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Quenching of the axial-
vectorcouplingfactorgA in 

! and " ! decays 



Motivation to determine the effective value of weak axial coupling gA

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

processes, and thus has impact on

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

nuclear muon capture , É )

o Studies of rare ! decays

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

scattering cross sections, É )

Affects (strongly ) the determination of neutrino properties ! 



Axial coupling gA and ! " decays

! ! " decay without the presence of neutrinos , if
observed , could open a new window beyond the
Standard Model .

! The nuclear matrix elements for the !# mode and
for the $# !"#$ can be related to each other
through relevant parameters : in the free nucleon
interaction, the g A value is 1 .2723 , but, when
considering a nuclear decay, there are
indications that the phenomenological axial-
vector coupling value is reduced at g A < 1,
depending on the nuclear model adopted to
infer the gA value.

%" investigation with various nuclei would shed
new light in constraining these and other
important model -dependent parameters .
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Weak Hamiltonian (leptonic -hadronic) : ! + "
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neutrino ?&'$ are given in terms of the mass eigenstates B($ , B, is the number of
generations and A&( are the electronic neutrino elements of the Pontecorvo -Maki-
Nakagawa-Sakata (PMNS) mixing matrix .
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Where V + is the nucleon mass (roughly 1 GeV), W1 X2 is the weakÑmagnetism form factor and 
W3 X2 is the induced pseudoscalar form factor.  

Y

Z

[ .

G.

At low energy



Vector and axial-vector coupling constants

* Dipole approximation:

Where X! is the magnitude of the momentum transfer, W4 and W5 are the weak vector and axial-

vector coupling strengths at zero momentum transfer (X2 ( 8). For the vector and the axial masses,

one usually takes \ 4 ( ]^ MeV and \ 5 ~1 GeV, coming from the accelerator -neutrino

phenomenology .

In the free nucleon interaction :

3M
_`aa " A'BBe 3S

_`aa " A'CDCE7CE8 [1]

Inside nuclear matter the value of W5 is affected by nuclear medium effects and nuclear many-body
effects. Thus a quenched or enhanced value is needed to reproduce experimental observations .

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



The shape of " spectrum in general is described as: 

F G " Fbccdeaf 7G8HI 7J a8

Where                  
g67789&: h ( i ; j <kl & l &m=n= > h)2

is the distribution for the allowed spectrum ; l & 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 <kl & 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=l &) is a correction factor.

The rare ! decays 
They are classified as allowed or forbidden

with some level of forbiddenness depending

on the change of spin ! and parity " between

parent and daughter nuclei.

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

Transition type #$"# %& Forbiddenness

Allowed 0+,1+

Forbidden non -
unique

0-,1-,2+,3-,4+, 
…

' ( ) *$% #$

Forbidden unique 2-,3+,4-, … ' ( ) *$%&' #$( )



Theory of #$ decays

is the result of the integration in the phase space of the leptons;

is the energy difference between the initial and final states;

are the matrix elements which contain the nuclear structure 
information for Gamow -Teller and Fermi transitions;

are the vector and the axial -vector weak interaction effective 
coupling constants. 

is the Majorana effective mass definition for +( , where
, ) are the masses of the neutrino eigenstates and - ( *) are
the electronic neutrino elements of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix.
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Effects of quenched values of gA on half-lives 
of ! " #$ decays:

Effects of quenched values of gA

Effects of a quenched gA

on half-lives of 0⌫�� decays:
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At the nuclear level: 3S
a__ " K3S

_`aa , where K "
r %

r %
&'(( is a quenching factor.

A reduced 3S implies a longer Lst N
uR , which is undesirable for experimental

searches on BMNOdecays. 



Different sources of renormalization affecting the value
of gA:

" Effects beyond the impulse
approximation (e.g. two-body meson-
exchange currents);

" Non-nucleonic degrees of freedom
(e.g. & resonances);

" Deficiencies in the nuclear many-
body approach, that deteriorate the
quality of the wave functions involved
in the decay processes.

Nuclear-
medium 
effects

Nuclear-
model 
effects

! ISM 
! IBM-2
! pnQRPA

[2] J.M. Dolinski et al, Annu. Rev. Nucl. Part. Sci. 2019. 69:219–51 
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in Equation 10 sums over the individual free-nucleon matrix elements; in other words, only one
nucleon experiences the weak decay without interference from the surrounding nuclear medium.
The form factors (see Section 3.1) need to be properly expanded in a nonrelativistic form. Various
other approximations would then lead to the general formula in Equation 4.

The NME is

M = M GT !
g2V
g2A

M F + M T, 12.

where the Fermi matrix element M F depends on the integral over |!q| of FV (!q2) in its nonrelativis-
tic approximation, whereas the Gamow–Teller matrix element M GT depends on the correspond-
ing integrals over linear combinations of FA,P,W (!q2) (see References 56 and 87 for the explicit
expressions). The tensor matrix element M T can be neglected. As an example, the Gamow–Teller
matrix element, which is the leading one, can be written as

M GT = g2
A

2R
!

"!

0

d|!q| |!q|#f |
"

a,b

j0(|!q|rab) hGT(|!q|!" a á!" b)
|!q| + Ē ! (Ei + Ef )/ 2

#+
a #+

b |i$, 13.

where R is the nuclear radius of 1.2A3 fm, j0 is the Bessel function, hGT is a combination of FA,P,W

properly expanded, and !rabis the distance between the two decaying nucleons. Short-range correla-
tions may be important, particularly for short-range mechanisms.The repulsion at short distances
can be phenomenologically described by the UCOM, Jastrow, Argonne, or Bonn potential, with
which the operators in the NMEs are multiplied.

The dif! culty of NME calculations is to know the initial- and ! nal-state nuclear wave func-
tions, a many-body problem that in practice allows no exact solution. Several approaches to the
problem exist and have been summarized in recent reviews (87–89). Figure 4 depicts the status
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Figure 4

A representative compilation of nuclear matrix element calculations with an unquenched gA = 1.27 for
different isotopes (see Reference 87, and references therein, for details). Abbreviations: EDF, energy-density
functional; IBM, interacting boson model; NME, nuclear matrix element; QRPA, quasi-particle
random-phase approximation; SM, Standard Model.
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Determining the accuracy and uncertainties of the
various possible NMEs can be considered the most
challenging theoretical problem that hinders precision
studies of 0%2&decay in the event of a discovery .

Affected by the uncertain value of gA

Nuclear models to estimate the 
value of gA



Dependence of gA on the atomic 
number A for different nuclear models

[3] Siiskonen et. al.,Phys. Rev. C 63(2001) 055501
[4] Honma et. al., J Phys. Conf. Ser. 49(2006) 45-50 
[5] Caurier et. al., Phys. Lett. B 711(2012) 62-4
[6] Joudagalvis et. al., Phys. Rev. C 72(2005) 024306
[7] Horoi et. al., Phys. Rev. C 93 (2016) 024308
[8] Kumar et. al., J Phys. G Nucl. Part. Phys. 43 (2016) 105104
[9] Pirinen et. al., Phys Rev C 91(2015) 054309. 
[10] Ejiri et. al., J Phys G Nucl Part Phys. 42 (2015) 055201
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[13] Suhonen et al., Nucl. Phys. A 924 (2014) 1 
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How do we extract information on the value of gA?
For low momentum exchanges :

! Study halfÐlives of Odecays (1+ and 2− states)

! Study half-lives of NMNOdecays (1+ states)

! Study electron spectral shapes of O decays

(higher -forbidden non-unique )

For high momentum exchanges (Z[ \]] ^_` ):

" Study half-lives of ] MNa decays

" Study nuclear muon capture (bx states)

Constrained by the NMEs 
calculations !

Constrained by the NMEs 
calculations and ! ! !

Spectrum -Shape 
Method (SSM) [17]

!"#$%&'%())*)+,+ -%.'%/'%0*12)34)2))+5%6'%0'-%.783'%9,2'%/%:;%<=>"?@%>;A;>B%



Spectral shape of higher-forbidden non-unique " decays 

" " #$ # $%&'

Suhonen Effective Value of gA

decay rates in the pnQRPA and other models: The light-
hatched regions of Figure 2 have been plotted in Figure 18 for
comparison with the results of section 10. The result of the linear
fit (41) is not included in that plot since the hatched regions are
a better way to describe the (large) spread of the pnQRPA results
for different masses A. This large spread is not perceivable in the
linear fit.

In Figure 3 the light-hatched regions of Figure 2 (combined
results of the pnQRPA analyses) have been plotted as a
background against the results of the ISM of section 5.1. As can be
seen in the figure, the ISM results and the pnQRPA results are in
excellent agreement with each other. This is a non-trivial result
considering the quite different premises of these two different
calculation frameworks. For the masses A ! 138 there is no
comparison between the two approaches since mid-shell heavy
nuclei, with increasing deformation, are hard to access by the ISM
due to an overwhelming computational burden.

6. QUENCHING OF GA IN FORBIDDEN
UNIQUE ! DECAYS

The forbidden unique ! transitions are the simplest ones that
mediate ! decays between nuclear states of large angular-
momentum difference " J. In particular, if one of the states is a
0+ state, then for a Kth forbidden (K = 1, 2, 3, . . .) unique beta
decay the angular momentum of the other involved state is J =
K + 1. At the same time the parity changes in the odd-forbidden
and remains the same in the even-forbidden decays [35]. The
change in angular momentum and parity for different degrees of
forbiddenness is presented in Table 3, and they obey the simple
rule

(" 1)" J"# = " 1. (Forbidden unique decays) (46)

Here it is interesting to note that also the Gamow-Teller decays
obey the rule (46) if one of the involved nuclear states has the
multipolarity 0+ .

6.1. Theoretical Considerations
The theoretical half-lives t1/ 2 of Kth forbidden unique ! decays
can be expressed in terms of reduced transition probabilities
BKu and phase-space factors fKu. The BKu is given by the NME,
which in turn is given by the single-particle NMEs and one-body
transition densities. Then (for further details see [35])

t1/ 2 =
$

fKuBKu
; BKu =

g2A
2Ji + 1

|MKu|2, (47)

TABLE 3 | Change in angular momentum and parity in Kth forbidden unique !
decays with a 0+ state as an initial or final nuclear state.

K 1 2 3 4 5 6 7

" J 2 3 4 5 6 7 8

"# = #i#f " 1 + 1 " 1 + 1 " 1 + 1 " 1

where Ji is the angular momentum of the mother nucleus and $
is a constant with value [142]

$ =
2# 3øh7ln 2

m5
e c

4(GF cos%C)2
= 6147 s, (48)

with GF being the Fermi constant and %C being the Cabibbo
angle. The phase-space factor fKu for the Kth forbidden unique
! ± decay can be written as

fKu =
!
3
4

" K (2K)!!
(2K + 1)!!

# w0

1
CKu(we)pewe(w0 " we)2F0(Zf ,we)dwe,

(49)
where CKu is the shape function for Kth forbidden unique !
decays which can be written as (see, e.g., [35, 143])

CKu(we) =
$

ke+ k&= K+ 2

' kep
2(ke" 1)
e (w0 " we)2(k&" 1)

(2ke " 1)!(2k& " 1)!
, (50)

where the indices ke and k& (both k = 1, 2, 3...) come from
the partial-wave expansion of the electron (e) and neutrino
(&) wave functions. Here we is the total energy of the emitted
electron/positron, pe is the electron/positron momentum, Zf
is the charge number of the daughter nucleus and F0(Zf ,we)
is the Fermi function taking into account the coulombic
attraction/repulsion of the electron/positron and the daughter
nucleus2. The factor ' ke contains the generalized Fermi function
Fke" 1 [144] as the ratio

' ke =
Fke" 1(Zf ,we)

F0(Zf ,we)
. (51)

The integration is performed over the total (by electron
rest-mass) scaled energy of the emitted electron/positron, w0
being the endpoint energy, corresponding to the maximum
electron/positron energy in a given transition.

The NME in (47) can be expressed as

MKu =
$

ab

M(Ku)(ab)(( f ||[c
 
a÷cb]K+ 1||( i), (52)

where the factors M(Ku)(ab) are the single-particle matrix
elements and the quantities (( f ||[c

 
a÷cb]K+ 1||( i) are the one-body

transition densities with ( i being the initial-state wave function
and ( f the final-state wave function. The operator c

 
a is a creation

operator for a nucleon in the orbital a and the operator ÷ca is the
corresponding annihilation operator. The single-particle matrix
elements are given (in the Biedenharn-Rose phase convention)
by

MKu(ab) =
#
4#

%
a||rK[YK" ]K+ 1i

K ||b
&
, (53)

where YK is a spherical harmonic of rank K, r the radial
coordinate, and a and b stand for the single-particle orbital
quantum numbers. The NME (53) is given explicitly in Suhonen
[35].

2For positron emission the change Zf $ " Zf has to be performed in F0(Zf ,we)
and Fke" 1(Zf ,we), Equation (51) below.
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is a constant and y@is the Cabibbo angle;

is the dimensionless integrated shape function;

Spectral shape of higher-forbidden non-unique ! decays

Half-life:
t1/ 2 = ! / ÷C.

Dimensionless integrated shape function:

÷C =
! w0

1
C(we)pwe(w0 ! we)

2F0(Zf , we)dwe .

Shape factor:

C( we) =
!

ke, k! , K

! ke

"
MK( ke, k! ) 2 + mK( ke, k! ) 2 !

2" ke

kewe
MK( ke, k! ) mK( ke, k! )

#
,

where

! ke =
Fke! 1( Z, we)

F0( Z, we)
; " ke =

$
k2
e ! ( # Zf ) 2 ,

Fk! 1( Z, we) being the generalized Fermi function.

Decomposition of the shape factor:

C(we) = gV
2CV(we) + gA

2CA (we) + gVgA CVA (we).

Jouni Suhonen (JYFL, Finland) MEDEX2022 15 / 49

Spectral shape of higher-forbidden non-unique ! decays

Half-life:
t1/ 2 = ! / ÷C.

Dimensionless integrated shape function:

÷C =
! w0

1
C(we)pwe(w0 ! we)

2F0(Zf , we)dwe .

Shape factor:

C( we) =
!

ke, k! , K

! ke

"
MK( ke, k! ) 2 + mK( ke, k! ) 2 !

2" ke

kewe
MK( ke, k! ) mK( ke, k! )

#
,

where

! ke =
Fke! 1( Z, we)

F0( Z, we)
; " ke =

$
k2
e ! ( # Zf ) 2 ,

Fk! 1( Z, we) being the generalized Fermi function.

Decomposition of the shape factor:

C(we) = gV
2CV(we) + gA

2CA (we) + gVgA CVA (we).

Jouni Suhonen (JYFL, Finland) MEDEX2022 15 / 49

Spectral shape of higher-forbidden non-unique ! decays

Half-life:
t1/ 2 = ! / ÷C.

Dimensionless integrated shape function:

÷C =
! w0

1
C(we)pwe(w0 ! we)

2F0(Zf , we)dwe .

Shape factor:

C( we) =
!

ke, k! , K

! ke

"
MK( ke, k! ) 2 + mK( ke, k! ) 2 !

2" ke

kewe
MK( ke, k! ) mK( ke, k! )

#
,

where

! ke =
Fke! 1( Z, we)

F0( Z, we)
; " ke =

$
k2
e ! ( # Zf ) 2 ,

Fk! 1( Z, we) being the generalized Fermi function.

Decomposition of the shape factor:

C(we) = gV
2CV(we) + gA

2CA (we) + gVgA CVA (we).

Jouni Suhonen (JYFL, Finland) MEDEX2022 15 / 49

is the general form of the shape 
factor for forbidden o decays;

i A" " * j kl & is the generalized Fermi function ; z& and
z> come from the partial -wave expansion of the
electron and neutrino wave function

where

Decomposition of the shape factor :  

Spectral shape of higher-forbidden non-unique ! decays

Half-life:
t1/ 2 = ! / ÷C.

Dimensionless integrated shape function:

÷C =
! w0

1
C(we)pwe(w0 ! we)

2F0(Zf , we)dwe .

Shape factor:

C( we) =
!

ke, k! , K

! ke

"
MK( ke, k! ) 2 + mK( ke, k! ) 2 !

2" ke

kewe
MK( ke, k! ) mK( ke, k! )

#
,

where

! ke =
Fke! 1( Z, we)

F0( Z, we)
; " ke =

$
k2
e ! ( # Zf ) 2 ,

Fk! 1( Z, we) being the generalized Fermi function.

Decomposition of the shape factor:

C(we) = gV
2CV(we) + gA

2CA (we) + gVgA CVA (we).

Jouni Suhonen (JYFL, Finland) MEDEX2022 15 / 49



Current list of gA–dependent # spectrum shapes
Current list of gA-dependent ! -spectrum shapes

Transition J⇡i
i (gs) J

⇡f
f (nf ) Branching K Sensitivity Nuclear model

59Fe ! 59Co 3/2! 7/2! (gs) 0.18% 2 Moderate ISM
60Fe ! 60Co 0+ 2+ (gs) 100% 2 Moderate ISM
87Rb ! 87Sr 3/2! 9/2+ (gs) 100% 3 Moderate MQPM, ISM

94Nb ! 94Mo 6+ 4+ (2) 100% 2 Strong ISM
98Tc ! 98Ru 6+ 4+ (3) 100% 2 Strong ISM
99Tc ! 99Ru 9/2+ 5/2+ (gs) 100% 2 Strong MQPM, ISM

113Cd ! 113In 1/2+ 9/2+ (gs) 100% 4 Strong MQPM, ISM, IBFM-2
115In ! 115Sn 9/2+ 1/2+ (gs) 100% 4 Strong MQPM, ISM, IBFM-2
136Te ! 136I 0+ (1! ) (gs) 8.7% 1 Strong ISM

137Xe ! 137Cs 7/2! 5/2+ (1) 30% 1 Strong ISM
138Cs ! 138Ba 3! 3+ (1) 44% 1 Strong ISM
210Bi ! 210Po 1! 0+ (gs) 100% 1 Strong ISM

Electron spectra of 113Cd (L. Bodenstein-Dresler et al., Phys. Lett. B 800 (2020) 135092)
measured by the COBRA collaboration .
Electron spectrum of 115In measured by using the LiInSe2 bolometer
(Experimentalists-JyvŠskylŠ collaboration).

Jouni Suhonen (JYFL, Finland) MEDEX2022 21 / 49

! 50V* 50Cr, 6+, 2+(1): has weak sensitivity.
! 96Zr* 96Nd , 0+, 6+(g.s): has strong sensitivity.



EXAMPLES of electron spectra of second-forbiddennon-unique! decays

" W4 ( 238
(ISM) (ISM)

(ISM)(MQPM)
Going to be 

measured by the IBS-
KNU-KRISS 

experimental group 
(South Korea) + 

calculations by the 
JYFL-LUKE (Finland) 

group: gA
EXPERiment and 

Theory collaboration
= gA-EXPERT 



EXAMPLE of " spectral shapes without dependence on gA

Normalized computed electron spectrum for 
2nd-forbidden non -unique { " decay of 137Cs

First-forbidden non -unique { " decay of 
137Xe (7/2-) * 137Cs (7/2+) 

[18] J. Kostensalo and J. S., Phys. Rev. C 96 (2017) 024317 
[19] S. Al Kharusi et al. (EXO-200 Collaboration), Phys. Rev. Lett. 124 
(2020) 232502. 

(The unique forbidden transitions are also gA-indipedent )

charge energy spectrum of the selected SS data events, with
the expected residual background contributions subtracted,
is shown in black on the top frame of the figure. It is fit with
the simulated shape based on the theoretical calculation
(red). The only parameter floating in the fit is the total
normalization. The reduced χ2 of the fit (also shown)
suggests a good agreement between the data and expect-
ation. The normalized residuals are shown on the bottom
frame of the figure. All residuals are within !2σ statistical
error. The residuals are fit by a constant (dashed blue line)
trend line, with the best-fit parameter shown. The residuals
show no statistically significant energy dependence.
Anything that can introduce an energy-dependent dis-

crepancy between the data andMC can systematically affect
the comparison shown on Fig. 7. Given the amount of the
available statistics, we are sensitive to potential systematics
effects on the level of a few percent ormore. The data energy
calibration is constrained to the subpercent level. The
Gaussianþ Erf fit model itself may be a source of system-
atics when extracting the peaksÕmean positions. This effect
was studied by EXO-200 and is expected to introduce a
! 3 keV bias, which is subdominant to the calibration
residuals (Fig. 4). The residual background contamination
in the selected SS energy range contributes " 1% of events
and is known to Oð10Þ% relative uncertainty, suggesting
only a fraction of percent residual effect. Potential imper-
fections of the MC and reconstruction can systematically
affect the comparison only if they lead to an energy-
dependent difference of the SS fraction or of the overall
SS spectral shape in the data and MC. Based on the latest
published comparison of data and MC in EXO-200 (Fig. 1
in Ref. [28]), the energy-dependent deviation is expected to
be small compared to the statistical errors in Fig. 7.

Discussion and conclusion.ÑWe calculate the 137Xe GS
spectrum and find that it has no significant dependence on

the adopted value of gA or the magnitude of the mesonic
enhancement effects on the axial charge matrix element.
This makes this transition an ideal tool to validate the
accuracy of the β-spectra calculations in the context of the
reactor antineutrino anomaly. We perform a precise meas-
urement of this first-forbidden nonunique β-decay shape
using the data collected during an AmBe source deploy-
ment in EXO-200. A good agreement between the pre-
dicted and observed spectra is found. Therefore, this work
provides both a rare measurement of the first-forbidden
nonunique β-decay shape and a novel test related to the
calculated electron spectral shapes of β decays that con-
tribute strongly to the antineutrino flux from nuclear
reactors. The hope is that this test justifies the calculated
spectral shapes of [9,10], thus implying that the spectral
bump and the flux anomaly can be explained, at least partly,
by the exact spectral shapes of the abundant first-forbidden
nonunique β decays of the fission fragments in nuclear
reactors.
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FIG. 7. (Top frame) Best fit to the selected, calibrated, back-
ground-subtracted SS data events. The data points are shown in
black. The theoretical spectrum (after passing through MC) is
shown in red. (Bottom frame) Residual differences between the
data and best-fit curve, normalized by the statistical errors, are
shown in black. The constant fit to the residuals is shown by
dashed blue line. p0 corresponds to the constant term of the fit.
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4th-forbidden non-unique ! decay of 113Cd 
113Cd ( decays non-unique 4 -fold forbidden (only three nuclides 50V, 115In).

! 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 ).

3S
a__ cdec " B'UCf

3S
a__ ghc " B'UBf

3S
a__ gijc S C " B'UE

M. Haaranen , J. Kotila , J. Suhonen , Phys. Rev. 
C 95, 024327 (2017).



DAMA set-ups

Collaboration:
Roma Tor Vergata, Roma La Sapienza, 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

an observatory for rare processes @ LNGS

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



Study of electron spectral shape of $ decay of 113Cd  
[20] Belli et. al., Phys. Rev. C 76 , 064603 (2007) 

Aim : To measure the o spectrum shape and T1/2 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 DAMA/R&D setup



1) T1/2 = (8.04 ! 0.05 ) ) 10 15 yr (precision 0.6%)

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

Results:

The analytical {
spectrum of 113Cd 

obtained after 
deconvolution of 
the experimental
{ spectrum , with 
the uncertainties

[21] P. Belli, R. Bernabei, F.A. 
Danevich, A. Incicchitti and V.I. 
Tretyak, Eur. Phys. J. A 55, 140 
(2019).

3S k B'UB
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Fig. 26. Scheme of the50 V decay. Energies are in keV. Data
are from [63,188,223].

cedure a limit of T1/ 2 > 2.4 ! 1018 yr (at 90% C.L.) [220]
was obtained for the highly forbidden ! decay of48Ca.

However, the best experimental limit T1/ 2 > 2.5 !
1020 yr was obtained with a 400 cm3 HPGe detector and
24.558 g of enriched48CaF2 powder, by looking for " rays
following ! ! transitions of 48Ca [184]. The obtained limit
is not far from the above mentioned theoretical estima-
tions.

6.2 Electron capture and ! decay of 50V

50V can decay both through electron capture to50Ti with
energy release ofQ(#) = 2207.6(4) keV and through ! !

decay to 50Cr with Q(! ! ) = 1038.06(30) keV [63] (see
Þg. 26). In both cases the change in spin for the g.s. to
g.s. transitions is 6+ " 0+ , and transitions to the Þrst 2+

excited levels of50Ti (1553.8 keV) or 50Cr (783.3 keV) are
more probable (by orders of magnitude). With $ J !" =
4+ these decays are classiÞed as 4th-forbidden non-unique.
50V is one of the only 3 nuclei where! processes with
$ J !" = 4 + were measured (the other two are113Cd and
115In).

The low natural abundance of 50V (% =
0.250(10)% [62]) and the large expected half-lives
make its experimental investigations rather di! cult.
Di" erent approaches were used to search for50V decay.
On the Þrst stages, Geiger counters and proportional
counters with thin V-containing foils were applied to look
for X rays emitted in result of electron capture and for
electrons emitted in ! ! decay. Later on, NaI, Ge(Li) and
HPGe detectors and massive V sources were used to look
for the 783 and 1554 keV" rays; these techniques were
more sensitive than the previous ones.

To our knowledge, the Þrst search for the decay of50V
was performed in 1949 [224]; a thin-walled beta counter
and also photographic plates were used; the activity was
not observed (T1/ 2 limits were not reported). The sum-
mary of the subsequent experiments is given in table 9.
Early reports on positive observations of electron capture
and ! ! at level of T1/ 2 # 1014Ð1016 yr [225Ð227] were
not supported in later investigations. The detection of the
783 keV " peak expected in 50V ! ! decay by Simpson
et al. in 1989 [228] with T1/ 2(! ! ) = (8 .2+13 .1

! 3.1 ) ! 1017 yr

Fig. 27. Decay scheme for the A = 96 triplet showing the
energy position of 96 Zr with respect to its neighbor 96 Nb and
96 Mo; the energies are in keV. Figure taken from ref. [237].

was quite uncertain and not conÞrmed in the subsequent
investigations; the best known limit obtained in a recent
experiment [188] isT1/ 2(! ! ) > 1.9 ! 1019 yr.

On the contrary, the 1554 keV " peak, expected in the
electron capture branch of the50V decay, is conÞdently ob-
served in all experiments since 1984, with the recent, most
accurate result of T1/ 2(#) = (2 .67+0 .16

! 0.18) ! 1017 yr [188].
The half-life of the 50V was calculated in nuclear

shell model by Nishimura in 1979 [189] as:T1/ 2(#) =
1.5 ! 1016 yr, T1/ 2(! ! ) = 9 .04 ! 1017 yr, which is in dis-
agreement with the experimental values. Recent calcula-
tions of Haaranen et al. [190] for the electron capture
branch: T1/ 2(#) = (5 .13 ± 0.07)[(3.63 ± 0.05)] ! 1017 yr
given for gA = 1 .00[1.25] is in good agreement with the
measured value [188]. The predicted value for! ! decay
T1/ 2(! ! ) = (2 .34 ± 0.02)[(2.00 ± 0.02)] ! 1019 yr [190] is
not far from the best achieved limit 1.9 ! 1019 yr [188],
that gives hope to observe the e" ect in near future.

The shape of 50V ! ! spectrum was calculated in
ref. [187].

Recently, an YVO4 crystal (5 cm3, $ 1.8! 2 cm, mass of
22 g) was tested as cryogenic scintillating bolometer [236];
the light yield for beta/gamma particles was measured
to be (59.4 ± 0.1) keV/MeV and for alpha particles 9Ð
12 keV/MeV (dependent on the energy). The full width at
half of maximum (FWHM) for the 661 keV line of 137Cs
was determined to be (9± 2) keV. The sensitivity of the
measurements of the YVO4 scintillating bolometer with
an additional detector registering the 783 keV" quantum
was estimated at level ofT1/ 2 # 1 ! 1020 yr which could
allow the observation of 50V ! ! decay for the Þrst time
and the measurement of its! ! shape.

6.3 96Zr ! decay

The situation of 96Zr is analogous to the case of48Ca
(the decay scheme is shown in Þg. 27): the single! de-
cay to 96Nb is possible, but not yet observed (T1/ 2 >
3.8 ! 1019 yr [195] for the most probable transition to the
44 keV excited level), while 2&2! decay has been already
measured withT1/ 2 = (2 .3± 0.2)! 1019 yr [211]. The shape
of the 96Zr ! spectrum was calculated in ref. [187].

4th and 6th-forbidden non-unique " decays of 96Zr
96Zr " decays 6fold -forbidden non-unique to the 6+ ground
state of 96Nb and the 4fold -forbidden non unique to the first
two excited states, 5+ and 4+ in 96Nb.
* not yet observed

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

! DAMA has studied %{ decays in 96Zr (and in 94Zr) and
single { decay of 96Zr (see next).



Pb
Cu

M=24,0(1) g
h =21,20(5) mm
¯=21,00(5) mm

h

Ø
Ø1

Ø2

h

M=10,6(1) g
h =17,90(5) mm
¯1=8,0(1) mm
¯2=19,70(5) mm

Search for #" decays in 96,94Zr an single " decay in 96Zr using 
Cs2ZrCl6 (CZC) crystal scintillators

21

DAMA/CRYS setup

! First two CZC scintillating crystals have been
grown in QueenÕs University (Canada) and
studied at the LNGS.

! 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
16% Zr by weight .



Limits on half-lives of +, %processes in 96,94Zr and single , % decay of 96Zr have
been set using the following formula:

Preliminary

Process Decay Mode Level of daugther T1/2 (yr)
nucleus (keV) at 90% C.L.

96Zr! 96Mo
2�� 0⌫ g.s. > 1.5 " 1020

2�� 0⌫ 2+1 778 > 1.5 " 1019

2�� 2⌫ g.s. > 7.4 " 1017

2�� 2⌫ 2+1 778 > 3.8 " 1017

94Zr! 94Mo
2�� 0⌫ g.s. > 2.6 " 1019

2�� 0⌫ 2+1 871 > 3.8 " 1018

2�� 2⌫ g.s. > 2.4 " 1018

2�� 2⌫ 2+1 871 > 1.9 " 1017

96Zr! 96Nb
�� g.s > 1.0 " 1017

Results:

(to be published soon)



4th-forbidden non-unique decays of 50V 
! 50V can decay both through ~ to 50Ti and through ! ! decay to 50Cr.
! In both cases the change in spin for the g.s. to g.s. transitions is 6+ " 0+, and transitions to the first 2+

excited levels of 50Ti (1553.8 keV) or 50Cr (783.3 keV) are more probable (by orders of magnitude) .
! With • CBC= 4+ these decays are classified as 4th-forbidden non-unique (only three nuclides 113Cd, 115In).

! ! ! decay studied in F.A. 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 .

[18] J. 
Kostensalo
and J. S., 
Phys. Rev. C 
96 (2017) 
024317. 

JOEL KOSTENSALO AND JOUNI SUHONEN PHYSICAL REVIEW C96, 024317 (2017)

Sec.III we describe the application of the nuclear shell model
to the spectrum shape of forbidden! ! decays. In Sec.IV we
present our results and in Sec.V we draw the conclusions.

II. THEORETICAL FORMALISM

We begin the description of the! ! decay by making the
so-called impulse approximation, in which at the exact moment
of decay the decaying nucleon only interacts via the weak
interaction and the strong interaction with the otherA ! 1
nucleons can be ignored. Since the vector bosonW! has a
large mass and thus propagates only a short distance, the ßow
lines of the nucleons, i.e., the hadronic current, and the ßow
lines of the emitted leptons, i.e., the leptonic current, can be
considered to interact at a pointlike weak-interaction vertex
with an effective coupling constantGF, the Fermi constant.
The parity nonconserving nature of the weak interaction is
reßected in the fact that the hadronic current can be written
at the quark level (upu and downd quarks) as a mixture of
vector and axial-vector components as [2Ð4]

J µ
H = øu(x)" µ (1 ! " 5)d(x), (1)

where" µ are the usual Dirac matrices and" 5 = i " 0" 1" 2" 3.
Renormalization effects of strong interactions must be taken
into account when moving from the quark level to the hadron
level. The hadronic current at the nucleon level (neutronn and
protonp) can then be written as [5,6]

J µ
H = øp(x)" µ (gV ! gA" 5)n(x), (2)

where gV and gA are the weak vector and axial-vector
coupling constants, respectively. The conserved vector-current
hypothesis of the standard model (CVC) gives the free-nucleon
valuegV = 1.0 for the weak vector coupling constant and the
partially conserved axial-vector-current hypothesis (PCAC)
gives the free-nucleon valuegA = 1.27 for the weak axial-
vector coupling constant. Inside the nuclear matter the value
of gA is affected by many-nucleon correlations and so the
free nucleon value might not be the one to use in practical
calculations [6]. The present paper is a step towards solving
the problem of what value to use forgA inside Þnite nuclei.

In the impulse approximation the probability of the electron
being emitted with kinetic energy betweenWe andWe + dWe
is

P(We)dWe =
GF

(øhc)6

1
2# 3 øh

C(We)

" pecWe(W0 ! We)2F0(Z,We)dWe, (3)

wherepe is the momentum of the electron,Z is the proton
number, F0(Z,We) is the Fermi function, andW0 is the
end-point energy of the! spectrum. The nuclear structure
information is buried in the shape factorC(we).

The half-life of a! decay can be written as

t1/ 2 =
$
÷C

, (4)

where ÷C is the integrated shape factor and the constant$ has
the value [31]

$ =
2# 3 øh7ln 2

m5
ec4(GF cos%C)2

= 6147 s, (5)

%C being the Cabibbo angle. In order to simplify the formalism
it is usual to introduce unitless kinematic quantitieswe =
We/m ec2, w0 = W0/m ec2, andp = pec/ (mec2) =

!
w2

e ! 1.
With the unitless quantities the integrated shape factor can be
expressed as

÷C =
" w0

1
C(we)pwe(w0 ! we)2F0(Z,w e)dwe. (6)

The shape factorC(we) of Eq. (6) contains complicated
combinations of both (universal) kinematic factors and NMEs.
In this paper we use the nuclear shell model to calculate the
one-body transition densities related to the NMEs of the shape
factor. The details of the shape factor and the constitution
of its NMEs can be found from Refs. [32,33]. As in the
previous SSM studies [20,21,30] we go beyond the earlier
studies [32,33] and take into account the next-to-leading-order

FIG. 1. Normalized electron spectra for the second-forbidden
nonunique! ! decays of36Cl [panel (a)] and60Fe [panel (c)], and
the fourth-forbidden nonunique decay of50V [panel (b)]. The value
gV = 1.00 was adopted and the color coding represents the value
of gA.
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Sec.III we describe the application of the nuclear shell model
to the spectrum shape of forbiddenβ− decays. In Sec.IV we
present our results and in Sec.V we draw the conclusions.

II. THEORETICAL FORMALISM

We begin the description of theβ− decay by making the
so-called impulse approximation, in which at the exact moment
of decay the decaying nucleon only interacts via the weak
interaction and the strong interaction with the otherA − 1
nucleons can be ignored. Since the vector bosonW− has a
large mass and thus propagates only a short distance, the ßow
lines of the nucleons, i.e., the hadronic current, and the ßow
lines of the emitted leptons, i.e., the leptonic current, can be
considered to interact at a pointlike weak-interaction vertex
with an effective coupling constantGF, the Fermi constant.
The parity nonconserving nature of the weak interaction is
reßected in the fact that the hadronic current can be written
at the quark level (upu and downd quarks) as a mixture of
vector and axial-vector components as [2Ð4]

J
µ
H = øu(x)γ µ(1 − γ5)d(x), (1)

whereγ µ are the usual Dirac matrices andγ5 = iγ 0γ 1γ 2γ 3.
Renormalization effects of strong interactions must be taken
into account when moving from the quark level to the hadron
level. The hadronic current at the nucleon level (neutronn and
protonp) can then be written as [5,6]

J
µ
H = øp(x)γ µ(gV − gAγ5)n(x), (2)

where gV and gA are the weak vector and axial-vector
coupling constants, respectively. The conserved vector-current
hypothesis of the standard model (CVC) gives the free-nucleon
valuegV = 1.0 for the weak vector coupling constant and the
partially conserved axial-vector-current hypothesis (PCAC)
gives the free-nucleon valuegA = 1.27 for the weak axial-
vector coupling constant. Inside the nuclear matter the value
of gA is affected by many-nucleon correlations and so the
free nucleon value might not be the one to use in practical
calculations [6]. The present paper is a step towards solving
the problem of what value to use forgA inside Þnite nuclei.

In the impulse approximation the probability of the electron
being emitted with kinetic energy betweenWe andWe + dWe

is

P (We)dWe = GF

(øhc)6

1
2π3 øh

C(We)

×pecWe(W0 − We)2F0(Z,We)dWe, (3)

wherepe is the momentum of the electron,Z is the proton
number, F0(Z,We) is the Fermi function, andW0 is the
end-point energy of theβ spectrum. The nuclear structure
information is buried in the shape factorC(we).

The half-life of aβ decay can be written as

t1/2 = κ

÷C
, (4)

where ÷C is the integrated shape factor and the constantκ has
the value [31]

κ = 2π3 øh7ln 2
m5

ec
4(GF cosθC)2

= 6147 s, (5)

θC being the Cabibbo angle. In order to simplify the formalism
it is usual to introduce unitless kinematic quantitieswe =
We/mec

2, w0 = W0/mec
2, andp = pec/(mec

2) =
!

w2
e − 1.

With the unitless quantities the integrated shape factor can be
expressed as

÷C =
" w0

1
C(we)pwe(w0 − we)2F0(Z,we)dwe. (6)

The shape factorC(we) of Eq. (6) contains complicated
combinations of both (universal) kinematic factors and NMEs.
In this paper we use the nuclear shell model to calculate the
one-body transition densities related to the NMEs of the shape
factor. The details of the shape factor and the constitution
of its NMEs can be found from Refs. [32,33]. As in the
previous SSM studies [20,21,30] we go beyond the earlier
studies [32,33] and take into account the next-to-leading-order

FIG. 1. Normalized electron spectra for the second-forbidden
nonuniqueβ− decays of36Cl [panel (a)] and60Fe [panel (c)], and
the fourth-forbidden nonunique decay of50V [panel (b)]. The value
gV = 1.00 was adopted and the color coding represents the value
of gA.
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Conclusions
Ø The axial-vector factor gA is an important parameter that describes the coupling

between the nucleon and the lepton in the axial vector current operator - &.

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

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

Ø The quenching of gA have important implications for the determination of the
neutrino mass element ! ! .

Ø The DAMA collaboration develops and uses high purity low background
scintillators detectors as an observatory for rare processes such as 0( and
( decays.

Ø They have measured the electron spectral shape of ( decay of 113Cd with the
highest accuracy (1' 2 . 34. ).
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Fermi function:
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Table 8. ClassiÞcation of ! decays on the basis of the change in spinJ and parity " between the parent and the daughter
nuclei.

# J ∆π #" Forbiddenness

0+, 1+ Ð allowed;

0−, 1−, 2+, 3−, 4+, . . . (! 1)∆J Ð forbidden non-unique (FNU); # J

2−, 3+, 4−, . . . (! 1)∆J −1 Ð forbidden unique (FU); # J ! 1

For unique decays, the rate of decay and the shape
of the energy spectrum are deÞned by only one nuclear
matrix element. The shape of the! spectrum in general
is described as

" (E ) = " allowed (E ) × C(E),

where

" allowed (E ) = F (Z, E )WP(Qβ − E)2

is the distribution for the allowed spectrum; W(P) is the
total energy (momentum) of the ! particle; F (Z, E ) is the
Fermi function:

F (Z, E ) = const · P2γ! 2 exp(πs) |# ($ + is)|2 ,

where $ =
!

1− (%Z )2; s = %ZW/P ; % = 1 / 137.036 is
the Þne structure constant;Z is the atomic number of the
daughter nucleus (Z > 0 for ! ! and Z < 0 for ! + decay);
# is the gamma function; W is given in mec2 units and P
in mec units.

Finally, C(E) is an empirical correction factor depend-
ing on the energyE of the ! particle and is often written
as

C(E) = C1(E), for FNU decays,
= C1(E) · C2(E), for FU decays.

The function C1(E) is often parametrized in one of the
two possible forms:

either C1(E) = 1 + a1/W + a2W + a3W 2 + a4W 3,
or C1(E) = 1 + b1P2 + b2Q2,

whereQ is the momentum of (anti)neutrino, in mec units.
The correction factor C2(E) is parametrized differently

for each FU degree:

C2 = P2 + c1Q2, for 1 FU;
C2 = P4 + c1P2Q2 + c2Q4, for 2 FU;
C2 = P6 + c1P4Q2 + c2P2Q4 + c3Q6, for 3 FU;
C2 = P8+ c1P6Q2+ c2P4Q4+ c3P2Q6+ c4Q8, for 4 FU.

Sometimes alternative forms are used: for 1 FU it isC2 =
Q2 + &2P2, for 2 FU it is the analogous expression with
&2, &4, and so on, where&i are the Coulomb functions
calculated in ref. [212].

The coefficientsai , bi , ci above reported should be eval-
uated theoretically (they are mixture of products of phase

space factors with different nuclear matrix elements) or ex-
tracted from experimental measurements. Compilations of
the experimental ai , bi , ci can be found in refs. [213Ð216].

As examples, the left panels of Þg. 24 show the!
spectra for 39Ar and 42Ar in comparison with the al-
lowed shapes. In both cases' J ∆π = 2 ! , so such decays
are classiÞed as 1 FU; the correction factor is given as
C(E) = Q2 + &2P2.

The middle panels of Þg. 24 show the! spectra of
42K (daughter of long-living 42Ar), measured in few ex-
periments. For the transition 42K → 42Ca (ground state,
probability 81.90%), which is also 1 FU, the correction
factor is C(E) = ( Q2 + &2P2)(1 + aW). The transi-
tion 42K → 42Ca (excited level with Eexc = 1525 keV,
17.641%) is classiÞed as 1 FNU (' J ∆π = 0 ! ), and
C(E) = 1 + a1/W + a2W + a3W 2. The values of a, ai
and the references to the original works can be found in
ref. [215].

The right panels show the spectra of40K and 137Cs
decays. For40K → 40Ca (g.s., 89.28%,' J ∆π = 4 ! , 3 FU);
the correction factor is C(E) = P6 + c1P4Q2 + c2P2Q4 +
c3Q6 with c1 = c2 = 1, c3 = 7 as measured in ref. [217].
For 137Cs → 137Ba (g.s., 5.3%,' J ∆π = 2 + , 2 FNU) the
correction factor is C(E) = 1+ a1/W + a2W + a3W 2 with
a1 = 0, a2 = −0.6060315,a3 = 0 .0921520 as measured in
ref. [218].

This is a demonstration that the forbidden ! spectra
can signiÞcantly deviate from the allowed shapes, and this
has to be taken into account in the simulations of the
response of the detectors. It should be also noted that
sometimes even decays that are classiÞed as allowed have
deviations from the allowed shape, as in the case of14C,
where in the theoretical description the Þrst order terms
mutually compensate each other and only the second order
terms determine the T1/ 2 and the shape.

6 Investigations of rare ! decays

In the following various experimental results on rare beta
decay will be presented considering that the careful deter-
mination of the shape, of the end-point behaviour of the
beta spectrum as well as accurateQβ value determination
are crucial.

Five naturally occurring isotopes, 40K, 87Rb, 138La,
176Lu, and 187Re, ! unstable and with long half-lives (as
reported in table 7), are not considered in the following
since their decay parameters are well established (very of-
ten they create undesirable background in the investiga-
tions of rare effects such as 2! decay, dark matter, etc.).

Page 28 of 43 Eur. Phys. J. A (2019) 55: 140

Table 8. ClassiÞcation of ! decays on the basis of the change in spinJ and parity " between the parent and the daughter
nuclei.

# J !" #" Forbiddenness

0+ , 1+ Ð allowed;

0! , 1! , 2+ , 3! , 4+ , . . . (! 1)! J Ð forbidden non-unique (FNU); # J

2! , 3+ , 4! , . . . (! 1)! J ! 1 Ð forbidden unique (FU); # J ! 1

For unique decays, the rate of decay and the shape
of the energy spectrum are deÞned by only one nuclear
matrix element. The shape of the! spectrum in general
is described as

" (E ) = " allowed (E ) ! C(E),

where

" allowed (E ) = F (Z, E )WP(Qβ " E )2

is the distribution for the allowed spectrum; W(P) is the
total energy (momentum) of the ! particle; F (Z, E ) is the
Fermi function:

F (Z, E ) = const · P2γ−2 exp(πs) |# ($ + is)|2 ,

where $ =
√

1 " (%Z )2; s = %ZW/P ; % = 1 / 137.036 is
the Þne structure constant;Z is the atomic number of the
daughter nucleus (Z > 0 for ! − and Z < 0 for ! + decay);
# is the gamma function; W is given in mec2 units and P
in mec units.

Finally, C(E) is an empirical correction factor depend-
ing on the energyE of the ! particle and is often written
as

C(E) = C1(E), for FNU decays,
= C1(E) · C2(E), for FU decays.

The function C1(E) is often parametrized in one of the
two possible forms:

either C1(E) = 1 + a1/W + a2W + a3W 2 + a4W 3,
or C1(E) = 1 + b1P2 + b2Q2,
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for each FU degree:
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C2 = P4 + c1P2Q2 + c2Q4, for 2 FU;
C2 = P6 + c1P4Q2 + c2P2Q4 + c3Q6, for 3 FU;
C2 = P8+ c1P6Q2+ c2P4Q4+ c3P2Q6+ c4Q8, for 4 FU.

Sometimes alternative forms are used: for 1 FU it isC2 =
Q2 + &2P2, for 2 FU it is the analogous expression with
&2, &4, and so on, where&i are the Coulomb functions
calculated in ref. [212].

The coefficientsai, bi, ci above reported should be eval-
uated theoretically (they are mixture of products of phase

space factors with different nuclear matrix elements) or ex-
tracted from experimental measurements. Compilations of
the experimental ai, bi, ci can be found in refs. [213Ð216].

As examples, the left panels of Þg. 24 show the!
spectra for 39Ar and 42Ar in comparison with the al-
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C(E) = Q2 + &2P2.
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C(E) = 1 + a1/W + a2W + a3W 2. The values of a, ai
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ref. [218].

This is a demonstration that the forbidden ! spectra
can signiÞcantly deviate from the allowed shapes, and this
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6 Investigations of rare ! decays

In the following various experimental results on rare beta
decay will be presented considering that the careful deter-
mination of the shape, of the end-point behaviour of the
beta spectrum as well as accurateQβ value determination
are crucial.

Five naturally occurring isotopes, 40K, 87Rb, 138La,
176Lu, and 187Re, ! unstable and with long half-lives (as
reported in table 7), are not considered in the following
since their decay parameters are well established (very of-
ten they create undesirable background in the investiga-
tions of rare effects such as 2! decay, dark matter, etc.).



Weak magnetism term:

Suhonen Effective Value ofgA

major shells that are separated by large energy gaps. The gaps
occur at Òmagic numbersÓ of nucleons and have sometimes
drastic e! ects on nuclear properties.

(c) The nuclear deformation and seniority truncation [18Ð22].
In ground states of even-even (even number of protons
and neutrons) nuclei all nucleons are paired to angular
momentum zero and form a superßuid-like state with total
angular momentum zero. This is called seniority-zero state.
If one pair is broken, extra angular momentum is generated
and this contributes to excited states of nuclei. These are
called seniority-two states. Breaking more pairs generates
higher-seniority states that can mix with the lower-seniority
states by the nuclear residual interaction. Cutting the higher-
seniority contributions, i.e., performing a seniority truncation,
simpliÞes calculations considerably.

(d) Also, it has to be noted that the adopted closure
approximation, i.e., omitting the energy dependence
of the involved energy denominator and replacing the
contributions coming from the intermediate virtual statesby
a unit operator (for all other nuclear models, except for the
quasiparticle random-phase approximation, QRPA), for the
0!"" -decay calculations does not hold for the calculations of
the 2!"" -decay rates [1, 23, 24].

(e) A further important aspect can be added to the list, namely
the uncertain value of the weak axial-vector coupling strength
gA, leading to an e! ective value ofgA in nuclear-model
calculations. This deviation (usually quenching) from thefree-
nucleon value can arise from thenuclear medium e! ectsand
the nuclear many-body e! ectsdescribed in more detail in the
following sections of this review.

At the nuclear level," decay can be considered as a mutual
interaction of the hadronic and leptonic currents mediated by
massive vector bosonsW± [25]. The leptonic and hadronic
currents can be expressed as mixtures of vector and axial-
vector contributions [26Ð28]. The weak vector and axial-vector
coupling strengthsgV and gA enter the theory when the
hadronic current is renormalized at the nucleon level [29]. The
conserved vector-current hypothesis (CVC) [26] and partially
conserved axial-vector-current hypothesis (PCAC) [30, 31] yield
the free-nucleon valuesgV = 1.00 andgA = 1.27 [25] but
inside nuclear matter the value ofgA is a! ected by many-
nucleon correlations and aquenchedor enhancedvalue might be
needed to reproduce experimental observations [32Ð35]. Precise
information on the e! ective value ofgA is crucial when predicting
half-lives of neutrinoless double beta decays since the half-lives
are proportional to the fourth power ofgA [1, 36].

Since the vector bosonsW± have large mass and thus
propagate only a short distance, the hadronic current and the
leptonic current can be considered to interact at a point-like
weak-interaction vertex with an e! ective coupling strengthGF,
the Fermi constant. The parity non-conserving nature of the
weak interaction forces the hadronic current to be written at the
quark level (up quarku and down quarkd) as a mixture of vector
and axial-vector parts:

JµH = øu(x)#µ(1− #5)d(x), (1)

where#µ are the usual Dirac matrices and#5 = i#0#1#2#3.
Renormalization e! ects of strong interactions and energy scale
of the processes must be taken into account when moving from
the quark level to the hadron level. Then the hadronic current
between nucleons (neutronn and proton p) takes the rather
complex form

JµH = øp(x)[Vµ − Aµ]n(x), (2)

where the vector-current part can be written as

Vµ = gV(q2)#µ + igM(q2)
$µ!

2mN
q! (3)

and the axial-vector-current part as

Aµ = gA(q2)#µ#5 + gP(q2)qµ#5. (4)

Here qµ is the momentum transfer,q2 its magnitude,mN
the nucleon mass (roughly 1 GeV) and the weak couplings
depend on the magnitude of the exchanged momentum. For the
vector and axial-vector couplings one usually adopts the dipole
approximation

gV(q2) =
gV

!
1 + q2/M2

V

"2 ; gA(q2) =
gA

!
1 + q2/M2

A

"2 , (5)

wheregV and gA are the weak vector and axial-vector coupling
strengths at zero momentum transfer (q2 = 0), respectively. For
the vector and axial masses one usually takesMV = 84 MeV
[37] and MA ∼ 1 GeV [37Ð39] coming from the accelerator-
neutrino phenomenology. For the weak magnetism term one can
takegM(q2) = (µp−µn)gV(q2) and for the induced pseudoscalar
term it is customary to adopt the Goldberger-Treiman relation
[40] gP(q2) = 2mNgA(q2)/(q2 + m2

%), wherem% is the pion mass
andµp − µn = 3.70 is the anomalous magnetic moment of the
nucleon. It should be noted that the" decays and 2!"" decays are
low-energy processes (few MeV) involving only the vector [Þrst
term in Equation (3)] and axial-vector [Þrst term in Equation (4)]
parts at the limitq2 = 0 so that theq dependence of Equation (5)
does not play any role in the treatment of these processes in this
review. Contrary to this, the 0!"" decays and nuclear muon-
capture transitions involve momentum transfers of the orderof
100 MeV and the full expression (2) is active with slow decreasing
trend of the coupling strengths according to Equation (5).

2. EFFECTIVE VALUES OF GA: PREAMBLE

The e! ective value ofgA can simply be characterized by a
renormalization factor q(in case of quenching of the value ofgA
it is customarily calledquenching factor):

q =
gA

gfree
A

, (6)

where

gfree
A = 1.2723(23) (7)
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propagate only a short distance, the hadronic current and the
leptonic current can be considered to interact at a point-like
weak-interaction vertex with an effective coupling strength GF,
the Fermi constant. The parity non-conserving nature of the
weak interaction forces the hadronic current to be written at the
quark level (up quark u and down quark d) as a mixture of vector
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and the axial-vector-current part as

Aµ = gA(q2)#µ #5 + gP(q2)qµ #5. (4)

Here qµ is the momentum transfer, q2 its magnitude, mN
the nucleon mass (roughly 1 GeV) and the weak couplings
depend on the magnitude of the exchanged momentum. For the
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where gV and gA are the weak vector and axial-vector coupling
strengths at zero momentum transfer (q2 = 0), respectively. For
the vector and axial masses one usually takes MV = 84MeV
[37] and MA " 1GeV [37–39] coming from the accelerator-
neutrino phenomenology. For the weak magnetism term one can
take gM(q2) = (µ p ! µ n)gV(q2) and for the induced pseudoscalar
term it is customary to adopt the Goldberger-Treiman relation
[40] gP(q2) = 2mNgA(q2)/ (q2 + m2

%), where m% is the pion mass
and µ p ! µ n = 3.70 is the anomalous magnetic moment of the
nucleon. It should be noted that the " decays and 2!"" decays are
low-energy processes (few MeV) involving only the vector [first
term in Equation (3)] and axial-vector [first term in Equation (4)]
parts at the limit q2 = 0 so that the qdependence of Equation (5)
does not play any role in the treatment of these processes in this
review. Contrary to this, the 0!"" decays and nuclear muon-
capture transitions involve momentum transfers of the order of
100MeV and the full expression (2) is active with slow decreasing
trend of the coupling strengths according to Equation (5).

2. EFFECTIVE VALUES OF GA: PREAMBLE

The effective value of gA can simply be characterized by a
renormalization factor q(in case of quenching of the value of gA
it is customarily called quenching factor):

q =
gA

gfreeA

, (6)

where

gfreeA = 1.2723(23) (7)
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Where ! ( is the pion mass, 56) 7 6* 8# 93:. is the anomalous magnetic moment of the nucleon. 
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Figure 7: Value of the e! ective Majorana mass|m!! | as a function of the lightest neutrino
mass in the three cases discussed in Section 2.6: normal hierarchy (NH), inverted hierarchy
(IH) and quasi-degenerate spectra (QD).

implies larger fractional uncertainties between about 4 and 9 of thecorresponding half-lives,
which depend on|M 0" |2. This is a problem for the planning of experiments, if one wants to
reach a sensitivity to a small value of|m!! |, because the uncertainty on the corresponding
half-life is rather large, as shown in Fig. 12. The problem is exacerbated by the uncertainty
in the quenching ofgA : since the half-life is proportional tog4

A an uncertainty by a factor of
2 for gA implies an uncertainty of a factor 16 forT0"

1/ 2!
On the other hand, since for a givenT0"

1/ 2 the e! ective Majorana mass is inversely pro-
portional to |M 0" |,

|m!! | = |M 0" |! 1
!
T0"

1/ 2G0" (Q, Z)
"! 1/ 2

, (5.2)

the fractional uncertainty on the extraction of|m!! | from a measured value or a limit ofT0"
1/ 2

is the same as that of|M 0" |, i.e. a factor between about 2 and 3. This is shown in Fig. 13,
in which we compared the limits on|m!! | obtained from recent experimental results taking
into account the uncertainty of |M 0" |.
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1.2 Experimental status of neutrino masses and mixing 9

oscillations have been obtained in 1998 by the atmospheric neutrino experiment
Super-Kamiokande[31], in 2002 by the solar neutrino experiments like GALLEX[32]
and SNO[33], and in 2004 by the reactor neutrino experiment KamLAND[34]. Now
we know that neutrinos are massive, one of the most fundamental open problems
which must be investigated by experiments is the determination of the nature of
neutrinos with deÞnite mass: are they four-component Dirac particles possessing
a conserved lepton numberL or two-component truly neutral (no electric charge
and no lepton number) Majorana particles? In order to probe the nature of massive
neutrinos we need to study processes in which the total lepton numberL is not
conserved. The highest sensitivity to small Majorana neutrino masses can be reached
in experiments on the search of the L-violating neutrinoless!! decay process(1.6).
It is known that the transition amplitude of the 0"!! decay process is proportional
to the square of the e! ective Majorana neutrino mass:

m!! =
!

i

U2
eimi , (1.18)

wheremi are the small masses of the Majorana neutrinos" i and Uei are the elements
of the neutrino mixing matrix. Up to now, 0"!! decay has not been observed. The
most sensitive experiments obtained for|m!! | upper limits in the range 0.1 ! 0.5 eV,
which correspond to0"!! decay half-lives of the order of1026 y. These impressive
results have been reached using detectors with large masses located underground,
constructed with radiopure materials and with high energy resolution in order to
reach very low background levels in the energy region of the0"!! decay signal. The
possible value of the e! ective Majorana neutrino mass depends on the normal or
inverted character of the neutrino mass hierarchy:

Normal mass hierarchy:

m1 < m 2 < m 3, with ! m2
12 " ! m2

23 (1.19)

Inverted mass hierarchy:

m3 < m 1 < m 2, with ! m2
12 " |! m2

13| (1.20)

where it is used the notation ! m2
jk = m2

k ! m2
j , with j, k = 1 , 2, 3. There exists also

another case which is the case of quasi-degenerate hierarchy:

Quasi degenerate mass hierarchy:

m1 # m2 # m3 $ mQD
" (1.21)

In the case of a quasi-degenerate neutrino mass hierarchy the e! ective electron
neutrino mass in Eq. (1.18) becomes:

m!! $ mQD
" , (1.22)

leading to a direct measurement ofmQD
" in the experiments which measure with

high precision the end-point part of the electron spectrum in! decays.
The three-neutrino mixing parameters can be determined with good precision with
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(T 0‹
1/2) Ã

Y
]

[
aM‘t, background free
a‘

Ò
Mt

b�E with background
(1.28)

where ! E is the detector energy resolution, M is the source mass, a is the isotopic
abundance of the parent isotope, ‘ is the detection e! ciency of the signal in the
region of interest (ROI) (with the appropriate signature) and t is the measurement
time. b is the background index, normalized to the width of the ROI, source mass
and measurements time, for instance, in units of (keVákgáyear)! 1. This expression
shows clearly the advantage of a background-free experiment, as the T 0‹

1/2 sensitivity
would scale linearly with t as opposed to

Ô
t in the presence of background.
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Figure 5
The background index as a function of full-width-at-half-maximum (FWHM) energy resolution for selected
past, current, and future experiments with76Ge, 100Mo, 130Te, and 136Xe as target. Note that large
homogeneous detectors such as SNO+, KamLAND-Zen, and nEXO are not well characterized by a single
background index.

The use of HPGe detectors in 0νββ-decay searches offers several advantages. They are in-
trinsically clean, as impurities are removed in the detector crystal-growing process. They can be
fabricated with 76Ge-enriched materials; this source-as-detector con!guration enhances the sig-
nal detection ef!ciency. They have superior energy resolution; in fact, an energy resolution of
0.12% (FWHM) at Qββ has been attained (161). However, HPGe detectors must be fabricated
and installed individually, which complicates the scaling up to a larger array.

A number of advances in HPGe detector design have occurred since the last generation
of 76Ge experiments, HeidelbergÐMoscow (172) and IGEX (173). The current generation of
experimentsÑGERDA (174) and Majorana Demonstrator (175)Ñuses point-contact-type
HPGe detectors (176, 177) that have good discrimination power between single-site signal and
multisite background events. These detectors also have very low capacitance, allowing sensitive
probe of New Physics, such as dark matter searches, at energies much lower thanQββ (178).

5.1.1. 76Ge: GERDA. The Germanium Detector Array (GERDA) experiment (174) is located
at the Laboratori Nazionali del Gran Sasso (LNGS) in LÕAquila, Italy. Bare 86%-enriched76Ge
HPGe detectors are immersed in a liquid-Ar cryostat to minimize the amount of nearby mechani-
cal components and high-Z shielding. In its!rst phase, GERDA-I, 17.8 kg of the enriched coaxial
detectors from the HeidelbergÐMoscow and IGEX experiments were initially deployed and were
augmented by 3.63 kg in!ve broad energy Ge (BEGe) p-type point-contact detectors about
halfway through data taking. After accumulating an exposure of 21.6 kg·year of data from late 2011
to mid-2013, the GERDA-I results (179) refuted the controversial claim of a 4.2σ signi!cance
of observing 0νββ decay in76Ge (150). An upgrade (180) prior to the second phase, GERDA-II,
improved the radioactivity backgrounds and their rejection, as well as increasing the total en-
riched detector mass to 35.8 kg, of which BEGe detectors constituted 20 kg. The background
improvements include the installation of a scintillating nylon shroud to shield the detectors from
42K in the liquid Ar; 42K is a progeny of42Ar and has a maximumβ energy of 3,525 keV (181).
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Figure 1.9. The background index b for —≠—≠ experiments as a function of full-width-at-
half-maximum energy resolution for selected past, current and future experiments with
76Ge, 100Mo, 130Te, and 136Xe as target. Note that large homogeneous detectors like
SNO+ , KamLAND-Zen, and nEXO are not well characterized by a single background
index [45].

1.5.1 Isotopes Choices
Which are the best isotopes to search for 0‹—— decay? Experimental practice shows
that the following three factors weight the most in the design of an experiment:

• The Q-value: it is probably the most important criterion. It influences both
the phase space and the background. It is essentially a Q-value-based selection
which determines the fact that at the moment there are only 9 experimentally
relevant isotopes for the search of 0‹—! —! decay (see Fig. 1.10). The Q-
values of all these isotopes are larger than 2.4 MeV (see Table 1.1), with the

! ! " is the detector energy resolution ,
! # is the source mass,
! $ is the isotopic abundance of the parent isotope,
! " is the detection efficiency of the signal in the ROI,
! %is the measurement time,
! & is the background index, in units of '() * '+ * ,- " * .



Experimental strategy 
The ÒdesiredÓ 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

! Underground laboratories (to shield from cosmic rays)

! Very radiopure materials

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

radioactivity )

! Large source $to 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 )



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

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

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

# High efficiency
# Large masses
# High energy resolution (0.1%)

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

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

! Types of detectors : Scintillators , gas TPC,Drift chambers .
! Pros:

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

background
! Cons:

# Small masses(10 kg) Ðdue to self-absorption
# Low energy resolution (in the order of 10%)



Components CV, CA, CVA for the electron spectra of the ! # decay of 
113Cd computed by the three nuclear models MQPM, ISM and 

IBFM-2
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