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New Limit on Neutrinoless Double P Decay in '36Xe with a Time Projection Chamber
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A xenon time projection chamber with an active volume of 207 L has been built to study neutrinoless
double P decay in "Xe. Data were taken in the Gotthard Underground Laboratory, with 5 atm of xe-
non enriched to 62.5% in "Xe. From 3380 h of data, no evidence has been found for the Ov 0+ 0+
transition. Half-life limits of Tiiq & 2.5(4.9) &&10" yr in the mass-mechanism mode and T, i'z

& 1.7(3.2) &&10 3 yr in the right-handed-current mode, at the 90(68)% C.L., were derived. An upper
limit for the Majorana neutrino mass parameter was deduced.

PACS numbers: 23.40.Bw, 14.60.6h, 27.60.+j

It is well known that neutrinoless double P decay pro-
vides a sensitive probe for lepton-number violation and, in
particular, Majorana neutrino mass as well as right-
handed weak currents [1]. The implications of this so far
unobserved nuclear decay have stimulated intense experi-
mental efforts in recent years [2]. Experiments on Ge
have produced the most stringent limits so far [3]. Owing
to the uncertainties in the nuclear-matrix-element calcu-
lations [4], it is important that other isotopes are studied
as well. In this Letter, we report on a double-P-decay ex-
periment with ' Xe, using a time projection chamber.

The isotope ' Xe is suitable for double-P-decay stud-
ies. The Ov transition energy (2.48 MeV) is large com-
pared to other candidate isotopes, leading to an enhance-
ment of the phase-space factor and decay rate. In addi-
tion, xenon is a good proportional counter and drift gas,
and thus can act as both source and detector. The natu-
ral abundance (8.9%) is appreciable, and xenon enriched
in ' Xe can be obtained [5] at a relatively modest price.
Experimental searches for double P decay in ' Xe have
been carried out by groups from Moscow [6] and Milano
[7], using a high-pressure ionization chamber and a mul-
tielement proportional counter, respectively.

We have built a time projection chamber (TPC) [81 to
study double P decay in ' Xe, in both the Ov and 2v
channels [9]. The Monte Carlo studies [10],basic design
[11],electronics [12], and data-acquisition system [13]of
the TPC have been described elsewhere. A schematic di-
agram of the experimental setup is shown in Fig. 1. The
TPC has a cylindrical active volume of 207 L. The
operating pressure is 5 bars, with an admixture of 3.9%
methane to increase the drift velocity (to 1.36

cmobs

')
and to suppress diffusion of the secondary electrons [14].
Gas purity is maintained at a 0.1-ppm level in electroneg-
ative contaminants [9]. Xenon enriched to 62.5% ' Xe
is used [5], giving a total of 1.6x IO ' Xe atoms in the
active volume. According to Monte Carlo calculations
[9,10], the probabilities for a double-P-decay event at 2.5
MeV to be completely contained within the active volume
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Fig. 1. A schematic diagram of the time projection chamber
with the associated setup.

are 25% and 21% for OvPP induced by the mass mecha-
nism and by right-handed weak couplings, respectively.
The difIerence is mainly due to the diA'erence in energy
distribution between the two electrons in the two modes
[15]. There are 168 readout channels, with 3.5-mm
pitch, in each of the X and Y axes. The time evolution of
the signals, recorded in 500-ns bins, gives trajectory in-
formation in the Z direction. The energy of an event is
measured from the integration of the anode signals over
the drift time of 51 ps.

To minimize the radioactive background, the chamber
has been built with OFHC (oxygen-free high-conduc-
tivity) copper with a thickness of 5 cm, while all other
components have been selected for their trace radioactivi-
ty with a low-background germanium detector. The
copper vessel is further shielded by 20-30 cm of lead.
The experiment is being conducted at the Gotthard Un-
derground Laboratory, with a 3000-m water-equivalent
overburden which attenuates the muon Aux by a factor of
10'.
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The track reconstruction capability of the TPC pro-
vides a powerful means of background rejection. A dou-
ble P decay is identified as a continuous trajectory with
characteristic "end features": high charge depositions
(charge "blobs") due to enhanced dE/dx at low energy,
and large-angle multiple scattering (that is, staggered
trajectories), at both ends. Owing to bremsstrahlung
emissions, some of these events have small isolated charge
depositions (( 150 keV). The major background is from

pair production as well as single-electron events (due to
the photoelectric effect, Compton scattering, or P decay)
with the emission of energetic secondary ("delta" ) elec-
trons at the beginnings of their trajectories.

Some typical events recorded by the TPC are shown in
Figs. 2(a)-2(c). The A'Z and YZ projections as well as
the time evolution of the anode signals are displayed.
The large black dots indicate signals above a second level
threshold, corresponding to charge blobs. The TPC does

(a)

(b)—

(c)

FIG. 2. Typical tracks recorded by the TPC with 5 atm of xenon. (a) Single electron; (b) two-electron candidate event; and (c) P
decay followed by emission of an a particle. In (a)-(c) the full range is 60 cm for both A and Y, while the Z calibration is 10.9 cm
per unit.
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not have a time-zero trigger; the Z=0 in the figures cor-
responds to the first arrival of the signals. The full range
for both X and Y is 60 cm. Calibration of the Z axis de-
pends on the drift velocity of the secondary electrons. It
is measured from the length of cosmic-ray muons travers-
ing vertically through the detector. Typically, a few such
events are recorded per day. The Z calibration is 10.9 cm
per unit in the displayed figures, and the variation with
time is less than 1%.

A typical single-electron event and a typical candidate
for a two-electron event are depicted in Figs. 2(a) and
2(b). They are readily distinguishable by the features
their trajectories exhibit at their ends (charge blobs and
staggered trajectories). Figure 2(c) shows a p decay fol-
lowed by the emission of an a particle at the same (X, Y)
coordinate 50 ps later. This event is due to the cascade

' Bi ' Po+e +v, (Q=3.28 MeV, T~gq=19. 7 min),
followed by

' Po ' Pb+a (Q=7.8 MeV, T~&2=164
ps), and is evidence of trace radon emission in the sys-
tem. Among the daughter nuclei of the radon isotopes
from the U and Th chains, only this p decay has an
end-point energy above 2.5 MeV. However, as demon-
strated, this cascade can be singled out by looking for the
—100-ps post-trigger a activity after an initial single-
electron event.

The energy resolution and calibration has been studied
with various y sources. A (10-15)% variation in charge
multiplication across the effective area of the anode plane
is observed. To correct for this eff'ect, the anode plane is
subdivided into 45 squares and a gain variation map is
made from a measurement with a ' Cs source. The
anode signals are then compensated for at each time bin,
based on the (X,Y) coordinate of the event at that time.
A notable improvement on the energy resolution of 14.8%
and 6.6% FWHM at 511 and 1592 keV, respectively, is
subsequently achieved. The energy spectrum for a Th
source, after applying this gain correction, is shown in

Fig. 3. The 1592-keV peak is due to double escape (pair
production with the total escape of both 511-keV pho-
tons) from the incident y rays of 2614 keV. The overall

gain (combined effects of charge multiplication, gas-
purity level, and electronics) is constant over the course
of data taking to better than 2%. The energy calibration
is linear in our range of interest, and is accurate to better
than 2%.

The results of a total of 3380 h of data, with an energy
threshold of 1.6 MeV, are presented in this Letter. The
two-electron spectrum displayed in Fig. 4 is obtained as
follows. An oA'-line software program identifies and re-
jects events due to a particles, multiple tracks, cascades,
uncontained events, and distinct single electrons, reducing
the data size by a factor of 6. Remaining events are then
scanned visually. The selection of two-electron events re-
quires charge blobs and staggered trajectories at both
ends of a continuous trajectory. Events with isolated
charge depositions of more than 150 keV are rejected.
For this analysis, those events with sharp vertices in the
central portion of the trajectories (which might suggest
pair production) are kept. With these analysis pro-
cedures, there are typically 36 times as many single-
electron as two-electron events above 1.6 MeV. It can
thus be deduced that the single-electron rejection efFi-

ciency of the TPC is at least 97%. The probabilities of a
contained pp event surviving these cuts have been studied
with Monte Carlo simulations and with a smaller data set
where all events are scanned visually. They are 81% and
64% for the mass-mechanism and right-handed-current
modes, respectively, at the Ov transition energy. The con-
tributing factors include topological ambiguities (e.g. , a
track retraces itself), detector effects (inactive or noisy
electronics), and the asymmetric energy distribution be-
tween the two electrons. The last factor is the major con-
tribution to the diff'erence in the efficiencies between the
two mechanisms [I 5l.

As stated above, the measured energy resolution is
6.6% FWHM at 1.6 MeV. We adopt the conservative
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FIG. 3. Energy spectrum of a Th source. The prominent
line is the double escape peak of the 2614-keV y rays in "Pb.
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FIG. 4. Energy spectrum of two-electron candidate events,
from 3380 h of data. The 90%-C.L. limit curve for a hypotheti-
cal 0v peak at 2481 keV is represented by the solid line in the
inset.
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approach of taking this to be the resolution at the Ov
transition energy of 2.48 MeV. Based on Poisson statis-
tics, the probability of a peak to be present at the transi-
tion energy is evaluated. Assuming an exponential back-
ground between 2000 and 2650 keV together with a con-
stant background from 2650 to 3000 keV, we obtain an
upper limit of 3.5(1.8) events for a hypothetical Ov peak
at a 90(68)% confidence level. Folding in the overall
detector and analysis efficiencies [20% and 13% for the
mass-mechanism and right-handed-current (RHC)
modes, respectively], we obtain the following 90%-C.L.
half-life limits:

Tlt'2(0+ 0+;(m,)) & 2.5x10 yr,

Tii'2(0+~ 0+;RHC) & 1.7x 10 yr,

respectively. The corresponding 68% confidence limits
are 4.9x10 and 3.2x10 yr, respectively. These num-
bers represent almost 1-order-of-magnitude improvement
over existing limits [6,7]. The 90%-C.L. curve is folded
onto the energy spectrum displayed in Fig. 4.

The limit for the Majorana neutrino mass parameter
thus deduced depends on which nuclear-matrix-element
calculation [4] one uses. Adopting the quasiparticle
random-phase approximation by Engel, Vogel, and Zirn-
bauer [16] (and choosing al = —375+ 15 MeVfm
which reproduces the measured 2vPP half-lives in Se,

Mo, and ' Te), the 90%-C.L. upper limit for the
mass-mechanism mode (2.5 x 10 yr) implies

(m„,) ( 3.3-5.0 eV.

This can be compared with (m, ) (2.4-4.7 eV, derived
from the most recent Ge results [3] (Ttt'2 & 1.2x10
yr at the 90% C.L., with 3 yr of data) using the same cal-
culation.

Data taking continues on this experiment in the
Gotthard Laboratory. With the measured background
level of 0 02 count per 100 keV per day (0 01
count keV '

kg
'
yr ') in the Ov energy range, we ex-

pect, with 1 yr of data, sensitivities of 5x10 yr for
Tii'2(0+ 0+), or 2.3-3.6 eV for (m, ). Studies of the
2vPP channel will also be carried out.
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