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Table 1.1. Current measured values on the half-life for2" 2! ! decay isotopes. The
transitions to the ground state of the Þnal nucleus are reported.

Transition T1/ 2 (90% C.L.) (yr) Ref.
48Ca ! 48Ti [6.4+0 .7

! 0.6(stat)+1 .2
! 0.9(syst)] " 1019 [10]

76Ge ! 76Se [2.022 ± 0.018(stat) ± 0.038(syst)] " 1021 [11]
82Se! 82Kr [8.69 ± 0.05(stat)+0 .09

! 0.06(syst)] " 1019 [12]
96Zr ! 96Mo [2.35 ± 0.14(stat) ± 0.16(syst)] " 1019 [13]

100Mo ! 100Ru [7.07 ± 0.02(stat) ± 0.11(syst)] " 1018 [14]
116Cd ! 116Sn [2.63+0 .11(stat)! 0.23(syst)] " 1019 [15]
128Te ! 128Xe (2.19 ± 0.07) " 1024 [16]
130Te ! 130Xe [8.76+0 .09

! 0.07(stat)+0 .14
! 0.17(syst)] " 1020 [17]

136Xe ! 136Ba [2.16+0 .62
! 0.40(stat)+0 .40

0.29 (syst)] " 1021 [18]
150Nd ! 150Sm [9.34 ± 0.22(stat)+0 .62

! 0.60(syst)] " 1018 [19]

The strong motivation to detect these phenomena is due mainly to the possibility of
detecting the existence of2! decays without the presence of neutrinos in the Þnal
state, which are expressed by the following nuclear reactions:

0" 2! ! : A
Z X ! A

Z +2 Y + 2e! (1.8)

0" 2! + : A
Z X ! A

Z ! 2 Y + 2e+ (1.9)

0"#! + : e! + A
Z X ! A

Z ! 2Y + e+ (1.10)

0" 2# : 2e! + A
Z X ! A

Z ! 2Y + $ (1.11)

These processes violate the lepton numberL by two units ( ! L = 2), on the other
hand the processes of Eq. 1.4 Ð 1.7 conserveL and thus are predicted by the SM
and by the current description of the weak interaction. The daughter nucleus in
the Eq. 1.4 Ð 1.11 can also be in an excited level. In such a case characteristic
de-excitation $Õs are also expected. The0" 2! ! decay was Þrst proposed by Wendell
H. Furry [20](1939) after the Majorana theory of the neutrino [21] which states that
the neutrino coincides with its own antiparticle, known as a Majorana particle. Thus
if neutrinos are Majorana particles, then 2! decay can proceed without the emission
of any neutrinos, via the processes of Eq. 1.8 Ð 1.11. Moreover, observations on
neutrino oscillation suggested the neutrinos have a small mass, which cannot be
explained by the standard Higgs mechanism of mass generation. However, by the
investigation of neutrino oscillations, it is impossible to decide on the nature of
neutrinos (Dirac or Majorana particles) and to determine the neutrino mass and
the neutrino mass hierarchy. Currently, the study of the 0" 2! decay represents the
most sensitive method to solve such fundamental problems of neutrino physics.
Regarding the Òdouble beta plusÓ processes,0" 2! + , 0"#! + and 0" 2#, they can give
in principle the same information as for the decays with electrons emission, even if
their decay rate is typically more suppressed than the one of2! ! processes. At the
same time, there is a motivation to search for the0"#! + and 0" 2! + decays owing
to the potential to clarify the possible contribution of the right-handed currents
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such an electron gives rise to a ÔholeÕ and causes electrons from higher levels to cascade
downwards and in so doing emit characteristic X-rays. Electron capture is energetically
allowed if

!  

M(Z, A) > M( Z " 1,A) + #

where 

!  

"  is the excitation energy of the atomic shell of the daughter nucleus. The process
competes with positron emission.

(b) Even-mass nuclei
Consider as an example the case of 

!  

A = 106 shown in Fig.2.9. The lowest isobar on the
lowest curve is 

!  

46
106Pd and is 

!  

" -stable. The isobar 

!  

48
106Cd, also on the lower curve, is also

stable since its two odd-odd neighbours both lie above it. In principle, it could decay via
double 

!  

" -decay:

!  

48
106Cd" 46

106Pd + 2e+ + 2#e

but this is heavily suppressed to the extent that it is unobservable. Thus, there are two 

!  

" -
stable isobars and this a common situation for A-even, although no two neighbouring isobars
are known to be stable. Odd-odd nuclei always have at least one more strongly bound, even-
even neighbour nucleus in the isobaric spectrum. They are therefore unstable. The only
exceptions to this rule are a few very light nuclei

The lifetime of a free nucleon is about 887 s. The free proton is stable and can only ÔdecayÕ
within a nucleus by utilising the binding energy. Lifetimes of 

!  

"  emitters vary enormously

from milliseconds to 

!  

1016 yrs. They depend very sensitively on the energy E released (the

lifetime 

!  

" ~ 1 E5 ) and on the properties of the nuclei involved, e.g. their spins.

Fig.2.9  Mass parabolas of the 

!  

A = 106 isobars. Possible 

!  

" -decays are indicated by arrows.
The abcissa is the charge number 

!  

Z and the zero point of the mass scale is arbitrary.
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Fig. 3.2. Mass parabola of
the A = 101 isobars (from
[Se77]). Possible ! -decays are
shown by arrows. The abscissa
co-ordinate is the atomic num-
ber, Z . The zero point of the
mass scale was chosen arbitrar-
ily.

101
46Pd ! 101

45Rh + e+ + ! e , and
101

45Rh ! 101
44Ru + e+ + ! e .

Such decays are called" + -decays. Since the mass of a free neutron is larger
than the proton mass, the process (3.9) is only possible inside a nucleus.
By contrast, neutrons outside nuclei can and do decay (3.7). Energetically,
" + -decay is possible whenever the following relationship between the masses
M (A, Z ) and M (A, Z " 1) (of the parent and daughter atoms respectively)
is satisÞed:

M (A, Z ) > M (A, Z " 1) + 2me . (3.10)

This relationship takes into account the creation of a positron and the exis-
tence of an excess electron in the parent atom.

! -decay in even nuclei. Even mass number isobars form, as we described
above, two separate (one for even-even and one for odd-odd nuclei) parabolas
which are split by an amount equal to twice the pairing energy.

Often there is more than one" -stable isobar, especially in the rangeA >
70. Let us consider the example of the nuclides withA = 106 (Fig. 3.3). The
even-even106

46Pd and 106
48Cd isobars are on the lower parabola, and106

46Pd is the
stablest. 106

48Cd is " -stable, since its two odd-odd neighbours both lie above
it. The conversion of 106

48Cd is thus only possible through a double" -decay
into 106

46Pd:
106

48Cd ! 106
46Pd + 2e+ + 2 ! e .

The probability for such a process is so small that106
48Cd may be considered

to be a stable nuclide.
Odd-odd nuclei always have at least one more strongly bound, even-even

neighbour nucleus in the isobaric spectrum. They are therefore unstable. The

MeV/c2

MeV/c2

Figure 1.1. Examples of mass parabolas forA = 101 (Left ) and A = 106 (Right). The
x-axis represents the atomic number, while the y-axis is the relative mass of the isobars,
expressed in energy units (MeV/c2). The zero point on the mass scale is arbitrary. In
the case of odd A only one parabola is obtained, while for even A two parabolas are
present, one for the even Z-even N case and the other for the case with odd Z and odd
N. See text for more details. Figure taken from Ref. [6].

interpreted as two sequential ! -decays with a virtual intermediate state.
In the framework of the SM, the 2! decay is allowed with the emission of two
neutrinos on the Þnal state, by means of the following processes1:

2" 2! ! : A
Z X ! A

Z +2 Y + 2e! + 2ø" e (1.4)

2" 2! + : A
Z X ! A

Z ! 2Y + 2e+ + 2 " e (1.5)

2"#! + : e! + A
Z X ! A

Z ! 2Y + e+ + 2 " e (1.6)

2" 2# : 2e! + A
Z X ! A

Z ! 2Y + 2 " e (1.7)

The idea of 2! decay was originally proposed by Goeppert-Mayer [7] in 1935 but
the Þrst direct laboratory detection was only achieved as recently as 1987 [8]. Since
then, the 2" 2! ! has been measured for a dozen of nuclei [9], with lifetimes in the
range 1018 " 1022 yr (see Table 1.1). The2! + processes have a signiÞcantly lower
probability than 2! ! decay modes but they are interesting to be studied because
they are simpler to identify: the positrons produced in the decay furnish four$ rays
after their annihilation. The coincident detection of two positrons and four $ rays
would be used as highly reliable condition for selecting such events.

1In the case of single or double electron capture, emission of X-rays and/or Auger electrons is
also expected (see text).
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! f |S2|i " = 4
(# i )2

2 !

!
GF$

2

" 2
Np1 Np2

# $

i

øuL( p1)eip1x1#$ Uei!0|T(! i L (x1) ! T
i L (x2)|0"

%#T
" Uei øuT

L ( p2)eip2x2! N f |T(J$(x1) J" (x2))|Ni " d4x1d4x2# ( p1 ! p2). (8.27)

Here p1 and p2 are electron momenta,J$(x) is the weak charged current in the
Heisenberg representation,1 |Ni " and |N f " are the states of the initial and the
Þnal nuclei with 4-momentaPi = (Ei , pi) and Pf = (E f , pf), respectively, and
Np = 1

(2%)3/ 2
$

2p0
is the standard normalization factor. The diagram of 0!"" -decay

is presented in Fig.8.1.
Let us consider the neutrino propagator. From the Majorana condition (8.26) we

Þnd

!0|T(! iL (x1)! T
iL (x2)|0" = #

1 # #5

2
!0|T(! i (x1) ø! i (x2))|0"

1 # #5

2
C. (8.28)

Further, we have

!0|T(! i (x1) ø! i (x2))|0" =
i

(2%)4

#
e# iq (x1# x2) # áq + mi

q2 # m2
i

d4q (8.29)

Thus, for the neutrino propagator we Þnd the following expression2

!0|T(! iL (x1) ø! iL (x2))|0" = #
i

(2%)4

#
e# iq (x1# x2) mi

q2 # m2
i

d4q
1 # #5

2
C.

(8.30)
The neutrino propagator is proportional tomi . It is obvious from (8.29) that this is
connected with the fact that only left-handed neutrino Þelds enter into the Hamilto-

Fig. 8.1 Feynman diagram of
the neutrinoless double
" -decay

n

n

p

p

! i

e!

e!

1 Thus, in (8.27) the strong interaction are taking into account.
2 Notice that in the case of the Dirac neutrinos!0|! iL (x1)! T

iL (x2)|0" = 1# #5
2 !0|! i (x1)

! T
i (x2)|0"

1# #T
5

2 = 0. The neutrinoless double" -decay is obviously forbidden in the Dirac case.

Decay, Level of 106Pd ! limit T1/ 2 [yr] at 90 % C.L.
0" 2# 2+ 512 0.003 ! 3.6 " 1020

2"#$+ g.s. 0.016 ! 2.1 " 1021

2"#$+ 2+ 512 0.037 ! 4.7 " 1021

2"#$+ 2+ 1128 0.023 ! 2.8 " 1021

2"#$+ 0+ 1134 0.027 ! 3.5 " 1021

0"#$+ g.s. 0.035 ! 4.5 " 1021

0"#$+ 2+ 512 0.043 ! 5.5 " 1021

0"#$+ 2+ 1128 0.028 ! 3.6 " 1021

0"#$+ 0+ 1134 0.030 ! 3.8 " 1021

2" 2$+ g.s. 0.050 ! 6.2 " 1021

2" 2$+ 2+ 512 0.046 ! 5.8 " 1021

0" 2$+ g.s. 0.051 ! 6.5 " 1021

0" 2$+ 2+ 512 0.046 ! 5.8 " 1021

Table 1: OLD

$! : A
Z X # A

Z +1 Y + e! + ø" e (1)

(T0!
1/ 2)! 1 = g4

A G0! (Q, Z )
!
!
!M 0!

GT $
g2

V

g2
A

M 0!
F

!
!
!
2
|m"" |2 (2)

2" 2# : 2e! + A
Z X # A

Z ! 2X " # A
Z ! 2X + 2 " e + %+ X-rays (3)

2" 2$! : A
Z X # A

Z +2 Y + 2e! + 2ø" e (4)

2" 2$+ : A
Z X # A

Z ! 2 Y + 2e+ + 2 " e (5)

2"#$+ : e! + A
Z X # A

Z ! 2Y + e+ + 2 " e + X-rays (6)

2" 2# : 2e! + A
Z X # A

Z ! 2Y + 2 " e + X-rays (7)

0" 2$! : A
Z X # A

Z +2 Y + 2e! (8)

0" 2$+ : A
Z X # A

Z ! 2 Y + 2e+ (9)

0"#$+ : e! + A
Z X # A

Z ! 2Y + e+ + X-rays (10)

0" 2# : 2e! + A
Z X # A

Z ! 2Y + %+ X-rays (11)

1
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#$%%#&'($
)*$!"# +%$

Mode Q-value (keV) Current limit T!"#

(yr) at 90% C.L.
Experiment Reference Theoretical T!"# (yr) 

!""#! " $##$%&' &(%! !%&'()&#(*+,-(,.&#/0#
1('&,23-(+)42&'#

56/2/1&6#5,#7('24#.'+62#
8)&/.4&95.(":

; <#=/>>/"5?#@AB#
CD#8EFGH:#
FGIIFG

%) ! "?#! "
# &% II<DF8GH: $#* $! &' &(%"$ J"2'(#"/KL*(.M)'/+,-#

N@O&?#GCH#)#/0#O-! P"

1/K-&'Q#RS<H#-(T6#/0#
-(2(#2(M5,)#

U<#V(+*&,62&5,#
&2#("<?#7@WB#HS#
8EFES:#GGGX

%&' () ("* !" + , &' () ("* #$  for 
- %%. "**  meV

[K. Blaum et al., Rev. Mod. Phys. 
92, 045007 (2020)]

+, +- !"#$" %&'(!"%&')!"
%*'(

+". $+&' &/0 %& $,- ./01234,567"
8988:;< =1>6?>@@0?,4A"

BC%'D"3A")**("E"0?"
F9G9H;IJK"$L8K

M'"N<@@>"<?"0@'!"O'"
MEP='"8"%*!"

Q&%)Q)"RBQB(S

No dedicated calculation 
reported; expected strongly 

suppressed by low Q

0, +- 6<04
4<=,606?!"
1$2$3 1$2$

%%'DQ +"4$/ &' &/0 %& $,- ./01234,567"
8988:;< =1>6?>@@0?,4A"

BC%'D"3A")**("E"0?"
F9G9H;IJK"$L8K

M'"N<@@>"<?"0@'!"O'"
MEP='"8"%*!"

Q&%)Q)"RBQB(S

/ () (01!" + / () (01!#  for 2 $$ .
1&0 eV [K. Blaum et al., Rev. 

Mod. Phys. 92, 045007 (2020)]
3&0() (01!%([F.F. Karpeshin et al., 

Phys. At. Nucl. 83 608 (2020)] 
3&1() (01!& ([F.F. Karpeshin et al., 

Phys. At. Nucl. 85 474 (2022)] 
for(2 $$ . 0 eV, 

This work 
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!"# $%&'()*"+,-. /0&1+*0/0,2 .&2.!345
91 ! :- "9+ ! ; #"06'

B0(('C'DEF;GHI?FA'J
K'C'LE;5F?FA'>>'
.'C'LE;5F?FA'>>

0%12443 %1244

K,T<"3<6<40@"U4,U<4?><= 8988:;<

700&.25%&#(2/95.#,+9*&' IX<X

Y&,652T#8)3.9" : R<RS

A&0'(.25%&#5,-&Z# G<CG

U&"25,)#1/5,2#8¡B: GHIF

795665/,#9(Z59+9#8,9: IEF#

[.5,25""(25/,#259&./,62(,26#
8µ6:

F<FC#\ #F<GI#

V5)42]5&"- XF#FFF#\ RF#FFF#143U&^

7,&')T#'&6/"+25/,#8;_NU?#`:#
a#RRE#M&^

5 D`#

! <:=:>6.?@( #'%581'="#$'/-==$# '
44/>' &K)/MN'9$0.'?45'/>AN'
/0.>)"> '?D'>>AN'0%.'
=-9+$&K+9$%$'?45'/>A;

! 4LLI'K'-,' 9)*$&)>$;'

!"#$%&&'#%(#)&"*#+"#!,-."#/#01*#230424#562678



A. Leoncini – SIF 2026 55

657.8"*.090,2.10:0'2;",
! Shape-Indicator (SI) discriminates: 

! * and +, - events from the radioactive 
contamination of the scintillator;

! the pairs of the fast decay chain 212Bi-212Po-208Pb;
! + decays of 231Th to the 84.2 keV 5/2+ metastable 

level of 231Pa with subsequent emission of IT - -ray 
quanta and conversion electrons;

! random pile-ups;
! PMT and electronics noise.

!"#$%&&'#%(#)&"*#+"#!,-."#/#01*#230424#562678
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<&-;"&'2;90 .'",2&/;,&2;", .&,-.%&'()*"+,-./"-0:.
! 2K$' :0/MJ#-"%. ' >-.$9 ' )%/9".$( ' )%&$#%09'

/-%&0>)%0&)-%' -, ' &K$' OPOO1!$ ' /#+(&09' 0%.' &K$' QB2'
/-%&#):"&)-%;

! 2K$' >0)%' )%&$#%09' /->=-%$%&(' )%/9".$ #$%A5( ?* 5 5
%%67'M$RA' ' 0%.'#0.)-%"/9).$( ' ,#-> '&K$' 235SN' 238S'0%.'
2322K'.$/0+ '/K0)%(;

! 2K$' $<&$#%09' /-%&#):"&)-%' )(' >0)%9+' 0((-/)0&$. ' T)&K'
#0.)-0/&)*$'/-%&0>)%0&(')%'&K$'QB2;

+, - events in [30-2900 keV]

B5)-$1' :)%$&$%4(C7DE >F2G(

176U"' 445DI?455A
152O.'V'147W> 4FFF?H5A
238S H4;4?DA
2282K' 44;FD?4FA
40X'?QB2A' IH?EA'

!"#$%&&'#%(#)&"*#+"#!,-."#/#01*#230424#562678
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50&*'=.8"*.! " ! #.-0'&>..
! The (./ &! capture is expected to produce a peak 

at 0" 1 0#!
' 23456789: 71 ; 4;2 789: ' <243789: 47

! The low-energy spectrum was fitted in the [31–85] 
keV range with a background model consisting of 
an exponential function, radionuclides and a 
Monte-Carlo simulated effect of7(./ &! in 152Gd.

! The fit gives =;;> ? (5> ) counts (@( 4;A ); this was 
conservatively interpreted as a limit.

! First direct experimental limit:

B$%&
&'() C D4! 7E7FG$*  yr (90% C.L.)

!"#$%&&'#%(#)&"*#+"#!,-."#/#01*#230424#562678
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50&*'=.8"*.,0&* $*01",&,2. $" ! #.-0'&>..

! !"#$%&#"&'( )(&*+"'"$ ! "#$#,"#!"# -. /#$%&#&0,**,+" #+1#+"&#%)('2#34'"$40#5,$%#&"&(62#&! ' ( " # )* &$

* &%6
' +,+)-./ #,*#*477+*&. #,"*$&'. #+1#$%&#$5+#"&4$(,"+*#&0,$$&.#,"#$%&##0)0+.&8

! 9#%)('2#:+(#;+"<&(*,+" #&=&;$(+">#%'*#'=0+*$#?@@A#7(+B'B,=,$2#+1#B&,"6#'B*+(B&.#,"#$%&#-9--CD&/#
*+#'#7&'E#,*#&F7&;$&.#'$#( "& 1 22,3)-./ ,)

! G+#*,6",1,;'"$ #*,6"'= #5'* #+B*&(<&.8

! G&5#=,0,$#5'* #*&$C

4' ( )
* +), 5 6,7)8 )79'- !"#!$%&'!()*)+

! H%&#7(&<,+4*#.,(&;$#&F7&(,0&"$'=#=,0,$#5'* : ,#8 +! ." 2(C,-.#/01-123 !4"!54/63 !7/6#!/#81#9!/7!
-5:2,3681 )

!"#$%&&'#%(#)&"*#+"#!,-."#/#01*#230424#562678
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?",':+1;",1
! I&*7,$& $%&B';E6(+4". #;+4"$,"6 #('$&#," #$%&#JK! #,*#(&='$,<&=2#%,6%; #)8 )+! / #;+4"$* L2(LE&MLE6#5%&"#

;+07'(&. #5,$%#$%&#B&*$#! 0#<)&F7&(,0&"$*/#,$#,*#3;1!7,#93!<=5>/#,-13#,=<!1?.1#,-123 !3/!915#=;!
7/#!=>!.#/=19919 !,2!!"# @8)

! N,(*$&F7&(,0&"$'==,0,$&*$'B=,*%&.+" =?@A' B)4' ( )
) +01 5 C,=)8 )79'- !"#!$%&' !( )* )+

! G&5 ,07(+<&. =,0,$+" "&'( )(&*+"'"$ 9D=>B#4' ( )
* +), 5 6,7)8 )79'- !"#!$%&' !( )* )+

! -9-- CD&7(+<&. 7(+0,*,"6 $%'"E* $+,$*%,6%&"&(62(&*+=4$,+":NOPQ RS8TA 1+(SSUE&M%+1
!$%D*>/=+5&"&(62$%(&*%+=.:E#2 * F! )-./ >/&F;&==&"$VWI ;'7'B,=,$28

! N4($%&(*&"*,$,<,$2,07(+<&0&"$* (&34,(& $+#(&.4;& #$%&#.&$&;$+(#B';E6(+4". #B2#.&<&=+7,"6#
('.,+';$,<&=2 #74(&#*;,"$,=='$+(*/#,"*$'==,"6#' #=,6%$)64,.&#B&$5&&"#$%&#*;,"$,=='$+(#'". #$%&#VQH/#
,";(&'*,"6 #$%&#.&$&;$+(#0'**/ #'". #0'"41';$4(,"6 #-9-- CD&#*;,"$,=='$+(*#1(+0#6'.+=,",40 #
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! The energy scale and resolution of the detector were measured 
with 22Na, 60Co, 133Ba, 137Cs, 226Ra, 228Th, and 241Am γsources 
before the low-background measurements (when an upper part 
of the copper and lead passive shield was disassembled), 
calibration with 22Na, 137Cs, and 241Am was also done at the end 
of the experiment in the same conditions.

In the energy range [32, 511] keV: 

In the energy range above 1657 keV: 


