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The history of the research associated with the fundamental problem of the nature of massive
neutrinos, which can be Dirac particles or Majorana fermions, and the related processes of
neutrinoless double beta decay, (A, 72) — (A, Z 4+ 2) + e~ + e, and two neutrino double beta
decay, (A, Z) = (A, Z+2)+ e +e” + Ve + Ve, is reviewed.

1 Prologue

I would like to begin with some general observations.

Determining the status of lepton charge conservation and the nature - Dirac or Majorana - of
massive neutrinos is one of the most challenging and pressing fundamental problems in present
day elementary particle physics. The question of the nature of massive neutrinos is directly
related to the question about the underlying basic symmetries of particle interactions. The
massive neutrinos can be Dirac particles if the particle interactions conserve some charge carried
by neutrinos, for example, the total lepton charge L = L, + L, + L. In this case the neutrinos
with definite mass differ from their respective anti-particles by the value of the conserved charge
they carry. Massive Majorana neutrinos are only possible if particle interactions (including the
neutrino mass terms) do not conserve any lepton charge. As is well known, the seesaw and many
other models of neutrino mass generation predict massive neutrinos to be Majorana fermions.

An inherent problem of the assumption of conservation of the total lepton charge L is that it
is associated with a global U(1)r,c symmetry. To quote E. Witten!: “In modern understanding
of particle physics global symmetries are approximate.” Similar ideas were expressed by S.
Weinberg in 2. Thus, the global U(1)rc symmetry leading to L = const. and to massive
Dirac neutrinos is expected to be broken, e.g., by quantum gravity effects. This implies L
non-conservation, which in turn leads to massive Majorana neutrinos.

The Majorana nature of massive neutrinos manifests itself in the existence of processes in
which the total lepton charge changes by two units, |AL| = 2: KT — 7= + put + pt, p= +
(A, Z) — ut + (A, Z — 2), etc. Extensive studies have shown that the only feasible experiments



having the potential of establishing that the massive neutrinos are Majorana particles are at
present the experiments searching for neutrinoless double beta ((35)o,—) decay *:

(A, Z) > (A Z+2) +e +e . 1)

Establishing that the total lepton charge L is not conserved in particle interactions by observing
the (85)op—decay would be a fundamental discovery (similar to establishing baryon number
non-conservation (e.g., by observing proton decay)).

Establishing that the massive neutrinos v; are Majorana particles would be of fundamental
importance, as important as the discovery of neutrino oscillations, and would have far reaching
implications.

Determining the status of lepton charge conservation and the nature - Dirac or Majorana - of
massive neutrinos are part of a program of research in neutrino physics, which aims at shedding
light on some of the fundamental aspects of neutrino mixing and includes also (see, e.g.,?):

— determination of the status of CP symmetry in the lepton sector;

— determination of the type of neutrino mass spectrum, or the “neutrino mass ordering”;
— determination of absolute neutrino mass scale or the value of the lightest neutrino mass;
— high precision measurement of neutrino mixing parameters.

The program extends beyond the year 2030. Our ultimate goal is to understand at a funda-
mental level the mechanism giving rise to neutrino masses and mixing and to non-conservation
of the lepton charges L;, | = e, u, 7. The indicated comprehensive experimental program of re-
search in neutrino physics and the related theoretical efforts are stimulated by the fact that the
existence of nonzero neutrino masses and the smallness of neutrino masses suggest the existence
of new fundamental mass scale in particle physics, i.e., the existence of New Physics beyond that
predicted by the Standard Theory. It is hoped that progress in the theory of neutrino mixing
will also lead, in particular, to progress in the theory of flavour and to a better understanding
of the mechanism of generation of the baryon asymmetry of the Universe.

2 The Early Period 1930 — 1960

The history of neutrino physics and double beta decay begin with the famous letter of Pauli
of December 4, 1930, in which the hypothesis of existence of neutrinos was put forward®. The
next important development was the seminal article by Fermi on the f—decay theory %. Both
were reviewed at this Conference by C. Jarlskog .

The possibility of two neutrino double beta ((53)2,—) decay,

(A, Z) = (A, Z+2)+e +e +v 47, (2)

was discussed first in 1935 by M. Goeppert-Mayer in ®. Goeppert-Mayer realised that some

even-even nuclei, for which the ordinary S—decay is forbidden, can be still metastable since
they can undergo a decay into a lighter nucleus with emission of two anti-neutrinos and two
clectrons, Eq. (2). She notices that the (8/3)2,—decay can proceed in 2" order of Fermi
B—decay Hamiltonian ’Hg and thus that the process consists of “the simultaneous occurrence
of two (S—decay) transitions, each of which does not fulfill the law of conservation of energy
separately”. Using the Fermi Hamiltonian ”Hg- she further performs a calculation of the rate
of the decay (e.g., for a nucleus with Z = 31) and concludes that the (53)2,—decay half-life
Tf/”2 > 10'7 yr (the half-life calculated in® is estimated to be TIQ/”2 ~ 10?0 yr).

In 1936 Gamow and Teller pointed out ? that the Fermi S—decay Hamiltonian ’Hg should
contain, in addition to the vector current p(z)y,n(z) postulated by Fermi (describing tran-
sitions in which the spins and parities of the initial and final state nuclei coincide) also an

“For an example of a possible alternative experiment having the potential of establishing the Majorana nature
of massive neutrinos, which, however, is far from being feasible at present, see, e.g.,.



axial (p(x)vaysn(x)) and/or tensor (p(x)oasn(xr)) currents that could describe the observed
B—decays in which the spins of the initial and final state nuclei differ by one unit. The fol-
lowing general four-fermion parity conserving S-decay Hamiltonian including the Fermi and the
Gamow-Teller terms was proposed in 1936 (see, e.g., '%):

Hi= Y Gipla)O'n(x)é(x) O;v(x) + hec, O =I,v5,9%~v%5,0% . (3)
i=S,PV,A,T

Thus, in addition to the Fermi vector term (V), the Hamiltonian in Eq. (3) includes scalar (S),
pseudo-scalar (P), axial-vector (A) and tensor (T) terms °. It is characterised by five constants
G; having dimension of (Mass)™2.

In 1937 Majorana published his highly original “Teoria Simmetrica dell’Elettrone e del
Positrone” 2 in which he suggested, in particular, that neutrinos can be, what we call today,
“Majorana” fermions. We are still discussing this possibility today. The article by Majorana
was the subject of the talks by C. Jarlskog and F. Guerra at this Conference ™13,

Soon after the publication of the article by Majorana'?, Racah discussed some of the physical
implications of the Majorana neutrino hypothesis . He pointed out that if neutrinos are
Majorana particles, i.e., if they are identical with their antiparticles, an anti-neutrino produced
in f— decay together with an electron, when interacting via the inverse S—decay reaction with
a nucleus, can produce an electron again:

(A, Z) - (A Z+1)+e +7, (4)
v+ (A, Z+1)—=> (A Z42)+e, T=v (5)

For a Dirac neutrino the chain in Eq. (5) is impossible: in the inverse J—decay process a
Dirac anti-neutrino emitted in f—decay, Eq. (4), can produce only a positron in the final state.
Racah notices that this can be used to determine whether neutrinos are Dirac or Majorana
particles. Thus, Racah did not discuss neutrinoless double beta decay, but rather pointed out
how it might be possible to distinguish between Majorana and Dirac neutrinos in the processes
of inverse B—decay using free neutrino fluxes .

It was pointed out first by Furry in a well known paper from 1939 '6 that if neutrinos
are Majorana particles the process of (53)p,—decay, Eq. (1), can take place. In this process
two neutrons from the initial nucleus transform, by exchanging a virtual Majorana neutrino,
into two protons of the final state nucleus and two free electrons. For Dirac neutrinos the
process is impossible because the requisite neutrino propagator is identically equal to zero ©.
Using the Fermi type four-fermion interaction Hamiltonian and assuming that the two fermion
currents involved are Lorentz i) scalars (S), ii) pseudo-scalars (P), iii) vectors (V) and iv) axial
vectors (A), Furry performed calculations of the (83)o,—decay half-life, T(1)727 for zero-mass
neutrino, m, = 0. Comparing his results with the results of Goeppert-Mayer®, Furry concluded
that due to difference of the phase space factors in the two processes, Egs. (2) and (1), the
(B88)oy—decay half-life can be shorter by up to five orders of magnitude than the (5/3)2, —decay
half-life: 77/, ~ 107° x T7,.

2.1 The Early Experiments

The main motivation for the first experiments searching for (53)2, and (853)o, decays, we will
call generically “25—decays”, was the same as is the motivation for the (83)o,—decay experi-
ments today ¢ — to answer the fundamental question about the nature (Dirac or Majorana) of

®The existence of five possible types of four-fermion interaction terms (without derivatives) was suggested
earlier on general grounds, i.e., not in connection with 3-decay theory, in*.

“This is a consequence, of course, of the total lepton charge conservation.

?A very detailed account of the history of experimental searches for (38)2, and (88)o, decays is given in the

review article 7.



the neutrino. Theory 8'6 was predicting (33)o,—decay half-life TP/”Q ~ 10' yr in the case of

020

Majorana neutrino and ()2, —decay half life T12/”2 ~ 10? yr for Dirac neutrino.

The first experiment searching for the two processes was performed in 1948 by Fireman '8

with 25 gr of Sn enriched to 54% with '24Sn. Fireman used Geiger counters for detection of
the final state electrons and obtained the lower limit T12 /‘; > 3 x 10" yre.

In the period 1949 — 1953 positive results of searches for 25—decays were claimed in exper-
iments with 1245n 19, 10071520 96 7,21 and 4¥Ca?2. They were disproved by later experiments.

In the same period the first searches for the related processes of (A, Z) — (4, Z—2)+eT +e™
and e~ + (A4,7) — (A, Z — 2) + et were performed %23 with negative results.

In these first experiments enriched isotopes (**Ca, 9 Zr, %6 Zr, 124Sn) were routinely utilised,
and most advanced (for the time) experimental methods and detectors were used (nuclear emul-
sion, Geiger, proportional, and scintillation counters, Wilson chamber). The detectors were
installed relatively deep underground (to suppress cosmic ray induced background), and active
and passive shieldings were employed. The sensitivity reached was ~ 107 — 10'® yr. The first
experiment in the USSR searching for 23—decays was performed in 1956 24.

In 1949, Inghram and Reynolds performed the first geochemical experiment searching for
1307e 130 Xe + e~ 4+ e (+u + ) . The authors used ancient (~several billion years old)
minerals from which Xenon was extracted and subjected to isotope analysis. The presence of
excess amount of 139Xe after accounting for various standard contributions from nuclear reactions
triggered by cosmic rays, etc. would imply that the decay (83)o, and/or (83)a, of ¥Te took
place. The authors obtained the limit T: 12 /g(l‘goTe) > 8x 10" yr, which was considerably stronger
than the limits obtained in counter experiments.

In 1950 Inghram and Reynolds using the same method detected 23~ decay of *°Te with
half-life 26

T12/62(130T6) = 1.4 x 10* yr (Inghram + Reynolds, 1950) . (6)
The result of CUORE-0 experiment on T12/”2(130Te) obtained in 2016 reads>":
Tt (10Te) = [8.2 4 0.2(stat.) + 0.6(syst.)] x 10* yr. (7)

Thus, apparently the (83)s, —decay of 139Te was shown to take place first in 1950 in the geo-
chemical experiment of Inghram and Reynolds.

2.2 1956 - 1960, Related Developments

In the period 1956 - 1960 important developments took place, which had strong impact on the
(88)oy—decay theory, that in turn had significant implications for the searches for (5/3)g, —decay.

In 1956 the neutrino was observed in the inverse f—decay experiment of Cowan, Reines et
al. 28,

Also in 1956 Lee and Yang put forward the (revolutionary) hypothesis of non-conservation
of parity in f—decay 2. It was confirmed the same year in the experiment of Wu et al. 3.

In 1957 the two-component neutrino theory was proposed by Landau, Lee and Yang, and
Salam 3132:33 " Assuming that neutrino mass is zero, m, = 0, Landau, Lee and Yang, and Salam
notice that for a massless neutrino the left-handed (LH) and right-handed (RH) components
of the neutrino field, vy (z) and vr(z), are independent and postulated that only one of them
enters the expression of the parity non-conserving S—decay Hamiltonian, ”Hg

In 1958 Goldhaber, Grodzins and Sunyar 3* have shown that the neutrino emitted in the
process e~ +1%2 Bu —12 Sm* + v —152 Sm 4+ v + v, has a helicity compatible with (-1) and
thus it was concluded that the neutrino field in ’Hg is left-handed, v, (z).

“Here and further le/’z should be understood as le/ﬁ2 = (I'* 4+ T%)"n2, where I'* and T°” are the (883)o.

and (88)2, decay rates, respectively.



In 1958 Feynman and Gell-Mann >, and Sudarshan and Marshak 36, proposed the universal
V — A currentx current theory of weak interaction. These authors postulated that all fermion
fields in the charged current (CC) weak interaction Hamiltonian H9®, and not only the neutrino
fields/, are left-handed, f(z) — fi(x), f = p,n, v, u,e. They incorporated in HIC also the idea
of Pontecorvo?” of ;1 — e universality of weak interaction.

Thus, H%c was assumed to have the following elegant form:

Hi¥r = — Lz = % §°() Gal2)), (8)
Ja () = 2[pr()vans(z) + vL(2)vacr(®) + VL (2)YapL(z)] - (9)

In 1957 Pontecorvo considered the possibility of existence of neutrino oscillations 383°. He
introduced in Y for the first time fermion mixing in HCV’SI by assuming that the neutrino field
v(z) in ’H%I is a linear combination of the fields of two Majorana neutrinos x; and xo having
definite but different masses m1 2 > 0, m1 # mg, and definite but opposite CP parities, 71 2cp,
ncp = —M2Cp:
x1(@) + xa(2)

7 .

As it is clear from Eq. (10), Pontecorvo assumed maximal neutrino mixing.

In 1962 Maki, Nakagawa and Sakata proposed a modification of the Nagoya composite model
of the proton, neutron and lambda baryons with baryon-lepton symmetry%’. They assumed that
the neutrinos coupled to the electron and the muon in H%Z, Eq. (9), are different — a possibility
discussed since the second half of 1940s — and used the notation v, and v, for them. This was
done before the results of the two-neutrino Broohaven experiment were reported. It was further
postulated in 0 that the v, and v, fields in ch/\(/jz are linear combinations of the fields of two
massive Dirac neutrinos ¥; and W9 having different masses, me, mP #mb:

v(z) = (10)

Ver,(x) = Wy coso — Yor sinbc, (11)
I/ML(x) = Wy sinfc + Yoy, cosbc . (12)

By construction (due to the implemented baryon-lepton symmetry) the mixing angle in (12) is
what is universally called today “the Cabibbo angle” 9.

In view of the pioneering articles3?4°, the neutrino mixing matrix is usually called today the
Pontecorvo, Maki, Nakagawa and Sakata (PMNS) matrix. In the current reference 3-neutrino
mixing scheme (see, e.g.,?) the weak lepton charged current has the form:

GePNt = Y 20 (@) vavic(x), velz) = Y Ujvir(z), (13)
l=e,u,T Jj=1,2,3

where U = Upyns is the 3 x 3 unitary PMNS matrix and vjr(z) is the LH component of the
field of the neutrino v; having mass m;.

3 The Period 1960 - 1980

The V-A structure of the CC weak interaction Hamiltonian (Lagrangian), which was largely
confirmed experimentally, implied that it is possible (and most likely) to have 10/”2 >> T12/"2

instead of Tlo;’Q ~ 10_5T12/”2.

fIn addition to S—decay, H5C described also the related processes of e* capture, e +p — n+v, et +n — p+7,
inverse S—decay, 7 + p — n + eT, neutrino quasi-elastic scattering v +n — p 4+ e~ and the analogous processes
involving p as well as u—decay, p~ — e~ +v+v, and v+ e~ — p~ + . In>>3% distinction between v, and vy
was not made.

9Tn*° the authors quote the 1960 article by M. Gell-Mann and M. Levy, Nuovo Cim. 16, 605 (1960), in which a
small mixing parameter analogous to the Cabibbo angle was introduced in a footnote. The article by N. Cabibbo
was published in 1963 in Phys. Rev. Lett. 10, 531 (1963).



Greuling and Whitten were the first to perform a calculation of (33)o,—decay rate, I, in
the V — A theory assuming that v is a Majorana particle?!. They had the modern understanding
of the connection between the lepton charge non-conservation and the existence of (33)o, —decay.
These authors showed, in particular, that if v is a massless Majorana fermion, m(r) = 0, and the
electron current in HS has the established V — A structure, denoting this current as (V — A)e,
then HSC conserves a lepton charge (L.) and (38)q,—decay is forbidden. The (3f)o,—decay
would be allowed for Majorana v and (V' — A). if m(v) # 0, or if m(v) = 0, but the electron
current had a small V' + A admixture denoted schematically as (V — A). +n(V + A)., where n
is a free constant parameter. Greuling and Whitten showed that for n = 0, the (85)o,—decay
rate T% o |m(v)|?, while if m(v) = 0 but n # 0, T%  |n|2.

In 1966 Mateosian and Goldhaber performed a counter experiment with 11.4 g of *Ca
(enriched to 96.6%) #2. In this experiment the scheme “detector = source” was realised for the
first time. The following limit was obtained: T 12 /@ (*8Ca) > 2 x 10%° yr and thus the limit of 102"
yr was reached for the first time in a counter experiment.

In 1967 Fiorini et al. *3 made use for the first time a Ge(Li) detector in a (83)o,—decay ex-
periment. The following limit on the (8/)o, —decay half-life of "°Ge was reported: Tlo/”z(mGe) >

3x 10%° yr. This limit was improved significantly in 197344 T{)/VZ(WGe) > 5x 102! yr. These ex-
periments represented a proof of the feasibility of using Ge detectors for high sensitivity searches
of (88)o,—decay. As a consequence, Ge detectors were used later with increasing sensitivity in
a large number of experiments (see *> for a complete list and a rather detailed description of
these experiments).

The first experiments employing the “tracking technique” (visualization of tracks and mea-
surement of the energy of two electrons) in the searches for (3/)o,—decay were performed by
Wu et al. with ®Ca and 82Se using a streamer chamber (placed in a magnetic field) and plas-
tic scintillators 6. The following lower limits were obtained: Tlo/”2(480a) > 2.0 x 10?! yr and
T/, (**Se) > 3.1 x 10°! yr.

In the period 1966-1975 several geochemical experiments with 130Te, 82Se and ?®Te were
performed 47484950 A major contribution was made by Kirsten et al. Kirsten and Muller 47

obtained the first compelling evidence for the double beta decay of 32Se and determined the

value of ng(SQSe). These authors found Tf/ﬁQ(SQSe) = 1.37 x 10%° yr with an error on the

value of T12 /62(825'6) estimated to be about 20%. Earlier Kirsten et al. ¥ determined also the

value of T 12 /%

interpretation of the result obtained). The following value was reported in 4% le /@(IP’OTe) =
1021-340.12

(139T¢) (under conditions which practically did not allow any ambiguity in the

yr. A determination of T/ (139T¢) was reported also in*? where the authors found:

1/2
Tf/%(l?’OTe) = (8.20 4+ 0.64) x 10%° yr. These new determinations of Tf/%(BOTe) confirmed the

1950 result obtained in26, Eq. (6). In 1975, Manuel et al.  measured T2 (130T¢) and the ratio

1/2
T12 /’é(l?’OTe) / T (128T¢) and used them for the first determination of T (128T¢). These authors

1/2 1/2
found: T77,(*0Te) /T, (25T e) = (1.59 4 0.05) x 107% and T77,(1*Te) = (1.54 + 0.17) x 10*
yT.

1/2
The quoted geochemically determined values of T 12 /% (82Se) and T12 /52

compatible with measurements of the (33)2,—decay half-lives of 2Se and '3°Te performed in
counter experiments much later (see Eq. (6) and Table 1).

(139T¢) are impressively

4 1960 - 1980: Related Developments

In 1962, following the proposals of Pontecorvo®! and Schwartz?, Danby et al. have demonstrated
in an experiment performed at the Broohaven National Laboratory®® that the neutrinos coupled
to the electron and the muon in the weak charged lepton current are different particles, i.e., that
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Figure 1 — Schematic diagrams with exchange of virtual light and heavy Majorana neutrinos x;z and Nk (Nkg)
giving contributions to the (33)o,—decay amplitude in the case of V — A (V + A) CC weak interaction.

Ve 7 Uy
In 1969 Gribov and Pontecorvo®* considered a Majorana mass term for the flavour neutrinos
(neutrino fields) v, and v, (ver(x) and v, (z)):

1
Lhy(z) = 3 vip(z) C7Y My vip(z) + hee., LI =e,p, (14)

where C' is the charged conjugation matrix, C~1'~,C = —~1. They showed, in particular, that
i) as a consequence of vy (z) being fermion fields, the mass matrix M in Eq. (14) satisfies
MT = M, and that ii) the diagonalisation of £},(x) leads to two neutrinos with definite and, in
general, different masses which are Majorana particles.

In 1976 Bilenky and Pontecorvo ®® introduced for the first time Dirac+Majorana neutrino
mass term which is the most general mass term that can be built from active LH and sterile
(singlet) RH neutrino fields vy, (x) and vyg(x). The Dirac+Majorana neutrino mass term, as is
well known, is at the basis of the seesaw mechanism of neutrino mass generation. It was shown in
%5 that in the case of n LH and n RH neutrino fields the diagonalisation of the Dirac+Majorana
mass term leads to 2n massive Majorana neutrinos.

The neutrino Majorana and Dirac+Majorana mass terms are integral parts of the mecha-
nisms of neutrino mass generations leading to massive Majorana neutrinos in gauge theories of
electroweak interaction and in GUTs.

In 1977 Halprin, Primakoff and Rosen ®¢ have performed a calculation of the (33)g,— decay
rate assuming the presence of an RH admixture in the LH weak charged electron current:

3 (@) = e(@)va [(1 = 75) + n(1 +75)] ve() , (15)

where 7 is a constant. The authors of °® further assumed that the neutrino v, is a “y5 non-
invariant Majorana particle” (i.e., that the neutrino field satisfies v. = C(7.)T). Using the
existing experimental constraints on the (53)o,-decay half-life they derived the following limits:
i) n < 5x107* for m(r.) = 0 (“RH mechanism”), and ii) TPy < 3009 ;.. for n=0 and
m(ve) = 60 eV (the upper limit on m(v,) at the time), I'% and I‘S;p.”m being the theoretically
predicted and the maximal experimentally allowed decay rates. In %% the first (8f3)g,—decay
bounds were obtained on the mass My of a heavy Majorana neutrino N, coupled to the electron

in the weak charged lepton current (see Fig. 1 where x;j1, = ver and Nygr(r) = Nep(r)):

350(@) = e(@) Ya(1 = 75) ve() + Uen &(x) Ya(1 £ 75) Ne(2) (16)

Using the existing data on (883)g,-decay the following bounds were reported for U,y = 1 5:
My < 1keV, or My > 3 GeV. The current combined |U.n|? — My limits are shown in Fig. 2.
Starting from 1976 gauge theories (extensions of the Standard Model, GUTs) naturally

incorporating L-non-conservation and massive Majorana neutrinos were proposed (see %, for



T, ,("*Ge) = 3.0 10% yr
T, ,(*Xe) = 3.4 10* yr
Faessler, Gonzales, Kovalenko, F. 5., PRD 90 (2014) 096010]

)
10_ T T T T T T T LR T T T T TTTTTH

Exclusion plot
in |U_J* — m plane

-3
10 Other searches

N—
%10
=

0vB3p

10*10 Ll Ll Ll ol Lo
0.01 0.1 1 10 100 1000
m [GeV]

Improvements: i) QRPA (constrained Hamiltonian by 2vBf half-life,
self-consistent treatment of src, restoration of isospin symmetry ...),
ii) More stringent limits on the 0vBp half-life

Figure 2 — The exclusion plot in the |UEN|2 — M, plane (mny = My) from the limits on the half-lives of 6Ge and
136X e indicated in the figure. (Figure from®” updated by F. Simkovic in 2017.)

example). In particular, the enormous disparity between the magnitudes of the neutrino masses
and the masses of the charged leptons and quarks found a natural explanation by the seesaw
mechanism % and the Weinberg dimension 5 effective operator %7, both of which implied L—non-
conservation and massive Majorana neutrinos.

5 The Period 1980 - 1990: Theoretical Activity

In this period there was a renewed interest in the process of (83)o,—decay (see further). It
was stimulated, in particular, by the development of gauge theories of electroweak interactions
and GUTSs in which, as we have indicated, massive Majorana neutrinos appear naturally. In
addition, the leptogenesis scenario of the origin of baryon asymmetry of the Universe, relating
the neutrino mass generation via the seesaw mechanism (leading to Majorana neutrinos) with
the generation of the matter-antimatter asymmetry of the Universe, was proposed %8. A massive
neutrino (with a mass of ~ 40 eV) was considered in that period as a plausible (hot) dark matter
candidate. And Lubimov et al. claimed in 1980 the observation of a neutrino mass of ~ 20 eV
in an ITEP tritium S-decay experiment .

We will discuss next some relevant theoretical developments which took place in the period
1980 - 1990.

5.1 The Majorana Phases

In 1980 in a JINR (Dubna) preprint published in May, Bilenky et al. 58 pointed out that if
the massive neutrinos are Majorana particles, the neutrino mixing matrix contains additional
physical CP violation (CPV) “Majorana” phases in comparison to the number of “Dirac” phases
present in the case of massive Dirac neutrinos. The authors of ° showed, in particular, that

"This claim was proven to be incorrect much later by independent experiments (see the contribution of M.
Goodman in these Proceedings %%).



in the case of n lepton families, the n X n unitary neutrino mixing matrix Upyns contains, in
general, (n — 1) Majorana CPV phases in addition to the (n—1)(n —2)/2 Dirac CPV phases, or
altogether n(n — 1)/2 CPV phases. It was noticed in®® (see also®”) that in this case the PMNS
matrix can be cast in the form:

Upymns = VP, Vi n x n unitary, includes (n — 1)(n — 2)/2 Dirac CPV, (17)
P =diag(1,e" 3, e 5 e 8) g, k=2,..,n — (n—1) Majorana CPV. (18)

In the reference case of 3 families, these results imply that Upyng contains one Dirac phase
(in V) and two Majorana CPV phases (in P). Even in the mixing involving only 2 massive
Majorana neutrinos there is one physical CPV Majorana phase. In contrast, the CC weak
interaction is automatically CP-invariant in the case of mixing of two massive Dirac neutrinos
or of two quarks.

Similar conclusions concerning the existence of Majorana CPV phases were reached in %
and %, which appeared in preprint forms respectively in June and July of 1980.

In®® it was proven also that the flavour neutrino and antineutrino vacuum oscillation prob-
abilities, P(v; — vp) and P(; — y), are not sensitive to the Majorana phases. It was shown
in%2 that the same result holds also when the flavour neutrino and antineutrino oscillations take
place in matter. These results implied that it is impossible to get information about the nature
of massive neutrinos in experiments studying v; — vy and/or v; — Dy oscillations.

The authors of ! realised that in the case when the (33)g,—decay is induced by exchange
of light Majorana neutrinos x; (with masses m; < 1 MeV, see Fig. 1), the (83)o,—decay rate
I'% o [(m)|?, where (m) is the (83),—decay effective Majorana mass parameter,

<m>|=| Y m;UZ| = ‘mlerl\Q + ma|Ug|? €921 + m3|Ups|? @720 - (19)
j=1,2,3

and we have given the expression of |[<m>| for 3-neutrino mixing and the standard parametri-
sation of the PMNS matrix 3. In Eq. (19) J is the Dirac CPV phase. It was also noticed in %!
that because of the presence of the Majorana phases there is a possibility of cancellation between
the different terms in |<m >|, and thus of a strong suppression of 'V,

In 1981 Wolfenstein derived the CP invariance constraints on massive Majorana neutrinos
and on the Majorana CPV phases® (see also*%4). He showed that in the case of CP invariance,
the Majorana neutrinos with definite mass x; have definite CP parities equal to =i:

Ucp x;(z) Ulp = 0 v xg(xp), 0t =i, (20)
where y;(x) is the field of x; and Ucp is the unitary operator of CP transformation. The
Majorana phases «aj1, j = 2,3,..., take the CP conserving values kjym, kj1 = 0,1,2,.... Cor-
respondingly, the phase factors in the expression for |<m>| take values e’ = +1, which

represent the relative CP parities of the Majorana neutrinos x; and x1.

It follows from Eq. (19) and the preceding discussion, in particular, that the maximal and
minimal values of |[<m>| are obtained in the case of CP invariance and are determined by
the CP conserving values of the Majorana phases® which thus play very important role in the
phenomenology of (53)o,—decay.

5.2 The Process with Majoron Emission

In 1981 it was pointed out that the spontaneous breaking of the global U(1)Lc symmetry,
associated with the L conservation, leads (in accordance with the Goldstone theorem ) to the

“The CP conserving values of § = 0,7 do not have an effect on |[<m>|, Eq. (19).
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Figure 3 — The diagram generating Majorana mass term of v. assuming the existence of (83)o., —decay.

presence in the theory of a massless scalar particle, ¢°, called “Majoron” "!. In this case the

process of neutrinoless double beta decay with emission of a Majoron becomes possible:
(A, Z) = (A, Z+2)+e +e +¢". (21)

The searches for this process continue today.

5.3 The “Black Box” Theorem

In 1982 Schechter and Valle published the “Black Box” theorem " which stated that the ob-
servation of (53)p,—decay implies (under very general conditions) the existence of a Majorana
mass term of v, and thus massive Majorana neutrinos independently of the mechanism which
triggers the decay (Fig. 3). This theorem became serious theoretical motivation for continuing
the experimental searches for (83)o,—decay with increasing sensitivity.

In 2011 a study of the magnitude of the Majorana mass term of v, generated according to the
“Black Box” theorem was performed in . The Black Box operators induce Majorana neutrino
mass term at four-loop level (see Fig. 3). This warrants the statement that an observation of
neutrinoless double beta decay guarantees the Majorana nature of neutrinos. The authors of
™ evaluated the Schechter-Valle (Black Box) theorem quantitatively by considering the most
general Lorentz invariant Lagrangian consisting of point-like operators for neutrinoless double
beta decay and calculating the corresponding radiatively generated neutrino masses. They found
that these neutrino masses “are many orders of magnitude smaller than the observed neutrino
masses and splittings”. As an example they give the following prediction of the value of the
Majorana neutrino mass generated by the Black Box diagram (see ™ for details of the relevant
calculation): ém, = 5 x 10728 eV. The authors of ® thus concluded: “Although the principal
statement of the Schechter-Valle theorem remains valid, we conclude that the Black Box diagram
itself generates radiatively only mass terms which are many orders of magnitude too small to
explain neutrino masses. Therefore, other operators must give the leading contributions to
neutrino masses, which could be of Dirac or Majorana nature.”

5.4 Nuclear Matriz Element Calculations

In the period 1984 — 1986 the first more detailed calculations of the nuclear matrix elements
(NME) of (88)ov and (83)2, decays were performed.

In™ it was pointed out, in particular, that the NME of (33)o, and (88)2, decays are very
different in structure and are not related. The NME were obtained within the shell model by
considering the weak coupling approximation scheme/.

IThe NME obtained in ™ are significantly smaller (up to factor 2-3) when compared with nuclear shell model
matrix elements calculated recently with larger model space, more advanced nucleon-nucleon interaction and by
avoiding the previous many-body simplifications.



The 1985 article by Doi et al. ™ represents a basic theoretical work on the calculation of
the NME for the ((58)2, and (8/3)o, decays. The energy and angular distributions of the two
e~ were calculated for the “standard” light Majorana neutrino exchange and the RH current
mechanisms. They authors pointed out to the possibility to distinguish experimentally between
the two mechanisms using the difference between the respective distributions.

In 1986 in was shown in "% that the inclusion of the particle-particle interaction in a nucleus,
characterised by a constant gy, within the quasi-particle random phase approximation (QRPA)
method (which was usually disregarded in the QRPA calculations of the ordinary beta decay
matrix elements - only particle-hole interaction was considered) permits to calculate the NME
and the rate of the (88)2,—decay with relatively small uncertainties and to reproduce the
measured ((3f3)2,—decay half-lives*. This result led to an extensive use of the QRPA models for
the calculation of NMEs for (5f3)2, and (53)o, decays.

6 Experimental Activity: 1980-2000

The experimental activity related to 23—decays increased significantly in the period 1980-2000.
The use of detectors with passive and active shielding located deep underground, built with low
background materials led to a substantial reduction of background. Large (several to fewx10
kg) relatively cheap high purity germanium detectors became available and several experiments
were performed with "*Ge. These developments led to an increase of sensitivity by several orders
of magnitude: several collaborations reported limits on T(1)72 of ~ 1023-10% yr.

The limit 77, ("Ge) > 1.2 x 10** yr (90% C.L.) was reported by D. Caldwell ™" using 7.2-

kg high-purity natural Ge (7.8% 76Ge) semiconductor detectors (inside of Nal anticoincedence
shield, which was inside a high purity Pb shield, at a depth of 600 m w.e.)

In 1987 the ITEP/YePI collaboration used for the first time semiconductor Ge(Li) detectors
grown from Ge enriched in “®Ge at 85% to search for (83)oy, (83)2, and Majoron decays™®. The
following results were obtained: TIO/VQ(%Ge) > 2x10% yr (68% C.L.), TIQ/VQ(mGe) = (941)x10%

T, Tlo/'jz’M(mGe) > 1.2 x 102 yr, Tlo/'/Q’M(mGe) being the half-life of the decay with Majoron
emission, Eq. (21). This progress paved the way for the Heidelberg-Moscow 8 and IGEX ™
experiments with enriched “Ge, which reached record sensitivity to T?72(76Ge) of ~ 10% yr.

The limit TP/VQ(BGX e) > 3.4x10% y was obtained®! in a time projection chamber experiment

with 3.3-kg Xe enriched in 3%Xe to 62%, in which the sum of the energies and the individual
energies of the two electrons were measured, events with the simultaneous emission of 2e™ from
one point were selected and the tracks of electrons were reconstructed.

In 1984 Fiorini and Niinikoski discussed the possibility (following the idea of G.V. Mizelma-
her, B.S. Neganov, V.N. Trofimov from JINR Dubna (Communication JINR P8-82-549, Dubna,
1982 (in Russian)) to use low-temperature (bolometer) detectors to search for (85)2, and (508)o,
decays®. The proposed method was successfully realised by the Milano group in CUORICINO
and CUORE experiments.

A breakthrough experimental result was reported in 1987 by Moe et al. 3: for the first time
the (83)2,—decay was observed in a laboratory experiment. 36 events of (33)s, —decay of 82Se
were detected in a direct counter experiment with a time projection chamber. The following
half-life was measured: TIQ/”Q(SQS@) = 11708 x 102 yr.

In the 1990s the (33)2,—decay was observed and its half-life measured of i) "*Ge ™8, ii)
100Mo, 1%0Nd and 48Ca®4, iii) 1Mo and '16Cd ®?, iv) 190Mo, 16Cd, 82Se and %Zr by NEMO-
2 experiment %6 (in which the energy spectra and angular distributions of electrons were also
measured).

In the discussed period a number of geochemical experiments were performed as well. In
1993 the first geochemical experiment with 96Zr was realised and the following half-life for the

* The authors found also that the results obtained exhibit very strong dependence on the constant pp-



967y 9Mo transition was obtained 87: Tf/ﬁZ(gﬁZr —9 Mo) = (3.940.9) x 10! yr. The values of

T 12 /g (82Se), Tf /62(130Te) and T12 /%(HSTe) where again discussed in the period of interest. Kirsten

et al. ® reported ng(SQSe) = (1.304+0.50) x 10%° yr, Tf/’;(l?’OTe) = (1.6340.14) x 10%! yr, and

stated that in what concerns Tf/%(BOTe), “the majority of data from all sources is > 1.5 x 102!

yr.” At the same time Manuel reported : Tf/ﬁQ(l?’OTe) = (74+2) x 10% yr, le/%(S‘QSe) =1x10%

yr and Tf/BQ(lQSTe)/Tf/%(I?’OTe) = 2 x 10%. The inverse of the last ratio was determined with a
high precision by Bernatowicz et al. %: le/’;(l?’OTe)/Tf/%(mSTe) = (3.5240.11) x 10~*. Takaoka
1. 9 used this result together with le/%(BOTe) = (7.9 £ 1.0) x 10** yr obtained in their
experiment to determine the half-life of 125Te: ng(leTe) = (2.240.3) x 10** yr. Bernatowicz

et a

et al. % reported also: T1),('3Te) = (2.7 +0.1) x 102! yr and 777, (*8Te) = (7.7 4 0.4) x 10%*
yr. The origins of the discrepancies between the results on T12 /’;(130T6) and T12 /ﬂz(l%T e) obtained

by the different authors were not understood at the time; later the smaller values were proven
to be correct.

Let us add that in the 1980s compelling experimental evidences have been obtained, which
showed that the neutrino v, coupled to the 7 lepton in the weak charged lepton current is of
a new type (see??), i.e., that v, # ve, v, Ve, 7, In 2000 the DONUT experiment had directly
observed the v, interaction with matter in which the 7 lepton was produced ?3.

7 Developments in the Period 2000 — 2010

In 1998 the Super Kamiokande experiment provided compelling evidence for oscillations of the
atmospheric v, and v, caused by non-zero neutrino masses and neutrino mixing 9 which was
further elaborated in %°. In 2001 — 2002 flavour conversion of the solar v, was proven to take
place %, These remarkable discoveries, for which Takaaki Kajita (from the Super-Kamiokande
Collaboration) and Arthur McDonald (from the SNO Collaboration) were awarded the Nobel
Prize for Physics in 2015, had far reaching implications in particle physics in general, and for the
searches for (33)o,—decay in particular. Further, disappearance of reactor 7, due to oscillations
has been observed in the KamLAND experiment 7, while strong (to compelling) evidence for
v,, disappearance due to oscillations were obtained also in the long-baseline accelerator neutrino
experiments K2K % and MINOS .

In the reference 3-neutrino mixing framework and in the standard parametrisation of the
PMNS matrix (see, e.g.,3) the oscillations of the atmospheric and accelerator v, and v, and
the flavour conversion of the solar v, to a good approximation are driven respectively by the
parameters Am3;, o3 and Am3,, 612, where Am?j =m7 — m?, my;, 1 = 1,2,3, being the mass
of the neutrino v;, sin® 6o = |Uus|?/(1 — |Ues|?) and sin? 012 = |Uea|?/(1 — |Ues|?). Here Uy,
Il =eu,7, 5 =1,2,3, are elements of the PMNS matrix. In 1999 the CHOOZ experiment
obtained a strong limit on the third mixing angle in the 3-neutrino mixing matrix, 613 %9
sin? 2613 < 0.10 (90% CL) at |Am3;| = 2.5 x 1072 eV?2, where sin? 613 = |Ues|? (Fig. 4).

The data accumulated in the neutrino oscillation experiments by 2003 allowed to determine
the parameters |[Am% |, Am3, and sin? f12 with a relatively good precision, while sin? 613 was
tightly constrained: |Am3;| = 2.6 x 1072 eV?2, Am3,| = 7.2 x 1075 eV?, sin” f15 = 0.3. The sign
of Am3; could not (and still cannot) be determined from the data and the two possible signs
correspond, as it is well known, to two possible types of neutrino mass spectrum (see, e.g.,3):
with normal ordering (NO), m; < ma < mga, and with inverted ordering (10), m3g < m; < ma.
Depending on the value of the lightest neutrino mass, the spectrum can be i) normal hierarchical
(NH), m; < mg < mg, ii) inverted hierarchical (H), m3g < my < mg, or iii) quasi-degenerate
(QD), my = my = mg with m? , 3 >> |Am3|. The latter requires my23 2 0.10 eV.

These developments led to the important realisation that the (83)o, —decay experiments have
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Figure 4 — The CHOOZ exclusion plot in the |Am3, | — sin® 2613 plane (left panel) and the measured e spectrum
normalised to the expected spectrum (right panel). See ' for details.

a remarkable physics potential 101:102:103,104 " They can probe the Majorana nature of massive

neutrinos, and if neutrinos are proven to be Majorana particles, via the measurement of |<m > |
they can provide information on:

— the neutrino mass spectrum (NH, TH, QD),

— absolute neutrino mass scale,

— and with input on the value of min(m;) — on the Majorana phases in the PMNS matrix.
This best is illustrated by Fig. 5 in which |<m >| is shown as a function of min(m;) .

In 2006 the quantitative studies performed in 1%, which were based on advances in leptoge-
nesis theory ''!, have shown that the CP violation necessary for the generation of the observed
baryon asymmetry of the Universe in the leptogenesis scenario can be provided exclusively by
the Majorana phases of the neutrino mixing matrix U.

Two experiments with "®Ge, IGEX ™ and Heidelberg-Moscow %, published significantly
improved limits on T’ f/”2 ("°Ge) in 2002 and 2001, respectively. The IGEX experiment announced
first results in 1996. In its final configuration it took data in the Canfranc tunnel, Spain, and
used 6.5 kg Ge enriched in "*Ge at 86%. The following lower limit was obtained 7 Tlo/”z(mGe) >

1.57 x 10%° yr (90% C.L.). A somewhat better limit was reported in 2001 by the Heidelberg—
Moscow collaboration whose detector consisted of 11 kg of Ge enriched in “®Ge at 86% 8° and
was located in Gran Sasso Laboratory, Italy: Tlo/”2(76Ge) > 1.9 x 10%° yr (90% C.L.). This result
was based on 47.4 kg y of data.

Analising a somewhat larger data set (54.98 kg y), H.V. Klapdor- Kleingrothaus with three
members of the Heidelberg—Moscow collaboration claimed the observation of (3/3)g, —decay first
(in 2001) with a half-life "'? T9% ("Ge) = 1.5 x 10 yr, later (in 2004 using 71.7 kg y of data)
with a half-life !13 T?72(76Ge):1.19x1025 yr, and finally in 2006 (reanalising the 2004 data with
one co-author) with a half-life 14 Tlo/”2(76Ge) = 2.23704 x 10% yr. The Moscow part of the
Heidelberg-Moscow collaboration disagreed with this claim '°.

The analyses leading to the claims of observation of (53)o,—decay by Klapdor-Kleingrothaus
et al. were criticised in a number of articles (see %% for further details). The claimed positive

'Figures exhibiting |<m >| versus min(m;) appeared first in'°? in a form in which (in contrast to Fig. 5) only

the contours delimiting the areas corresponding to NO and IO spectra are shown.
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Figure 5 — The effective Majorana mass |<m >| (including a 20 uncertainty), as a function of min(m;). The figure
is obtained using the best fit values and the 1o ranges of allowed values of Am3;, sin® 612, sin® 613 and |Am§1(32)|
from '%° (propagated to |<m>| and then taking a 20 uncertainty). The phases a21 and (as1 — 28) are varied in
the interval [0,27]. The predictions for the NH, IH and QD spectra as well as the GERDA-II'°7, KamLAND-Zen
106 and the combined CUORE+CUORICINO '°® limits (Eqs. (23), (25) and (24)), are indicated. The black lines
determine the ranges of values of |[<m>| for the different pairs of CP conserving values of a21 and (ag1 — 26):
(0,0), (0,), (m,0) and (m, 7). The red regions correspond to at least one of the phases a2 and (as1 — 29) having
a CP violating value, while the blue and green areas correspond to a2; and (w31 — 26) possessing CP conserving
values (Update by S. Pascoli in® of a figure from '°9.)

results on (33)o, —decay published by Klapdor-Kleingrothaus et al. in 112113114

proven to be incorrect by the results of GERDA II experiment with “6Ge 17:

were definitely

T9%,("5Ge) > 8.0 x 10% yr (90% C.L), 22)

|<m>| < (0.16 — 0.26) eV, GERDA II, (23)

where we have quoted also the limit on the effective Majorana mass |<m >| reported by the
GERDA II collaboration. The interval reflects the estimated uncertainty in the relevant NME
used to extract the limit on |<m>|.

Two experiments CUORICINO (using cryogenic detector with bolometers) and NEMO-3
(employing tracking device) took data in the discussed period and were completed respectively
in 2008 and 2011. The CUORICINO collaboration used 40.7 kg of '3“Te and obtained the
following final result 16 TP/"Q(BOT@) > 2.8 x 10?4 yr.

The NEMO-3 experiment searched for (33)o,-decay and observed the (3(3)s, —decay of 48Ca,
82Ge, 97r, 100Mo, 116Cd, ¥9Te and 'Nd ''7. The best limit was on (8/3)g,-decay half-life
was obtained with Mo (6.914 kg source): Tl[)/"Q(wOMo) > 1.1 x 10** yr (90% C.L.). In

this experiment more than 700 000 (!) (88)2,—decays of *"Mo were detected with almost
zero background and the individual energy spectra and angular distribution of electrons were
measured™. The (8)a,-decay half-lives of 43Ca, 82Se, %6Zr, 1Mo, 116Cd, 13°Te and °Nd were
also determined with impressive precision .

Values of ()2, half-life Tf/”2 of different nuclei measured by 2010 are shown in Table 1

(taken from 11%).

"The images of (3/)2,—decay from NEMO-3 detector have certain delicate elegance, see Fig. 6.
" These results are published in a large number of publications the last of which appeared in 2018. In the
present article only four are quoted (see 117).
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Figure 6 — A (88)2,—decay event as seen by the NEMO-3 detecor.

8 Latest Results, Current Problems and Prospects

We have quoted the latest result from the Gerda II experiment in Eq. (23), which repre-
sents the best limit on (33)g,—decay half-life of "°Ge. We quote next two more best limits on
(8)0,—decay half-lives of '39Te and !3¢Xe, obtained respectively in the combined analysis of
CUORICINO and CUORE-0 data ' and in the KamLAND-Zen experiment %6

T9/,(**Te) > 1.5 x 10% yr (90% C.L),

|<m>| < (0.11 — 0.52) eV, CUORICINO + CUORE — 0; (24)

T(1)72(136Xe) > 1.07 x 1026 yr (90% CL)7

|<m>| < (0.061 — 0.165) eV, KamLAND — Zen, (25)

The intervals reflect the estimated uncertainties in the relevant NMEs used to extract the limits
on |<m >| from the experimentally obtained lower bounds on the '39Te and '3¢Xe (5/)q, —decay
half-lives ©.

Important role in the searches for (3/3)o,—decay in the discussed period was played by the
EXO experiment with liquid '*¢Xe time projection chamber '2°. In its final phase (EXO-200),
the data was obtained with ~100 kg of '35Xe. The following best limit was reported by EXO
collaboration '*': TP, (%0 Xe) > 1.8 x 10* yr (90% C.L).

The “conservative” upper limit |[<m>| = 0.165 eV (Eq. (25)), which is in the range of
the QD neutrino mass spectrum, implies the following upper limit on the absolute Majorana
neutrino mass scale 2: mg = mj 23 < 0.60 eV.

A large number of experiments of a new generation aims at a sensitivity to |[<m>| ~
(0.01—0.05) eVP, which will allow to probe the whole range of the predictions for |[<m>| in the
case of IO neutrino mass spectrum '3 shown in Fig. 5 (for reviews of the currently running and
future planned (33)o,-decay experiments and their prospective sensitivities see, e.g., 119:123:124),

°For a review of the limits on |<m>| obtained in other (88)o,-decay experiments and a detailed discussion
of the NME calculations for (3)o,-decay and their uncertainties see, e.g., .

PAn incomplete list includes CUORE ('*°Te), GERDA II ("°Ge), MAJORANA ("5Ge), LEGEND ("®Ge),
KamLAND-ZEN (**¢Xe), nEXO (***Xe), SNO+ (**Te), AMoRE (**°Mo), CANDLES (**Ca), SuperNEMO
(328e, '5“Nd), NEXT (**Xe), DCBA (®?Se, *°Nd), PANDAX-III (**Xe), ZICOS (°°Zr), MOON ('*°Mo).



Table 1: Values of T12/”2 measured by 2010. (Table taken from *'® where one can find details of how the values
quoted in the table were obtained.)

Isotope Tf"Q y
BCa 4.4f8:g x 1019
6Ge (1.54+0.1) x 10*
82Ge (0.92 +0.07) x 10%°
967y (2.3+£0.2) x 10¥
100Mo (7.140.4) x 108
100Mo-100Ru(07) 59708 x 1020
H6cq (2.8 4£0.2) x 10
128Te (1.94+0.4) x 10*
130e 6.8712 x 10%°
150Nd (8.240.9) x 10'®
150Nd-190Sm(07) 1.3370:9% x 1020
B8y (2.0 £ 0.6) x 10!
130Ba, ECEC(2v) (2.2+£0.5) x 10

Obtaining quantitative information on the neutrino mixing parameters from a measurement
of (B8)ov-decay half-life would be impossible without sufficiently precise knowledge of the cor-
responding NME of the process. At present the variation of the values of different (53)o,-decay
NMES calculated using various currently employed methods is typically by factors ~ (2 —3) (for

a discussion of the current status of the calculations of the NMEs for the (83)o,-decay see, e.g.,
119,124,125y

Additional source of uncertainty is the effective value of the axial-vector coupling constant
ga in (B5)op—decay. This constant is related to the weak charged axial current (Gamow-Teller
transitions), which is not conserved and therefore can be and is renormalised, i.e., quenched, by
the nuclear medium. This implies that g4 is reduced from its free value of g4 = 1.269. The
reduction of g4 can have important implications for the (5/3)g,—decay searches since to a good

(ng ! )=, The problem of the g4 quenching arose in connection with

126

approximation T1 /o X
the efforts to describe theoretically the experimental data on (383)2,—decay **°. The physical
origin of the quenching is not fully understood, and the magnitude of the quenching of g4 in
(83)or—decay is subject to debates (for further details see, e.g., '19).

The (58)o,—decay can be generated, in principle, by a AL = 2 mechanism other than
the light Majorana neutrino exchange considered here, or by a combination of mechanisms one
of which is the light Majorana neutrino exchange (for a discussion of different mechanisms
which can trigger (83)o,-decay, see, e.g., 27128 and the articles quoted therein). Actually, the
predictions for |<m>| in the cases of the NH, TH and QD neutrino mass spectra (shown in Fig.
5) can be drastically modified by the existence of lepton charge non-conserving (|AL| = 2) new
physics beyond that predicted by the SM: eV or GeV to TeV scale RH Majorana neutrinos,
etc. (see, e.g., 12?). There is a potential synergy between the searches for (/)q,—decay and
the searches for neutrino-related |AL| = 2 beyond the SM physics at LHC: (83)o,—decay
experiments with a sensitivity to half-lives of T’ /2 = 10% yr probe approximately values of

|<m>| ~ 0.1 eV and “new physics” at the scale Apyy ~ 1 TeV (see, e.g., 130 and references
quoted therein).



9 Epilogue

The authors of the first experiment searching for (83)g, and (853)2, decays in the USSR ¢,
Dobrokhotov et al., wrote in 1956 24: “The search for double beta-decay is an amazing example
of a fantastic succession of periods of hope and of disillusionment. Two times in the course of
a single decade this phenomenon has been “discovered”, and both times the discovery has been
found to be erroneous. The history of the question is still not complete; the phenomenon has
not been observed experimentally, and the succession of journal articles in recent years only
gradually sets larger and larger lower limits on the lifetime of a nucleus capable of double beta-
decay. In the present research we have again not succeeded in observing the event, but the limit
of the half-life of the process has been raised to about 0.7 x 10! years, and further steps in this
direction (if indeed they are worth-while) will depend on achieving considerable increases in the
amount of material subjected to study.”

The situation regarding the experimental searches for (53)g,—decay is essentially the same
today. The quest for one of the deepest “secrets” of Nature — the nature (Dirac or Majorana)
of massive neutrinos and for the status of lepton charge conservation — continues.
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