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Neutrinoless double decay of "®Ge: First results from the International Germanium
Experiment (IGEX) with six isotopically enriched detectors
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The International Germanium Experimeh@&EX) has six HPGe detectors, isotopically enriched to 86% in
8Ge, containing approximately 90 active moles’#Be. Three detectors of 2 kg each operate in the Canfranc
Underground LaboratorgSpain with pulse-shape analysis electronics. One detget@.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 boundT9/,=0.8x 10?°yr (90% C.L), corresponding t¢m, )< (0.5—1.5) eV, depending on the theoret-
ical nuclear matrix elements used to extract the neutrino mass parahs866-28139)01604-0

PACS numbegp): 23.40-s, 14.60.Pq, 27.56.e

I. INTRODUCTION In the standard model it is assumed that neutrinos and
. . . antineutrinos are different particles, but no experimental
In the standard model of particle physics neutrinos ar roof exists thus far. Nuclear doubRdecay experiments
strictly massless, although there is no theoretical reason f ddress the following questions(1) are neutrinos self-
such. On the experimental side, there is no compelling eViE:onjugate and?) do they have Majorana mass? Various the-
dence that neutrinos have nonzero masses, although the i§wtical neutrino mass scenarios reconcile both the matter
sults of several experiments with solar, atmospheric, and tezng vacuum oscillation solutions of the solar neutrino prob-
restrial neutrinos lead to inconsistencies in the standargbm and allow the possibility of neutrinoless doulflelecay
theory, unless it is assumed that neutrinos indeed hawgith an effective Majorana neutrino mass in the range of

masges. ' . 0.1-1 eV, the target sensitivity of IGEX.
The anomalous electron to muon ratio observed in under-

ground experiments on atmospheric neutrinos in Soudan and
Kamioka, the solar neutrino deficit seen in the Homestake,
SAGE, GALLEX, Kamiokande, and Superkamiokande ex- Neutrinoless3s decay is the only practical way to deter-
periments, and the excess electron events seen in the Liquidine if neutrinos are Majorana particles. In an extension of
Scintillator Neutrino DetectoLSND) experiment at Los the black-box theorem of Schechter and Vdllg, Kayser,
Alamos could all be explained within the frame of neutrino Petkov, and Rosen showed that in the context of any gauge
oscillations. This scenario requires nonzero neutrino massehleory, the observation ofi088 decay would constitute un-
and mixing between the various neutrino flavors. ambiguous evidence that at least one neutrino eigenstate has
Dark matter models of galaxy formation, which have nonzero mas§2]. In the standard model, weak interactions
~75% nonbaryonic cold dark matter, 20% hot dark matterpreserve lepton number exactly, whereas neutringigsde-
and 5% dark baryons, fit a large body of data rather wellcay would violate it. Additionally, a neutrinoless decay mode
properly matching observed spectral power at all scales ofould reveal the existence of majorons, scalar Goldstone
the universe. A light neutrino could constitute hot dark mat-bosons that result from a spontaneous symmetry breaking
ter and at the same time solve the neutrino oscillation probmechanism that results in the generation of neutrino mass.
lem if it has a mass of a few eV. These and other features make the search for neutrinoless
double decay invaluable for exploring non-standard-model
physics.
*Present address: PPE Division, CERN, Geneva 23, Switzerland. The transition probability of the lepton number violating
TPresent address: Universitaet Bern, CH-3012 Bern, Switzerlanddv 88 decay driven by a Majorana neutrino mass term is
*Present address: TUM, Garching, Germany. expressed as3]
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TABLE I. Theoretical nuclear structure factoFs, and Majo-  in several conference proceedir|@s.

rana neutrino mass parameters correspondinfte= 167 yr. The summed energy of the two electrons from the neu-
) trinoless doubled decay’®Ge="5Se+ 2e~ would appear as
Fn 1) Model (m,) eV Reference 5 gk at 2038:50.4 keV [6] superimposed on the back-
1.56x 1013 Weak coupling shell model 041  [12] ground spectrum. For maximum sensitivity, the experiment
9.67x10° % QRPA 1.69  [14], [15] must have the lowest possible background, the best possible
1.21x10°®* QRPA 0.47 [16] energy resolution, and the highest possible efficiency in this
1.12x10°* QRPA 0.48 [17] energy region of the spectrum. The best currently available
1.41x10-  Shell model 1.36 [13] technology meeting these criteria uses intrinsic germanium

detectors, isotopically enriched fiGe. IGEX has about 90
active moles of °Ge, a detection efficiency of almost 100%,

(m,)? and energy resolution 0f0.15%. IGEX utilizes unique cry-
[TIH0"—=0")] t=Gg,|M®"|—5—, (1)  ostat technology, ultralow background materials, archaeo-
Me logical lead shielding, and pulse-shape analysis to lower the

M2_ . background, which is the key to ultimate sensitivity.
wr:)evzreG%d MO7|2= Fyy Is & nuclear factor of merit and where - z|'sjx |GEX detectors were grown and fabricated at Ox-
M™=Mgr—(gv/9ga)"Mg". The symbolM¢” andMgrare, oy instruments, Inc., in Oak Ridge, Tennessee using ger-
respectively, the dimensionless Fermi and Gamow-Tellefanium which was isotopically enriched in Russia to 86% in
nuclear matr_|x elementsg,, andgp are the vec_tor and axial- 76ze The Ge® powder was purified, reduced to metallic
vector coupling constants, aif@, is the neutrinoless phase form and zone refined te- 101 impurities per cubic centi-
space mtegraIiSIn t[]e case of tHéGe nel_JtrmoIess decay, meter by Eagle Picher, Inc., in Quapaw, Oklahoma. It was
Go, = 6.4x107"yr- [3]. The expression(m,)=2\;  then shipped to Oxford by surface in order to minimize ac-
m;Ug; is the effective neutrino mass parametel,; is the  tjyation by cosmic ray neutronk?], where it was further
unitary matrix describing the mixing gfneutrinos to elec-  zone refined, grown into crystals, and fabricated into detec-
tron neutrinos); is aCP phase factor, andh; is the neutrino  tors,
mass eigenvalue. All of the cryostat parts were electroformed onto stainless
Discovering neutrinoless decay would imply that stee| mandrels from a Cu$Golution. Data from the first
(M) exp=Me (FNT2/) ~ €V, wherem, is the electron mass. three smaller detectors were analyzed, and small quantities
Cancellation in the(my)expt expression may occur, but of radium and thorium were observed. To reduce the thorium
(m,,)exptsm}‘ea‘”esﬁ i.e., at least one neutrino will have a mass contamination, the CuSQwas purified by recrystallization.
not smaller than the valugm, ). Thus far, neutrinoless In this process, the copper sulfate crystals are dissolved in
double decay has not been observed, and only an uppet8-M() water, and the solution is supersaturated by boiling.
limit on (m,) has been obtained from the measured lowerOn cooling, copper sulfate recrystallizes from the solution.
limit of the half-life. In fact,(m, ), can be much smaller This results in a supernate of saturated copper sulfate and
than individual neutrino masses. The facky contains all  impurities. The supernate is removed by decantation. This
of the nuclear physics and depends strongly on the nuclegrocess has been measured to reduce the thorium contamina-
model usedF\ can differ significantly from model to model tion by a factor greater than 200 in laboratory tracer studies.
as demonstrated in Table |. Therefore, having a hard boun8ulfuric acid is the other major component of the plating
on T2, does not justify placing a hard bound ¢m,), at  bath. The highest purity acid commercially available, which
least until the nuclear physics issues are resolved. Theame packaged in Teflon, was used. Radium was removed
Heidelberg-Moscow result must also be interpreted with thigrom the plating bath by the introduction of a barium scav-
caveaf[4]. enge (BaS@), which is trapped in the filtration system. The
radium then readily exchanges with the barium during the
normal online filtration process. The cryostats of all the large
(2-kg) detectors were fabricated using these procedures.
The International Germanium ExperiméhBEX) [5] is a The three large enriche@Rico Grandg detectors, desig-
search for the neutrinoless doulBe;88) decay of’°Ge us- nated RG-l, RG-ll, and RG-Ill, have masses of 2150, 2194,
ing a large amount of germaniufisotopically enriched to and 2121 g, respectively. The dead layer thickness of RG-I
86% in '°Ge). The data presented here were previously colwas measured using the attenuated intensities of collimated
lected in three laboratories: the Homestake gold miné*Eu gamma rays from 42 to 105 keV incident normal to the
[4000 meter of water equivalefiinwe)], the Canfranc Tun- crystal. The measurements were made at various positions on
nel (2450 mwe, and the Baskan Neutrino Observatg6p0 the crystal and resulted in an average thickness of 0.5 mm.
mwe). Three IGEX detectors of approximately 2-kg active The active volumes of all three Rico Grande detectors were
mass each are currently operating in the new Canfranc Turmeasured with a collimated source 8fEu in the Canfranc
nel Laboratory, and the technology described in detail in thid.aboratory. The corresponding active volumes were in good
paper represents the present state of the art which will geragreement with the standard Oxford efficiency measure-
erate all future IGEX data. One detector of about 0.7-kgments and also agreed with the active volume of RG-I as
active mass has been operating in Baksan for several yeadgtermined from the®>Eu measurement above. All three
and will soon be joined by two more similar detectors. A detectors have active masses-e2 kg and efficiencies of
fourth 2-kg detector is planned for the Canfranc Laboratory~100% relative to a 7.62 cm7.62 cm cylindrical Na(Tl)
Earlier phases of the IGEX experiments have been describedktector for 1333-keV gamma rays. These three detectors

lll. IGEX SETUP AND EXPERIMENTAL PARAMETERS
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contain a total of 67.9 active moles &iGe. ends taper to 5.08 cm in diameter over a length of 50.8 cm
The three smaller detectors produced during the firsfnd are coupled to Hamamatsu R329 photomultiplier tubes.
phase of IGEX were all cut from the same 4-kg crystal. TheyThe anticoincidence veto signal is obtained from the logical
have total masses of 1006, 1018, and 896 g, respectively.OR" of all photomultiplier tube discriminator outputs and
The total active mass of the three detectors- kg or a reduces the background in the region of interest by about
total of ~22 mol. 40%. An external polyethylene neutron moderator 20 cm
The full width at half maximum(FWHM) energy resolu- thick (1.5 tong completes the shield. An external plastic tent,

tions of RG-I, RG-II, and RG-IllI, using the 1333-keV peak “bubble room,” surrounds the experiment, which is located

from a %°Co source were 2.16. 2.37. and 2.13 keV respec'—n a room isolated from the rest of the laboratory, that is,

tively. The energy resolution of the summed data presente§4°0 mwe underground. The laboratory air is replaced every
here is interpolated frorfeTl calibration lines to be-4 keV 4 h by forced ventilation from the main railway tunnel where
at 2038 keV, the energy at which thes (B3-decay peak there is a constant airflow. The overall result is a background

would appear. The counting rates of peaks in the backgroun@f @oout 0.2Z/keVkgyr in the energy region between 2.0

are currently so weak that they cannot be used to maintaif"d 2-5> MeV. This is expected to decrease even further as

energy calibration. Energy calibration and resolution meaTthe cosmogenic activities in the detectors decay. The shield-

surements were made every 7—10 days u&itg, °Co, or  INgs used in Homestake and Baksan are similar to that used

natural thorium sources. The data from the three laboratoridd Canfranc with the exception that their innermost shields
were combined after slight gain shifting to align the energy®'€ 490-yr-old Spanish lead and copper stored underground
spectra at the 1460.75-keV background line fréfi. The for more than ZQ yr respectively. There was no muon veto in
largest body of the data analyzed here was collected in thEomestake, which was at 4000 mwe. :
Homestake gold mine. Since the Homestake data were the '€ data acquisition system now being used with the RG
least stable in gain, it was necessary to assign each pug%ltectors in Canfranc is based on standard NIM electronics.

between 2020 and 2060 keV to an energy bin based on thkne normal preamplifier output pulses from each detector are

position of the 2614-keV line from Z°Th source measured routed through two Canberra 2020 linear amplifiers having

before and after the relevant data collection period. On ocgiffergnt g,hapingt;cimes to fiIterlIE_ois[s] and thenl are cg_n—_ |
casion, the calibration gain shifted excessively between th¥€"t€d using Canberra 8701 Wilkinson type analog-to-digital

start and end of the counting period, and these data were nspnverters(ADC’s) con.tr_olled by PC’s through parallel |n
included in this analysis. These gain shift problems, Whichterfaces. The prea'\m'phflgrs have been.r.nodlﬂed. to .opt|m|ze
were possibly engendered by the environment of an Operapulse shape discrimination by the addition of circuitry that

ing gold mine, are far less prevalent in the Canfranc and@*tracts a “charge collection detail signalCCDS. Each
Baksan laboratories. preamplifier CCDS output is routed to either a LeCroy 9362

The large detectors all have similar front-end electronics®" 9360 digital oscilloscope, using a 1éM800-MHz active

The first-stage field-effect transist@fET) is mounted on a probe.'The CCDS information is digitized gt a rate of 2 ns
Teflon block a few centimeters from the center contact of thé®®" po_lnt and transferred to th_e computer via GPIB. For each
crystal. The protective cover of the FET and the glass sheffvent in a d_etector th_e _followmg are recorded1) the ar-

of the feedback resistor were removed to reduce radioactiviv@! time, with a precision of 10Qs, (2) the elapsed time

background. This first-stage assembly is mounted behind &Nce the last veto eveng) the energy from each ADC, and
2.5-cm-thick cylinder of archaeological lead to reduce back-

4) the digitized CCDS wave form pulse-shape discrimina-
ground. Further stages of preamplification are located at th&°™
back of the cryostat crossarm approximately 70 cm from the

crystal. The Rico Grande detectors now all have preamplifi- IV. BACKGROUND
ers modified for pulse shape analysis. '
The shielding of the Canfranc IGEX detectdfeom in- The majority of the background currently comes from

side to outsidgis as follows. The innermost shield consists cosmic-ray neutron spallation reactions that occurred in the
of 2.5 tons(~60 cm cubg of archaeological lea2000 yr  detector and cryostat components while they were above
old) having a?*%Ph?'%Bi) content of<0.01 Bg/kg. The de- ground. The major contributions are frot{Ge (271 d, %zn
tectors fit into precision-machined holes in this central core(244 d, *°Co (78 d), °’Co (272 d, and®°Co (1925 9, where
which minimizes the empty space around the detectors avaithe numbers in parentheses are the half-lives. Although these
able to radon. Nitrogen gas, at a rate of 140 | per houractivities are decaying, the backgrounds fréi@o and®Ge
evaporated from liquid nitrogen, is forced into the detectorin the energy region of interest will not become negligible
chambers to create a positive pressure and further minimizeithin the time frame of the experiment. Further background
radon intrusion. The archaeological lead is centered in&an reduction requires pulse-shape analysis to discriminate
m cube of 70-yr-old low-activity leag~10 tong. A 2-mm-  double-decay events from these internal cosmogenic back-
thick cadmium sheet surrounds the main lead shield, and twground events.

layers of plastic seal this central assembly against radon in- In large intrinsic Ge detectors, the electric field increases
trusion. A cosmic muon veto covers the top and two sides oby a factor of more than 10 from the inner conductor to the
the central passive core. The ends where the detector Dewassiter conductor, which are almost 4 cm apart. Electrons and
are located are not yet covered by active veto. It consists dfioles take 300—500 ns to reach their respective conductors.
BICRON BC-408 plastic scintillators 5.08cx50.8cm  The current pulse contributions from electrons and holes are
X101.6 cm with surfaces finished by diamond mill to opti- displacement currents, and therefore dependent on their ve-
mize internal reflection. BC-800UVT) light guides on the locities and radial positions. Accordingly, events occurring at
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FIG. 1. A sample of the early data prior to gain shifting from all s
three 2-kg detectors. The spectrum is compressed to 10 keV per =5 | o
channel. The two peaks at 1173 and 1333 keV 380 are domi- >l
nantly from one detectofRG-II). This is thought to be a contami-
nant on some part of the cryostat, and steps to eliminate it will be
taken.
a single site(3B-decay events for exampldave associated I (b)
current pulse characteristics that reflect the position in the s . L . L . :
crystal where the event occurred. More importantly, these time (100 ns /division)

single-site events frequently have pulse shapes that differ
significantly from those due to the most dominant back- kG, 2. (a) An example of a digitized charge collection detail
ground events that produce electron-hole pairs at severa|gnal preamplifier pulse from a single-site evei. An example

sites by multi-Compton-scattering processes, for exampl&rom a multiple-site event. Each horizontal division represents 100
Pulse-shape analysis can be used to distinguish betwees.

these two types of energy depositions. Figure 1 shows a

sample body of raw data that is a sum of early data collectefliaineq while cosmogenic activities were still making sig-
from the three RG detectors and which has not been suk?.I

) i . i jificant contributions. Further background reduction is in
jected to pulse shape analysis. T#€o lines were domi-

e rogress through pulse-shape discrimination to eliminate
nantly from a suspected contamination in the RG-Il cryostajy, jiisite events. The current rudimentary PSD technology is

and are prime candidates for rejection using pulse-shapgynaple of rejecting about two-thirds of the background
analysis. . . . _ events: so the present IGEX background 3s0.06c/

~ An example characteristic of a single-site pulse is showryq\, kgyr with this PSD applied. Present efforts in preamp-
in Fig. 2(a). Figure 2b) shows an example characteristic of a jifier jevelopment and pulse-shape simulations are expected

multisite eyent. For a complete description of the pglse-to significantly improve the background rejection efficiency.
shape sorting technology, see Ré&f]. Only a few events in

the energy region of interest obviously resulting from
multiple-site interactions in the crystal were removed from
the data used here to place the lower bound on the half-life.
Extensive experimental and computational studies are cur-
rently underway to significantly improve the efficiency of
identifying multiple-site interactions and effectively remove
the majority of them from future data sets.

The data from all IGEX detectors were gain shifted to the
same energy scale. The portion of the composite spectrum
relevant to @ BB decay of °Ge is shown in Fig. 3; it rep-
resents 74.84 molyr. The data are reported in 2-keV-wide
bins because that is the smallest bin width that was used to :
record the earlier data. The energy resolution of the entire 2020 2030 E 2040k v 2050 2060
data set is 4 keV FWHM at 2038 keV. The data set between nergy (keV)

2020 and 2060 keV is given in Table Il. Less than 15% of fg, 3. A histogram of the early data in the energy region of

the data contributing to this table have been subjected tferest for @ g8 decay representing 74.84 molyr from all IGEX
pulse-shape discrimination, and only a small fraction ofgetectors. The base of the Gaussian resolution function has been
those events have been removed from the data set. shifted to the average background level between 2.0 and 2.5 MeV.

The current background without PSD averaged from 2.0rhe width of the Gaussian represents the experimental resolution,
to 2.5 MeV is~0.2@c/keV kg yr and is lower than that rep- and the area under the Gaussian represents our adopted detection
resented in the data set analyzed here, which contains daftenit.

Counts/2 keV
O = N W &~ 01O N 00 ©
¥ T

ST
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TABLE I1l. Data from six IGEX detectors representing 74.84 To deduce a limit on the neutrino mass parameter from
molyr. The data were gain shifted to the same energy scale befoige above experimental bound on the half-life, a reliable
mately 15% of these data have been subjected to pulse-shape analyjclear matrix elements have been calculated in the shell
sis; only a few obvious multisite events were removed. model[12, 13 and with the quasirandom phase approxima-
tion (QRPA method[14-17. In the QRPA, the 2 BG-

Counts/2 Counts/2 . . L
E (keV) keV E(keV) Counts/2 keV E (keV) keV deca_y_theoretlcal nuc_:lear matrix elements exhibit an extreme
sensitivity to the choice of nuclear parameters, for example,
2020 1.9 2034 1.6 2048 5.3 the particle-particle force parametgg,. In the case of 9
2022 8.1 2036 1.0 2050 3.4 BB decay, the nuclear matrix elements are far less sensitive
2024 2.4 2038 1.0 2052 4.6 to the choice of parameters; however, there are still signifi-
2026 2.0 2040 15 2054 5.0 cant differences between the results of the various calcula-
2028 3.6 2042 25 2056 0.6 tions as shown in Table |. Recent large model-space shell
2030 6.5 2044 1.0 2058 0.1 model calculations fof®Ge[13] result in a nuclear factor of
2032 23 2046 1.7 2060 23 merit Fy about 10 times smaller than that computed in the

weak coupling shell modgfL2] and in the QRPA method of
Refs.[16] and[17], although it is rather similar to the first
The three RG detectors are now accumulating data with PSRQRPA calculation of Ref[14], which used a simple sche-
pursuing the goal of probing Majorana neutrino masses comatic interaction. Table | gives th€Ge nuclear factor of

responding to half-lives of 8yr. merit computed using the various nuclear models.
The extraction of the neutrino mass paramétay) from
V. RESULTS the bound on the half-life is therefore not straightforward as

) . can be appreciated by referring to Table | where upper
ways. First, the & uncertainty in the number of events The question of nuclear structure is still an open one. A more

which could be contained in a Gaussian peak having FWHMingent limit of T9%=1.1x 10%°yr at the 90% C.L. has been

=4 keV and centered. at 2038 keV is 2.75. T_herefore, therecently reported by the Heidelberg-Moscow grddp
number of events attributable to- (B3 decay,C, is 4.53 at Obtaining the ultimate sensitivity from large, isotopically

the 90% confidence "gg‘- The produblt corresponding 10 enriched’Ge experiments requires the perfection of pulse-
74.84 molyr is 4.5K107yr, and shape discrimination techniques. Presently, only pulses with

5 shapes that are obviously characteristic of multiple interac-
Ov (In Z)Nt: 3.12<10° yr:o_agx 102 vr. (2 tions in the crystal are being removed from the data. This
' results in a significant number of background events remain-

Next, an analytical maximum likelihood estimafdio] was ing in the data set. A two-prongeql program to fur_ther elimi-
nate background events, consisting of computational pulse-

appllled over the 16-keV interval fr.om 2030 1o 2046 keV. shape simulations and further development of the electronic
Again, the detector response function was assumed to be’a

. . . system, is underway in IGEX. The goal is to maintain, with
Gaussian with a FWHM 4 keV. Any energy mtgrval used to ayhigh degree of cor):fidence, only pl?lses that are from single-
compute the mean background yle_lds a negative value fo.r thgte interactions and to accurately determine the fraction of
most probable number of neutrinolegB-decay events; all single-site interactions rejected
hence, the value zero is assumed, in which €aset.0 at the '

90% confidence limit and@>/,=>0.78x 10*°yr.

Finally, we have also used the statistical estimator derived

in a Poisson process recommended by the Particle Data ACKNOWLEDGMENTS
Group[11]. Using this r_nethodC§3.84 at the 90% confi- The Canfranc Astroparticle Underground Laboratory is
dence limit. This is equivalent t®7,,>0.81x 10°°yr. operated by the University of Zaragoza under Contract No.

We have adopted from these estimators the véll@}@ AEN96-1 657. This research was partially funded by the
=0.8x 10°°yr; however, Table Il contains all of the raw data Spanish Commission for Science and Technol6BKYT),
in the energy region of interest and can be interpreted by ththe U.S. National Science Foundation, and the U.S. Depart-
reader using any analytical formalism to verify the legiti- ment of Energy. The isotopically enriché¥dGe was supplied
macy of the above value. The curve in Fig. 3 represents thby the Institute for Nuclear Resear¢iNR), Moscow, and
upper bound of neutrinolegdB counts leading to the above the Institute for Theoretical and Experimental Physics
half-life at the 90% confidence limit. (ITEP), Moscow.
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