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A brief discussion of the connection between neutrino oscillation data and predictions of neutrinoless double-
beta decay half-lives is given. Two convenient figure of merit formulae are discussed in the context of the
various isotopes and technologies proposed. These allow definite evaluation of the merits of the various proposed
experiments. Other criteria are discussed, which in total, if applied, should give all the necessary tools for

comparative evaluation.

1. INTRODUCTION

Neutrinoless double-beta (0v(3j3)-decay has
been reviewed in detail many times in the lit-
erature [1-8], and discussed in these proceed-
ings. The positive observation of atmospheric-
neutrino oscillations [9], and solar-neutrino oscil-
lations [10], and the measurement of their pa-
rameters, allows the prediction of the range of
estimated half-lives of Ovf3(-decay candidates if
neutrinos are Majorana particles. The ranges
of mixing angles and neutrino eigenstate masses
derived from oscillation data are consistent with
values of the effective Majorana mass of the elec-
tron neutrino, (m, ), corresponding to half-lives of
some candidate Ov3(-decay isotopes within reach
of several of the proposed next generation ex-
periments [11-13]. The mean life of this exotic
process, when driven by Majorana neutrino ex-
change, is related to (m, ) as follows:

(my,)?
(me)?
where G% is the phase space factor, including
coupling constants, and M9 is the nuclear matrix
element of the decay. The connection between the
neutrino mixing matrix and (m,) is by now well
known:

(Tl/g)il _ GOIJ|MOV|2’ (1)

[(mu)| = [|US P HUS Pmae'2+{UL Pmae’#2 =0 (2)

where U,, are the elements of the first row of the
mixing matrix, my are the three neutrino mass
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eigenvalues, and e*#23 are Majorana CP phases,
with €’ being the CP phase that appears in the
quark mixing matrix. The Majorana phases do
not appear in neutrino oscillation expressions;
e~ does.

The following approximate equations can be
written by neglecting |U,,| which is much smaller
than both |Ue,| and |U.,|. The known relation-
ships between the three neutrino mass eigenstates
allow the approximate equations to be written in
terms of my, dm%, and dm?,,, . as follows [13]:

solar
- om?
() = mal|U5 P+ e (14 s ) o

in the case of normal hierarchy: m; ~ my < mg,
and

(mu) = \fmi +amiq [|US et +|US e, (4)

in the case of inverted hierarchy: m; < mo ~ ms.
In these approximations |U%|? = cos? 12 ~ 0.70,
and |U%|? = sin? 615 ~ 0.30.

From equation (4), we conclude that real next
generation Ov(3[-decay experiments must at least
have the sensitivity to probe the coherent case
of the inverted hierarchy (e?? = e%3), when
my ~ 0. Accordingly, (mq) ~ /dm? ~ (40 —
50) meV.

In the later sections, the available isotopes and
technologies are discussed. The important fig-
ure of merit formulae are discussed that should
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be considered when evaluating the relative mer-
its of the various proposals. They emphasize the
importance of isotopic abundance of the source,
detection efficiency, energy resolution, and back-
ground rejection. The total mass of the source is
obviously very important.

At this point it is convenient to introduce
the nuclear factor Fy = G°|M%|?) such that
(my,) = me/\/FNT1 /2. The average values taken
over many reported calculated values are used
in our estimates, and for convenience we define
7= (Fyn) x 1013 y~1. We will use this parameter
frequently later.

2. AVAILABLE ISOTOPES

There are more than 30 isotopes with the even-
even pairing energy level structure that forbids
weak decay to the next odd-odd nucleus because
it would not conserve energy. In Table 1, we list
the 8 that have large decay energies and for which
there are methods of isotopic enrichment. These
are the ones that are most frequently the subjects
of experimental proposals.

In the second column, values of the average nu-
clear structure factor appear. There is no real
justification for depending on the absolute value
of these as being accurate. They are the aver-
age values mainly taken from the list given by
Tretyak and Zdesenko [14], and work published
since. A few calculations that were shown later
to be incorrect were not included. Also not in-
cluded were earlier calculations of authors who
published results later using the same general ap-
proach, and in cases in which it is clear that the
authors imply that their later work should replace
their earlier one. The uncertainty quoted is the
1o mean square deviation. These values are only
meant to project the general centroid of the theo-
retical rates. Though the absolute values can not
be considered highly reliable, they do represent
the best estimates we have of the predicted decay
rates. The parameter, 7, is useful in comparing
the relative merits of proposals and should be in-
cluded in the comparative analysis. While not
claimed to be highly accurate, it is clear that we
should expect the decay rate of %Mo (7 ~ 5.0),
for example, to be significantly larger than that

of 136Xe (7 ~ 0.28). This fact is an important
consideration.

We should not take the value of 7j (1°°Nd) as
seriously as the others because there are only very
few calculations. In addition the very large static
quadrupole moment of the ground-state makes
this calculation extremely difficult. This tech-
nique of averaging many published theoretical re-
sults will suffer criticism; however, it does give us
general estimates of the relative expected decay
rates.

3. FIGURE OF MERIT FORMULAE

The general criterion for discovery can be ex-
pressed as Cgg = Ci,/B + Cgg, where Cgg is
the number of Ov33-decay events, B is the back-
ground in the region of interest (ROI), and C;
is related to the confidence level in units of o of
the Poisson distribution of the spectrum in the
ROI. For simplicity we can require some specific
signal-to-background ratio, for example Czg/B =~
1. In this case we require Cgs = VB where
v = C1v/2. This choice is arbitrary, however, it
can be made the same for all experiments being
compared.

The criterion above can be written as follows:

Cpg = A\ggNte = yWbBMUIE, (5)

where Agg = Tgﬁl, the decay rate, N is the
number of parent nuclei and € is the detection
efficiency. On the right hand side 7 is de-
fined above, b is the background rate in counts
kg~'keV~ly~l, tis the operating time, 0 F is the
optimum window of the analysis for a search for
the OvB3-decay peak, M is the mass of the source
in kg, and 0F is proportional to the energy reso-
lution. We can replace it by the full width at half
maximum (fwhm) of the experiment.

From this it is easy to show that the half-life
sensitivity can be written as follows:

Ap x 103 ae Mt
Oov __ 0 _ -
T = ( ~ ) (W) V boE ©)

In equation (6) Ao is Avagadro’s number, a is
the isotopic abundance, and W is the molecular
weight of the source.
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The parameter, 7, discussed earlier (see Table
1), is proportional to Agg, and hence inversely
proportional to the theoretical prediction of the
half-life for some arbitrary choice of the parame-
ter (m,).

A very comprehensive expression for the rela-
tive figure of merit is one that is proportional to
ratio of the half-life sensitivity of a proposed ex-
periment under consideration and the theoretical
half-life which, for the choice of (m, ), is propor-
tional to 7~ !. This figure of merit is expressed as
follows:

ae M
J=n (W) bOE’ @)
where we have eliminated parameters common to
all experiments being compared.

There is another rather unconventional figure
of merit that places more emphasis on the prop-
erties of an experiment that enhances our ability
to find the “needle” of signal in the “haystack”
of background. This is the ratio of the expected
signal in the “haystack” of background. This is
the ratio of the expected signal for a target value
of (m,), to the expected background. This is sim-

ply:

_ AgpNte nae
= WMOEL  WWE" (8)

fa

While very useful in comparing some experi-
ments, it is not very useful in comparing those
vastly different in source mass. In cases of zero
background, and adequate energy resolution to
exclude interference from 2v@3-decay, equation
(8) will not be useful.

4. SAMPLE APPLICATIONS

4.1. Germanium experiments

There are four proposed "Ge experiments:
GEM [15], GENIUS [16], Majorana [17] and the
new "9Ge experiment proposed for Gran Sasso
[18]. Let us use as an example, the well doc-
umented parameters from the Majorana White
paper [17]. In this case: a = 0.86, ¢ = 0.75, W =
76, M = 500 kg, and 0F = 3.5 keV. From
Table 1, 7 = 0.73, and from Table 2-4 of [17]
we deduce b = 0.005 keV kg~ 'y~!, without

using the segmentation cut, which is unique to
Majorana. Accordingly, f = 1.15 for a typical
well executed "°Ge experiment. This is conser-
vative since most proposals claim target values
of b < 0.005 keV~tkg~'y~!. We will then use
f =~ 1.0 as the canonical value of, f, that defines
a highly competitive proposed experiment.

For the values of the parameters above, f; =
0.344. For convenience, we multiply equation (8)
by 2.91 so that the canonical value of, f4, is also
1.0. Accordingly we use,

fa =2.917ae/WHOE. 9)

4.2. Cryogenic experiments

Next we consider the CUORE proposal which
is the only example of a cryogenic Ovf33-decay
experiment. It is the only other proposal with
excellent energy resolution, § £ ~ Tkev and it also
has a successful pilot experiment, CUORICINO,
to document its performance.

First, consider T'eOs bolometers with natural
abundance, 33.8%. In this case a = 0.338, ¢ =
0.84, W = 163, M = 760 kg, b = 0.005, and
0F = 7 keV. In this case f = 1.09, while
fa =~ 0.62. While comparable to Majorana, the
main differences are from the isotopic abundance
and the energy resolution. If CUORE was isotopi-
cally enriched, F' = 2.76, and f; = 1.55. These
optimistic figures depend on achieving the factor
of 40 background reduction over the background
in CUORICINO, 0.2 keV~'kg=ly~!. According
to the talk by my colleague Ettore Fiorini (see E.
Fiorini these proceedings), significant progress is
being made towards this goal.

4.3. Large Xe experiments

There are three large xenon-136 proposals,
EXO [19], XMASS [20], and Xe-Borexino [21]. In
the case of EXO, there is an intense R & D ef-
fort to reduce the background to essentially zero
by capturing the ®Ba™ ion, after one charge
neutralization of 136 Ba™*, bringing it to the in-
tersection of two lasers and using resonant photo-
excitation and decay of the 62P; /2 atomic state
at 493 nm which decays to a 5*Ds /2 metastable
state. A second laser, 650 nm excites it back
to the 6P, /2 level and as many as 107 photons

sec™! are emitted which can be used to identify
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the 136Bat daughter nucleus. This follows the
original suggestion of Moe [22]. This has not yet
been achieved, and it presents a significant chal-
lenge.

For purposes of discussion, let us estimate, f,
for a 10 ton 136 Xe time projection chamber with
an estimated overall efficiency € = 0.3, a = 0.8
and 0FE = 50 keV, which has been achieved in a
small chamber using charge collection and scintil-
lation light. In this case we can express the figure
of merit, f, in terms of b=1/2 as follows:

f=0.007b"1/2, (10)

The required background level would be b ~
5 x 1075 keV~'kg~'y~!, to reach f = 1. This is
the challenge of the EXO collaboration to achieve
success with the 136 Ba* tagging technique. One
very uncertain parameter is the efficiency, €, as-
sociated with the tagging. For a one ton Xe
TPC experiment, the required background level
is ~5x 1070 keV kg~ 1y~ L

If we consider the parameters given in [20]
for the XMASS experiment, and assume a =
0.80, with a photo-cathode coverage of 70 %,
we conclude that the resolution of the 100 kg
version (0E = 580 keV) could be reduced to
0F =~ 133 keV in the 800 kg version. Using
these estimates f =~ 0.03. If the background
could be reduced to 1072 keV~'kg~ly~! then
f ~ 0.1. To achieve a figure of merit of unity,
the background rate will have to be reduced to
b~ 107" keV lkg~'y~!, a significant challenge.

The third large 36 Xe proposal, Xe-Borexino
[21] proposes an experiment in which 1565 kg
of Xe, enriched to 80 % ¥®Xe is dissolved in
the Borexino scintillator. The following param-
eters were obtained from [21]: a = 0.8, € =
0.68, M = 1565 kg, 0E = 186 keV, b =
3 x 10* keV~'kg—'y~!. Using the parameters
n = 0.28, and W = 136, we obtain the value
f =~ 0.19. To reach f ~ unity, the background
rate must be reduced to b ~ 1072 keV kg~ ly~!.

To put these incredibly low background rates in
perspective, we revisit the projected rate of the
Majorana experiment over 2500 kg.y. With the
application of pulse shape discrimination and de-
tector segmentation, the calculated result is that
7 background counts will remain. This corre-

sponds to b = 2.8 x 1073 keV kg~ ly~!. To
exceed this value by one or two orders of magni-
tude will be a real challenge.

4.4. The DCBA '"9N{d experiment

The Drift Chamber beta-ray analyzes (DCBA)
is the only serious effort underway at this time
to exploit the large value of 7 of ONd [23].
There is not enough known about the parame-
ters of DCBA to confidently compute the figure
of merit. What is known are JE ~ 200 keV
and N(*'Nd) ~ 7.5 x 10?® atoms. According
to Table 2, an experiment will have to reach the
sensitivity of 77/, ~ 2.9 x 10°® years to probe
the sensitivity (m,) ~ 0.04 eV. If we estimate
a counting efficiency of € ~ 0.5, the experiment
will have to yield less than 1 count/year in back-
ground. If the Nd is in the form of Nd2Os3, then
W = 348. We then compute that M = 28.3 kg of
Nd3Os if a ~ 0.8. Using these parameters we see
b~ 0.035 keV " lkg~'y~!. From Table 1, ij ~ 57.
With this we arrive at f = 0.25.

This seems respectable; however, the large
value 0E ~ 200 keV very probably lead to dif-
ficulties with the contamination of the ROI at
|Qps| with counts from 2v53-decay. In addition,
the discovery potential indicator of equation (10)
yields fg ~ 0.05. This should be intuitively ob-
vious if we assume that (m,) ~ 0.04 eV, we
will observe A\ggNte ~ (2.4 x 10726 y=1)(4.16 x
102 159Nd)(e ~ 1.0)/y ~ 1y~! with this appa-
ratus. Spread over 200 keV (fwhm), a discovery
at (m,) ~ 0.04 will not be possible. This exam-
ple points out the weakness of relying two heavily
just an figure of merit formulae. The total mass
and count rates, Agg/Ne, must also be considered.

4.5. Scintillator experiments

CAMEQO. This proposal involves 100 kg of
16Cd WO, scintillation detectors to investigate
the Ov@B-decay of 1'°Cd [24]. The plan is to
place these detectors in a high purity liquid in
the Boreximo Counting Test Facility. The pro-
jected parameters are: 7 = 1.3, e = 1, a =
0.83, 0FE = 112 keV, M = 100 kg, W = 360,
and b = 0.0004 keV ~'kg—'y~!. This background
is a factor of 100 lower than that already reached
in the Solotvina laboratory [25]. With these tar-
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get parameters, we see f = 0.14.

The number of ''6Cd atoms in 100 kg of
CdW O, with 83% enriched '6Cd, is 1.39 x 1026.
The predicted half-life corresponding to (m,) ~
0.04 eV is 1.3 x 10%6. The predicted decay rate,
A3BNe = 0.07 y~!. Again, this experiment will
need significant expansion to be competitive, even
though fz = 0.0007 + 0.0004 = 1.75.

Again, one can call into question the estimated
average value, 77, from Table 1. Nevertheless, even
if it is off by a factor of 10, the experiment would
need significantly more mass.

If one refers to Table 3, one can easily deter-
mine from the column labelled, N\gg, the mass
required to make a statistically significant discov-
ery at (m,) ~ 0.04 eV. If one takes a different
approach and starts with Table 3, it might be im-
mediately clear that 100 kg of NdyO3 enriched to
85% is roughly equivalent to 10° kg of CaFy with
natural abundance Ca. It becomes then clear that
5000 kg years of "Ge detector operation might
have a respectable discovery potential with ~ 10
events in a narrow energy region (~ 3.5 keV') but
if and only if the background is roughly the same
or less, i. e., (2 —4) x 1073 keV ~tkg=ly~ L.

If on the other hand, one chooses to use 26 Xe
in a TPC, one needs 2.3 x 10* kg - y to obtain 10
events at (m,) ~ 0.04 eV. These events will be
spread over ~ 50 keV in the most optimistic case.
So it will be necessary to reduce the background
to nearly zero. This is of course the intention of
the EXO collaboration and the motivation of the
R & D program to tag the 36 Ba™* ion.

4.6. Metal foil-scintillator tracking cham-
bers

The MOON (Molybdenum Observatory Of
Neutrinos) experiment is a proposed series of
molybdenum foils sandwiched between plastic
scintillators [25]. There is not enough data on
the detection efficiency or background to calcu-
late an accurate figure of merit; however, the fol-
lowing parameters are reasonable: a = 0.9, 77 =
5.0, W =100, M = 1000 kg, and, 6F = 5.4% =
190 keV. Let us assume an efficiency € = 0.5.
Accordingly, for f = 1.0,

nae | M

In this case a background of 0.014 counts
keV~'kg=1ly~! would result in a figure of merit of
1.0. This will be a significant challenge, but pos-
sibly achievable. Reference to Table 3, however,
gives one a good qualitative feel for the discovery
potential. It predicts ~ 11 Qv 33-decay counts per
1000 kg of 90% '%9Mo per year. It would require
roughly 10 ton years to observe ~ 110 events over
~ 200 keV. To maintain a signal to background
ratio of ~ 1, the background rate will have to be
restricted to ~ 5.5 x 1075 keV " 'kg~ly~!. Again
we see the importance of energy resolution for dis-
covery potential. A molybdenum detector with
< 10 keV fwhm would be a powerful detector, a
bolometer perhaps.

5. CONCLUSIONS

It is not necessary to continue the exercise of
subjecting all of the various proposals to the cri-
teria suggested here. The main points should now
be clear. The figure of merit formulae discussed
earlier contain a necessary factor proportional to
the estimated Ov((-decay rate for a given effec-
tive mass of the electron neutrino. This is usually
not included, but is absolutely necessary.

In subjecting the various experimental propos-
als to same litmus test, equations (7) and (8) can
give general guidance of a relative merit. This
should be followed by consulting Table 3 from
which one can conclude how many kg - years
of data would be necessary to make a discov-
ery if neutrinos are Majorana particles, and if
the eigenvalue mass spectrum is inverted (i. e.,
(my) ~0.04 eV).

To make a final comparison of experimental
proposals concerning discovery potential, it is
necessary to consider both experimental energy
resolution and background. The important ques-
tions are - how many real Ov(G(3-decay events are
expected in a reasonable time, and how proba-
ble is it that the “needle of real events” can be
discovered in the “haystack of background”.

Finally, the organizers have asked me to state
which of the many proposals I would favor. To
them I say, thank you for inviting me to speak to
the neutrino community. To answer your ques-
tion, don’t just listen to what I say, watch what I
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I have chosen my two favorite experiments to

devote my energies to. They both have the best
of the parameters we have been discussing, and
in particular, sharp energy resolution.
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Table 1
The most popular parent isotopes, their method of isotopic enrichment, average nuclear structure factor,

(Fy) = (G%|M®?) y=1, the renormalized nuclear structure factor 7 = (Fy) x 1013 y~!, and total
OvBp-decay energy |Qgag| in keV.
Parent Isotope (Fn) = (G MY ]2y y~1 [ 7= (Fn) x 1083 y |Qss| keV
BCa(Cent.)t (5.4737) x 10714 0.54 4271
6Ge(Cent.) (7.3 :t 0.6) x 1014 0.73 2039
828a(Cent.) (1.779-3) x 10713 1.70 2995
100 A10(Cent. Av)t | (5.0 i 0.15) x 1013 5.0 3034
16Cd(Cent. Av) | (1.3797%) x 10713 1.3 2802
130Ta(Cent.) (4.240.5) x 10713 4.3 2533
136 Xe(Cent.) (2.84£0.4) x 10714 0.28 2479
BONd(Cent.) (5.7759) x 10712 57.0 3367
1 Cent. Centrifuge Separation.
T Av. Atomic Vapor Laser lonization Separation.
Table 2
Estimated half-lives corresponding to (m,) = 0.04 eV, and corresponding decay rates.
Isotope T10 Agg y~*
BCa 3.0 x 1027 2.3x 10728
6Ge 2.3x10%7 | 3.0x 10728
828e 9.4 x10%6 | 7.4 x 10728
100770 | 3.3 x10%6 | 2.1 x 10727
16Cq 1.3 x 10?7 | 5.3 x 10728
1307e 3.9 x10% | 1.8 x 10727
136Xe | 5.8x10%7 | 1.2x 10728
1ONG | 2.9x10% | 2.4 x 10726
Table 3

Atoms of parent isotopes of the various sources of Ovg3-decay per kilogram and estimated decay rates
for (m,) ~ 0.04.

Isotope: form N kg ! Ags(estimate) y=t | NAgg kg~ y~! | Abundance
BCa: CaWO, | 1.34 x 10%* 23x1072%8 3.1x107% 80%
BCa: CFy 1.44 x 1022 2.3x 10728 3.3x1076 0.187%
Qe Ge 6.81 x 10%* 3.0 x 1072 2.0 x 1073 86%
82G¢ . SeOsy 4.61 x 10%* 7.4 % 10728 3.4 %1073 85%
00770 : Mo 5.41 x 10%* 2.1x107% 1.1 x 1072 90%
H6Cd: CdWO, | 1.34 x 10 5.3 x 10728 7.1x 1074 80%
130T¢ . TeO, 1.26 x 10%* 1.8 x 10727 2.3 %1073 33.8%
130T . TeO, 3.21 x 10%* 1.8 x 10727 5.8 x 1073 85%
B6Xe: Xe 3.54 x 1024 1.2 x 10728 4.3 x 1074 80%
ONG: NdyOs | 1.47 x 10%* 2.4 % 10726 3.5 x 1072 85%




