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IGEX 76Ge neutrinoless double-beta decay experiment:
Prospects for next generation experiments
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The International Germanium Experiment~IGEX! has analyzed 117 mol yr of76Ge data from its isotopically
enriched~86% 76Ge! germanium detectors. Applying pulse-shape discrimination to the more recent data, the
lower bound on the half-life for neutrinoless double-beta decay of76Ge isT1/2(0n).1.5731025 yr ~90% C.L.!.
This corresponds to an upper bound in the Majorana neutrino mass parameter,^mn&, between 0.33 and 1.35 eV,
depending on the choice of theoretical nuclear matrix elements used in the analysis.
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INTRODUCTION

Neutrino oscillation experiments have produced ‘‘smo
ing guns’’ for nonzero neutrino mass in the solar neutr
deficit @1#, in the excess ofp( n̄e ,e1)n reactions from the
Liquid Scintillation Neutrino Detector~LSND! experiment
@2#, and more recently from the strong zenith-angle dep
dence of the electron to muon event ratio in the Super
miokande~SK! data@3# ~see also@4–6#!. The results of re-
actor neutrino experiments@7# constrain the disappearance
n̄e well enough to imply that the SK data are dominated
nm→nt ( n̄m→ n̄t) oscillations, with only a minimal oscilla-
tion to electron-type neutrinos, since reactor experime
show that they do not oscillate as readily as required by
SK data.

While the interpretation of the SK data in terms of ne
trino oscillations is widely accepted, there have been m
questions concerning the interpretation of the LSND data
evidence ofn̄m→ n̄e oscillations, as well as doubts that th
standard solar model was accurate enough to support
conclusion that there is really a deficit of solar neutrin
When the results of all solar neutrino experiments are c
sidered together, there is no scenario in which these data
compatible with the standard solar model unless the flux
ne from the Sun oscillates partially into othern flavors to
which the experiments are not sensitive.

On 17 July 2001, however, the Sudbury Neutrino Obs
vatory ~SNO! Collaboration settled this issue. They report
their results from the direct measurement of the reaction
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of d(ne ,e2)pp from solar neutrinos@8#. The solar neutrino
flux implied from these data was compared with that impli
from the neutral-current component of the neutrino-elect
elastic scattering data from SuperK. It was concluded that
there is an active nonelectron flavor neutrino componen
the solar neutrino flux and that the total flux of active ne
trinos from the8B reaction is in close agreement with th
standard solar model of Bahcall and his co-workers@9#. The
standard solar model is thereby confirmed, and the case
neutrino oscillations is now compelling.

The final question is that of the LSND positive indicatio
of n̄m→ n̄e oscillations. All attempts to incorporate these r
sults in the same analysis with those from the solar neut
and atmospheric neutrino experiments fail in the context
any scenario involving only three neutrino flavors.

Accepting as fact that now both solar and atmosphe
neutrino experiments give clear evidence for neutrino os
lations, there are only two conclusions that can be dra
from the LSND data, assuming the interpretation of the
data is accurate. Either the excess events from the reac
p( n̄e ,e1)n in the LSND are due to phenomena other th
n̄m→ n̄e oscillation or there must exist a fourth generation
neutrinos. This generation must be ‘‘sterile’’ with respect
‘‘normal’’ weak interactions@10#. To insist on accepting one
or the other of these options at the present time is to ac
an unsubstantiated theoretical prejudice. This issue is
very much an open one. In any case, it is safe to conclud
this point that neutrinos do possess properties outside of
standard model of particle physics.

While an unambiguous interpretation of all of the abo
neutrino oscillation experiments is not yet possible, it
abundantly clear that neutrinos exhibit mass and flavor m
ing. Accordingly, sensitive searches for neutrinoless doub
beta ~0nbb! decay are more important than ever. Expe

-
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ments with kilogram quantities of germanium, isotopica
enriched in76Ge, have thus far proved to be the most sen
tive, specifically the Heidelberg-Moscow@11# and IGEX
@12# experiments. The resulting half-life lower limit
1.931025 yr @11# and 1.631025 yr @12# imply that a new
generation of experiments will be required to make sign
cant improvements in sensitivity, as will be discussed lat

According to the standard solar model of Bahcall and
workers@9#, the deficit in the solar-ne flux on Earth can be
explained by the Mikheyev-Smirnov-Wolfenstein~MSW!
resonant oscillation. Until recently, the acceptable region
parameter space,dm22sin2 2u, were believed to be incom
patible with neutrino masses that would allow direct obs
vation of 0nbb decay. Petcov and Smirnov@13# have shown
that both MSW and vacuum oscillation solutions of the so
neutrino problem can be compatible with 0nbb decay driven
by an effective Majorana electron-neutrino mass in the ra
0.1–1.0 eV. The interpretation of all the neutrino oscillati
data together, as discussed later, implies a range that cou
between 5 and 10 times lower. The exploration of suc
range will require next-generation experiments. Some
are being proposed are CAMEO@14#, CUORE @15#, EXO
@16#, GENIUS @17#, Majorana@18#, and MOON@19#. Very
brief descriptions of each of these are given later.

In this article the results of the analysis of 117 fiduc
mole years of76Ge data from the IGEX experiment are di
cussed, and an attempt is made to project the requiremen
next-generation 0nbb-decay experiments to advance t
state of the art in sensitivity well beyond the two presen
most sensitive experiments@11,12#.

DOUBLE-BETA DECAY

Neutrinoless double-beta decay is the only known way
determine if neutrinos are Majorana particles. According
Kayser@20#, the observation of 0nbb decay would constitute
unambiguous proof that at least one neutrino eigenstate
nonzero mass, when interpreted in the context of any ga
theory. Some insight into this issue can also be obtained f
the black-box theorem of Schechter and Valle@21#. There are
many comprehensive reviews of double-beta decay in
literature@22#.

The decay rate for this process involving the exchange
a Majorana neutrino can be written as follows:

lbb
0n 5G0n~E0 ,Z!^mn&

2uM f
0n2~gA /gV!2MGT

0n u2. ~1!

In Eq. ~1!, G0n is the two-body phase-space factor includi
coupling constants;M f

0n and MGT
0n are the Fermi and

Gamow-Teller nuclear matrix elements, respectively; andgA
andgV are the axial-vector and vector relative weak coupl
constants, respectively. The quantity^mn& is the effective
Majorana neutrino mass given by

^mn&[U(
k51

2n

lk
CP~Uek

L !2mkU, ~2!

wherelk
CP is theCP eigenvalue associated with thekth neu-

trino mass eigenstate~61 for CP conservation!; Uek
L is the
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~e,k! matrix element of the transformation between flav
eigenstatesun l& and mass eigenstatesunk& for left-handed
neutrinos,

un l&5( Ulkunk&, ~3!

and mk is the mass of thekth neutrino mass eigenstate.
Feynman diagram of the process is shown in Fig. 1.

Neutrinoless double-beta decay has been hypothesize
driven by a number of other mechanisms: intrinsic rig
handed currents, the emission of Goldstone bosons~Ma-
jorons!, and the exchange of supersymmetric particles; ho
ever, here only the process involving Majorana neutr
mass will be discussed.

The effective Majorana neutrino mass^mn& is directly
derivable from the measured half-life of the decay as f
lows:

^mn&5me~FNT1/2
0n !21/2 eV, ~4!

whereFN[G0nuM f
0n2(gA /gV)2MGT

0n u2 and me is the elec-
tron mass. This quantity derives from nuclear structure c
culations and is model dependent as seen in Table I.

NUCLEAR STRUCTURE CONSIDERATIONS

From Eq.~1!, the sensitivity of a given experiment to th
parameter̂mn& depends directly on nuclear matrix elemen
In this regard, 2nbb-decay experiments have some value
testing models, althoughM2n and M0n are completely dif-
ferent. The weak-coupling shell-model calculations of Ha
ton et al. @23# were an extensive effort to explain th

FIG. 1. Feynman diagram of the 0nbb-decay process.

TABLE I. Nuclear structure factorsFN and Majorana neutrino
mass parameters^mn& for a 0nbb decay half-life of
1.5731025 yr.

FN ~yr21! Model ^mn& ~eV!

1.56310213 Shell model@23# 0.33
9.67310215 QRPA @25# 1.35
1.21310213 QRPA @26# 0.38
1.12310213 QRPA @27# 0.38
1.41310214 Shell model@29# 1.09
7-2
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IGEX 76Ge NEUTRINOLESS DOUBLE-BETA DECAY . . . PHYSICAL REVIEW D 65 092007
geochemical double-beta decay half-lives of128Te, 130Te,
and 82Se, as well as to predict the half-life of76Ge. These
early calculations used the value (gA /gV)51.24. It was later
realized that a value of unity is more appropriate for a n
tron decaying in a complex nucleus. The shell-model pred
tion then becameT1/2

2n (82Se)50.831020 yr, which is within
20% of the time projection chamber~TPC! value measured
by the Irvine group@24#.

In 1986, the CalTech group@25# introduced the quasipar
ticle random phase approximation~ORPA! with three param-
eters to account for pairing, particle-hole, and partic
particle interactions. Later, similar models were develop
by the Tübingen group@26# and the Hiedelberg group@27#.
In all of these models, the parametergpp , characterizing the
short-range particle-particle correlations, had a single va
near which the 2nbb-decay matrix elements vanish. How
ever, it is generally agreed that the 0nbb-decay matrix ele-
ments have a much softer dependence on these param
and thus are more stable. In 1994, Faessler concluded
the inclusion of neutron-proton pairing interactions redu
the dependence ofMGT

2n on gpp @28#. More recently, however
new large-space shell-model calculations by Caurieret al.
@29# yielded significantly different results, as shown in Tab
I. This is an important open question yet to be understoo

IGEX EXPERIMENT

A complete description of the IGEX experiment has be
published@30# with results from analyzing;75 mol yr of
76Ge data. An additional 41.9 mol yr have been added;
totals are presented in Table II and Fig. 2. The darke
spectrum in Fig. 2 results from applying pulse-shape d
crimination~PSD! to about 15% of the 75 mol yr data set an
to the entire 41.9 mol yr data set.

Detailed models of the crystal and associated first st
preamplifier have been constructed, and pulse shapes
various sources of background were simulated. The P
analysis leading to the results shown in Fig. 2 is a v
conservative visual technique that compared experime
pulse shapes to computed single-site and multisite pulse

Using standard statistical techniques, there are fewer

TABLE II. IGEX 76Ge data after the partial application of PS
for 117 mol yr. The starting energy of each 2-keV bin is given.

Energy Events Energy Events

2020 2.9 2042 5.5
2022 9.1 2044 6.0
2024 3.4 2046 1.7
2026 2.0 2048 5.3
2028 4.6 2050 3.4
2030 6.5 2052 4.6
2032 2.3 2054 5.0
2034 0.6 2056 0.6
2036 0.0 2058 0.1
2038 2.0 2060 4.3
2040 1.5
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3.1 candidate events~90% C.L.! under a peak having a ful
width at half maximum (FWHM)54 keV and centered a
2038.56 keV. This corresponds to

T1/2
0n ~76Ge!.

4.8731025 yr

3.1
>1.631025 yr. ~5!

The values ofFN given in Table I lead to 0.3<^mn&
<1.3 eV. Readers can interpret the data given in Table I
they wish.

The continuation of ongoing76Ge experiments can im
prove these bounds, however very probably not into the
gime of^mn& implied by the present neutrino oscillation da
interpreted with current conventional wisdom. The autho
views of what future 0nbb-decay experiments would have t
achieve, based on a current understanding of all of the n
trino experiments, are discussed below.

REQUIREMENTS OF FUTURE 0 nbb-DECAY
EXPERIMENTS BASED ON PROBABLE

NEUTRINO SCENARIOS

The SuperKamiokande data imply maximal mixing ofnm

with nt anddm23
2 >(55 meV)2. The solar neutrino data from

SK also imply that the small-mixing-angle solution to th
solar neutrino problem is disfavored and thatdm2 (solar)
>(7 meV)2. Based on these interpretations, one proba
scenario for the neutrino mixing matrix has, at least appro
mately, the following form@31#:

S ne

nm

nt

D 5S 1/& 1/& 0

21/2 1/2 1/&

1/2 21/2 1/&
D S n1

n2

n3

D . ~6!

FIG. 2. Histograms from 117 effective mole years of IGEX76Ge
data. Energy bins are labeled on the left edge. The darkened s
trum results from the application of PSD to;45% of the total data
set. The Gaussian curve represents the 90% C.L. constraint of<3.1
0nbb-decay events and has a FWHM of;4 keV, corresponding to
the effective energy resolution of the entire experiment.
7-3
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The neutrino masses can be arranged in two hierarch
patterns in which dm31

2 >dm32
2 ;(55 meV)2 and dm21

2

;(7 meV)2. With the available data, it is not possible
determine which hierarchy,m3.m1(m2) or m1(m2).m3 , is
the correct one, nor the absolute value of any of the m
eigenstates. The two possible schemes are depicted in F

The consideration of reactor neutrino and atmosph
neutrino data together strongly indicates that the atmosph
neutrino oscillations are dominantlynm→nt( n̄m→ n̄t),
which implies, as seen from Eq.~6!, that ne is a mixture of
n1 andn2 . In the chosen case, whereUe350, Eq. ~2! only
contains one relativeCP phase« and reduces to

^mn&5 1
2 ~m11«m2!, ~7!

whereas the large-mixing-angle solution of the solar neutr
problem implies

~m2
22m1

2!5~7 meV!2. ~8!

Consideration of bimaximal mixing yields four cases to
analyzed:~a! m1>0, ~b! m1@7 meV, ~c! m3>0, and~d! the
existence of a mass scaleM, whereM@55 meV:

~a! If m150, m2>7 meV, and̂ mn&5m2/2.
~b! If m1@7 meV[M and ^mn&>(M /2)(11«).
~c! If m350, m1>m2>55 meV, and̂ mn&>0 or 55 meV.
~d! If M@55 meV, m1>m2>(M155 meV), and^mn&

>(m1/2)(11«).
If we assume that«>11 and that neutrinos are Majoran

particles, then it is very probable that^mn& lies between 7
meV and the present bound from76Ge 0nbb-decay experi-
ments.

The requirements for a next-generation experiment
easily be deduced by reference to Eq.~9!:

T1/2
0n 5

~ ln 2!Nt

c
, ~9!

where N is the number of parent nuclei,t is the counting
time, andc is the upper limit on the number of 0nbb-decay
counts consistent with the observed background. To impr
the sensitivity of̂ mn& by a factor of 100, the quantityNt/c
must be increased by a factor of 104. The quantityN can
feasibly be increased by a factor of;102 over present ex-
periments, so thatt/c must also be improved by that amoun
Since practical counting times can only be increased b
factor of 2–4, the background should be reduced by a fa
of 25–50 below the present levels. These are approxima
the target parameters of the next-generation neutrino
double-beta decay experiments.

FIG. 3. Two possible neutrino mass hierarchies.
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Georgi and Glashow give further motivation for the
increased-sensitivity, next-generation double-beta decay
periments@32#. They discuss six ‘‘facts’’ deduced from atmo
spheric neutrino experiments@3–5# and from solar neutrino
experiments@1#, with constraints imposed by reactor expe
ments@7#. From these they conclude that if neutrinos play
essential role in the large-scale structure of the universe,
six facts ‘‘are mutually consistent if and only if solar ne
trino oscillations are nearly maximal.’’ They further state th
stronger bounds on neutrinoless double-beta decay c
constrain solar neutrino data to only allow the just-so os
lations.

NEXT-GENERATION EXPERIMENTS

The CAMEO proposal involves placing isotopically e
riched parent isotopes at the center of BOREXINO. One
ample given involves 65 kg of116CdWO4 scintillation crys-
tals. The collaboration predicts a sensitivity of^mn&
;60 meV, and with 1000 kg the prediction iŝmn&
;20 meV @14#.

CUORE is a proposed cryogenic experiment with 25 to
ers of 40 detectors, each a 750-g TeO2 bolometer. This de-
tector would utilize natural abundance Te, containing 33.
130Te. A pilot experiment CUORICINO, comprising on
CUORE tower, is under construction. With equivalent bac
ground, CUORE would be as sensitive as 400–950 kg of
enriched to 86%76Ge, depending on the nuclear matrix el
ments used to derivêmn&. It will be performed in Gran
Sasso@15#.

EXO is a large proposed TPC, either high-pressure ga
liquid, of enriched 136Xe. This novel technique involves
schemes for locating, isolating, and identifying the daugh
136Ba1 ion by laser resonance spectroscopy. A program
research and development is underway at the Stanford li
accelerator@16#.

GENIUS is a proposal to use between 1.0 and 10 ton
‘‘naked’’ germanium detectors, isotopically enriched to 86
in 76Ge, directly submerged in a large tank of liquid nitrog
functioning both as a cooling method and a clean shie
Extensive studies were made based on certain assumpt
measurements, and Monte Carlo simulations. In Ref.@17#,
the authors claim a sensitivity range of 1–10 meV for^mn&,
using 103– 104 kg of enriched Ge. A research and develo
ment program is underway in the Gran Sasso Laborator
develop the techniques for cooling and operating ‘‘nake
Ge detectors in liquid nitrogen for extended periods@17#.

The Majorana Project is a proposed significant expans
of the IGEX experiment, utilizing newly developed se
mented detectors along with pulse-shape discrimination te
niques that have been developed since the data present
this paper were obtained. It proposes 500 fiducial kg of
isotopically enriched to 86% in76Ge in the form of 200–250
detectors. Each detector will be segmented into 12 elec
cally independent volumes, each of which will be instr
mented with the new PSD system. A prototype is ne
completion and will be installed underground in 2002.

The MOON experiment is a proposed major extension
the ELEGANTS experiment. It will utilize between 1 and
7-4
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tons of Mo foils, isotopically enriched to 85% in100Mo,
inserted between plastic scintillators. It will have coinc
dence and tracking capabilities to search for 0nbb decay as
well as solar neutrinos. This novel technique for detect
solar neutrinos depends on the special properties of
nuclear decay schemes of100Mo and its daughters, allowing
both event and background identification@19#.

This list of proposals should produce several experime
with the sensitivity to actually observe 0nbb decay or obtain
upper bounds on̂mn& reaching the sensitivity range implie
by recent neutrino oscillation results. The IGEX@12# and
Heidelberg-Moscow@11# 76Ge experiments not only yield
the best current bounds on^mn&: they also provide most o
the technology needed in future76Ge experiments.

In the above discussions of the range of^mn& that could
render neutrinoless double-beta decay observable, one
nario was chosen out of a number of possibilities. There h
been several extensive discussions of various other inter
tations of neutrino oscillation data and their impact on
range of probable values of this important parameter@33–
38#.

In one case@38#, it was found that for three-neutrino mix
ing, u^m&u;10 meV if the neutrino mass spectrum is hiera
chical. On the other hand, if two of the neutrino eigensta
are quasidegenerate, withm1 having a small mass,u^m&u
could be as large as 100 meV. In this case, early stage
next-generation experiments could directly observe neutr
less double-beta decay.

Reference@37# predicts ranges of 1–1000 meV for th
Majorana mass parameter considering all possible solar
trino solutions, including the cases of hierarchy, partial
generacy, and inverse hierarchy.

References@33–37# discuss the impact onCP violation in
the neutrino sector and its connection to neutrino osci
tions, tritium beta-decay, and double-beta decay experime
B

.

. N
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Reference@34# discusses three- and four-neutrino flavor sc
narios in the context of next-generation tritium beta-dec
measurements and double-beta decay experiments. It
discusses how these data could help determine the patte
neutrino mass eigenstates and, possibly, the relativeCP-
violating phase in the case that two neutrino states are
volved in solar neutrino oscillations.

Frequently appearing publications on the subject alm
always refer to the importance of conducting next-genera
neutrinoless double-beta decay experiments. A complete
derstanding of the neutrino mass matrix depends on th
types of data: neutrino oscillations, tritium beta-decay m
surements, and neutrinoless double-beta decay. Eac
analogous to one leg of a three-legged stool, and eac
necessary for the complete picture. The case for a signific
investment in next-generation experiments of all three ty
is compelling.

Note added. After the submission of the final version o
this paper, the authors discovered another article@39# dis-
cussing the connection between neutrino oscillations, n
trinoless double-beta decay, and neutrino mass scenario
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