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We present results from the first phase of the KamLAND-Zerbtisbeta decay experiment, corresponding
to an exposure of 89.5kg-yr 6f®Xe. We obtain a lower limit for the neutrinoless double-be¢zay half-life
of Tl% > 1.9 x 10%° yr at 90% C.L. The combined results from KamLAND-Zen and EXQB giveTlo/”2 >
3.4 x 10?® yr at 90% C.L., which corresponds to a Majorana neutrino riassof (mgg) < (120 —250) meV
based on a representative range of available matrix eleoaulations. Using those calculations, this result
excludes the Majorana neutrino mass range expected fromethteinoless double-beta decay detection claim
in "5Ge, reported by a part of the Heidelberg-Moscow collaborgtat more than 97.5% C.L.

PACS numbers: 23.40.-s, 21.10.Tg, 14.60.Pq

Double-beta §3) decay is a rare nuclear process observ-that in Ref. [1]. EXO-200 later improved on this limit by a
able in even-even nuclei for which ordinary beta decay is enfactor of 2.8[3], constraining the result in [1] for a numloér
ergetically forbidden or highly suppressed by large spifedi ~ nuclear matrix element (NME) calculations.
ences. Standardg decay proceeds by a second-order weak
interaction emitting two electron anti-neutrinos and tiece
trons QuSp3). If, however, the neutrino is a massive Majo-

rana particle33 decay might also occur without the emission a purification campaign to remove this isotope. Doing so

of neutrinos (v3f). Observation of such a process would required extracting the Xe from the detector, thus marking

demonstrate that lepton number is not conserved in natur%e end of the first phase of KamLAND-Zen. In this Let-
Moreover, if the process is mediated by the exchange 0fﬁ|lg}’}er we report on the full data set from the 'first phase of

Ieefl;gztz?\néj,e\z/lda%er:tnr?ﬂéltfr.rna;en:r;crseiases_wg (t]th squa;?\i)f KamLAND-Zen, corresponding to an exposure of 89.5kg-
v , utrt $8135) = |DiUgmu, |, o of 136Xe. This represents a factor of 3.2 increase over

hence its measurement would provide information on the aby . | AND-Zen’s first result [2], and is also the largest ex-
solute neutrino mass scale. To date there has been only OB%sure for a3 decay isotope‘toydate

claimed observation dfv 33 decay, in"Ge [1].
The KamLAND-Zen (KamLAND Zero-Neutrino Double-

At present there are several operating experiments perfornBeta Decay) experiment consists of 13 tons of Xe-loaded lig-
ing Ov3 decay searches with design sensitivity sufficient touid scintillator (Xe-LS) contained in a 3.08-m-diameterts-
test the Majorana neutrino mass implied by the claim_in [1]parent nylon-based inner balloon (IB), suspended at the cen
within a few years of running: GERDA witffGe, CUORE-0  ter of the KamLAND detector by film straps. The IB is sur-
with *9Te, and EXO-200 and KamLAND-Zen with**Xe.  rounded by 1 kton of liquid scintillator (LS) contained in 21
Among those experiments, KamLAND-Zen released its firstn-diameter outer balloon (OB). To detect scintillatiorhlig
OvA3 half-life limit, 77/, > 5.7 x 10**yr at 90% C.L., based 1,325 17-inch and 554 20-inch photomultiplier tubes (PMTs)
on a 27.4kg-yr exposurel[2]. Although the sensitivity okthi are mounted on the stainless-steel containment tank (SST),
result was impeded by the presence of an unexpected bacgroviding 34% photo-cathode coverage. The SST is sur-
ground peak just above the 2.458 Mé#value of 3¢ Xe 33 rounded by a 3.2-kton water-Cherenkov detector for cosmic-
decay, the Majorana neutrino mass sensitivity was similar t ray muon identification. Details of the KamLAND-Zen detec-

As shown below, we have found the problematic back-
ground peak in the KamLAND-Zen spectrum to most likely
come from metastablé'®"Ag. We embarked recently on
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impose a deadtime 6£0.2%.

. H 6 H
TABLE I: Two data sets used in this®Xe 035 decay analysis. Nominally, the 1.35-m-radius FV for DS-1 corresponds to

DS-1 DS-2 Total 0.624 4 0.006 of the total Xe-LS volumel(6.51 & 0.17 m?),
livetime (days) 112.3 101.1 213.4 or 179kg of!36Xe. The FV fraction is also estimated from
fiducial Xe-LS mass (ton)  8.04 5.55 ) the ratio of2'4Bi events which pass the FV cuts to the total

number in the entire Xe-LS volume after subtraction of the

Xe concentration (wt%) 2.44 2.48 - L

136 IB surface contribution. The result 8620 + 0.007(stat) +
Xe mass (kg) 179 125 - : - .

136 0.021(syst). The difference in these values is taken as a mea-
Xe exposure (kg-yr) 54.9 34.6 89.5

sure of the systemic error on the vertex-defined FV. Combin-
ing the errors, we obtain a 3.9% systematic uncertainty on
) . _ the FV for DS-1. Similarly, the error for DS-2 is estimated
tor are given in Ref.[2]. to be 4.1%. The total systematic uncertainties onfale-

We report on data collected between October 12, 2011, anghy half-life measurements for DS-1/DS-2 are 3.9%/4/1% [4]
June 14, 2012. In February 2012 we attempted to removgesulting from the quadrature sum of the uncertainties in
impurities from KamLAND-Zen by passing 3i#* of the Xe-  the fiducial volume (3.9%/4.1%), enrichment level'8fXe
LS (corresponding to 2.3 full volume exchanges) through g0.05%) [2], Xe concentration (0.34%/0.37%), detector en-
50 nm PTFE-based filter. To facilitate analysis, we dividesl t ergy scale (0.3%) [2], and detection efficiency (0.2%).
data into tw_o se'_[s: one taken before (DS-1) and the other afte The main contributors to thes decay background can be
(DS-2) thefiltration. DS-1 corresponds to the data set tegor  givided into three categories: those from radioactive ifipu
in Ref. [4] except with the fiducial radius increased to 1.35Mjes in the Xe-LS: those from muon-induced spallation prod-
to optimize the)v/33 search, yielding a fiducial Xe-LS mass ¢ts; and those external to the Xe-LS, mainly from the 1B ma-
of 8.04tons. For DS-2, additional fiducial volume cuts Wereiarial. The U and Th contaminations in the Xe-LS can be
made around the siphoning hardware left in place after the f"investigated by the delayed coincidence detectioR!6Bi-
tration ended—namely, a 0.2-m-radius cylindrical cut glthe  214py 3nd212Bi-212Po. Assuming secular equilibrium, the
length of the Teflon piping, as well as a 1.2-m-radius spléric 238 5nd 232Th concentrations are estimated to te3 +
cut around the stainless steel inlet at its tip. The totatiime 0.2) x 10~19g/g and(1.8 & 0.1) x 10~'% g/g, respectively.
after removing periods of high background rate dué’®Rn  The 238y |evel reported in Refl [2] was overestimated due to
d_augh_ters.introduced by the filtration is 213.4 days. Theliv slight contamination of22Rn in éarly data, which can be re-
time, fiducial Xe-LS mass, Xe concentratioff,Xe mass, and  moved. To allow for the possibility of decay chain nonedpsili
exposure for the data sets are summarized in Table I. rium, however, the Bi-Po measurements are used to constrain

Event vertex and energy are reconstructed based on the tiranly the rates for thé*?Rn-2'°Pb subchain of thé&*sU series
ing and charge distributions of photoelectrons recorded bynd the?28 Th-2°8Ph subchain of th&32Th series, while other
the PMTs. Energy calibration is performed usf#§Tl v’s  background rates in both series are left unconstrained.
from a ThO,W source [12].2%4BI fA's and~'s from *2Rn Spallation neutrons are captured mainly on protons
(7 = 5.5day) introduced during the initial filling of the IB (2.225MeV) and'2C (4.946MeV) in organic scintillator
with Xe-LS, and 2.225MeW's from capture of spallation components, and only rarely 8# Xe (4.026 MeV) and3‘Xe
neutrons by protons. Uncertainties from the nonlineargner (g 364 MeV), with fractions of the total capturéss x 10~
response due to scintillator quenching and Cherenkov lighfnq9 4 % 105, respectively, for the latter two. The neutron
production are constrained by the calibrations. The energyapture product’”Xe (3, 7 = 5.5min, Q = 4.17MeV) is
scale variation was confirmed by the neutron-captutata 5 potential background, but its expected rate is negligible
to be less than 1.0% over the Xe-LS volume, and stable tghe currentv33 search. For carbon spallation products, we
within 1.0% during the data taking period. The vertex res-gxpect event rates af.11 = 0.28 (tonday)™! and (2.11 +
olution is~15cm/+/FE(MeV), and the energy resolution is 0.44) x 1072 (tonday)™! from 'C (8T, 7= 29.4min,

(6.6 +0.3)%//E(MeV). Q = 1.98MeV) and '°C (3, 7 =27.8s, Q = 3.65MeV),

Double-beta decay events are selected by performing the@spectively. There are no past experimental data for muon
following series of cuts: (i) The reconstructed vertex mhest ~ spallation of Xe, but background from short-lived produats
within the FV defined for each data set. (i) Muons and evente with lifetimes of less than 100s is constrained from the
within 2 ms after muons are rejected. (iii) Events occurringstudy of muon time-correlated events [2].
within 3ms of another are eliminated to avoid background By looking at events near the IB radius, we found that the
from 214Bi-214Po (r=237us) decays. (iv) Reactar.’s iden- 1B, which was fabricated 100km from the Fukushima-I re-
tified by a delayed coincidence of positrons and neutronactor, was contaminated by fallout from the Fukushima nu-
capturey’s are eliminated. (v) Poorly reconstructed events areclear accident in March 2011/[2]. The dominant activities
rejected. These events are tagged using a vertex-timgeharfrom this fallout are'**Cs (3 4 +’s) and*7Cs (0.662 MeV
discriminator which measures how well the observed PMTy), but they do not generate background in the energy region
time-charge distributions agree with those expected based 2.2 < E < 3.0 MeV relevant to thé3¢Xe 0v 35 decay search
the reconstructed vertelx [5]. The event selection crit@iie) (i.e., theOr 3 window). In this region, the dominant IB con-
are the same as those described in detail in Ref. [2]. The totéaminant is>'*Bi (3 + ~’s) from the U decay chain. The Cs
efficiency for identifying35 events ig99.8+0.2)%. The cuts  and U are not distributed uniformly on the IB film. Rather,
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E (@) DS-1 + DS-2 —— Data 2 Series
S — Total - PThseries  spectively, where the uncertainties include the uncestaim
100 — P Xepp ;:E' the 1B position.
> = (T(;’\fg['s uL)y OB The energy spectra of selected candidate events for DS-1
2 10° . 1266 O ffgmA and DS-2 are shown in Fig] 1. The&s decay rates are
9 g (90% C.L. U.L) Exter?wu BG estimated from a likelihood fit to the binned energy spec-
S 1L /' ~ . Spallation trum between 0.5 and 4.8 MeV for each data set. The back-
2 E i \ ground rates described above are floated but constrained by
Q B \ their estimated values, as are the detector energy response
w 10? / ' model parameters. As discussed in Ref. [2], contributions
Eofos from 119" Ag (8~ decay,r = 360day,Q = 3.01 MeV), 88Y
le i (EC decay, T = 154day, Q = 3.62MeV), 2°8Bi (EC de-
o cay, 7 = 5.31 x 10%yr, Q = 2.88MeV), and®°Co (3~ de-
10tb-Ls ‘1 cay,7 = 7.61yr, Q = 2.82MeV) are considered as potential
background sources in the/33 region of interest. The in-
creased exposure time of this data set allows for improved
constraints on the identity of the background due to thediff
40; (b) ent lifetimes of the considered isotopes. Eig. 2 shows teetev
35 ——Dam - rate time variation in the energy range < E < 3.0 MeV,
300 Igt:: 1¥mAg which exhibits a strong preference for the lifetime' 81" Ag,
> B (VBB U.L) if the filtration is assumed to have no effect. Allowing foeth
D 25 theoup (, 110mAg levels between DS-1 and DS-2 to float, the estimated
8 ,ob  wcLUL) 7 removal efficiency of'°"Ag is (1 +£19)%, indicating that the
S = Xe-LS filtration was not effective in reducing the backgrdun
2 15 In the fit to extract thé)v 33 limit we include all candidate
¢ 10b sources in the Xe-LS, considering the possibility of coniigos
w E contributions and allowing for independent backgroundsat
SE e before and after the filtration.
o e e ‘ The best-fit event rate offSXe 2v33 decays is82.9 +
- 1.1(stat) + 3.4(syst) (tonday) 'for DS-1, and 80.2 +
g; : 5 A 5 5 5 g 3 1.8(stat) + 3.3(syst) (ton-day)'for DS-2. These results are

Visible Energy (MeV) consistent within the uncertainties, and both data seteatel
a uniform distribution of the Xe throughout the Xe-LS. They
FIG. 1: (a) Energy spectrum of selected candidate eventtlieg  are also consistent with EXO-200 [3] and that obtained with a
with the best-fit backgrounds ar33 decays, and the 90% C.L. smaller exposure [4], which requires the FV ¢k 1.2m to

upper limit forO0v 33 decays, for the combined data from DS-1 and 5y,0id the Iargé34Cs backgrounds on the IB, more appropri-
DS-2; the fitrange i9.5 < E < 4.8 MeV. (b) Closeup of (a) for

2.2 < E < 3.0 MeV after subtracting known background contribu-
tions. 0.3

| DS-1 DS-2
HOmAg, 2= 2.22
i, x2= 8.06

their activity appears to increase proportionally with siea 1016

of the film welding lines. This indicates that the dominant IB
backgrounds may have been introduced during the welding
process from dust containing both natural U and Fukushima
fallout contaminants. The activity of tR¢*Bi on the IB drives

the spherical fiducial radius in the analysis. _
In the combined DS-1 and DS-2 data set, a peak can L

also be observed in the IB backgrounds located in0thes -
window on top of the?'“Bi contribution, similar in en- i
ergy to the peak found within the fiducial volume. To ex- oL L L | | L
plore this activity we performed two-dimensional fits i 0 50 100 150 200
and energy, assuming that the only contributions on the IB Days

are from**Bi and ''Ag. Floating the rates from back- FiG. 2: Event rate variation in the energy regio < E <
ground sources uniformly distributed in the Xe-LS, the fit3.0MeV (**®Xe 0v88 window) after subtracting known back-
results for the?'Bi and 119 Ag event rates on the IB are ground contributions. The three fitted curves correspondhéo
19.0 + 1.8day 'and3.3 + 0.4day ', respectively, for DS-1, hypotheses that all events in the33 window are from"'°™Ag
and15.2 +2.3day 'and2.2 + 0.4 day~'for DS-2. The rejec-  (solid),***Bi (dotted), or**Y (dashed). The gray band indicates the
tion efficiencies of the FV cuk < 1.35m against'“Bi and Xe-LS fil2tration pe_riod; no reduction in the fitted isotopeassumed
110mAg on the IB are(96.8 + 0.3)% and(93.8 + 0.7)%, re-  for thex” calculation.

Event/Day/Ton
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FIG. 3: Experimental results a3 decay half-life {/,) in "°Ge
and'3¢Xe. The 68% C.L. limit from the claim in Ref.[I[1] is indi-
cated by the gray band. The limits for KamLAND-Zen (this work
EXO-200 [3], and their combination are shown at 90% C.L. Tdre ¢
relation between th& Ge and"*® Xe half-lives predicted by various
NME calculations|[[7—10] is drawn as diagonal lines togethi¢n the
(mgg) (V) scale. The band for QRPA and RQRPA represents th
range of these NME under the variation of model parameters.

ate for the2v 55 analysis.
The best-fit 119?Ag rates in the Xe-LS ared.19 =+
0.02 (ton-day)~'and 0.14 4+ 0.03 (ton-day)'for DS-1 and

4

combined half-life limit, we obtain a 90% C.L. upper limit of
(mgg) < (120 — 250) meV considering various NME calcu-
lations [7+10]. The constraint from this combined result on
the detection claim in Ref.[1] is shown in Fid. 3 for diffeten
NME estimates. We find that the combined result féiXe
refutes thedv 33 detection claim if5Ge at>97.5% C.L. for

all NME considered assuming théw /53 decay proceeds via
light Majorana neutrino exchange. While the statisticahtr
ment of the NME uncertainties is not straightforward, even
if we apply the uncertainties and correlations in Ref/ [11],
which assumes a statistical distribution of the NME for var-
ious (R)YQRPA models and does not include a tuning of the
parametey,,, for 13¢Xe based on its measured; 3 half-life,

we find the rejection significance is still 95.6% C.L.

The KamLAND-Zen result is still limited by the back-
ground from!'°"Ag. The two leading hypotheses to explain
its presence in the Xe-LS are (i) IB contamination during
fabrication by Fukushima-I fallout and (ii) cosmogenic pro
duction by Xe spallation_[2]. While the distribution of Cs
isotopes is consistent with IB contamination during faséric
tion, hypothesis of the adsorption of cosmogenically posdi
110mAg onto the IB still cannot be rejected. Improved statis-
tics on the distribution of'°Ag on the IB may help reveal
the source of the contamination. In the meantime, we have re-
moved the Xe from the Xe-LS by vacuum extraction and veri-
fied that the' ' Ag rate in the LS remains at its present level.
We are proceeding to distill the LS to remove tHe™Ag,
while we also pursue options for IB replacement and further
detector upgrades.

In summary, we have performed the most stringent test
to date on the claimed observation 6{/53 decay in
6Ge [1]. Combining the limits or3%Xe 0v33 decay by
KamLAND-Zen and EXO-200, we find that the Majorana

DS-2, respectively, indicating a dominant contribution of mass range expected from the clainié@e0v 33 decay half-

1omAg in the Ovp3S region. The 90% C.L. upper lim-
its on the number of36Xe 0v33 decays are<16events

and <8.7events for DS-1 and DS-2, respectively. Com-

bining the results, we obtain a 90% C.L. upper limit of
<0.16 (kgyr)~lin units of 136Xe exposure, oTlo/”2 > 1.9 x
10%°yr (90% C.L.). This corresponds to a factor of 3.3 im-
provement over the first KamLAND-Zen result [2]. The hy-
pothesis that backgrounds fratf, 2°8Bi, and%°Co are ab-
sent marginally increases the limit EO/”Q > 2.0 x 10%°yr

life is excluded at>97.5% C.L. for a representative range
of nuclear matrix element estimations. KamLAND-Zen and
EXO-200 demonstrated that we have arrived at an exciting
new era in the field, and that the technology needed to judge
the claimed”Ge 0v33 decay with other nuclei has been
achieved.
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This work is dedicated to the memory of Stuart Freedman,
a great scientist, and a dear colleague and friend.
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