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FIG. 1: Schematic diagram of the KamLAND-Zen detector.

containment tank (SST) shields the LS from external radia-

tion. Scintillation light is recorded by 1,325 17-inch and 554

20-inch photomultiplier tubes (PMTs) mounted on the SST,

providing 34% solid-angle coverage. The SST is surrounded

by a 3.2 kton water-Cherenkov outer detector (OD). Details of

the KamLAND detector are given in Ref. [9].

The data acquisition system (DAQ) is triggered when 70

or more 17-inch PMTs are hit (primary trigger), which cor-

responds to a threshold of ∼0.4 MeV. The signals on all hit

PMTs are digitized for ∼200 ns for offline analysis. After

each primary trigger the threshold is lowered to ∼0.25 MeV

for 1 ms to study sequential decays. The scintillation light

from the two coincident e− produced by 136Xe ββ decay can-

not be separated, so only their summed energy is observed.

For hypothetical 0νββ decays, the sum is always 2.458 MeV

(Q value of the 136Xe ββ decay) [10], while for the 2νββ
decays the sum has a continuous spectrum up to the Q value.

Event energy (visible energy) is estimated from the number

of observed photoelectrons (p.e.) after correcting for PMT

gain variation and solid angle, shadowing, and transparency

of detector materials. The corrections depend on the event

vertex. The vertex reconstruction is based on the maximum

likelihood fit to the pulse shape of each PMT hit timing after

correcting for photon time of flight. The pulse shape is al-

most determined by scintillation decay time and dark hit con-

tribution, and it differs between 17-inch and 20-inch PMTs

due to different transit-time spreads. The vertex resolution

is estimated from radial distributions of radioactive contam-

inants (see Fig. 3) to be σ ∼15 cm/
√

E(MeV). The en-

ergy response is calibrated with γ’s from a 208Tl (ThO2W)

source, 214Bi (β + γ’s) from 222Rn (τ = 5.5 day) introduced

during detector modification, and 2.225 MeV γ’s from spalla-

tion neutrons captured on protons.

Figure 2(a) shows the energy spectrum obtained when the

ThO2W source, contained in a ∼5-mm-thick lead capsule,

was deployed close to the outer surface of the IB. The most

intense peak is due to the primary γ of 208Tl (2.614 MeV).

Visible Energy (MeV)
2 2.5 3 3.5 4

E
v

en
ts

/0
.0

5
M

eV

0

500

1000

1500
)γTl (208(a)  Source geometry

Lead 

4 ThO2W rods

15mm

capsule

4.8mm

3mm

15mm

3mm

10mm

Visible Energy (MeV)
1 2 3 4

E
v
en

ts
/0

.1
M

eV

0

2000

4000
)! + "Bi (214(b)  

FIG. 2: Visible energy distributions of (a) γ’s from the 208Tl cal-

ibration source and (b) 214Bi (β + γ’s) decays in the Xe-LS. The

lines indicate the best fits to the analytical spectral models with the

resolution and energy scale parameters floating. The fit to (a) has a

χ2/d.o.f. = 5.0/8 and (b) has a χ2/d.o.f. = 27.0/29.

The less intense peak near ∼3.1 MeV is from multiple-γ cas-

cades of 208Tl. According to Monte Carlo (MC) studies, the

degradation of the primary γ inside the source is negligible,

and the distribution around the primary peak can be described

by a Gaussian distribution and a third-order polynomial. The

mean and width of the Gaussian distribution are relatively in-

sensitive to the polynomial parameters. The resultant energy

resolution at 2.614 MeV is σ = (6.6 ± 0.3)%/
√

E(MeV).
The parameters of a detector energy nonlinear response model

describing effects from scintillator quenching and Cherenkov

light production are constrained to reproduce the 2.614 MeV
208Tl peak position and the spectral shape of 214Bi events

[Fig. 2(b)]. From the neutron-capture γ data, systematic vari-

ation of the energy reconstruction over the Xe-LS volume is

less than 1.0%, and the detector energy response is stable to

within 1.0% during the data set.

III. CANDIDATE EVENT SELECTION

Candidate ββ decay events are selected by performing the

following series of cuts: (i) The reconstructed vertex must be

within 1.2 m of the detector center, defining the fiducial vol-

ume (FV). (ii) Muon (events with more than 10,000 p.e. or

more than 5 OD hits) and events occurring within 2 ms af-

ter muons are eliminated. (iii) A coincidence cut eliminates

sequential events that occur within 3 ms of each other; this re-

moves (99.97± 0.01)% of 214Bi-214Po (β + γ, then α decay,


