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Abstract. The leading questions in today neutrino physics concern the transformation properties of neu-
trinos under charge conjugation, the lepton number conservation hypothesis and the values of neutrino
masses. The answers can be obtained if the neutrinoless double beta decay, 0020, is observed and its rate
is measured. The mere observation of the process proves the Majorana nature of neutrinos as well as the
violation of the lepton number conservation, while the rate is a sensitive measure of the neutrino mass.
The search for this effect at present concerns mainly the double 3~ decay. This paper describes the recent
proposal to search for the neutrinoless radiative double electron capture as an attractive alternative to
the double 8~ decay. It is shown, moreover, that the same information which is expected from the 0v23
studies can in principle be also obtained from experiments using intense v. beams produced by radioactive
ions decaying in flight (the “beta beams”).

PACS. 13.15.4+g Neutrino interactions — 23.40.Bw Weak-interaction and lepton (including neutrino) as-

pects — 14.60.Pq Neutrino mass and mixing
1 Introduction

The discovery of lepton flavour mixing for neutrinos,
the so-called neutrino oscillations, has put the neutrino
physics in the lime-light of interest of particle, astro-parti-
cle and nuclear physics. Although the number of answered
questions is impressive, so is the shopping list of essential
queries. Thus we know that there are three and only three
kinds of weakly interacting neutrinos, we know that neu-
trinos are massive, we know the splittings between square
masses. This paper considers some possibilities of getting
answers to three of the remaining questions: the abso-
lute mass values, the lepton number conservation and the
neutrino-antineutrino identity.

The present limits on the mass values stem mainly
from three sources: the cosmologic one, giving the sum of
the three neutrino masses in a strongly model-dependent
way (see, e.g., [1]), the direct measurement [2] of the end
point of the *H 3~ spectrum (m,,, < 2.2eV) and the neu-
trinoless double § decay 0v2f3 (m,, < 0.3-1.0eV, where
the range reflects the large nuclear matrix element uncer-
tainty [3,4]; a claim for having observed the effect cor-
responding to (0.2-0.6) eV neutrino mass value is made
in [5]; see [3] for comments). It should be emphasized that
the mere observation of this decay will provide unambigu-
ous answers to the next two questions: it will prove the
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Majorana nature of neutrinos as well as the violation of
the lepton number conservation law.

After briefly reviewing the 0v23 method in general we
shall concentrate on the recent suggestion of studying the
radiative neutrinoless double electron capture as an at-
tractive alternative to the double S~ emission [6,7]. We
shall also outline the possible experiments with beta-beam
based neutrino factories. We shall show that the informa-
tion obtainable from such experiments is at least in prin-
ciple equivalent to that from the double beta decay.

2 The neutrinoless double beta processes

The double beta decay processes are very slow. They are
observable only in cases for which the single * or EC
decays are energetically forbidden. We may distinguish the
following decays:

= BB (Z,N) = (Z+2,N=2)+p + 0~ +7c +7,
= BT (Z,N) = (Z—=2,N+2)+ " + " +ve +ve,
— BTEC: (Z,N) = (Z —=2,N +2)+ B+ + ve + ve,

— ECEC: (Z,N) = (Z—-2,N+2)+ v, + 1.

If neutrino is a massive Majorana particle then the
first three processes can proceed without neutrino emis-
sion: the neutrino emitted in one weak interaction vertex
is absorbed in the other one and only the 3~ or 31 elec-
trons are emitted. These carry out the total energy excess.
The double electron capture decay is not possible without
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Fig. 1. Diagram for radiative neutrinoless double electron cap-
ture.

an extra energy carrier. The most obvious one is a single
photon radiated by one of the captured electrons. This
is the radiative neutrinoless double electron capture, see
fig. 1, discussed in some details below.

The value to be determined in any of the Ov23 pro-
cesses is the rate. This is a sensitive measure of the neu-
trino mass. To a good approximation the rate can be fac-
torized:

I =G(E,Z)M*X?, (1)

where G(F,Z) is the phase space factor which can be
calculated rather accurately, M is the nuclear matrix el-
ement, not so easy to calculate, and X is proportional to
the effective neutrino rest mass.

For a detailed discussion of the 0v2( processes, and
especially of the best studied OvG~ (3~ one, we refer the
reader to recent reviews [3,4]. Below, we return to the ra-
diative neutrinoless double electron capture, OvECEC-.
The process is possible due to the admixture of neutrinos
of opposite helicity. The amplitudes of these admixtures
are proportional to the neutrino rest mass. It should be
noted that because of the angular momentum conserva-
tion requirement the process precludes the capture of two
15 electrons. Tt is either the 15 4 2S5 electrons (the mag-
netic type transition) or the 15+2P electrons (the electric
dipole transition). It is the second case which is of par-
ticular interest because of the possible atomic resonance
enhancement of the rate.

The theory of radiative single electron capture has
been given by Glauber and Martin in the fifties [8]. The
continuous photon spectra of this internal bremsstrahlung
process exhibit an interesting structure in the case of the
2P (or 3P) electron capture: there is a singularity at the
photon energy equal to the 1.5-2P or 15-3P atomic level
energy difference. This prediction has been confirmed ex-
perimentally for several cases (cf., e.g., [9]). The same ap-
proach can be applied to the OvVECEC~ case. Figure 2
shows the Feynman diagram for such a resonance situa-
tion. The process can be visualised as follows: after the
second 1S electron is virtually captured, the system lives
long enough for one of the 1.5 holes to be filled by the 2P
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Fig. 2. Diagram for atomic resonance in radiative double elec-
tron capture.
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Fig. 3. The rate vs. energy dependence of OvECEC~ process
in vicinity of the atomic resonance for a high Z atom.

electron. The resonance condition is fulfilled if the energy
of the resulting Ka X-ray transition coincides with the
energy available for the internal bremsstrahlung photon.
The rate can be expressed [6] as

I'"(2P — 295)
[Q - Qres(Z - 2)2] + [%]

where @ is the available bremsstrahlung energy Qes(Z —
2) is the Ka X-ray energy in the daughter atom and I7. is
the natural width of the X-ray transition in the presence
of an additional 1S hole (the width of a hypersatellite
transition, of the order of 100eV in heavy atoms).
Figure 3 shows the rate of the OvECECy process in
vicinity of the resonance. The enhancement attainable in
heavy emitters may reach in favourable cases several or-
ders of magnitude. This more than compensates the usual
retardate of a radiative process. For details of the the-
ory of the Ov radiation double electron capture we refer
to [6,7,10,11]. Here we can mention that the process has
several experimental advantages, the most important of
which being the precious coincidence trigger. The trigger

Q) =

7 [Rol”,  (2)
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is due to the presence of characteristic Ko X-rays and, in
cases of decays to excited states, of characteristic y-rays
de-exciting these states. The resonance conditions favour
in many cases decays to such states, while in the 376~
case the Q°-dependence of the rate strongly inhibits the
process. Without a coincidence trigger the requirements of
shielding and purity of all the material, necessary in order
to suppress the overwhelming random background, tend
to the extremes. Other advantages such as, e.g., the low
physical background due to the competing two neutrino
radiative process, are discussed in [6,10].

There are several candidates for 0vECEC decays which
might meet the resonance condition. The rate estimates,
however, suffer from large uncertainties due to low pre-
cision of mass measurements, typically a few keV to be
compared with the resonance width of ~ 0.1keV.

Mass measurements of the required accuracy are
within the present state-of-the art, but have yet to be
done. The nuclei to be considered are, e.g., 112Sn, 136Ce,
152Gd, 162Er, 154Er and '8°W. The corresponding Q—Q s
energy values in keV are —5.8(4.6), 27(13), 0.04(3.5),
—10.5(4), 5(4), 12(5), where @ is the decay energy avail-
able for the process [12] and Q..s is the resonance energy;
see [6] for details.

3 Searching for Majorana neutrinos with beta
beams

3.1 Beta beams

The present plans for developing high flux, high energy
neutrino beams, the so-called “neutrino factories”, are
mainly motivated by the need for the next generation,
high precision neutrino oscillation experiments. Once con-
structed, however, these facilities will inevitably be used
for a number of other research projects. The principle is
to produce a high intensity beam of a neutrino progenitor,
be it muons or beta-decaying ions, accelerate these species
to highly relativistic energies and store in a ring ([13,14,
15] and references therein). The “ring” will have a long
straight-linear section. The neutrinos produced during the
flight in this section will undergo a kinematical focusing
and a relativistic energy boost. The former concentrates
the neutrino beam at the detector (the “target”), the
latter offers a dramatic increase of the interaction cross-
section in the detector. The purpose of the present paper
is to consider the use of the beta beam born neutrinos
to study other fundamental properties of neutrinos: their
Majorana or Dirac nature, the lepton number conserva-
tion hypothesis and the absolute mass scale.

3.2 The principle of experiment

The Majorana neutrinos produced in 3~ or in 3+, EC
decays differ only by their helicity. If v is massive then
in either kind of the decay there is an admixture of the
helicity opposite to the dominating one. The magnitude

of this admixture depends on the neutrino rest mass, m,,
and its energy in the center of mass frame of the decaying
species, ESM:

2
F () ~ (e ) ®)

We assume having

i) beams of either v, or 7, with 100% purity

ii) detectors with 100% selectivity to neutrinos of a
given helicity.

We consider two situations:

a) single beam, two different detectors

b) single detector, two different beams.

For the purpose of the present argument these situa-
tions are equivalent.

Consider the case of the single v beam and two differ-
ent detectors labelled (det v) and (det 7). (In the following
we use the notation v, 7 for the neutrinos with dominating
left or right handed helicity, respectively.) The correspond-
ing rates observed by the two detectors are:

N, (detv) ~ NBa,,n (E,l/ab) ,

N, (det D) ~ Nlow, (EX®) f (m,,, ESM)
where NO is the neutrino flux at the detector, E' is
the boosted neutrino energy in the laboratory frame and
un(EL®), 05, (EL?) are the cross-sections for the boosted
neutrinos of the dominating and the admixed helicity, re-

spectively. The admixed fraction, f, can then be expressed
by the measured and/or calculated quantities:

N, (det D) o3y (EL) £, (EL2b)
N, (det v) o,n(Elb) gy (Elb)

f (mqugM) = (4)
where €,,,, €5p denote the detector efficiencies. The nota-
tion corresponds to the vector current interactions (v-n)
and (7-p), respectively. Note that for any observation an-
gle there is a continuous energy spectrum depending on
energy and emission angle in the CMS.

The detection cross-sections can be calculated, al-
beit with sizeable nuclear structure uncertainties. Alterna-
tively, they can be determined experimentally. In the ideal
case of the experiment done with 7 and v beams of the
same energy and with the two different detectors, the
f(m,, ESM) function can be expressed in a simplified
way. The terms of the detector efficiencies and the cross-
sections (and thus of the nuclear structure dependence)
cancel:

N, (det7) Ny(detv)
N, (det v) Nz(detD)

£ (my, EJM) = (5)
4 Helicity admixture estimates
4.1 Admixture in the CM system

Consider the ®He decay (this is the prime candidate
presently proposed for the beta beam, see the CERN fea-
sibility study, [16]):

‘He -» SLi+v+e .
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Fig. 4. The U energy spectrum (solid) and the opposite helicity
admixture (dashed, x10*®) for °He decay in CM system. N,
in arbitrary units.

The maximum 7 energy is about 3.5 MeV. The spectrum
is shown in fig. 4. The spectrum of neutrinos with opposite
helicity, calculated for mz = 0.5eV and multiplied with
103 is shown with the dashed line.

The neutrino CM energy dependence indicates the
need to look for ions with decay energies as low as possi-
ble. A possible candidate is !"®W decaying via the electron
capture decay:

IPWEC — P
with Q(EC) = 91.3keV.

The neutrino emitted in the CM system is mono-energetic,
with the energy

ESM = Q — Bx = 23.9keV

for neutral '™ W and ~ 22keV for the W7+ ion. The
gain has to be weighted, however, against the loss in
intensity due to the elongated lifetime of the relativistic
emitter.

4.2 Helicity admixture in the boosted system. The
“helicity flip”

The helicity composition of the boosted beam of massive
neutrinos will differ from that in the CM system. This
comes about from the “helicity flip” of the neutrinos emit-
ted in CM and reoriented due the boost in laboratory.
Similar effect has been considered in [17] for pion decay.
The very tiny rest mass of neutrinos, however, means that
the gain in the helicity admixture is not very spectacular,
at least not for the boosts presently attainable.

The ratio R of boosted admixture to that in the CMS
can be very well approximated for a large range of labo-
ratory energies by the formula [18]:

Enax
Elab

R — — 2")/ECM/Elab

Taking a mono-energetic neutrino, e.g., 25keV in
CMS, and v = 1000 one gets F,,q.; = 50MeV and thus at
E'*® = 1 MeV the gain factor R = 50.

5 Conclusions and outlook

— Neutrino oscillations prove that at least one of the neu-
trino species has a finite rest mass and that the lepton
flavour is not conserved. Information from other kind
of data is needed to determine the values of neutrino
masses, to establish the mass hierarchy and to test to-
tal lepton number conservation hypothesis.

— Neutrinoless double beta decay offers the most sen-
sitive way to determine the effective neutrino mass.
If discovered, it proves unambiguously the Majorana
nature of neutrinos as well as the lepton number non-
conservation.

— The radiative neutrinoless double electron capture is
a promising alternative to the electron emission, with
definite experimental advantages.

— Strong, resonance enhancement is predicted at pho-
ton energy equal to the energy difference of the 15-2P
atomic state.

— Experiments with beta beams can in principle provide
information equivalent to that from the double beta
decay. The rates are discouraging but improvements
possible.
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