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Neutrinoless double-b decay of76Ge: First results from the International Germanium
Experiment „IGEX … with six isotopically enriched detectors
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The International Germanium Experiment~IGEX! has six HPGe detectors, isotopically enriched to 86% in
76Ge, containing approximately 90 active moles of76Ge. Three detectors of 2 kg each operate in the Canfranc
Underground Laboratory~Spain! with pulse-shape analysis electronics. One detector~;0.7 kg active volume!
has been operating in the Baksan Low-Background Laboratory for several years, and two additional similar
detectors will operate in Baksan. A maximum likelihood analysis of 74.84 active mole years of data yields a
lower boundT1/2

0n >0.831025 yr ~90% C.L.!, corresponding tômn&,(0.5– 1.5) eV, depending on the theoret-
ical nuclear matrix elements used to extract the neutrino mass parameter.@S0556-2813~99!01604-0#

PACS number~s!: 23.40.2s, 14.60.Pq, 27.50.1e
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I. INTRODUCTION

In the standard model of particle physics neutrinos
strictly massless, although there is no theoretical reason
such. On the experimental side, there is no compelling
dence that neutrinos have nonzero masses, although th
sults of several experiments with solar, atmospheric, and
restrial neutrinos lead to inconsistencies in the stand
theory, unless it is assumed that neutrinos indeed h
mass~es!.

The anomalous electron to muon ratio observed in und
ground experiments on atmospheric neutrinos in Soudan
Kamioka, the solar neutrino deficit seen in the Homesta
SAGE, GALLEX, Kamiokande, and Superkamiokande e
periments, and the excess electron events seen in the L
Scintillator Neutrino Detector~LSND! experiment at Los
Alamos could all be explained within the frame of neutri
oscillations. This scenario requires nonzero neutrino ma
and mixing between the various neutrino flavors.

Dark matter models of galaxy formation, which ha
;75% nonbaryonic cold dark matter, 20% hot dark mat
and 5% dark baryons, fit a large body of data rather w
properly matching observed spectral power at all scales
the universe. A light neutrino could constitute hot dark m
ter and at the same time solve the neutrino oscillation pr
lem if it has a mass of a few eV.

*Present address: PPE Division, CERN, Geneva 23, Switzerl
†Present address: Universitaet Bern, CH-3012 Bern, Switzerla
‡Present address: TUM, Garching, Germany.
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In the standard model it is assumed that neutrinos
antineutrinos are different particles, but no experimen
proof exists thus far. Nuclear double-b-decay experiments
address the following questions:~1! are neutrinos self-
conjugate and~2! do they have Majorana mass? Various th
oretical neutrino mass scenarios reconcile both the ma
and vacuum oscillation solutions of the solar neutrino pro
lem and allow the possibility of neutrinoless double-b decay
with an effective Majorana neutrino mass in the range
0.1–1 eV, the target sensitivity of IGEX.

II. DOUBLE- b DECAY

Neutrinolessbb decay is the only practical way to dete
mine if neutrinos are Majorana particles. In an extension
the black-box theorem of Schechter and Valle@1#, Kayser,
Petkov, and Rosen showed that in the context of any ga
theory, the observation of 0n bb decay would constitute un
ambiguous evidence that at least one neutrino eigenstate
nonzero mass@2#. In the standard model, weak interactio
preserve lepton number exactly, whereas neutrinolessbb de-
cay would violate it. Additionally, a neutrinoless decay mo
could reveal the existence of majorons, scalar Goldst
bosons that result from a spontaneous symmetry brea
mechanism that results in the generation of neutrino m
These and other features make the search for neutrino
double-b decay invaluable for exploring non-standard-mod
physics.

The transition probability of the lepton number violatin
0n bb decay driven by a Majorana neutrino mass term
expressed as@3#
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@T1/2
0n ~01→01!#215G0nuM0nu2

^mn&
2

me
2 , ~1!

whereG0nuM0nu2[FN is a nuclear factor of merit and wher
M0n5MGT

0n 2(gV /gA)2MF
0n . The symbolsMF

0n andMGT
0n are,

respectively, the dimensionless Fermi and Gamow-Te
nuclear matrix elements,gV andgA are the vector and axial
vector coupling constants, andG0n is the neutrinoless phas
space integral. In the case of the76Ge neutrinoless decay
G0n56.4310215yr21 @3#. The expression ^mn&5( jl j

mjUe j
2 is the effective neutrino mass parameter,Ue j is the

unitary matrix describing the mixing ofj neutrinos to elec-
tron neutrinos,l j is aCP phase factor, andmj is the neutrino
mass eigenvalue.

Discovering neutrinoless decay would imply th
^mn&expt5me (FNT1/2

0n )21/2eV, whereme is the electron mass
Cancellation in the^mn&expt expression may occur, bu
^mn&expt<mj

heaviest; i.e., at least one neutrino will have a ma
not smaller than the valuêmn&expt. Thus far, neutrinoless
double-b decay has not been observed, and only an up
limit on ^mn& has been obtained from the measured low
limit of the half-life. In fact, ^mn&expt can be much smalle
than individual neutrino masses. The factorFN contains all
of the nuclear physics and depends strongly on the nuc
model used;FN can differ significantly from model to mode
as demonstrated in Table I. Therefore, having a hard bo
on T1/2

0n does not justify placing a hard bound on^mn&, at
least until the nuclear physics issues are resolved.
Heidelberg-Moscow result must also be interpreted with t
caveat@4#.

III. IGEX SETUP AND EXPERIMENTAL PARAMETERS

The International Germanium Experiment~IGEX! @5# is a
search for the neutrinoless double-b ~bb! decay of76Ge us-
ing a large amount of germanium~isotopically enriched to
86% in 76Ge!. The data presented here were previously c
lected in three laboratories: the Homestake gold m
@4000 meter of water equivalent~mwe!#, the Canfranc Tun-
nel ~2450 mwe!, and the Baskan Neutrino Observatory~660
mwe!. Three IGEX detectors of approximately 2-kg acti
mass each are currently operating in the new Canfranc T
nel Laboratory, and the technology described in detail in t
paper represents the present state of the art which will g
erate all future IGEX data. One detector of about 0.7
active mass has been operating in Baksan for several y
and will soon be joined by two more similar detectors.
fourth 2-kg detector is planned for the Canfranc Laborato
Earlier phases of the IGEX experiments have been descr

TABLE I. Theoretical nuclear structure factorsFN and Majo-
rana neutrino mass parameters corresponding toT1/2

0n 51025 yr.

FN ~yr!21 Model ^mn& eV Reference

1.56310213 Weak coupling shell model 0.41 @12#

9.67310215 QRPA 1.69 @14#, @15#

1.21310213 QRPA 0.47 @16#

1.12310213 QRPA 0.48 @17#

1.41310214 Shell model 1.36 @13#
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in several conference proceedings@5#.
The summed energy of the two electrons from the n

trinoless double-b decay76Ge⇒76Se12e2 would appear as
a peak at 2038.560.4 keV @6# superimposed on the back
ground spectrum. For maximum sensitivity, the experim
must have the lowest possible background, the best pos
energy resolution, and the highest possible efficiency in
energy region of the spectrum. The best currently availa
technology meeting these criteria uses intrinsic german
detectors, isotopically enriched in76Ge. IGEX has about 90
active moles of76Ge, a detection efficiency of almost 100%
and energy resolution of;0.15%. IGEX utilizes unique cry-
ostat technology, ultralow background materials, archa
logical lead shielding, and pulse-shape analysis to lower
background, which is the key to ultimate sensitivity.

All six IGEX detectors were grown and fabricated at O
ford Instruments, Inc., in Oak Ridge, Tennessee using g
manium which was isotopically enriched in Russia to 86%
76Ge. The GeO2 powder was purified, reduced to metall
form, and zone refined to;1013 impurities per cubic centi-
meter by Eagle Picher, Inc., in Quapaw, Oklahoma. It w
then shipped to Oxford by surface in order to minimize a
tivation by cosmic ray neutrons@7#, where it was further
zone refined, grown into crystals, and fabricated into det
tors.

All of the cryostat parts were electroformed onto stainle
steel mandrels from a CuSO4 solution. Data from the first
three smaller detectors were analyzed, and small quant
of radium and thorium were observed. To reduce the thori
contamination, the CuSO4 was purified by recrystallization
In this process, the copper sulfate crystals are dissolve
18-MV water, and the solution is supersaturated by boili
On cooling, copper sulfate recrystallizes from the solutio
This results in a supernate of saturated copper sulfate
impurities. The supernate is removed by decantation. T
process has been measured to reduce the thorium contam
tion by a factor greater than 200 in laboratory tracer stud
Sulfuric acid is the other major component of the plati
bath. The highest purity acid commercially available, whi
came packaged in Teflon, was used. Radium was remo
from the plating bath by the introduction of a barium sca
enge (BaSO4), which is trapped in the filtration system. Th
radium then readily exchanges with the barium during
normal online filtration process. The cryostats of all the lar
~2-kg! detectors were fabricated using these procedures.

The three large enriched~Rico Grande! detectors, desig-
nated RG-I, RG-II, and RG-III, have masses of 2150, 21
and 2121 g, respectively. The dead layer thickness of R
was measured using the attenuated intensities of collim
155Eu gamma rays from 42 to 105 keV incident normal to t
crystal. The measurements were made at various position
the crystal and resulted in an average thickness of 0.5 m
The active volumes of all three Rico Grande detectors w
measured with a collimated source of152Eu in the Canfranc
Laboratory. The corresponding active volumes were in go
agreement with the standard Oxford efficiency measu
ments and also agreed with the active volume of RG-I
determined from the155Eu measurement above. All thre
detectors have active masses of;2 kg and efficiencies of
;100% relative to a 7.62 cm37.62 cm cylindrical NaI~Tl!
detector for 1333-keV gamma rays. These three detec
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2110 PRC 59C. E. AALSETH et al.
contain a total of 67.9 active moles of76Ge.
The three smaller detectors produced during the fi

phase of IGEX were all cut from the same 4-kg crystal. Th
have total masses of 1006, 1018, and 896 g, respectiv
The total active mass of the three detectors is;2 kg or a
total of ;22 mol.

The full width at half maximum~FWHM! energy resolu-
tions of RG-I, RG-II, and RG-III, using the 1333-keV pea
from a 60Co source were 2.16, 2.37, and 2.13 keV, resp
tively. The energy resolution of the summed data presen
here is interpolated from208Tl calibration lines to be;4 keV
at 2038 keV, the energy at which the 0n bb-decay peak
would appear. The counting rates of peaks in the backgro
are currently so weak that they cannot be used to main
energy calibration. Energy calibration and resolution m
surements were made every 7–10 days using22Na, 60Co, or
natural thorium sources. The data from the three laborato
were combined after slight gain shifting to align the ener
spectra at the 1460.75-keV background line from40K. The
largest body of the data analyzed here was collected in
Homestake gold mine. Since the Homestake data were
least stable in gain, it was necessary to assign each p
between 2020 and 2060 keV to an energy bin based on
position of the 2614-keV line from a228Th source measure
before and after the relevant data collection period. On
casion, the calibration gain shifted excessively between
start and end of the counting period, and these data were
included in this analysis. These gain shift problems, wh
were possibly engendered by the environment of an ope
ing gold mine, are far less prevalent in the Canfranc a
Baksan laboratories.

The large detectors all have similar front-end electron
The first-stage field-effect transistor~FET! is mounted on a
Teflon block a few centimeters from the center contact of
crystal. The protective cover of the FET and the glass s
of the feedback resistor were removed to reduce radioac
background. This first-stage assembly is mounted behin
2.5-cm-thick cylinder of archaeological lead to reduce ba
ground. Further stages of preamplification are located at
back of the cryostat crossarm approximately 70 cm from
crystal. The Rico Grande detectors now all have preamp
ers modified for pulse shape analysis.

The shielding of the Canfranc IGEX detectors~from in-
side to outside! is as follows. The innermost shield consis
of 2.5 tons~;60 cm cube! of archaeological lead~2000 yr
old! having a210Pb~210Bi! content of,0.01 Bq/kg. The de-
tectors fit into precision-machined holes in this central co
which minimizes the empty space around the detectors a
able to radon. Nitrogen gas, at a rate of 140 l per ho
evaporated from liquid nitrogen, is forced into the detec
chambers to create a positive pressure and further minim
radon intrusion. The archaeological lead is centered in an;1
m cube of 70-yr-old low-activity lead~;10 tons!. A 2-mm-
thick cadmium sheet surrounds the main lead shield, and
layers of plastic seal this central assembly against radon
trusion. A cosmic muon veto covers the top and two sides
the central passive core. The ends where the detector De
are located are not yet covered by active veto. It consist
BICRON BC-408 plastic scintillators 5.08 cm350.8 cm
3101.6 cm with surfaces finished by diamond mill to op
mize internal reflection. BC-800~UVT! light guides on the
t
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ends taper to 5.08 cm in diameter over a length of 50.8
and are coupled to Hamamatsu R329 photomultiplier tub
The anticoincidence veto signal is obtained from the logi
‘‘ OR’’ of all photomultiplier tube discriminator outputs an
reduces the background in the region of interest by ab
40%. An external polyethylene neutron moderator 20
thick ~1.5 tons! completes the shield. An external plastic te
‘‘bubble room,’’ surrounds the experiment, which is locat
in a room isolated from the rest of the laboratory, that
2450 mwe underground. The laboratory air is replaced ev
4 h by forced ventilation from the main railway tunnel whe
there is a constant airflow. The overall result is a backgrou
of about 0.2c/keV kg yr in the energy region between 2
and 2.5 MeV. This is expected to decrease even furthe
the cosmogenic activities in the detectors decay. The shi
ings used in Homestake and Baksan are similar to that u
in Canfranc with the exception that their innermost shie
are 450-yr-old Spanish lead and copper stored undergro
for more than 20 yr respectively. There was no muon veto
Homestake, which was at 4000 mwe.

The data acquisition system now being used with the
detectors in Canfranc is based on standard NIM electron
The normal preamplifier output pulses from each detector
routed through two Canberra 2020 linear amplifiers hav
different shaping times to filter noise@8# and then are con-
verted using Canberra 8701 Wilkinson type analog-to-dig
converters~ADC’s! controlled by PC’s through parallel in
terfaces. The preamplifiers have been modified to optim
pulse shape discrimination by the addition of circuitry th
extracts a ‘‘charge collection detail signal’’~CCDS!. Each
preamplifier CCDS output is routed to either a LeCroy 93
or 9360 digital oscilloscope, using a 1-MV 800-MHz active
probe. The CCDS information is digitized at a rate of 2
per point and transferred to the computer via GPIB. For e
event in a detector the following are recorded:~1! the ar-
rival time, with a precision of 100ms, ~2! the elapsed time
since the last veto event,~3! the energy from each ADC, an
~4! the digitized CCDS wave form pulse-shape discrimin
tion.

IV. BACKGROUND

The majority of the background currently comes fro
cosmic-ray neutron spallation reactions that occurred in
detector and cryostat components while they were ab
ground. The major contributions are from68Ge ~271 d!, 65Zn
~244 d!, 56Co ~78 d!, 57Co ~272 d!, and60Co ~1925 d!, where
the numbers in parentheses are the half-lives. Although th
activities are decaying, the backgrounds from60Co and68Ge
in the energy region of interest will not become negligib
within the time frame of the experiment. Further backgrou
reduction requires pulse-shape analysis to discrimin
double-b-decay events from these internal cosmogenic ba
ground events.

In large intrinsic Ge detectors, the electric field increas
by a factor of more than 10 from the inner conductor to t
outer conductor, which are almost 4 cm apart. Electrons
holes take 300–500 ns to reach their respective conduc
The current pulse contributions from electrons and holes
displacement currents, and therefore dependent on their
locities and radial positions. Accordingly, events occurring
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a single site~bb-decay events for example! have associated
current pulse characteristics that reflect the position in
crystal where the event occurred. More importantly, th
single-site events frequently have pulse shapes that d
significantly from those due to the most dominant ba
ground events that produce electron-hole pairs at sev
sites by multi-Compton-scattering processes, for exam
Pulse-shape analysis can be used to distinguish betw
these two types of energy depositions. Figure 1 show
sample body of raw data that is a sum of early data collec
from the three RG detectors and which has not been s
jected to pulse shape analysis. The60Co lines were domi-
nantly from a suspected contamination in the RG-II cryos
and are prime candidates for rejection using pulse-sh
analysis.

An example characteristic of a single-site pulse is sho
in Fig. 2~a!. Figure 2~b! shows an example characteristic of
multisite event. For a complete description of the pul
shape sorting technology, see Ref.@9#. Only a few events in
the energy region of interest obviously resulting fro
multiple-site interactions in the crystal were removed fro
the data used here to place the lower bound on the half-
Extensive experimental and computational studies are
rently underway to significantly improve the efficiency
identifying multiple-site interactions and effectively remo
the majority of them from future data sets.

The data from all IGEX detectors were gain shifted to t
same energy scale. The portion of the composite spect
relevant to 0n bb decay of76Ge is shown in Fig. 3; it rep-
resents 74.84 mol yr. The data are reported in 2-keV-w
bins because that is the smallest bin width that was use
record the earlier data. The energy resolution of the en
data set is 4 keV FWHM at 2038 keV. The data set betw
2020 and 2060 keV is given in Table II. Less than 15%
the data contributing to this table have been subjected
pulse-shape discrimination, and only a small fraction
those events have been removed from the data set.

The current background without PSD averaged from
to 2.5 MeV is;0.20c/keV kg yr and is lower than that rep
resented in the data set analyzed here, which contains

FIG. 1. A sample of the early data prior to gain shifting from
three 2-kg detectors. The spectrum is compressed to 10 keV
channel. The two peaks at 1173 and 1333 keV from60Co are domi-
nantly from one detector~RG-II!. This is thought to be a contami
nant on some part of the cryostat, and steps to eliminate it wil
taken.
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obtained while cosmogenic activities were still making s
nificant contributions. Further background reduction is
progress through pulse-shape discrimination to elimin
multisite events. The current rudimentary PSD technolog
capable of rejecting about two-thirds of the backgrou
events: so the present IGEX background is&0.06c/
keV kg yr with this PSD applied. Present efforts in pream
lifier development and pulse-shape simulations are expe
to significantly improve the background rejection efficienc

er

e

FIG. 2. ~a! An example of a digitized charge collection deta
signal preamplifier pulse from a single-site event.~b! An example
from a multiple-site event. Each horizontal division represents 1
ns.

FIG. 3. A histogram of the early data in the energy region
interest for 0n bb decay representing 74.84 mol yr from all IGE
detectors. The base of the Gaussian resolution function has
shifted to the average background level between 2.0 and 2.5 M
The width of the Gaussian represents the experimental resolu
and the area under the Gaussian represents our adopted det
limit.



S
co

en
ts
HM
th

V
be

t

ve
a

ta
th

ti-
th

e

om
ble
of
hell
a-

me
ple,

itive
ifi-

ula-
hell
f
he
f
t
-

as
per
ata.
ore
n

ly
e-
ith

ac-
his
ain-

i-
lse-
nic

ith
gle-

of

is
o.

he

art-

ics

4
fo
i-
n

2112 PRC 59C. E. AALSETH et al.
The three RG detectors are now accumulating data with P
pursuing the goal of probing Majorana neutrino masses
responding to half-lives of 1026yr.

V. RESULTS

The early data set in Table II was analyzed three differ
ways. First, the 1s uncertainty in the number of even
which could be contained in a Gaussian peak having FW
54 keV and centered at 2038 keV is 2.75. Therefore,
number of events attributable to 0n bb decay,C, is 4.53 at
the 90% confidence limit. The productNt corresponding to
74.84 mol yr is 4.5131025yr, and

T1/2
0n >

~ ln 2!Nt

C
5

3.1231025 yr

4.53
50.6931025 yr. ~2!

Next, an analytical maximum likelihood estimator@10# was
applied over the 16-keV interval from 2030 to 2046 ke
Again, the detector response function was assumed to
Gaussian with a FWHM54 keV. Any energy interval used to
compute the mean background yields a negative value for
most probable number of neutrinolessbb-decay events;
hence, the value zero is assumed, in which caseC,4.0 at the
90% confidence limit andT1/2

0n >0.7831025yr.
Finally, we have also used the statistical estimator deri

in a Poisson process recommended by the Particle D
Group @11#. Using this method,C<3.84 at the 90% confi-
dence limit. This is equivalent toT1/2

0n >0.8131025yr.
We have adopted from these estimators the valueT1/2

0n

>0.831025yr; however, Table II contains all of the raw da
in the energy region of interest and can be interpreted by
reader using any analytical formalism to verify the legi
macy of the above value. The curve in Fig. 3 represents
upper bound of neutrinolessbb counts leading to the abov
half-life at the 90% confidence limit.

TABLE II. Data from six IGEX detectors representing 74.8
mol yr. The data were gain shifted to the same energy scale be
summing.E ~keV! is the lowest energy in each 2-keV bin. Approx
mately 15% of these data have been subjected to pulse-shape a
sis; only a few obvious multisite events were removed.

E ~keV!
Counts/2

keV E ~keV! Counts/2 keV E ~keV!
Counts/2

keV

2020 1.9 2034 1.6 2048 5.3
2022 8.1 2036 1.0 2050 3.4
2024 2.4 2038 1.0 2052 4.6
2026 2.0 2040 1.5 2054 5.0
2028 3.6 2042 2.5 2056 0.6
2030 6.5 2044 1.0 2058 0.1
2032 2.3 2046 1.7 2060 2.3
D
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To deduce a limit on the neutrino mass parameter fr
the above experimental bound on the half-life, a relia
nuclear matrix element is required. A large number
nuclear matrix elements have been calculated in the s
model @12, 13# and with the quasirandom phase approxim
tion ~QRPA! method @14–17#. In the QRPA, the 2n bb-
decay theoretical nuclear matrix elements exhibit an extre
sensitivity to the choice of nuclear parameters, for exam
the particle-particle force parametergpp . In the case of 0n
bb decay, the nuclear matrix elements are far less sens
to the choice of parameters; however, there are still sign
cant differences between the results of the various calc
tions as shown in Table I. Recent large model-space s
model calculations for76Ge @13# result in a nuclear factor o
merit FN about 10 times smaller than that computed in t
weak coupling shell model@12# and in the QRPA method o
Refs. @16# and @17#, although it is rather similar to the firs
QRPA calculation of Ref.@14#, which used a simple sche
matic interaction. Table I gives the76Ge nuclear factor of
merit computed using the various nuclear models.

The extraction of the neutrino mass parameter^mn& from
the bound on the half-life is therefore not straightforward
can be appreciated by referring to Table I where up
bounds range from 0.46 to 1.9 eV based on the IGEX d
The question of nuclear structure is still an open one. A m
stringent limit ofT1/2

0n >1.131025yr at the 90% C.L. has bee
recently reported by the Heidelberg-Moscow group@4#.

Obtaining the ultimate sensitivity from large, isotopical
enriched76Ge experiments requires the perfection of puls
shape discrimination techniques. Presently, only pulses w
shapes that are obviously characteristic of multiple inter
tions in the crystal are being removed from the data. T
results in a significant number of background events rem
ing in the data set. A two-pronged program to further elim
nate background events, consisting of computational pu
shape simulations and further development of the electro
system, is underway in IGEX. The goal is to maintain, w
a high degree of confidence, only pulses that are from sin
site interactions and to accurately determine the fraction
all single-site interactions rejected.
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