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FOREWORD OF THE EDITOR

This monograph is the third issue of a three volume edition
under the general title “Dark Energy and Dark Matter in the
Universe”. The authors discuss the observational evidence of
the dark matter in the large-scale structures of the Universe
as well as the dark matter particle candidates.

The first Chapter of this volume has a special meaning
for all the authors of the “Dark Energy and Dark Matter
in the Universe” monograph because it includes the last
papers and notes by Prof. P.I. Fomin, the leading scien-
tist in the “CosmoMicroPhysics” scientific field in Ukraine.
In these latter issues, which have been written altogether
with A.P. Fomina, they have shown that the self-gravity and
gravitational interaction of quantum vacuum fluctuations
radically reduces the energy density of the physical vacuum
relative to the predictions of local quantum field theory. In
this case, the vacuum space becomes discrete and crystal-li-
ke on the Planck length scales. The development of vacuum
condensates connected with breaking continuous symmetri-
es produces additional reduction of the vacuum energy and
makes it an acceptable candidate for dark energy manifes-
ting itself as the acceleration of the cosmological expansion
of space. The condition of spatial closeness allows one to
give an upper bound on the vacuum energy density. Statio-
nary radial flows of vacuum condensates are further used to
explain the nature of dark matter.

As regards the term “CosmoMicroPhysics”, it might be
interesting to point out several facts related to the foundati-
on of this research field in the former USSR. Dr. Yuri Shta-
nov, one of the authors of Volume 1 of this monograph
related to the Dark Energy problem, recalls the story told
him by late Prof. P.I. Fomin that it was him who first coi-
ned this term and proposed it to the Russian colleagues
who were looking for a good Russian equivalent of the term
“astroparticle physics”.

11



Foreword of the Editor

The astrophysical direct and indirect evidence of the presence of dark
matter in galaxy clusters and groups is discussed in Chapter 2, prepared by
I. Vavilova and Tu. Babyk. The authors give a brief summary of the discovery of
dark matter and dark matter models. While considering the galaxy groups, the
problem of a common halo of groups and halo of individual galaxies in groups
is discussed under the evaluation of the “mass-to-luminosity” ratio for sparse
galaxy groups in the Local Supercluster and for samples detached from the
SDSS spectroscopy survey (this Chapter is prepared by A.Elyiv, O. Melnyk,
and I. Vavilova). The next Chapter, written by S. Sergeev and N. Pulatova, is
related to consideration of the galaxies with active nuclei, including methods
and results of evaluation of the masses of supermassive black holes in their
centres as well as properties of host galaxies. The great attention is paid
to the dark matter evaluation in the X-ray galaxy clusters, where the DM
conception is widely applied to describe the density profiles at the wide scale
of cluster’s radii.

In the Chapter 5 “Interaction In The Dark Sector” prepared by Yu. Bolotin,
A. Kostenko, D. Yerokhin, and O. Lemets, the authors consider in detail diffe-
rent topics associated with interaction in the dark sector. Although the Stan-
dard Cosmological Model postulates an absence of interaction between the dark
components, there is no fundamental reason for this assumption in the absence
of an underlying symmetry which would suppress the coupling. Furthermore,
the latest observations (such as the PLANCK collaboration) at the very least
do not eliminate this possibility. For these reasons, the study of dark sector
interaction is an important field of study, and holds many possibilities. The
greatest amount of attention is given to the mechanisms of energy exchange
between dark energy and dark matter. We do not only introduce the reader
to a large amount of interaction models used in literature (both linear and
nonlinear), but also demonstrate how these models affect the dynamics of the
Universe. It is shown that the inclusion of dark sector interaction on the one
hand greatly expands the capabilities of the Standard Cosmological Model. On
the other hand, it allows for a simple return to the fundamental results of the
Standard Cosmological Model when the interaction is taken to be weak. The
presence of interaction in the dark sector also simplifies the solution of a series
of “classical” cosmological problems, such as the cosmic coincidence problem.

Right-handed (sterile) neutrinos are one of the most popular dark matter
particle candidates. In the Chapter 6, which is written by A.Boyarsky and
D.lakubovsky, the authors quantify the properties of ‘sterile neutrino Uni-
verse’ depending on two basic parameters — the mass of sterile neutrino dark
matter particle and its interaction strength with ordinary particles. In additi-
on to model-independent analysis, throughout this Chapter, they rely on the
baseline model — minimal extension of the Standard Model with three right-
handed neutrinos. This popular model, dubbed ¥MSM, provides viable and
unified description of three major “beyond the Standard Model” phenomena —
dark matter, matter-antimatter asymmetry and neutrino oscillations. It is

12



Foreword of the Editor

among a very few models that provide testable resolution of these “beyond the
Standard Model” puzzles in the situation when no new physics is found at the
LHC (the so-called “nightmare scenario”) and suggests how the nature of dark
matter and other “beyond the Standard Model” phenomena may nevertheless
be checked experimentally using existing experimental technologies and major
infrastructure.

Particle properties play a key role in cosmology and astrophysics. Experi-
mental investigations of neutrinoless double beta decay (an unique way to
study neutrino and weak interactions) and solar axions (promising candi-
dates for dark matter), measurements of neutrino fluxes from the Sun and
the Earth, search for effects beyond the Standard Model (electric charge non-
conservation, disappearance of nucleons, electromagnetic properties of neutri-
no), development of low counting experiments to search for dark matter are
presented in this volume in the Chapter 7 prepared by F. Danevich, V. Koby-
chev, and V. Tretyak. The experiments call for extremely low counting rate and
typically are carried out deep underground to minimize background caused by
cosmic rays, and use low radioactive nuclear spectroscopy technique. Extremely
low background conditions of the frontier astroparticle physics experiments
provide also possibility to study very rare beta and alpha decays.

Among the numerous DM candidates ones of the most popular are
weakly-interacting massive particles (WIMPs) due to the “WIMP miracle™
thermally produced in hot early Universe particles with weak-scale mass and
weak interaction velocity averaged cross-section automatically provide close to
observed DM abundance. In the supersymmetry (SUSY) as the most promising
theory for the extension of SM the lightest neutralino is a leading WIMP candi-
date. WIMPs can annihilate (or decay if they are metastable) into SM particles
(protons-antiprotons, electrons-positrons, deuterons-antideuterons, neutrinos
and photons) with energies of order of DM masses, i.e., into cosmic ray partic-
les and photons in subGeV-TeV range. Annihilation or decay of more massive
DM particles (superheavy dark matter (SHDM), WIMPZILLAS with masses
up to GUT scale) could produce ultra high energy cosmic rays. These properti-
es of DM particles open the possibility for indirect DM detection in cosmic ray
window. The state-of-the-art in the search of the signatures of DM annihila-
tion/decay in the observed spectrum of cosmic rays is discussed by B. Hnatyk
in the Chapter 8.

This volume was prepared by the authors in 2012-2013 years and revised
additionally in 2014.

V.SHULGA
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CHAPTER

SEARCH FOR EFFECTS

BEYOND THE STANDARD MODEL
OF PARTICLES IN LOW
COUNTING EXPERIMENTS

F.A. Danevich, V.V. Kobychev, V.I. Tretyak

In fundamental physics,
if something can be tested, it should be tested.

L.B. Okun [355]
7.1. Introduction

Properties of particles and interactions — and, in particular,
properties of neutrino and weak interactions — play a key
role not only in particle physics, but also in cosmology and
astrophysics. Measurements of neutrino fluxes from the Sun,
from cosmic rays in atmosphere, from reactors and accele-
rators give strong evidence of neutrino oscillations, an effect
which cannot be explained in framework of the Standard
Model of particles. Search for neutrinoless double beta decay
is considered now as an unique tool to study properties of
neutrino. Study of this extremely rare nuclear decay with
the help of nuclear spectrometry methods, without building
of rather expensive accelerators, allows to investigate quite
wide range of interesting and important effects beyond the
Standard Model: nature of neutrino (is neutrino Dirac or
Majorana particle), an absolute scale and the mass scheme of
neutrino, to check the lepton number conservation, examine
existence of hypothetical Nambu—Goldstone bosons (majo-
rons) and right-handed currents in weak interaction.
Experiments with neutrino detectors, in addition to
fundamental investigations of neutrino oscillation parame-
ters, provide important knowledge of electromagnetic pro-
perties of neutrino, examine possible existence and mixing
with heavy neutrino. Furthermore, the experiments direc-
ted to detect solar or/and reactor neutrinos can study
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CHAPTER 7. Search for effects beyond the Standard Model of particles

neutrino flux from the Earth providing an unique information on our planet
structure.

Development of sensitive experimental technique to search for double beta
decay, the rarest process ever observed, allow in parallel to study several hy-
pothetical particles and processes, such as decay of electron or nucleons, viola-
tion of the Pauli principle, search for mass of photon, etc. Another direction of
astroparticle (underground) physics is search for axions, hypothetical particles
predicted to explain the strong CP problem in quantum chromodynamics.
Axions are also considered as very promising candidates to explain dark matter
in the Universe.

There is an evidence for a large amount of invisible (dark) matter in the
Universe, which reveals itself only through gravitational interaction. Weakly in-
teracting massive particles (WIMPs), in particular neutralino predicted by the
Minimal Supersymmetric extensions of the Standard Model, are considered as
one of the most acceptable components of the dark matter. A few current large
scale projects to search for dark matter require development of massive (hund-
reds and thousands kg) ultra-low background detectors which contain certain
elements (or variety of elements), have low energy threshold, are extremely
radiopure, and are able to distinguish very weak effect from background.

Scintillation detectors possess range of unique properties for the low coun-
ting experiments: low radioactive contamination, presence of different elements,
stability over tens of years of operation, reasonable price. Moreover, develop-
ment, during the last decade, of the technique of low temperature scintilla-
ting bolometers give a “second wind” for the scintillation method allowing to
reach very high energy resolution and low energy threshold, excellent partic-
le discrimination ability, which are especially important features for the next
generation double beta and dark matter experiments.

Double 8 decay and dark matter experiments demand super-low radioacti-
ve background which can be reached only in deep underground laboratories and
with detectors constructed with super-pure materials. Development of experi-
mental methods to search for the rare events gives possibility to search for
other rare processes in nuclear and particle physics, such as transition of nuclei
to super-dense state, nuclear decays with cluster emission, rare 5 and « decays.

We present here brief reviews of current status and describe several recent
results obtained in the field over last few years.

246



7.2. Double beta decay

7.2. Double beta decay
7.2.1. Basic theory and experimental status

Double beta (23) decay of atomic nuclei was considered by
Maria Goeppert—Mayer in 1935 as nuclear process changing a nuclear charge
by two units [257]. As an example, scheme of decay of '9Cd is shown in Fig. 7.1.
Two neutrino (2v) double beta decay, a process of transformation of nuclei
with simultaneous emission of two electrons (positrons) and two antineutrinos
(neutrinos):
(A, Z) = (A, Z +2) + 2e + 20,

(A, Z) = (A, Z —2) +2e" + 20,

is allowed in the Standard Model (SM). In addition to decay with emission of
two positrons, capture of electron with positron emission, and double electron
capture are possible:
e +(A,Z) = (A, Z —2) +et + 2u,,
2¢ + (A, Z2) = (A, Z —2) + 2v..

However, being the second order process in weak interaction, 25 decay is
characterized by an extremely low probability: to-date it is the rarest decay
observed in direct laboratory experiments. It was detected only for 11 nuclides;
corresponding half lives are in the range of 108—10%* yr [410,411]. The posi-
tive experiments where the two neutrino double beta decay was observed, and
experiments giving the most stringent limits on two neutrino channel are listed
in Table 7.1 (more detailed information, especially on geochemical experiments

1" 0
0" 0 18 In
116
48 Cd ____________________
]
03 2027
07 1757
2° 1294
0,5=2809(4) keV
0" 0
"1 Sn

Fig. 7.1. Decay scheme of *'°Cd. Energies of excited levels and emitted
~ quanta are in keV. Qap is the double beta decay energy [57]
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CHAPTER 7. Search for effects beyond the Standard Model of particles

Table 7.1. Half lives relatively to 2023~ decay. The data

are presented for transitions to the ground states of the daughter nuclei.
Transitions to the first 01*' excited levels of the daughter nuclei (07 — Of)
are observed for Mo and '5°Nd. If two uncertainties are given,

the first one is statistical, and the second one is systematic

Isotope Ty /2, years Experimental method Ref.
$BCa (4.3721 £ 1.4) x 10*° Enriched *®Ca in time-projection chamber [65]
(4.273-3) x 10" Enriched *®*Ca between planar Ge detectors | [168]
(44795 £0.4) x 10" Tracking calorimeter NEMO-3 [413]
Ge (9.0 £+ 1.0) x 10%° HPGe detectors with enriched "®Ge [418]
(1.175:8) x 10* Same [332]
8.4710) x 10 ? 167
El 1 :E(s))Q) x 102! " | [4}
(1.77 £0.017313) x 10** |7 [261]
(1.55 £0.017319) x 10** |7 [291]
(1.74 £0.017318) x 10** |7 [215]
82Ge (1.24 0.1+ 0.4) x 10 Geochemical [318]
1.0879:26y » 1020 Enriched #2Se in time-projection chamber 228
0.06
(8.3+1.04+0.7) x 10" Tracking calorimeter NEMO-2 [45]
(9.6 +0.3 £1.0) x 10" Tracking calorimeter NEMO-3 [46]
967y (3.940.9) x 10" Geochemical [280]
(2.175%) x 10%° Tracking calorimeter NEMO-2 [44]
(9.443.2) x 10'® Geochemical [429]
(2.3540.14 £ 0.16) x 10" | Tracking calorimeter NEMO-3 [36]
100\ | (3.3%39) x 108 Enriched '°°Mo between plastic scintillators | [419]
and proportional chambers
(1.275:3) x 10* Enriched '°°Mo between plastic scintillators | [221]
in a proportional chamber (ELEGANT V)
(9.54 0.4 +£0.9) x 10'8 Tracking calorimeter NEMO-2 [202]
(7.6722) x 10'8 100Mo foil between Si(Li) detectors [22]
(6. 82*8 38 +0.68) x 10'® | %Mo foil in time-projection chamber [387]
(7.240.941.8) x 10'® 199Mo in ionization chamber with liquid argon | [50]
(2140.3) x 10*® Geochemical [265]
(7.11 4 0.02 + 0.54) x 10*® | Tracking calorimeter NEMO-3 [46]
100Mo | (6.1F1%) x 10%° HPGe v spectrometry of 1Mo sample [71]
0t — 07| (9 3+§ %) x 10%° HPGe v spectrometry of '°°Mo samples [78]
(5.9727 £ 0.6) x 10%° HPGe v spectrometry of 1Mo sample [166]
5.7753 £0.8) x 10%° Tracking calorimeter NEMO-3 48
0.9
(5.5752 +£0.3) x 10%° HPGe v spectrometry of 1Mo sample [281]
(6.975% +£0.7) x 10%° HPGe v spectrometry of Mo sample [91]
HiCcd  [>1.3 x 10" at 90% CL CdWOy crystal scintillator [92]
H6cq (2.6752) x 10%° 16Cd foil between plastic scintillators [222]
in a proportional chamber (ELEGANT IV)
(2.975%) x 10%° H6CdWOy, crystal scintillators [200]
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7.2. Double beta decay

Table 7.1. Continued

Isotope Ty /2, years Experimental method Ref.
(3.75 4+ 0.35 £ 0.21) x 10" | Tracking calorimeter NEMO-2 [47]
(2.88 4 0.04 £ 0.16) x 10" | Tracking calorimeter NEMO-3 [413]
128 (1.8 4£0.7) x 10** Geochemical [317]
(7.74£0.4) x 10* Geochemical [150]
(2.440.4) x 10* Geochemical [329]
199Te (2.60 £0.28) x 10°* Geochemical [287]
(7.5+0.3+2.3) x 10% Geochemical [317]
(2.740.1) x 10* Geochemical [150]
(7.941.0) x 10%° Geochemical [404]
(6.141.472:2) x 10%° Cryogenic bolometer with TeOs crystals [42]
(9.0 4 1.4) x 10%° Geochemical [329]
(7.0£0.9+1.1) x 10%° Tracking calorimeter NEMO-3 [43]
136Xe >1.0 x 10*? at 90 % CL Scintillation detector with liquid xenon [148]
enriched in **Xe
>8.5 x 10%! at 90% CL High-pressure proportional counter [245]
filled by enriched '**Xe
(2.1140.04 £0.21) x 10*' | EXO time projection chamber 8]
filled by liquid enriched **¢Xe
(2.38 4 0.02 £ 0.11) x 10*' | KamLAND-Zen liquid scintillator [243]
loaded by enriched **¢Xe
150Nd (1.8879:55 +£0.19) x 10*° 150Nd sample in time-projection chamber | [39)
(6.7570:37 £ 0.68) x 10*® 150Nd sample in time-projection chamber | [387]
(9.1179:35 £ 0.63) x 10*® Tracking calorimeter NEMO-3 [35]
150Nd (1.3379-36+0-27y » 1020 HPGe v spectrometry of '*°Nd sample [79]
0t — of
160Gq >1.9 x 10 at 90 % CL Gd2SiOs5(Ce) crystal scintillator [201]
186y >2.3 x 10 at 90 % CL ZnWOy crystal scintillators [93]
287 (2.0 £ 0.6) x 10** Radiochemical [415]

with 82Se, 128Te, 130Te can be found in [410,411]). Estimation of average half
lives of the nuclides is proposed in [70]. It should be stressed, that comparison
of the measured half lives of different isotopes relatively to the two neutrino
mode allows to tune theoretical calculations for the neutrinoless mode (see
below), important to derive values of the effective neutrino mass from experi-
mental data.

In 1937 Ettore Majorana has introduced a true neutral neutrino equivalent
to its antiparticle (Majorana neutrino, v = ) [323]. In 1939 W.H. Furry [240]
considered at the first time possibility of neutrinoless double beta (0v2(3) decay,
a process of transformation of (4, Z7) to (A, Z £+ 2) through exchange of vir-
tual Majorana neutrinos and accompanied by emission of only electrons or
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CHAPTER 7. Search for effects beyond the Standard Model of particles

positrons:
(A, Z) = (A, Z £2) + 2eT.

Neutrinoless 28 decay of atomic nuclei is forbidden in the SM because this
process violates the lepton number by two units [52, 53, 75,225, 227,229, 253,
259,347,374,420,421,435]. However, this decay is predicted in many SM exten-
sions which expect in a natural way that the neutrino is a Majorana particle
with non-zero mass. While experiments on neutrino oscillations already gave
evidence that the neutrino is massive [216,341], these experiments are sensitive
only to neutrino mass differences. Double beta decay experiments are conside-
red to-date as the best instrument to determine an absolute scale of neutrino
mass, establish the neutrino mass hierarchy, probe the nature of the neutrino
(is it a Majorana or a Dirac particle?), test conservation of the lepton number.

The half life of 0v23 decay is inversely proportional to the square of the
effective Majorana mass of neutrino (m,):

(Tys7) 7 = G™(Qps, Z) x [M™|? x (m,)? with (m,) = [SUZm.,|, (7.1)
where G% (Qpp, Z) is the phase space integral, M O is the nuclear matrix
element, m,, are the mass eigenstates of neutrino, U,; — matrix elements of
mixing between the mass eigenstates and flavor states of neutrino.

Experimental investigations of double [ decay are carried out by different
approaches: geochemical (measurements of daughter isotopes in old minerals
containing element of interest), radiochemical (detection of alpha activity of
daughter nuclei in a sample of uranium), direct counting methods by using
nuclear detectors. According to Yu.G. Zdesenko [435], the last approach can
be divided in two different classes: (a) experiments using a “passive”’ source
placed near detectors; and (b) experiments involving an “active” source, in
which a detector contains 2 decay candidate nuclei and thus serves as both
source and detector simultaneously.

Developments in the experimental techniques during the last two decades
lead to an impressive improvement of sensitivity to the neutrinoless mode of
23~ decay up to 10?3-10%° yr. Readers can find an interesting historical review
of double beta decay studies in [76]. History of false discoveries of this rare
process is presented in [409]. Results of the most sensitive experiments to search
for Ov23~ decay are given in Table 7.2.

In more general terms the half life relatively to the 0v28 decay should
include also admixtures of hypothetical right-handed currents in weak inte-
ractions:

(1)~ = o (22 o ) o )
Me Me Me
+ O + Coy () + CX5 (N (),
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7.2. Double beta decay

Table 7.2. Results of the most sensitive experiments
to search for 0v23~ decay. If not specified explicitly, the limits are given
for the transition to the ground state of the daughter nuclei. The values
of the effective Majorana neutrino mass (m,) and coupling constants (\), (n)
derived from high sensitivity 023 decay experiments are also presented.
The limits on (m, ) and (n) from the observation of 23 decay of '*®Te
were derived under assumption that the 23 decay of this isotope

is due to the neutrinoless decay [150]

tIcS);:a Ty /s, years | CL my, eV n(1076) | A(10~8%) Experimental method Ref.
BCa [>1.4x10%2 |90% CaF3 crystal scintillators 353
>5.8 x 1022 416
6Ge [>7.4%x10%% [90% <1.1 <0.64 |HPGe detectors from 261
>1.9x 1025 |90% <0.35 enriched 76Ce 291
>1.57 x 10%% |90 %| < (0.33—1.35) . . 5]
(2.237524) x|68 %| 0.32 4+ 0.03 |0.69275-93810.305 10528 [290]
x 10%°
82Ge [>2.7x 1022 (68 % 828e foil in time-projection |[228]
chamber
>2.7%x 1022 |90 %| <(1.7—4.9) <3.8 NEMO-3 [46]
967Zr |>9.1x 102! [90% NEMO-3 [36]
100Mo|>5.5 x 1022 |90 %| <(2.1)—4.8 100Mo foil between plastic  |[220]
>4.2 x 1022 <(3.2—4.7) scintillators in proportional
>4.9 x 1022 <(2.4—2.7)|chamber (ELEGANT V)
>4.6 x 1023 190 %| <(0.7—2.8) <2.5 NEMO-3 46
>8.9 x 1022 |90 % NEMO-3 48
14Cd [>1.1 x 1021 |90 % CdWOy crystal scintillator |[92]
116Cd|>1.7x 10%% |90 %| <(1.5—1.7) <2.2 <2.5  [116CdWO, crystal [200]
>1.4 x 1022 scintillators
>£4 x 1022
(07)
>3.9 % 1022
@)
128Te |>1.1 x 1023 |90 % TeO2 cryogenic bolometers |[42]
(7.2+0.4) x <(1.1—1.5) <5.3 Geochemical [150]
x 1024
130Te [>2.1 x 1023 |90 %| <(1.6—2.4) <(0.9—5.3) |TeO2 cryogenic bolometers |[42
>3.0 x 1024 <(0.19—0.68) 41
>3.1 x 1022 42
1)
134Xe |>5.8 x 1022 |90 % Liquid xenon scintillation  |[148]
detector
136Xe |>3.4x 1022 |90 %| <(1.8)—5.2 Time %rojection chamber [424]
>2.6 x 1023 <4.4 <2.3  |with 136Xe
>1.2 x 1024 <2.9 Liquid xenon scintillation [148]
detector
150Nd|>1.2 x 1021 {90 % Time projection chamber [387]
with 150Nd foil
>1.8 x 1022 |90 %| <(4.0—6.8) NEMO-3 [35]
160Gd|>1.3 x 102! |90 % Gd2SiOs5(Ce) crystal [201]
scintillator
186W |>1.1x 1021 |90 % CdWOy crystal scintillators |[200]
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Table 7.3. The most sensitive experiments to search for double
B decay with majoron emission. All the limits are given at 90 % CL

Isotope Ty /2, years Experimental method Ref.
6Ge >1.7 x 10%2 HPGe detectors with enriched "®Ge [87]
82Ge >1.5 x 102 NEMO-3 [49]
100Mo >2.7 x 10%? NEMO-3 [49]
Hecq >8.0 x 10%! H6CAWO, crystal scintillators [200]
128 e >7.2 x 10** Geochemical [150]
130T >2.2 x 10%! TeO2 cryogenic bolometers [42]
136X e >5.0 x 10% Liquid xenon scintillation detector [148]
150Nd >1.5 x 10*! NEMO-3 [35]

where () describes the coupling between the right-handed lepton current and
right-handed quark current, and (n) describes the coupling between the right-
handed lepton current and left-handed quark current. The effective Majorana
neutrino mass and the right-handed current coupling constants derived from
the most sensitive 02 decay experiments are presented in Table 7.2.

Neutrinoless 25 decay may also occur due to existence of majorons, hy-
pothetical neutral pseudoscalar zero mass (or very light) Nambu—Goldstone
bosons, which couple to Majorana neutrinos and may be emitted in the neutri-
noless 23 decay [180,181,246]). The most sensitive experiments to search for
majorons are presented in Table 7.3.

According to the Schechter—Valle theorem [383], observation of neutrino-

less double § decay implies the Majorana nature of neutrinos with non-vani-
shing mass. Generally speaking, the neutrinoless double beta decay can be
mediated by different hypothetical processes beyond the SM.
Broad energy spectra of two
2v2B OvM2 OvM™™ ovM1 0v2B electrons are expected in case
1ot N b N of two neutrino 23 decay and
NG ) neutrinoless double § decay with
emission of one, two and bulk
[342] majorons. A sharp peak
with the energy equal to (gg
and the width determined by the
energy resolution of a detector is
expected in a case of 0v23 decay
(see Fig. 7.2).

Several  high  sensitivity
double beta decay projects are

Arbitrary scale

0 1000 2000 3000
Energy, keV

Fig. 7.2. Response functions of a detector with
the energy resolution 4 % (full width at the half of . X ’
peak maximum, FWHM) for the 2v and O modes I} preparation or in R&D stage:
of the 28 decay of *°Cd CANDLES (search for 23 decay
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Fig. 7.3. Decay scheme of 1°°Cd. Energies of excited levels and emitted
quanta are in keV (relative intensities of v quanta are given in parentheses).
Q23 is the double beta decay energy

of #8Ca with the help of CaFy scintillators [433]), CUORE (!3°Te, low
temperature TeOg bolometers [40,234]), GERDA [385] and MAJORANA |3]
("°Ge, semiconductor high-purity germanium detectors), LUICFER (¥2Se,
ZnSe scintillating bolometers operated at 20 mK [254|) and SuperNEMO
(track detector based on NEMO-3 technology [72]), AMoRE (1Mo, CaMoOy4
crystal scintillators [314]), EXO (13¢Xe, time-projection chamber filled by
liquid xenon with detection of scintillation [23]) and KamLAND-Zen ('3%Xe
dissolved in large volume liquid scintillator [405]), SNO+ (1%9Nd, neodymuim
loaded liquid scintillator [178]). All the experiments (except the CANDLES
and CUORE projects in their first stages) intend to use hundred kilograms of
enriched isotopes.

Experimental investigations are concentrated mostly on 25~ decays, pro-
cesses with emission of two electrons. Results for double positron decay (281),
electron capture with positron emission (¢47), and capture of two electrons
from atomic shells (2¢) are much more modest (as an example, the decay sche-
me of '°Cd is presented in Fig. 7.3). The most sensitive experiments give limits
on the 2¢, e8T and 23% processes on the level of 10'6—10%! yr (see Table 7.4).

253



CHAPTER 7. Search for effects beyond the Standard Model of particles

Table 7.4. Results of the most sensitive experiments

to search for double electron capture (2¢), electron capture with emission

of positron (¢87), and double positron emission (281). In those cases where
it is not specified, the limits are given for the transitions to the ground
state of the daughter nuclei. Results correspond to 90 % CL, except

of [98,145,328] which correspond to 68 % CL

Modes and channels .
Isotope of decay Ty /2, years Experimental method Ref.
40Ca 20v2e >5.9 x 1021 CaF32(Eu) crystal scintillators [94]
647n 202K >1.1 x 1019 ZnWOy4 crystal scintillators [95]
Ov2e >3.2 x 1020 Same
2ueft >1.0 x 1021 |”
Oveft >8.7x 1020 |7
7Se 0v2e(25,1204.2 keV) >5.5 x 1018 HPGe ~ spectrometry of enriched 74Se [73]
8Kr 202K >1.5 x 1021 Proportional counter with enriched "8Kr | [244]
9Ru 0v2K >1.2 x 1019 HPGe « spectroscopy of Ru sample [96]
2vepBt >2.5 x 1018 Same
2026+ >3.9x 1018 |7
106cq 2v2¢ >3.6 x 1020 |106Cd foil between HPGe (TGV) [378]
2uvepBt >4.1 x 1020 106Cd sample between Nal(Tl) detectors| [98]
Oovept >3.7 x 1020 Same
(2v + 0v) 287+ >1.6 x 1020 |”
Ov2e >1.3 x 1021 106 CdWO, crystal scintillator [99]
OveBt >2.6 x 1021 Same
2026+ >6.0 x 1020 |7
028t >1.3 x 1021 |”
108¢dq 202K >1.1 x 10'®  |CdWO4 crystal scintillator [92]
Ov2e >1.0 x 1018 Same
120 2vepBt >7.6 x 1019 | TeOq cryogenic bolometers [26]
OveBt >1.9 x 1021 Same
130, 2e +eBt + 28T [(2.240.5) x 102! | Geochemical [328]
1328, 2 >2.2 x 1021 | Geochemical [328]
136 Ce 202K >3.2 x 1016 CeCl3 crystal scintillator [100]
02K >3.0 x 10'®  |Same
2vefBt >2.4 x 1016 |”
Ovept >9.0 x 1016 |7
20267+ >1.8 x 1016 Gd2S05(Ce) crystal scintillator [201]
ov28+ >6.9 x 107 CeF'3 crystal scintillator [145]
156 Dy 22K >6.1 x 10'*  |HPGe v spectrometry [101]
02K >1.7 x 1016 |Same
(2v + 0v) Bt >1.9x 1016 |»
180w 202K >1.0 x 1018 ZnWOy4 crystal scintillators [95]
0v2e >1.3 x 10'®  |Same
190py, 202K >8.4 x 1014 HPGe ~ spectrometry [102]
02K >5.7 x 1015 Same
2ueBt >9.2 x 1015 |?
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7.2. Double beta decay

Reasons for this situation are: 10%
(1) lower energy releases in 2¢, 10%] (my=0.02 eV
efT and 2B processes in com- 107
parison with those in 28~ de- 10°4 (my)=10.3 eV
cay, that result in lower proba- & ;3] (my=1¢eV
bilities of the processes, as well i:‘ 102
as making background supp res- = q2]
sion difficult; (2) usually lower = ;7]
natural abundances of 237 iso- 102
topes (which are typically lower- 1021
than 1% with only few excep- : v ' . v
1 10 10° 10° 10*

tions). Nevertheless, studies of
neutrinoless 2¢ and 8T decays AE, eV

are important to explain the me- FZg 74. Calculated dependence of the half life

chanism of neutrinoless 25~ de- of 1°°Cd relatively to the resonant Ov2e capture
to excited levels of '°°Pd on parameter AE (see

c.ay: is it due to non—zgro neut- text) for different values of the effective neutrino
rino mass or to the right-han-  pagss [99]

ded admixtures in weak inte-
ractions [266].

Another important motivation to search for double electron capture
appears from a possibility of a resonant process due to energy degeneracy
between initial and final state of mother and daughter nuclei. Such a coinci-
dence could give a resonant enhancement of the neutrinoless double electron
capture. The possibility of the resonant neutrinoless double electron capture
was discussed time ago in [149, 398,422, 432|, where an enhancement of the
rate by some orders of magnitude was predicted. Such a resonant process could
occur if the energy of transition (Qgg) minus two binding energies of electrons
on atomic shells of daughter nucleus is near to the energy of the ground or an
excited level (Eexe) of a daughter isotope. Fig. 7.4 shows results of calculati-
ons [99] for one of the most promising isotopes %Cd.

The half life relatively to 0v2e decay is expected to become shorter with
decrease of the difference between the initial and the final state of mother
anddaughter nuclei:

AE - Q,Bﬁ - Eexc - (Ebl + Ebj)7

where Fj, and Ej; are the energies of binding electrons on ¢ and j shells of
daughter atoms (a combination ¢ = j is also possible). The potentially 2¢ active
nuclei having excited levels with energies satisfying such a condition are listed
in Table 7.5.

It should be stressed that the present accuracy of the data on the energy
of 28 decay (which come from the accuracy of atomic mass measurements) in
most of the cases is on the level of a few keV. Therefore, precise measurements
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7.2. Double beta decay

4x10%3—5x10%2 [307]
4x10%3—-5x102° [307]
1x10%4-8x10%2 [307]

3x1027—5x1030 [398],
3x1022-4x1027 307
3x1022-2x10%7 [307]
3x1023—6x103! [307)

>1.3x10'8 [95]
>2.9x1016 [102]

—4.244
—1.04+4
13.2+4
—9.9+1
—0.7£6

5.7+2.1

KLi, 1-, 1358.9

2N, 01, 1422.1

2K, g.s. 0F
2N, (0,1,2)*,1382.4

2L1, g.s. 0t
2K, 01, 1322.1

57.5
0.45
65.4
69.5
0.65

Ep(L1) = 9.0
Ey(K)
Ep(N1)
Ey(K)
Ey(K)
Ey(N1)

0.02(1) %,

164 Er 164Dy, 1.601(3) %, 23.7(2.1)
168yH 3168 Er, 0.123(3) %, 1422(4)
180W 180 1f, 0.12(1) %, 144(4)
190pt 19005, 0.014(1),%, 1383(6)

184Oq—>184w
S )

1451.2(1.0)

of atomic mass difference for the potentially interes-
ting isotopes and accurate determination of the excited
levels characteristics (spin, parity, decay channels) are
requested. Meanwhile, development of experimental
technique to search for double electron capture in dif-
ferent nuclei is important. The resonant double elect-
ron capture experiments can be realized both by the
“passive” and “active” source techniques. One should
keep in mind that nuclei with high nuclear charge Z
are favorable from the point of view of the decay pro-
bability.

Recently several experiments were performed to
search for resonant double electron capture. Scintilla-
tion technique was applied to investigate °6Cd [99]
and '80W [95], while ultra-low background HPGe 7
spectrometry was used to search for resonant processes
in ™Se [73], %Ru [96,97], 5Dy, 8Dy [101] and %Pt
[102]. According to estimations 226, 389], in case of
152Gd and '%*Er the sensitivity can be comparable
to the favored Ov28~ decays of nuclei. However, the
energy release in double electron capture of these
nuclei is expected to be very low (several keV) which
makes certain difficulties to carry out high sensitivity
experiments.

7.2.2. Search for 23 processes
with the help of low background ~ spectrometry

Search for 283 processes in %6 Ru, %4 Ru, 156 Dy,
158 Dy, 190 Pt and 198 Pt. A search for 23 decay of
9Ru and '"“Ru was carried out by using a ruthenium
sample with mass of 473 g with the HPGe detector
GeCris (468 cm?) over 986 h, and in the GeMulti set-
up (four HPGe detectors, ~225 cm? volume each one)
over 1176 h in the Gran Sasso underground laboratory
of INFN (Italy). The measurements allowed to estab-
lish limits on 28 processes in ruthenium on the level
of T 5 ~ 101810 yr [96,97]. In 2010 the ruthenium
(the total mass of the initial material was increased
to ~900 g) was purified by electron beam melting to
remove potassium (the activity of “°K in the rutheni-
um before the purification was 3.3 +0.6 Bq/kg, while
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after the purification the activity was reduced by one order of magnitude). Now
measurements are in progress in the GeMulti set-up. We estimate a sensitivity
of the experiment to search for 23 processes in Ru and '°*Ru at the level of
1020—-10?! yr depending on the decay channel.

A search for 2 decay of dysprosium was realized for the first time with
the help of an ultra-low background HPGe ~ detector of 244 cm?® volume.
After 2512 h of data taking with a 322 g sample of DysOg3 limits on 20
processes in 196Dy and Dy have been established at the level of T} 2~ 10M4—
106 yr [101].

The measurements performed over 1815 h with a 42.5 g sample of platinum
with the GeCrys HPGe v spectrometer were used to set limits on double
processes in '%OPt in the range of Typ ~ 104106 yr [102]. The search for
the possible resonant Ov2e capture to the 1382.4 keV level was realized for the
first time.

Main results of investigations of possible resonant neutrinoless double
electron capture in °Ru, 9Dy, ¥Dy and '"YPt are summarized in Table 7.5.

7.2.3. Two neutrino 23 decay
of 199Mo to the first 01 excited level of 1°°Ru

A 1199 g sample of molybdenum oxide with molybdenum
enriched in Mo to 99.5 % was measured over 18120 h in the GeMulti set-up.
Two v quanta of 540 keV and of 591 keV emitted in the deexcitation process
after 20203 decay of 1%Mo to the 0] excited level of “Ru (FEex. = 1131 keV)
were observed both in coincidence and in the sum spectra (the sum spectrum is
shown in Fig. 7.5 together with the background data). The measured half life
Typ = 6.9 8 (stat.) £0.7(syst.) x 102 yr [91] is in agreement with positive
results obtained in previous experiments [48,71,281].

7.2.4. Double 3 experiments
with the help of scintillation detectors

Search for 283 processes in $4Zn, 0Zn, W and
186 W with low background ZnWOQOy, crystal scintillators. A search for
23 processes in %4Zn, 07Zn, ¥OW and W has been performed in the low
background DAMA /R&D set-up at the Gran Sasso underground laboratory
by using ZnWQy, crystal scintillators. First results of the experiment were
reported in [93,103]. New improved half life limits on double beta decay of
Zn and W isotopes were set on the level of 10'®—-10%' yr by analysis of the

total 0.3487 kg x yr exposure [95]. In particular, limits on 23 decay in %4Zn
were set as: T22K > 1.1x101 yr, T72° > 3.2x10% yr, T12725B+ > 9.4%10% yr,
and T8 > 8.5 x 10?2 yr (all the limits at 90 % confidence level). The energy

1/2
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Fig.7.5. The energy spectrum collected for 18120 h with the 1199 g

1090Mo003 sample (top) and the background spectrum collected for 7711 h
(bottom; normalized to 18120 h)

spectrum of the ZnWQ, crystal scintillator @41 x 27 mm measured over 2798 h,
corrected for the energy dependence of detection efficiency, together with the
202K peak of %4Zn with le/’/ZQK = 1.1 x 10" yr excluded at 90% C.L. is
presented in Fig. 7.6. The measured energy spectrum of the ZnWOy scintillati-
on crystals (the total exposure is 0.349 kg x yr) together with the GEANT4
simulated response functions for 3% process in %4Zn excluded at 90 % C.L.
is shown in Fig. 7.7 together with the most important components of the
background.

The 0v2¢ decay in YW was restricted to the level of T} 2> 1.3 % 108 yr
(possibility of this decay can be increased through the resonant enhancement).

Search for 283 decay of cerium with CeClg crystal scintillators.
A search for 23 processes in 26Ce, 138Ce and '#2Ce has been performed over
1638 h by using a 6.9 g CeCls crystal scintillator. New improved half life

limits have been obtained, in particular for 36Ce: T12/”22K > 3.2 x 106 yr,

2 + 0 +
TOZK > 3.0 % 1016 yr, Tl/”;ﬁ > 2.4 x 1016 yr, Tl/”;ﬁ > 0.9 x 107 yr [100].
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The development of radiopure CeCls scintillators is of particular interest: a
resonant Ov double electron capture in 36Ce is possible to a few excited levels
of 135Ba.

Search for double 3 processes in 1°6Cd, 198 Cd, 114 Cd and 16 Cd
with the help of cadmium tungstate crystal scintillators. Search for
double beta processes in '%8Cd and *Cd was realized by using data of
the low background experiment with CdWOQOy crystal scintillator at the the
Gran Sasso underground laboratory. The CdWOy detector, experimental set-
up, measurements and data analysis are described in detail in [104]. Fits of

the measured spectra in different energy regions give the limits on double
processes in 1%Cd and M4Cd (at 90% CL): T12/”22K(108Cd) > 1.1 x 108 yr,

TY2E(198Cd) > 1.0 x 10' yr, TP (M14Cd) > 1.3 x 1018 yr, 7777 (114Cd) >
> 1.1 x 10% yr [92].

Cadmium tungstate crystals enriched in 1°6Cd (231 g, isotopic abundance
of 196Cd 66%) [105] and in 6Cd (1868 g, 82%) [77] were developed (see secti-
on 7.9.2) to search for 2 decay of 1°Cd and ''9Cd. The scintillators show
excellent optical and scintillation properties thanks to a careful purification
of initial materials and to the use of the low-thermal-gradient Czochralski

technique to grow the crystals. Limits on different channels of 28 decay of

1060d: T2 > 3.6 x 10% yr, Tos?" > 7.2 101 yr, TPs?" > 2.1 x 1020 g,

T12/V22ﬁ+ > 2.5 x 10?0 yr, Tlo/z/225+ > 2.1 x 10%° yr were derived from the 1320 h

experiment [106]. The resonant Ov2e processes were restricted as Tlo/"22K >

> 1.4 x 10%° yr and Tf/'fzKL > 3.2 x 10?0 yr. An analysis of 6591 h data is in
progress. A new phase of the experiment with the enriched '%CdWOy, crystal

in coincidence with the GeMulti set-up is in preparation.
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Fig. 7.7. The measured energy spectrum of the ZnWQO4 scintillation
crystals (the total exposure is 0.349 kg x yr) together with the GEANT4
simulated response functions for e3% process in °Zn excluded at 90 % C.L.
The most important components of the background are shown. The energi-
es of 7 lines are in keV

A low background experiment to search for double 8 decay of ''6Cd with
the help of the enriched "'5CdWOQy crystal scintillators is in progress. We esti-
mate a sensitivity of a 5 yr experiment (depending on a level of background)
as T} /2~ (0.5—1.5) x 10%* yr. It corresponds, taking into account the recent
calculations of matrix elements [270,298,388|, to the effective neutrino mass
(my) =~ 04—1.4 ¢eV.

Development of crystal scintillators, rather promising technique to search
for double beta decay, will be discussed in section 7.9.2.

7.3. Search for solar axions

7.3.1. Introduction of axions

The general form of the Hamiltonian of quantum
chromodynamics (QCD) contains a term that violates the CP symmetry in
the strong interaction [179,282]. However, this violation is not observed experi-
mentally. For example, only upper (and very strict) limit is measured for the
neutron electric dipole moment, which is related with the CP violating term:
d < 2.9 x 1072 ¢ x cm [347]. This contradiction is known as the strong
CP problem of QCD. One of the most simple and elegant solutions of this

261



CHAPTER 7. Search for effects beyond the Standard Model of particles

contradiction was proposed by Peccei and Quinn in 1977 [359,360] by introdu-
cing a new global symmetry. The spontaneous violation of the PQ symmetry
at the energy scale f, totally suppresses the CP violating term in the QCD
Hamiltonian. Weinberg [426] and Wilczek [431] have independently shown that
this model leads to existence of axion — a new pseudo-scalar neutral particle.
The mass of axion is connected with the scale of the PQ symmetry violation:
ma(eV) =~ 6 x 108/ f,(GeV).

The interaction of axion with different components of usual matter is
described by different effective coupling constants: g, (interaction with pho-
tons), gee (electrons), gon (nucleons), which are also inversely proportional to
fa and those values are unknown (additionally, one should note that relations
of gav, Gae, gan With f, are model dependent).

In the first works, the energy of the PQ symmetry violation was considered
to be close to the scale of the electro-weak symmetry violation and, therefore,
the axion mass is &~ 100 keV. But this value of the axion mass was soon
excluded by experiments with radioactive sources, reactors and accelerators
(see reviews [51,179,282, 283,319,347, 368, 369] and references therein). Then
the standard axion (known as PQWW by names of authors) was substituted
by other models which allow much bigger values of f, up to the Planck mass
of 10! GeV: the hadronic axion model (KSZV) [284,384] and the model of
the GUT axion (DFSZ) [212,441|. The axion mass and the coupling constants
9a~s Gaes gaN , Which are inversely proportional to f,, can have very small values
(mgq down to 10712 eV) in these models, and these axions are sometimes named
as “invisible”. It should be noted that, besides the solution of the strong CP
problem, axion is one of the best candidates on the role of the dark matter
particles [51, 146,283, 319,368,369, 393|.

If axions exist, the Sun can be an intensive source of these particles. They
can be born: (1) in the interaction of thermal v quanta with fluctuating elect-
romagnetic fields within the Sun due to the Primakoff effect and (2) in nuclear
magnetic transitions in nuclides present in the Sun.

The first effect generates the continuous spectrum of axions with energy up
to ~20 keV and the mean value of 4.2 keV [152|. The total thermal axion flux
on Earth depends on the coupling constant g as ¢ = (gay X 100 GeV)2 3.5 x
x 101 ¢cm~2 s~1. The relation of the axion mass m, with Ja~ is model de-
pendent; for example, this flux is equal (in terms of m,) to ¢ = (my/1 eV)?
7.4x 10" cm™2 s7! in the model with GUT axion, whereas other models can
possess a deeply suppressed axion-photon coupling constant [152].

In the second effect, de-excitation of excited nuclear levels in magnetic
(M1) transitions can produce quasi-monoenergetic axions instead of gamma
quanta, due to axion-nucleon coupling g,n. The total energy of axions is
equal to the energy of gamma quanta. These levels can be excited by thermal
movement of nuclei (the temperature of the solar core is equal to ~1.3 keV,
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and, therefore, only low-lying levels, like 14.4 keV level of 5"Fe or 9.4 keV level
of 8Kr, are excited effectively). Other possibility of populating the excited
levels is the nuclear reactions in the Sun (for example, the 477.6 keV level of
"Li is populated in the main pp cycle).

In spite of the theoretical attractivity of axions, any direct experimen-
tal evidences of their existence are still absent. Indirect astrophysical and
cosmological arguments give advantage to the axion mass in the range 1076—
1072 eV or about 10 eV [51,284,319, 347, 368, 369]. The laboratory searches
for axion are based on several possible mechanisms of axion interactions with
the ordinary matter [51,283,319, 368, 369|: (1) the inverse Primakoff effect,
i.e. conversion of axion to photon in laboratory magnetic field (an example of
such the experiment is CAST [443]) or in a crystal detector (for example,
NaI(T1) [144]); (2) the Compton conversion of axion to photon (analogue
of the Compton effect) a + e — v+ e [122]; (3) the decay of axion to two
photons a — v [122]; (4) the axioelectric effect of interaction with an atom
a+ (A, Z) - e+ (A, Z)" (analogue of photoeffect) [122]; (5) the resonant
absorption of axions emitted in nuclear M1 transitions in a radioactive source,
a nuclear reactor or the Sun by the analogue nuclei in a target (see details
below). It should be noted that these mechanisms are based on different kinds
of interactions of axion with matter, they are sensitive to different coupli-
ng constants (gay, Gae, gan), and the limits on the values of the constants
and on the axion mass are model dependent. Thus, diverse experiments are
mutually complementary. While the most of experiments concern the axion-
photon coupling constant g4, only the mechanism (5) is related to the axion-
nucleon constant g,n both in emission and in absorption of axion. This allows
to exclude uncertainty related to the values of g, and gge.

Coming to the Earth, such quasi-monoenergetic axions could resonantly
excite corresponding levels of the same nuclei (“Li, >"Fe, 3Kr, ...). In the
subsequent deexcitation process, v quanta are emitted; they can be observed
with the help of some detectors located near a sample with “Li, 57Fe, 83Kr, ...
nuclei (or incorporating these nuclei). Experiments searching for these ’s have
the following advantages: (1) probability of emission of such axions at birth
and at capture is related only with coupling constant of axions with nucleons
gqN; uncertainties related with gy, gee dissapear; (2) flux of "Li axions is
directly related with the main pp cycle, which determines luminosity of the
Sun (in contrast to axions, connected with thermal excitation of 5"Fe and 83Kr
which have some uncertainties in their solar abundances and distribution of
temperature inside the Sun). Summary of all experiments searched for resonant
excitation of nuclei by solar axions is given in Table 7.6.

As one can see from Table 7.6, the best limits on axion mass in the resonant
excitation experiments were obtained in measurements with " Fe. However, it
should be noted that, because energy of °“Fe excited level is 14.4 keV, axions
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Table 7.6. Summary of searches for quasi-monoenergetic
solar axions coupled to nucleons through resonant excitation of nuclei

Axion source, Ey (keV) Short description limmg (keV) | Year [Ref.|
"Li, B, =477.6 |HP Ge 78 cm®, Li 61.4 g, 2667 h 32.0* 2001 [305]
HP Ge 160 cm?®, LiOH 3.9 kg, 3028 h 16.0° 2005 [204]

HP Ge 408 cm?®, LiF powder 243 g, 722 h 13.9° 2008 [107]
HP Ge 244 cm?, LiF crystal 553 g, 4044 h 8.6 2012 [108]

*"Fe, By = 14.4 | Si(Li), Fe 33 mg (°*"Fe 95%), 1472 h 0.745% | 1998 [306]
Si(Li), Fe 16 mg (*"Fe 80%), 712 h 0.360° | 2007 [207]
Si PIN, Fe 206 mg (°"Fe 96 %), 334 h 0.216" 2007 [348]
Si(Li), Fe 290 mg (*"Fe 91 %), 2028 h 0.159% | 2009 [205]
Total Earth heat flux 1.6 2009 [185]
Si(Li), Fe 1.26 g (*"Fe 91 %), 1075 h 0.145% 2010 [206]
®Kr, E, =94 | PC® 243 cm®, Kr gas 1.7 g, 564 h 5.5% 2004 [274]

@ At 95% C.L. ® At 90% C.L. ¢ Proportional counter.

with mass greater than 14.4 keV (if they exist) just cannot be emitted instead
of ¥ quanta in >"Fe deexcitation. What is why experiments with 7Li, which
has greater excitation energy of 477.6 keV, are also valuable: it is important to
set in “Li measurements m, limit lower than 14.4 keV widening a window in
excluded axion masses to [477.6, 0.145] keV limits. This was done at the first
time in [107]; improved results were reached in [108].

7.3.2. Limit on axion mass from measurements
with different samples containing lithium

In previous experiments searching for solar “Li axions, peak
at energy of 477.6 keV was not observed, and only limits on the peak amplitude
and the corresponding mass of the axions m, were set: (1) in [305], Li sample
with mass of 61 g was measured with HPGe detector 78 cm? during 2667 h that
gave m, < 32 keV; (2) in [204], LiOH target of 3.9 kg was measured with HPGe
160 cm?® during 3036 h resulting in m, < 16 keV. Both these experiments were
performed at the Earth level.

Recently, the following samples were measured in the Gran Sasso under-
ground laboratory of the INFN (Italy) with low background HPGe detectors
to search for solar "Li axions:

e LiF powder 243 g, HPGe 408 cm?, 722 h; it was found that the sample
is polluted by U/Th at ~0.5 Bq/kg, see Fig. 7.8;

e LiF powder 47 g (of different producer), HPGe 408 cm?, 914 h; polluted
by U/Th at 0.2 Bq/kg;

e LiF(W) crystal 224 g, HPGe 244 cm3, 633 h; radiopure, U/Th <
< 0.02 Bq/kg, see Fig. 7.9.
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Fig. 7.8. Energy spectrum of LiF powder 243 g measured with HPGe
detector 408 cm® during 722 h at LNGS in comparison with background

The 477.6 keV peak was not observed in any measurements; only limit on
the peak area and corresponding axion mass can be derived as:

ma = 1.55 x 10" x (S/eN7t)'/4 eV,

where mg is in eV, S is the area of the peak, ¢ is the efficiency of registration of
the 477.6 keV v quanta by the detector, N7 is the number of "Li nuclei in the
target, t is the time of measurement in seconds. While the LiF powder shown
in Fig. 7.8 was polluted, nevertheless it gave slightly better limit on axion mass
of mg < 13.9 keV at 90 % C.L. than other two samples, due to better efficiency
reached with greater HPGe detector [107].

However, it was clear that in the following measurements a LiF (W) crystal
should be used because of its radiopurity. Bigger sample was prepared with
mass of 553 g. It was measured in the underground conditions of the Gran
Sasso underground laboratory with HPGe detector 244 cm?® during 4044 h.
Only limits on U/Th pollutions were set as < 0.01 Bq/kg, see Fig. 7.10 (left).
With the values of: S < 37, ¢ = 2.3 x 1072, Ny = 1.2 x 10%°, the following
limit was obtained: m, < 8.6 keV at 90 % C.L. This is the best limit for the
Li axion mass to-date.
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Fig. 7.9. Spectrum measured with LiF(W) crystal 224 g with HPGe

244 cm® during 633 h. In lower panel, region around the expected energy
of 477.6 keV is shown in more detail

The best limit on axion mass related only with the g,y coupling constant
was determined in a similar search with ®*"Fe nuclei: m, < 145 eV [206].
However, as we already noted, possible masses of axions which could be born
in 5"Fe deexcitation cannot be greater than 14.4 keV. Thus, a window of 14.4—
16.0 keV in axion masses was not closed in previous experiments (14.4 keV —
maximum axion mass emitted in °“Fe; 16.0 keV — limit on sensitivity in previ-
ous experiments with “Li). Now this window is closed. Current situation wi-

th limits on axion masses from resonant excitation experiments is shown in
Fig. 7.10 (right).

7.3.3. Resonance capture of solar
57Fe axions and heat flow of the Earth

It is possible to obtain upper limit on the axion mass if —
very conservatively — to suppose that the total heat flow of the Earth is caused
exclusively by resonance capture of solar axions inside the Earth [185]. Accor-
ding to the contemporary conceptions [25], the Earth mantle (which gives
~68 % of the Earth’s mass) contains 6.26 % of Fe; core (~32 % of the Earth’s
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Fig. 7.10. Left: Energy spectrum of LiF(W) crystal measured during 4044 h with HPGe
244 cm®. Right: Current situation with limits on axion masses from resonant excitation
experiments. Empty arrow shows improvement reached in measurements with LiF targets

mass) contains 78.0—87.5% of Fe. Altogether, the Earth in total consists of
29.6—32.6 % of Fe; isotopic natural abundance of ®"Fe is 2.119 %; this gives the
number of *Fe nuclei in the Earth as: N57 = (4.0—4.4) x 10%7.

Flux of ®"Fe axions from the Sun is estimated as the greatest one [263]
because of small excitation energy of ®’Fe (14.4 keV) and big occurrance of Fe
in the Sun. Number of resonance captures per 1 sec in a target at the Earth
with N7 nuclei of 5"Fe is equal [207]:

R =4.5 x 10733 N37(mq/1 eV)*.

In each capture, energy of 14.4 keV is released; it is totally absorbed in the
Earth. Equalizing this energy release to the Earth’s heat flux (which is equal
(31—46) x 10'2 W in different estimations, see details in [185]; here we will
take maximal value of 46 x 10'2 W and minimal value of N5; = 4.0 x 10%7),
one can get: my = 1.8 keV.

The mass of axion m, cannot be greater than this value. If to subtract
energy release from radioactive decays of U/Th chains and “°K in the Earth
(conservative estimation is 20 x 102 W [233]), this limit can be slightly

i d:
Huprove mg < 1.6 keV.
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Both these values are better than that obtained here earlier for ’Li
(mg < 8.6 keV) and for 83Kr (m, < 5.5 keV [274], but worse than limits
from specialized experiments with 5"Fe (145745 eV, see Table 7.6). It should
be also noted that this estimation has evident drawback: such a limit depends
on our knowledge of the Earth structure.

7.3.4. Possible experiment with the TGV
detector: sensitivity to the mass of solar 5”Fe axions

Limit on the solar °"Fe axion mass could be further improved
in measurements with the TGV detector (Telescope Germanium Vertical,
created by JINR, Dubna, Russia in collaboration with France, Czech Republic,
Slovakia). The TGV set-up [379] consists of 32 HPGe detectors @60 x 6 mm
with total sensitive volume ~400 cm?; it is installed in the Modane under-
ground laboratory (France, 4800 m w.e.). Currently it is used for search for
283 decays of '%Cd (with thin ~50 um '9°Cd foils located between HPGe
detectors). Energy threshold of the detector allows to detect X-rays/y quanta
with energy more than 5—6 keV.

After finish of the experiment with 1°°Cd, the TGV set-up could be used
for search for the solar >"Fe axions with energy of 14.4 keV. For their effective
registration, thin foils, as in case of 1%°Cd, should be used; and it is important
that low enough energy threshold is already achieved with the set-up.

Sensitivity of possible experiment is estimated: it is related with the maxi-
mal value of the product eN5;. Calculations for Fe foils’ thickness from 10 to
100 pm show that after 50—70 pm, value of eNs7 is increased only slightly
due to self-absorption in the sample (eN57 ~ 7 x 10?0 for a foil with 100 %
enrichment in 57Fe).

For measurements with >Fe, m, = 2.15 x 108 x [S/eNs7t]'/* eV. In mea-
surements during ¢ = 1 year and 0 events in the peak of 14.4 keV, maximal
sensitivity to m, can be reached with 16 samples of ®"Fe of 100 % enrichment
and thickness d = 50 pm (total mass of ®"Fe — 12.8 g): m, < 9.2 eV. More
real estimation (8 samples of 5"Fe, 80 % enrichment, d = 70 pm, total mass of
5TFe — 9.0 g) is the following: m, < 33 eV. It is ~5 times better than the most
stringent limit known today (m, < 145 eV [206]).

7.3.5. Search for solar axions emitted
in the M1-transition of 7Li* with Borexino CTF

The described above searches for Li solar axion (E =
= 478 keV) were performed with resonant absorption on “Li target. Non-
resonant interactions of mono-energetic axions have much lower cross-sections,
but it can be compensated by using larger targets. Other possible reactions
for detections of 7Li solar axions are interactions with electrons by Compton
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axion to photon conversion a + e — e + ~ and the axioelectric effect
a+ e+ Z — e+ Z (cross-sections of these reactions are defined by axion-
electron gqe coupling constant), as well as the Primakoff conversion on nuclei
a + Z — v + Z and the decay of the axion into two v quanta (amplitudes
of these processes depend on axion-photon coupling ge); Z is the charge of
the nucleus. All these reactions would lead to appearance of 478 keV peak in
the energy spectrum of a calorimeter. In this chapter we describe an experi-
mental search for “Li solar axions performed with the prototype of the Borexino
detector !, Counting Test Facility (CTF).

CTF is a large liquid scintillation detector constructed in order to test the
key concepts of Borexino, namely the possibility to purify a large mass of liquid
scintillator down to the level of contamination for U and Th of 10716 g/g. The
detector is placed in the Hall C of the Gran Sasso underground laboratory. The
active volume of CTF is 4 tons of liquid scintillator contained in a transparent
spherical nylon vessel, 2 m diameter and 0.5 mm thick, which is viewed by
100 PMTs with light concentrators mounted on a support structure. The
construction is immersed in 1000 m? of high purity shielding water, contai-
ned in an external cylindrical tank 10 m diameter and 11 m high. The water
shielding covers the scintillator against gamma quanta emitted by radioactive
contaminants in the PMTs and their support structure and by nuclei capturing
neutrons generated within the walls of the experimental hall. On the bottom
of the tank, 16 upward-looking PMTs of the muon-veto system are mounted,
for detection of the Cherenkov light of muons that cross the water. One can
find a detailed description of the CTF in [157].

The extremely low background level and the large mass of the CTF allowed
to set limits on many processes including hypothetical particles and interacti-
ons. The data taken during 548 days of live-time in the CTF-3 campaign, when
the detector was filled by 3.75 t of pseudo-cumene (1,2,4-trimethylbenzene)
with PPO (2,5-diphenyloxazole, 1.5 g/L), have been used by the Borexino
collaboration to set limits on the properties of axion.

The response functions of the detector for the above listed reactions of
axions were obtained by Monte-Carlo simulation. No statistically significant
indications on axion interactions were found. Using the experimental data one
can set new, model independent, upper limits on constants of interaction of
axion with electrons, photons and nucleons: ggegany < (1.0—2.4) x 10719 at
me < 450 keV and gaygan < 5 x 1072 GeV™! at m, < 10 keV. For heavy
axions the limits gse < (0.7—2.0) x 1078 and goy < 10791078 at 100keV <
< mg < 400keV are obtained in assumption that g,y depends on m, as for
KSVZ axion model [122]|. All the limits were set at 90 % CL.

! The detector Borexino is described in the next chapter.
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7.4. Study of neutrino

properties in underground experiments
7.4.1. The Borexino detector

at the Laboratori Nazionali del Gran Sasso

The detector CTF (Counting Test Facility) described in the
end of the previous chapter is a prototype of the Borexino, a large liquid
scintillation detector, which was designed for real-time detection of low-energy
solar neutrinos. The primary aim of Borexino is detection of monoenergetic
"Be neutrino with energy of 862 keV, emitted in solar pp-cycle in the electron
capture reaction of "Be(e,v)Li. The measurement of this flux provides an
information on the mass and mixture matrix of neutrino. Additionally, the
unique properties of the detector (large target mass and very high radiopurity)
have been used in order to obtain limits on probabilities of many hypothetical
processes.

The Borexino detector is placed in the Hall C of the Gran Sasso under-
ground laboratory, on the depth of 3600 m of water equivalent. The active mass
of the target scintillator in Borexino is 278 tons of pseudo-cumene (PC, 1,2,4-
trimethylbenzene), doped with a fluorescent dye (1.5 g/L of PPO, 2,5-dipheny-
loxazole). The scintillator is contained in a thin (125 pm) transparent spherical
nylon vessel (the volume is 315 m?3) which is enclosed in two concentric buffers
(323 and 567 tons of PC with admixture of 5.0 g/L of dimethylphthalate,
a component quenching the PC scintillation light). The two PC buffers are
separated by a thin transparent nylon film to prevent diffusion of radon towards
the scintillator. The scintillator and the buffers are contained in a stainless
steel sphere (SSS, ©13.7 m) which is surrounded by a 18.0 m diameter, 16.9 m
high domed water tank (WT), containing 2100 tons of ultrapure water as
an additional shield. The scintillation light is detected via 2212 8-inch PMTs
uniformly distributed on the inner surface of the SSS and directed to the center
of the sphere. Additional 208 8-inch PMTs are placed on the external surface
of the SSS to view the water tank, serving as a muon veto; they detect the
Cherenkov light radiated by muons in the water shield. The key features of the
Borexino detector are described in [158,159].

The first physical run of the detector started on 16 May, 2007. The
main achievement of the Borexino Collaboration was the first real-time di-
rect measurement of the low energy (0.862 MeV) "Be solar neutrinos which
had been performed from an analysis of data obtained during 192 live days in
the period from 16 May, 2007 to 12 April, 2008, totaling a 41.3 tonxyr fiducial
exposure to solar neutrinos [160].
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7.4.2. The first direct real-time
measurement of “Be solar neutrino flux

Before the observations performed by Borexino, the real-time
measurements were available only for high-energy solar neutrinos (more than
4.5 MeV) with water Cherenkov detectors SuperKamiokande [181—183] and
SNO [390,391]. The flux of lower (sub-MeV) energy solar neutrinos was measu-
red by the chlorine-argon [182] and gallium-germanium [242,256,380] radioche-
mical detectors which integrate the neutrino flux over periods of ~1 month and
cannot provide spectral information. The preferred explanation of the observed
lack of electron neutrinos in the flux was the mechanism of neutrino flavour os-
cillations. The oscillations were observed also for atmospheric neutrinos [401],
for reactor anti-neutrinos [276| and for accelerator neutrinos [278,334].

Solar neutrinos are detected in Borexino through their elastic scattering on
electrons in the scintillator. Electron neutrinos interacting through charged and
neutral currents have a cross section ~5 times larger than muon neutrinos and
tau neutrinos in the energy range of interest, because v, and v, interact only
through neutral currents. The electrons scattered by neutrinos are detected by
means of the scintillation light retaining the information on the energy, while
information on the direction of the scattered electrons is lost. The basic signa-
ture for the monoenergetic 862 keV "Be neutrinos is the Compton-like edge of
the recoil electrons at 665 keV.

The interaction rate of "Be solar neutrinos in the pseudo-cumene target is
expected to be of 0.5 counts/(ton x day), so the requirements to the radioactive
contamination of the target are extremely strict. The thick layers of the shield
cover the internal part of the detector and screen the target from the external
radioactivity. The liquids are purified during the filling of the detector. Posi-
tion sensitivity of the detector (as obtained from the PMTs timing data via a
time-of-flight algorithm) allows to distinguish events in the innermost spherical
part of the active target, approximately 1/3 of the scintillator (78.5 tons); the
external layer of the target serves as an active shield. Alpha and beta/gamma
particles can be distinguished by different scintillation pulse shape for alphas
and gammas [163].

In the spectrum in the Fig. 7.11, one can see C beta-decays (Qp =
= 156 keV) in the low energy part (<100 photoelectrons, p.e.); the peak around
200 p.e. due to alpha decay of 2!%Po (5.14 MeV) is moved to the lower energies
by alpha-quenching (about 13 times) of pseudo-cumene. The Compton-like
edge at 300350 p.e. is created by solar “Be neutrinos. The spectral continuum
from 400 to 900 p.e. is created by 51 decay of cosmogenic ' C which is produced
by neutron spallation from '2C by muons n situ.

The Bi-Po fast chains allow to define the content of U and Th in the scin-
tillator (assuming non-broken equilibrium in the families): 1.6(1) x 10717 g
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Fig. 7.11. The charge spectra of Borexino measured during 192 live days, all curves scaled
to exposure of 100 days X ton: line I — after base cuts suppressing time-correlated events
related to muons, 2'*Bi—2'"Po chains, and pile-ups (removing about 0.7 % of events); line
2 — after fiducial cut removing events in the external part of the target; line & — after the
statistical subtraction of the alpha-emitting contaminants, mainly >'°Po

[238U] /g and 6.8(15) x 10718 g[?32Th]/g. The 8°Kr content in the scintillator
is dangerous because it overlaps with the expected spectrum of "Be solar
neutrinos. The activity of 8°Kr in the detector was estimated via the rare
decay sequence 8°Kr — 8™Rb (7 = 1.5 us, branching ratio 0.43 %) — %°Rb
that allows to apply the delayed coincidences technique; the activity is
29(14) counts/(day x 100 tons). The light yield is about 500 p.e./MeV, and
the energy resolution is ~5% - (F/1 MeV)~1/2.

The spectral fit of the spectrum in the 160 — 2000 keV energy region gives
the solar "Be scattering rate equal to 494 3(stat.) £4(syst.) counts/(day-100 t)
(see Fig. 7.12). The main background components have amplitudes (in the sa-
me units) of 25 4 3(stat.) £ 2(syst.) for ®Kr B~ decay (this is in a good ag-
reement with the independent measurement of 3Kr activity, see above); 25 &
+ 1(stat.) & 2(syst.) for 11C B+ decay; and 23 4 2(stat.) £ 2(syst.) for 219Bi g~
decay together with scattering of CNO solar neutrinos which should produce
a very similar spectrum.

The expected flux of "Be neutrinos for the Standard Solar Model
with high metallicity [62] is 5.08(25) x 10°cm™2 - s~!, which would give
74(4) counts/(day - 100 t) if no oscillations occur. The scenario of MSW-LMA
(Large Mixing Angle, Mikheev—Smirnov—Wolfenstein effect of neutrino fla-
vour oscillation in matter) would give the rate of 48 £4 counts/(day - 100 t),
which is consistent with the measured rate. The MSW-LMA scenario predicts
the dominant mode of neutrino oscillations to be the matter oscillations for
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Fig. 7.12. The spectral fit in 160—2000 keV region
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E > 3MeV and the vacuum oscillations for £ < 0.5 MeV. Before the Borexino
result, the direct measurements of the electron neutrino survival probability
P.. were performed only for energies £ > 5MeV, in the matter-dominant
region [390,391]. The measurement of P, around the transition region is an
important test of the MSW-LMA scenario.

7.4.3. The limit on electromagnetic
properties of neutrino from Borexino measurements

A minimal extension of the electroweak standard model with
a massive neutrino requires a non zero neutrino magnetic moment proportional
to the neutrino mass [239,315,324|. The experimental evidence from solar and
reactor neutrinos has demonstrated that neutrinos are massive, and should
thus possess a non-null magnetic moment. The non-zero values of neutrino
mass yields the lower limit for the magnetic moment to be 4 x 1072 up [64]
where ug = e/2m. is the Bohr magneton. The current experiments are not
sensitive enough for such low magnetic moments, but larger values are possible
in other extensions of the Standard Model (89, 248|.

In case of a non-null neutrino magnetic moment, a new term

do _ gmagy (1 1
dT)gy " m2 \T B,

should be added to the standard electroweak cross section

do 2G2me (5 TY meT
- — 1— —) —
< dT)W . 9L+ 9r B, gLIR B2 )
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where FE, is the neutrino kinetic energy and T is the recoil electron kinetic

d 1
energy. At the low energy, <d;> ~ T The coupling of neutrinos to an elect-
EM

romagnetic field due to a neutrino magnetic moment is expressed by a 3 x 3
matrix. Dirac neutrinos can have both diagonal and off-diagonal (transition)
moments, whereas the Majorana neutrino can have only transitional moments.

The analysis of Borexino data with the same statistics as for the measu-
rements of “Be solar neutrino allowed to set the upper limit on the neutrino
magnetic moment to be 5.4 x 107 up (90 % CL) which was the best expe-
rimental limit on the time of publication (currently, the best limit is set for
the electron anti-neutrino in a reactor experiment [249], 3.2 x 10~ 'up). The
sensitivity of Borexino to the magnetic moment, due to the larger target, is
about 10 times better than it was obtained for similar search performed by the
Borexino Collaboration in the CTF detector [164], 5.5 x 107 10up.

The searches of different electromagnetic properties of neutrino had been
performed [164] with the second phase of the CTF detector (CTF-2), the pilot
version of the Borexino detector described above. The liquid scintillator used
at this stage was a phenylxylylethane (PXE, Ci6H1g) with p-diphenylbenzene
(para-terphenyl) as a primary wavelength shifter at a concentration of 2 g/L,
along with a secondary wavelength shifter 1,4-bis-(2-methylstyrol)-benzene
(bis-MSB) at 20 mg/L. The density of the scintillator is 0.99 kg/L. The total
number of target electrons in CTF-2 N, = 1.36 x 10%°, the live time of data
taking t = 32.1 days.

If neutrinos have mass and the flavour lepton number is not conserved,
then the heavier neutrino flavours could decay to lighter ones: vy — v, + 7.
The above-mentioned minimal extension of the Standard Model (modified by
non-zero neutrino mass and non-conservation of the flavour lepton number)
predicts the lifetime for neutrino via this channel as high as 7/m,, ~ 10% yr/eV.
In the laboratory frame, the spectrum of photons emitted by decaying ultra-
relativistic neutrino is described [208] as

dN — m,1—a+2aE,/E,
dE, T E? ’

where £, and E, are energies of the gamma quantum and the decaying
neutrino, respectively. The parameter « defines the angular distribution of
the photon, relative to the spin of the decaying neutrino in the neutrino

rest frame:
dN 1+ acos )

d(cos ) 2 ’

where 1 is the angle between photon momentum and the spin of neutrino in
the rest frame. This parameter relates to the space-time structure of the decay
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Fig. 7.13. Monte Carlo simulation of the signal in CTF-2 from radiative decay of solar

neutrino for 7/m, = 4.2x 10%s/eV (o = 0) and the experimental background data of CTF-2
for 32.1 days of live time

vertex and should be 0 for Majorana neutrino, —1 < a < 1 for Dirac neutrino;
for the case of total parity violation, a = +1.

The CTF detector is irradiated by the flux of solar neutrinos and can detect
the gamma quanta emitted in this neutrino radiative decay. The limits on the
ratio of lifetime of neutrino to their mass had been derived from a likelihood
function analysis at 90 % CL (Fig. 7.13): 7/m, > 4.2 x 103s/eV (a = 0),
7/m, > 9.7 x 103s/eV (a = +1) and 7/m,, > 1.5 x 103s/eV (a = —1).

The sensitivity of the Borexino detector to this process is estimated to be
two orders of magnitude better, but the results of searches of the neutrino ra-
diative decay with this detector are still not published. The limit for radiative
decay obtained in CTF-2 of Borexino is the best for laboratory searches (in
reactors, accelerators, etc.) of this process, but it is much less restrictive than
the astrophysical limits from the solar gamma ray flux (7 x 10?s/eV [370])
and from distortion of CMB spectrum (lifetime < 4 x 1020 s for mpyi, <
< 0.14 eV [337]).

7.4.4. Limits on the heavy
neutrino mixing in solar 8B decay

In the previous chapter, the radiative decay of light massive
neutrino vy — v + 7 had been discussed. For heavy neutrino with the mass
>2me., this mode of decay can be accompanied by decay into a light neutrino
and electron-positron pair: vy — v + et + e~ (see Fig. 7.14).

This heavy neutrino due to its mass can be only a small admixture to the
three neutrino flavours of the Standard Model. It cannot be coupled (or this
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Fig. 7.15. The excluded values (90%
CL) in the m,, — U.m parameters spa-
ce. The experimental limits are obtai-
ned: I — from CTF-2 data [162]; 2,
8 — from reactor neutrino experiments
[209] and [264], respectively; 4 — from
search of m — ev decay in accelerator
experiment [169]. The plot is taken
from [162] myy, MeV

coupling is very small) to Z° boson because only contribution of three types of
neutrino to the decay width of Z° is observed. However, the hypothetical heavy
sterile neutrino is predicted by many extensions of the Standard Model and
proposed as candidate to the dark matter particles [165,214]. Possible indicati-
ons of sterile neutrino existence have been obtained in accelerator experiments
LSND [321] and recently in MiniBooNE [333].

The rest frame width of the decay of heavy neutrino can be described
as [386]

_ Gk
19273

The Uy (small) and U.p (~1) are the mixing parameters of heavy and
light neutrinos to the electron neutrinos, h(m?/ mgH) is the phase space factor.
The probability of the electron-positron pair decay mode is predicted to be,
in general, much higher than that of the radiative decay. The emission of the
heavy neutrino with mass <15 MeV is kinematically allowed in the beta decay
of ®B; thus, these neutrinos, if exist, can contribute to the solar neutrino flux
and their decay to eTe™ pair can be registered in Earth-based experiments.

The data of CTF-2 experiment described in the previous chapter had been
used by the Borexino Collaboration to restrict the mass and U,y parameters of
the heavy neutrino [162|. The data were collected during 29.1 days in August—
September 2000. The in-flight decay of a solar boron neutrino to e™e™ pair in
the sensitive volume of the detector would result in registration of event with
energy equal to the full energy of the neutrino. All the observed events with
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energy >4.5 MeV were associated with muons. The partial suppression of non-
muonic high-energy events by the muon veto had been taken into account. The
non-observation of the sought decays leads to the restrictions on the mass and
mixture parameter of the heavy neutrino shown in Fig. 7.15.

7.4.5. Limits on the solar electron
antineutrino flux with the Borexino
Counting Test Facility

A small antineutrino flux from the Sun is not completely ex-
cluded. One of possible production mechanisms is the neutrino-antineutrino
conversion due to spin-flavour precession, induced by a neutrino non-diagonal
magnetic moment and originally proposed as a possible solution to the observed
solar neutrino deficit [383]. This could be a sub-dominant process in addition
to the MSW-LMA solution of the solar neutrino problem. A random magnetic
field in the convection zone of the Sun can increase the flux of v, through
spin/flavour conversion [336]. Such enhancement would improve the detectabi-
lity of a neutrino magnetic moment down to the level of 10~ 2ygp.

The electron antineutrinos can be detected in CTF by the inverse beta
decay of protons 7, + p — n + e with a threshold of 1.806 MeV. The cross
section for this process is two orders of magnitude higher than that for 7, elastic
scattering on electron. In organic scintillators, the inverse beta decay reaction
generates a prompt signal from the positron and a delayed one, following the
neutron capture on protons n + p = d + v + 2.22MeV. The total energy
released by the positron after annihilation is £ = T + 2mec?, where T is the
positron kinetic energy. Neglecting the small neutron recoil, the visible prompt
energy is By, —0.78 MeV. The capture of thermalized neutrons on protons with
a mean life-time of ~200—250 us provides a delayed tag for this reaction in a
LS detector, allowing significant reduction of background. Neutron capture on
12( is also possible but with a much smaller probability.

The data obtained in CTF-3 during 855.6 days of data collection
(764.2 days of live time) were processed using the series of cuts for suppressing
backgrounds. For example, the event pairs with the distance of >0.7 m between
the prompt and delayed events were rejected, as well as the events tagged by
the muon veto system.

Taking into account the 62(2) % efficiency of registration after the applied
cuts, the estimated background sources for 764.2 days of CTF-3 live time were
the following: 0.08 expected events of accidental coincidences; 0.37 events from
reactor antineutrinos; 0.8(3) events of scattering of fast neutrons on target
protons; 0.07(3) events of scattering of fast neutrons on target 12C with exci-
ting 4.4 MeV level of this nuclei. The cosmogenic activity that can simulate the
inverse beta decay (mainly 8He and °Li nuclei created by muons by spallation
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Table 7.7. Experimental constraints on the flux (in cm™2.s71)

of solar 7.’s. The measured flux in the table is the limit on the flux
within the experimental energy range (in MeV) at 90 % CL. The total
flux is the limit scaled to the total energy range. The version

BPO04 of the Standard Solar Model [63] predicts a D.’s flux

from ®B equal to (5.79 & 1.33) X 10°cm™2 .57

LSD SK KamLAND SNO CTF

Exposure, kt - yr 0.094 92.2 0.28 0.584 0.0078
Energy range of 7, 7—17 820 8.3—14.8 4-14.8 1.8—20
Measured flux of 7. | <0.46 x 10° | <1.32 x 10* | <3.7 x 10% | <3.4 x 10* | < 1.06 x 10°
Total flux of 7 <1x10° <4 x10* <1.3x10% | <5.2x 10* | < 1.08 x 10°
Pre (®B) <1.7x107%2|<0.7x1072[<22x107%|<1x1072|<1.9x 1072
Pre

Ref., year [320], 1996 | [402], 2003 | [277], 2004 | [392], 2004 | [161], 2006

of 12C) was reduced to 10~* simulating events by setting a 2 s veto time win-
dow after every muon crossing the set-up. The background from *C(a,n)!60
reaction is negligible due to very low content of alpha active nuclides in the
CTF scintillator (mainly 2'°Po with activity of ~20 uBq/t).

Only one candidate event had been observed. Its prompt energy was
4.37 MeV, so one cannot exclude the chance that this event is the de-excitation
of the 4.4 MeV level of 12C (excited by a muon-induced fast neutron) with the
following thermalization and capture of the neutron. Taking into account the
estimated background of 1.3 & 0.7 events, the upper limit (with 90 % CL) on
number of events that should be excluded for given condition is 3.3.

The hypothetical flux of 7.’s from 8B, assuming no spectral distortion, can
be obtained from the following equation:

Nj,

Nyte (o)’

where N, is the number of detected events, N, = 2.25 x 10?° is the number
of target protons, t = 6.60 x 10”7 s is the live time, ¢ = 62% is the mean
detection efficiency, and (o) = 3.4 x 107%2 ¢cm? is the mean cross-section over
the 8B neutrino spectrum in the energy range of interest. An upper limit for
the electron antineutrino flux, assuming no distortion in the ®B spectrum, is
derived from the upper limit of 3.3 candidate events. The ®B solar electron
antineutrino flux limit (90 % CL) is <1.1 x 10° em~2 !, or <1.9% of the *B
neutrino flux. This experiment was the first search for solar anti-neutrino flux
including the low-energy range of 1.8—4 MeV. The sensitivity of the Borexino

P =

detector to the ratio 22 (®B) is estimated to be three orders of magnitude
Ve
better, ~107° in all the range £, > 1.8 MeV. All current limits are summarized

in Table 7.7.
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7.5. Searches
for the electric charge non-conservation

The conservation of the electric charge is one of the funda-
mental laws of standard quantum electrodynamics based on underlying princip-
le of gauge invariance. In accordance with the Weinberg theorem [427], charge
conservation (CC) is also related with masslessness of the photon. Nevertheless,
the possibility that the electric charge conservation may be broken in future
unified gauge theories and the implications of such a violation have been inten-
sively discussed in literature [340, 355—358, 423|. We would like to note that
for fundamental questions any “a priori” argument based on pure esthetic or
other principles could give wrong results (as it was demonstrated, for instance,
with parity conservation), and on some level we could face unexpected things.
In 1992, Lev Okun wrote: “In spite of the fact that at present we have no
theoretically self-consistent framework for a description of violation of charge
conservation or the exclusion principle, experimentalists should not stop testing
these most fundamental concepts of modern physics. In fundamental physics, if
something can be tested, it should be tested” [355]. Because of its fundamental
status, law of charge conservation should be verified with the best possible
to-date accuracy.

Since the electron is the lightest electrically charged particle, its stability
implies charge conservation. The electron’s life time was estimated using the
following indirect considerations:

(a) In [367], balance of electric currents in the Earth atmosphere was
examined. If the disbalance current (200 A) is caused by the electron decay,
with number of electrons in the Earth of 2 x 10°! one can derive limit on the
electron life time 7, > 5 x 10%2 yr;

(b) In [322], it was noted that expansion of the Universe could be caused
by disbalance in the electric charge on the level of 2 x 107!®; then from time
of life of the Universe of 10'° yr follows 7, > 10%® yr;

(c) In [269], a relation between the electron life time 7. and mass of
gamma quantum m. was obtained in framework of the SU(5) model as:
Te = 1072 (myz/m4)? yr where myz = 91.2 GeV is the mass of the Z boson.
Limits on the m. value were derived from observations of the magnetic field
of Jupiter as my < 6 X 10716 eV [211] and from intergalactic magnetic field
as m, < 2 x 10727 eV [177]. From that follows 7. > 107 yr and 7. > 10°! yr,
respectively; however, these limits are model-dependent.

The following schemes were proposed to test the charge conservation in
direct laboratory experiments which are continuing since 1959:

(1) to look for decay of electron to gamma quantum and electron neutrino:
€~ — v + v, first discussed in [232] (v, is supposed here for conservation of
the lepton number);
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(2) to search for decay of electron into invisible modes, like e~ — velele
[232] or disappearance;

(3) to search for decay of electron into invisible with excitation of neigh-
boring nucleus (first proposed in [267]);

(4) to look for charge non-conserving (CNC) beta decay [232];

(5) to search for CNC decays of other charged particles (protons, or pairs
of protons, etc.).

We discuss here processes (1)—(4) while more details on the process (5)
will be given in the next section.

(1) Decay of electron to v quantum and meutrino. Because both
emitted particles are (almost) massless, they are kinematically equivalent and
each of them has energy equal to half of energy available. In case of a free
electron, energy of v quantum is E, = mec?/2 = 255.5 keV (mec? is the
electron mass). If an electron is bound on atomic shell with binding energy
Ey, energy of v quantum will be E, = (m.c® — Ey)/2. Because of non-zero
velocity of an atomic shell electron, the Doppler broadening should be taken
into account (as it was noted in [124] at the first time). The expected shape is
the Gaussian with the width at half maximum FWHM = 0.104 x E., x /E}, (all
values — in keV). F.e., for K electrons in Ge detector (E, = 11.1 keV), FWHM
is 86.7 keV that is quite big value compared with typical Ge energy resolution
of 1—2 keV at energy ~250 keV. Energy release in a detector is equal Ey =
= E, = (mcc®*— E})/2 if an electron decay occurs outside a detector’s sensitive
volume. However, if decay occurs in a detector itself, a vacation which is created
in the atomic shell will be filled in the subsequent deexcitation process with
emission of cascade of X rays and Auger electrons with total energy Ej; thus
total energy release in the detector is By = E, + E, = (mec? + Ep)/2. An
expected response function of a detector will be the sum of many Gaussians
with proper centers and widths which takes into account all atomic shells in
atoms or molecules located in a detector itself and in surrounding materials.
Further details can be found in [293].

The e= — v + v, CNC decay is still not observed, and only limits on the
electron life time were established. The first experimental restriction 7.(e~ —
— Y4 1) > 1.0 x 108 yr was set in 1959 in short (6.5 h) measurements at the
Earth level with Nal(T1) scintillator of 1287 cm?® [232]. The most restrictive
to-date value was obtained with massive (near 4 tons) CTF Borexino detector
installed deep underground (3600 m w.e.) in the Gran Sasso underground
laboratory as T.(e™ — v + ) > 4.2 x 10?6 yr [59]. All experimental results
are summarized in Table 7.8.

(2) Decay of electron into invisible modes. In result of electron decay
into particles which leave detector without interaction (f.e., two neutrinos and
one antineutrino [232]) or just electron disappearance (f.e., into extra dimensi-
ons [37]), an electron hole will be created in atomic shell. In the subsequent
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Table 7.8. Experimental limits on the electron life time at 68 %
(90 %) C.L. for channels: e~ — invisible and e~ — v.7y. Best limits are in bold

3 Time of Limit on Limit on

Detector| Volume, cm measurement, h | Te(e™ — invisible), yr| Te(e™ — vey), yr Year [Ref]
Nal(T1) 1287 6.5 1.0 x 10'® 1.0 x 10" [1959 [232]
NalI(T1) 348 1107, 362° 2.0 x 10** 4.0 x 10*2 |1965 [339)
Ge(Li) 66 1185 5.3 x 102! © - 1975 [395]
NalI(T1) 1539 515 2.0 x 10?2 3.5 x10%% 1979 [299]
Ge(Li) 130 37607, 3616° 2.0 x 10?2 3.0x 10%% 1983 [124]
HP Ge 135 8850 - 1.5(1.1) x 10%° |1986 [54]

HP Ge 3 x 140 1662 2.7(1.7) x 10** - 1991 [373]
Nal(Tl)| 17 x 10570 2823 1.2 x 10% - 1992 [223]
HP Ge 591 3199 - 2.4(1.2) x 10%® 1993 [67]

HP Ge | 48+2x 209 | 134047,7578° 4.3(2.6) x 10?3 3.7(2.1) x 10%® 1995 [9]
BaF, 2x 103 986 3.2x10%" 1996 [21]

Xe? 2000 2340%, 257" 1.5 x 10% 2.0(1.0) x 10% |1996 [109]
HP Ge 132 12600 1.3 x 10%* - 1998 [295]
Nal(TI)| 9 x 2643 5354 4.2(2.4) x 10** - 1999 [110]
Xe? 2000 8336 - 3.4(2.0) x 10%¢ 2000 [111]
CieHyg?| 4.2x10° 770 - —(4.6) x 10%® 2002 [59]

HP Ge 437 33233 - 1.9(1.0) x 10% ©|2007 [293]

@ For channel e~ — inwvisible. * For channel e~ — vy, ¢ At 84% C.L. ¢ Liquid scintillator.
¢ This result was critisized in [210] as being overestimated at ~5 times.

deexcitation process this hole will be filled by electrons from higher shells, and
cascade of X rays and Auger electrons will be emitted; total released energy will
be equal to the binding energy FEjp of the disappeared electron on the atomic
shell. If this decay occurs inside some detector, peak at energy Ej should be
observed. For Ge, Nal(Tl) and Xe detectors, which were used in searches for
e~ — invisible up to now, Ej values for K electrons are equal Ey(Ge) =
= 11.1 keV, Ep(I) = 33.2 keV, Ep(Xe) = 34.6 keV. In all experiments, except
of [110], decays of K electrons were searched for. In the DAMA experiment [110]
with massive (around 100 kg) Nal(T1) scintillators, low energy threshold of
~2 keV was reached, and this allowed to investigate L electrons with Ej(I)
~5 keV at the first time. There are 8 electrons on L atomic shell compared with
2 electrons on K shell, and factor 4 in the electron number together with big
mass of the detector, low background and big time of measurements resulted
in the best to-date limit 7(e™ — invisible) > 2.4 x 10?4 yr at 90 % C.L. Results
of all experimental searches for CNC decay e~ — invisible are summarized in
Table 7.8.

(3) Decay e~ — invisible with excitation of nuclear levels. In
1987 Holjevic et al. [267] proposed additional approach for testing the charge
conservation: to search for processes in which electron disappears and the nei-
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Table 7.9. Experimental life time limits on the electron disappearance
with nuclear levels excitation of 2*Na, 27T and '?°Xe. Best values are in bold

Life time limits 7, yr

Nucleus, Fexc
[267] 90 % C.L. | [224] 68 % C.L.|[110] 90% C.L. | [112] 90% C.L. | [19] 68 % C.L.

231\]a
440.0 keV 1.5 x 10%®
1271
57.6 keV 2.1 x 10%* 5.8 x 10?2 2.4 x 10%
202.9 keV 1.9 x 10 5.6 x 10?2 2.0 x 10%

375.0 keV 2.4 x 10%! 1.8 x 10%

418.0 keV 2.4 x 10 1.6 x 10%® 1.2 x 10%
129){6
39.6 keV 1.1 x 10*

236.1 keV 3.7 x 10*

318.2 keV 2.2 x 10%

321.7 keV 2.5 x 10%*

411.5 keV 2.3 x10*

ghboring nucleus is left in an excited state. Such a process is analogous to the
usual electron capture but does not change the nucleus’ charge: (A, 2)+e~ —
— (A, Z)*+ve, and sometime it is named the CNC electron capture. It includes
both the weak boson and photon mediating processes and gives possibility to
investigate both the lepton and quark sectors [224,267].

Levels with energies up to mec?> — Ej can be excited, but it is supposed
that the lowest levels with difference in spin between the ground and excited
state AJ = 0,1 are fed with higher probability, and that K electrons are
mostly involved being the closest to the nucleus. Deexcitation v quanta can
be observed with a proper detector located close to a sample (or containing
atoms under investigation). Up to now, only 5 experiments searching for CNC
electron capture were performed in which Nal(T1) and liquid Xe scintillators
were used; results are summarized in Table 7.9.

(4) CNC beta decay. CNC 3 decay, first considered for testing the charge
conservation in [12], is a process in which the (4, Z) — (A, Z+1) transformati-
on is not accompanied by the emission of an electron. It is supposed that instead
of an e, a massless particle is emitted (for example, a v, a v quantum, etc.):
(A, Z) = (A, Z 4+ 1) + (ve or v, etc.) + . In this case the energy available
in the (A, Z) decay is increased of 511 keV, that are normally spent for the
electron rest mass. This makes possible some transitions to the ground or exci-
ted states of the daughter (A, Z 4+ 1) nucleus which are energetically forbidden
for the normal, charge conserving 5 decay (A,Z) — (A, Z + 1) + e + ..
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Table 7.10. Limits on life time established in direct
experiments to search for charge non-conserving 3 decay. Best limit is in bold

CNC g decay Target, weight Technique, detector Tene, yr (C.LY) Year |Ref.|
8Rb—8™Sr | RbF, 30 g CS*“, Nal(Tl) 1.8 x 106 1960 [399]
8"Rb — 5"™Sr | RboCOs3, 400 g CS, Ge(Li) 1.9 x 10'® (90 %) | 1979 [352]
"Ga—"Ge | Ga, 300 kg CS, prop. counter | 2.3 x 10%* (90%) | 1980 [69]
8TRb—37"Sr | RboCOs3, 800 g Cs, Si(Li) 7.5 x 10" (90 %) | 1983 [417]
13Cd — 13In | CdCla, 1.5 kg CS, Si(Li), NaI(T1) | 1.4 x 10*® (90%) | 1983 [376]
"Ga—™Ge | GaClz—HCI, 101 t | CS, prop. counter | 3.5 x 10%¢ (68 %) | 1996 [351]®

+ Ga, 57 t
BGe—"As | Ge, 952 g RT ¢, HP Ge 2.6 x 1073 (90 %) | 2002 [296]
136Xe — 136Cs | Xe, 6.5 kg ? RT, LXe 1.3 x 10%® (90 %) | 2004 [140]
H5Tn — 1158y | In, 928 g RT, HP Ge 4.1 x 10%° (90%) | 2005 [174]
139La—19Ce | LaCls, 50 g RT, LaCls(Ce) 1.0 x 10" (90 %) | 2006 [141]
1000Mo — 199Tc | 199Mo003, 1199 ¢ | RT, 4 HP Ge 4.5 x 10" (90%) | 2010 [91]

@ CS means chemical separation of the daughter product. ® Accounting for contribution from
the solar neutrinos, the limit for "' Ga was improved to Tenc > 1.4 x 10?7 yr in [406]. ¢ RT
means real-time experiment. ¢ 68.8 % 13¢Xe.

The CNC [ decay was searched for in several experiments since 1960. Only
lower limits on the corresponding life times were established in the range of
10'6—10% yr (see Table 7.10). We note here that capture of solar neutrinos
(A, Z)+ve — (A, Z+1)+e results in the same daughter nucleus (A, Z+1) as
in the CNC S decay, and these processes cannot be distinguished if daughter
nuclei are extracted by chemical separation which was traditional techniques
for experiments investigating solar neutrinos. The same techniques was used in
searches for CNC [ decay up to 2002 when the real-time approach was proposed
and applied at the first time [296]. The best to-date limit was derived from the
data of the SAGE and GALLEX solar neutrino experiments which used near
100 t of Ga [351].

7.6. Searches for invisible decays
of nucleons and disappearance of matter

The baryon (B) and lepton (L) numbers are considered in
the Standard Model (SM) as conserved values 2. However, any underlying sym-
metry principle behind this fact is unknown, unlike f.e. the gauge invariance in
electrodynamics which guarantees the masslessness of the photon and absolute
conservation of the electric charge. Many extensions of the SM, in particular,
grand unified theories consider conservation of B and L charges as approximate

2 At non-perturbative level, B and L are not conserved even in the SM; however these
effects are important at high energies (~100 GeV) in the early Universe but are non-
observable at current low temperatures [268].
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law; they incorporate B and L violating interactions and predict decays of
protons and neutrons bounded in nuclei. The processes with AB =1, AB = 2,
A(B - L) =0, A(B — L) =2 have been discussed in literature [309,349].

Stimulated by theoretical predictions, nucleon instability has been searched
for in many underground experiments with the help of massive detectors such
as IMB, Fréjus, Kamiokande, SuperKamiokande and others (for experimental
activity see [83,292,361| and references therein). About 90 decay modes have
been investigated; however, no evidence for the nucleons (N) decay has been
found. A complete summary of the experimental results is given in the Review
of Particle Physics [347]. For the modes in which the nucleon decays to particles
strongly or electromagnetically interacting in the detector’s sensitive volume,
the obtained life time limits are in the range of 10391034 yr, while for decays to
only weakly interacting products (neutrinos) the bounds were up to 10 orders
of magnitude lower and only during the last decade they were significantly
improved.

Interest to invisible decays of nucleons (and/or di- and tri-nucleons) and
their disappearance is related with recently developed theories in which our
world is described as a brane inside higher-dimensional space [37,217,218|.
Particles, initially confined to the brane, may escape to extra dimensions (ED),
thus disappearing for a normal observer. While energy, momentum, electric
charge, etc. are conserved in full space, their balance could be broken in
our 3-dimensional world. Tunneling of particles to EDs is predicted to be a
generic property of massive matter [377]. Arkani-Hamed, Dimopoulos, and
Dvali wrote in [38]: “The presence and properties of the extra dimensions
will be investigated by looking for any loss of energy from our 3-brane into
the bulk”.

Theoretical estimations of the corresponding life times are quite uncertain
because even the number of extra dimensions is unknown. Dubovsky [219] gives
7 values for electron as 7(e — nothing) = 9.0 x 10?5 yr in case of three EDs,
and for proton 7(p — nothing) = 9.2 x 1034 yr for four EDs 3. Recently a novel
baryon number violating process, in which two neutrons in a nucleus disappear,
emitting a bulk majoron nn — x, was discussed by Mohapatra et al. [342]; the
expected life time was estimated as ~103273? yr. Also mechanisms for the
tri-nucleon decay have been discussed; in recent theory by Babu et al. [58]
processes with AB = 1,AB = 2 are forbidden but tri-nucleon decays with
AB = 3 are allowed.

Up to now we do not know which mode of nucleon decay is realized in the
nature; different theories give different values for the nucleon’s life time and

3 We are using the following classification of decay channels: decay to nothing means
disappearance (tunneling to EDs); decay to invisible means disappearance or decay to
weakly interacting particles (one or few neutrinos of any flavors, majorons, etc.). Channel to
anything means any possible mode of decay.
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disagree which mode of decay is the most probable. In this relation experimen-
tal limits on the nucleons life time independent on the decay mode are also
interesting and important. We will concentrate below on experiments where 7
limits for nucleons (also di- and tri-nucleons) independent on mode or on their
decays into invisible were established. The following approaches were used to
set the 7 limits:

(1) Spontaneous fission of 232Th. In 1958, Flerov et al. derived limit on
nucleon life time from an experiment searching for the spontaneous fission of
232Th [237]. It was assumed (following idea [372]) that decay or disappearance
of p or n in 22Th will blow up the nucleus: it can be destroyed in the initial
N decay or in the subsequent deexcitation of the nucleus. From the limit on
232Th spontaneous fission [237] T} /2 > 1.0 x 102! yr and taking into account
that 232Th contains 90 protons and 142 neutrons, the following limits were
derived (see Table 7.11 for summary): 7(p — anything) > 1.2 x 10?3 yr,
7(n — anything) > 1.8 x 10?3 yr. These limits are considered as independent
on mode [347] but, in fact, the 7 values depend (inside a factor of few) on type
of decay, see f.e. [272] 4.

(2) Geochemical search. In [231] the bounds on N decay to invisible
were determined on the basis of mass-spectrometric measurements with Te
ore samples (2.5 x 10? yr old) by looking for the possible daughter nuclide
129Xe (139Te — ... — 129Xe).

(3) Radiochemical method. In the experiment [235] the target of 1710 kg
of potassium acetate KCyH305, which contained 9.7 x 10?7 atoms of 39K, was
exposed deep underground (4400 m w.e.) for about one year. Then, the candi-
date daughter 37Ar, which could be created in result of nucleon disappearance
in 3K and subsequent evaporation of additional nucleon (*K — ... — 37Ar),
was extracted and its activity was measured as 0.3 = 0.6 decays per day,
which leads to the nucleon’s life time limit 7(N — invisible) > 1.1 x 10%6
yr. Reanalysis of these data in [407] allowed to set limits also for the nn and
pn invisible decays.

(4) Study of the neutron production rate in deuterium. The decay or di-
sappearance of proton bounded in deuterium nucleus, which consists only of
proton and neutron, will result in the appearance of free neutron: d — n+ 7.
Appearance of free neutrons was investigated in a shielded liquid scintillator
enriched in deuterium [213], as well as in D3O target with mass of 267 kg,
installed at Reactor 5 of the Centrale Nucleaire de Bugey (France) and well shi-
elded against cosmic rays and natural radioactivity; this allowed to set the best
current limit for the p decay to anything as 7 > 4.0 x 10%® yr [408]. Analysis of
the data collected with massive (1000 t) D2O detector in the Sudbury Neutrino

4 Spontaneous fission of 232Th was observed in 1995; measured half life is Ty =(1.2%
+0.4) x 10** yr [155].
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Observatory (SNO) located on the depth of 6000 m w.e. (Canada) lead to limit
7(p — invisible) around 102 yr [10,434].

(5) Search for prompt v quanta emitted by a nucleus in a de-excitation
process after N decays within the inner nuclear shell (valid for invisible
channels). Energies of the emitted v quanta in the range of 19—50 MeV were
investigated with the Kamiokande detector [403|. In search for the 6—7 MeV ~
quanta with the SNO detector [11], the best limit for the p decay to invisible
was set as 7(p — invisible) > 2.1 x 10% yr.

(6) Search for bremsstrahlung v quanta emitted because of a sudden di-
sappearance of the neutron magnetic moment (limits depend on the number
of emitted neutrinos) [255].

(7) Considering the Earth as a target with nucleons which decay by emit-
ting electron or muon neutrinos; these neutrinos can be detected by a large un-
derground detector [127, 310] (valid for decay into neutrinos with speci-
fic flavors).

(8) Very often daughter nuclei created after N disappearance in mothers
are unstable. Search for their radioactive decay (time-resolved from prompt
products) can be performed with a proper low background detector (especially
effective if mother nuclei are incorporated in a detector itself). Such investi-
gations were done with liquid Xe scintillators (enriched by 12Xe [142] or
136Xe [143]) and with the BOREXINO Counting Test Facility (CTF), a 4 t
liquid scintillation detector |60].

(9) Search for radioactive decay of daughter nuclei (with character half lives
in the range of seconds or minutes) can be combined with registration of prompt
energy release after IV decay or disappearance. Such a combined approach was
used with the massive (currently the world’s largest low background liquid
scintillator, 1000 t) KamLAND detector [33] that allowed to establish the best
7 limits (near 1030 yr) for n and nn decays to invisible.

All experimental results on searches for invisible decays of nucleons are
summarized in Table 7.11.

Concluding this section, we would like to note that decays to invisible
or disappearance were searched for not only for nucleons but also for other
constituents of matter. Experiments on disappearance of electrons were descri-
bed in the previous section; best limits on life time 7 are on the level of ~ 10%*
yr [110,113|. Upper limits on the branching ratio A for decay of positronium
into nvisible were obtained in [61]; in particular, for the direct annihilation
ete™ — invisible A\ < 2.1 x 1078, Decay of unstable particles into invisible
was looked for with the BABAR detector that gives A < 2.2 x 10~* for B
mesons [55] and A < 3.0 x 1074 for Y/(15) [56], and with the BES detector A
limits are ~ 10~2 for i, ' [6] and J/% [7]. Astrophysical bounds for tunneling
of v quanta into EDs — that leads to additional cooling of stars — were discussed
in [238].
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Table 7.11. Lower limits on the life time for N, NN and NNN
decays into invisible channels established in various approaches.
The best limits for specific channels are in bold

Nu(;:lif;r;(s) Taillélm(t]’.g ! Year [Ref.| Short explanation

p — anything |1.2 x 10?® 1958 [237]|Limit on 232Th spontaneous fission

3.0 x 1073 1970 [213][Search for free n in liquid scintillator
enriched in deuterium (d — n+7)

4.0 x 10** 95 % |2001 [408]|Free n in reactor experiment with DO

— invisible  |7.4x 10%* 1977 [231]|Geochemical search for 3°Te — ... — 29Xe
1.1 x 10%° 1978 [235]|Radiochemical search for *°K — ... — 37 Ar
1.9 x 10** 90 % |2000 [142] |Search for *2°T decay in '??Xe detector
~10%® 2002 [10] |Free n in the SNO D20 volume
1.1 x 10*® 90 % |2003 [60] |Search for B decay in CTF detector
3.5 x 1028 90 % |2003 [434]|Free n in the SNO D20 volume

n — anything
— VplVuly

— Velele
— ViVl

— ViV ViUiV;
— invisible

nn — v,
— Vele
— itnvistble

pp — invisible

2.1 x 10*°90%

1.8 x 10%
5.0 x 10%° 90 %

1.2 x 10%¢ 90 %
3.0 x 10%° 90 %
2.3x10%7 90 %

1.7 % 102" 90 %
8.6 x 10%*
1.1 x 10%¢
4.9 x 10%% 90 %

1.8 x 10*® 90 %
1.9 x 10*° 90 %

5.8 x 102°90 %

6.0 x 10** 90 %
1.2 x 10% 90 %
1.2 x 10%° 90 %
4.9 x 10%° 90 %
4.2 x10%° 90 %
1.4 x 10%°90 %

5.5 % 10%% 90 %
5.0 x 10%° 90 %
1.9 x 10** 90 %

2004 [11]

1958 [237]
1979 [310]

1991 [127]
1991 [127]
1997 [255]

1997 [255]
1977 [231]
1978 [235]
1993 [403]

2003 [60]
2004 [11]

2006 [33]

1991 [127]
1991 [127]
2000 [142]
2003 [60]
2004 [407]
2006 [33)

2000 [142]
2003 [60]
2006 [143]

Search for v with E, = 6—7 MeV emitted in
15N deexcitation in SNO detector

Limit on 2*?Th spontaneous fission

Massive liquid scint. detector fired by v,

in result of n decays in the whole Earth ¢
Fréjus iron detector fired by v, b

Fréjus iron detector fired by v, ©

Search for bremsstrahlung v with E., >100 MeV
emitted due to sudden disappearance of n
magnetic moment (from Kamiokande data)
The same approach ¢

Geochemical search for *°Te — ... — 1?9Xe
Radiochemical search for 3°K — ... — 37Ar
Search for v with E, = 19—50 MeV emitted
in °0 deexcitation in Kamiokande detector
Search for '*C decay in CTF detector
Search for v with E, = 6—7 MeV emitted

in *0O deexcitation in SNO detector

Search for correlated decays in KamLAND
detector

Fréjus iron detector fired by v, ¢

Fréjus iron detector fired by v,

Search for '?"Xe decay in **Xe detector
Search for '°C and 'O decay in CTF
Radiochemical search for 3°K — ... = 37Ar9
Search for correlated decays in KamLAND
detector

Search for '*"Te decay in **Xe detector
Search for ''Be decay in CTF detector
Search for decays '3*Te — ... — 13*Xe in 135Xe
detector
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Table 7.11. Continued

Nucleon(s) 7 limit, yr

decay and C.L. Year [Ref)] Short explanation

pn — invisible [2.1 x 10%° 90 %2004 [407]|Radiochemical search for 3°K — ... — 37 Ar9
3.2 x 10?3 90 % |2006 [143]|Search for decays '**T — 13*Xe in *5Xe
detector

ppp — invisible |3.6 x 1022 90 %|2006 [143]|Search for decays *3Sb — ... — *3Cs in '3¢Xe
detector

ppn — inwvisible |2.7 x 1022 90 %2006 [143]|Search for decays *3*Te — ... — 33Cs in %®Xe
detector

pnn — invisible|1.4 x 10%* 90 %|2006 [143]|Search for decays **31— ... — *3Cs in '3¢Xe
detector

@ The result of [310] was reestimated in [127] to be more than one order of magnitude lower.
® The limit is also valid for p — v, 7,v, decay. ¢ The limit is also valid for p — vePeve decay.
4§ =e, p,7. ¢ The limit is also valid for pn and pp decays into VuUy. f The limit is also valid
for pn and pp decays into v.U.. ¢ On the basis of the data of [235].

7.7.Search for spontaneous
emission of heavy clusters

The spontaneous emission of nuclear fragments heavier than
« particles and lighter than the most probable fission fragments, named cluster
decay, was theoretically predicted in 1980 [381] and experimentally observed
at the first time in 1984 [14, 241, 375]. Up to date, spontaneous emission of
clusters ranging from “C to 34Si from near twenty trans-lead nuclei (from 22! Fr
to 2#2Cm) have been observed with branching ratios relative to o decay from
1072 down to 10716 and partial half lives from 3.2 x 103 yr up to 1.2 x 102 yr
[156,414]. In all these decays double magic nucleus 2*Pb, or nuclei close to
208Ph are produced that even allows to consider this domain of cluster decays
as “lead radioactivity” [414], analogously to "« radioactivity”. For about ten
cases, only the half life limits are known with the highest value of T3 /5 > 5.0 x
x 102! yr for decay 232Th — 24=26Ne + 208-206[¢ [155,156].

A new region of parent nuclei, for which cluster radioactivity can be ob-
served experimentally, was predicted recently [366]: these are the nuclei with
Z = 56—64 and N = 58—72; daughter nuclei are close to double magic 1g88n.
First searches in this domain were performed resulting only in limit 7', > 3.5 h
for H4Ba — 12C + 1028n [262].

The most widely used technique in experiments on cluster radioactivity is
based on solid state nuclear track detectors which are able to register track of
heavy cluster emitted from thin sample while rejecting much more numerous
low energy « particles with great efficiency [156]. In few first measurements
also Si detector telescopes were applied [375]. Ge detectors were used in two
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experiments looking for « rays from created in cluster decay nuclear residuals:
*!Na in decay of *3U (where the limit T} 5 > 1.7x10'" yr was established) [66],
and various clusters in decays of Hg isotopes (with T} /2 limits up to few by
102 yr) [170].

Very interesting approach — search for the initial energy release and sub-
sequent decay (or chains of decays) of created clusters (which usually are ra-
dioactive) — was used in experiment [138] to look for possible cluster decays
of 127I. In this research mother 271 nuclei were incorporated in the Nal(T1)
detector (natural abundance of 27T is 100 % [147]) that ensured high efficiency
of detection of the decays. The data used were collected deep underground
(about 3600 m w.e.) at the Gran Sasso underground laboratory by using the hi-
ghly radiopure ~100 kg Nal(T1) set-up of the DAMA experiment (DAMA /Nal)
devoted mainly for investigation of Dark Matter particles [146]. The set-up
consisted of 9 Nal(T1) scintillators with mass of ~9.7 kg each; the analyzed
statistics was 33834 kg - days.

Using table of atomic masses [57], one can find that 215 different decay
modes are possible for 127I nucleus with positive energy release Q. However, the
most interesting are those with emission of double magic nucleus %gCa and its
neighbor 37Sc: they have the highest @ values of 28.9 and 29.4 MeV, respecti-
vely [57]. Nucleus *8Ca created in decay 21 — 35Ca + 13As is practically
stable, T} /5(28) ~ 4 x 10" yr, but supplementary nucleus "’ As has quite short
half life of 9.01 m, and in its decay emits 7 quanta with energy of 0.432 MeV
(probability 1.49%) and 0.365 MeV (1.86 %) [236]. The sequence of events
searched for was the following: (1) first event with energy >5 MeV (from initi-
al cluster decay with @ = 28.9 MeV; here the Nal(Tl) quenching factor for ions
with high stopping power was taken into account); (2) At < 270 s between the
first and the second events; (3) energy release in one of Nal(T1) between 1.00
and 1.85 MeV (from electron emitted in 5 decay); (4) coincident energy release
in other Nal(T1) between 0.365 and 0.432 MeV (420 energy resolution) from
emitted v quanta. Efficiency to detect such a sequence of events was calculated
with Monte Carlo program as 3.6 x 10~% [138]. Number of registered events in
the experimental data, which satisfy the selection criteria, was found as 348,
in full agreement with the expected number of random coincidences (361 £ 5).
This gives the following limit for the life time:

(121 — 35Ca + I§As) > 6.8 x 10% yr at 90 % C.L.

For other possible modes of 271 cluster decay, investigated in this work
(*4Ne + 193Tc, Mg + 99Nb, Mg + 97Nb, 32Si + 9Y, 348 + By 498c +
+ ™Ge) also only 7 limits were found; they were in the range of 2.8 x 102! yr
to 2.1 x 10%* yr, up to 3 orders of magnitude higher than the best 7 limits
established for other perspective nuclides in other works.
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7.8. Rare a and 3 decays

While « decay is well known nuclear phenomenon with more
than 100 years history, interest to its investigation even increased during
last years. At present days researches are concentrated mainly on studies of
short-living exotic isotopes close to the proton drip line, decays of superheavy
elements, and on search for a activity of naturally occurring isotopes. Despi-
te alpha decay is energetically allowed for several primordial natural elements
from cerium to uranium, during the 20th century « activity was observed (apart
from uranium and thorium families) only for neodymium, samarium, gadoli-
nium, hafnium, osmium and platinum. Recently two extremely rare « decays
were discovered. Alpha activity of bismuth, being considered the heaviest stable
element, was observed with the half life 77, = 1.9 x 10Y yr (the longest
measured T/, for a decays) by using a BGO crystal (bismuth germanate,
BisGes012) as a low-temperature scintillating bolometer [325]. Alpha decay of
tungsten (isotope W) with Ty =1.1x 10*® yr was detected [186] with the
help of cadmium tungstate crystal scintillators.

Isotopes °°V, 15In and '3Cd are only three nuclei which enable study
of four-fold forbidden § decays in a practical way, when rare 8 decay is not
masked by much more rapid 8 decays. The high order of forbiddeness leads to
high half lives, in the range of 10'4—10'7 yr. It should be noted an interesting
possibility of an independent estimation of neutrino mass in case of a very low
energy of B decay of '°In to the first excited level of daughter nucleus.

Usually investigations of rare a and 3 decays are by-products of experi-
ments aimed to search for double beta decay and dark matter, measure neutrino
fluxes, screening of materials for development of ultra-low background nuclear
spectrometry.

7.8.1. Beta decay of '!3Cd

Isotope 13Cd is present in the natural composition of cadmi-
um with abundance of 12.22 %, however, it is § unstable with Qg = 320(3) keV
[57]. Radioactivity of 13Cd was observed for the first time only in 1970 [260],
after a number of unsuccessful attempts since 1940 (see references in [260]).
Then this decay was investigated in works [15,199, 258, 338|.

The most precise study of 3 decay of ''3Cd (measurement of T} /2 and
spectrum shape) was realized in [104] by using a low background CdWOy crys-
tal scintillator to investigate the 3 decay of ''®Cd with precision better than
those of the previous studies. The CdWOy crystal with mass of 434 g, used
in the experiment [199] and then stored during last 10 years in the Solotvina
Underground Laboratory on a depth of 1000 m w.e., was transported in a lead
container by surface and immediately placed underground in the Gran Sasso
underground laboratory to avoid its cosmogenic activation. It was installed in a
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Fig. 7.16. The raw energy spectrum of the CdWOy scintillator measured over 2758 h in the
low background set-up is shown by dots. The energy spectrum, obtained after the PMT noise
rejection and the correction for related efficiency and the subtraction of the background, is
shown by histogram. (Inset) The raw spectrum is shown together with the model of the
background and its main components: 3 spectra of 8Rb, 3™ Cd and *°Sr—°°Y, and the
contribution from the external v quanta from PMTs in these experimental conditions

low background DAMA /R&D set-up (see e.g. [136]) surrounded by low radio-
active shield of high purity Cu, Pb, Cd and polyethylene/paraffin to reduce the
external background. The whole shield has been closed inside a Plexiglas box,
continuously flushed by high purity No gas. An event-by-event data acquisition
system records amplitude, arrival time of event, and shape of scintillation sig-
nal with a 20 MS/s transient digitizer. Data were accumulated during 2758 h.
The abundance of '3Cd in the CdWOy crystal was determined with precise
mass spectrometric measurements. Contribution of radioactive contamination
in the crystal in the region of the '3Cd 8 spectrum was estimated by the
time-amplitude and pulse-shape analyzes of the collected data, and with the
help of GEANT4 software package [13]. Mass spectrometry was also used to
check presence of radioactive elements. Pulse-shape analysis allowed to reject
« events and PMT noise, and to reach quite low energy threshold of 28 keV.

The signal to background ratio was equal 56/1, which is the best value
among all to-date experiments. More than 2.4 x 105 events were collected, and
half life of ''3Cd was determined as:

Ty /2 = (8.04 £ 0.05) x 10" yr.

Accumulated during 2758 h spectrum with its fit by a model function and
components of background are shown in Fig. 7.16.
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7.8.2. First observation of 3
decay of 11%In to the first excited level of 115Sn

In accordance with the last tables of atomic masses [57],
mass difference between '°In and ''°Sn is equal to 499 + 4 keV. It is enough
to populate in 8 decay of '5In not only the ground state but also the first
excited level of '°Sn with Fe. = 497.4 keV. However, because of extremely
low energy release of 1.6 + 4 keV and related with this low probability, decay
to 11°Sn* was observed only very recently [173].

In the experiment carried out in the underground conditions of the Gran
Sasso underground laboratory, a high purity indium metal sample with natural
composition (95.71 % of '°In) and mass of 928 g was measured during 2762 h
in the ultra-low background set-up with four HPGe v detectors of 225 cm?

300
Indium sample 497.4 keV
1500 200
Indium sample
100 1
>
o
v
< 1000
% Background
I=| T T T - v r
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<— Bremsstrahlung form " n B decay
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Fig. 7.17. Experimental spectrum of the In sample (accumulated for
2762 h) and background spectrum (1601 h) measured with four HPGe
detectors in the energy interval 70—600 keV. The region of 600—
2800 keV, where the spectra are practically indistinguishable, is not shown.
Background is normalized to the same counting time. In the inset, the regi-
on of the 497.4 keV peak is shown in more detail; here, the In spectrum is
shifted upward by 150 counts
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side the statistical uncertainties. 1Sy
The line at 497.48 £+ 0.21keV was

present only in the In spectrum,
with area of 90 4+ 22 counts. The
energy of the peak is in agreement with the expected energy of v quantum
(497.358 4 0.024 keV) emitted in deexcitation of the first excited level of 1°Sn.
Counting rate in the peak corresponds to probability of 1.2 x 1076 (relatively
to decay to the ground state), and to half life of 3.7 x 102 yr (see Fig. 7.18).

The observation of '%In —1%Sn* decay was recently confirmed also in
measurements [27,430]. In accordance with the atomic mass tables [57], the
value of Q3 = 1.6+4.0 keV was considered as possibly the lowest energy release
in 3 decays (to be compared with 2.555 keV for 1%3Ho, and 2.469 keV for ¥7Re).
To resolve this puzzling situation, the masses of '5In and '°Sn atoms were
measured with unprecedent accuracy of ~10 eV in [345]. This gives for decay to
the ground '°Sn state Qs value of 497.489 + 0.010 keV. Taking into account
energy of the first 11°Sn excited level Eqy. = 497.334 £ 0.022 keV, the Qs value
for decay to this level is 155 + 24 €V, i.e. this decay really has the lowest known
value of Q.

We have here a paradoxical situation: we know masses of '5In and ''°Sn
(near 115 GeV each) with accuracy of 10 eV, while the energy of the first 11°Sn
excited level (which has energy 497 keV, i.e. 5 orders of magnitude lower) is
known with worse accuracy of 22 eV giving the biggest contribution to the
overall error bar of 24 eV. Measurements of Fey. with much better accuracy of
~5 eV is currently realized at the INR, Kyiv.

11 ps

0 stable

Fig. 7.18. New scheme of '5In—'1°Sn decay

7.8.3. Alpha decay of natural europium

Two naturally occurring europium isotopes (Y°'Eu and
153Eu) are potentially a active. A CaFg(Eu) crystal scintillator with mass of
370 g was used to search for a decay of '5'Eu (Q, = 1.964 MeV). While Eu is
present in the crystal as a dopant with mass fraction of only ~0.4 %), theoretical
estimations (on the basis of work [365]) of the expected half life gave the value
of T g ~ 4 % 108 yr, which is reachable with current experimental techniques.

Measurements were performed over 7426 h by using the DAMA /R&D set-
up at the Gran Sasso underground laboratory. An event-by-event data acquisi-
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Fig. 7.19. Low energy part of the spectrum measured during 7426 h in the low background
set-up with the CaFs(Eu) scintillator. The peculiarity on the left of the *7Sm peak can
be attributed to the decay of ®'Eu with Tijp =5 X 10'® yr. (Inset) Spectra obtained by

applying the pulse-shape discrimination technique shown by dashed (v(8) component) and
solid (o component) lines

tion system has been recording amplitude, arrival time of event, and shape of
scintillation signal with a 160 MS/s transient digitizer over a window of 3125 ns.
Response of the detector to v quanta and « particles was measured with a set
of external radioactive sources and by using the trace internal pollution of
the crystal by a decaying nuclides. In accordance with measured a/f ratio®,
the expected energy of ®'Eu peak in v scale of the CaFy(Eu) scintillator is
245(36) keV. The concentration of Eu in the crystal was checked with the help
of the Inductively Coupled Plasma Mass Spectrometry analysis as 0.4 %, which
is in agreement with the data provided by producer of the scintillator.

Internal radioactive contamination of the crystal by “°K, U/Th chains
and other nuclides was determined — on the level of mBq/kg — by the time-
amplitude analysis and simulation of radioactive decays with the GEANT4
package. Peaks of alpha particles were identified in the data as being caused
by « particles despite rather modest pulse shape discrimination between ~(/3)
and « events in the CaFa(Eu) scintillator.

Measured spectrum of the CaFg(Eu) scintillator is shown in Fig 7.19.
Peculiarity on the left of the 147Sm peak has energy of 255(7) keV, in agreement
with the expected energy of 1°'Eu a decay. Pulse shapes of events in this peculi-

® The detector energy scale is measured with ~ sources, thus the notation “c/v ratio”
could be more adequate. However, because ~ rays interact with matter by means of the
energy transfer to electrons, we are using the traditional notation “a/8 ratio”.
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arity correspond to shapes caused by « particles. Determined experimentally
half life T}, = (5731 x 108 yr [116] is in accordance with theoretical pre-
dictions.

This first indication should be confirmed in other experiments. One of the
possibilities could be the use of LigEu(BO3)3 crystals as a cryogenic bolometer
with energy resolution for alpha particles at the level of several keV [117,326].

7.8.4. « activity of natural tungsten

A first indication of the alpha decay of ¥'W (the expected
energy of alpha particles is 2460(5) keV [57], isotopic abundance of '8°W is
6 = 0.12(1) % [147]), with a half life T} ~ 10'® yr was obtained in the
measurements with low background CdWOy crystal scintillators [186], and
then was confirmed with CaWOy crystals as scintillators [436] and scintillating
bolometers [184]. Recently the observation was also confirmed in measurements
with low background ZnWOQOy crystals scintillators in the DAMA /R&D at the
Gran Sasso underground laboratory [118]. There is a peculiarity in the «
spectrum of a few ZnWOQO, detectors accumulated over 3197 kg - h of exposure
at the energy of 325(11) keV. This energy in the 7 scale corresponds to the
a particle energy of 2358(80) keV. These alpha events can be ascribed to the
a decay of OW with the half life Ty = (1.3f8:g) x 10'® yr. This result is
in agreement with the data published earlier. It should be stressed that the
isotope ®'W has the lowest ever measured specific a activity (~2 decays per
year per gram of the natural tungsten to be compared with the value of ~100
for natural bismuth).

7.8.5. First detection of «
decay of 9Pt to excited level of 1860s

All six naturally occurring isotopes of platinum are potenti-
ally o unstable. However, only for one of them, Pt (with the biggest
energy release of Qo = 3251(6) keV), a decay to the ground state of %90Os
was experimentally observed. The currently recommended half life value is
Ty 2 = (6.540.3) x 10M yr. However, the first excited level of 1¥60s (J™ = 2%)
has quite low energy: Fore = 137.2 keV, and energy available to « particle in
decay to this level, @} = 3114(6) keV, is high enough to make the decay to
be observed (theoretical estimations are in the range of T} /2= 101310 yr).
This allowed to detect the 0Pt — 1860s(2]) decay through detection of the
137.2 keV v quantum with the help of an ultra-low background HPGe detector
even using a platinum sample with natural isotopic composition with very low
percentage of 1Pt (0.012(2) % [147]).

The measurements were performed deep underground in the Gran Sasso
underground laboratory. Two platinum crucibles with the total mass of 42.6 g
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Fig. 7.20. Energy spectrum of the Pt sample with mass of 42.6 g
measured over 1815 h (upper part), and in more detail around the
137 keV region (lower part). The background spectrum (measured wi-
thout the Pt sample during 1046 h but normalized here to 1815 h) is
also shown (filled histogram)

were used as a Pt sample. Data with the Pt were collected with HPGe detector
of 468 cm? volume during 1815.4 h, while background spectrum of the detector
was measured over 1045.6 h. The energy resolution of the detector is FWHM =
= 2.0 keV for the 1332 keV 7 line of %°Co. To reduce external background, the
detector was shielded by layers of low-radioactive copper (~10 cm) and lead
(~20 cm); the set-up has been continuously flushed by high purity nitrogen
(stored deep underground for a long time) to avoid presence of residual envi-
ronmental radon. Part of the spectrum accumulated with the Pt sample in
comparison with the background in the energy range of 100—700 keV is shown
in Fig. 7.20.

The peak at energy of 137.1 + 0.1 keV after a decay of Pt to the QIF
excited level of 8Os is clearly visible in the Pt spectrum being absent in the
background. Its area of 132 + 17 counts corresponds to Tj /5 = 2.6f8:§(stat.) +
+0.6(syst.) x10' yr. An updated scheme of the Pt decay is shown in
Fig. 7.21. Half life limits for a decays of other platinum isotopes with emis-
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sion of 7 quanta were also obtained for the first time on the level of 1016—
108 yr [119].

7.9. Development of experimental
technique to search for rare nuclear
and sub-nuclear processes

Searches for double beta decay, dark matter, hypothetical
decays and processes, investigations of rare a and 8 decay require development
of particle detectors with very low radioactive contamination, high energy
resolution, very low energy threshold (especially important to search for the
two neutrino electron capture and direct interaction of dark matter partic-
les), containing certain elements (to study «,  and 28 decays) or variety
of elements (for dark matter detectors). Most of scintillation materials possess
unique properties required for high-sensitivity rare decay experiments: presence
of certain elements, low level of intrinsic radioactivity, reasonable spectrometric
characteristics, pulse-shape discrimination ability. Most of the crystal scinti-
llators can be applied as cryogenic scintillating bolometers, which are extremely
promising detectors thanks to high energy resolution and excellent particle di-
scrimination. Here we briefly discuss development of low background scinti-
llation detectors for low counting experiments.

7.9.1. Radioactive contamination of scintillators

Double beta decay and dark matter projects require low as
much as possible — in ideal case zero — background of a detector in a region of
interest. Radioactive contamination of scintillation material is the major cause
of background as far as appropriate shielding against external irradiation is
provided. A summary of radioactive contamination of scintillators is given in
Table 7.12 [191]. The most dangerous radionuclides for 23 experiments are
226Ra and 22*Th with daughters (>'*Bi and 2°®T1) with energies of 3 decay of
3270 keV and 4999 keV, respectively. Naturally occurring 4°K usually provides

+ +
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e Pt 0 0.25%
27 1372 ¢ ps
a 100 % a 99.75 %
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Fig. 7.21. O1d (left) and new (right) schemes of a decay of %Pt
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rather high counting rate up to 1461 keV. Anthropogenic “Sr is also
troublesome radionuclide because it is in equilibrium with °Y with high energy
of decay Qg = 2280 keV (in addition, both 908r and 0Y are nuclides rather
hard to measure due to absence of 7 rays detectable by HPGe  spectrometers).
Presence of cosmogenic radioactivity should be also controlled and decreased
as much as possible. A reachable (and measurable with present instrumentati-
on) level of tens uBq/kg is discussed now (see, e.g. [31,34,120, 190,433, 439).
However, further progress in the searching for 28 decay and dark matter will
be possible only using crystal scintillators with higher radiopurity.

7.9.2. Development of crystal
scintillators for double 3 decay experiments

High sensitivity experiments to search for double 3 processes
in different nuclei are strongly required both for theoretical and experimental
reasons. Scintillation detectors are rather promising technique from this point
of view. Indeed, there are several scintillation materials containing elements
with potentially 28 active isotopes. It is worth to mention a pioneer work of
der Mateosian and Goldhaber to search for neutrinoless double 3 decay of 4*Ca
by using enriched in #8Ca and 4°Ca CaFs(Eu) crystal scintillators [327]. Several
high sensitivity studies of the double 8 decay processes were performed using
crystal scintillators, which contain candidate nuclei: “°Ca [137], *8Ca [353,416],
"07n and %4Zn [93,95,103,192], 1°6Cd [105,189,200], 19Cd and **Cd [92,200],
16¢d [200], 13°Ba [176], 130Ce and '38Ce [100,114], 1%°Gd [171,201,297], 180W
and 186W [93,194,200]. For instance in the Solotvina experiment [200] with
the cadmium tungstate scintillators enriched in ''®Cd one of the lowest in
the 2/ experiments counting rate of 0.04 counts/(year keV kg) was reached in
the energy window 2.5—3.2 MeV where a peak from 023 decay of 11Cd is
expected. The half life limit on neutrinoless double 3 decay of '16Cd was set
as Ty > 1.7 X 10?3 years at 90 % C.L., which leads to one of the strongest
restriction on the effective Majorana neutrino mass (m,) < (1.5—1.7) eV.
A number of large-scale scintillator-based projects to search for neutrinoless
double B decay with sensitivity on the level of the inverted hierarchy of neutrino
mass have been proposed [88,120,121,172,433,439,444|. The projects intend
to use 102103 kg of double 3 active isotopes. It should be also mentioned
SuperNEMO double § decay project [279,362| aiming to utilize a large amount
of plastic or liquid scintillators.

It should be stressed, that the energy resolution in a high sensitivity neutri-
noless double 8 decay experiment aiming to explore inverted hierarchy of the
neutrino mass (such an experiment should have a sensitivity to the effecti-
ve neutrino mass on the level of 0.02—0.05 eV, which corresponds to half
lives Ty /9 ~ 1026=28 yr) plays a crucial role due to irremovable background
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Fig. 7.22. Spectra of Ov and 2283 decays for different half life of "'5Cd
relatively to 025 decay. Due to not perfect energy resolution, the 2023
decay provides irremovable background in the region of the 028 peak

coming from two neutrino decay [438|. Importance of energy resolution for
high sensitivity 0v25 decay experiments is demonstrated in Fig. 7.22, where
the energy resolution FWHM = 4%, a typical for scintillation experiment, is
taken to show the problem of background coming from two neutrino mode.
At the same time, rather modest energy resolution of scintillation detectors
(typically a full width at the half of maximum is 100—150 keV for 1—3 MeV
~ quanta) limits their application in high sensitivity experiments. Cryogenic
scintillation bolometers (see e.g. [88,251,252,363,364|) with a typical energy
resolution of a few keV looks extremely perspective technique for future neutri-
noless double 8 decay experiments able to explore even the normal hierarchy
of the neutrino mass (half life sensitivity on the level of 102—103° years) [438)].
At present CAWOy [252], ZnSe [187], CaMoQOy [314] and recently developed
ZnMoOQy [88,251,273,346] are considered as the most promising materials for
high sensitivity cryogenic double 5 decay experiments.
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Development of molybdates to search for neutrinoless double 3
decay of 19° Mo. Mo is one of the most promising candidates for 23 expe-
riments because of its high transition energy (Q25 = 3034.40 £0.17 keV [371])
and comparatively high isotopic abundance § = 9.82 + 0.31% [147]. There
exist several crystal scintillators containing molybdenum: molybdate of calci-
um (CaMoOy) [31,123,285], cadmium (CdMoOy) [330,364], lead (PbMoOy)
[197, 335, 363, 437, lithium-zinc (LizZng(MoQOy)s) [85], lithium (LisMoQOy)
[81,82], zinc (ZnMoOy) [251,273,346] (the main properties of the molybdates
are presented in Table 7.13). However, CdMoQO, contains 3 active ''3Cd
(T2 = 8.04 x 10" yr [104], § = 12.22% [147]). In addition "?Cd has very
high cross section for capture of thermal neutrons 20600(4000) barn [236],
which leads to v background from neutron-gamma capture up to the energy of
several MeV. Disadvantage of PbMoQO, (even supposing that crystals would be
produced from low-radioactive ancient lead [16,17,198|) is high effective Z value
which causes stronger interactions with background = quanta, and comparati-
vely low concentration of molybdenum. LisZny(MoOy)s has low light yield.
Besides the material is hard to grow. Here we describe recent performance of
the most promising crystal scintillators containing molybdenum for cryogenic
23 experiments: CaMoQy, LioMoO4 and ZnMoQOy.

The only known molybdate crystal scintillator with reasonable light output
at room temperature is calcium molybdate (CaMoOy) proposed in [285] to
search for the Ov double beta decay of 1"“Mo. The scintillation properties and
the radioactive contamination of CaMoQy crystals produced by two companies
in Ukraine and Russia have been studied. The best energy resolutions 10.3 %
and 4.7 % for the 662 and 2615 keV ~ lines were obtained with the CaMoOy4
sample of @38 x 20 mm produced in Ukraine. Three components of the scintil-
lation decay (/0.7 us, 4 ps and 17 ps) and their intensities for a particles
and v quanta were observed, that allows to discriminate « particles and -y
quanta. The temperature dependences of the light output and pulse shape
were tested in the temperature range from —175 to +40 °C. The radiopurity

Table 7.13. Main characteristics of molybdates
promising for experiments to search for 0v28 decay of °°Mo

Crystal Density, Melting Index of V'Va\./elength of Concentration
g/cm? point, °C refraction | emission max, nm of Mo, %
LiaMoOy4 3.0—3.1 701 580 55.2
LizZns(MoOu4)s 4.38 890 2.0 550—610 46.1
CaMoO4 4.2—4.3 | 1445—1480 1.98 520 48.0
ZnMoQOy 4.3 1003 1.9 585—625 42.6
CdMoOy4 4.35 1175 2.2 550 35.2
PbMoOy 6.95 1060 2.4 540 26.1
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Fig. 7.23. Calculated backgrounds from the 2023 decay of **Ca (le/”2 = 4x10" yr), internal

pollutions by 2°*T1 and ?'*Bi (both with 0.1 mBq/kg), and ®*¥Y isotope from cosmogenic
activity. The amplitude of the 88Y distribution corresponds to 1000 decays in CaMoOy,
while the expected 38Y cosmogenic activity is 4 events,/kg/year during 5 years. Distributions
for %Mo are shown for Tf}’z =7 x 10" yr and Tlo/'“2 =10** yr

of CaMoOQy crystals was estimated in the low background measurements in the
Solotvina underground laboratory. CaMoQ, scintillators produced in Ukraine
show contamination by uranium and thorium (particularly by 2°Po) at the
level of 0.4—0.5 Bq/kg. The contamination of the CaMoQO, crystal produced
in Russia is one-two orders of magnitude higher.

Perspectives for high sensitivity experiments to search for the 0028 decay
of %Mo are discussed in [31]. The energy resolution of 4—5% (looks reali-
stic for ordinary scintillation detector) is enough to reach a sensitivity at the
level of 10?5 yr. The contamination of crystals by 2?Ra and ?*?Th should
not exceed the level of 0.1 mBq/kg. Disadvantage of CaMoQy is presence of
2023 active isotope 48Ca with abundance in natural calcium on the level of
§ = 0.187% [147], which creates background at Q5 energy of ®Mo [31].
Therefore the 2023 decay of “®Ca restricts the sensitivity of an experiment
to search for the 0023 decay of %Mo by using CaMoQy crystal scintillators.
Calculated background components (2023 decay of 8Ca, internal pollutions
by 298TI, 214Bi and 88Y isotopes are presented at Fig. 7.23 together with a
peak of 00283 decay of 1%“Mo corresponding to the half life Tf/”2 = 10** yr.

To avoid the effect of Ca, calcium molybdate crystals from enriched isotope
10Mo and from calcium depleted in *8Ca were developed [286]. A final goal
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of the AMoRE collaboration (Korea, Russia, Ukraine, China) is a large scale
high sensitivity experiment to search for 0023 decay of Mo by using enri-
ched in Mo and depleted in *®Ca calcium molybdate crystals as cryogenic
scintillating bolometers [314].

A sample of LisMoOy crystal (©25 x 0.9 mm) was measured over 37 h
as bolometer at ~10 mK in the CUORE R&D set-up [363] in the Gran Sasso
underground laboratory. In addition to the heat signal, the scintillation light
was read by an additional Ge bolometer. Light output of the sample was esti-
mated as 7 % relatively to CdMoOy crystal 10 x 10 x 2 mm. Taking into account
relative light outputs of CdMoO,4 and CaMoOy4 at 9 K [330], this corresponds
to ~20% of CaMoQy,. Light output for a particles is ~30% relatively to ~
quanta, which allows to discriminate o and v(3) events (see Fig. 7.24).

The peak observed in the heat signal spectrum is probably due to contami-
nation of the crystal by 2!°Pb (or 2!%Po if the equilibrium is broken). However,
it could be due to contamination of the set-up. Therefore one can give only limit
on activity of 2'°Po in the sample as <0.3 Bq/kg. Radiopurity of a LisMoOy
crystal with mass of 34 g was also measured at the Gran Sasso underground
laboratory with an ultra-low background HPGe =y spectrometer [82]. LiaMoOy4
had shown good perspectives as a possible detector to search for double beta
decay of molybdenum, and resonant capture of hypothetical solar axions on
"Li [81]. However, taking into account rather low purity grade of the raw
materials used to produce the tested LisMoO,4 sample (the crystal was obtai-
ned by a solid state synthesis technique from MoOs and LisCO3 powders both
of 99.5 % purity), further R&D to improve the material would be useful.

Recently developed ZnMoOy [273,346] is surely one of the most promising
molybdates. For the first time comparatively large ZnMoO, single crystals
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were grown by the Czochralski and Kyropoulos methods from a melt [273].
Luminescence of the compound was measured under X ray excitation in the
temperature range 85—400 K and properties of ZnMoOy crystal as cryogenic
low temperature scintillator were checked for the first time [251]. Radioactive
contamination of the ZnMoQy crystal was estimated as <0.3 mBq/kg (*?*Th)
and 8 mBq/kg (*?°Ra). Thanks to the simultaneous measurement of the scintil-
lation light and the phonon signal, the a particles can be discriminated from
the /5 interactions. The detector also shows a clear ability to discriminate
the « induced background without the light measurement, thanks to a different
shape of the thermal signal that characterizes v/ and « particle interactions.

An important advantage of ZnMoQOy in comparison to CaMoQy is lower
melting temperature which allows to apply the so called low-thermal-gradient
Czochralski technique to produce crystals from enriched °°Mo. Obvious ad-
vantages of the low-thermal-gradient method in comparison to the conventional
Czochralski technology are higher quality of crystals, high utilization factor of
the initial charge (up to 90 %), closed platinum crucible providing a shield
against evaporation from ceramic details, potentially the most radioactively
contaminated part of a growing set-up. Thanks to good particle discrimi-
nation ability and high scintillation properties at low temperatures, ZnMoOy4
compound is extremely promising for the search of neutrinoless 25 decay of
100Mo [251]. Further development of this material is in progress [88].

Development of CdWQO4 crystal scintillators from enriched iso-
topes %6 Cd and 116 Cd. The Solotvina experiment [200] has demonstrated
important properties of CAWOy crystals required for a high sensitivity '6Cd
28 decay experiments. Another application of CAWO, scintillating crystals is
search for double 8 processes in °°Cd. One of the highest for 24T nuclides
value of Q23 = 2770 keV allows three modes of decay: decay with emission
of two positrons (287), electron capture with emission of positron (¢47) and
double electron capture (2¢, see the decay scheme of °Cd in Fig. 7.3). 196Cd
looks as one of the most promising nuclei to study the 28 processes.

A cadmium tungstate crystal scintillator enriched in 1°°Cd to 66 % (natural
abundance is 1.25 %) was developed [105] with the aim to realize an experi-
ment to search for double beta processes in 1%°Cd. Sample of cadmium enriched
in 1%Cd was purified by vacuum distillation. Cadmium tungstate compound
for crystal growth was synthesized from solutions. Contamination of the enri-
ched cadmium and synthesized compounds were controlled by mass-spectro-
metry and atomic absorption spectroscopy. The absolute isotopic compositi-
on of the enriched cadmium was accurately determined by thermal ionisation
mass-spectrometry. In particular, the concentration of 1°°Cd is 66 %, while
abundance of 3 active isotope "3Cd is 3.9 %. A 1CdWO, crystal boule, with
mass of 231 g (87 % of initial mass of powder), was grown by the low-thermal-
gradient Czochralski technique (see Fig. 7.25, left). The total irrecoverable loss
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Fig. 7.25. Boules of '°CdWO, (left) and "CdWO, (right) single crystals grown by the
low-thermal-gradient Czochralski process

of enriched cadmium, on the stages of purification, raw material production,
crystal growth, and scintillation element production, does not exceed 2.3 %.
A 19CAWOy crystal scintillator with mass of 216 g exhibits excellent
optical and scintillation properties. In particular, the energy resolution
FWHM = 10 % was measured with 662 keV ~ quanta of 137Cs source. From the
data of transmittance measurements (see Fig. 7.26) an attenuation length of the
material 60 + 7 cm at the wavelength of the emission maximum (490 nm) was
derived. Such a high transmittance was newer reported for cadmium tungstate
crystals. One could naturally explain this improvement by the deep purificati-
on at the stage of the enriched cadmium distillation and of the '%CdWO,
compound synthesis, and also by the advantages of the low-thermal-gradient
Czochralski technique. An experiment to search for double S processes in
106Cd was performed in the Gran Sasso underground laboratory [99,106,115].
Cadmium tungstate crystal

scintillator was also developed 100 e
from cadmium enriched in 16Cd. 30 4 .

The enriched cadmium was puri- =% /

fied by chemical methods, the .g 60} :

most polluted part was addi- é /
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crystal boule with mass of 1868 g 400 500 600 700
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al charge) was grown by the Fig. 7.26. The optical transmission curve of
low-thermal-gradient Czochralski ~ 1°CdwWO, crystal 50 mm long measured with a
technique (see Fig. 7.25). The ab-  thin sample of the crystal in reference beam
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solute isotopic composition of 16Cd in the crystal was determined as 83 % by
mass-spectrometry. Crystal scintillators produced from the boule were subjec-
ted to characterization that included measurements of transmittance and ener-
gy resolution. Low background detector with the enriched '6CdWOQy crystal
scintillators was installed in the Gran Sasso underground laboratory. Monte
Carlo simulation of double 3 processes in "6Cd was performed to estimate
sensitivity of an experiment to search for double 3 decay of '6Cd [77]. An
experiment to search for double beta decay of '6Cd by using the developed
crystal scintillators is in progress in the Gran Sasso underground laboratory.

7.9.3. Crystal scintillators
for cryogenic experiments to search for dark matter

There is an evidence for a large amount of invisible (dark)
matter in the Universe, which reveals itself only through gravitational interacti-
on. Weakly interacting massive particles (WIMPs), in particular neutralino,
predicted by the Minimal Supersymmetric extensions of the Standard Mo-
del, are considered as one of the most acceptable components of the dark
matter [128,129,151,394]|. WIMPs can be detected due to their scattering on
nuclei producing low energy nuclear recoils. Extremely low counting rate and
small energy of recoil nuclei are expected in experiments to search for the
WIMPs. Another experimental difficulty is absence of a clear signature of the
effect. In fact, near to exponential distributions of the recoils are expected,
while background of a nuclear detector has also typically a behavior near to
exponential. There are three signatures of the dark matter interaction with
matter: dependence of the effect on nuclei (mass and spin), annual and di-
urnal modulations of counting rate of the recoil events. Direct methods of
WIMPs detection are based on registration of ionization or/and excitation
of recoil nucleus in the material of the detector itself. At present, the most
sensitive direct experiments apply different detectors for WIMPs search: Ge
semiconductor detectors [1,2,86,316,344], cryogenic bolometers [12,29, 382],
noble gases 28,32, 125, 311] and scintillation detectors: Nal(T1) [20, 130—
132| CsI(T1) [312,313]. An interesting possibility to reject background caused
by electrons and gamma quanta provides cryogenic technique, which uses
simultaneous registration of heat and light signals from crystal scintillators
applied already by the CRESST collaboration [29]. These detectors combine
excellent energy resolution and low threshold with the ability to discriminate
between different types of interactions (electron, alpha or neutron interactions).

A multi target detector with semiconductor and scintillation bolometers
is under development by the EURECA collaboration (European Underground
Rare Event Calorimeter Array). It should be stressed, the EURECA project
requires a variety of scintillation targets to verify the nature of a detected

306



7.9. Development of experimental technique to search

Table 7.14. Relative light output (relative pulse amplitude)
LY of crystal scintillators at liquid helium temperature under o
particles irradiation measured with bialkali photomultiplier [154]

Sample LY % Sample LY % Sample LY %
CaWOy4 100 CaMoOqy 46 MgWO4 15
ZnWQOq4 7 PbWO4 24 LiF(W) <5
ZnSe 61 PbMoOy4 21 ZnMoQy4 <5

signal. The most promising scintillators with high light output for cryogenic
dark matter search are ZnWOQO,, CaWO,, and CaMoOy4 [304]. Collaboration
carries out development of novel materials (MgWO, [196], ZnMoOy [346]) as
well as further optimization and improvement of ZnWQ4, CaWQ,4, CaMoQy,
CaF,, BGO, AlyO3, LiF, ZnSe, PbWOQO,4, PbMoOy.

Relative pulse amplitude of some crystal scintillators (which can be used as
an estimation of relative light output) at helium temperature under « particles
irradiation measured with bialkali photomultiplier is presented in Table 7.14.

Radioactive contamination of target scintillation crystals will play a key
role to decrease background of a detector. Counting rate of a few counts per kg
per day in the energy interval 2—20 keV is typical in the present scintillator-
based dark matter experiments [20,132,312,428|. However, to elaborate region
of WIMP-nucleon scattering cross sections predicted by the different models,
background of a detector should be further decreased by a few orders of magni-
tude. For instance, the EURECA dark matter project calls for background
counting rate lower than a few events per keV per 100 kg per year at energies of
a few keV [301,302]. The project makes strict enough demands to scintillators:
they should not contain paramagnetic elements, possess high light output
(more than 1.5 x 10* photons/MeV), a very low level of radioactive impuri-
ty. Fig. 7.27 shows simulated by GEANT4 energy spectra of a scintillation
detector contaminated by 4°K, 99Co, 8"Rb, 0Sr—0Y, 137Cs, 232Th, 238U on the
level of 0.1 mBq/kg by each radionuclide [195]. Equilibrium of 232Th and 23*U
chains assumed to be broken: contributions of 234Th + 234mPa, 210ph 4 210Bj
from the 238U family, and ??8Ra + 228Ac, 2'2Pb + 2%Th (*¥2Th) are consi-
dered separately. The energy resolution dependence on energy is assumed to
be described by square root function with FWHM = 10 % for 662 keV + line of
137Cs. Supposing a suppression factor 102102, which can be reached thanks
to the active background rejection using a combination of phonon and scin-
tillation signals, radioactive contamination of crystal scintillators should not
exceed a level of ~0.01 mBq/kg for total activity. As one can see in Table 7.12,
there is no crystal scintillator satisfying such a strong demand. Therefore, an
extended R&D are necessary to reach the level of radiopurity requested by the
next generation dark matter experiments.
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Fig. 7.27. Simulated energy spectra of a scintillation detector contami-
nated by *°K, ®°Co, 8 Rb, °Sr—0Y, 137Cs, 232Th, 238U on the level of
0.1 mBq/kg by each radionuclide

Such an R&D should include the following principal steps [193,195]:

1. Deep purification of raw materials is supposed to be the most important
issue. Metal purification by vacuum distillation, zone melting, and filtering are
very promising approaches [133], while further study is necessary for the puri-
fication of Ca and Li in order to achieve the required low levels of radioactive
contamination.

2. Two to four step re-crystallization, involving screening and assessment
of the produced scintillators after each step.

3. Testing at all stages through ultra-low background v, «, 8 spectrometry
compounds for crystal growing (choice of raw materials, quality control of
purified elements and compounds).
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4. All work should be done using highly pure reagents, lab-ware and water.
All chemistry should be done in a clean room, and, as far as possible, in nitrogen
atmosphere. Careful protection from radon should be foreseen.

The low-background scintillation measurements are currently the most
appropriate methods of examining the performance of scintillators. R&D of
ultra-low-radioactive instrumentation with the sensitivity at the level of 0.01
mBq/kg (able to operate at low, at least liquid nitrogen, temperatures) are
necessary. In itself the problem of measurements of crystal scintillators’ radio-
purity on the level of 0.01 mBq/kg is rather complicated task. Detection of
low energy 3 emitters (e.g., 'Rb, 12In, 138La, 1"6Lu, 187Re, 219Pb) is parti-
cularly difficult. Presence of these radionuclides on the levels dangerous for
dark matter experiments can be detected only in produced crystal scintillators
under very low background conditions. It should be stressed that measurements
of low energy [ active radionuclides in crystal scintillators were never realized
at such a level of sensitivity.

In addition one should keep in mind also cosmogenic radionuclides. For
instance, accumulation of radioactive 14C (Qp = 156.475 keV, T o = 5730 yr),
highly undesirable for dark matter experiments, was considered in [440]. The
radioactive C can be produced by hadronic component of cosmic rays in
any materials composed of elements heavier than carbon. Another cosmogenic
radionuclide, °Zn, was observed in comparatively radiopure ZnWOj, scintilla-
tors [93,118]. An indication of cosmogenic 19 Ag contamination in 116CdWO4
crystal scintillators was reported in [77]. Underground production of detectors,
in particular of crystal scintillators, can be requested by the next generation
of low background experiments.

Zinc tungstate is a good example of radiopure scintillator (~0.2—
1 mBq/kg level of radioactive contamination) [93, 192, 303]. Nevertheless,
at least a ~20-fold improvement of ZnWQOy4 radiopurity is still needed for
the EURECA experiment, and this represents a significant challenge. Besi-
des, optimization of light collection from crystal scintillators is highly desi-
rable for cryogenic dark matter experiments. The scintillation properties of
a zinc tungstate crystal, shaped as a hexagonal prism (height 40 mm, di-
agonal 40 mm) were determined. An energy resolution of 10.7% for the
662 keV « line of 37Cs was measured with the scintillator placed in a
light collection set-up similar to that used by the CRESST dark matter
search. The light output and decay kinetics of ZnWQO, were examined
over the temperature range 7—300 K (see Fig. 7.28 where the temperature
dependence is presented) and confirmed to be competitive with those of
CaWOy,. The radioactive contaminations of the ZnWOQ, scintillator measured in
the Solotvina underground laboratory do not exceed 0.1—10 mBq/kg (dependi-
ng on radionuclide). Both scintillation measurements and Monte Carlo si-
mulations show that a hexagonal shape of the scintillation detector provi-
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Fig. 7.28. Temperature dependence of the light output of ZnWOQO, crystal scintillator for
excitation with 24! Am particles

Fig. 7.29. Temperature dependence of the light output of the MgWO, crystal scintillator
for excitation with ?**Am « particles

des ~20% better light output than a cylinder. This study demonstrates
the excellent feasibility of ZnWOQO, scintillator for cryogenic dark matter
experiments.

Calcium tungstate (CaWOy) discovered as scintillator sixty years ago [250,
343| is an appropriate material for cryogenic scintillating bolometers currently
used by the CRESST experiment to search for dark matter particles [29, 30,
308,331, 428|. There is a noticeable variation of radioactive contamination of
different CaWO, samples [175,436]. The equilibrium of U radioactive chain
is typically broken in calcium tungstate crystals, the activity of 2!°Pb and its
daughters dominates in radioactive contamination of CaWQ,. Development of
radiopure CaWOQy crystal scintillators would be a benefit both for the CRESST
and EURECA dark matter experiments.

Recrystallization is expected to be an efficient way to decrease radioactive
contamination of crystal scintillators. Effect of recrystallization on radioacti-
ve contamination was studied for CaWO, crystals. Seven samples of CaWOQO,
crystals were fabricated from three ingots that have been grown using the re-
crystallization procedure [193]. The radioactive contamination of the crystals
was investigated and it was found that 2'°Po and 238U are the main contri-
butors to the intrinsic o background, the equilibrium of the 238U chain in the
crystals is broken. It was demonstrated that the recrystallization process cau-
ses significant changes of the radioactive contamination of CaWOQO, crystals.
It leads to variation in the activity of 2/°Po (in the range 0.03—1.32 Bq/kg),
and 28U (0.04-0.33 Bq/kg) in the crystals. Activity of uranium is decreased
thanks to recrystallization. The increase of 20Po activity with time evidenced
that 219Po is mainly produced due to 2'°Pb decay. Therefore radioactive 21Pb
should be carefully screened and reduced in raw materials for crystal producti-
on. In addition, one needs to study effects of crystal production technology

310



7.9. Development of experimental technique to search

(crystal growth, annealing, cutting, surface treatment) on their radioactive
contamination.

The feasibility of lead molybdate (PbMoOy4) and lead tungstate (PbWOy,)
as detectors for rare event searches has been envisaged in [335] and [234],
respectively. The prospects of radiopure PbWO,4 and PbMoOy crystal scinti-
llators as target materials in cryogenic dark matter experiments have been di-
scussed recently [346]. Scintillation properties of PbWO4 and PbMoOy crystals,
as potential cryogenic scintillators for rare event searches, have been studi-
ed. The light output and decay kinetics of PbWO4 and PbMoOy, crystals for
excitation with 2! Am « particles were examined over the temperature range
7—300 K. The o/ ratio was measured with a PbMoOy crystal scintillator for
5.3 MeV « particles, and the ability to distinguish between signals induced
by « particles and v quanta by pulse shape discrimination was assessed for
the PbMoOy crystal scintillator at 77 K. The energy dependence of the quen-
ching factor for oxygen, molybdenum, tungsten and lead ions at low energy
was calculated using a semi-empirical approach [412] with data from the «
particle measurements. Both PbWO, and PbMoQOy crystals are of particular
interest for cryogenic experiments to search for dark matter due to the combi-
nation of heavy (W, Pb), middle (Mo) and light (O) elements. Nonetheless,
the high intrinsic radioactivity due to 2'9Pb is the main obstacle, limiting the
usefullness of these materials for low-background experiments. However, the
use of ancient lead for crystal growth should permit to produce lead tungstate
and lead molybdate with substantially reduced intrinsic radioactivity to the
level of a few mBq/kg [16,17,198].

Magnesium tungstate (MgWO,) crystals of ~1 cm? volume were obtained
for the first time using a flux growth technique. The crystal was subjected to
comprehensive characterization that included room temperature measurements
of the transmittance, X ray luminescence spectra, afterglow under X ray exci-
tation, relative photoelectron output, energy resolution, non-proportionality of
scintillation response to y quanta, response to « particles, and pulse-shape for
v quanta and « particles. The light output and decay kinetics of MgWOQO, were
studied over the temperature range 7—305 K. The variation with temperature
of the MgWOy4 light output in the interval 7—305 K is shown in Fig. 7.29. Under
X ray excitation the crystal exhibits an intense luminescence band peaking at
a wavelength of 470 nm; the intensity of afterglow after 20 ms is 0.035%. An
energy resolution of 9.1 % for 662 keV ~ quanta of *7Cs was measured with a
small (=0.9 g) sample of the MgWO, crystal (see Fig. 7.30). The photoelectron
output of the MgWOQy crystal scintillator is 35 % of that for CAWOy4 and 27 %
of that for Nal(T1). The detector showed pulse-shape discrimination ability
in measurements with « particles and v quanta; and that enabled to assess
the radioactive contamination of the scintillator. The results of these studies
demonstrate the prospect of this material for a variety of scintillation applicati-
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rays measured for the MgWOy, scintillation crystal. Fits of the v peaks are
shown as solid lines. Energies of the v and X ray lines are in keV

ons, including rare event searches [196]. The material can be used for instance
in the EURECA project, which require a variety of scintillation targets to
verify the nature of a detected signal.

7.9.4. Semi-empirical calculation
of quenching factors for ions in scintillators

For a long time it is known that amount of light produced in
scintillating material by highly ionizing particles (protons, « particles, heavy
ions) is lower than that produced by electrons of the same energy [153]. Thus,
in a scintillator calibrated with electron and/or 7 sources (which is an usual
practice), signals from ions will be seen at lower energies (sometimes up to 40
times) than their real values. Knowledge of these transformation coefficients —
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Fig. 7.31. Quenching factors for « particles in CaWOQOs and their fit with kB =
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Fig. 7.32. Dependence of inverse of the relative light output at F; = 18 keV, normalized
to that for electrons at EF. = 6 keV on ion’s Z number: squares are experimental points
from [350], and circles are calculated values with kB = 17 mg MeV~!.cm~2 found by equating
experimental and theoretical values only at one point measured with protons in CaWO4

quenching factors — is extremely important in prediction where the signal
should be expected in searches for dark matter particles or in studies of rare
a decays.

Semi-empirical method of calculation of quenching factors for scintillators
is developed recently [412]. It is based on classical Birks formula [153] with
using of the total stopping powers for electrons (dE/dr). and ions (dE/dr);
calculated with the ESTAR [230] and SRIM [396] codes, respectively. The ion
quenching factor ); at energy F is defined as the ratio of light yield of the ion
to that of an electron of the same energy: Q; = L;/ L., where

B [ aE
Li:/dE’ Le:/dE'
J 1+ kB(G); J 14 kB

The method has only one fitting parameter (the Birks factor kB) which
can have different values for the same material in different conditions of
measurements and data treatment. A hypothesis is used that, once the kB
value is obtained by fitting data for particles of one kind and in some energy
region (e.g. for a few MeV « particles from internal contamination of a
detector), it can be applied to calculate quenching factors for particles of other
kind and for other energies (e.g. for low energy nuclear recoils) if all data are
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measured in the same experimental conditions and are treated in the same way.
Applicability of the method was demonstrated on many examples including
materials with different mechanisms of scintillation: organic scintillators (solid
CgHg, and liquid C16His, CoHi2); crystal scintillators (pure CdAWO,4, PbWOy,
ZnWOy, CaWOy,, CeF3, and doped CaFa(Eu), CsI(T1), CsI(Na), Nal(T1)); li-
quid noble gases (LXe). Estimations of quenching factors for nuclear recoils are
also given for some scintillators where experimental data are absent (CdWOy,
PbWOy, CeF3, BiyGezO19, LiF, ZnSe). Examples of calculations are given in
Fig. 7.31 and 7.32.
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