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Double beta decays (88) from the 0 ground state in 'Cd to the 0" ground state
in "5Sn were studied by means of ELEGANT V. A finite half-life for the two-
neutrino S8 (2vAB) and an upper limit on the neutrinoless one (0vSf) were obtained
as T39,=2.6132% 10" y and T'{},>6.3 x 10*' y (68% C.L.), respectively. The nuclear
matrix element M ,2,; was deduced as 0.069%0.009 in units of (#,c?)~". This supports
the universal quenching of the 2vf8 rates in this mass region, which is consistent with

that previously measured in '*Mo.

radioactivity, "°Cd(88), Tf}’z fixed value, exclusive measurement, isotopically
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Double beta decays ( §8) are currently of in-
terest from nuclear and astrophysical view-
points.!™ Neutrinoless double beta decays
(0vfB), which violate the lepton number (L)
conservation law, provide evidence for physics
beyond the electroweak standard theory. They
are sensitive to, for example, the Majorana
neutrino mass {m,), the right-handed weak
current (RHC) (i.e., {A) and <{7)), the Majo-
ron coupling constant gy, and L-violating
coupling with SUSY particles. The neutrino
mass is also interesting regarding the question
of whether the electron neutrino is a candidate
for hot dark matter. Two-neutrino double
beta decays (2v88) conserve L, and are thus
within the framework of the standard theory.

The 0vBp and 2vBB amplitudes involve the
nuclear matrix elements relevant to given 8f
processes. Half-lives, T'9}, and T%),, for the
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0vBpB process caused by the {m,) term and the
2vf3 process are given as

T '=G> M2 1m,) 12, 6))

and

(T3 '=G> M, @
respectively.? Here G® (G?*") and M 3 (M 55
are the relevant phase space factor and the
nuclear matrix element for the 0vSg8 (2vBp8)
process, respectively. It is crucial to know the

value of Mjj in order to extract a value for
{m,y or a limit on {m, from T'3,. In the case

-of the 2vBB process, the observed half-life

(T'3)2) gives the value for M3;, as given in eq.
2)-

Theoretical evaluations of M g; and M 3 are
not straightforward since they depend on
nuclear parameters used for the nuclear struc-
ture calculation.*® Actually, the value for
M ﬁ} is sensitive to the spin-isospin (o'7) interac-
tion.®® Then the value for M 3; deduced from
the observed T'1), is used to find an appropri-
ate nuclear model with the proper a7 correla-
tions (interaction). This is, in turn, applied to
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evaluate quantitatively the value for M g;.%

Experimental studies of the individual 0vS S8
and 2vBpB processes have so far been per-
formed for several nuclei by direct 58 count-
ing methods, as described in review articles.>™
Recently finite half-lives for 2vff processes
and upper limits on 0vgf processes have been
obtained for the three nuclei "*Ge,>') 8Se!?
and ®Mo!*19 by direct counting methods.
50Nd was also studied.!!®

In this letter we aim to report the first obser-
vation of the 2vA£ half-life and the search for
0vBB in 6Cd by means of the direct counting
method. Main points of the present '*Cd meas-
urement, particularly of the 2vS8 process, are
as follows.

1. Since the half-lives of the 88 are sensi-
tive to ot correlations, one needs systematic
studies on several 88 nuclei for qualitative ar-
guments on the values of particle- and as-
trophysical interest such as {m,) and (RHC>.

2. Experimental studies of the 2vff proc-
esses in various nuclei reveal general trends of
M3} as functions of nuclear shell configura-
tions, and lead to better understanding of the
S8 mechanisms in nuclei.

3. The obtained value for M3} is used to
obtain appropriate gt interaction parameters
and to check nuclear structure calculations.
These are applied to evaluate Mj; for the
same nucleus. Note that the main component
of M3y is GT (J™=1%), i.e., Mzs~Mz(17),
while M 35 includes several J components as
MB=Mg(1*)+3 .1 M33(J). The first com-
ponent M g (1), which is a major one, is esti-
mated well on the basis of the observed value
for M3}

4. The "'8Cd nucleus has a simple configu-
ration of the g-/> neutrons and the ¢4/, proton
holes, as in the case of the Mo nucleus. The
phase-space factors (G?” and G%) are large be-
cause of the large Q value of Qgz(07)=2.808
MeV for the Cd(0*)—'6Sn(0*) ground
state decay. Therefore, !'*Cd is the most suita-
ble for B studies (particularly for the 2vBf
mode) after '®Mo.

Experimental methods and data analysis for
the present 'Cd B8 study are the same as in
the previous Mo study,'>'? except that the
%Mo source was replaced by the '%Cd source.
The measurement was made by means of

ELEGANT V (ELEctron GAmma-ray
Neutrino Telescope V: EL V) at the Kamioka
underground (2,700 m w.e.) laboratory. De-
tails of EL V are given elsewhere.'

The enriched 'Cd source with 90.7% *Cd
and the natural *Cd source with 7.5% ¢Cd
were used for the present measurements. The
2Cd source was used for estimating common
instrumental backgrounds and for subtracting
their contributions from the '%Cd spectrum.
The 33 mg/cm? thick 'Cd foils and the 34
mg/cm? thick *Cd foils were made by rolling
16Cd and “Cd metal rods, respectively. The
total weights were 91.13 g for the 'Cd source
and 88.52 g for the ®Cd source. The **U and
Z2Th contents were confirmed to be less than
0.5ppb by using the inductively coupled
plasma mass separation method (ICP-MS).

The side view of EL V is shown in Fig. 1.
Two runs were carried out, RUN-A for 920
hours with the '*Cd and *Cd sources set at the
left and right sides of the source plane, respec-
tively (see Fig. 1), and RUN-B for 955 hours
with the source positions interchanged.

The data collection and data analysis proce-
dures were similar to those in the previous
10Mo measurement.’>¥ The B8 event selec-
tion for the 0t¥—0% ground state transition
was made for events having two f tracks in
drift chambers (DC) and two signals from two
plastic scintillator segments (PL) under the fol-
lowing conditions: i) positions of the 8 energy
deposition in PL are consistent with the g
trajectories in DC, ii) the vertex of the two
trajectories is on either the ®Cd or the *Cd
source plane, iii) the angle 8;, between the two
p trajectories is smaller than 130° (@ cut), iv)
the time difference between the two PL signals
is consistent with the estimated one for the
two pf-rays starting from the vertex on the
source plane (TOF cut), and v) the electron sig-
nals (PL) are not accompanied by any signals
from any Nal scintillator segments. Condi-
tions iii) and iv) are required in order to reject
background events caused by single S-rays
(electrons) passing through the source plane
(see Fig. 1). Condition v) is effective for reject-
ing background events accompanied by y-rays
and/or X-rays such as Compton electrons and
conversion electrons. The total detection
efficiencies of 2vBf events for RUN-A and
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Fig. 1.

Side view of ELEGANT V detector (EL V). The left-side part of the movable shield (SH), which consists

of lead and copper bricks, is removed to show the detectors inside the shield box. Pb: lead bricks, Cu: OFHC
bricks, Nal: NaI(Tl) detector array, LG: light guides, PM: photomultiplier tubes, PL-A and PL-B: plastic
scintillators, DC-A and DC-B: drift chambers, S: source plane, CD: cable duct, and AT: airtight container.
Typical g tracks (B, f,) and a Compton scattered electron (e) and y ray are illustrated.
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Fig. 2. (a) Sum energy spectrum of Ez+ Ej from the

16Cd source (solid line) and that from the "Cd source
(dotted line) for RUN-A and RUN-B, i.e., the 1875-
hour experiment. (b) The difference of the '°Cd and
"Cd spectra (circles with error bars) together with the
Monte Carlo (MC) calculation for 7'3/,=2.6x 10"y
(solid line).

RUN-B were evaluated by Monte Carlo (MC)
simulation to be 7.3 and 9.0%, respectively.
The difference reflects the different energy dis-
crimination levels of PL.

The measured sum energy (Es+ Eg’) spectra
for Cd and *Cd sources are shown in Fig.
2(a). Here the spectra for RUN-A and RUN-B
are simply added to illustrate the overall spec-
trum shapes. The difference between the two

spectra is almost the "SCd BB spectrum,
provided that the background is common for
both the Cd and *Cd sources. In fact it is not
exactly the same for the "*Cd and *Cd source
sides. Moreover the background/noise level
in RUN-B was slightly higher than that in
RUN-A.

The Cd BB spectrum was obtained, as
shown in Fig. 2(b), by the following back-
ground considerations. First, we discuss the
origins of the background, and secondly, the
way to subtract them in order to extract the
true "Cd BB spectrum from the measured
spectra.

There are three classes (origins) of the back-
ground events: i) radioactive contamination in
the %Cd and ®Cd sources, ii) radioactive iso-
topes in the detector elements such as pho-
tomultiplier tubes of PL (PL-PM) and drift
chambers, and iii) **Rn gas around the source
and PL.

Background rates due to possible U and
2Th chain isotopes in the *Cd and *Cd
sources were evaluated on the measured upper
limits of 0.5 ppb for both ?*U and *?Th iso-
topes. Assuming a radioactive equilibrium in
28U and #*Th chains, the isotopes to be
checked are #**Pa, 2“Pb and 2*Bi in the U
chain, and 2?Bi and **T1 in the »2Th chain.
The B-rays followed by the internal conversion
electrons (e) in these isotopes might produce
false 28(5-¢) events in the "*Cd 2vB8 spec-
trum. The upper limits of 0.5ppb on both U
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and #2Th isotopes lead to upper limits of 2%
and 0.5%, respectively, upon their contribu-
tions to the *Cd 2vf8 yield. These are negligi-
ble compared to the statistical errors of the
2vBp yield.

There are two major background sources in
the EL V detector elements. One is “K con-
tained in the PL-PM array, and the other is
22Rn admixed in the gas of DC. The 1.46 MeV
y-ray from “K is Compton-scattered in PL,
and the recoil electron passing through DC
may produce false B events, even though the
survival probability after § and TOF cuts is
very small. The 1.46 MeV y-ray yield was eval-
uated by the off-line analysis of events in
which the Compton-scattered y-ray and the
recoil electron were detected by Nal and PL de-
tectors, respectively. The ??Rn gas content in
the DC gas was estimated to be less than 0.5
Bq/m? by off-line analysis of the 2*Bi events
in DC.

On the basis of these measured yields and
limits, MC calculations were made for contri-
butions to the B event from the 1.46 MeV y-
rays from “K in PL-PM and from the ?*Rn-
24Bj content in DC. It was found that 41+3%
and less than 25% of the measured yield for
the ®Cd source (background spectrum, Fig.
2(a) dotted line) are attributed to the “K in
PL-PM and **Rn in DC, respectively. These
are common for the spectra from both the
16Cd and “Cd sources, and thus are cancelled
in the difference spectrum between them.

Backgrounds to be carefully considered are
those due to 2“Bi from the ??Rn gas around
the source plane. ?Rn in the air around the
source is reduced to 10~° by filling the source
region with nitrogen gas evaporated from lig-
uid nitrogen. The ??Rn content, however, is
time and position dependent, being somewhat
dependent on the nitrogen gas flow. The **Bi
content was monitored in real time by inves-
tigating the major decay branch of the f-decay

of 2“Bi followed by the 609 keV p-decay.

These - and y-rays were efficiently measured
by means of the DC, PL(8) and Nal(y) detec-
tors of EL V. The measured ?Bi contents in
RUN-A were 2.5+0.4 Bq/m® and 2.3+0.2
Bq/m? for the "'Cd and Cd source sides, re-
spectively. There is no difference between
them. Contributions of these Bi contents to

the BB spectra for "'Cd and *Cd sources are
25+3% and 24+2%, respectively, of the
measured yield for the *Cd source (Fig. 2(a)
dotted line). They are nearly the same for
both, and thus are cancelled in the subtraction
procedure between the measured spectra for
the 'Cd and *Cd sources. The *Bi contents
in RUN-B, however, were found to be
5.7+0.4 Bq/m® and 4.0£0.4 Bq/m? for the
16Cd and “Cd source sides, respectively,
mainly due to an inhomogeneous distribution
of Rn caused by insufficient N, gas flow in the
16Cd and *Cd source regions. The contribu-
tions of these ?Bi contents to the S spectra
for the '%Cd and *Cd sources are 49+3% and
34+3%, respectively, of the measured yield
for the ®Cd source. They differ from each
other and thus are not cancelled. This differ-
ence was corrected in the extraction of the
16Cd B yield. It should be noted that most of
the background yield measured for the *Cd
source is understood as mentioned above.

The obtained BB spectrum for ''Cd(Fig.
2(b)) clearly shows finite excess counts in the
0.7-2.0 MeV energy region relevant to the
2vBf process. The obtained half-lives for the
16Cd 2vBp are 2.6 X4 x 10° y for RUN-A and
2.7747%10¥ y for RUN-B, which agree quite
well. From the weighted average of these data,
one obtains a half-life of 2.6%32x 10¥y for
the 18Cd (0*)—'%Sn(0*) 2vB8p , where the er-
ror includes all statistical errors and possible
errors in the background subtraction proce-
dures given above. The solid line in Fig. 2(b)
shows the MC simulation based on the above
half-life.

In the region of 'Cd 0vgB from 2.4 MeV
to 2.8 MeV, no excess count was observed, as
shown in Fig. 2(b). Lower limits on the 0vSS
half-lives were deduced as T9,>6.3(2.9)
x10%'y and T),>4.2(2.1)x 10?' y with 68%
(90%) C.L. for the {m,) and <A) 0vBp proc-
esses, respectively. The difference between
them arises due to the different detection
efficiencies reflecting the different - angular
correlations. Upper limits on {m,) and {A>
are deduced to be 8.8eV and 1.3x 1075, re-
spectively, from these half-life limits and the
relevant nuclear matrix elements.?” They are
model dependent. The results of the present
study have been presented by one of the
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authors (Kume) at a symposium.>?

The '%Cd experiment with **CdWO, scintil-
lators has also been performed by the INR
(Kiev) group.” The data are consistent with
the present values measured by EL V.

The nuclear matrix element Mj; can be
derived from the measured 2v8f half-life

T?,. Using the value G»=8.0x10"%
y'(m.c*»?*? in eq. (2), one obtains
M7%;=0.069£0.009 (m.c*)~', where m,

stands for the electron mass. The present
value for M 3y is much smaller than the simple
shell-model value, but is of the same order of
magnitude as those for "%Ge,*'? $Se'® and
10Mo.3-19  This suggests some universal
quenching of 2vBp rates in these nuclei.

Recently, 2v8f matrix elements for the
ground state S of A(Z, N)~>A(Z+2, N—2)
have been shown to be related to single 8
decay matrix elements as M zp=k (Mp. - Mj-)/
Qgp with the common factor k being around
(1.0~1.2) x 10*. Here Mjp. and M- are the
matrix elements for relevant single 8% and 8~
decays from A(Z, N) and A(Z+2, N—2) to
the single particle 1" state in the intermediate
nucleus A(Z+1, N—1). The values for Mj.
and Mj;- are obtained from experiments or are
evaluated from log f7 values in neighboring
nuclei.” The value for k derived from the
present 'Cd half-life is k=(1.0%+0.2) X 104,
which is consistent with the systematic
trend.?®

In conclusion, the finite half-life of the
2vBp and the lower limits on the half-lives for
the {m,» and {A)> mode 0vppB were obtained
for Cd. The major background contribu-
tions have been checked by using the S-8-y
coincidence data from multisegment e- and y-
detector elements in EL V. The nuclear matrix
element for Cd and the values for other
nuclei imply a general trend of M fq}'g consistent
with the recent theoretical analysis.”
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