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Abstract

No evidence for the neutrinoless double-3 décay of 1Mo has been found in
a search using a segmented Si(Li) detector with source foils enriched to 97%
100Mo. After 0.2664 mole years of exposure, we report a 1 o lower limit on

the half-life for the J? = 0+ — 0% transition of 0.35 x 1023 years. _
PACS numbers: 23.40.Bw, 14.60.Gh, 27.60.+j
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The existence of the neutrino was proposed over 60 years ago by Pauli, followed shortly
thereafter by Fermi’s theory of 3 decay. Yet to this day there are fundamental unan-
swered questions concerning properties of the neutrino and of weak interactions in generaﬂ
Neutrinoless double-8 decay directly addresses the question of lepton comservation in weak
interactions as well as the related question of whether the neutrino has mass and, if it does,
whether it is its own antiparticle. As such it is one of thé most sensitive tests of physics
~ beyond the standard ;nodel of elementary particles and for this reason has recéived much
attention both theoretically and experimentally during the past decade. Despite consider-
able experimental progress, there has as yet been no convincing evidence for the existence
of this decay mode reported in any element [1] As a result, upper limits can be placed on
’ - the mass of a Majorana neutrino that are substantially better than. thbse obtained by the
more direct S decay end-point method. |

The isotope selected here as a neutrinoless vdo_uble-ﬂ decay candidate is 10Mfo. The
_ lepton-nurnbef vi;)la.ting neutrinoless decay mode, 1Mo—!®Ru + 2e~, is forbidden for
massless neutrinos or for Dirac neutrinos (which are distinct from their antiparticles). There
have recently been three lower half-life limits repdfted for the neutrinoless decay of 1®Mo,
one by an earlier version [2] of this experiment with a limit of 4x10%! yeaLrs and two others
[3,4] of 4.7.and 7x102! years. '®Mo is selected for its large energy release (which increases -
the bhase space for neutrinoless. double-8 decay), for its favorable double-8 decay ma,t;ixr
element, and for the availability of several moles of the énriched isotope. Assuming compa- -
rable matrix élements_, the product of phase space and Coulomb correction factor increase
the 1Mo neutrinoiess double-3 decay rate over other commonly used element isotopes for
double-f decay searches by factors ranging from 1.3 to 12.3 [5-8]. In addition, the 3.033 MeV
energy release shared by the two electrons is energetically above most naturally occurring
electron and photon background radiation. | |

.The original apparatus has been described in detail elsewhere [9,10]. Data reported here

were obtained from an upgraded detector array which contained 145 Si(Li) detectors, each

7.6 cm in diameter and 0.14 cm thick, arranged in two stacks. One stack with 74 detectors
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was run wifhout 1Mo source foils for background studies. The second stack, containing 71
detectors, was loaded with 62 Mo source foils placed in the gaps between detectors.

Titanium clips were used to provide more positive electrical contacts to the‘ silicon de-
tectors in the upgraded apparatus. Source foils consisted of mylar bags 6.0 cm in d_iametgr,
‘each containing approximately 1 gram of !®Mo. The very finely divided pure metallic 1Mo
powder had Been chemically purified to reduce the Th and U levels to below 1 ppb. Each
bag was rolled flat (to within 10%) before being inserted into a gap between detectors. The
average thickness of the Mo within each bag was 34.4 mg/cm?, and the thin mylar walls
(4.3um) of the bags contributed a negligible amount of additioﬁal materiél. The entire detec-
tor array was enclosed in the radio‘activelyv clean titaniuﬁ cryostat of the original apparatus
and cooled to 120 K with liquid nitrogen.

Cosmic ray backgrounds are negligible at our underground site in the Consolidated Silver
mine in Osburn, Idaho. The site has a rock overburden of 1220 m (3300 m.w.e.). Shielding of
the detectors from natural radioactivity in the surfourigiiﬁg rock consisted of three concentric
closed l@yers of appropriate materials to reduce neutrons and v rays. The neutrons were
moderated by a 56 cm thick wax shield and were then captufed in a 5.1 to 10.2 cm thick
inner layer of 5% borated polyethylene. Any v rays penetrating the wax and polyethylene
were substantially elimina,t~ed by absorption in the innermost layer of low activit);' lead, 25.4
cm thick. The interior of this lead shield was continuously flushed with nitrogen gas from
liquid nitrogen boiioff to reduce éirborne Rn‘daughter activity. All the structural parts of
the apparatus wit‘hin‘ the shielding were constructed from materials selected vby means of low
' levei counting for low intrinsic radioactivity.

| The upgraded detector included electronic latches on each channel to aid in identifying
fast B — a decay sequences. The # — a time interval between a ?'?Bi or 2!*Bi beta décay
and tile' decay of its Po daughter was measured by a 100 MHz “fast” clock that was s-t’a,rted |
by each event and stopped by any second trigger occurring during the event read-oﬁt time
of approximately 50ms. A 1 kHz “slow” clock measured time intervals between events and

was used to detect longer-lived decay sequences. Lifetimes measured By these clocks allowed
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identification of radio contaminants within theb’ cryostat.
The absolute energy calibration of the experiment bwas che_ck'ed peribdically by placing
a sealed 228Th source on the surface of the cryostat near the detectors and identifying the
double escape peak at 1.593 Mev in each detector. In addition, before each data run, a digital
to analog converter running under computer control was used to inject a series of pulses with
precisely known arhplitudés into the preamp of each detector to check the electronic gain
"and linearity of the readout system. Any drifts were recorded in software and corrected on
a run by Tun béxsis. Throughout the experiment, the energy resolutioﬁ of a typical detector
. was between 10 keV and 20 keV and its_v'en'ergy determination was sté;ble between absolute
source calibrations to Wifhin the detector’s resolution.

The data from this experiment correspond to 3849.5 hours live-time with 60.63 gms of
10Mo in the detector stacks, giving an ekposure of 0.2664 mole-yrs. There were 299,852
~ triggers above the nominal discriminator threshold of 320 keV. About 90% of the evenfs had
energy in only one dgetectdr. We ascribe the one-detector events with energies 2.0 < E <
5.5 MeV to « deéays of ?°Po (E,=5.3 MeV), and events below 2 MeV to a combination
of 21°Po decays and single 8 decays from various sources. The 21.‘)Po background probably
came from 21°Pb in solder used to make electrical contacts within the cryostat.

The following cuts, whichvwere optimized by Monte Carlo simulations and studies of

the real data, were made to select neutrinoless double-3 decay candidates and reject back-

grounds: (a) To remove electronic noise, the energy in a detector was ignored if it was less
than 110 keV. In addition, for multi-detector events any contribution to the event énergy
surﬁ was ignored if it wasvle.ss than 1/20 the maximum contribution. (b) To remove « back-
grounds, .events with energy deposited in only one detector were rejected. (c) .To minimize
backgrounds from single B decays, which are usually accompanied by 7 rays, only events
with energy in two or three c6ntiguous detectors were selected. In addition, the energy
deposited in the middle detector of a three-detector event had to be greater than 450 keV

(the minimum energy deposited by a single electron passing through a detector). (d) Events

“tagged” by the fast clock were rejected, since they were usually #**Bi or **Bi § decays
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followed by a fast 2’2Po or **Po a decay. (e) Events with energy deposited in two detectors,
where the energy ratio in the detectors was less than 1/3, were fejected; This reduced the
number of untagged 2?Bi events in which the energy of the o from the subsequenf fast decay
of 2'?Po was recorded in an ADC but the a arrived before the trigger logic had recovered
and so did not stop the fast clock. (f) A possible neutrinoless double-3 decay candidate was
rejected if there was energy deposited in a detector next to aﬁ inoperative defcector,’ since
the total ehergy of the event was then suspect. |

~ After all these cuts there remain 8634 events in the region of the detectors occupied by
the 1®Mo. This corresponds to about 6% of the total number of events observed in- this
region of thé detector. The energy spectrum for these double-ﬂ decay candidate events, for
energies above 1.8MeV, is shown in Fig. 1 (728 events). -

To obtain the detection efficiency for observing double-3 decay candidates and to es-
timate the spectfal shapes of backgrounds, a Monte-Carlo event generating program was
written to simulate double-f3 decays and backgrounds within the geometry of our detector
[11]. This program was a modification of the CERN program GEANT [12]. The generated
events were processed through our standard analysis programs with all the cuts necessary to
select double-3 decay candidates. The shape of the spectrum for double-§ decay candidates
in the foils is shown on Fig. 1 and was fit to an analytical functfon (x?/df < 1.2) which was
used in fitting procedures to determine the double-8 decay half-life described below. The
detection efficiency for the 0% — 0t transition is about 47% for all observed energies and
36% for energies above 2.5 MeV. |

To investi.gateve_xpectéd Ji] .decay backgrounds, energy spectra for the 8 decays of 2B,
22Bi, and '2°8Tl were génerated. The expected energy spectra for a decays were calculated
using a simple Monte Carlo. In an attempt to estimate the size aﬁd proBable sources of -
backgrounds, the exp'erimental data and simulated data described.a,bove were examined
carefully. Comparisons were made of event rates in sfa,ck 1 and stack 2, and also rates in
stack 2 before and after the 1°°M6 was inserted. An assessment 6f the 23U and #*2Th activity

within the cryostat was obtained by studying events tagged by the fast clock during event
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read-out, or by observing rapid multi-a sequences in: (a) the § decay of *2Bi in the ***Th
chain followed by an o decay of the daughter ?'?Po, which has a half-life of 0.3usec; (b)
similarly, the 8 decay of 2*Bi in the 238U chain followed by an a decay of ?*Po, which has
a half-life of 164usec; and, (c) the a — a —  rapid decay sequence, *Rn — *®Po(t,/,=56s)
- 2£2Pb(t1 /2=0.15s) in the 22Th chain. These a sequences were observed as éither two or
three separate one-detgctor events in the same or adjacent detectors.

In the a decay sequences, if the contamination is within the 1Mo, the events have to be
seen in the same detector. Because the 1Mo filled bag wa;s thickef than the rangé of any
of the a particles, back-to-back « 'p‘articles would not give a sequence of events in adjacent
detectors. We do, however, see sequences that were in adjacent detectors and can only be
explained if fnos/c of the 22Th chain a decay sources. were not in the Mo powder. A
possible source of this conté.mination was the Ti clips which made electrical contact with
the detectors and weré'constructed in such a way that they were visible to the detector's
above and below them. By comparing the rates of fast clock tagged events for empty mylar
bags and 1®Mo filled mylar bags, we find that some, but nét all, of the 21Bi ﬂ decays came
- from contamination in the mylar; |

bEstima.ted backgrounds above 2.5 MeV used in the final analysis were obfained. from
observed tagged 22Bi and 24Bi decays and Monte Carlo generated 2T1 decays. The 2'?Bi
backgrouﬁd was estimated to be flat for energies befweén 2.0 and 3.5 MeV and the 2%T]
background above 2.0 MeV was fit to a straight line with a negative slope. Many analytical
curves, including a straight line, a cﬁladratic, and a parameterized exponential, were used to
it él“’Bi Background above 2.0 MeV. All the observed events above 2.5 MeV could be easily
explained by various combinations of the estimated backgrounds. |

Two independent andlyses were carried out to determine the lifetime for 0+ — 0% neutri-
noless double-B decay. In one, least squares fitting programs [13] were used to fit normaliza-
tion parameters for the analytical expressions of the signal and the individual backgrounds

to the 12 obsérved events above 2.5 MeV. In e\}ery case, the best fit to the data pushed

the normalization parameter for the signal to a negative value or a zero lower limit as it at-
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tempted to transform the signal’s p'eak.into a dip to fit the data, and the value of the signal’s
normalization parameter was-insensitive both to the functions used to fit thevbackgrounds
and to a wide range of values of background normalization parameters. Up to three artificial
events could be introduced into the real dafa near the peak of the double-3 decay spectrum
before its normalization parameter became greater than zeré in the fit. Based on this study,
which finds no real signal events above 2.5 MeV, a value for N = In(1/(1 — 0.68)) = 1.14
events can be obtained from Poisson statistics where N is defined as the mean of a Poisson
distribution which will produce more than zero signal ever_lfs 68% of the time in random
observations. [14,15] - | |
| In the second analysis, our estimates and fits to the background a.nd sign'a,l. shapes above
2.5 MeV enabled us to use a numerical technique~ [16] to obtain a lifetime at the 68%
confidence limit. Assuming a null sign;l and only background events above 2.5 MeV, which
~ is the most likely result which fits the observed data, 1000 “virtual” data sets were randomly
generated from Poisson statistics for sevéral different background combinations, and refit to
the same signal and background shapes. In 68% of the cases for each of the different data sets,
the signal extracted ranged between 1.1 and 1.6 events depending on the relative amounts
of 2Bi la.nd 214Bi used as background. |
The 1o limit on the half-life for neutrinoless double beta decay can-be calculated from

the formula

In(2)TeN,

tin >
1/2 2 N

where Te = 0.2664 x 0.36 = 0.0959 mole-years is fhe product of the livetime and detector
efficiency, N, is Avagadro’s number, and N is the number of events. Using the estimate of
1.14 for N, we obtain tiz > 0.35 x 1023years. This is nearly a factor of 9 larger than our
previous result [2]. |

An estimate of 7.4 eV for the uppér limit on the effective Majorana neutrino mass < m, >
for the 0.35 x 10% year half-life limit obtained in this experiment can be calculated using the

matrix elements of Engel [7]. It should be émphasized, however, that this estimate is both

1
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model dependent and sensitive to the approximations used to calculate the matrix elements.
We are indebted to the ASARCO Mining Co. and Consolidated Silver Corp. for access to
the Silver Summit mine. We thank Mahiko Suzuki, A. Carl Helmholz, and Michael Moe for
valuable discussions and reference information. We also thank James VanKuiken for # long
history of support underground, Michael Long and Chilton Gregory for technical's'upport,
Lydia Young fo£ suggesting making clip detector contacts, and Ju Kang, Benjanﬁn Brown,
and Kevin Watts fo.r taking shifts in Idaho. This work is supported by U.S. Department
of Energy Contracfs and Grants DE-ACO7-'7GIDVO-1570, DE-ACO03-76SF00098, DE-FG04-
88ER40395, DE-FG05-88ER75444, and DE-FG02-90ER40553. |
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- FIGURES

FIG. 1. ‘Energy spectrum of events after all cuts. The corresponding energy spectrum for the
Monte Carlo generated 0t — 0% neutrinoless double-3 decays after the same cuts is shown as a

solid line. This curve is normalized to 500 events for a suitable graphical représentation.
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