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INT RODUCTION

Doubl e beta decay (2b) is a rare n4cl ear
by two units. There exi€9 naturallyoccurring evereven nuclei for which such a process is
possible in particularthere are35 2 b isotopesamong themWhile the transition involving
two electrons and two (anti ) neut (SMpandkhas 2 3 2 f
been already observed fot isotopes, this is not the same for the neutrinoless double beta
decay ,\Whik cibqgcauonly if neutrino is a massive Majorana particdEbservations
of neutrino oscillations give a clear evidence that neutrino is a massive particle but only the
measurement of 032b decay coul d elelpsolihgi sh t
neutino hierarchy problem, measure the effective Majorana raadstest lepton number
conservation. Moreover, this processuld clarify the presence of rigiitanded currents
admixturein weak interaction, and prove the existence of Major@ns. 2dbcay canbe
mediated by many hypothetical procesbeyond the Standard Moddlaking into account
the uncertaintyof the theoretical estimations f 032Db dec,agvelopmentmia b i | i

experiment al met hods for different 2b isoto
“Moisone of the most promising 2b isotope
Q2 = 3034.40(17keV [1] and a considerable nar a | i sot opi c%. &bmthed an c e

experimental point of view a larg@ gvalue simplifies the problem of background induced by
natural radioactivity and cosmogenic activation.
At present the best ®vorwas réached by the NEM® 03 2 b

experiment that, #Ma, has dbtaided & Iglif eolifnit™¢ n » IL.xTh e d

107 yr at 90%confidence level@.L.). Despite this valuable result, the NEMO technique has
two disadvantages that limit its sensitivint ow det ecti on efficiency
and rather poor e na the energy f3,gdf ¥ad).oThe détéctionl 0 %
efficiency can be improved up to @0 90% in so calledisource=detectorapproach by using
detector containing molybdenum. Only cryogenic bolometers and semicontigitquurity
germanium(HPGe) detectors can provide high enough energy resolution (a fenwakéy p.
However, the energy region abox@15 keV (the highest gamma linenatural radioactivity

is dominated by alpha particleghich can cause a significant backgrouNevertheless, the
simultaneous detection of phonon and scintillation signias cryogenic scintillating
bolometera | | ows ef ficient particle discriminat.
particles.Thereforethe cryogenicscintillating bolometers ardighly promising detectors to
search for neutrinoless double beta decaiiémextgeneration experiments.

There are several inorganic scintillators containing molybdenum. The most promising
of them are molybdates of Calcium (CaMpOCadmium (CdMoG@), Lead (PbMoQ),
Strontium (SrMoQ), Lithium (Li,M0O,) and Zinc (ZnMoQ). However CaMo@ contains
the 232b a®¥qaaiwhieh, eves t presenein naturedlicium with a very small
abundance of U = 0. 1@ bergyaPvoaCdMo® cdn@misk ¢ he u o

active'™Cd (Y, = 8. 0'3yr,T 01 0= )whih, Begideés being beta active, has a very
high cross section to capture thermal neutrons. A potential disadvantage of PlsMb&t

%o would be only 27% of the total mas3urrentpossibilities of SrMo@ production are
far from the required mass and quality of the crgstald possible contamination by
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anthropogenic®Sr. The important advantages &f.MoO, are the highest concentration of
molybdenumamong the other molybdate crystal scintillat@5.2% inweight), absence of
natural longliving radioactive isotopes and comparativelgsy crystal growth proce$2].
However, thelight yield of Li,MoOQO, scintillatorsis the lowest among all the mentiahe
molybdatecrystals. The important advantage @nMoO, crystals is the absence of heavy
elements and high concentration of molybdenum (43% in weight).

Development oflarge volumezinc molybdate scintillators with a low level of
radioactive contaminatiorhigh bolometric properties, scintillatioefficiency and optical
quality from enricted *®Mo isrequiredt 0 s ear c h f d°™o.0hepbdudicnofay o
improved quality ZnMo@ scintillatorscalls fordevelopnent ofdeep purification techniques
of molybdenumand optimization of crystalgrowth technique.Zinc molybdate crystal
scintillators with the mass of a few hundred gramere developedonly very recently.
ZnMoO; scintillatorswith amass ofD 0.3 kg as well aszn**Mo0, crystak enrichedin the
isotope’®Mo wereproduced for the first timby using the lowthermatgradient Czochralski
technique.The optical and luminescent properties of greducedcrystalswere studiedo
estimate the progress in crystal gtbwguality The lbw-temperaturetestswith a 313 g
ZnMoO; scintillator and tweenriched ZA®™MoO, wereperformedabovegroundn the Centre
de Sciences Nucl ®aires et de Sci efdledow de
background measurements witiree ZnMoQ and two enriched detectors installed in the
EDELWEISSsetup at theLaboratoire Souterrain de Modanere alsccarried outas a part
of thisPhD thesis

To optimize the light collection in ZnMaQcryogenic scintillating bolometers, we
have sinulated the collection of scintillation photons in a detector module for different
geometries by Monte Carlo method using the GEANT4 packegponse tdite 23 2 b dec
of 1%Mo wassimulatedfor the enriched Z{%o0, detectorsof different shape and mass
understandhe dependence & 3 2écay spectran crystal shapeFinally we simulated 48
Zn**Mo0; crystals with asizeof i 6 0 T  4nBtalledim the EDELWEISS cryostafThe
contribution to background from the interneddioactive contamination of the crystals,
cosmogenic activatioand radioactive contamination of the-apetweresimulated

Taking into account the poor time resolution of the low temperature bolometers, w
also studieccontribution to background at tlig renergy & random coincidences of signals,
in particularof 2 3 2décay,which is one of the most valuab$®urce of backgroundin
cryogenic bolometergMethodsof the randomly coinciding eventsjecion were developed
and comparedNe have also analyzed dependence of the rejection efficiency on a cryogenic
detector performance (in particular on the signal to noise ratio and the sampling frequency of
the data acquisition).

11



CHAPTER 1
THEORY AND EXPERIMENTAL STATUS OF 2b DECAY

1.1.Double beta decay

Neutrino was first postulated by W. Pauli in 1930 to explain beta decay. However,
even after more than 80 years, mass and nature of neutrino (Dirac or Majorana?partcle
still unknown.

Severalneutrino oscillation experimentinally proved that neutrinosare massive
particles Also these results demonsedtthat the Standard ModdSM) of electroweak
interactions is incomplete asthiould beextended to include massive neutrinos

Neutrinoless double beta decdyO 3 2sbohe of the most promisingways to
understand nature and properties of neutrino. Experiments to deattis extremelyrare
decay process can prolepton number conservation, investigate the Dirac/Majorana nature
of the neutrinos and their absolute mass scale with unprecedented sensitivity.

1.1.1.Fundamentals of double beta decay theory

Doubl e beta decay (2b) i's a |nualeugwithma c | e a
massA decays to a member of the same isobaric multiplet with the change of the nuclear
chargeZ by two units (see Fig. 1). Such transition was first suggested by M. Goeppert
Mayer in 1935 and the hdlife of such process was estimatédy usi ng Fer mi t
decay, to be 30" years Bl. 2 b dec ay -order peocess énche Stdndard Model of
electroweak interactionsvhich explains a very low decay probability

/ 2-  223keV
153 s
0+ Qpc =168.4(18) > 9% Qp=32028(17)

100
100Mo Tc

Qpg =3,034.40(17) 0" 1,130keV

0+

100Ru
Fig. 11. Nuclearlevel diagram of the double beta decay of the isotS{o to the ground
state and the first excited @vel of **Ru [4].

The 2b decay is possible when the decay
forbidden due to the pairing interamt, ori f an o r diisnsapprgsseby adaege a y
difference in spin between these nucl&€he decay can proceed between two esxsn

12



isobars (see Fid..2) from the initial nucleus to the ground state (g.s.) or to the first excited
states of thedaght er nucl eus. Ther ef cc8maturaljhaccurirfy d e c
eveneven nucleiin particular there are 35 bisotopeq5, 6.

\ Even-A

M(A,Z)
T

Z-2 Z-1 z Z+1 Z+2

Fig. 1.2. Mass parabolas for nuclear isobars with éveDue to the pairing interaction in the
semiempiricalmass formula, eveaven nuclei have lower masses than-odd nuclei.

Ther ef dreec,ayb i s i mpossible from paeécaytis ( a)
energetically possible as a secand d e r process from poin't (a)
decay double-electron capturer electron capturavith emission of one positroprocesss

can take place between point (e) and pointqk) [

The twaneutrino double beta decay is allowed in the Standard Model of electroweak
interactionswith thefollowing possible channels

2bh 6RO O BRD ¢ ¢Q T, (1.2)
2h OO 6 ¢ ¢Q ¢, (1.2)
ECECcQ oOhb© ohd ¢ ¢, (1.3)
ECh: Q oo o6 ¢ Q ¢ , (1.4)

where the electron capture (ECkeigpected mainly oa K-shell. The energyeleased in these
decays is distributed between the leptons and recoil of the nualkich is negligible. The
Q@wener gy of t hteediffeseft moddsassfallpwing:o r

2b 0 6hd O 6RD ¢, (15)
2B 0 6 O R ¢ 18 O, (1.6)
ECECD o 0 d6hd ¢ ¢-, (1.7)
ECh": 0 ofd O ofd ¢ ca & ¢-, (1.8)

whereM(A,Z)is the atomic mass of tteb  d isotopey andJis the excitation energy of the
atomic shell of the daughter nucleus.
Moreover there arealso consideredneutrinoless2 b decay modes (we will not
mention her@ b ECECandECDH" possibleprocesses
T neutrinoless double beta decay (032b)

@O O Q, (1.9
T 2b decay with emission..aoroos)e or mor e
@O O ¢Q .. (1.10)

13



The neutrinoless double beta deddy9) is the most interesting processince no
neutrinos are emittesee Fig. 13). This hypothetical process was first considered by Racah
[8] and Furry P] at the end of 1930s tanderstandf neutrino is Majorana (particlé
antiparticle) or Dirac (particle antiparticle)type The0 3 2 b \dotatesatlye lepton number
by two units and is forbidden in the Standard Model. Furthermore, such pregesssible
only when neutrinos aremassiveMajorana particlesindeed, the antineutrind’ is right
handed in theemission process © 15 Q '[, while in the absorption process
" 01 Q the neutrind is lefthanded(see Fig. B). Therefore when neutrinohasa
nonzero mass,tiwould not have a definite helicity in the two procesmeda match of their
helicities becomes possible.

There consideredalso other mechanismsf neutrinoless double betarocess for
example,mediated byright-handedcurrents with the exchange of bolight and heavy
neutrinos, or the exchange of other exotic particles.

u u u u
d d d d
"L
vﬁ ‘ _'_'---.vR
v Va
:r‘s\‘f :rr‘.r_<e[
d ) L u d vAs W u
d d d d
u u u u
() (b)
Fig. 13. Feynman diagrams of (a) 032b decay wi
and (b) 232b decay.

The transition (1.10) is interesting from the point of existence of thecsatled
Majorons,the NambuGoldstone bosons that arise upon a global breakdowrLo§Bnmetry
[10]. The Majorons can be describeslahypothetical neutral pseudoscalar particle with zero
(or very small)mass, whicltanbe emitted irD 3 2iécay[11, 12, 13]. The energyspectraof
the process (10) are continuoussinceMajorons do not interact with an ordinary matter and
cannot be detectedHowever, the energy distributions have different maxima energies
compare tathe tweneutrino2 fdecaymode so thedifferent channels ofl2processesan be
separatedhy analysis of their energy specfszeFig. 1.4).

14
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Fig. 1.4. The electron sum energy spectra calculated for the different double beta decay modes
of the isotope*®Cd[14].

1.1.2.Properties of neutrino and weak interactions

The first observation of the solar neutrinos in the 1960s of the last century by Ray
Davis [15] showed a clear disagreement with the Standard Solar Mb6lel The chlorine
experiment was sensitive only to the electron neutrinos and the measured neutrino flux was
lower than expected. To explain the solar neutrino problem the hypothesis of neutrino
oscillations was proposdd?7]. In the following past decades nyaexperiments (Homestake
[18], GALLEX/GNO [19], SAGE [20], SuperKamiokande 21], SNO [22]) were performed
to investigate the neutrino disappearance problem, and they confirmethehalectron
neutrinoflux decreases, which can be explainedobyillaion of the electron neutrinogto
muon and tau neutrinos. The following studies of the neutrinos demonstrated the oscillation
from muon neutrino into tau and electron neutrinos (K28 and T2K[24] accelerator
experimentsOPERA experiment2p]), as wellas the oscillation of the electron antineutrino
(KamLAND [26] reactor experiment). Thanks to these experiments, today we know that
neutrinos are massive particles and the flavors (electron, muon and tau) are mixing among
mass eigenstates.

The mixing of netrinos can be described withPoontecorveMaki-NakagawaSakata
matrix (PMNS) L7, 27, 28] with thefollowing equation:

BT, (1.11)
whered G hit; i starts from 1 to the number of mass eigenstatedJarisl a PMNS matrix
element In themo s t gener al case there are three m

unitary matrix characterized by the three mixing angles,(— and — ) and three CP
violating phaseg (,| and ):

© 0 i O i
Y i i i O iiiQ
) i Q

Q
® A E A2 o
i i AN @

i 0 ® i
i Q &) &)
(1.12)
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where® k AT-©andi k OELF. It should be stressed, that in case of the Dirac neutrino
particles there are only 4 free parameters in PMNS matrix, due to #red Majorana
phases can be reabsorbed by a rephasing of the neutrino fields.

The pobabilities of the neutrino oscillation are described with mixing angles and
square mass differences of the eigenstati@s: a & . The difference-a and
mixing angle— describes the solar neutrino mixing © ' ), whilesa amd —
describeghe mixing observed witratmospheric neutrino§ © ' ). From the results of the
oscillation experiments we obtained te@&t L 3& , which allows three different mass
patterns (see Fig. 3.and Fig. 16): direct hierarchy ¢ a L a ,z3a ), inverted

hierarchy ¢ L & & ,304 ), and degenerate hierarchy (é & € & ) [29, 30,
31,32,
m? m?2
A .V, A
-V,
-V

_m‘.z

my>l

—y~

atmospheric

mf__
solar

my — —3~

0 0

Fig.15. Normal and inverted hierarchies of the mass patterns and neutrino flavor
composition of the mass eigenstates.

The neutrino masdierarchy problem can be solved in the future oscillation
experiments33]. However they will not provide information on the absolute scale of neutrino
mass which is presentlgrovided by experimental measurements of the effective sum of
neut ri no,eharsnmeusinomEspy) and effective Majorana mas®{ .

The upper ' imits on the sum of neutrin
fitting the experimental data with different complex models. Therefore the limits are strongly
depenéntontheno d e | , and most recent results of t
0.23 eV depending on the set of data and models used in calcul&dhrBne lower limit of
the E on the | evel of ~ 0.04 eV was obtaine

The eleaton neutrino massy, can be measured in beta decay by studying the end
point of Kurie plot. The tritium experiments give the upper limitherat the level of 2 eV at
95% confidence level (C.L.)35, 36]. In near future another spectrometer experiment
KATRIN should improve the sensitivity to ~ 0.2 e\87]. There are also calorimetric
experiments to measure the neutrino nmasi38, 39].

Finally, the value of the effective Majorana ma®& @ B Y& can be
measured if neutrino is Majorana ©particle
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decay will not be experimentally observed wathupper limit on the effective Majorana mass
lower than ~ @M1 eV (see Fig. B), then the normal hierarchy néutrino mass pattern will be
confirmed.

—NEMO-3

== CUORICINOrp>= -
[ —— % ] AN ) e———————————————————
IGEX

EXO

0.1}

INVERTED

0.01

|(m, )| in eV

NORMAL

0.001 f

10
10~ 0.001 0.01 0.1 1

lightest neutrino mass in eV
Fig.16. The effective Majorana mass as a function of the smallest of the three mass
eigenvalues. The upper limits @@ Oare taken from CUORICINO 40], IGEX [41],
NEMO-3 [42], KamLAND-Zen [43], EXO [44] experiments, and IBA2 nuclear matrix
elements45)].

1.1.3.Probability of2 b decay

The probability of twen e ut r i no & exptessethrqughche haHife with
thefollowing formula[12, 13, 46]:

Y 0o X s, (1.13)
whereO is the phase space fagt@nd0d is the nuclear matrix element (NME) of the
23 2 b .dhephasg space factoan be precisely calculatetll 13], while the NME can
be obtaineckitherfrom calculationse i t her directly by meHZur i nq
13]. This gives a possibility ttest the details of nuclear structure by cormgathecalculated
and themeasuredME values. It should be also noted, théte pr o b a bdeday (1ly o f
is higher than for the oth& 3 2 b d e c a 3 14mwhdck Isave(srhallgophase spac®©
and, as a resuldremore difficult to observexperimentally.
The neutrinolcansbewriidlhs decay r at e
Y 0 W s Qja (1.14)
whereO i s t he phase space U nisthegnucear matrix elenter, 0 3 Z
& is the electron massaind@ Os theeffective Majorana mass of neutrinevhich can be
expressed through the element$dNS matrix as
@O owd | 0wQ a i Q a. (1.15)
As we can see from the formula (4) lthe effectiveMajorana mass of neutrirean be
obtained from experimentally measured Hedf, theoretically evaluated phase space factor
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and nuclear matrix element. Howeverile the phase space integr@® can be precisely
calculated 47, 48, 49, only approximate evaluations of the NME wergtained. Moreover,
these estimatianare often in disagreement among each other, which leatie ®ignificant
uncertaintieof & O

The difficulties in the calculations of NME are due to tinelearmanybody problem.
There wereseveralmethodstocalul at e nucl ear mat r itheqast e me n-
particle random phase approximation (QRHARenormalized QRPA RQRPA, proton
neutron pairingi pnQRPA etc.) [50, 51, 52], the nuclear shell model (NSM»3, 54], the
interacting boson nedel (IBM) [55], the generating coordinate method (GCIH6],
projectedHartreeFock-Bogoliubov model(PHFB) [57]. The r esul t s canf
provide an important information used to calibrate NMfalculations[58], because two
neutrino 2b decay is the cHoweves sdwe nan see goanr p |
thet heoreti cal e s t-lifesprasenedig-ig. &.7 (forGaxiakviectohcaupling
constantgs = 1) and Fig. 1.8 (foga = 1.25) the reaults of NME calculatiors are still into
significant disagreement. Moreover, it is not possible to understand which method is closer to
the reality at this momentthus the experimental siedof 2 b de c anwarigtyodb c e s s
nuclei arenecessary

2 3.

Half-lifetime

0.5

005 L—

A8 76 — R
Bca 7°Ge %se

1 1 1 | . B 1 T
96Zr ]DONIO llOPd l]fjcd 12-—1511 IQSTE 130Te 136Xe l-—lﬂNd lSUNd 1545111 léUGd lgﬂpt

1 NSM I IBM
I GCM I PHFB
QRPA

Fig. 1.7.The halflifes of 0 3 2lécay in units of 10°° yr), evaluated fothe different NME
calculation method$§59] for the effective Majorana mas&t & v 1t A &nd the axial
vector coupling constamjs = 1. Barsrefer to ranges atalculaed valuedor the same model
with different parametrizationsSingle calculations are marked wittotd Discrepancies
among different calculations are of the order of a factdr 2

It should be stressed that nuclear matrix elementsegrgrednot only to extract the
value ofeffective Majorana mass of neutrinbut also to compare sensitivities and results of
the experimentsvith different nuclei. Therefore we can conclude that NME are one of the
cruci al probl ems of 032b decay.
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Fig.18. The 03 2b -lidesestanptedifon thefdifferent approaches of NME calculation
[6Q] for the effective Majorana mas&® & v 1t A @ndthe axialvector coupling constant

ga = 1.25.

12Current status of 2b experiments

The first experiment to search for double beta decaypsesrmed by R. Fireman in
1948 B1]. He used Geiger counters to meas2ire  d e ¢*®ryandskt the lower limén

such procesas 31 10°yr . Afterwards, there were many
nowadays 232b decay wadthemalifesvarieefbom 18to 1741 nu
years p2].

In general, thex@erimental approaches search for@ d e ¢ a yividedinto twoe
categories: directcbunting and indirectexperimentsDirect experiments are focedon the
direct detection ofhe two electrons emitted durilgb decay by a particl ¢
other sideindirectapproach is basesh measurement ain excess of daughter isotopes in a
material containing the paredtb  d isotopey.

The first2 b d ebseavation with idirect method was achieved in 193], while
thedi rect experiment al r regsuredinly ia 19870p4]. Howevel 3 2 b
indirect experimentsare not available to distinguish between the twweutrino and
neutrindessmodes of2 b p r. Bherefares the2 b d studiasyarecurrently focusedon
direct experimental methods.

1.2.1.Geochemical and radiochemical experiments

In geochemical method anid mineral contaimg2b i1 sot ope i s anal y:
the number of daughter atoms accumudsached o
minerals aramount ofdaughter nuclideexceeds theatural abundance, and can be measured
with a help of masspectrometryTaking into account that the age of the sampegedrom
10 yr to more than 10yr, such experiments are very sensitiVae probability of the decay
& pdepends on the age of the minefaand abundanceseasuredor parentN(Z, A) and
daughteN ( Z2, Anuclei
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e — O (1.16)

The main disadvantage of such methothesimpossibility todistinguish between the
twoneutrino and neut rthemefotes gsshe tétdl prababiditpof 2 b d e s
and 032b decay mo drusthe sensitivity of such experimemnts® 2 b
processs limited by half-life of thetwo-neutrino)2 b dec ay .

Moreover, onlyrestricteda mo u n t isotopes @b be studied with a geochemical
methodsincethe minerals used in experiments should satisfyeralgeological and chemical
requests. First of algoncentration of the studiedement in thenineralshouldbe high. Next,
the decay product shoultde generatedh y 2 b omlye ana iyot by other presses like
evaporation of the light decay produdBesides, lte age of the mineral should be correctly
determined from geological surroundings.

As a result of these limitations thlgeochemical method®r a long timewere used
only for selenium and tellurium orels both casethe daughteproducts arehemicaly inert
gases krypton and xenonvhose initial abundancein minerals was very small. High
sensitivity in the study of these gasean be achievetly usingmassspectrometerwhich
allows to registereven scanty exces®f the daughter nucleus accumulated over a long
geological period2 b  d e c abgerveddos the first timen the geochemical experiment
witha tellurium ore of °yedrse heahglfife af the idotofe™ T 0. 5
measured using mass sypaesisd. Mhemesultseof thevgeoshenical4
experiments for akbtudied isotopes are presented in Table 1.1.

—_—(

Table 1.1
The halflivesrelatively to2b  d eof different isotopes measured radiochemicaland
geochemicaéxperiments.

Isotope| Q. pkeV | Decay mode Ty, years

%Se |2995 2b = (1.2 Ri6y. 1
9% - = (3.9 K[66. ¢
Zr 3350 2 b (9.4 R[67. :
T s | 3034 2b (2.1 [6g. 3
(1.8 KI[6H. 7
12610 | 868 2b (7.7 RI[69. 4
= (2.2 R[7Q0. 4

13 : ~ 0. 8701 10
°Te | 2533 2 b - (2.7 Rg. 1

‘o > 4. 679 10

13Ba | 2611 ; E Ub2i_ c® 8 T1*[mo
= (2.2 R[78. 9

13 o > 3. 6077 10

Ba | 840 20 . 2. B9 10
2t 1150 2b = (2.0 R[74. ¢

! The radiochemical method was applte® me a s ur e -lif2 6f thelisoopey?U. h a | f

20



Although geochemical experiments are unable to provide direct information about the
decay modethe halflifeof *°Te rel ati vely to the 2#fdniihedeca:
ratio of decay probabilities dhetwo tellurium isotopeg***Te and**°Te)[75, 76]. This result
is based mainly on the difference in the energy dependence of the phase space factors
("Ox 0 ,"0x0 ). The geochemical experiments can give only model dewend

information on the probabi |l indtprovidefsuffiecientyb d e
reliable evidence of theeutrinoless decay

Radiochemical experiment o sear ch f o vab alsal kased yon o f
measurementsf daughter nuclei in theample of3%U [74]. The decay produds radioactive,
thusthe much higher sensitivity in comparison to mass spectrometry methods to detect small
amounts of atoms can be achievigdreover, adiochemicamethal do not require longerm
(geochemicglaccumulation of decay produdhe studied material is well known, therefore,
this method have not uncertainties associated with the age of the mineral, an initial
concentration of daughter nuclides and a possitéete of dissipation orac u mul at i on
decay producby long geological periodAfter the deep purification of the uranium salt, the
decay product®*Pu was accumulated for 33 years, and then extracted by chemical methods
from the sampleAfterwards, it was placed into lob ackground U partic
measure the amount of U parti*®AueAsaresultthe t he
radiochemical measurement withU gave the halfife T;,= (2. 0 Riyears@]) 1 10

1.2.2.Counting experiments

Countingexperiments arbasedon the direct detection & b  d pracesy. Therefore
they can distinguish the tweutrino and neutrinoless double beta decay madest of the
experi ment aldecay eeraachidved inacounti@gperiments. These experiments
can be dividednto two groups:detectorsith i a ¢ t ai nvgeassive sources

In the experimentwvith active sourcéalso called calorimeter experimengs3ensitive
detector containghe nuclei of2 b i s ot o p e, s equal gosourckd heedecisiver
advantage of this technique is close to 10f8tection efficiencyo the2 b p r, sinceeadl s
t he e n epatglys emitted ib the decayabsorbed in the detector. Disadvantage of this
method isaninability to prove that thebservedvent is r&ted to two electrons

The isotope under studgnd detectorare not the same the experiments with a
passive sourcéAn important advantage afuch experiments ability to obtain information
about th&kinematical characteristiesd the emitted particles(g quanta)such aghe energy of
the partites, their coordinatestracks and charge. Another advantage of the method is
possibilityto study a wide range of isotopes, since the only requireméotpsoduce quite
thin foils (tens of mg/c). However, strong disadvantage the passive sources the low
efficiency of registrationtypically ~ 10%), and deterioration of the energy resolution due to
theenergy losssin thesample.

Among the counting experiments with active and passive sources there is also an
intermediate type of detectors whichmdaoine the main propertied these two groupsn such
experimentghe source and detector are the saamelelectron tracks can be reconstructed
Moreover, registerealectrons can be discriminatdfcbom U and o, ap welltas c | e s
positronsin some case However the measuredangular information is very limited, and
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individual eletron energiexannot beobtained The most famousxamplesof such detector
type arethe time projection chambers (TPC) filled witlhxenongasand pixelated CdZnTe
detectors.

The first direct detection of 23i2ifopedec a)
82Se B4). The experiment was based tive TPC where the entral electrode was the 14 g
sourceof 8?Seenriched up to 97% ardkposited on a thin Myldiim. The TPC wadocated
in the700 Gmagnetic field ande | ect r ons e mi t éreandasuradAs2reszl) de c
only 36 candidate for two-neutrino doubldetaevents wereleteced,and the measurduhlf-
life wasp® &1 2 y@ars[64]. Thisexperimenhadahuge val ue f alecayt he s
and started the era @b decay observations gounting experiments.

123Most sensitive 2b decay experiments

Among the 35 naturallp ¢ ¢ u r 7 camdglate® fne experiments are concentrated on
the most promising isotopes with a hi@h pvalue (see Table 2). TheQ, penergy is one of
the most i mportant characteristics due to
as’Ox 0 and’Ox 0 fortwo-neutrinoand neutrinoless double beta decay, respectively

[13]. Therefore, &king into account Eq. (131 and Eq. (1.4), the Q. pvalue directly
influences the probability of double beta decay processes. Moreover, suppression of
backgpund becomes easier when the energy of
quanta energy 2615 keV (gamma quant@4f).

Table 12
The most promising double beta candidates for-gereration experimentgT{].
Double beta Q. genergy Isotopic Enrichable by
isotope (MeV) abundance (%] centrifugation
BCa 4.27226 (404) 0.187 No
“Ge 2.03904 (16) 7.8 Yes
%Se 2.99512 (201) 9.2 Yes
%zr 3.35037 (289) 2.8 No
%Mo 3.03440 (17) 9.6 Yes
Hecd 2.81350 (13) 7.5 Yes
3%7e 2.52697 (23) 33.8 Yes
13%e 2.45783 (37) 8.9 Yes
150Nd 3.37138 (20) 5.6 No

The sensitivity of the detector can be expressed in terms of a lowdifdéihit as
following [14]:

Y x1 00 =, (1.17)

wherg i s t he abundance of -i2the detection effigiencyi imthet he 0
mass of detectoqis the time of measurement¥js the energy resolution (FWHM) of the
detectorat Q; , ando0 is the bakground rate in the energy region®B 2idray.
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As we can see from Eq. (T)lthe isotopic concentration and the detection efficiency
are the most important parameters, because any other characteristics are under the square root.
The natural abundancesr fthe most promising double beta candidates are presented
in Table 12. The typical abundances are on the level of few percent, except the ¢&8e of
and 1*°Gd with 33.8% and 21.86% isotopic abundances, respectively. So, detectors can be
manufactured without application of isotopically enriched materials. However, enriched
detectors are necessay exploe the inverted hierarchy region of neutrino mpasen;
meanwhile the detector volume should be as low as possible to minimize background. This
requirement immediately limits the list of candidate nuclei®@e, #°Se, Mo, **Cd, **°Te
and®*®Xe, which can be enriched by gesntrifuge technique.
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Fig. 1.9. Simulated energy spectraaizband 2 b decays -lwdastyh= ]tolﬁye hal
and’Y; = 10yrin a zero background experiment utilizing 1 kg‘GMo over 5 years of
measurementdfl] . (a) fAct i v ée’Vo sootaimedirthetdetactormithdl@0®s:
of the detection efficiency and the energy resolution of 10 keV. (b) The same as (a) with a
scaledup vertical axis( c) fPassi ve o “%wofolsaree witettidinesses 1%
mg/cnt in the same detector. (d) The same as (c) with the foil thickness of 60 M@m
The same as (c) but the energy resolution of the detector at 3 M&0 iseV. (f) The same
as(d) but the energy resolution is 264 keV
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The detection efficiency should be close to the hundred percent in order to reach a
highest possible sensitivity. As it was already mentioned in subsection 1.2.2, this is feasible

only for the active souredete¢ o r

t ech

ni que. I n the

Apassi

sensitivity is restricted by the reverse relation between source mass and detection efficiency.

The mass of 2b i so

tope

can be increased

by

to lower detetion efficiency and energy resolution due to absorption of electrons inside the

source (see Fig.4(c,d)).

Another very important characteristic of the detector is the energy resolution, since the

highe ner gy tail of 2325b
032b decay peak. The h
i n the

[78]. This feature is especially mp o r t
10010 ("Yj
(< 30 keV at 3 MeV]77].

ant

s Ipaekgroundumthe erengy window afn
I gher e-neatring tail willdadl o |
t he

for i sotopes

7 . 1% yr [79),1fd@ which an energy resolution less than 1i%required

ir
ut i

neutrinol es 9), adthud the bmokgrourel dekel willdbelewerF i g

wi t

The lowest possible background level is requested for the next generation double beta
decay experiments. Experimental-sptshould be placed deep underground to reduce cosmic
ray flux, and shielded by passive and active shields against environmental radioactivity.
Highly radiopure materials should be used to produce the detectors and shielding materials.
Taking into account thgypical time of measurements of B) years, the detector should be

stable enough during the experiment.

The experimental studies alouble betadecay started in 1940s and continue
nowadayswith astep by stegmprovemenbf experimentatechnologies. Fathe last 20 years
a significant progress on this subject was achieved. The best results-bveladff the most

i nteresting 2b i sot op dere werwdl brigfly ees@iletthe dnost n

sensitive 2b decay experiments.

Table 13

The kestreportedresultsor? b d@racessesl he | i mi desay arenat 90% Q.b.

Isotope| Experiment "Y; , years Y, , years

wcq |NEMO-3 @ §00A@ OUOOp 1t [79 p& p 1 [80]
ELEGANT VI v p T [8]]
IGEX (1. #5 18Y'[8 10 p® X p T [89

#ge |HM (px T §) T*[8B0 P8y p Tt [86]

cRo§ pm[87

GERDA| pRTE p[84 ¢® p (8§

¥Se  [NEMO-3 op TH OOA P OUOOp 1t [79 o® p 1 [8Q]

*7r NEMO-3 (2.35 N 0.14 (s¥Y@4)| «®@ p1m[80

Mo |NEMO-3 (7.16 N 0.01 (sP@q) | pp pm[90

16y Solotvina w8 p m [91] P& p T [9]]
NEMO-3 (2.88 N 0.04 (s¥Y[@EA)| p®» p m [8]

1org  |NEMO-3 (7.0 N 0.9 (st®9) N| pd& p m [8(]
CUORICINO ¢ p 1 [93

136y EX0O-200 (2.165 N 0.016 (%] pp p m [95
KamLAND-Zen((238N 0. 02 (st at )?[4&] 0 ps p 1 [96

Nd  [NEMO-3 wppf OOAG@ cOUOOp i [97] p& p 1 [8Q]
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The detectors with highure germanium (HPGe) were one of the nm& nsi t i ve
decay experimentat the end of last centuryhe intringc purity of germanium crystals,
availability of enichedisotope’®Ge, low level of radioactive contamination and high energy
resolution were the key features ®flecayimch e
°Ge with HPGe detectors gave thalf-life of (0.9N0.1)T 10* years[98]. Afterwards the
International Germanium Experiment (IGEX)d theHeidelbergMoscow (HM) experiments
performed more accurate measurements

The IGEX experiment was installed in theabor at ori o Subterr 8§
(Canfranc Underground Laboratory, Canfranc, Spatnthe depth of 2450 meters of water
equivalent (m.w.e.)Three HPGe detectors withmass of 2 kg each enriched fiGe up to
86% were used in the experiment. Téleelding of thesetup consised of 2.5 tons of
archeological lead~ 10 tons of the 70 years oldw-activity lead,active muon veto from
plastic scintillators, and ~ 1.5 tons of an external polyethylene neutron moderdsashape
discrimination(PSD)technique was applied for the data analyzing. d¢t@evedoackground
level in the energy rangef 2.0 MeVi25 MeV wasd0.06count s/ ( k98 Vih&k gL yr
energy resolution at thenergyofe x pect ed 0 3 2 5Gee e 20300418)kek) o f
was ~4keV. Thedatawrec ol | ect ed with a t ot alhehaftfp os ur ¢
relatively tothe2 3 2 b of EGewasmeasuredas 1 . 4 5 N 2gr.[82]5A) limif wad 0
set on th ef76®e:a§Yp @& § 3 y1 yr (see Fig. 1.0) [85].

0 116 75 mole year - 8. 87 kg year in "°Ge

I Complete data set: T1 ,2(0\4 >1.13x10% yr (90% CL)
10 | | | Reduced data set: T,,(0v) >1.57x10%® yr (90% CL)

2038.5 keV

Counts / 2 keV

2020 2030 2040 2050 2060

Energy (keV)
Fig. 110. The energy spectrum accumulated in the IGEX experiment in the vicinity of
neutrinoless double beta decay #Be. Fits of the data and excluded peaks are stiomthe
data setsvith and without application of PSD

The HeidelbergMoscow (HM) experiment was dsed on 5 HPGe detectors enriched
in "°Ge at the level of 86%he detectors with total mass of 10.96 kg weoperatedat 3600
m.w.e. at the Laboratori Nazionali del Gran Sasso (LNGS, Assergi, Italyle background
level atQ, pw a s0.06counts’k e VL kglLyr ), thanks to a shiel
The achieved energy resolution was 3.9 keV at the erk988.5 keV After analysis ofthe
data fom35. 5 kg | y e a r -lifeelixip onsOa 2 B , d & 6Ge ywds &dt fs
Y pB p 1 yr (90% C.L.)[86]. However, in 200H.V. KlapdorKleingrothauswith a
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few co-authorshasclaimed the discovery dd 3 2 b  dlecaangunced halife time of
032b de¥ay mwap® p 1 yr(95% C.L), with a best value of 15 %

[100. The derivedvalue of the effective neutrino masssd Ot (0.117 0.56) eV at 95%

C.L., with a best value of 0.39 eVaking into account the uncertainties in the nuclear matrix
elements the claimed range for the effective neutrino mass can be wider by at most a factor 2.
The small peak at the ener@y sof °Ge was identified as due the0 3 2 b  df éGea y
However, he scientific community (includinthe mostpart of the HM collaboration) harshly
criticizedtheclaim[101, 102 103 104]. The skepticissm ai sed due t o some p
identi fied, the c¢claimed 032b decay peak w;:
chosen for the analysis, and its statistical significance seems to betlamethe claimed

2.20 .

Fig. 111 The total sum spectruwf 5 HPGedetectorsenriched in"°Ge (total detectors mass
10.96 kg)measuredn the HeidelbergMoscow experiment. Theenergyspectra aren the
range 200keVi 2060 keVwith its fits for the periods(a) August 1990 to May 2000 (50.57
k g ) (byyAugust 1990 to May 2003 (71K g ); (c)yNovember 1995 to May 2003
(56.66k g ). (d)ySearchior the lines in theenergyspectrum(c) by usingthe maximum
likelihood method The Bi lines at 2010.7, 2016.2021.8 and 2052.9 ke¥an beseen,with

thesignal atD 2039 keV[109.
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