i
ol ., . 3 fjent P AR
0 200 400 600 800 1000 1200 2 |~ w=o010m0e2
1500 2000 2500 3000 3500 2000
Electron kinetic energy (keV) By SS (keV)
[19] S. Al Kharusi et al. (EXO-200 Collaboration), Phys. Rev. Lett. 124
[18] J. Kostensalo and J. S.,Phys. Rev. C 96 (2017) 024317 (2020) 232502.

(The unique forbidden transitions are also ga-indipedent ) .



4" forbidden norunique! decay of*Cd

113Cd ( decays non-unique 4 -fold forbidden (only three nuclides 5%V, 115In).

141 yr 11/2° i 263.5 113¢q spectra
IT0.14% 1/2- 3917, o, —
1/2+ 0 IT 100% ) i
llBCd
s : 0 0.004 -
8 100% B~ 99.86% 3 _
C .
+ )
Q, =323.89(27) keV 92" ¥ 0 guble g 0003 | |
Leln & ‘ |
>
5 0.002 |
&
a E |
3c—(cdec )" BUG 0.001 -
a -
3s—(ghc)" BUB 5 R T

o S Z 7 < < 3
(4 (o S [ S Q

a_ o " ' 0 0 0 0 0

38 (g”C S C) B U E Electron kinetic energy (keV)

M. Haaranen , J. Kotila , J. Suhonen , Phys. Rev.

C 95, 024327 (2017).

Calculated by using the MQPM, ISM, IBFM-2.
Electron spectra of 113Cd measured by the DAMA collaboration (also measured by COBRA
L. Bodenstein-Dresler et al., Phys. Lett. B 800 (2020) 135092).
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DAMA setups

an observatory for rare processes @ LNGS

DAMA/R&D Iow bckg DAMA/Ge

DAMA/CRYS for sam ling meas.
DAMA/NaI & ac‘ruvnPuesgm

J a Stella facility
DAMA/LIBRA-phasel

¥

DAMA/LIBRA )phaseZ
(running

web site: https://dama.web.roma2.infn.it

Collaboration:

Roma Tor Vergata, Roma LaSapienza, LNGS, IHEP/Beijing

+ by-products and small scale expts.: INR-Kiev + collaborators from other institutions
+ neutron meas.: ENEA-Frascati, ENEA-Casaccia

+ in some studies on 2! decays (DST-MAE and Inter-Universities project): IIT Kharagpur
and Ropar, India



[20] Belli et. al., Phys. Rev. C76, 064603 (2007)

Study of electron spectral shap& decay of“Cd

Aim: To measure the o spectrum shape and Ty, with accuracy better than those in previous

experiments (4-12%)

Low-background crystal scintillator CdWO 4
(] 40 mm x 43 mm, mass of 434 g);

10 years stored in the Solotvina underground

Laboratory (Ukraine) on a depth of 1000 m
w.e.; this ensures low activation by cosmic
rays (+ transportation to Gran Sasso
Laboratory by surface transport in a lead
container);

The detector was installed in the low-
background DAMA/R&D set-up in
underground conditions at the LNGS (3600
m w.e.).

2758 h data taking




Results

1) Ty, =(8.0410.05)) 10*> yr (precision 0.6%)

2) Shape of spectrum: with the highest accuracy above the energy threshold } 28 keV.

The analytical { g 20007
113 N ‘
spectrum of 1°Cd < 15000 ]
obtained after E -
deconvolution of S 10000 -
the experimental |
{ spectrum , with 2000
the uncertainties o
0 50 100 150 200 250 300
Energy (keV)
E 1000—‘
. .
750
g ] Systematic of PMT noise rejection
o
O 500
] Cumulative errors
250-: / Statistical Systematic of the background model
,,,,,,,,,,,,,,,,,,,,,,,,,,, e
I'VII‘-"I""X"'W:w-l"‘|‘I""“"'I%_"‘
0 50 100 150 200 250 300
Energy (keV)

3s k BUB

[21] P. Belli, R. Bernabei, F.A.

Danevich, A. Incicchitti and V..

Tretyak, Eur. Phys. J. A 55, 140
(2019).

19



4th and 6™-forbidden non-unique " decays of 2°Zr

%Zr(0*) — %°Nb(4*)

97r " decays 6fold -forbidden non-unique to the 6* ground
state of ®®Nb and the 4fold -forbidden non unique to the first
two excited states, 5 and 4* in °°Nb.

* not yet observed

146.1 (4+)

TZI‘ o Lt ——— 442 (5+)
Qg- = 163.96(13) NB( = 3192.05(16)
2438.5 (5+)
Qg5 = 3356.097(86) "
96Mo

Normalized computed electron spectrum for higher -
forbidden non-uniqgue {  decay of %Zr in [18] J.
Kostensalo and J. S., Phys. Rev. C 96 (2017) 024317 .

DAMA has studied % decays in %Zr (and in °4Zr) and
single { decay of %6Zr (see next).

Intensity (arb. units)
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0.08
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0.04
0.02F

0

0.016

0.012F

0.008

0.004 -

0.016

0.012

0.008 -

0.004

0 2 4 6 8 10 12 14 16

%Zr(0*) — %Nb(5*)

0 20 40 60 80 100 120
%Zr(0*) — %Nb(6*)

+

00 20 40 60 80 100 120 140 160 180

Electron kinetic energy (keV)
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Search fot#t" decays i8*°%Zr an singlé decay ir?°Zr using
Cs,ZrCl; (CZC) crystal scintillators

> > D1
First two CZC scintillating crystals have been M=24,0(1) g ! M=10,6(1) g
grown in QueenOs University (Canada) and h =21,20(5) mm h . h Ef?d?f)(ar;"m
i =21,00(5) mm =0,
studied at the LNGS. ) >=19.70(5) mm
D2

The detectors are installed in the DAMA/CRYS
set-up at the LNGS.

8736 h data taking

They show a high light yield (up to 35,000
photons/MeV), very good linearity of the
energy response, excellent energy resolution
(< 3.5% at 662 keV in the best configuration),
and excellent statistical PSD. Moreover, they - |
are the first scintillating material containing AI\éA/CIiYS setup
16% Zr by weight . L

21



Limits on half-lives of +, “processes in %.94Zr and single , ” decay of %Zr have

Results

been set using the following formula:

limT)=N-n-t-ln2/lim S

Process | Decay Mode | Level of daugther | T/, (yr)

nucleus (keV) at 90% C.L.

967r1 %Mo
23~ Ov g.s. > 15" 10
26~ Ov 25 778 > 15" 10"
26~ 2v g.s. > 7.4" 107
26~ 2v 27 778 > 3.8" 107

97r1 %Mo
23~ Ov g.s. > 2.6" 10
26~ Ov 27 871 > 3.8" 108
263~ 2u g.s. > 24" 10'®
26~ 2v 27 871 > 19" 107

9%7r1 95Nb
B~ g.S > 1.0" 10'7

(to be published soon)
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4% forbidden non-unique decays of °°V

50V can decay both through ~to °°Tiand through !' decay to °°Cr.
In both casesthe change in spin for the g.s. to g.s. transitions is 6* " 0%, and transitions to the first 2*
excited levels of °9Ti (1553.8 keV) or °°Cr (783.3 keV) are more probable (by orders of magnitude) .

With « B¢= 4+ these decays are classified as 4th-forbidden non-unique (only three nuclides 113Cd, 15n).

o 6* 0 — or 0,006 Wy(6+) — 0Cr(2%)
X yr o >Ll.OX yr e (U T T T T
5023\/ \ i ?2 . [18] J.
Q. =2207.6 - Qp=1038.1 °)’E 0.005 090 4 Kostensalo
N 783.3 ue.z 0.004 110--- | grr:d J.RS., .
+ — i YS. REV.
2 1553.8 2 1es 0.003 96 (2017)
RS O >a|,§ 0.002 1 024317,
~\’\</°<0 ¢ 2 stable 9 o 0.001F (b) i
0* 0 50 = 0 1 1 1 .
stable 24Cr " 0 50 100 150 200 250 300
50 T
2o T Electron kinetic energy (keV)

I' decay studied in FA. Danevich et al., Phys. Rev. C 102, 024319 (2020).

DAMA has planned an experiment with a sample (0.3-0.5 kg) of vanadium placed between
two HPGe detectors, located deep underground . .



Conclusions

The axial-vector factor g, IS an important parameter that describes the coupling
between the nucleon and the lepton in the axial vector current operator - &.

The investigations of the spectral shape of non-unique forbidden ! decays have
the potential to give an estimate of the weak interaction coupling constants g, by
comparing atheoretical shape with the experimental spectrum.

The approach provides an important possibility to solve the g, problem of the
./ 0( decays.

The quenching of g, have important implications for the determination of the
neutrino masselement (! ).

The DAMA collaboration develops and uses high purity low background
scintillators detectors as an observatory for rare processes such as O( and
( decays.

They have measured the electron spectral shape of ( decay of 13Cd with the
highest accuracy (1. 2 . 31.).
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BACKUP SLIDES



Fermi function:

F(Z,E) =const - P?" 2expl™ |#($ + is)|*

where $ = /1" (%&Z)2; s = % WI/P ; %= 1/137.036 is
the bne structure constant;Z i1s the atomic number of the
daughter nucleus € > Ofor! ~and Z < O for! ™ decay);

# is the gamma function; W is given in m.c? units and P
IN M_.C units.
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Weak magnetism term:
v (07) = (up— 1n)v ()
Induced pseudoscalar term:
op(0F) = 2mn0a(?) (o + m3y)

Where ! ( Is the pion mass, 56y 7 6« 8# 93. Is the anomalous magnetic moment of the nucleon.
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Value of the effective Majorana neutrino mass vs the lightest

neutrino mass

Normal mass hierarchy:

my<mj,<msg, with 1 m7," 1 m3;
107
Inverted mass hierarchy:
. 2 " 2 —
M3z <mj3<moy, with I 'mf;" |! mig| >
_ 107
Quasi degenerate mass hierarchy: £

mi# mo# my$ meP

107

ot B el

1074 1072

—_— 10 ]
— 20 ||
30

1072
Mmin [eV]
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Sensitivityon 0! 2" decayexperiments

0 alMet, background free
(T1)3) o
ae bAE

" is the detector energy resolution,

# Isthe source mass,

$ is the isotopic abundance of the parent isotope,

" Is the detection efficiency of the signal in the ROI,
%s the measurement time,

&is the background index, in units of ('() *'+ *,-) .
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Experimental strategy

The OdesiredO characteristics of a detector for the study of 0#2! decays are:
High energy resolution (a peak must identified over an almost flat background );

Low background

I Underground laboratories (to shield from cosmic rays)

I Very radiopure materials

I Well-designed passive and/or active shielding (to reduce local environmental

radioactivity )
Large source $o0 monitor many candidate nuclide s%

Tracking and topology capability for the nuclear events (useful to reject back-

ground and to provide additional kinematical information on the emitted electrons)

30



The searches for 0#2! decay can be further classified into two main categories :

I Calorimetric (or active source) techniques in which the source is "embedded" in the
detector

I Types of detectors : Scintillators, Bolometers, Riv. Solid state, Gas chambers.

" Pros:
# High efficiency
# Large masses
# High energy resolution (0.1%)

I Cons:
# Difficult reconstruction of the topology of the event

| External source (or passive source) approach , where source and detector are two
separate entities;

I Types of detectors : Scintillators, gas TPC, Drift chambers.

I Pros:
# Use of magnetic field for moment and charge measurement
# Flight Time Measurement
# Reconstruction of the event with consequent rejection of the radioactive

background

I Cons:
# Small masses (10 kg) bdue to self-absorption
# Low energy resolution (in the order of 10%)
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Components G, C,, Cy, for the electron spectra of thé decay of
13Cd computed by the three nuclear models MQPM, ISM and
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MQPM spectrum
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[1] Suhonen JT (2017), Front. Phys. 5:55.
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