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Abstract. We study a strategy to reduce veto-time in the search for neutrino-less double-beta
decay (0νββ) with CANDLES-III system. We develop a new likelihood analysis and apply it to
our new Run010 data. We show that we can increase the un-vetoed live-time by 11.8%. Thanks
to this improvements, We expect to increase a limit on the life-time of 0νββ by a factor of three
by analyzing both Run009 and Run010 data.

1. Introduction
The origin of neutrino masses is one of the unsolved puzzles in particle physics. One possibility
is that neutrinos have Majorana masses [1]. We can test the Majorana nature of neutrinos by
searching for neutrino-less double-beta decay (0νββ) events [2]. CANDLES (CAlcium fluoride
for the study of Neutrinos and Dark matters by Low Energy Spectrometer) is a project which
targets 0νββ events from 48Ca using its high Qββ = 4.27 MeV [3]. We developed a CANDLES-
III system with 96 CaF2 scintillation crystals with natural Ca isotope, which corresponds to
350 g of 48Ca [4]. The key to search for 0νββ with the CANDLES-III is to identify and remove
the β decay background events from impurities in CaF2 crystals.
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Ref. [4] shows a results using data with 130.4 days of live-time, which we call Run009. There,
β decay events from 208Tl with Qβ-value of 5.0 MeV are dominant background events.

In this proceeding, we introduce a new likelihood analysis to efficiently veto β decay
backgrounds from 208Tl. After the Run009, we took data with 652.0 days of live-time in total,
which we call Run010. We apply the new likelihood analysis to the Run010 data.

The rest of the proceeding is organized as follows. In Sect. 2, we explain our CANDLES-
III system. In Sect. 3, we review the results of Run009 analysis. In Sect. 4, we describe the
methodology of the likelihood analysis. We report our results in Sect. 5 and conclude in Sect. 6.

2. CANDLES-III system
CANDLES-III system is equipped with undoped CaF2 scintillation crystals1. CANDLES-III is
installed at the Kamioka Underground Laboratory in the Institute of Cosmic Ray Research of
the University of Tokyo. The system consists of the following five main components:

• CaF2 scintillator with 3.2 kg × 96 CaF2 crystals which contains 350 g of 48Ca.

• Liquid scintillator as a 4π active shields.

• 62 photo multiplier tubes (PMTs) to observe scintillation lights from CaF2 and LS.

• Surrounding shields of leads with thickness of 10 − 12 cm for the reduction of γ-ray
backgrounds.

• Surrounding shields of B4C sheets with thickness of 0.5 cm for the reduction of thermal
neutron backgrounds.

3. Review of Run009
We review the Run009 with CANDLES-III system [4]. There are following five main background
candidates which we veto and estimate:

• α-ray backgrounds: we use pulse shape discrimination (PSD) technique [4], which use the
information of pulse shape, to distinguish β-ray events from α-ray backgrounds.

• External γ backgrounds: we also use PSD technique to remove environmental γ-ray events
which deposit energy in the surrounding LS.

• (n, γ) process backgrounds: we reduced the background events by Pb and B4C shields and
estimated the number of events by Monte Carlo (MC) simulations [6].

• 212Bi→ 212Po sequential decay: since the life time of 212Po’s α decay, 0.299 µs, is short we
observe the sum of the energy of the both 212Bi ’s β decay and 212Po’s α decay. we can
identify this background events using a rising pulse shape of both events [4].

• 208Tl backgrounds: 208Tl’s decay produces β- and γ-rays. We can only measure sum of
energies of the two rays, which has cut-off energy of 5.001 MeV. We can veto this background
using delayed coincidence method by tagging parent 212Bi’s α decay, whose quenched energy
is 1.63 MeV.

After the appropriate veto and estimation of background events, Ref. [4] set a half-life limit
of 0νββ as 5.6× 1022 yrs using pure 21 crystals among 96 crystals. Since the dominant
backgrounds are 208Tl β decay events [4], in this proceeding, we concentrate on the reduction
of the background events using a likelihood analysis.

1 See Ref. [5], for the conceptual design of the CANDLES detector.
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Figure 1. Energy distribution of
signal Ep.
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Figure 2. Energy distribution of
signal Ed.

4. Likelihood analysis
From here, the signal refers to 212Bi → 208Tl events and the backgrounds refers to all the
other events including accidental coincidence of 212Bi decay and 208Tl decay. With probability
distribution function (PDF) of a variables ~x of signal, P S(x), and of backgrounds, PB(x), we
construct a likelihood function as

L(~x) =
P S(~x)

P S(~x) + PB(~x)
. (1)

Our strategy is to set a likelihood threshold, `, and identify all the events with L(~x) ≥ ` as
signal events. In this proceeding, we use following three variables as elements of ~x:

• Ep: energy of prompt events which are candidates of 212Bi’s α-decay.

• Ed: energy of delayed events which are candidates of 208Tl’s β-decay.

• ∆T : time difference between the prompt and the delayed events.

4.1. Construction of signal PDF
Since Ep, Ed, and ∆T are independent of each other, we construct a signal PDF of all variables
from products of each variable PDF as

P S(Ep, Ed,∆T ) = P S(Ep) · P S(Ed) · P S(∆T ). (2)

We use public code Geant3 [7] to estimate P S(Ep) and P S(Ed). We estimate P S(∆T )
analytically assuming the exponential decay with life-time of 3.08 min.

We show the histograms of Ep and Ed in Fig. 1 and Fig. 2 respectively. We normalize these
histograms to unity and use them as PDFs.

4.2. Construction of backgrounds PDF
Similar to signal, since Ep, Ed, and ∆T are independent of each other, we construct a background
PDF of all variables from products of each variable PDF as

PB(Ep, Ed,∆T ) = PB(Ep) · PB(Ed) · PB(∆T ). (3)

We take all the β-tagged events in Run010 data with the PSD technique as PB(Ed). We take all
the events in Run010 data without any tag as PB(Ep). Since backgrounds events do not depend
on time, we use flat distribution for ∆T . We show a histogram of Ep of crystal-01 in Fig. 3 as
a example. We normalize these histograms to unity and use them as PDFs.
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Figure 3. Energy distribution of
background Ep.

Figure 4. Likelihood distribution
in Ep vs ∆T plane with Ed ∈
[3.6, 3.87] MeV.

Figure 5. Likelihood which excess
the threshold, `, in Ep vs ∆T plane
with Ed ∈ [3.6, 3.87] MeV.

4.3. Construction of likelihood function
To remove statistical uncertainty, we set bin width of the histograms for background PDFs to
make the number of events in each bin larger than 100. We then construct a likelihood with
Eq. (1) (Fig. 4).

We set the likelihood threshold, `, to make 208Tl efficiency, εRun010 to be the same as that of
Run009, εRun009. The efficiencies are calculated as

εRun009 = εα−tag ·
∫ ∞MeV

3.5MeV
dEd

∫ 1.85MeV

1.45MeV
dEp

∫ 1080 s

0 s
d∆T PS(Ed) · PS(Ep) · PS(∆T ), (4)

εRun010 = εα−tag ·
∫ ∞MeV

3.5MeV
dEd

∫ ∞MeV

0.5MeV
dEp

∫ 1080 s

0 s
d∆T PS(Ed) · PS(Ep) · PS(∆T )

· P (L(Ep, Ed,∆T ) ≥ `),
(5)

where εα−tag is the tag efficiency of α-ray events by PSD technique used in Run009. We show
the region where likelihood excess the likelihood threshold in Fig. 5.
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5. Results
We apply our likelihood analysis based veto (Run010 veto) to the Run010 data. Since
the likelihood-based cut depends on Ed, we use maximum ∆T with L ≥ ` among the all
Ed ≥ 3.5 MeV. As a comparison, we also apply veto similar to Run009 (Run009 veto) to
the Run010 data.

We define the un-vetoed live-time over live-time as a live-time efficiency. We show the resulted
live-time efficiencies of the two vetoes in Table 1.

Table 1. Live-time efficiency with 93 crystals.

live-time efficiency

Run009 veto 70.9%
Run010 veto 78.9%

We find that we can increase the un-vetoed live-time by 11.3% using the likelihood analysis.

6. Conclusions and discussions
In this proceeding, we study a likelihood method to reduce the veto-time in the search for 0νββ
with CANDLS-III system. Applying the likelihood method to Run010 data, we find that we
can increase the un-vetoed live-time by 11.3%.

A limit on a half-life of 0νββ decay, T 1/2, is proportional to observation time, T obs, over
square root of a number of backgrounds of 0νββ search,

√
NBG, as,

T 1/2 ∝ T obs

√
NBG

. (6)

We can increase the T obs by 11.3%; We can increase the NBG by a factor of six when we use
Run010 data in addition to Run009 data. Thus, we expect to give a limit on T 1/2 as 1.5× 1023 yr.
This is a improvement of a factor of three from Run009 result [4].

Since we find that we can increase the number of events by introducing the likelihood analysis,
we can tighten the event selection to achieve more pure measurements with the same live-time
efficiency. For example, we plan to veto events what 212Bi-α and 208Tl-β deposit energy in
different crystals. This could increase the number of pure crystals with which we give a limit on
T 1/2.
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