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No evidence for the neutrinoless doultedecay of°Mo has been found in a search using a segmented
Si(Li) detector with source foils enriched to 97¥¥Mo. From an exposure of 0.2664 mole years, and using
Bayesian statistics to calculate confidence levels, we find a 68% lower limit on the half-life for the
JP=0%"—=0" transition of 0.2X 10* yr. The measured half-life of the two neutrino doulfledecay is
0.76'022x 10" yr. [S0556-281@7)05601-X]

PACS numbeps): 23.40.Bw, 14.60.Pq, 21.10.Tg, 27.64Q.

I. INTRODUCTION like nucleons decreases the ground state energy relative to
their odd-odd neighbors. For a given atomic mass number

Since 1930, when Pauli postulated the existence of thé, when an even-even nucleus of chaiye?2 is at a lower
neutrino, much effort has been devoted to its investigationgnergy than a nucleus of charg@e doubleg decay is al-
and while we have learned a great deal about the interactiorlewed. If the odd-odd intermediate nucleus of chazgel is
of neutrinos with other particles, our knowledge of its mostat a higher energy level, ordinagy decay is forbidden and
fundamental properties is essentially rudimentary. The recerdouble8 decay can, in principle, be observed. The situation
search for physics beyond the standard model has resulted far 1°Mo is shown in Fig. 1. The intermediaf&@Tc nucleus
a resurgence of interest in the nature of the neutrino, leadingas a higher energy than tH&Mo and 1°°Ru ground states.
to many experiments on neutrino oscillations, neutrino mas®ouble8 decay from®Mo to °Ru can be viewed as a
and doubleg decay. In this connection, it has long beensecond-order process in the Fermi theory of weak interac-
recognized that neutrinoless doulledecay is the physical tions, passing through the energetically forbidd@fTc in-
process most sensitive to lepton number violation as it pertermediate state.
tains to the neutrino. Furthermore, it can be shown within  Of several possible modes of doulfedecay, one which
local gauge theories that the neutrino must have a nonzero
rest mass for neutrinoless douledecay to occur1,2].

Hence detection of neutrinoless doulledecay would be 10 —r—— T
evidence both for massive neutrinos and for lepton number . Nb
violation.

This paper describes a search for the doydldecay of =
100vo. The experiment uses stacks of thin, disk-shaped Si < [
radiation detectors interleaved wit®Mo foils. This allows " 4
us to detect electrons emitted in the decay of'%Mo n
nucleus while rejecting other types of background radioac- =
tive decay(principally « particles. As previously reported
[3,4] we find no evidence for the neutrinoless mode, and now
set a lower limit on its half-life of 0.2 10?® years.

Double8 decay can only be observed in isotopes in
which ordinaryB decay is energetically forbidden or highly [
suppressed. In even-even nuclei the pairing force between .

S

Relative
e

*Present address: Jet Propulsion Laboratory, 4800 Oak Grove Dr.,
Pasadena, CA 91109. FIG. 1. Relative energies of isobars with atomic weight 100.
"Present address: Joliet Junior College, Department of Naturafhe Mo to 1%°Tc B decay is energetically forbidden. The double-
Science, 1215 Houbolt Rd., Joliet, IL 60431. B decay t0'°Ru is allowed.
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FIG. 2. Diagrams of possible doubdecays(a) Two neutrino  total decay energyis for the neutrinoless decay, and the solid curve
double decay.(b) Neutrinoless doublg decay.(c) Majoron de- s for the Majoron decay. Fol®™Mo E, is 3.033 MeV.
cay.

would be evidence for the existence of massive neutrinos,

is expected and predictable from Fermi theory, given guq\ying new physics beyond the standard model.
knowledge of the nuclear matrix elements, is two-neutrino |, a third possible decay mode, that of Majoron emission

double decay. Here the final state consists of two elec-, ¢qpjectured massless Goldstone boson called the Majoron
trons, two antineutrinos, and a nucleus of charge2, as

, G i > is invoked to generate neutrino mass in much the same way
illustrated |r2) Fig. Za)_. Because of its extremely long half_-llfe as the Higgs particle generates mass among the other fermi-
of order 16° years, it has only recently been detected in theyns This leads to the possibility of the Majoron interaction
laboratory[5]. vertex shown in Fig. @). As with two-neutrino doubles

The more interesting possibility is neutrinoless douBle- gecay only the electrons are observable: the Majoron, like
decay in which two electrons are emitted without accompashe neutrino. interacts too weakly to be detected.

nying antineutrinos. This manifestly violates lepton number Experimentally, the three decay modes can be distin-

conservation and can only occur if the electron neutrino igy ished from each other on a statistical basis by observing
massive and is its own antiparticle, the so-called Majorangne spectrum of the sum of the energies of the two electrons
neutrino. Electrical neutrality allows this possibility for the (see Fig. 3. In neutrinoless doubl@ decay, the two elec-

neutrino while it is forbidden to other charged leptons andyong have all the energy and the spectrum has a peak at the
quarks due to their charges. Were it not for the helicity-100,4 transition energy of 3.033 MeV. In both the two-
conservingV—A structure of the weak interaction and the e tring mode and the Majoron mode, the neutrinos or the
near-zeraor zerg mass of the neutrino, this Majorana neu- \jaioron, carry off some of the energy and the spectrum for
trino possibility would lead to a much shorter lifetime for the 1o electrons is determined by four- and three-body phase
neutrinoless decay mode because the phase space availagig,ce respectively. Figure 3 does not include the effects of

for the virtual neutrinos in neutrinoless decay far exceedgergy resolution of the experimental apparatus, or any back-
that for real neutrinos in the two-neutrino mode. The eXPeriyround the experiment may have.

mental lower limit on the lifetime, being many orders of ™ a6 | contains the results of a number of previous in-
magnitude greater, would under these circumstances th%stigations of doublg decay.

conclusively favor Dirac neutrinos and lepton number con-

servation. However the apparent absence of right-handed

currents and near-zero mass of the neutrino prevents this Il. APPARATUS
conclusion from being drawn unless this mode is actually .
observed. A. Overview
In neutrinoless doubl@- decay[see Fig. )], the neu- A detailed description of the apparatus and experimental

trino emitted along with an electron at one interaction vertexarrangement in this work have been described elsewlbgre

is absorbed at the other vertex, where the second electron Following is a brief overview of the upgraded system used to
produced. For this to occur the neutrino must be its owrnrecord the data discussed in this paper.

antiparticle, a Majorana neutrino. In addition, helicity is ab- The experimental approach in the new configuration, as
solutely conserved for a massless particle undergoing a weakell as its location at a depth of 3300 meters of water
interaction with aV— A structure. If the process occurs via equivalent in the Consolidated Silver mine at Osburn, Idaho,
the V+A interaction and only massless neutrinos are intemained essentially unchanged. In the apparatus upgrade,
volved in the virtual intermediate state, orthogonality be-important additions and changes to the old system include an
tween left- and right-handed mixing matrices leads to a zerdncrease in the number of detectors and electronic channels
decay ratd?2]. It is thus necessary that there be at least onéo 145 (more than tripling their numbgmand an increase in
massive neutrino for th&/+ A interaction to mediate the complexity of each channel. The upgraded molybdenum
process. Therefore detection of neutrinoless doybiecay foils were changed in form, the computer system software
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TABLE |. Partial list of previous experiments.

Two neutrino measurements

Element Group Technique ty, years

®Ge PSL/U.So.Carolirfa natural Ge detector 140.6—0.3x 10%*

“Ge K/M-P/AP enriched Ge detector 1.42.03(stat} 0.13(syst)x 107

825e U.C. Irviné TPC 1.08+ 0.26—0.06x 10%°

100\o U.C. Irvine’ TPC 1.16+0.34—0.08x 10'°

100910 Osaka P drift chamber 1.150.3—0.2x 10¥°

1000 NEMO 2 drift tubes 0.95-0.04(stat): 0.09(syst)x 10

11&cd NEMO & drift tubes 3.6-0.6(stat}- 0.3(syst)x 10°

11&cd ELEGANTS-V! 2.6+0.9— 0.5+ 0.35(syst)K 10°

150Nd ITEP/INR/Moscow TPC 1.4 1.1-0.6x 10

Neutrinoless Limits (0 to 0")

Element Group Technique typ years C.L.

“8Cca Beijingd CaF, scintillator 9.5¢ 102! 76%

Ge UCSBI/LBL* natural Ge detector 24107 68%

®Ge Heidelberg/Moscolw enriched Ge detector 1.831074 90%

825e U.C. Irviné TPC 2.7 1072 68%

100v0 LBL/MHC/UNM/INEL ™ Si detector 2.x107 68%

116cd KieV! CdWO4 scintillator 2.%10%2 90%

130Te U. Milano/INFN TeO, thermal detector 18107 90%

136xe Neuch./Pasadena/VAl. TPC 37105 90%
2.8x 107 (rho) 90%

8. S. Miley et al, Phys. Rev. Lett65, 3092(1990.
®A. Balyshet al, Phys. Lett. B322 176 (1994. D. O. Caldwellet al, Nucl. Phys., Proc. SuppB13, 547 (1990.
°S. R. Elliottet al,, Phys. Rev. G146, 1535(1992. 'H. V. Klapdor-Kleingrothaus, Nucl. Phys., Proc. SupBB1, 72
US. R. Elliottet al, J. Phys. GL7, S145(199). (1993.

°H. Ejiri etal, Phys. Lett. B25§ 17 (1991. ™M. Alston-Garnjostet al, this paper.

'D. Dassieet al, Phys. Rev. D51, 2090(1995. "F. A. Danevichet al, Phys. Lett. B344, 72 (1995.

°R. Arnold et al, JETP Lett.61, 170(1995. °A. Alessandrellcet al, Phys. Lett. B335, 519 (1994).

h
'K. Kume et al, Nucl. Phys.A577, 405(1994. PV. Jorgenset al, Nucl. Phys., Proc. SuppB35, 378(1994).
'V. A. Artem’ev et al, JETP Lett.58, 262(1993.

IK. You et al, Phys. Lett. B265 53 (199).

was greatly improved and the system automation was exface barrier devices were provided with a gold ohmic con-
panded and made more reliable. tact, covering one side, that was conventionally tkd®

The upgraded calorimeter comprised 145L8i solid  xg/cm?). The surface barrier on the opposite sigiroat
state detectors, interleaved with thin decay foils of powderedide) was produced by a 22g/cm? layer of low radioactiv-
metallic **Mo contained in thin mylar bags. This assembly jty aluminum deposited on the silicon surface up to a radius
was supported in two stacks of approximately equal sizejyst short of a circumferential insulating moat located very
The detectors were operated at about 60 volts, approximateE;Ose to the outer edge of the device. Thus, the detectors

20 volts in excess of the depletion voltage. In this voltageyere provided with windows that were extremely thin on
range they developed no charge multiplication and operateg

, ALY th sides, making a detector stack an efficient calorimeter
as solid state ionization chambers. The detectors were coolqé) .
o . . r electrons from the foils.
by liquid nitrogen to reduce their noise to tractablg levels. The detectors were contained in a titanium cryostat and
Each detector was served by its own electronic channel

and the data were recorded on disk by a computer located were operated near 120 K in order to reach satisfactorily low

the underground experimental site. These complete data Sé;%:jsile(\jlg'ltzlc;ghriyrvgsrzslt?\r/ae}lledv;?haxgug g}ti/vg rsrfzcgsetc\)/\]; e7:n
were removed on diskettes only twice weekly, but hourly  1eSP Y, gap '

checks on data accumulation and operational status und djacent devices to accommodate the thin Mo decay sources.

ground were monitored on the surface, allowing oversight he stacks were held in place by a rack constructed of OFHC

during periods of unattended operation that typically spannea()pper which servgd o constrain the detegtors mechanically
three or four days. as well as to provide good heat conduction between each

detector and the cooling system. A schematic arrangement is
shown in Fig. 4. The detectors were also protected from ra-
diant heating by gold heat shields of 0.125 mm thickness that
The detectors were lithium drifted silicon disks of 1.4 mm completely enclosed the detectors and were cooled by the
thickness and 76 mm diameter. A schematic drawing of aopper rack which, in turn, was in good thermal contact with
detector is shown in Fig. 4. The lithium drifted silicon sur- a heat conducting copper bar whose opposite end was deeply

B. Detectors



55 EXPERIMENTAL SEARCH FOR DOUBLEB DECAY OF %Mo ar7

Moat

AN

T

Foil Detector  Stuffer Cu

Z
é
.
/
/

te

78
./////////////

-

FIG. 5. Schematic elevation of the apparatus and shielding. See
Sec. II B for details. The entire system rolled out of the principal
shield for component access. This included the cryostat, detectors,

FIG. 4. Schematic of a silicon detectqﬂan Viev\b‘ and of the lower left quadrant of lead and borated polyethylene Shielding, LN
detector stack and support structetevation. dewar, vacuum pump, electronics, the lead shielding beneath the
electronics and over the LN dewar, and the outer block of wax

. . . L shielding. The rails were extended to allow complete access to the
immersed in a reservoir volume of liquid nitrogen. detectors

Radioactively clean materials were required for construct-

ing this apparatus, particularly for those portions in close, made directly with the detector’s aluminum signal sur-
proximity to the detectors. It was found that OFHC copper,t;co The detector contacts were cut from a 0.25-mm-thick

commercial titanium, and gold were sufficiently free from i im sheet and formed into a sharp pointed spring clamp
uranium, thorium, and the members of their radioactive de-

k eometry. In service, the sharp points pressed firmly into the
cay chains, to be acceptable. Thus, the rack and heat cog.‘ y Pp P y

. : eriphery of the aluminum surface where heavy doping of
ducting bar, described above, were of OFHC copper and thie gjlicon protected the device from failure even if the alu-

cryostat, needed for thermal insulation of the cooled detect%inum were pierced. The body of the contact was isolated
array, was const:juctbed of_tltanr:um. Thfe Weld? dl'n the (\j’a(?uu”?rom the detector by an insulating mylar sheet. The electrical
system were made by using thorium-free welding rods in annection to the room temperature electronics had to be a
Inert a_tmos_phere. Thg heat shields were gold foils for.reasort?ood heat insulator as well as a good electrical conductor.
of radioactive cleanliness and very low thermal emittance: ;g requirement was met by inserting a 2 cm length of #36
The exterior surfaces of the copper rack and heat conducting,iy|ess steel wire, gold plated for good soldering proper-
copper bar were gold plated to minimize their thermal COU%jeg into the signal lead from each detector. Background

pllnTghto th; room tgmﬁer.aturefcrﬁ/osc';at. K from the questionable radioactive contamination of stainless
e radioactive isolation of the detector stacks was aCgieq| was minimized by placing each stainless wire accu-

complished by enclosing them and the critical portion of the

o : . j o rately behind the thick copper rack in order to utilize the
cryostat within a 25 cm thick shield of low radioactivity lead. shielding properties of copper to good advantage. It is sus-

This lead house was in turn shielded from neutrons, tha}gected that some of the observed background froATh
issued both from ¢,n) reactions and from spontaneous fis- may be due to its presence at a level of 4 parts/billion by

sions within the environment, by surrpunding it with 5 to 10 weight (ppb) in the titanium sheet from which the contacts
cm of bofated polyethylene that was in turn _surrounded bY ere made. The solder used on leads near the detectors was
56-cm-thick wax neutron moderator. See Fig. 5. The ent'r%ertified, by low level-counting, to be free from uranium,

assembly was mounted in a deep silver mine at 3300 M-W-8horium, and their decay chain products to levels near one

(r‘Eeter_s of water ﬁquivale)nin °rdef to aa/ct))id C(()jsmic rays. hp b. Signal leads that connected the detectors to the cryostat
The mine atmosphere was contaminated by radon gas, With\g, i, m feedthrough insulators were polyethylene insulated
measured activity of approximately 15 pCi/liter of air. The (fopper without ground coaxial braids

ambient atmosphere was excluded from the central cavity o
the lead house by continuously flushing this volume with
clean nitrogen gas obtained by boiling liquid nitrogen.
Electrical ground potential and thermal cooling for the  The newly constituted®Mo foils were formed of metal-

detectors were established by having each detector’'s goléc powder contained in thin mylar bags of 6 cm diameter.
surface in firm contact with the cold copper rack. The coppeAfter undergoing the chemical purification process outlined
structure that formed the cooling system then formed thdelow, the finely divided molybdenum metallic powder was
ground potential reference for signals and bias voltagesasy to manipulate physically. It was weighed into approxi-
Pulses from each detector were sensed through a spring comately one gram lots, each of which was contained in its

C. Molybdenum foils
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238U 4.5Gyr 4.2 232Th 14Gyr 4.0,

234Th 24d 0.27
234Pa 1.2min 2.3
234U 245kyr 4.8

228Ra 5.7yr 0.045
228Ac 6.1h 2.1
228Th 1.9yr 5.4
230Th 80kyr 4.7 224Ra 3.7d 5.
226Ra 1.6kyr 4.8 220Rn 565 6.3
222Rn 3.8 5.5 216P0 0.155 6.8 8

218Po 3.0min 6.0 212Pb 11h 0.57 &

212Bi 60min

214Pb 27min 1.0
214Bi 20min 3.3
M 214Po 164us 7.7

,M 212Po 300ns 8.8
208T1 3min 5.0

"208Pb

(210Pb 22yr 0.063
210Bi 5d 1.2

0 6.1 (36%), B 2.3 (64%)

of Mo and the actinide series which contains U and Th. In a
process quite different from ion exchange, the contaminated
Mo powder was dissolved in 2-¥ HNO5 (M =“molar,”

i.e., 2'to 4 moles of HNQ per liter of solution. The solution
was boiled to reduce the volume and raise the acidity until
Mo formed MoO; and precipitated while the actinides that
were present stayed in solution. The Mp@as then cap-
tured in a filter of cellulose nitrate membranes and washed
with nano-pure water+ 18 megohm purity. The filter cake
was allowed to dry, it was then transferred to a quartz boat
that in turn was placed in a quartz tube furnace where the
MoO5; was first dried in a He atmosphere at 150 °C. The
atmosphere was then changed tg BEnd the temperature
raised gradually to 600 °C to reduce the Mo@ Mo. Care
was taken in the reduction step because excessively rapid
heating can cause MoQOto become a vapor while higher
temperatureg900 °Q will cause the fine Mo powder to

210P0 1384 5.3 scinter into larger crystals.

G 06Ph Contamination was avoided during the chemical process-
ing by carrying out the entire procedure in a class 10 clean
room and by using either quartz or teflon containers. The

FIG. 6. The naturally occurring radioactive decay chains ofiaflon containers were washed with hot HMEF to etch the

#*% and **Th. Each isotope is listed with its half-life and total \yqrking surfaces in order to remove potential contaminates.
decay energy in MeV.#& decays go towards the right anddecays

towards the left; heavy lines indicate troublesopalecay back-
grounds, and dashed lines indicatedecays used in background
studies)

D. Electronics

The complete description of the electronics used to collect
the data was published elsewhéfd. The experiment was
own flat bag. The bags were made of 4fn-thick mylar  controlled by a master computer, an IBM PC/286 at the un-
sheet and they were closed by peripheral heat welding. Smadlerground experimental site, whose disk was the depository
vents were left open to allow the bags to be exposed tdor the experimental data as well as for the records of the
vacuum. The molybdenum powder contained in each bagystem operation. At approximately hourly intervals, a brief
was rolled flat immediately before being inserted betweersummary of the experimental data was transferred via tele-
detectors in the stack. The molybdenum occupied the entirghone link to a nearby IBM 286 monitor computer outside
radial space in the bag, and the surface density was approxike mine, along with a digest of the recent system operational
mately 34.4 mg/crf, with a point-to-point uncertainty of history. This information provided a running record of ex-
10% over the surface area of each foil. The bag and its rollegerimental progress that gave oversight during periods when
contents were inserted into the detector stack without disentry into the mine was not possible.
turbing the powdered molybdenum distribution. Access to the experiment was limited by mine schedules

The enriched® Mo used in this work was obtained from to periods of six hours per day, five days per week. Conse-
Oak Ridge National Laboratory. The first generation of thequently, the entire system was automated to allow unat-
experiment, as well as neutron activation tests, revealed thanded operation for up to five days, including complete pro-
the ®Mo sample was contaminated by daughters of theection against both power failures and catastrophic
naturally occurring3®J and 232Th decay chaingshown in  equipment failures.

Fig. 6) at the level of a few ppb. Thg decays of the daugh- The preamps and shaping amplifiers were custom de-
ter isotopes?'®Bi and 2°®T| in the Th chain, an#'“Bi inthe  signed while the remainder of the system was constructed
U chain mimicked the doublg- decay of *°Mo in the de-  from commercially available CAMAC and NIM modules.
tector stacks. Thus a substantial reduction in this backgroun8ystem control electronics were unique and therefore custom
was necessary to achieve a significant improvement in thbuilt.

half-life limit (4.0 10?* yr) for neutrinoless doublg- decay Each detector fed its own special low-noise charge sensi-
established in the first generation of the experini&t tive preamplifier[7] the output of which was split into two

A chemical purification process was proposed and testedignals, one for amplitude detection and a second one for
on normal Mo which had been measured to have contamindrigger purposes. Figure 7 is a simplified schematic of a
tions in the U and Th chains on the order of 100 ppb. Thesingle detector and its associated pair of channels along with
measurements were made using gamma spectroscopy. Aftdre other circuitry common to all detectors. The amplitude
purification, the level of contamination was below measur-(signa) channel output from each detector passed through a
able limits (< 1ppb of U and Th. The success of this pro- relatively slow shaper amplifier. The shaper fed a gated,
gram initiated the application of the technique to our supplypeak-sensing CAMAC ADC whose digital output was re-
of enriched'*Mo. corded by the master computer. The conversion gain of this

The purification proceeded in the following fashion, tak- preamp and shaper amp system was 270 mV/MeV, where
ing advantage of the profoundly different chemical behaviorthe energy was that lost by a fast electron in silicon.
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from power failures. A fast-toggling battery backup power
source maintained the essential electronics and computer in
undisturbed operation during power fluctuations or power
failures of duration less than 45 minutes. In the case of a
more lengthy power failure, or for an essential equipment
failure, the data on the underground disk were protected and
the surviving apparatus was shut down in a manner that was
not destructive.

E. Calibration

The stability of the electronics was assured by calibrating
the system before each run, the time interval between cali-
brations being approximately 75 hours. A computer con-
trolled precision pulser, whose amplitude stability was 25
parts per million(ppm and whose integral linearity was 50

Control Logic & Computer Interface

I ppm, generated a program of pulses that spanned the range
of detector pulse sizes found in normal operations. These
Computer pulses were lightly coupled to each preamp input. The result-
ing outputs of the ADC’s were recorded and used to estab-

lish the response function of each channel separately. These

response functions were then used in the data reduction pro-

o cess to scale the energy loss in each detector as a function of
o} pemoe detector pulse height.

The absolute energy scale of the detector array was estab-

FIG. 7. Schematic of one channel of the electronics and thdished at intervals of approximately six weeks. A’Th ra-
computer system. See Sec. Il D for a review of the system operadioactive source of appropriate strength was placed near the
tions. The component identifications are AB&mplitude to digital ~ detectors in order to expose them to its 2.614 MeVay
converter; Cakcalibration pulser, common to all detectglightly line. This convenient high energy line arises from the deex-
coupled; Det=detector; Diseamplitude discriminator, sets mini- citation of the first excited state d8pb, the final(stable
mum energy deposition for trigger; Disidata storage disk; FC nuclide in the Th decay chain. See Fig. 6. Only single detec-
=fast clock; Grand ORmixer that serves all channels; H\high  tor electron pair production events were recorded, and the
voltage power supply(0-150 volty common to all detectors; spectral peak resulting from the escape of both positron an-
L=latch; LN=liquid nitrogen alarm for low reservoir level; njhilation photons gave a sharply defined pulse height for the
M=modem for communications; NMnoise monitor, reads chan- deposition of the remaining 1.593 MeV in each detector
nels singly; PA=preamplifier; SA=shaper amplifiers, fast in Tim-  (qouble escape pepkThe absolute energy scale, as estab-
ing channel, slow in Data channel; SGlow clock; UPS |ished by this source calibration procedure, fluctuated by less
=uninterruptible power supply. than 0.2% over the life of the experiment. The calibration

routine has been described previougdys].

The system trigger that initiated gating as well as the
computer read cycle was derived from that portion of the Ill. EXPERIMENTAL DATA
preamp output found in the trigger channel. In each of these
trigger channels a fast rising shaper amplifier output trig-
gered a discriminator if the signal indicated an energy loss in After each experimental run was concluded, personnel at
the detector greater than 320 keV and only then were théhe mine processed the raw data with the online IBM PC/286
ADC'’s gated on. A full computer read cycle followed. As using a simple program. The output from this program to-
shown in Fig. 7, all detector trigger channels were added igether with the online run log were examined to monitor the
the Grand OR, whose output signal was the system triggerperformance of the equipment. The detector stacks were con-

The fast clock, having 10 ns resolution, was started by theidered to be functioning properly if the detectors were rea-
system trigger and was stopped if a second system triggesonably quiet and producing triggers. Electronic channels
was received within the succeeding 50 ms computer readowtith unusually high or low trigger rates were checked and
time. A slow clock, of 1 ms resolution, recorded the timerepaired if possible. A high trigger rate for all detectors was
between sequential events. These clocks were read by thedicative of radon contamination in the cavity within the
computer and their data were incorporated into the subsdead house and required investigation of the liquid nitrogen
guent analysigsee Sec. Il beloyw (LN) purging system.

Each channel was provided with its own latch to identify ~ The raw data for each experimental run were then trans-
the detector responsible for any second system trigger rderred to VAX computers and input to a preliminary analysis
ceived within 50 ms of a first trigger. These latch data weregprogram. This program calculated the energy deposited in
used in the identification of backgrounds. each detector using source and electronic calibration data. It

Control circuitry supervised the experimental operation inalso found the total number of detectors containing energy
a way that protected data and the apparatus against damaged the total energy for each event, converted the slow and

A. Selection of the experimental data
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fast clock timegdefined in Sec. )linto seconds, and flagged
an event when the energy deposition was in discontiguous
detectors. The output from this program constituted a data
summary file for each experimental run and was used as
input to all subsequent analyses.

In the next stage a second VAX program made histo-
grams and scatter plots which were used to select data for
further analyses. The plots were examined to determine the
performance of individual detectors, i.e., energy threshold,
energy spectrum, and trigger rate. Detectors with zero or
abnormally low or high counts, or unusual energy response,
were noted for special treatment in subsequent analyses, and
were called “bad”(See Sec. Il ¢ In addition, a high over-
all trigger rate vs time, particularly for events with energy
below 2 MeV, gave a good indication of radon in the cavity
within the lead house. Blocks of data were rejected from the
useful data sample if the trigger rate was significantly above
average, and the useful live-time for the run was then ad-
justed. High trigger rates usually occurred for the first few
hours after the detector stacks had been retracted from the
cavity, (e.g., for a source calibratipnand then replaced, or,
at the end of an unexpectedly long run when the purging
system’s LN became exhausted. An indirect file was pre-
pared for each experimental run that selected the desired data
from the run data summary file for input to subsequent
analyses. Printout of multidetector events wih-2.5 MeV
from the second VAX program was used to identify zero-
neutrino double3-decay “candidates” and helped in the de-

Events/100 keV

FIG. 8. The energy spectrunk) of all triggers recorded.
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failure and 19 afterwards. The loss of detectors reduced the

detection efficiency for all decays apprecialdge Sec. IV.
The total number of triggers above a hominal discrimina-
threshold of 320 keV in the accepted data sample was
299 958, yielding a trigger rate of 78/h. The energy spectrum
for these triggers is shown in Fig. 8. Further analysis re-
vealed that about 90% of the triggers had energy recorded in
The data for doublgg-decay studies of°™o were ob-  only one detector. The majority of these one detector events
tained from May 1991 to January 1992. After the data selecabove 2.0 MeV werer decays since all naturally occurring
tion described above, the total useful live-time was 3849.5 ha's range out within one detector but electrons wb-2
There were 62 foils containing a mass of 60.63 gms of enMeV typically deposit energy in two or more detectors. The
riched 1Mo (97% situated above detectors 76 through 137primary source of thex background was probably the 5.35
in stack 2 giving a total useful exposure of 0.2665 mole yr.MeV decays of*'%o. Figure 8 shows a distinct peak at 5.3
Stack 1 had no foils in it throughout the exposure. MeV and a large plateau below corresponding to energy-
The electrical contacts to the detectors were rather unredegradedy’s. The 2'%Po contamination probably came from
liable. There were four bad detectors in stack 2 for the firs?!%Pb in the solder used for electrical connections within the
3286.7 hours of the exposure. These runs constituted Experiryostat and was transported to the surfaces of the detectors
ments 27 through 3(E27-30. However, after a power fail- or surfaces near them by fumes during the soldering opera-
ure in November 1991, when vacuum was lost and the crytion. At energies below 2 MeV, the triggers were due to
ostat warmed up and had to be recooled, there were eight bashergy-degraded decays and singlg-decays from sources
detectors. This latter part of the exposUE31) corresponded within the cryostat, and te/ interactions, mostly Compton
to 562.76 hrs. Stack 1 had 13 bad detectors before the powscatters, from sources inside and outside the cryostat.

termination of effective cuts.
Additional analyses of the selected data are described iPo "
detail below.

B. Triggers

TABLE Il. Numbers of observed events and detection efficiencies for neutrinoless deuthdeays
(0" —07 transition after the cuts described in the text.

Number of events Number of events Detector efficiency

Cut All energies 2.5-3.5 MeV 2.5-3.5 Mel@0)?
After geom and threshold cuts 147928 7489 54.3
1<ndet<4 16062 68 43.7
Contiguous energy 12428 57 43.7
“Untagged” 12029 30 43.7
After E cuts 8289 12 35.9

8See Sec. IV B.
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FIG. 9. Energy spectrum of events remaining after all cuts de
scribed in Sec. lll(a) For stack 2, detectors 76 137, i.e., where
there are®Mo foils. These events are doubfdecay “candi-
dates.” The energy spectrum for Monte Carlo generatéd-@*
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FIG. 10. Time distributions of thex decays of ?!2Po and
24P, the daughters df?Bi and 21“Bi, measured by the fast clock.
(@) *Bi—2P0—2%Pb (0.2 us < tpg < 2 u9). (b)2*Bi—**Po
—210Ph(20.0us < tr < 1 M9. The fitted values of the Po decays
shown by the solid curves arg,(>**%P0=0.31 = 0.03 us and
t1(?*Po) is 0.162+ 0.007 ms(see text

B-decay transition 0—0", and the rejection of back-
grounds, since the investigation of the half-life for this decay
was the primary objective of this experiment. The expected
backgrounds from the naturally occurrifd® and 2*2Th
decay chains are shown in Fig. 6.

The cuts are described below. The number of events re-
maining after each cut is shown in Table II, for all event-
sum-energiesk) and also for 2.5:E<3.5 MeV, the energy

100\ double decays after the same cuts is shown as a solid lind€gion selected for the search for 8:0" zero-neutrino de-

for comparison. This curve is normalized to 500 evefis. For
stack 1, detectors 2+ 73, i.e., where there are no foils.

C. Zero and two neutrino double-8 decay “candidates”

To select the possible doubl@-decay “candidates” from

cays.

(18 To reduce electronic noise, an energy of less than
110 keV recorded in any detector, or energy found in a de-
tector that was known to be bddoisy or only marginally
functiona), was ignored and the event-sum-energy and the
detector hit multiplicity were adjusted. In addition, for a mul-

the background, many cuts on the data were devised bydetector event, the energy in a detector was ignored if it
studying Monte Carlo generated events and the real datavas less than 5% of the energy in the detector registering the

The cuts were optimized for the detection of the dbuble-

maximum energy in the event. This cut removed energy
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from cross-talk between adjacent channels in the ADC mod-
ules.

(1b) The search for doublg-decay ‘“candidates” was

restricted to the region of stack 2 that contairt@o foils,
i.e., detectors 76 through 138. Energy in detectors 75 or 139
was used to veto cosmic ray induced events and signals com-
ing from contamination associated with the copper end caps
of the stacks.

(10 Possible “candidates” were rejected if they con-
tained energy deposition in a detector that was next to a bad
detector, since in this case, the sum energy of the event was
suspect.

(2) To removea decays, all events that contained energy
in only one detector were rejected. Events were also rejected
if there was energy in four or more detectors because Monte
Carlo simulations showed that this cut reduced the number of
events from?°8T| and 2“Bi B decay backgrounds. L |

(3) Since singles decays from the naturally occurring

radioactive decay chains are always accompanied loe- H l—l_‘ H
| 1 1 m l—l ﬂ D 1 1
2 3

LA T T T T LU B T T T 1

15 — —

10— -

“Tagged” ?'’Bi Events/100 keV

excitation of daughter states, all events with energy depos- o
ited in discontiguous detectors were rejected. 0o 1

(4) Events “tagged” by the fast clock were rejected. @ E (MeV)
These events were beta decaystBi or 21“Bi followed by
an a decay of the?'®o or #%Po daughter during the 50 i ham s e e
msec readout time. - -

(5a) An additional cut was devised to reduce the number L -
of background events caused by*¥Bi decay followed by 15 — |
an « decay of the?'?Po daughter t,,=300 n3. If the « i i
reached a detector before the trigger system had recovered
(about 200 nsthe fast clock was not stopped but thés
energy was recorded in an ADC. An examination of the
“tagged” ?'?Bi events showed that most of them had energy
in only two detectors, and given that thedeposited energy
in only one detector, these events favored unequal energy
deposition in the two detectors. Events were rejected from
the “candidate” sample when the ratio of the energy depos-
ited in the two detectorsEmin/Emax) was less than 1/3.

(5b) For 3 detector events, the energy deposition in the
middle detector had to be greater than 450 keV, i.e., the most
probable minimum energy deposited by an electron in a de-
tector. This cut reduced the number of singladecay events
where an associated interacted close to thg.

The energy spectrum of the 728 events remaining after all i | o ﬂ [ ]

3

10 — -1

“Tagged” **Bi Events/100 keV

T T I | L

cuts and with energy above 1.8 MeV is shown in Fi(g)9 00 1 2
These are the doubl@-decay “candidates.”

(b) E (MeV)

D. Events detected in stack 1 o )
FIG. 11. Energy distributions of the decays of Bi “tagged” by

The data from stack 1, detectors 1-74, from the exposurehe fast clock that remain after all the cuts described in Secall.
described in Sec. Il A above were analyzed with the same2g; decays.(b) 21Bi decays.
program used to select doubfedecay ‘“candidates” in
stack 2. In stack 1 the acceptable detector region extended
from detector 2 to detector 73. Detectors 1 and 74 were used
as vetoes. The 280 events with energy greater than 1.8 MeV Events were “tagged” by the fast clock if a second trig-
that remained after all cuts are shown in Figb)9 Since ger arrived at a detector during the event readout time, pro-
there was nd*®Mo in stack 1, these events gave some indi-vided that this second trigger arrived after the trigger system
cation of the number of background events in stack 2. Howhad recovered and with an energy above the discriminator
ever, the energy scale, detector multiplicity and detectiorthreshold of approximately 320 keV. These “tagged” events
efficiency were different since an electron typically lostwere used to estimate contamination of the “candidate”
about 100 keV in the foils. A comparison of the stack 1 andsample from the3 decays of?12Bi in the 2%T| decay chain,
2 data is discussed in detail in Appendix A. and 2Bi in the 2% decay chain.

E. Events “tagged” by the fast clock
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FIG. 12. The energy spectra, after all cuts, of Monte Carlo generated dguldeays of'°™Mo (signa) occurring in the foils(a) Zero
neutrino 0" —0™* transition. (b) Zero neutrino 0 —2" transition. (c) Two neutrino decay. The curves are the fitted parametrizations
described in Appendix B.

2120 P 21 _ @ 20 (1) Events were accepted 4¥Bi decays followed by the

(E(1=)2 3 M:E/I E _ag ZI\Z:E)\/) (t12=0.3 ps) — Pb a decay of212PQ, if the fast clock time was between 200 ns

B gt T ' o and 2us. The time distribution for these events is shown in

2 2Bi— 2P0 (t1,=164us) — 2%Pb  Fig. 10a) and has a fitted*?Po half-life of 0.31-0.03 us, in
(Eg=3.3 MeV,E,=7.7 MeV). good agreement with the accepted value ofu3. 89].

The event sample used to study the “tagged” events was (2) For 214Bi decays, the fast clock time was required to
from the first 3286.7 hours of the exposure described in Sede between 2.s and 1 ms. An additional cut was imposed
Il A above (i.e., E27-30. Cut (1a described above was that required that at least one detector had an energy greater
made on the data to remove electronic noise from the everithan 0.5 MeV deposited in it. The time distribution for these
sample. decays is in Fig. 1®). The fitted 2%Po half-life is
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0.162+0.007 ms, in agreement with the accepted value ofcattering of low energy electrons through the geometry of
0.164 m99]. this experiment. The simulated Monte Carlo data for simple
There were 25923 and 979 ?YBi “tagged” events  experiments was compared with published results: e.g., prac-
observed in the detectors. After the cuts described in Sedtical ranges and backscattering of electrons with energies of
Il B above, but excluding cut 4fast clock “tag”), 17 and 50 keV to 5 MeV incident normally on silicon, and also
132 events respectively remained for detectors 76-138. TheE/dx of electrons, and/-ray attenuation lengths in both Si
energy spectra of these events are shown in Fige) BEhd and Mo. The agreement was good in all cajsks.
11(b). Both of these energy spectra can be used to estimate For simulated signal and background decays, particles
contributions to the observed doukBedecay “candidate” were tracked through the detector stacks and the energy de-
energy spectrum, although the normalization is hard to deposited in the sensitive region of each detector was recorded
termine. in a format identical to that of real events. These simulated
events were subsequently processed by the same programs
F. Multi- a-decay sequences used for the experimental data, including all the cuts de-

Multi- a-decay sequences can be used to estimate thsecribed earlier. This gave calculated detection efficiencies for
-a-

. signal and background events, as well as the expected shapes
number of decays from thé®*’Th decay chain. These se- 9 9 P P

¢ the d ) of the energy spectra. These spectral shapes were fitted by
quences were from the decays. algebraic expressiontsee Appendix B and used in the

224Rail) 20RN(ty = 565ec)a—2> 216p0(t, = O.lSsec)aj 212pp  analysis described in detail in Sec. VI.
(E.,=5.7 MeV,E,,=6.3 MeV,E, =6.8 MeV)

The event sample used for this search was also the first
3286.7 hours of the exposure described in Sec Il A above. Simulated signal events fromt°™Mo sources situated
Cut (1a) was imposed to remove electronic noise from thewithin the foils were generated for zero-neutrino douBle-
event sample. decays (0—0* and 0"—2" transitiong and for two-

Thesea-a anda-a-a decay sequences were detected agleutrino decays. The resulting energy spectra for these sig-
two or three separate one detector events. The time separaals are shown in Figs. 1@-12c), together with curves
tion between the events was measured by the slow clock. FégPresenting the fitted parametrizations. Thirty thousand
the 21%Po decay, a time interval of 0.1 to 1.0 sec was usedévents were generated for each of the twa@nsitions, and
and, for the 22Rn decay, 1.0 to 200.0 sec. Events with Wenty thousand for thei2decay.

E<2.0 MeV were rejected to maximize the probability that The S|mulat|on_s of zero-neutrino . doubdbdeqays
the accepted events were decays. To detect three- showed that the width of theiOpeak varied dramatically

. O . . . .
a-decay sequences, the data were first examined foratwo depending on thé*Mo foil thickness. This is only partly

sequences frorR¥®Po decays and then preceding events Weredue to the energy lost by the electrons within the foils. Back-

2 Scattering from the silicon detectors significantly enhances
searched for thé”Rn decay. A total of 86 threa-decay this effect. In addition, because scattering is so dominant,

sequences were found and 204 two decay sequences. FUthely sjgnal characteristics that might arise from angular cor-
analysis of these data is described in Appendix A.

relations of the doublgd decay electrons is lost.
In Table 1l the calculated detection efficiencies for
IV. MONTE CARLO SIMULATIONS 0"—0" Ov decays in the energy region 2%<3.5 MeV
are shown, after imposing all of the cuts described earlier.
This table reveals how such cuts are effective at reducing the
The CERN program GEANT 3.1[110] was used to simu-  data sample much more than the calculated efficiency for
late both signal and background decays. The program wasbserving a signal.
first modified to generate the doubedecays of*®Mo, and Detection efficiencies for the three signals are shown in
also the expected backgrounds from helecays, and sub- Table Ill, after all cuts are applied, and for the energy re-
sequenty deexcitations, of radioactive isotopes in the natu-gions where this experiment is expected to be most sensitive.
rally occurring?*8J and 2%2Th chains(See Fig. 6. The pro- It can be seen that the loss of useful detectors greatly reduces
gram was also modified to track theE/dx and multiple the detection efficiencies. This is evident in the decrease in

B. Signals

A. Monte Carlo simulation of events

TABLE lll. Calculated detection efficiency for doubj@-decays.

Efficiency (%) Efficiency (%) Efficiency (%)
Live-time (2.5— 3.5 MeV) (2.1— 2.5 MeV) (1.9 — 2.5 MeV)
Expt. (hn) (mole-yn Ov, 0" =07 0v,0"—2% 2v
27-30 3286.7 0.2275 300.4 23.5* 0.3 1.23+ 0.08
31 562.8 0.0390 294 0.3 18.8+ 0.3 1.02+ 0.07
Totals

27-31 3849.5 0.2665 358 0.4 22.8+ 0.3 1.20=* 0.08
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efficiencies when there are eight bad detectors in sta@s2
in E31), compared to data taken when four bad detectors
were presentE27-30.

L T 1 T T T 1 T 7T T T T

125

C. Backgrounds

The most troublesome backgrounds gBe decays of
2128j and 2°°T| in the 232Th decay chain, and*‘Bi in the
238 chain.

To investigate these backgrounds from sources within the
100Mo foils, 20 000 events were generated from each iso-
tope. These events included the electron and associated de-
excitation y’s. The generated energy spectra f8fTI and
2148j are shown in Figs. 1®) and 13b) together with the
fitted curves. The generated spectrum &tBi decays(not
showr extends only to 2.1 MeV as expected. This shows
that energy from a subsequentiecay of the?*%Po daughter
that occurs during the recovery time of the trigger system
must be recorded in an ADC for the total energy of a real
event to be greater than 2.1 MeV.

Backgrounds from sources outside the foils are due to the
interaction of high-energyy’s in the foils and detectors.
Such backgrounds become important for event energies be-
low about 2.4 MeV. The Compton edge for the scattering of
the 2.614 MeVy’s from 2%T] is at 2.38 MeV, and at 2.22 125
MeV for 2.445 MeV ?'“Bi y’s. The locations of these radio-
active sources are unknown. To approximate this situation,

10000 events coming from each of five different point

sources, four outside and one in the middle of the cryostat, 100
were generated for botf®TI and 21“Bi, i.e., totals of 50 000
2.614 MeV and 50 000 2.445 MeY's. The energy spectra
and the fits to these spectra are shown in Fig$a)+4.4(d).
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V. BACKGROUNDS
A. Expected backgrounds

For energies above 2.0 MeV, the predominant back-
grounds contributing to the doubj@-decay ‘“candidate”
sample are expected to be frgfhdecays, and the interac-
tions of y rays, coming from the naturally occurring radio-
active decay sequences 6tfU or 232Th. These decay se-
guences are shown in Fig. 6 and in Table IV. In an attempt to
estimate the number of background events in the “candi-
date” sample, the events “tagged” by the fast clock and the
two- and threex-decay sequences from E27-30 were studied
and a comparison was made of the number of events in stack
1 with stack 2.(See Appendix A for details For these data, (b)
there were 62 good detectors and no foils in stack 1, and 61
good detectors and 62 foils in stack 2. Although the detection FIG. 13. The energy spectra, after all cuts, of Monte Carlo gen-
efficiencies for the two stacks were not the same, they shouldratedg decays(backgroungl from sources within the foilsia) g8
be sufficiently similar to make this comparison useful. Thedecays of?%Tl. (b) 8 decays of*!Bi.
detection efficiencies foB’s or a's could not be calculated
accu_rately because_t_he Ioca_\tion of the radioactive Sourc&$mple of doubles-decay “candidates” forE>2.0 MeV
relative tq the sensitive r(e'glgns of the detectors were NOl,as made. The number of “untagged” Bi decays was ob-
known. Slnc_e the range .Qf S 'S, small, less than_ _the thick- tained from the number of “tagged” events, and the number
Irzaeczsti(()); %ff?;]létggu?s;icggg :ﬁes g‘r'::e\;ig sregf)lgt\a/re\cf ;??oil(s)f 2081] events from Monte Carlo simulation. The results are

in Table V. This table shows that all the events in the “can-
, didate” sample above 2.5 MeV can be easily explained by
B. Estimated number of background events contributions from2'%Bi and ?“Bi B decays. Below 2.4

Using the normalization factors obtained in Appendix C,MeV interactions ofy’s from 2¥Bi and 2°°T| decays from

an estimate of the number of backgroufddecays in the sources inside or outside the cryostat are expected.

50
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FIG. 14. The Monte Carlo generated energy spectra, after all cutgsofrom sources outside the foils that interact in or near the

detectors.(a) and (b) Backgrounds in stacks 1 and 2 from the interactions of 2.614 M&Vfrom the 8 decays of2%®TI. (c) and (d)
Backgrounds in stacks 1 and 2 from the interactions of 2.445 MMrom the 8 decays of?Bi.

VI. FITS TO THE EXPERIMENTAL ENERGY SPECTRA e Hyn

A. Fits to the energy spectra ~nl
for 07 —07" zero neutrino decays

In order to obtain a lifetime limit for 0— 0% neutrino- 3 ) )
less doubled decay, an extended maximum likelihood Wherex=s+b, s, andb are the means of the Poisson dis-
method was used to estimate the number and error in thigibutions for signal and background, ands the number of

The extended likelihood function can be written observed energy spectra and is given in our experiment by
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TABLE IV. Expected signals and backgrounds.

E (MeV) Signals Backgrounds
2.0-25 Oov 0" —0" B decays 21%Bj (+a energy
0+*>2+ 214Bi
2v 2087
v interactions 2.445 MeV frontl“Bi
2.614 MeV from208T|
2.5-3.0 Oov 0"—=0" B decays 21Bj (+a energy
214Bi
208T|
3.0-35 B decays 21%Bj (+a energy
208T|
12 In(2) X €T X N,
L= il;[l {flpsigna( Ei) + f2Pgia12(Ei) + f3Pgig1a(Ei) = So

+f4Pri20s(Ei}- .
whereeyT=0.36X0.2664=0.0959 mole-yr is the product of

In the expression foL, the functionsP;(E;) are the fits to  the detector efficiency and live-timbl, is Avagadro’s num-
the shapes of signal and background normalized to unityer, ands, is the number of neutrinoless douledecay
over the energy interval 2.50E< 3.50 MeV, and thé; are  events. Using 0.917 fors,, we obtain ty,>0.437
the statistical fractions of signal and background in eachx 10%years. This value has been reported previo{i4ly
event described in Appendix B. The functioRsin the sum It should be pointed out, however, that the above confi-
are evaluated at the energy of theith event, and the prod- dence limit is based on a fit to our dataly and is a state-
uct is over the 12 events observed in the energy intervainent about the number of signal events observed. To obtain
between 2.50 and 3.50 MeV. The energies of the individuah confidence limit based on Poisson statistics about how
events E;) and the functions;(E;) are shown in Table VI likely such a result would be obtained in repetitions of iden-
and Fig. 15, and a three dimensional plot&fin Fig. 16. tical experiments, we have used a Bayesian procedure based

The function —InL, is then minimized using MINUIT on a method given in a recent paper by Innocente and Lista
[13] in terms of the parametess= uf; andb;=puf;, j>1, [14]. In this method, the extended likelihood function is in-
which correspond to the number of signal and backgroundegrated to obtain an upper limit of the number of events
events, respectively, in the sample when the extended likeli¢l) corresponding to various confidence levels.
hood function is maximized, and the signal is restricted to The normalized extended likelihood functidh, is given
zero or positive values. For a variety efand b; starting by
values, including minimizations in which one or two of the
background;’s are held constant or at zero, the negative log _(bts) |
likelihood function is always minimized whesis pushed to C =Ne (b+s) TP [, Po(E) + fPL(E)]
zero with a one-sided error of 0.917 events or less. This n n! =TT =T BTt =
procedure corresponds to findilmgin the analogous Gauss-
ian case. The fitted values of the backgrounds &r8i
=4.1 events and*Bi=7.9 events with2°®T| fixed at 0.0 WhereN is the normalization constant defined such that
events.

Based on this analysis, a 68% confidence limit on the .
0*— 07 neutrinoless doubl@ decay can be obtained from f L£ds=1.
the formula 0

TABLE V. Estimated backgrounds froft?Bi, 2'“Bi, and 2%T| B decays within the cryostat.

2087 Measured
E (MeV) 212 j min max 214 (total)
2.0-25 1.9+ 0.62 0 3.5 459+ 11.9% 349.0+ 18.7
2.5-3.0 1.9+ 0.6 0 1.8 6.7 1.7 9.0+ 3.0
3.0-3.5 1.9+ 0.6 0 0.8 0.0+ 0.0 3.0+ 1.7

&The errors are statistical based on the number of observed “tagged” Bi decays. A systematic error of about
+10% can be expected f3#?Bi background because of uncertainty in the detection efficiency of “tagged”
events with fast clock time< 0.2 us, and a systematic error of abatitl5% can be expected fot‘Bi
background because of uncertainty in the detection efficiency foxthén “tagged” events.
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TABLE VI. Energy-weights=P;, j=1—3 for the 12 events with energy between 2.5 and 3.5 MeV.

Event E (MeV)

(i) E(i) P,=signal P,=217Bj Py=214Bj
1 2.502 1.165 1.0 5.952
2 2.511 1.199 1.0 5.739
3 2.532 1.282 1.0 5.257
4 2.538 1.307 1.0 5.123
5 2.571 1.448 1.0 4.417
6 2.591 1.539 1.0 4.015
7 2.644 1.797 1.0 3.042
8 2.662 1.889 1.0 2.742
9 2.726 2.223 1.0 1.802
10 3.070 0.0 1.0 0.0
11 3.092 0.0 1.0 0.0
12 3.226 0.0 1.0 0.0

Best fit, s=0.0, #Bi=h,=4.1, ?*Bi=b,=7.9

The Bayesian confidence level.L.) of an upper limitl limit of 68% (90%). Table VII shows the dependence of the
on s is then defined to be the probability thet| and, re- numbers of signal events, for a C.L. of 68%, upon the two Bi
writing f, asb/(b+s) andfs ass/(b+s), can be obtained backgrounds.

from the expression From these confidence limits, calculated half-life limits
s=1 —sprn can be obtained for the'0—0" neutrinoless doublg decay
CL= flﬁ go 15=08 T a[bPH(E) + SPS(E)]ds of 0.22<10% yr (68%) and 0.1 107° yr (90%). This is the
T )oTT JEge ST [bPy(E;) + SPy(E;)]ds’ best 0"—0™" result published to date fof"Mo.

If b is known, this equation for C.L. can be integrated
numerically for various values ofuntil a value ofl is found ~ B- Fits to the energy spectra of doubleg-decay “candidates”
which gives the desired confidence level. Figure 17 shows  for two-neutrino and 0% —2™ zero-neutrino decays
the value ofZ,, and C.L. vs the signas for the best fitted Least square fits using 50 keV bins were made to the
values of the background$?Bi=4.1 events and'“Bi=7.9  «candidate” energy spectrum for stack[Eig. 18a)], and
events. This gives 1.883.63 events for a Bayesian C.L. |50 to the corresponding data from stacFig. 18b)],
which were already shown in 10 keV bins in Figgaj9and

6 f———t——t—— e 9(b). For stack 2 the energy region fitted was 1.9 to 2.5 MeV,
] . and for stack 1 was 2.0 to 2.6 MeV. The energy limits cho-
5] E sen for the comparison of stack 1 with stack 2 data were
4 ] b determined by comparing the energy losses of monoener-
@ 3; Signal E
& :
2 " 212,
1 ..'_. ...................................... [
0 1 AL M A A A \\
2.5 2.7 2.9 3.1 3.3 3.5 \ \\\\\
W
E (MeV) N

NN

\\\\\
AN
R

FIG. 15. The energy weight®;(E;), described in Sec. VI A for
event energy ;) between 2.5 and 3.5 MeV. The shape of the
signal (P;) (light curve is obtained by Monte Carlo simulation.
The shape of thé'?Bi background P,) (dotted ling is from events
“tagged” by the fast clock. The shape of th&“Bi background
(P3) (heavy curveis obtained by Monte Carlo simulation and also
from the events “tagged” by the fast clock. For details see the text.
The areas under the curves have been normalized to 1.0 for the
energy region 2.5< E < 3.5 MeV. The energies of the 12 events  FIG. 16. A 3D plot of the extended likelihood function defined
observed are also shown as solid triangles onBlexis. in the text vs the signals) and backgroundb).
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FIG. 17. The normalized extended likelihood functiofi,f 1204l e
(solid curve and the Bayesian confidence leve.L.) (dashed ] [
curve defined in the text vs sign&). The 68% and 90% limits are 100 -
indicated by arrows. = ] i

& 80- C
getic Monte Carlo generated electrons in the two stacks. For 5 60_: 3
fits to stack 2 data, 8 decay channels were considered: three .2 ] :
possible doubleg8-decay signalsfi.e., O0v (0*—0"), Ov g 407 , 5 -
(0*—=2%) and 2], and five possible backgrounds i.e., = 20_3@ 8 ¢ 5% B x 3
2128j, 21Bj or 298| B decays, and the interaction of high 1% @ boeaxy el :
energy y's from 2¥Bi and 2%°T| [E(y)=2.448 and 2.614 0 Frrr e R
MeV respectively. For stack 1 data, only the five back- 1.8 19 2 21 22 23 24 25 26
grounds were considered. The shapes of the energy spectra (b) E (MeV)

were parametrizedSee Appendix B for details.
For all fits to the experimental data, the contribution from

: . + 212
neutrinoless doubl@-decay transition 0—0", and Bi (b) stack 1. These dafaircles are the same as those in Fig. 11 but

20 .
a_lnd_ i '8_ decays were set to zero because the MaxiMUMep|otted in 50 keV bins. The crosses are the best least square fits
likelihood fit to stack 2 data abovE=2.5 MeV (described  gescribed in the text and Table VIII.

in Sec. VI A showed that these contributions were very

small. Preliminary least squares fits to the data below 2.% is too narrow to be a true physical effect.

MeV indicated that the contribution from the interactions of Figure 18 shows that the shapes of the experimental en-

the 2.448 MeVy's from ?/Bi was also small and could be ergy spectra from stack 1 and stack 2 are very different. The

set to zero, but that the contributions froffBi beta decays fits show that a contribution from two-neutrino double-

and 208T| Y interactions were Iarge and had to be included inlg_decay in Stack 2 describes the difference Very We” Al-

the fits for both detector stacks. . though comparison between the absolute number of events in
The results of the best fits are shown in Table VIl andstack 2 and stack 1 is difficult because of the very different

Fig. 18. In these fits the decay channels indicated are allowegeometries(foils vs no foil§, the contribution of2“Bi 3

to vary freely and all other channels are set to zero. The fit tQecays in stack 2 is nearly 2/3 from the foils and 1/3 from the

stack 2 data for 19E<2.5 MeV is a good fit with no  syrroundings. The number of Hlinteractions approximates

contribution from a 0—2" signal. A fit for 2.3<E<2.5  the expected number, since the foils introduce 10% addi-

MeV which includes a 0—2* signal(not shown improves  tional material.

the fit for this small energy region but cannot explain the The pest fit value of the number ofvXoubleS-decay

data below 2.1 MeV. The fit for stack 1 is not as good as foreyents §,) in the energy region 1:9E<2.5 MeV is 175.8

stack 2; however, most of the? sum (8.63 out of 13.67  +40.1. Then the half-life for the two-neutrino doulgede-
comes from the two bins between 2.3 and 2.4 M€Whis  ¢ay of 190 is given by

apparent structure is probably a statistical fluctuation because

FIG. 18. The events remaining after all cuts(a stack 2 and

IN(2) X €, X TX N,
TABLE VII. The number of signal events that give a 68% con- L= S, '
fidence limit as a function of*?Bi (b,) and ?*Bi (b,) background
events. where e,=detection efficiency0.012 (from the Monte
21, Carlo simulation, T=Iive-t.ime=0.2664 gnztz)le yr, and
25 79 2 63 N,=Avogadro’s number, givingt;;;= 0.7@0:14x 101 yr.
) : : This value is in reasonable agreement with the latest mea-
3.7 1.91 1.86 1.82 surements, i.et;,=0.33"02x 10'% to 1.16"030x 10'° years
2128j(b) 4.1 1.89 1.85 181 [15]. Also see Table I.
45 1.88 1.83 1.80 Our results show no evidence of & 827 transition in

neutrinoless doubl@- decay.
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TABLE VIII. Fits to the low-energy data from stack (®oils) and stack 1(no foils).

E region Channel

Stack (MeV) filled Number of events Error X2 Npg @ c.L.®

2 1.9 25 214 168.9 + 42.6 7.12 9 0.645
Tl y 149.4 + 46.4
2v 175.8 + 40.1

1 20— 2.6 214 55.4 + 16.9 13.67 10 0.189
Tl y 126.9 + 19.4

Npe is the degrees of freedom of the fit.

®C.L. is the confidence level of the fit.

VII. CONCLUSION Miller for the final editing of the manuscript. This work was
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90ER40553.

A limit on the effective Majorana neutrino ma&s,,) can
be estimated from the relationship between the half-life of
double8 decay “candidate” isotope and the mass of th
neutrino which has the foriil6]

1 gz APPENDIX A: BACKGROUND STUDY, COMPARISON
Y,

9% :g(Q,Z)|MGT__2|\/|F|2<mV>2, OF THE DATA FROM STACK 1 AND STACK 2

T1i2 da FOR E27-30

whereG(Q,Z) is a numerically integrated phase space factor The data obtained in Experiments 27-30ve-time
which depends on the nuclear decay ene@ypnd the iso- =3286.7 hrs were studied in detail to determine possible
tope atomic numbeZ, Mgy and Mg are the Gamow-Teller Sources of backgrounds in the doulfledecay “candidate”
and Fermi matrix elements for the decay, andandg, are sample. In particular, comparison of event rates in stack 1
vector and axial vector coupling constants. Values ofversus stack Zdetectors 76-138for “tagged” Bi decays,
G(Q,Z) have been calculated for various isotopes of interes@nd multia sequences were made. The cuts imposed on the
by Doi etal. [17]. The quantity|Mgr—(g%/g2)Mg| has events for this study were minimal. Electronic noise was
been calculated by Engel fdPMo [16]. Using these results, femoved by cuts(la described in Sec. Ill. In a%cjjsl%qn,
the half-life which corresponds to an effective Majorana€Vents “tagged” by the fast clock were identified !
mass of 1 eV for neutrinoless doulidecay in 1Mo is deczallys_ if the fast clo_ck time was between 0.2 ands? and
1.9x 10?* yr. This result can then be scaled by the 68% half-2S ,AB' decays for times between 20s and 1 msec. For
life limit obtained in this experiment to give an upper limit of Multi-a-decay sequences, each one detector event in the se-
9.3 eV on the Majorana neutrino mass. guence was required to have energy greater than 2 MeV in
It should be emphasized, however, that this mass estimafg® same or adjacent detectors. The number of “tagged”
is both model dependent and sensitive to the approximatior§&cays and multkr sequences detected are shown in Table
used to calculate the matrix elements. Because these matri- . s )
elements are not precisely known, it is important to compare FOr the “tagged” Bi, the relative number of events are as
mass limits derived from lifetime limits for several “candi- ex'pected,llde., the number of events in stack 2, which con-
date” isotopes. Published limits on the Majorana neutrinot@ined the'*Mo foils, are greater trz‘?n in stack 1, indicating
mass derived from germanium and xenon experiments varfi introduction of both®'%Bi and “Bi in the foils. The

from less than 1.0 eV to 5.0 eV, the best germanium limitincrease is larger fof'4Bi than for #'Bi. _
being the most restrictivl8,19 However, the relative numbers of 2 andv3sequences in

the two stacks are unexpected sinced®equences detected
in stack 2 are often less than in stack 1. The lower part of the
232Th decay chain should be in equilibrium even after chemi-
We are indebted to the Hecla Mining Co. and to thecal separation of thé°™Mo because the half-lives in this part
ASARCO Mining Co. for access to the Consolidated Silverof the chain are 11 hours or le¢see Fig. 6. Thus the de-
Mine. We thank Philippe Eberhard, Don Groom, Gerrycrease rather than increase in the number of naulte-
Lynch, Mahiko Suzuki, A. Carl Helmholz, and Michael Moe quences observed in stack 2 shows that even though the ra-
for valuable discussions and reference information. Welioactivity has been increased by the introduction of the
thank Alan Smith for radioactive assays and essential advictils, the Mo has reduced the detection efficiency ds by
in our selection of clean materials. We also thank Jamegbsorbing and degrading them.
VanKuiken for a long history of support underground, If the @’s come from the source foils, all 2 or @'s
Michael Long and Chilton Gregory for technical support, detected in a sequence should be in one detector because the
Lydia Young for suggesting making clip detector contacts thickness of a foil34 mg/cn?) is greater than the range of
and Ju Kang, Benjamin Brown, and Kevin Watts for takingany of thea's. If, however, the source nucleus is not in a
shifts underground at the mine in Idaho. Thanks to Jeannsource foil but is situated somewhere close to the sensitive

ACKNOWLEDGMENTS
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TABLE IX. Background events observed in experiments—2730.

(a) “Tagged” events

Stack 1 Stack 2 Total
212 (0.2< tpug < 2 19 73 186 259
214Bj (20< ter < 1000 9 170 809 979
(b) a sequences

Stack 1 Stack 2 Total
Three sequentiak events
All 56 30 86
Energy in one detector 17 18 35
Energy in two adjacent detectors 39 12 51
Two sequentiak events
All 104 100 204
Energy in one detector 60 78 138
Energy in two adjacent detectors 44 22 66

regions of two adjacent detectors, and if each detector has The values of the parameters for these fits are given in
the same efficiency for detecting's of the same energy, Table X and the fitted curves are shown in Figs(aland
then for twoa sequences there should be the same numbet2(b).

observed in one detector as in two detectors, and, for three (2) Two-neutrino doubled decay. In the energy region
a sequences three times as many detected sequences in tiG<E<2.4 MeV, a good fit to the generated spectrum of
detectors as in only one detector, i.e., 3/4 vs 1/4 of the totathe two neutrino double-beta-decay spectrum®vo was
Two and threex sequences are observed in adjacent deteagiven by the quadratic

tors in stack 2, which shows that many of the source nuclei

are not in the foils. Thus backgrounds from th&Th decay y(E)=891.0-695.(E + 135.(E?

chain must come from both the foils and from the surround-

ings. A probable source of tH&?Th decay chain background ~ The number of generated events in this energy region
is the Ti clips used to make electrical contact with the detecwhich satisfied all the cuts was 556. The fitted curve is
tors. Activity of 4 ppb was found by low-background count- shown in Fig. 12c).

ing of the Ti material before it was made into contacts and

placed into the experiment. This level of contamination ex- 2. Backgrounds

plains the number of events observed. In the energy region above 2.0 MeV, the major back-

grounds came from the following sourcéa) >4Bi B decay,
(b) 2°8TI B decay,(c) interactions of 2.448 MeVWy’s from
214j, (d) interactions of 2.614 MeW's from 2°°T].

Least squares fits were made to the Monte Carlo gener- The shape of the fit to thé&“Bi g-decay datdFig. 13b)]
ated signal and background energy spectra described in Se¥as obtained by fitting a spectrum of the form

V. y(E)=72.0E—3.0)?

APPENDIX B: FITS TO THE MONTE CARLO
GENERATED ENERGY SPECTRA

1. Signal to Monte Carlo generated data. This could then be compared

(1) Neutrinoless doublg decay. The form of the least to the actual®’4Bi 8 decays “tagged” bya particles that
square fits to the generated data for"-@0* with  were obtained in the experiment. Although there were only
2.00<E<2.99 MeV and for 0 —2* with 2.00<E<2.46

was TABLE X. Values of the parameters for the fits to signal spec-
tral shapes.
y( E) — al( 1.— e(Efaz)/aa)e(Efaz)/a‘l_
0t—o0* 0t—2*
Between 2.99 and 3.03 MeV, th@ value of 1°Mo, the
0*—0" data was fit to a curve of the form & 772.5682 420.9500
a, 3.0157 2.4662
y(E)=aye(@-5las, as 0.1505 0.0668
as 0.2909 0.3207
Above 2.46 and below 2.85 MeV, the’0-2" data were g, 102.3545 190.0615
fit to the straight line ap, 2.9902 —66.9462
a 0.0079

y(E)=aE+ayp
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TABLE XI. Parameters of the interaction spectral shapes. 2.0<E<3.5 MeV, requires that some additional energy in
the ADC'’s is due to thex from the fast decay of thé'%Po

=B “Bi il Bl daughter {;,,=0.3 us). The gate time of the ADCs is 2s
Stack 1 Stack 2 Stack 1 Stack 2 which gives the upper limit in time for acceptance of
X, 25 398 16.014 31.064 10460 tagged” 21Bi decays. Study of the recorded fast clock
X, 0.978 0.127 1.093 0.216 time of “tagged” events shows that the trigger system does
X3 4.497 1.112 1.336 0.649 not recover for at least 0.4s and is not completely recov-
X4 0.180 0.168 0.156 0.170 ered until 0.2us. For the energy region 2(E<3.5 MeV
Xs 0.037 0.027 0.030 0.022 and after all the cuts made to select douBlelecay “candi-
E, 1.543 —3.290 1.504 1.124 dates” (except the fast “tag” cut there are ten “tagged”
E, 2.204 1.943 2.346 2.095 events with observed fast clock time between 0.2 ands2
Es 2.180 2.189 2401 2364 [Fig. 11(a)], and three with time between 0.13 and @Q.2.

These 13 events have a flat energy distribution. Assuming
that the efficiency for detecting a second trigger is 100% for
13 “tagged” *Bi events in the energy region between 2.00.13<t,,<0.2 us, the efficiency in this time interval is
and 3.0 MeV, this parametrization represented these da@73. Then the ratio “untagged”/“tagged(1.0-0.73/0.73
quite well. =0.37, independent of both thgand « geometric detection

The shape of the fit to théTl -decay spectrum for efficiencies. The overall normalization to obtain “untagged”
energies between 2.0 and 3.5 MeV to Monte Carlo generateeti2g; decays for E27-3%40.37x 1.17=0.43, giving the esti-

data was well approximated by the following straight line:

mated number of “untagged®'?Bi decays with energy be-
y(E)=—17.2E+60.316. tween 2.0 and 3.5 MeV, with flat energy_distrib_ut_ion, of
1.9+ 0.6 events/500 keV. The quoted error is statistical.
Fits were also made to Monte Carlo generated data for the
20811 2.615 MeV y and for the?!Bi 2.445 MeV y for both 2. 2087

the detector stack 1 which contained no molybdenum foils .
and detector stack 2 which did. All these fits, which were a, A detailed study of the 2 and &-decay sequences and the

n 21 1 1 1
parametrization of the Klein-Nishina formula for Compton tagged” *"’Bi events indicate that there were probably less

20 . . -
scattering into a finite resolution detector, had the form  than 500 Tl decays in E27-30. If the decaying nuclei are
assumed to be in the foils which are snugly situated between

V(E) =X, (1+X,(E—Ey) +xge~ [E-E2Xal?) 5 the detectors, detection efficiencies derived from the 20 000
Monte Carlo generated evenjBig. 11(c)] can be used to
with a cutoff factor of the form predict a maximum number of observé®¥TI decays for 2.5

<E<3.5 MeV of about 2.6 events. However, sources out-
_ 1.0 side or at the edges of detectors, and, in particular, in the
et (1.+e(ETEIX5) " suspected Ti contact clips should have much smaller detec-
) ) ) tion efficiencies than for sources in the foils becauseghe
_ Parameters of these .flts.are given in Table XI and theand y's from the 2%8T| decay can easily go out of the detec-
fitted curves are shown in Figs. 14. tor stack. The transition energd?®Tl — 2%pb is 5.0 MeV,
but the decay goes via the first excited staté®Pb at 2.614
MeV 99.8% of the time, and since about 90% of tyie will
Compton scatter in Si, a Compton edge at 2.4 MeV should
To predict the number of background events in the sampléesult. The most likely3 transition energies are 1.8 MeV
of double-decay “candidates” from E27-31 in the energy (51%), 1.5 MeV (22%), and 1.3 MeV(23%), and these tran-
region 2.6<E<3.5 MeV, the observed Bi decays “tagged” sitions are accompanied by additiongs. Thus, to observe
by the fast clock, and the Monte Carlo generat€ll events more than 2.4 MeV in a “candidate” event requires the de-
have to be normalized to the “candidate” sample. This istection of at least two particle§.e., either theg and avy
difficult because many of the background source nuclei areteraction, or twoy interaction$ in the sensitive regions of
somewhere external to the foils, and their locations, and thusvo or three contiguous detectors. Thus the minimum num-
the detection efficiency of their decays, are unknown. ber of observed?®®TI background from nuclei situated out-
Detailed studies of backgrounds in the experiment wereside the foils is very small and probably zero.
made using data from E27-30. To normalize these data to the
sample for E27-31, the ratio of live-times, E27-31/E27-30, is 3. 214B;j
1.17.

APPENDIX C: PREDICTED BACKGROUNDS
IN THE “CANDIDATE” SAMPLE

This background from thé*3 decay chain is observed
1 217 as either events “tagged” by the fast clock or “untagged”
: events. Thex “tag” is not detected if thea does not escape
The transition energy for thig decay is 2.25 MeV, and from the source material, or, if it escapes, it does not enter
Monte Carlo simulation of decays from the foils predict ob-the sensitive region of a detector with enough energy to
servedB energies less than 2.0 MeV. So the detection ofcause a second trigger.
either a “tagged” or “untagged”?'Bi decay for energies, The time detection efficiency for observing &‘Po «
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decay within the time interval 2s — 1 ms (T1,=165us) is If a detection efficiency for the of 0.25 is used, the ratio
0.98. The geometric detection efficiency for “tagging” the “untagged”/“tagged”=(1—0.25)/0.25-3.0, and normal-
B decay with the subsequent decay depends strongly on ization to E27-3+3.0X 1.17=3.5. There are two “tagged”
assumptions about where the decay source is situated. ~ events with 2.5E<3.0 Mev and 13 with 2.80E<2.5

(a) If the source is distributed uniformly in the Mo pow- MeV. The shape of thé'/Bi spectrum from Monte Carlo
der then the probability that the exits the foil can be cal- Studies, normalized to 15 events, gives 1.9 and 13.1 events,
culated, i.e.P=R/2t=0.33, whereR=the range of the 7.7 respectively, in good agreement. Then the factor of 3.5 pre-

b _ . ) dicts 6.7+ 1.7 and 45.9+ 11.9 respectively for the “un-
MeV «=23.07 mg/cn? and t=the thickness of the foit tagged” background in the doubjg-decay “candidate”

34.6 mg/cnt. _ _ sample from E27-31.
(b) If the source is somewhere external to the foils, then The predicted number of background events frétBi,
the o detection efficiency may be much less than 0.33 be2Bj, and 21| B decays in the doublg-decay “candi-

cause even if ther exits the source material it may not enter date” sample are shown in Table V. The quoted errors in this
the sensitive region of a detector. Additional studies of thetable are statistical derived from the number of observed
2148j backgrounds show that 1/2 to 2/3 of this contamination“tagged” decays. The estimated systematic errors ¥5Bi

is in the foils. and 2Bi contributions are- 10% and+ 15% respectively.
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