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 KamLAND 
Located at Kamioka mine, Japan. ~2700 m.w.e. 
In operation since 2002 

Kamioka Liquid scintillator Anti Neutrino Detector

20 inch PMT × 225  
for outer detector

17 inch PMT × 1325 
20 inch PMT × 554 
Photo coverage 34%

20 m

20 m

Outer detector 
(3,000 ton of water) 

Liquid scintillator  
1000 ton 

in R=6.5m balloon

Buffer oil 
1,800m3

Mt. Ikenoyama

µ rate ~ 0.34Hz
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Dodecane 80%PC 20% PPO 1.36g/lPC 20% Dodecane 80% PPO 1.36g/l

238U: 3.5×10-18, 232Th: 5.2×10-17 [g/g]

Tokyo
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Overview of recent result
Phys. Rev. D 88, 033001 (2013)
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 Anti neutrino flux in Kamioka

Significant reduction 
of anti neutrino flux 
after ’11 earthquake 
(Fukushima accident)

Precise reactor operation data from companies 
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 Time variation of event rate

Data have good agreement with expected rate

2.6 < Ep < 8.5 MeV
Total livetime  

2991 days

4

TABLE I: Estimated backgrounds for νe in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9

3
ȷ 13C(α,n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(α,n)16Og.s., 12C(n,n ′)12C∗ (4.4 MeV γ) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
ȷ 13C(α,n)16O∗, 1st e.s. (6.05 MeV e+e−) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5

13C(α,n)16O∗, 2nd e.s. (6.13 MeV γ) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for νe’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor νe’s (black line), reactor νe’s + backgrounds (colored line), and reactor νe’s + backgrounds + geo νe’s (gray line). The geo νe rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor νe + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo νe rate from the full spectral analysis (dashed line), its 1σ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo νe’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor νe rate are the
best-fit values from the global oscillation analysis: tan2 θ12 = 0.436+0.029

−0.025, ∆m2
21 = 7.53+0.18

−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002
−0.002.

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the νe emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the νe

spectra per fission of these isotopes introduced a ∼3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer ν̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
∆m2 ∼ 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for

March 2011 
Earthquake

long-term shutdown 
of Japanese reactor

KamLAND-Zen 
start

Mar. 2002 - May 2007
Period 1 Period 2

Period 3May 2007 - Aug. 2011
Oct. 2011 - Nov. 2012



 Observed energy spectrum
Exposure: 5780 ton-year

Observed events
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Background
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statistical error

No statistical power to measure 5 MeV bump
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane, for

solar and KamLAND data from the three-flavor oscillation analysis
for (a) θ13 free and (b) θ13 constrained by accelerator and short base-
line reactor neutrino experiments. The shaded regions are from the
combined analysis of the solar and KamLAND data. The side panels
show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21 axes.

Ngeo
U,Th are the contributions expected from U and Th geo νe’s,

and those flux normalization parameters allow for the earth
model-independent analysis. NBG1→5 are the expected num-
ber of backgrounds, and are allowed to vary in the fit but
are constrained with the penalty term (iii) using the estimates
given in the preceding section. The α1→4 parametrize the un-
certainties on the reactor νe spectra and energy scale, the event
rate, and the energy dependent efficiencies; these parameters
are allowed to vary in the analysis but are constrained by term
(iv). The penalty term (v) provides a constraint on the neutrino
oscillation parameters from the global analysis of solar [22–
26], accelerator (T2K [27], MINOS [28]), and short base-
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram
is the expected distributions based on the best-fit parameter val-
ues from three-flavor unbinned maximum-likelihood analysis of the
KamLAND data.

line reactor neutrinos (Double Chooz [29], Daya Bay [30],
RENO [31]).

Because the rates for backgrounds, reactor and geo νe sig-
nals have the different time evolution, as shown in Fig. 2, the
event time provide an additional discriminating power. The
time variation of the reactor νe spectrum calculated from the
Japanese reactor operation recode is fully exploited in the geo
νe analysis. Most importantly, the minimal background level
for geo νe observation, achieved through the significant re-
duction of the reactor νe fluxes by recent shutdown of most
commercial reactors in Japan, enhanced the sensitivity on the
geo νe’s so far. Furthermore, a precise determination of con-
tributions from geo νe’s using this data could be an advantage
in the observation of reactor νe oscillations, resulting in an
improvement of the oscillation parameter measurements.

Figure 3 shows the prompt energy spectra of νe can-
didate events for each period, illustrating the reduction of
13C(α, n)16O backgrounds in Period 2 and reactor νe’s
in Period 3. For the three-flavor KamLAND-only analy-
sis, without any constraints on θ13 from other oscillation
experiments, the best-fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. Fig. 4 compares the allowed re-
gions in the (tan2 θ12, ∆m2

21) plane from θ13 free and θ13

constraint analyses. Assuming CPT invariance, the oscilla-
tion parameter values from a combined analysis of the solar
and KamLAND data are tan2 θ12 = 0.437+0.029

−0.026, ∆m2
21 =

7.53+0.19
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.015

−0.015. With the
constraints on θ13 from accelerator and short baseline reactor
neutrino experiments, we obtained tan2 θ12 = 0.436+0.029

−0.025,
∆m2

21 = 7.53+0.18
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002

−0.002.
The value of tan2 θ12 change little from the θ13 constraint.
The best-fit values for the different data combinations and
analysis approaches are summarized in Table III.

The KamLAND data illustrates the oscillatory shape of re-
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solar and KamLAND data from the three-flavor oscillation analysis
for (a) θ13 free and (b) θ13 constrained by accelerator and short base-
line reactor neutrino experiments. The shaded regions are from the
combined analysis of the solar and KamLAND data. The side panels
show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21 axes.

Ngeo
U,Th are the contributions expected from U and Th geo νe’s,

and those flux normalization parameters allow for the earth
model-independent analysis. NBG1→5 are the expected num-
ber of backgrounds, and are allowed to vary in the fit but
are constrained with the penalty term (iii) using the estimates
given in the preceding section. The α1→4 parametrize the un-
certainties on the reactor νe spectra and energy scale, the event
rate, and the energy dependent efficiencies; these parameters
are allowed to vary in the analysis but are constrained by term
(iv). The penalty term (v) provides a constraint on the neutrino
oscillation parameters from the global analysis of solar [22–
26], accelerator (T2K [27], MINOS [28]), and short base-
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ues from three-flavor unbinned maximum-likelihood analysis of the
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line reactor neutrinos (Double Chooz [29], Daya Bay [30],
RENO [31]).

Because the rates for backgrounds, reactor and geo νe sig-
nals have the different time evolution, as shown in Fig. 2, the
event time provide an additional discriminating power. The
time variation of the reactor νe spectrum calculated from the
Japanese reactor operation recode is fully exploited in the geo
νe analysis. Most importantly, the minimal background level
for geo νe observation, achieved through the significant re-
duction of the reactor νe fluxes by recent shutdown of most
commercial reactors in Japan, enhanced the sensitivity on the
geo νe’s so far. Furthermore, a precise determination of con-
tributions from geo νe’s using this data could be an advantage
in the observation of reactor νe oscillations, resulting in an
improvement of the oscillation parameter measurements.

Figure 3 shows the prompt energy spectra of νe can-
didate events for each period, illustrating the reduction of
13C(α, n)16O backgrounds in Period 2 and reactor νe’s
in Period 3. For the three-flavor KamLAND-only analy-
sis, without any constraints on θ13 from other oscillation
experiments, the best-fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. Fig. 4 compares the allowed re-
gions in the (tan2 θ12, ∆m2

21) plane from θ13 free and θ13

constraint analyses. Assuming CPT invariance, the oscilla-
tion parameter values from a combined analysis of the solar
and KamLAND data are tan2 θ12 = 0.437+0.029

−0.026, ∆m2
21 =

7.53+0.19
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.015

−0.015. With the
constraints on θ13 from accelerator and short baseline reactor
neutrino experiments, we obtained tan2 θ12 = 0.436+0.029

−0.025,
∆m2

21 = 7.53+0.18
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002

−0.002.
The value of tan2 θ12 change little from the θ13 constraint.
The best-fit values for the different data combinations and
analysis approaches are summarized in Table III.

The KamLAND data illustrates the oscillatory shape of re-

Δm2: systematic uncertainty 1.9% 
(dominated by linear energy scale uncertainty)

KamLAND+Solar KamLAND+Solar+θ13
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane,

for solar and KamLAND data from the three-flavor oscillation anal-
ysis for (a) θ13 free and (b) θ13 constrained by accelerator and short-
baseline reactor neutrino experiments. The shaded regions are from
the combined analysis of the solar and KamLAND data. The side
panels show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21

axes.

by term (iv). Table II summarizes the systematic uncertainties
on ∆m2

21 and the expected event rate of reactor νe’s. The
overall rate uncertainties for Period 1 and for Periods 2 and 3
are 3.5% and 4.0%, respectively. Systematic uncertainties
are conservatively treated as being fully correlated across all
data taking periods. The penalty term (v) optionally provides
a constraint on the neutrino oscillation parameters from so-
lar [27–31], accelerator (T2K [6], MINOS [7]), and short-
baseline reactor neutrino experiments (Double Chooz [8],
Daya Bay [9], RENO [10]).
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maximum-likelihood analysis using only the KamLAND data.

Figure 2 plots the time variation for the rates of reactor νe’s,
geo νe’s, and backgrounds for the three data taking periods,
assuming the best-fit oscillation parameters, and geo νe fluxes
from the reference model of [17]. Also drawn are the correla-
tions between the measured and expected best-fit event rates,
which should fit to a line with unit slope and zero offset in the
absence of geo νe’s. The vertical displacement of the trend
for events below 2.6 MeV is attributed to the contribution of
geo νe’s.

Figure 3 shows the prompt energy spectra of νe candidate
events for each period. The reduction of the 13C(α, n)16O
background in Period 2 and of reactor νe’s in Period 3 can
clearly be seen. For the three-flavor KamLAND-only anal-
ysis (χ2

osci = 0), the fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. The contours are nearly symmet-
ric about tan2 θ12 = 1, but the best-fit values for tan2 θ12 > 1
are slightly disfavored over those for tan2 θ12 < 1, with
∆χ2 = 0.8. Assuming CPT invariance, the oscillation pa-
rameter values from a combined analysis including constraints

TABLE II: Contributions to the systematic uncertainty in the neutrino
oscillation parameters ∆m2

21, θ12, and θ13 for the earlier / later pe-
riods of measurement, denoted in the text as Period 1 / Period 2 & 3.
The overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 & 3.

Detector-related (%) Reactor-related (%)
∆m2

21 Energy scale 1.8 / 1.8 νe-spectra [32] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 νe-spectra [24] 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8
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Calibration and energy scale
Analysis plots from dissertation of Hiroko Watanabe (2012) & Koichi Ichimura (2007) 

Data sets are different from recent result



 Energy reconstruction
Hit, timing & charge distribution of scintillation photons → “visible energy” 
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Figure 3.25: Timing distribution of PMTs hits after time of fright subtraction.
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Figure 3.26: Time variation of dark charge.
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Algorithm of Energy Reconstruction

In KamLAND, the visible energy is reconstructed based of hit and charge informa-
tion form PMTs. The hit-base estimation is used to reconstruct the lower energy
events, below a few MeV, because it does not affected by the charge resolution and
one photo threshold effect. On the other hand, the charge-base estimation has better
resolution at higher energies, because the number of hits is saturated at the number
of PMTs. Therefore, to achieve the high energy resolution extensively, the hit and
charge information are combined on the energy reconstruction.

The energy estimator determines the visible energy using the maximum likeli-
hood method. The maximum likelihood function consists of the probability density
function of hit, charge and time distribution for each PMT as follows :

L =
no−hit∏

i

P (no − hit|µi)
hit∏

i

P (hit|µi)P (qi|µi)ηi(ti|µi)

=
no−hit∏

i

κi,0(R⃗PMTi , R⃗source, Evis)
hit∏

i

⎡

⎣
∞∑

j=1

κi,j(R⃗PMTi , R⃗source, Evis)fi,j(qi)

⎤

⎦× ηi(ti|µi),

(3.24)

where

κi,j =

⎧
⎪⎨

⎪⎩

νie−µi = [1 + (1 − ε)µi]e−µi (j = 0, no-hit)
µj

i

j!
e−µi (j > 0, hit)

(3.25)

µi = cEvisΩeffi(R⃗PMTi , R⃗source) + di

≡ bi(R⃗PMTi , R⃗source)Evis + di. (3.26)

Here, i is the index for each PMT, µi is expected number of photons hitting i-th
PMT including the corrections related to quantum efficiency of PMTs, shadowing
effect coursed by balloon and ropes, and light attenuation effect. qi is the observed
charge in the i-th PMT. The probability density function of i-th PMT hit infor-
mation, P (no − hit|µi) and P (hit|µi), is denoted by κi,j provided by the Poisson
distribution with µi as a parameter (Eq. (3.26)). j means actual number of pho-
tons. In calculating P (no − hit|µi), 1 p.e. threshold effect should be considered, and
it is given as νi. In addition, ε is the detection efficiency of 1 p.e. threshold signal
above the 0.3 p.e., which is estimated to be 0.964 determined from the 1 p.e. distri-
bution. The expected number of photons µi is including some parameters as decried
in Eq. (3.25). c is some constant proportionality coefficient between MeV of energy
scale and dimensionless occupancy factor µ, Ωeffi is effective solid angle including
quantum efficiency of PMT, attenuation and shadow effects, and di is probability of
a dark hit of i-the PMT during 192 + 175 nsec time window, which corresponds to
the waveform recording time and pre-window time before trigger. Moreover, fi,j(qi)
is charge probability density function for i-th PMT given the expected number of in-
cident photons µi, and ηi means probability density function of hit time distribution
for i-th PMT.

The probability density function of charge distribution is essentially derived from
the calibration data and the expected number of photons for each PMT, µi is derived

i: the index for each PMT, 
μi : expected number of photons hitting i-th PMT including the 
corrections related to quantum efficiency of PMTs, shadowing effect coursed by balloon and ropes, and light attenuation effect. 
qi : the observed charge in the i-th PMT. 
P (no-hit|μi) and P (hit|μi): The probability density function of 
i-th PMT hit information. It is denoted by κi,j provided by the 
Poisson distribution with μi as a parameter (Eq. (3.26)). j 
means actual number of photons 
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 Energy calibration overview 

Spallation neutron capture event 
(2.225 MeV gamma)

1. off-axis (4pi)
B. E. Berger et al., 2009 JINST 4 P04017

2009 JINST 4 P04017
Figure 1. Illustration of the calibration sys-
tem in the KamLAND detector: A radioac-
tive source was attached to one end of the
pole. It was positioned throughout the fidu-
cial volume by adjusting the orientation and
length of the pole. Additional 60Co pin
sources, used for monitoring the pole posi-
tion, were located along the pole. Two ca-
bles and a spool system manipulated the pole
position and provided electrical connections
to instrumentation in the pole. Access to the
detector and manipulation of the system was
through a glovebox on top of the chimney.

(1)

(4)

(2) (3)

(5) (6)

Figure 2. A typical deployment sequence for off-axis
calibration: (1) During insertion into the detector, the
pole was vertically suspended from the far cable with
some slack in the near cable. (2) Once the pole was
inside the detector, the near cable was raised, which re-
moved the slack and pulled the pole off axis. (3) The far
cable was then lowered and the near cable was raised to
move the pole to the horizontal. (4) The near cable was
shortened to bring the pole above the horizontal. (5) The
far and near cables were raised simultaneously to bring
the source closer to the balloon. (6) To prepare the pole
for retraction, the near cable was lowered to return the
pole to vertical.

was translated vertically. The azimuthal position was varied by rotating the entire glovebox, which
was mounted on a rotary stage, prior to the calibration deployment.

The calibration pole consisted of several 90 cm long hollow titanium pole segments to which
a radioactive calibration source was attached at one end. The number of segments suspended
between the cable attachment points varied from one to six, and there was an additional segment to
offset the source. This is denoted as an “N+1” pole configuration. To increase the radial reach of
the source, the segment furthest from the source-end could be replaced with a weighted segment,
which consisted of a titanium pole segment containing a stainless-steel weight. With the weighted
segment, the center of gravity of the pole was shifted away from the source end. A configuration
with a weighted segment is denoted as “N+1W”. See figure 3 for a diagram of the calibration
components.

A “pivot block” held the two cables together above the pole, forming a triangle from the two
lower portions of the cables and the pole. It acted as a guide to the motion of the cables, preventing

– 3 –

60Co, 68Ge, 203Hg, 241Am9Be (210Po13C) 2. z-axis
T.I. Banks et al.  NIM A 769 (2015) 88–96 

60Co, 68Ge, 203Hg, 241Am9Be,137Cs

• Position dependence  
• Time variation 
• Energy non-linearity

What we check:



 4pi calibration | example
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Figure 3.40: Typical 4π calibration run. (Top-Left)Energy distribution which vertices are within 1.5
m from sources. ∼1.3 MeV peak corresponds to 60Co 1 γ events from sources in the poles. (Top-
Right)Vertex distribution in X-Y plane. The Black circle shows 6.5m radius. (Middle-Left)Vertex dis-
tribution in X-Z plane. (Middle-Right)Vertex distribution in Y-Z plane. (Bottom-Left)Stability of 4π
system. The blue circle shows the mean azimuthal φ of reconstructed 60Co source position in each sec.
From this figure, The stability of 4π system is ∆φ < 1 deg. (Bottom-Right)Vertex distribution in X’-Z
plane. The X’ axis is selected along the direction of reconstructed source position in (X-Y) plane. By
Multiple 2-dimensional Gaussian fit for all sources in this figure, reconstructed positions are evaluated
and used for the vertex bias estimation.
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Figure 3.40: Typical 4π calibration run. (Top-Left)Energy distribution which vertices are within 1.5
m from sources. ∼1.3 MeV peak corresponds to 60Co 1 γ events from sources in the poles. (Top-
Right)Vertex distribution in X-Y plane. The Black circle shows 6.5m radius. (Middle-Left)Vertex dis-
tribution in X-Z plane. (Middle-Right)Vertex distribution in Y-Z plane. (Bottom-Left)Stability of 4π
system. The blue circle shows the mean azimuthal φ of reconstructed 60Co source position in each sec.
From this figure, The stability of 4π system is ∆φ < 1 deg. (Bottom-Right)Vertex distribution in X’-Z
plane. The X’ axis is selected along the direction of reconstructed source position in (X-Y) plane. By
Multiple 2-dimensional Gaussian fit for all sources in this figure, reconstructed positions are evaluated
and used for the vertex bias estimation.
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Figure 3.42: Bias v.s. θ for each energy and each radius. The blue, red, magenta and cyan circle
correspond to 4.6 m, 4.1 m, 3.3 m and 2.8 m, respectively. θ = 0 corresponds to the vertical direction
(to the bottom). (Top-Left)60Co source (Top-Right)68Ge source (Middle-Left)Am-Be neutron source
(Middle-Right)Am-Be ∼ 4.4 MeV source (Bottom-Left)AmBe ∼8 MeV source (Bottom-Right)203Hg
source. The bias is < 3 cm for all energy and radius.
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Figure 3.43: Bias v.s. φ for 60Co and 68Ge (R ∼ 4.6 m). The blue, red, magenta and green circle
correspond to φ = 0, 90, 180 and 270 deg., respectively. θ = 0 corresponds to the vertical direction (to
the bottom). (Left)60Co source (Right)68Ge source. There are no significant φ dependence of the bias,
therefore the bias(θ , φ ) is < 3 cm.
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Figure 3.43: Bias v.s. φ for 60Co and 68Ge (R ∼ 4.6 m). The blue, red, magenta and green circle
correspond to φ = 0, 90, 180 and 270 deg., respectively. θ = 0 corresponds to the vertical direction (to
the bottom). (Left)60Co source (Right)68Ge source. There are no significant φ dependence of the bias,
therefore the bias(θ , φ ) is < 3 cm.
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Figure 3.32: Visible energy for each source before (left) and after (light) purification.
Blue line shows 17-inch PMT analysis and red line shows 17- and 20-inch PMT
analysis. There are clear peaks on the energy distribution, and these are fitted to
estimate energy deviation and energy resolution.
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Energy Reconstruction Quality

The estimated visible energy is checked using calibration sources which have known
energy of radioactive γ-ray and spallation products induced by cosmic ray muons.
These checking sources are summarized in Table 3.2.

Table 3.2: Checking sources for visible energy reconstruction quality.

source particle type energy [MeV]
203Hg γ 0.2792
137Cs γ 0.6616
65Zn γ 1.1116
68Ge γ 0.511 × 2
60Co γ 1.1732, 1.3325

241Am9Be γ, n 4.4, n< 10
210Po13C γ, n 6.13, n< 7.5
np → dγ γ 2.22457

• Source Calibration
The source calibration are performed along the vertical axis periodically using
various radioactive γ-ray sources. Figure 3.32 shows the energy distribution
of each source at detector center before and after purification. These events
are selected within 1.0 m from each source position. To estimate the energy
deviation and energy resolution, the clear peaks on the energy distribution are
fitted by Gauss function.

The energy deviation and resolution are evaluated from that of each sources
considering the uncertainty of position dependence and time variation.

– Energy Deviation
The z dependence of energy deviation for various sources are shown in Fig-
ure 3.33 (before purification, performed on September 2005) and Figure
3.34 (after purification, performed on July 2009), respectively. Figure 3.35
shows the time variation of energy deviation for each calibration source
located at the center of detector. In this analysis, the time variation is
less than 1.5 % for the data set.

– Energy Resolution
The z deviation of energy resolution for various sources are shown in Fig-
ure 3.36 (before purification, performed on September 2005) and Figure
3.37 (after purification, performed on July 2009), respectively. Figure
3.38 shows the time variation of energy resolution. The uncertainty of
position dependence is slightly farther than that of time variation. In
Figure 3.39, the energy resolution before and after purification are also
shown. The estimated energy resolution for each periods are summarized
in Table 3.3.

• Spallation Neutron Capture Events
Gamma-ray generated by neutron capture interaction is also the calibration

 Energy calibration | z-axis
4.1. Positioning accuracy and reproducibility

Upon being installed in the KamLAND glove box, MiniCal
exhibited near-perfect reproducibility in positioning. However,
the cable payout ratio that had been established during system
testing no longer appeared to be correct, as the position of the
single bead reported by the system disagreed by 2.9 cm with prior
tape measurements of the loaded hanging cable—that is, MiniCal
reported the cable to be almost 3 cm shorter than we believed was
the case. After accounting for the effects on cable stretch from
buoyancy (!0.1 cm) and the precise value of the attached weight
(!0.7 cm) there was still a persistent 2.1-cm discrepancy. It thus
appeared that the system's payout ratio had somehow been
altered in the course of being disassembled, cleaned, reassembled,
and installed in the glove box. We made the decision to recalibrate
the payout ratio to the premeasured position of the bead; this
entailed increasing the payout ratio from 11.298 cm/rev to
11.315 cm/rev, which corresponds to an increase of 0.0027 cm in
the effective radius of the z-axis pulley.

In January 2011 the original single-beaded cable was replaced
in situ with a similar cable possessing two evenly spaced beads
which provided an additional reference point over a longer length.
The positions of the two beads had been measured with care
beforehand using a precision tape on the hanging cable under
load. The new, double-beaded cable verified the correctness of the
recalibrated cable payout ratio established roughly 2 years earlier.
The reason for the change in the payout ratio between the
system's offsite testing and onsite operation remains unknown.

A small hysteresis of 2–3 mm of undershoot was consistently
observed when the weight returned to its tare position after being
deployed to its maximum depth in the detector. This was likely
due to a small degree of cable slippage on the z-axis pulley from
the lubricating effects of the LS during reel-in. The effect was
small, but to minimize the risk of positioning errors we typically
placed a source at progressively lower positions during a calibra-
tion and only raised it at the conclusion of the deployment.

It was observed that small white crystals sometimes formed on
the portion of the cable near the weight when the system was
idled for weeks or more. We believe that the crystals were PPO
from the LS brought up by the system, and their formation was
likely promoted by the drying effects of the constant nitrogen gas
flux through the MiniCal housing. We observed that the crystals
dissolved immediately upon submersion in the LS and did not
affect the cable payout accuracy.

4.2. Contamination assessment

The KamLAND detector itself provides the most sensitive
means of measuring radioactivity inside it. The level of 222Rn is
of particular interest because it was known to have been intro-
duced into the detector by previous calibration systems, and its
long-lived daughter 210Pb would have presented a problematic
background to detecting 7Be solar neutrinos during the high-
purity phase of the experiment.

The level of 222Rn activity inside the LS can be determined via
its daughters 214Bi and 214Po, whose successive decays occur close
together in time ("1 ms) and therefore generate a robust delayed-
coincidence signal. The measured 222Rn activity level vs. time is
plotted in Fig. 9 for the period when MiniCal was in use. As the
figure shows, there is no apparent correlation between MiniCal
deployments and changes in 222Rn activity. Indeed, most of
the features in the 222Rn activity history can be attributed to

Fig. 8. Activity from a 60Co source deployed to z¼ þ5; þ3;0; !3; !5 m along the
detector's z-axis, as reconstructed from the data. The colors correspond to the
intensity of detected activity. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)

Fig. 9. 222Rn activity in the KamLAND detector over the period MiniCal was in use. The radon activity level is determined from the efficiency-corrected number of 214Bi–214Po
decay coincidences inside a 5.5-m-radius spherical volume; the statistical error is reflected in the width of the black line. The vertical red bands indicate MiniCal
deployments into the detector; no correlation between radon activity and deployments is apparent. The prominent feature beginning in July 2010 is due to a disruption in
the detector's water cooling system which produced strong convection in the LS and brought contaminants from the balloon's surface into the fiducial volume. (For
interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

T.I. Banks et al. / Nuclear Instruments and Methods in Physics Research A 769 (2015) 88–96 95
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Figure 3.35: Time variation of energy deviation for each calibration source located at
the center of detector. Top figure shows 17-inch PMTs analysis results and bottom
figure shows 17- and 20-inch PMTs analysis results. Time variation is within 1.5 %
for the all of data set.
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Figure 3.38: Time variation of energy resolution. Top figure shows 17-inch PMTs
analysis results and bottom figure shows 17- and 20-inch PMTs analysis results.
The energy resolution estimated by each sources have been stable from the start of
data taking. There are small gaps around just after 2nd purification campaign due
to the light yield decreasing.

 Time variation of energy resolution



3.3. EVENT RECONSTRUCTION 79

Visible Energy [MeV]
0 0.5 1 1.5 2 2.5 3

En
er

gy
 R

es
ol

ut
io

n 
[%

]

0

5

10

15

20

25
 / ndf 2r  104.5 / 3

p0        0.02186± 8.243 
 / ndf 2r  104.5 / 3

p0        0.02186± 8.243 

Visible Energy [MeV]
0 0.5 1 1.5 2 2.5 3

En
er

gy
 R

es
ol

ut
io

n 
[%

]

0

5

10

15

20

25
 / ndf 2r  81.34 / 3

p0        0.01642± 6.997 
 / ndf 2r  81.34 / 3

p0        0.01642± 6.997 

Visible Energy [MeV]
0 0.5 1 1.5 2 2.5 3

En
er

gy
 R

es
ol

ut
io

n 
[%

]

0

5

10

15

20

25
 / ndf 2r  189.7 / 5

p0        0.01694± 7.011 
 / ndf 2r  189.7 / 5

p0        0.01694± 7.011 

Visible Energy [MeV]
0 0.5 1 1.5 2 2.5 3

En
er

gy
 R

es
ol

ut
io

n 
[%

]

0

5

10

15

20

25
 / ndf 2r  290.3 / 5

p0        0.01381± 6.105 
 / ndf 2r  290.3 / 5

p0        0.01381± 6.105 

σ/√E = 7.0 ± 0.1 %

Before Purification

After Purification

17 inch 17+20 inch

17 inch 17+20 inch

σ/√E = 6.1 ± 0.1 %

σ/√E = 8.2 ± 0.1 % σ/√E = 7.0 ± 0.1 %
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Figure 3.18: Vertex deviations between reconstructed z and expected position of
various sources, 203Hg (blue circle, 279 keV), 137Cs (light blue triangle, 662 keV),
68Ge (black star, 1022 keV), 60Co (purple triangle, 2506 keV), Am/Be (red box,
4438 keV and orange triangle 7652 keV). The top two figures represent the vertex
deviations before purification (September, 2005 calibration campaign), which esti-
mated within ±3.0 cm using 17-inch (left) or 17 and 20-inch PMTs (right). The
bottom two figures also represent the vertex deviations after purification (July, 2009
calibration campaign), which estimated within ±5.0 cm using 17-inch (left) or 17
and 20-inch PMTs (right). The deviations are less than 3.0 cm (before purification)
or 5.0 cm (after purification) for 6.5m fiducial radius.

3. Miss Reconstruction Probability
The miss reconstruction probability is evaluated from the distance distribution
of calibration source events subtracted background events. 60Co γ-rays (1173.2
+ 1332.5 keV) are available to check the quality for anti-neutrino analysis
energy range. The definition of the miss reconstruction probability is as follows

 Vertex deviation | z-axis calibration

within ±3.0cm

within ±5.0cm
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Figure 3.23: Vertex resolution for each calibration source as a function of visible
energy. The upper and lower figures show the vertex resolution before and after
purification. These estimations are based on 17-inch (left) or 17- and 20-inch PMTs
(right) analysis, respectively. Blue points show the best fit vertex resolution obtained
by comparison with the simulation results, as shown in Figure 3.22. The horizontal
axis shows the visible energy estimated by energy spectrum fitting. Blue shaded
area shows error region.

 Energy dependent vertex resolution
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Figure 3.40: Time variation of γ-rays from spallation neutron capture on proton
(real energy 2.22457 MeV). The vertical axis shows the deviation between the mean
energy estimated by the energy spectrum fitting and the typical visible energy (2.211
MeV). The deviation has been suppressed within ±1.0 % for all of dataset.
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Before Purification After Purification

Before Purification After PurificationFigure 3.41: R dependence of γ-rays from spallation neutron capture on proton
before (left) and after (right) purification. The events are selected with

√
X2 + Y2

> 200 cm. The deviation for before and after purification are estimated to be 0.3 %
and 0.4 % in the 6.0 m fiducial radius, respectively.
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Figure 3.40: Time variation of γ-rays from spallation neutron capture on proton
(real energy 2.22457 MeV). The vertical axis shows the deviation between the mean
energy estimated by the energy spectrum fitting and the typical visible energy (2.211
MeV). The deviation has been suppressed within ±1.0 % for all of dataset.
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Before Purification After PurificationFigure 3.41: R dependence of γ-rays from spallation neutron capture on proton
before (left) and after (right) purification. The events are selected with

√
X2 + Y2

> 200 cm. The deviation for before and after purification are estimated to be 0.3 %
and 0.4 % in the 6.0 m fiducial radius, respectively.
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Figure 3.42: R dependence of γ-rays from spallation neutron capture on proton
before (left) and after (right) purification. The events are selected with

√
X2 + Y2

< 200 cm. The deviation for before and after purification are estimated to be 0.7 %
and 1.0 % in the 6.0 m fiducial radius, respectively.
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of 68Ge (0.511 MeV × 2) and 60Co (1.173 + 1.333 MeV)) are treated as mean of them (0.511 MeV
and 1.253 MeV, respectively) since Cherenkov/Birks effect should depend on the energy of each γ ,
not total energy of 2γs. In the γ ray case, GEANT4 [76] is employed to calculate dE

dx of electrons
(including δ rays) produced in Compton scattering and photoelectric absorption of those γs. The
uncertainty of the Birks constant, the Cherenkov intensity and a normalization factor shown in
Figure(3.52) are included in energy scale uncertainty.
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Figure 3.52: Uncertainties of the parameters for the non-linearity calibration. The star mark is the best-fit
parameters. The contour lines shows 1σ , 2σ and 3σ C.L.

After estimating these uncertainties, the work for the precise estimation of the energy scale uncer-
tainty had been done.

The calibration data (60Co, 65Zn, 68Ge) depend on the data taking-time and source position . In
a conservative attitude, these data do not represent the ν̄e data correctly and their position and time
dependence are treated as correlated error. The spallation data (10C, 11C) have smaller fiducial volume
for estimating the energy scale. Thus these data are also conservatively treated as correlated data with
each other.

On the other hand, the spallation data (np from 9Li and 12B) are uniformly distributed all over the
fiducial volume and the detector live time, and have same time variation, position dependence and 20-
inch non-linearity as ν̄e data. Thus the uncertainties of these spallation data include the statistical uncer-
tainty and fitting fluctuation effect only, and these data are treated as uncorrelated data with the calibration
data.

CHAPTER 3. EVENT RECONSTRUCTION AND DETECTOR CALIBRATION 95

 [MeV]realE
0 1 2 3 4 5 6 7 8

re
al

/ E
vi

si
bl

e
E

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

-Blue : e

γBlack : 
+Red : e

C10

C11

Ge68

Ge68

Zn65
Co60

n capture on proton

C12n capture on 

B12

Figure 3.53: Energy non-linearity correction. The blue line is the electron energy scale, the black line
is the gamma energy scale, and the red line is the positron energy scale. The data points are calibration
points.

Figure 3.54: the uncertainty of the energy reconstruction. For 2.6 MeV e+, the uncertainty is 1.01 %.

Then, the best energy scale is estimated from the minimum χ2 defined as follows,
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Figure 3.51: Time variation of the balloon edge R using various radioactivities. The time variation is less
than ± 2 cm.

The uncertainty from the position dependence is estimated with the neutron capture γ and source
calibrations. As described in Section(3.7.2), the radius dependence of observed energies with neu-
tron capture events is less than 0.5 %, the z dependence is less than 1.0 %, the z dependence with
the source calibration including 4π data is less than 1.5 % (described in Section(3.9)). Therefore,
1.5 % systematic uncertainty is assigned.

• Time Variation
The uncertainty from the time dependence is estimated with the neutron capture γ and source
calibrations. As described in Section(3.7.2), the time dependence of neutron capture events is
less than 0.8 % and 1.3 % for source calibration (described in Section(3.9)). Therefore, 1.3 %
systematic uncertainty is assigned.

• Non-linearity for the 20 inch PMTs
As described in Section(3.7.1), the uncertainty comes from the linearity between the combined
energy and the energy with only 17-inch PMTs. 0.8 % uncertainty is assigned as systematic
uncertainty.

• Contribution of Cherenkov light
Electrons and positrons emit Cherenkov light, and the number of photons depend on their energy.
The direct contribution of Cherenkov light to total energy is ignorable since it is absorbed by the
liquid scintillator. However, the re-emission light contributes to the energy reconstruction and
causes the energy non-linearity. This contribution is globally treated by altering the contribution
of the quenching effect.

• Quenching effect
The quenching effect also makes non-linear response of the light emission. Very dense ionization
makes reduced photon yield. Birks formula [68] is suitable for the estimation of the quenching
effect,

dL
dx

= L0
dE/dx

1+ k0dE/dx
(3.29)

where k0 is Birks constant, L is the luminescence, L0 is the luminescence at low specific ionization
density and dL

dx is the emitted light intensity per unit length. Using the 5 γ ray data (60Co, 65Zn,
68Ge, np, n12C), 2 positron data (10C, 11C) and 1 electron data (12B), the contributions from the
quenching effect and Cherenkov light are determined. In the case of multiple γs, such as the 2 γs

k0: Birks constant,  L: the luminescence,  

L0: the luminescence at low specific ionization density and  

dx/dL: the emitted light intensity per unit length. 

Energy non-linearity correction

The data points are calibration points. 

Determined by 
- 5 gamma ray data (60Co, 68Ge, 65Zn, np, n12C) 
- positron data 10C, 11C,  
- electron data  12B



 Summary
KamLAND: 1,000 ton LS 
Reactor anti neutrino measurement of Δm221, tan2θ12

No statistical power to measure 5 MeV bump 

Systematic uncertainty is dominated by energy scale uncertainty 

Source (4pi, z-axis), neutron capture gamma and spallation 
products are used for energy calibration and energy scale 
estimation

Flux-weighted average ~180 km


