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Abstruct

Since its the first real-time measurement by Kamiokande in 1989 through the electron scat-
tering (ES), the 8B solar neutrino has been studied to understand the neutrino oscillation.
Based on the LMA-MSW solution which was determined by the reactor νe measurement,
the survival probability of νe on the earth (Pee) is expected to increase towards lower
Eν from 30% (Eν ∼ 10 MeV, the matter effect dominant) to 50% (Eν < 1 MeV, the
vacuum oscillation dominant). To observe this upturn behavior, neutrino experiments
have been lowering their detection thresholds. The current lowest thresholds are, in the
recoil-electron kinetic energy (Ekin), 3.5 MeV for water cherenkov (WC) detectors (SK
and SNO) and 3 MeV for a liquid scintillator (LS) detector (Borexino). The backgrounds
which limit the thresholds are the Rn descendant in the water for WC detectors and
γ-rays from detector components like photo-detectors for Borexino. KamLAND, which
is a larger LS detector than Borexino, can suppress the γ-ray BGs by the self-shielding.
Thus, if other BGs are sufficiently reduced, it can detect 8B solar ν events below 3 MeV.
In this study, with the introduction of the new BG reduction methods, n-tag and

shower-tag for muon-spallation products and Day-scale tag and BiTl tag for 208Tl, the
sensitivity to single events above 2 MeV energy in KamLAND has significantly improved.
It resulted the first measurement of 8B solar ν ES signals at 2–3 MeV (Ekin) region at
3.4σ level. The observed rate was 0.62+0.21

−0.20 of the unoscillated model expectation, which is
consistent with the LMA-MSW. An analysis with the entire energy spectrum lowered the
allowance of the flat Pee model from 84% (SK+SNO) to 64% (SK+SNO+KamLAND).
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1 Introduction

The first real-time measurement of 8B solar neutrinos was achieved by Kamiokande (KM)
II experiment in 1989 [1]. Since then the 8B ν has been a useful tool to understand the
nature of neutrinos and the Sun.
In 2001, the difference of the fluxes measured through the electron scattering (ES)

channel by Super-Kamiokande (SK) [2] and charged current (CC) channel by SNO [3]
provided an indication of the flavor conversion of neutrinos, which is currently described
as the three flavor neutrino oscillation.
The oscillation in the solar ν sector is controlled by a mixing angle θ12 and a mass square

difference ∆m2
21. There were several combinations of (θ12, ∆m2

21) as possible solutions for
the SK+SNO result. The first result from KamLAND [4], which measured disappear-
ance of reactor ν̄e’s, excluded the solutions except the Large Mixing Angle (LMA) MSW
solution [5].
In the LMA-MSW scenario, an increase of the survival probability of νe on the Earth

(Pee) is expected in lower energy region (Eν ∼ 1 MeV) than higher energy region (Eν ∼
10 MeV). The upturn feature was indirectly confirmed by comparing different types of
solar neutrinos (pp, 7Be, pep, and 8B). However it hasn’t been confirmed in a continuous
spectrum of a single neutrino source. Moreover the spectral shape of Pee at the transition
region is expected to have an ability to prove new physics. For the precise measurement
of the transition region, (8B) solar neutrino experiments have been lowering their analysis
thresholds. This study aims to achieve the lowest energy threshold of 2 MeV using
KamLAND and novel background reduction techniques.
Solar neutrino events at 2–3 MeV energy region are an ultimate background for neutrino-

less double-beta decay search experiments which use liquid scintillator such as KamLAND-
Zen [6, 7] and SNO+ [8]. The 2–3 MeV data from this study can be thought the double-
beta-isotope-less background spectrum.
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2 Solar Neutrinos and Neutrino
Oscillation

2.1 8B Solar Neutrinos

2.1.1 Standard Solar Model

A standard solar model (SSM) is a portrait of a main-sequence star in the process of
evolution [9]. Basic assumptions of the model are

• the Sun is in a hydrostatic equilibrium, where the radiative and particle pressures
balance gravity.

• the radiative energy is provided by nuclear fusions and changes of the abundances
of isotopes are caused only by nuclear fusions.

Computation of the evolution process is started from a chemically homogeneous sphere.
The inputs are the mixing length parameter and the initial helium and metal mass frac-
tions. They are calibrated to match today’s solar luminosity L⊙, radius R⊙, and abun-
dances of isotopes on the surface. Figure 2.1 shows the density profile of the Sun obtained
from the latest SSM calculation [10].

2.1.2 Nuclear Reactions in the Sun

The overall nuclear fusion reactions in the Sun can be described as

4p → α + 2e+ + 2νe + 26.7 MeV. (2.1)

The main energy generating process is called proton-proton (pp chain) and another process
which is achieved with helps from carbon, nitrogen, and oxygen is called CNO cycle.
Neutrino producing reactions in the two processes are summarized in Table 2.1 and 2.2.
Figure 2.2 and 2.3 show flux and production position in the Sun, respectively, of solar
neutrinos predicted by the SSM (B16-GS98) [10].

8B solar neutrinos have widely ranged energy (∼1–10 MeV) and are produced deep
inside (r/R⊙ < 0.15) the Sun. These properties are suitable for proving the transition
region of Pee.

2



2 Solar Neutrinos and Neutrino Oscillation

2. Solar neutrino physics

2.1. Neutrino fluxes in the standard solar model

The standard solar model (SSM) is constructed upon hydrostatic equilibrium and energy transport equations which

accurately determine the density, temperature, and pressure profiles in the Sun—see Ref. [1] for a pedagogical introduction.

Figure 2.1 depicts the distributions of these quantities obtained in recent calculations [53]. The solar neutrino fluxes can be

predicted from estimating nuclear reaction rates in the Sun, provided that the fusion cross sections, density, temperature,

chemical compositions, and opacities are known.
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Figure 2.1: Solar density (left), temperature (middle), and pressure (right) profiles in two standard solar models B16-GS98 and B16-

AGSS09 [53]. Here r denotes the distance to the solar center and R� denotes the solar radius.

2.1.1. The pp chain and the CNO cycle

There are two sets of nuclear reactions responsible for neutrino and energy productions in the Sun, the pp chain and the

CNO cycle, as illustrated in Figs. 2.2 and 2.3. The pp chain powers about 99% of the total solar energy, whereas the

CNO cycle accounts for the remaining ∼ 1%. For stars with masses greater than 1.3M�, the CNO cycle dominates the

energy production [56]. The total neutrino flux from the Sun should be consistent with the solar luminosity in photons,

if all fusion processes are known.

As depicted in Fig. 2.2, five reactions in the pp chain produce neutrinos. They are referred to, according to the initial

particles in the reactions, as pp, pep, hep, 7Be, and 8B neutrinos. The pp chain consists of four sub-chains, marked as

pp-I to pp-IV in the figure. Note that all the sub-chains end up with 4He. Therefore, despite some heavier elements

appearing at intermediate stages, the pp chain burns hydrogen only to helium. The first three sub-chains (pp-I, pp-II,

and pp-III) generate most of the energy (and hence most of the neutrinos) produced in the pp-chain. The last sub-chain

(pp-IV) contributes a very insignificant amount (10−5) to the energy production but produces the most energetic solar

neutrinos (hep neutrinos), with energy up to 18.77 MeV [57].

In the CNO cycle5, carbon and nitrogen serve as catalysts, meaning their abundances are almost unchanged after

a complete cycle of reactions. As shown in Fig. 2.3, 12C, after capturing a proton, is converted to 13N, which decays

5Bethe first studied the CNO cycle for stellar energy production in 1939 [58]. It should be noted, however, that neutrinos were absent in

the nuclear reactions Bethe used since the existence of neutrino was still in question at the time.

6

Figure 2.1: Position dependence of the density of the Sun calculated in [10]. Two models
of solar abundances (GS98 [11] and AGSS09 [12]) are assumed. Figure from
Ref. [13].

Table 2.1: Neutrino producing reactions in pp chain

Name Reaction
Fraction

in pp chain
Eν [MeV]

pp p+ p →2 H+ e+ + νe 0.9976 < 0.42

pep p+ e− + p →2 H+ νe 0.0024 1.44
7Be 7Be + e− →7 Li + νe 0.154× 0.9989 0.86 or 0.38
8B 8B →8 Be∗ + e+ + νe 0.154× 0.0011 < 16

hep 3He + p →4 He + e+ + νe 2.5× 10−7 < 18.8

Table 2.2: Neutrino producing reactions in CNO cycle

Reaction Eν [MeV]
13N →13 C + e+ + νe < 1.199
15O →15 N+ e+ + νe < 1.73
17F →17 O+ e+ + νe < 1.74

3
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Figure 2.4: The solar neutrino spectra predicted by the SSM. Monochromatic spectra are given in units of cm−2s−1. Dashed lines denote

neutrinos from the CNO cycle (13N, 15O, 17F). The figure is updated using the data from Ref. [53] (B16-GS98, see also Tab. 2.1), Bahcall’s

energy spectrum [1], and the electron capture rates (for e 13N, e 15O, e 17F) in Eq. (2.1).
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Figure 2.2: Flux of solar neutrinos predicted from the SSM (B16-GS98) [10]. Figure from
Ref. [13].
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Figure 2.3: Production position distribution of pp chain neutrinos predicted from the SSM
(B16-GS98) [10]. Figure from Ref. [13].
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2 Solar Neutrinos and Neutrino Oscillation

2.2 Neutrino Oscillation

2.2.1 Oscillation in Vacuum

Neutrino oscillation [14, 15] is a phenomenon in which neutrinos change their flavor dur-
ing flight. It is caused by the existence of mass eigenstates (νi=1,2,3) apart from flavor
eigenstates (να=e,µ,τ ). The relation between the two types of eigenstates is described asνe

νµ
ντ

 = UPMNS

ν1
ν2
ν3

 , (2.2)

where UPMNS is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix with three mixing
angles (θij=12,23,13) and a CP-violating phase (δ)

UPMNS =

1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e
−iδ

0 1 0

−s13e
iδ 0 c13

 c12 s12 0
−s12 c12 0
0 0 1

 , (2.3)

cij = cos θij, (2.4)

sij = sin θij. (2.5)

The time evolution of the mass eigenstate follows the Schrödinger equation

i
∂

∂t
|νi⟩ = Ei |νi⟩ , (2.6)

|νi(t)⟩ = exp(−iEit) |νi(t = 0)⟩ . (2.7)

Using 2.2 and 2.7 we obtain

|να(t)⟩ =
∑
i

U∗
αi exp(−iEit) |νi(t = 0)⟩ . (2.8)

The transition probability is given as

P (να → νβ) =
∣∣〈νβ∣∣να(t)〉∣∣2 (2.9)

=
∑
i

∑
j

UβiU
∗
αiUαjU

∗
βj exp

(
−i(Ei − Ej)t

)
(2.10)

∼
∑
i

∑
j

UβiU
∗
αiUαjU

∗
βj exp

(
−i

(m2
i −m2

j)

2E
t

)
(2.11)

= δαβ − 4
∑
i>j

Re(UβiU
∗
αiUαjU

∗
βj) sin

2

(
∆m2

ij

4E
t

)
(2.12)

+ 4
∑
i>j

Im(UβiU
∗
αiUαjU

∗
βj) sin

(
∆m2

ij

4E
t

)
cos

(
∆m2

ij

4E
t

)
, (2.13)
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2 Solar Neutrinos and Neutrino Oscillation

∆m2
ij = m2

i −m2
j , (2.14)

where the relativistic condition (mi ≪ p, p ∼ E) is used as follows

Ei =

√
p2 +m2

i (2.15)

∼ E +
m2

i

2E
. (2.16)

The phase can be written as

∆m2
ij

4E
t ∼

1.27∆m2
ij[eV

2]L[m]

E[MeV]
, (2.17)

where L = ct is the flight distance.
In a simplified 2× 2 mixing case with a mixing angle θ and a mass difference ∆m2, the

transition probability is given by

P (2)(να → νβ) = sin2 2θ sin2

(
1.27∆m2[eV2]L[m]

E[MeV]

)
. (2.18)

The scale of ∆m2 that can be explored differs depending on the combination of (E,L).
Long baseline reactor neutrinos (E ∼ 4 MeV, L ∼ 100 km) are sensitive to ∆m2 ∼
10−5–10−4 eV2. Atmospheric neutrinos (E ∼ 102–104 MeV, L ∼ 103–104 km) are sensitive
to ∆m2 ∼ 10−5–10−2 eV2. Observation of those neutrinos led to measurements of ∆m2

21

[16] and ∆m2
31(∼ ∆m2

31) [17], respectively.
The oscillation parameters have been measured using various types of neutrinos such as

solar [18, 19, 20], atmospheric [21, 22], reactor [23, 24, 25, 26], and accelerator [27, 28, 29]
neutrinos. Table 2.3 shows the results of a global analysis [30, 31]. Current allowed region
of the combination (θ12, ∆m2

21), which governs the solar neutrino oscillation, is called large
mixing angle (LMA) solution.

2.2.2 Oscillation in Matter

Propagation of neutrinos in matter is affected by potentials. It is called Mikheyev-
Smirnov-Wolfenstein (MSW) effect [32, 33] or simply the matter effect. The NC potential
(VN) is relevant to all flavors of neutrinos, while the CC one (VC =

√
2GFNe, where GF

is Fermi’s constant and Ne is the electron density) is only to νe. In the 2 × 2 case, the
Hamiltonian which governs the propagation is expressed as

H = U

(
E1 0
0 E2

)
U † + VC

(
1 0
0 0

)
+ VN (2.19)

=

(
E +

m2
2 +m2

1

4E

)
+

∆m2

4E

(
− cos 2θ sin 2θ
sin 2θ cos 2θ

)
+

VC + VN

2
+

VC

2

(
1 0
0 −1

)
. (2.20)

Ignoring oscillation-non-related terms, we get

H =

(
−
(

∆m
2

4E
cos 2θ − VC/2

)
∆m

2

4E
sin 2θ

∆m
2

4E
sin 2θ ∆m

2

4E
cos 2θ − VC/2

)
. (2.21)
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2 Solar Neutrinos and Neutrino Oscillation

Table 2.3: The neutrino oscillation parameters obtained from a global fit to experimental
data. ∆m2

3l = ∆m2
31 > 0 for normal mass ordering (m1 < m2 < m3) and

∆m2
3l = ∆m2

32 < 0 for inverted mass ordering (m3 < m1 < m2). Table from
Ref. [31].

NuFIT 5.1 (2021)
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Normal Ordering (best fit) Inverted Ordering (∆χ2 = 2.6)

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2 θ12 0.304+0.013
−0.012 0.269→ 0.343 0.304+0.012

−0.012 0.269→ 0.343

θ12/
◦ 33.44+0.77

−0.74 31.27→ 35.86 33.45+0.77
−0.74 31.27→ 35.87

sin2 θ23 0.573+0.018
−0.023 0.405→ 0.620 0.578+0.017

−0.021 0.410→ 0.623

θ23/
◦ 49.2+1.0

−1.3 39.5→ 52.0 49.5+1.0
−1.2 39.8→ 52.1

sin2 θ13 0.02220+0.00068
−0.00062 0.02034→ 0.02430 0.02238+0.00064

−0.00062 0.02053→ 0.02434

θ13/
◦ 8.57+0.13

−0.12 8.20→ 8.97 8.60+0.12
−0.12 8.24→ 8.98

δCP/
◦ 194+52

−25 105→ 405 287+27
−32 192→ 361

∆m2
21

10−5 eV2 7.42+0.21
−0.20 6.82→ 8.04 7.42+0.21

−0.20 6.82→ 8.04

∆m2
3`

10−3 eV2 +2.515+0.028
−0.028 +2.431→ +2.599 −2.498+0.028

−0.029 −2.584→ −2.413

w
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ta

Normal Ordering (best fit) Inverted Ordering (∆χ2 = 7.0)

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2 θ12 0.304+0.012
−0.012 0.269→ 0.343 0.304+0.013

−0.012 0.269→ 0.343

θ12/
◦ 33.45+0.77

−0.75 31.27→ 35.87 33.45+0.78
−0.75 31.27→ 35.87

sin2 θ23 0.450+0.019
−0.016 0.408→ 0.603 0.570+0.016

−0.022 0.410→ 0.613

θ23/
◦ 42.1+1.1

−0.9 39.7→ 50.9 49.0+0.9
−1.3 39.8→ 51.6

sin2 θ13 0.02246+0.00062
−0.00062 0.02060→ 0.02435 0.02241+0.00074

−0.00062 0.02055→ 0.02457

θ13/
◦ 8.62+0.12

−0.12 8.25→ 8.98 8.61+0.14
−0.12 8.24→ 9.02

δCP/
◦ 230+36

−25 144→ 350 278+22
−30 194→ 345

∆m2
21

10−5 eV2 7.42+0.21
−0.20 6.82→ 8.04 7.42+0.21

−0.20 6.82→ 8.04

∆m2
3`

10−3 eV2 +2.510+0.027
−0.027 +2.430→ +2.593 −2.490+0.026

−0.028 −2.574→ −2.410
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Based on this, a new mixing angle θM and mass eigenstates ν1M,2M can be defined as(
να
νβ

)
=

(
cos θM sin θM
− sin θM cos θM

)(
ν1M
ν2M

)
, (2.22)

where

tan 2θM =
(∆m2/(2E)) sin 2θ

(∆m2/(2E)) cos 2θ −
√
2GFNe

. (2.23)

The new ∆m2
M is

∆m2
M = 4E

√
A2 +B2, (2.24)

A =
∆m2

4E
cos 2θ − VC/2, (2.25)

B =
∆m2

4E
sin 2θ. (2.26)

The oscillation effect gets maximum at the critical density

Ne,c =
∆m2 cos 2θ

2
√
GFE

. (2.27)

For example, density at the core of the Sun is 6 × 1025 /cm3. A νe with an energy of 1.4
MeV satisfies the condition.

Oscillation in the Sun

For the solar neutrino oscillation, the adiabatic approximation1 can be applied. Then the
survival probability of a νe produced in the Sun and comes to the Earth in the three-flavor
form is given by [34]

Pee = P (2)
ee cos4 θ13 + sin4 θ13, (2.28)

P (2)
ee =

1

2
(1 + cos 2θ12M cos 2θ12). (2.29)

High energy (> 10 MeV) νe’s cross the Ne,c during the propagation from the production
point to the surface of the Sun and fully affected by the matter effect

Pee ∼ sin2 θ12 ∼ 0.3. (2.30)

The low energy (< 1 MeV) behavior is almost same as the vacuum solution

Pee ∼ 1− 1

2
sin2 2θ12 ∼ 0.56. (2.31)

The increase of Pee toward lower energy is called upturn, see Figure 2.4.
Until the early 2000s, several combinations of (∆m2

21, θ12) are allowed as the MSW
solutions. The first result of KamLAND excluded all of them except the large-mixing-
angle (LMA) solution [4].

1It assumes that the change of the density of the matter is enough slow that νiM stays in the same mass
eigenstate during propagation. A high energy (E ∼ 10 MeV) νe produced near the core of the Sun is
almost ν2M and it becomes ν2 at the surface of the Sun.
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Day/night effect:
an asymmetry in the
electron neutrino flux
measured during the
day versus the night
due to regeneration of
electron neutrinos
during passage
through the Earth
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Figure 8

(a) The electron neutrino survival probability curve as a function of neutrino energy (linear). Experimental data (11, 15, 23, 237, 248)
from various experiments are shown. Panel provided by M. Smiley, University of California, Berkeley. (b) Same kind of plot (now
logarithmic) showing the survival probability as before but in this case for some representative curves for the nonstandard interaction
parameter ε′ for values of 1.0, 0.5, and −0.5. Also shown are the vacuum-LMA and MSW-LMA curves (from Reference 169). Panel
adapted from Reference 169 (CC BY 4.0). Abbreviations: LMA, large mixing angle; MSW,Mikheyev–Smirnov–Wolfenstein; SSM,
standard solar model.

The effect of MSW oscillation can be observed in the electron neutrino survival probability
curve (Figure 8). At low energies (less than about 2 MeV), vacuum oscillations dominate, whereas
matter effects dominate at energies above about 5 MeV. Between these two regimes is the so-
called transition region with limited data. This region is in fact the most sensitive to potential
nonstandard physics (Section 5.2) because of the level-crossing phenomenon that arises due to the
different effective masses for electron neutrinos and muon or tau neutrinos in matter. The lowest
measured high-energy data point suggests a certain upturn at the lower part of the curve, but this
is not statistically significant. The uncertainties on most measurements are on the order of several
percent. Hence, the constraints allow for various shapes of the survival probability curve and,
thus, potentially also for interesting physics. These possibilities open a wide field for experimental
exploration. Probing the transition region is one focus of the future experimental program, which
is discussed in more detail in Section 6.

At higher energies (above approximately 10 MeV), a distortion is predicted in the spectrum
due to regeneration of electron neutrinos as they traverse the Earth during the nighttime. This
is termed the day/night effect and has been sought by several experiments but, to date, remains
elusive because of the small nature of the predicted effect (1–3%) (170). The significance of the
predicted effect depends critically on the value of �m2

12: Smaller values result in a larger MSW
effect in the Earth and, hence, a larger day/night asymmetry. This dependence offers one possible
handle on a currently small discrepancy between the measured values of �m2

12 in solar data and

508 Orebi Gann et al.
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Figure 2.4: Survival probability of the solar νe on the Earth. Figure from Ref. [35].
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Oscillation in the Earth Matter

Propagation of solar neutrinos is affected by the Earth matter. The effect appears as
the increase of νe flux in the night. See Ref. [36, 37] for the detailed calculation of the
Earth matter effect. Based on the current estimation of (∆m2

21, θ12), a few % level of the
day/night asymmetry for the 8B solar neutrinos (E ∼ 10 MeV) is expected. The result
from Super-Kamiokande shows the indication [38]

ADN = −AND = − P night
ee − P day

ee

(P night
ee + P day

ee )/2
= (−2.1± 1.1)%.

Matter Effect by New Physics

As can be seen from the conversion of the formulae 2.19, 2.20, and 2.21, any flavor (or
mass) asymmetric potentials among the eigenstates affect the matter effect and change
the energy dependence of Pee from the standard MSW-LMA solution.
For example, in the so called non-standard interaction (NSI), Hamiltonian in the matter

has additional term

Ve

εee εeµ εeτ
ε∗eµ εµµ εµτ
ε∗eτ ε∗µτ εττ

 , (2.32)

εαβ =
∑
f

Nf

Ne

(εf,Lα,β + εf,Rα,β), (2.33)

where

• f : matter fermions (e, u, d)

• ε: neutrino interaction strength with f

Another example is sterile neutrinos νs which don’t participate in NC and CC. In
this case, the fourth (or more) mass eigenstate ν4 is considered and the NC part of the
Hamiltonian becomes asymmetric

VN


1

1
1

0

 = VN

1 +

0

0
0

−1


 . (2.34)

See Ref. [13] for a general review of these new physics and their impacts on the matter
effect. Figure 2.5 shows how Pee changes with sterile neutrinos. The shape of the MSW-
LMA transition region (Eν ∼2–5 MeV) is sensitive to such new physics.
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Figure 2.9: The survival probability of solar electron neutrinos Pee in the presence of sterile neutrinos, computed according to Eqs. (2.31) and

(2.14). The orange and green curves assume sin2 2θ41 = 0.01 for the sterile-active neutrino mixing. The experimental measurements (black

points/bars) are the same as those in Fig. 2.6.

and (2.14) to reproduce such an effect of sterile neutrinos, assuming sin2 2θ41 = 0.01 and ∆m2
41 = 1 or 2 × 10−5 eV2.

Ref. [125] studied the scenario of sterile neutrinos with Majorana masses well below the sub-eV scale, rendering neutrino

quasi-Dirac. Solar neutrino data can impose strong constraints on such a scenario, and it was found that the Majorana

masses in this regime need to be below 10−9 eV. Apart from the aforementioned cases of small mass splittings, one can

also consider sterile neutrinos at the eV scale (as possible explanations for various short-baseline anomalies) and test them

in solar neutrino measurements [142, 145]. A recent study in Ref. [145] shows that the current solar neutrino data have

excluded significant regions of the parameter space responsible for some recent anomalies.

2.3.3. Neutrino magnetic moments

Despite being electrically neutral, neutrinos can interact with the photon via loop processes. In the SM, such loop diagrams

are mediated by theW± or Z boson with the photon leg attached either to theW± boson, or to the charge fermion running

in the loop. It is well-known that these diagrams give rise to neutrino magnetic moments [146, 147, 148, 149, 150, 151],

provided that neutrinos have small masses. However, neutrino magnetic moments generated in this way are extremely

small, typically around 10−20µB (µB = 0.296 MeV−1 is the Bohr magneton) for Dirac neutrinos. For Majorana neutrinos,

the theoretical values are further suppressed. In new physics models, loop interactions of neutrinos with the photon

might potentially lead to much larger magnetic moments [152, 153, 154, 155, 156, 157, 158]. In addition to the magnetic

moment, neutrinos could also possess other electromagnetic form factors such as electric dipole moments, charge radii,

and anapoles—see [159] for a comprehensive review.

Neutrino electromagnetic interactions would affect both solar neutrino propagation and detection. Here we concentrate

on the latter and leave the former to Sec. 2.3.5. In fact, constraints on neutrino magnetic moments derived from the

latter are generally much more stringent and more robust than those from the former.

In the presence of significant neutrino magnetic moments or other electromagnetic form factors, the photon can

mediate elastic neutrino scattering. Due to its massless feature, it could drastically enhance the cross section in the soft-

19

Figure 2.5: Pee in the scenario of the existence of ν4. sin
2 2θ41 = 0.01 is assumed. Figure

from Ref. [13].
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νx νx

e e

Z

(a) NC

νe e

e νe

W
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Figure 2.6: Neutrino-electron ES

2.3 Detection Methods and Cross Sections

Neutrinos from the Sun can be detected through neutrino-electron elastic scattering (ES),
charged current (CC) reactions, or neutral current (NC) reactions. Main focus of the
solar neutrino analysis of this thesis will be on ES. CC and NC events will be treated as
backgrounds for the ES signals.

2.3.1 Neutrino-Electron ES

ES is actually NC for νµ,τ and CC+NC for νe, see Figure 2.6. The cross section is
calculated as follows:

dσ

dT
=

2G2
Fme

π

[
g2L + g2R

(
1− T

Eν

)2

− gLgR
meT

E2
ν

]
, (2.35)

gL|νe =
(
1

2
+ sin2 θW

)
, gL|νµ,τ =

(
−1

2
+ sin2 θW

)
, (2.36)

gR = sin2 θW ∼ 0.23, (2.37)

where T is the kinetic energy of the recoil-electron. In Ref. [39], radiative corrections for
solar neutrinos were calculated. The impact on the recoil-electron energy spectrum of 8B
ν at 2–15 MeV is 0–4% level.
In an experiment, T is the observable. Depending on the scattering angle of the neu-

trino, it can be any value less than

Tmax =
Eν

1 +me/(2Eν)
. (2.38)

The recoil-electron is mostly forwardly scattered. Water cherenkov detectors use the
directional information to identify the solar ν ES events.

2.3.2 CC and NC

SNO [40] used heavy water (D2O) to detect CC and NC separately:
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Figure 2.7: Differential cross section of ES with an incident neutrino with 10 MeV energy.

• CC: νe + d → p+ p+ e−

• NC: νx + d → n+ p+ νx

In an organic liquid scintillator detector, whose main component is carbon, 13C (∼ 1%
natural abundance) is sensitive to CC and NC reactions. Those with larger cross sections
are as follows:

• CC (ground): νe +
13 C → e− +13 N(1/2−g.s.)

– 13N (Qβ+ = 2.22MeV, τ = 862 sec)

– Eν = Te +Q(2.22 MeV)

– Signal property: possible delayed coincidence

• CC (excited): νe +
13 C → e− +13 N(3/2−)

– 13N(3/2−) →12 C(0+) + p+ 1.56 MeV

– Eν = Te +Q(2.22 MeV) + Ex(3.5 MeV)

– Signal property: just a single event

• NC : νx +
13 C → νx +

13 C(3/2−)

– 13C(3/2−) →13 C(1/2g.s.) + γ(3.69 MeV)

– Signal property: mono-energetic γ

Detailed calculation of the cross sections were performed in Ref. [41, 42, 43, 44]. The
difference between the NC cross section models are relatively large (∼ 40%). Figure 2.8
shows the three cross sections calculated in Ref. [43].
CC is good at measuring the Pee(Eν) spectrum because the recoil-electron energy has 1-

to-1 relation with Eν . NC is useful to measure the total solar neutrino flux independently
of the oscillation effect.
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Figure 2.8: Cross sections of the neutrino capture on 13C based on Ref. [43].

2.4 Experiments

Measurement of the energy spectrum of 8B solar νe has been performed by water cherenkov
(WC) detectors (Super-Kamiokande [SK] [18, 38], SNO [19], and SNO+ [45]) and liquid
scintillator (LS) detectors (Borexino [46, 47] and KamLAND [48]). The latest constraint
on the Pee is derived by the combination of SNO’s NC total flux 2 and SNO’s CC and
SK’s ES shapes, see Figure 2.9. In the 8B only results, a flat Pee ∼ 0.32 is still allowed
and upturn is not confirmed. Note that SK recently reported upward change in the lower
energy event rate in their latest preliminary analysis [38] (2020) as compared to Ref. [18]
(2016).
Basically 8B solar ν signals in WC and LS detectors are just single electron. No delayed-

coincidence tagging technique is available. That is there are many kinds of backgrounds
for the signal such as external γ-rays, decays of muon-spallation products, and LS (water)
intrinsic radioactivities. Figure 2.10 shows the summary of the backgrounds. WC detec-
tors (SK and SNO) achieved Ekin threshold of 3.5 MeV. This limit is set by water-intrinsic
214Bi. In a LS detector, better purification than water and coincidence tagging (214Bi–
214Po) are available. As a result, Borexino, a 300-ton LS detector, achieved the lowest
energy threshold of 3 MeV [46]. Below 3 MeV, Borexino suffers from external γ rays
from 208Tl and 214Bi which are in photo-detectors3. Another LS detector, KamLAND,
performed its 8B solar ν analysis with a 5 MeV energy threshold due to LS-intrinsic 208Tl.

2
[
5.25± 0.16(stat.)±+0.11

−0.13 (syst.)
]
× 106 /cm2/s

3A 2 MeV threshold analysis is tried with an energy-radius simultaneous fitting method in Ref. [49].
However the 2–3 MeV energy spectrum shown in the work was dominated by 100x more external
backgrounds than solar ν signals. The detection significance of solar ν signals at the energy region is
not clear.
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FIG. 29: Allowed survival probability 1 σ band from the com-
bined data of SK and SNO (red). Also shown are predictions
based on the oscillation parameters of a fit to all solar data
(green) and a fit to all solar+KamLAND data (blue). The
pastel colored bands are the separate SK (green) and SNO
(blue) fits.

the pp and CNO neutrino flux constraints from all solar
data [23] and the 7Be, the pep and the 8B flux measure-
ment of the Borexino experiment [24]. The SK and SNO
combined allowed band (and the other solar data) are in
good agreement with the MSW curves (based on different
parameters: blue=solar+KamLAND best fit, data best
fit, green=solar best fit).

V. DAY/NIGHT ASYMMETRY

The matter density of the Earth affects solar neutrino
oscillations while the Sun is below the horizon. This so
called “day/night effect” will lead to an enhancement of
the νe flavor content during the nighttime for most oscil-
lation parameters. The most straightforward test of this
effect uses the solar zenith angle θz (defined in Fig. 17)
at the time of each event to separately measure the solar
neutrino flux during the day ΦD (defined as cos θz ≤ 0)
and the night ΦN (defined as cos θz > 0). The day/night
asymmetry ADN = (ΦD − ΦN )/ 1

2 (ΦD + ΦN ) defines a
convenient measure of the size of the effect.
A more sophisticated method to test the day/night

effect is given in [1, 25]. For a given set of oscillation pa-
rameters, the interaction rate as a function of the solar
zenith angle is predicted. Only the shape of the cal-
culated solar zenith angle variation is used; the ampli-
tude is scaled by an arbitrary parameter. The extended
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FIG. 30: Predicted solar neutrino spectra [22]. Overlaid are
expected MSW survival probabilities, green is that expected
assuming oscillation parameters from the SK best fit and blue
from the solar+KamLAND best fit. The 1 σ band of Pee

from the combined data of SK and SNO is shown in red.
Also shown are Pee measurements of the 7Be (green point),
the pep (light green point) and the 8B flux (red point) by
Borexino [24], as well as pp (blue point) and CNO values
(gold point) extracted from other experiments [23].

maximum likelihood fit to extract the solar neutrino sig-
nal (see section III C) is expanded to allow time-varying
signals. The likelihood is then evaluated as a function
of the average signal rates, the background rates and a
scaling parameter, termed the “day/night amplitude”.
The equivalent day/night asymmetry is calculated by
multiplying the fit scaling parameter with the expected
day/night asymmetry. In this manner the day/night
asymmetry is measured more precisely statistically and
is less vulnerable to some key systematic effects.
Because the amplitude fit depends on the assumed

shape of the day/night variation (given for each energy
bin in [25] and [1]), it necessarily depends on the os-
cillation parameters, although with very little depen-
dence expected on the mixing angles (in or near the
large mixing angle solution and for θ13 values consis-
tent with reactor neutrino measurements [26]). The fit
is run for parameters covering the MSW region of oscil-
lation parameters (10−9 eV2 ≤ ∆m2

21 ≤ 10−3 eV2 and
10−4 ≤ sin2 θ12 < 1), and values of sin2 θ13 between 0.015
and 0.035.

A. Systematic uncertainty on the solar neutrino
amplitude fit day/night flux asymmetry

1. Energy scale

True day (night) solar neutrino events will mostly be
coming from the downward (upward) direction, and so
the directional dependence of the SK light yield or en-

Figure 2.9: 1σ constraint on Pee. Blue band is SNO [19]. Green band is SK. Red
band is SK+SNO. Blue line corresponds to ∆m2

21 = 7.41 × 10−5 eV2

(solar+KamLAND[ν̄e]). Green line corresponds to ∆m2
21 = 4.9 × 10−5 eV2

(solar). Figure from Ref. [18].
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Figure 2.10: Summary of experimental measurements and backgrounds for several-MeV
single events.
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3 KamLAND

Kamioka Liquid scintillator Anti-Neutrino Detector (KamLAND) is a multi-purpose de-
tector initially designed to observe anti-neutrinos coming from Japanese reactors. Physics
data taking of KamLAND started in 2002 and the detector has been running for 20
years with some updates and modifications. Various physics analyses have been per-
formed using it such as neutrino oscillation parameters measurement[23], geo-neutrino
measurement[50], solar neutrino measurements[48, 51], astrophysical neutrino searches[52,
53, 54], neutrinoless double-beta decay search[7], and so on.

3.1 Detection Method

Liquid scintillators emit photons when excited by energy deposits of charged particles.
Thus KamLAND can detect all of charged particle interactions brighter than a threshold
by detecting the photons using photomultiplier tubes.

3.1.1 Neutrinos

The neutrino-electron elastic scattering (ES) is used for the solar neutrino analysis of this
thesis. See Section 2.3 for the detail. The recoil-electron is just detected as a single event.
No coincidence technique is available for this detection method.

3.1.2 Electron Anti-Neutrinos

KamLAND detects electron anti-neutrinos using inverse beta-decay:

νe + p → e+ + n. (3.39)

The energy threshold of this reaction in the laboratory frame, where the proton is at rest,
is calculated as follows:

Eth =
(mn +me)

2 −m2
p

2mp

= 1.806 MeV, (3.40)

where mn is the mass of a neutron, me the mass of an electron, and mp the mass of a
proton.
The pair of the positron and the neutron produced in the reaction creates a delayed

coincidence (DC) signal as follows:

• Prompt signal: Energy deposit of e+ (T
e
+) and annihilation γ’s (2me)

• Delayed signal: γ from n-capture on p: n + p → d+ γ (2.22MeV).
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Inner detector (ID)
• Liquid scintillator

(1 kton)

• (Outer-)Balloon
(diam. 13 m)

• Inner buffer oil
• Acrylic plates
• Outer buffer oil

• ID PMTs
o 1325 17”
o 554 20”

• Stainless steel tank
(diam. 18m )

Outer detector (OD)

• Water

• OD PMTs
o 225 20” (until 2016)
o 140 20” (since 2016)

• Rock wall
(diam. 19 m)

• Glove box

Figure 3.1: Schematic view of the KamLAND detector

The energy of the prompt signal (Ep) has connection with the neutrino energy (Eν) as
follows:

Ep = T
e
+ + 2me (3.41)

= (Eν +mp −me −mn − Tn) + 2me (3.42)

= Eν − Tn − 0.78 MeV, (3.43)

where Tn is the kinetic energy of the neutron. Tn is O(10) keV for an MeV-neutrino.
Thus it is almost negligible and Ep and Eν are in 1-to-1 relation.
The mean capture time of neutrons in the KamLAND liquid scintillator was measured

as 207.5± 2.8 µs [55].
The DC has strength in accidental background reduction; hence it can be characterized

by the following parameters:

• Energy of the delayed signal (Ed)

• Distance between the reconstructed vertices of the prompt and delayed signals (dR)

• Time difference between the prompt and delayed signals (dT )

3.2 Overview of the Detector

Figure 3.1 shows the schematic view of the KamLAND detector. The detector is located
in Kamioka mine, Gifu, Japan. The experimental site is 1,000 m beneath Mt. Ikenoyama
and it corresponds to 2,700 m.w.e. Cosmic-ray muon rate is 0.34 Hz in the detector[4],
which is 10−5 of ground surface level. The components of the detector are divided into
two parts: inner detector (ID) and outer detector (OD).
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2.6 Liquid Scintillator and Buffer Oil

The liquid scintillator in the center of the detector is the main component of KamLAND.
To detect reactor anti-neutrinos with energy as low as 1 MeV, the detector must have
excellent light output, optical transparency, large volume (to improve statistics) and con-
tain the low level of radio-active isotopes. Liquid scintillator suits these requirements and
paraffin-oil based liquid scintillator with good optical transparency is used. KamLAND
has chosen to use a scintillator of simple and well proven formulation consisting of pseu-
documene as the primary solvent and with PPO as the primary fluor. The concentration
of 80% dodecane, 20% pseudocumene, and 1.52 g/little PPO was chosen to optimize the
light output and transparency.

The emission spectrum of the liquid scintillator is shown in the Fig.2.7. The peak
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Figure 2.7: Emission spectrum of the liquid scintillator.

position is around 370 nm matching the maximum range of the PMT quantum efficiency.
Accordingly, there is no need for a secondary fluor such as Bis-MSB as a wavelength
shifter. The specific gravity of the liquid scintillator is 0.77754g/cm3 at 15 ◦C. The
attenuation length of the liquid scintillator is about 10 m at 400 nm and the light output
is 57%Anthracene.

The main purpose of the buffer oil surrounding the liquid scintillator is to reduce the
background γ’s from the detector materials like stainless tank and PMTs or the rock
surrounding the detector. Since the buffer oil doesn’t contain such a fluor as PPO, few
scintillation lights are emitted for the events occurred at the buffer region. And also,
it is known by chemical compatibility measurements that the liquid scintillator, mainly
pseudocumene, attacks the detector materials, PMT potting materials, PMT signal and
high voltage cables and acrylic plate etc. Pure paraffin oils are used for the buffer oil
to secure the detector materials. As the optical transparency is needed for this buffer
oil, the mixture of dodecane and isoparaffin, both transparencies of which are 30 m at

Figure 3.2: Emission spectrum of outer-LS. Figure from [56].

3.2.1 Inner Detector

The main component of ID is 1-kton liquid scintillator (LS). The LS is the target and
the detector for neutrino interactions. Scintillation photons are produced by charged
particles from the interactions. The photons are monitored by photomultiplier tubes
(PMTs) mounted on stainless steel (SS) tank. The layered structure of the liquids, LS,
inner buffer oil, and outer buffer oil, is designed to prevent Rn from coming inside the LS.
In KamLAND-Zen (see Section 3.3) periods, Xe-loaded LSs (a few 10-tons) are installed

in the center of ID. In this text, I call Xe-loaded LS as Xe-LS (or inner-LS) and the original
KamLAND LS as Kam-LS (or outer-LS). Similarly, I call the inner-LS container as inner-
balloon and the outer-LS container as outer-balloon.

Liquid Scintillator (Outer-LS)

The liquid scintillator of KamLAND consists of 80.2% of pseudo-cumene (PC), 19.8% of
dodecane, and 1.36 g/L of 2,5-diphenyloxazole (PPO). Fluorescence emission peak of PC
is at ∼290 nm. PPO works as a wavelength shifter for its absorption peak is at ∼300
nm and its emission peak is at ∼360 nm, which is the sensitive region for PMTs (see
Figure 3.4). Figure 3.2 shows the emission spectrum of outer-LS. Properties of outer-LS
are summarized in Table 3.1.
Radiopurity of outer-LS is discussed in Section 3.5.3 and the number of targets is

discussed in Section 3.8.

Balloon (Outer-balloon)

Outer-LS is contained in a plastic film vessel, (outer-)balloon, whose diameter is 13 m.
The film has a 5-layered structure which consists of EVOH (25 µm thick) + Nylon (15
µm) ×3 + EVOH (25 µm) (= 135 µm thick in total). EVOH has a high ability to prevent
Rn permeation. The permeability of outer-balloon film is 1.95×10−10cm2/sec [58]. Kevlar
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Table 3.1: Properties of outer-LS

Parameter Value

Density at 11.5 ◦C 0.780 g/cm3

Optical parameters from tuned MC simulation (T2KLG4sim-g4.9.6)
Before purif.

Light output 10,600 photons/MeV
Absorption length at 400 nm 15 m
Scintillation decay time 7.7 ns

After purif.
Light output 8,600 photons/MeV
Absorption length at 400 nm 12.5 m
Scintillation decay time 8.2 ns

Light yield [57]
Before purif.

17” PMTs only 300 p.e./MeV
17” + 20” PMTs 500 p.e./MeV

After purif.
17” PMTs only 200 p.e./MeV
17” + 20” PMTs 330 p.e./MeV
Refractive index at 400 nm 1.46

braid ropes, 44-longitudinal and 30-lateral, support the outer-balloon. 40K activity in the
Kevlar is 21.6 Bq (2.5 Bq of 1.46 MeV gamma-ray) [58].

Buffer Oil

The outer-balloon is surrounded by non-scintillating mineral oil, buffer oil. The buffer
oil is a mixture of Normalparaffin (C12H26) and Isoparaffin (CnH2n+2, n∼14). Acrylic
plates (3 mm thick) separate buffer oil into two parts. Inner buffer oil and outer buffer
oil. The outer buffer oil is exposed to PMTs and SS-tank wall, which provide Rn through
emanation.

Photomultiplier Tubes (PMTs)

1325 PMTs with 17”-diameter photocathode (17” PMTs) and 554 PMTs with 20”-
diameter photocathode (20” PMTs) detect scintillation photons from neutrino interac-
tions. They were produced by Hamamatsu Photonics K.K. (HPKK). Figure 3.3 shows
the schematic view of the PMTs.
The 17” PMT (HPKK R7250) was specially developed for better energy resolution

and timing resolution based on the 20” PMT (HPKK R3600) [59]. The dynode type
was changed from line-focus type to venetian-blind type and the photocathode size was
limited to 17” diameter by masking while keeping the same physical size as 20” PMT.
Thanks to these changes, the peak-to-valley (P/V) ratio against 1 p.e. signal and the
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Figure 2.4: Transparency to light of the KamLAND balloon.

Figure 2.5: Schematic view of the 17-inch and 20-inch PMTs.Figure 3.3: Schematic view of the PMTs. (Left) 17” PMT. (Right) 20” PMT. Figure from
[56]

Table 3.2: Comparison of KamLAND PMTs. TTS and P/V ratio were measured by
HPKK.

Parameter 17” 20”

Production ID R7250 R3600
Dynode type Line-focus Venetian-blind
Physical size (diam.) 20”
Photocathode size (diam.) 17” 20”
TTS (FWHM) 3.07 ns 5.39 ns
P/V ratio 3.40 1.74

transit time spread (TTS) were improved as compared to the 20” PMT. The differences
of the PMTs are summarized in Table 3.2.
The quantum efficiency (Q.E.) of the KamLAND PMT is ∼20% at ∼350 nm (see Figure

3.4). The sensitive region ranges from 300 nm to 500 nm.
Geo magnetic compensation coils were installed in the KamLAND cavern to cancel the

magnetic field of the earth (∼500 mG). It was measured that ±50 mG magnetic field
changes the output of the 17” PMT by < 20% [60].

Thermometer [61]

Three thermometers were hung near the central axis of the detector in the beginning of
KamLAND. They were removed on Apr. 19th, 2004.
The thermometers were made of platinum, MgO, and stainless steel. The size of them

was 4 cm long and 0.5 cm in diameter. The cable for hanging them was teflon-coated
copper. The three were positioned at z = -5.5 m, 0 m, and +5.5 m, where z is the height
from the center of the detector.
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2.1.6 PMT

The light output from the scintillator is proportional to the event energy, and the energy reso-
lution depends on the number of detected photons. Good timing resolution is also essential for
vertex reconstruction. The new PMTs with a sensitive area of 17inches in diameter (17”PMT)
was developed especially for good timing resolution, and the 20”PMT were designed to detect
the maximal number of photons. Due to this large sensitive area, the total detector coverage is
34% with 1,879 PMTs, and it is 22% counting only 17” PMTs.

17"

Line-focus type

�����
�����
�����

�����
�����
�����

20"

Venetian-blind type

20" PMT17" PMT

Figure 2.6: Mechanical difference between 17”PMT and 20”PMT. Their sizes are same but
diameters of the photon detectable area are different(17inch and 20inch). Moreover dynode
shape is different, “Line-focus” type for 17”PMT and “Venetian-blind” type for 20”PMT. Time
resolution and 1p.e. resolution of 17”PMT are better than 20”PMT through reducing photon
detectable area and dynode change.

By limiting the photon acceptance area to the central 17 inches and replacing the original
Venetian-blind dynode with a line-focus type, the transit time spread (TTS) is significantly
improved from ∼5.5nsec (FWHM) to ∼3nsec (FWHM), and the peak-to-valley ratio (P/V
ratio) is improved from ∼1.5 to ∼3. Figure 2.6 and 2.8 show a comparison of the shape and
qualities between 17”PMTs and 20”PMTs which are used in Super-Kamiokande.

Variation of the 1p.e. pulse hight in magnetic fields below 50 mGauss is less than 20%.
A set of compensating coils will be installed in the cavern to cancel the magnetic field of the
earth(∼500 mGauss) to a level well below the limit of the 50 mGauss necessary for proper
operation of the photomultipliers.
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Figure 2.7: Quantum efficiency of PMT which measure by Hamamatsu company.Figure 3.4: Q.E. of KamLAND PMTs measured by HPKK. Figure from [58].

3.2.2 Outer Detector

OD is 3.2 kton water-Cherenkov detector. It is used for cosmic-ray muon veto and acts as
a shield against gamma-rays and fast neutrons from the rock cavern. At the start of the
KamLAND experiment, 225 20” PMTs, which were formerly used for the Kamiokande
experiment, were installed. Later in 2016, these were replaced by 140 20” PMTs (OD
refurbishment campaign) [62]. Of the 140 PMTs, 40 are high quantum efficiency PMTs
and were mounted to the detector equator region. There were Tyvek sheets at ±8.5 m
from the detector equator, which optically separated the OD into 3 parts, top, middle,
and bottom. They were removed at the refurbishment campaign. OD hardware trigger
configuration was also changed at the campaign as follows:

• Before the campaign: 4 sectioned (top, upper middle, lower middle, bottom) triggers

• After the campaign: 3 sectioned (top, middle, bottom) and 1 global (total) triggers

In KamLAND physics analyses, the number of total-hit-OD-PMTs-in-200ns (N200OD)
of 5 is commonly used for muon veto condition before the campaign and 9 after the
campaign.
Purified water is continuously supplied from the bottom of the detector at a rate of

∼ 8 m3/hr. The targeted radiopurities are 0.22 mBq/L for 222Rn (238U series) and < 0.001
mBq/L for 224Ra (232Th series) [62].

3.3 KamLAND-Zen

KamLAND Zero neutrino double-beta decay experiment (KamLAND-Zen) searches for
neutrinoless double-beta decay of 136Xe (Qββ=2.458 MeV) using xenon gas dissolved

(∼3wt%) LS (Xe-LS). The xenon gas is enriched with ∼91% of 136Xe. The Xe-LS is
held by a 25-µm-thick nylon film vessel (Inner-balloon), which is put at the center of
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Inner-balloon
(diam. 3.08 m)

Inner-balloon
(diam. 3.80 m)

Figure 3.5: Schematic view of the KamLAND-Zen detector setup. (Left) KamLAND-Zen
400. (Right) KamLAND-Zen 800. The OD configuration is changed after the
OD refurbishment campaign.

KamLAND ID (see Figure 3.5). The inner-balloon consists of 24 gores, which are heat-
welded together.

3.3.1 KamLAND-Zen 400

Data taking of KamLAND-Zen 400 (Zen400) started in 2011 with the 3.08-m-diameter
inner-balloon and 320 kg of xenon (Zen400 1st phase). After a purification campaign for
110mAg reduction, the xenon amount was increased to 380 kg (Zen400 2nd phase). The
inner-balloon of Zen400 was un-installed in Dec. 2015.

3.3.2 KamLAND-Zen 800

Broken Inner-Balloon

Upgrade to KamLAND-Zen 800 (Zen800) with an almost doubled amount of xenon (745
kg) was first tried in 2016 (Failed Zen800). Inner-balloon with 3.80-m-diameter was
installed to KamLAND ID and expanded with xenon-less LS in Aug. 2016. After a few
months of monitoring before xenon loading, the KamLAND collaboration confirmed LS
leakage from the inner-balloon and uninstalled it in Nov. 2016. The uninstalled balloon
was inspected and several broken points (holes) were found at the welding line edges.

Data Taking with the New Inner-Balloon

A new inner-balloon for Zen800 was produced in 2017 with the revised welding method
[63] and installed to KamLAND in May 2018. Data taking of Zen800 started in Jan. 2019
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Material 238U [g/g] 232Th [g/g] 40K [g/g]

Isoparaffin (Paraol250) 3 × 10−13 ≤ 6 × 10−12 -
Dodecane (N12D) ≤ 1 × 10−13 ≤ 6 × 10−12 ≤ 1.2 × 10−12

Pseudocumene (Cosmo) ≤ 1 × 10−13 - -
PPO (Packard) 1.2 × 10−11 ≤ 5 × 10−11 ≤ 5.3 × 10−11

LS (after purification) (3.4 ± 0.4) × 10−18 (5.7 ± 0.8) × 10−17 2.7 × 10−16

Table 4.1: Radioactivity of the raw LS components (before purification) as measured
by ICP-MS, and of the final LS mixture after purification, as measured in-situ by
KamLAND [13].

Limits of the 1st Purification System

Low energy solar neutrinos such as 7Be, CNO and pep neutrinos have energies less
than 2 MeV. Fig. 4.2 shows the visible energy spectrum below 2 MeV after purifica-
tion of the liquid scintillator by the 1st purification system. The SSM predictions for
the low energy solar neutrino spectra are overwhelmed by huge backgrounds from
85Kr, 210Bi, 210Po, and 40K. 11C poses an additional background for CNO and pep
neutrinos.
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Figure 4.2: Visible energy spectrum before 1st purification below 2 MeV. The blue
histogram shows the observed energy spectrum, the red line shows the sum of the
radioactive backgrounds in the liquid scintillator, and the black lines represent back-
grounds from spallation products induced by cosmic ray muons. The standard solar
model SSM08 with GS model is applied and neutrino oscillation is considered for
the solar neutrino spectra.

Among these backgrounds, 210Bi and 210Po belong to the lower 238U decay chain,

Figure 3.6: Single events energy spectrum of KamLAND until 2006. Figure from [64].

after some LS purification works.

3.4 History of KamLAND

The history of KamLAND is summarized in Table. 3.3. In the 8B solar neutrino analysis
of this thesis, the following periods are used:

• Period before the purification campaign: BeforePuri

Analytical energy threshold > 5 MeV

• Period after the purification campaign and before Zen400: SolarPhase

Analytical energy threshold > 2 MeV

• Period after Zen400 and before Zen800: AfterZen

Analytical energy threshold > 2 MeV

Analytical energy thresholds are set lower for SolarPhase and AfterZen. Hence, in those
periods, the activity of 232Th in the LS is lower and nothing other than the LS is inside
the ID.

3.5 Purification of Outer-LS

Decays of natural radioisotopes in outer-LS are background events for all physics analyses.
At the beginning of KamLAND, for reactor anti-neutrino measurement, the focus of
purification was on the reduction of 238U (214Bi), 232Th (212Bi and 208Tl), and 40K. They
were removed by water extraction and nitrogen purge (the 1st purification system).
The low energy (< 2 MeV) event rate of KamLAND was, however, too high to detect

7Be solar neutrinos. Background sources in this energy region were dominated by 85Kr,
210Bi, 210Po, and 40K (see Figure 3.6). To remove them, a circulation purification campaign
was performed twice (2007 May.–2007 Aug. and 2008 Jun.–2009 Feb.) with distillation
and high purity nitrogen purge (the 2nd purification system).
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Table 3.3: History of KamLAND. Periods used for the 8B solar neutrino analysis are
highlighted with the bold font.

Period name Date yyyy/mm/dd Run# Inside ID

Before purification (BeforePuri)
Period 1 2002/03/09–2004/04/19 000220–003611 Thermometer
Period 2 2004/04/19–2007/05/12 003612–006801 -
(4π calibration) (2007/01/04–2007/01/11) (006474–006535) Calibration
Outer-LS purification campaign
1st purification 2007/05–2007/08
After 1st purif. 2007/08–2008/06
2nd purification 2008/06–2009/02
After purification (SolarPhase)
Period 1 2009/04/07–2011/06/21 008502–010485 -
(w CdWO4) (2011/05/27–2011/05/31) (010447–010451) CdWO4

4π calibration 2011/06/21–2011/07/08 010486–010620 Calibration
Period 2 2011/07/08–2011/08/13 010621–010675 -
KamLAND-Zen 400 1st phase
Preparation 2011/08–2011/10 Inner-balloon
Data set (DS) 1 2011/10/12–2012/02/09 011000–011212 Inner-balloon
Xe-LS filtration 2012/02/09–2012/03/01 011213–011253 Inner-balloon
DS 2 2012/03/01–2012/06/14 011254–011409 Inner-balloon
Xe-LS purification campaign

2012/06/14–2013/12/11
KamLAND-Zen 400 2nd phase
Period 1 2013/12/11–2014/11/17 012247–012770 Inner-balloon
Period 2 2014/11/17–2015/10/27 012771–013297 Inner-balloon
Xe-LS calibration 2015/10/27–2015/10/28 Inner-balloon
After calibration 2015/11–2015/12 Inner-balloon

Inner-balloon un-installation 2015/12/23
OD refurbishment campaign

2016/01/04–2016/06/22
Between Zen400 and Zen800 (AfterZen)
Period 1 2016/06/22–2016/08/03 013720–013785 -
Failed KL-Zen 800 2016/08–2016/11 Inner-balloon

Inner-balloon un-installation 2016/11/22
Period 2 2016/12/05–2018/04/16 013991–014958 -
KamLAND-Zen 800
Preparation 2018/05–2019/01 Inner-balloon
Period 1 2019/01/22–ongoing 015404–ongoing Inner-balloon
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2.1.5 Purification system

The liquid scintillator and buffer oil in the detector are purified by the purification system.
The purification system is connected to the detector so that scintillator and buffer oil can be
circulated throughout. Radio active impurities (238U, 232Th, 40K, 222Rn and so on) are removed
by this system. Current quantities of radioactive impurities are summarized in Table 2.6.

The purification system is divided into two systems, one the system for scintillator and
the other is for buffer oil. Each system consists of three filters, a water extraction tower and
nitrogen purge tower. Figure 2.5 shows the flow chart of purification. The filters are used for
removing dust in the scintillator and buffer oil. The solid elements, 238U, 232Th and 40K, are
removed by water extraction. These solid elements are ionized in the liquid and captured by the
water. Pure water is used for this extraction, being supplied from the water purification system.
Since the light output of the scintillator is quenched by oxygen, the nitrogen purge removes
oxygen gas as well as the radioactive 222Rn gas and water from the scintillator.

pre−filter

input−filter

final−filter

N2 purge tower

pure water

water extraction

N2
Figure 2.5: Purification system

Table 2.6: Detector Parameters
parameter design value actual value
scintillator volume 1,200 m3 1,178±10 m3

buffer oil volume 1,800 m3 1,806±20 m3

trigger threshold
higher threshold (prompt trigger) <1MeV 700KeV(50% efficiency)
lower threshold (delayed trigger) — 425KeV(50% efficiency)

vertex resolution @ central 1MeV event 10 cm ∼25 cm
fiducial volume for ν̄e event 600 ton 408.48 ton
energy resolution (σ/

√
E) <10 % ∼7.5 % (for Evisible)

contained U in the scintillator ≤10−14 g/g (3.5±0.5)×10−18 g/g
≤100µBq/m3 (0.034±0.005) µBq/m3

contained Th in the scintillator ≤10−14 g/g (5.2±0.8)×10−17 g/g
≤100µBq/m3 (0.16±0.03) µBq/m3

contained 40K in the scintillator ≤10−14 g/g <2.7×10−16 g/g

Figure 3.7: Schematic view of the 1st purification system. Figure from [58].

3.5.1 1st Purification System

1st purification system consists of water extraction towers, nitrogen purge towers, and
three filters (Figure 3.7). Radioactive elements in the form of ions in oils are extracted by
pure water. Nitrogen purge is effective for removing water, 222Rn gas, and oxygen which
affects the light yield of the LS. The finenesses of the filters are as follows:

• Pre-filter: 1 µm.

• Input-filter: 0.1 µm.

• Final-filter: 0.05 µm.

Problem of the 1st Purification System [64]

Nitrogen gas used for the 1st purification system was recycled in the system. It is sus-
pected that 222Rn, which turns into 210Bi and 210Po, and 85Kr from a small leak in the
system were accumulated as the filling process going.

3.5.2 2nd Purification System

2nd purification system, which was constructed in 2006, consists of distillation systems
and high purity nitrogen purge systems as shown in Figure 3.8. See [64] for more detailed
information. The LS drained from the KamLAND detector is distilled and divided
into the original 3 components, PC, normalparaffin (NP), and PPO (Figure 3.9). They
meet again in the mixing tank and the mixture is purged by nitrogen and sent back to
KamLAND.
In order to reduce 210Bi event rate, removal of its long-lived parent, 210Pb (T1/2 = 22.3

yr), is necessary. Distillation is found to be the most efficient method to do it with the
reduction factor of 103–104 [65].
Nitrogen purge towers of the 2nd purification system (Figure 3.10) achieves a high

efficiency of 222Rn removal thanks to low pressure and a large flow of nitrogen gas. A
high purity nitrogen generator was constructed in KamLAND site. Radioactivities of the
produced nitrogen gas are as follows:

• 222Rn: 5 µBq/m3.

• 85Kr: ≪ 1 µBq/m3.
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4.2 The 2nd Purification System

The 2nd purification system was constructed in Fall 2006 with the goal of sufficiently
purifying the scintillator to observe low energy solar neutrinos. A schematic of the
system is shown in Fig. 4.5. Scintillator drawn from the detector is first distilled to
remove radioactive metal elements such as 210Pb and 40K. It is then mixed together,
and sent to a nitrogen purge tower in order to remove radioactive noble gas elements
such as 222Rn and 85Kr. A high purity nitrogen gas generator supplies N2 gas to the
purge tower, and to all other purification subsystems for use as a cover gas.

Liquid Scintillator

Buffer 
Tank

High Purity 
Nitrogen 
System

Mixing 
Tank

KamLAND 
Detector

Nitrogen 
Purge 
Tower

Distillation 
System

N2

Figure 4.5: The 2nd purification system

The Distillation System

A schematic of the distillation system is shown in Fig. 4.6. The KamLAND liquid
scintillator is drawn directly from the balloon and sent to the buffer tank in the 2nd
purification system. Each components of the liquid scintillator is distilled in its own
distillation tower. The pressure and temperature of each distillation tower is listed
in Table 4.2.

Component Boiling Point Pressure Temperature

Pseudocumene (PC) 169 ◦C 1.6 kPa 60 ◦C
Dodecane (NP) 216 ◦C 2.2 kPa 110 ◦C

PPO 360 ◦C 0.6 kPa 190 ◦C

Table 4.2: Pressure and temperature of each distillation tower

When liquid scintillator is sent from the buffer tank to the pseudocumene (PC)
tower in Fig. 4.6, it is preheated by heat exchange with 95 ◦C distilled normal paraffin
(NP). This increases the temperature of the liquid scintillator to 55 ◦C, which is close

Figure 3.8: Schematic view of the 2st purification system. Figure from [64].
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Figure 3.9: Schematic of the distillation system. Figure from [64].
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Figure 4.7: Nitrogen purge tower

High Purity Nitrogen Generator

The high purity nitrogen generator separates and refines nitrogen gas from the
external air (Rn free air) sent from the Atotsu mine entrance. Schematic view of
the nitrogen generator system is shown in Fig. 4.8.
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liquefied
N2 tank
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production
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out
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No.1 N2
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heat exchanger
condenser
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No.3
rectification
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evaporator

No.2 N2

compressor
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rectification
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adsorption
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material air 
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Figure 4.8: High Purity Nitrogen Generator

Firstly 200m3/hour of Rn free air is pressurized by the material air compressor
and is sent to the adsorption tower as preparation. In the adsorption tower, water
and carbon dioxide contents in the material are removed by zeolitic adsorbent. The

Figure 3.10: Nitrogen purge towers of the 2nd purification system. Figure from [64].

Table 3.4: Radioactivities in the LS. Before vs after processed by the 1st purification
system.

Isotope Raw LS LS processed by the 1st purif. syst. [58]
238U 2× 10−13 g/g (3.5± 0.5)× 10−18 g/g
232Th < 6× 10−12 g/g (5.2± 0.2)× 10−17 g/g
40K < 1.2× 10−12 g/g < 2.7× 10−16 g/g

• 39Ar: < 0.2 µBq/m3.

3.5.3 Results of the Purifications

Performance of the 1st purification system

Radioactivities of the LS before applying any purification were measured by ICP-MS, and
those of the LS processed by the 1st purification system were measured by KamLAND.
238U (232Th) concentration in KamLAND was evaluated from a delayed-coincidence-
tagged event rate of 214Bi–214Po (212Bi–212Po) assuming secular equilibrium. See Table
3.4 for the summary.

Performance of the 2nd Purification System

238U/232Th/40K concentrations in the LS processed by the 2nd purification system are
summarized in Table. 3.5. A factor of ∼3 reduction in the 232Th concentration as com-
pared to the one achieved by the 1st purification system is important for the main topic
of this thesis, a measurement of elastic scattering events of 8B solar neutrinos. Daughters
of 232Th, 212Bi–212Po and 208Tl, are background events for the analysis.
Event rate reduction in the < 2 MeV energy region is evident in Figure 3.11. Thanks to

the reduction, KamLAND succeeded in a measurement of 7Be solar neutrinos [51]. The
reduction factors dependent on the energy region are as follows:

• 0.3 MeV (210Po peak): 50.
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Table 3.5: Radioactivities in the LS. After processed by the 2nd purification system [51].
For 232Th and 40K, the concentration values written in [51] are not directly used
in this table. Instead, the 232Th concentration is calculated from the event rate
of 59 nBq/m3 and the 40K concentration is calculated from the event rate of
181/day/kton.

Isotope Value
238U (5.0± 0.2)× 10−18 g/g
232Th (1.8± 0.1)× 10−17 g/g
40K (8.2± 1.3)× 10−18 g/g
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Figure 6.2: Single energy spectrum for various fiducial volume up to 3 MeV before
(top) and after (bottom) purification. The 2 msec veto after muons is applied. In the
top figure, two β spectra correspond to 85Kr and 210Bi which are clearly seen below
1.0 MeV. The peak around 0.2 MeV corresponds to 210Po α decay and peak around
0.1 MeV corresponds to 14C β decay and trigger efficiency. In the bottom figure,
the radioactive backgrounds especially below 1.0 MeV are significantly reduced by
the purification.

Figure 3.11: Single events energy spectra of KamLAND with various radius from the cen-
ter of the detector (R) selections. (Upper) “Before Purification” means before
processed by the 2nd purification system. (Lower) “After 2nd Purification”
means after 2 times of the purification campaign with the 2nd purification
system. Figure from [66].
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Table 3.6: 210Bi, 210Po, and 85Kr in Outer-LS [66].

Isotope Before puri. After 1st puri. After 2nd puri.

[mBq/m3]
210Bi 37.2± 3.6 9.5± 0.3 0.43± 0.17
210Po 44.3± 1.5 12.1± 0.1 3.0± 0.1
85Kr 580.5± 3.6 169.6± 0.3 0.11± 0.13

• 0.5 MeV: 5,000.

• 1.0 MeV: 100.

Measured radioactivities of 210Bi, 210Po, and 85Kr are summarized in Table. 3.6.
The lowered event rate allowed KamLAND to change the energy (prompt trigger)

threshold from ∼0.6 MeV to ∼0.3 MeV. This plays a crucial role in 2–5 MeV analysis of
8B solar neutrino analysis for 2 following reasons:

1. Tagging efficiency for the delayed coincidence of 214Bi–214Po (T1/2 = 164 µs) is

improved from ∼98% to >99.99%. The visible energy of the alpha ray from 214Po
decay is ∼0.55 MeV in KamLAND. Before the purification campaign, KamLAND
could detect it using the delayed trigger (∼0.4 MeV threshold, 920 µs window).
The time window, however, was the limitation of the tagging efficiency. With the
lowered prompt threshold of 0.3 MeV, 214Po is detectable without depending on the
delayed trigger.

2. Quenched scintillation signals of alpha decay of 232Th daughters, 220Rn, 216Po and
212Bi, can be detected in the 0.3–0.5 MeV visible energy region in KamLAND. They
are used to tag 212Bi–212Po and 208Tl (see Section addRefLater).

Decrease of the Light Yield

Light yield of outer-LS decreased in the purification campaign with the 2nd purification
system. Changes from the value of the before purification are −8% for after 1st purification
campaign and −25% for after 2nd purification campaign [66].

3.6 Data Acquisition (DAQ)

KamLAND has 2 DAQ systems. One is KamDAQ which consists of front-end electronics
(KamFEE) boards and a trigger module. The other is Module for General-Use Rapid
Application (MoGURA) DAQ, which has been usable since 2013 (Zen400 2nd phase).
Signals from 17” PMTs are divided into two and sent to both systems. 20” PMTs and
OD PMTs are connected to KamDAQ only. KamDAQ data is used for general event
reconstruction, and MoGURA is used for neutron events produced by cosmic-ray muons.
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3.6.1 KamDAQ

KamFEE

KamFEE records signals from PMTs. 12 PMTs are connected to a KamFEE board. Its
main component is Analog Transient Waveform Digitizer (ATWD) chip. ATWD holds
an analog waveform of a PMT and digitizes it on request. The digitized waveform data
consists of 128 of 10-bit samples. The sampling interval is set to 1.5 ns. Resulting time
length of 192 ns (= 128 × 1.5 ns) is enough longer than 18-m-flight-time of a photon in
LS (∼90 ns) + scintillation time width (∼50 ns) = 140 ns. The digitization takes ∼25
µs. To avoid deadtime during the digitization, one PMT is connected to two ATWDs, A
channel and B channel, and the channels are cyclically used one by one.
It is required for FEE to process both signals from low energy events (1 p.e./PMT) and

from high energy events like muon (>1000 p.e./PMT). There are three amplifiers on the
KamFEE board as follows:

• High (H) gain: ×20

• Middle (M) gain: ×4

• Low (L) gain: ×0.5

The combination of 10-bit depth and the amplifiers realizes a dynamic range of 40,000.

Trigger

Trigger decision is made based on the number of hit PMTs. When a PMT signal exceeds
the threshold of the discriminator, a digitized signal is issued for 125 ns. It is summed
up within a board (up to 12) and the hit-sum is sent to the trigger board. A sum of the
hit-sums from all KamFEE boards is called NSum, which is used for a trigger decision.
The trigger board has a 40 MHz clock which is synchronized to GPS time.
There are some trigger types. Those related to analysis in this thesis are explained as

follows:

• ID Prompt: Most basic one. A global acquisition command is sent to KamFEE
cards when NSum exceeds the ID Prompt threshold.

• ID Delayed: During delayed-window1 after an ID Prompt trigger issuance, a global
acquisition command is sent to KamFEE cards when NSum exceeds ID Delayed
threshold.

• 1 PPS: A global acquisition command is sent to KamFEE cards every second. (No
acquisition command had been sent until Feb. 15, 2004 [67].)

• ID Prescale: During the prescale-window (0.01024 sec) after a 1-PPS trigger is-
suance, a global acquisition command is sent to KamFEE cards when NSum exceeds
the ID Prescale threshold.

1The delayed window is set to 1000 µs in the trigger script. In 2018, it was found that the realized value
was ∼920 µs, and the script was updated to make the realized value ∼1230 µs.
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Table 3.7: History of the trigger threshold settings.

NSumMax threshold (corresponding ∼50% eff. Evis)
Period Prompt Delayed

BeforePuri 200 (0.75 MeV) 120 (0.35 MeV)
SolarPhase 70 (0.25 MeV) 70 (0.25 MeV)
AfterZen 70 (0.35 MeV) 50 (0.2 MeV)

Zen800 (until Jan. 19, 2020) 60 (0.3 MeV) 50 (0.25 MeV)
Zen800 (since Jan. 20, 2020) 47 (0.2 MeV) 45 (0.2 MeV)6
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FIG. 6: Visible energy spectra of the events following muons in the
signal time window 150 ≤ ∆T < 1000µs (crosses) compared with
background in the time window 4150 ≤ ∆T < 5000µs (dashes).
The low-energy tails in the n1H and n12C peaks are caused by
the electronics effect discussed in the text. In the time window
1300 ≤ ∆T < 2150µs (solid) there is a small n1H peak without the
low-energy tail.

and background (4150 ≤ ∆T < 5000µs) coincidence win-
dows following some muons, where ∆T ≡ (t− tµ) is the
time elapsed since the muon’s passage. The Evis distri-
bution clearly shows peaks from neutron captures on 1H
(2.225 MeV) and 12C (4.9 MeV), which are not evident in
the background. Figure 7 shows the ∆T distribution for
events within the LS volume and with 1.8 < Evis < 2.6 MeV,
which includes the single 2.225-MeV γ ray emitted by neu-
tron capture on 1H. For ∆T < 1000µs, there is a clear devia-
tion from the exponential distribution due to the overload that
large muon signals produce on individual electronics channels
and to the dead time in the system arising from the very high
event multiplicity following the muon. Both effects intervene
in events that are quite different from those that KamLAND
was designed to record.

The number of neutrons produced by muon-initiated spalla-
tion in the LS is established by a binned maximum likelihood
fit [39] to the data in Fig. 7 using the function

r(t) =
Nn

τn
e−(t−tµ)/τn + rB , (3)

where Nn is the total number of neutron captures associated
with the selected events, τn is the mean neutron capture time,
and rB is the background rate, which is assumed to be ap-
proximately constant in the region of interest (∆T < 2500µs)
because of the low muon rate (∼ 0.2 Hz). To avoid the
electronics-induced distortions, the fit is restricted to the re-
gion ∆T ≥ 1300µs. The parameters Nn and rB are free, but
the mean capture time is constrained to τn = 207.5± 2.8µs
with a Gaussian penalty function. This mean capture time
is determined from two independent measurements of τn: a
241Am+9Be calibration source, and an analysis of a sample
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FIG. 7: Time difference between a muon and the neutron capture
event, with the cuts 1.8 < Evis < 2.6 MeV. The red line shows
the fit restricted to the region ∆T ≥ 1300µs. The fit results in
Nn = (4.2± 0.3) × 106 with χ2/d.o.f.= 98/118.

TABLE III: Summary of the dominant contributions to the neutron
detection efficiency.

Effect Value
Neutron-eliminating reactions, e.g., (n, p) (96.3 ± 3.7)%

Neutron captures on 1H (99.5 ± 0.1)%

LS-BO boundary (93.3 ± 2.0)%

Electronics dead time effects > 98%

Combined efficiency (89.4 ± 3.8)%

of neutrons generated by clean muons. These clean muons
are identified by a multiplicity parameter ηT defined to be
the number of trigger commands that follow the muon within
a 10-ms period. Fits to the ∆T distribution of the subset
of neutrons selected with various limits on ηT demonstrate
that muons with ηT < 10 give unbiased fit residuals. The
value of τn is 207.5± 0.3µs from the clean muon sample
and 205.2± 0.5µs from the 241Am+9Be source data. The ob-
served 2.3 µs discrepancy between these values is not com-
pletely understood but is suspected to be caused by neu-
trons from the 241Am+9Be source that are captured on the
stainless-steel source capsule. In this analysis, we use the
value τn = 207.5µs from the nonshowering muon sample
with an uncertainty of ±2.8µs covering both measurements.
The fit shown in Fig. 7 in the region ∆T ≥ 1300µs results in
Nn = (4.2± 0.3)× 106 and χ2/d.o.f.= 98/118.

The actual number of neutrons Nn produced by muon-
initiated spallation is related to the fit result Nn by an effi-
ciency εn,

Nn =
Nn

εn
, (4)

which accounts for other neutron-eliminating nuclear reac-
tions such as 12C(n, p) and a net neutron loss at the LS-BO

Figure 3.12: Time-difference-from-muon (∆T) distribution of the neutron candidate
events (1.8 < Evis < 2.6 MeV) of the KamDAQ data. Red line shows the
best fit result of (exponential + constant) fitting to the data (fit range is ∆T
>1300 µs). Figure from [55].

Trigger thresholds are different depending on the periods. Table 3.7 shows the summary.
Prescale trigger is used for the efficiency evaluations of the prompt and delayed triggers.
In the before purification period, sequential decays of 214Bi–214Po (τ = 237 µs, Evis ∼ 0.55
MeV) were taggable only through the delayed trigger. Since the after purification period,
the prompt trigger threshold has been low enough to detect 214Po in LS. In KamLAND-
Zen periods, it is required to detect quenched 214Po signal from the inner-balloon film.
Thus the delayed trigger threshold was lowered at the start of Zen400. When comparing
SolarPhase and AfterZen, the reason for the worsening energy thresholds despite the same
NSumMax thresholds is that the number of bad PMTs began to increase rapidly around
the end of SolarPhase. In the Zen800 period, the KamLAND collaboration further lowered
the threshold after the finding that 220Rn and 216Po events (Evis = 0.25–0.6 MeV) can be
used to tag the events of 212Bi–212Po and 208Tl [68].

3.6.2 Problem of the Data Taking After High Energy Events

After high energy events like cosmic-ray muons, overshoots and after pulses of PMTs
happen. Due to them, for about ∼1ms, KamDAQ is not so good at detecting low energy
events such as neutron capture gamma-rays (capture time in LS ∼200 µs) produced by
cosmic-ray muons (Figure 3.12).
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Overshoot

KamLAND PMTs have overshoot after muons, and the baseline goes up by a few mV,
which is higher than the pulse height of 1 p.e. signal (∼1 mV). The recovery time constant
is ∼470 µs [69]. The Cause of the overshoot is at the AC coupling part in the PMT’s
bleeder circuit.

After Pulse

After pulse is caused by residual gas in a PMT. Photo electrons created by incident light
ionize the gas while heading to dynode and produce cations. The cations tackle photo
cathode and produce photo electrons again.
After pulse of a KamLAND PMT occurs O(1–10) µs after the main pulse, and the

fraction is ∼3% of the main pulse [60].

3.6.3 MoGURA DAQ

MoGURA DAQ is basically an improved system from KamDAQ especially aiming for
deadtime-free data collection. It is currently used only for neutron events after muons.
Its high performance of data taking after muons is made possible by the MoGURA board,
baseline restorer (BLR), and special trigger logic (Adaptive trigger).

MoGURA

MoGURA has 8-bit FADCs, which can digitize analog signals within only ∼1 ns (cf. 25
µs by KamFEE). There are 4 amplifiers on MoGURA:

• Precise (P) gain: ×120

• High (H) gain: ×24

• Middle (M) gain: ×2.4

• Low (L) gain: ×0.24

Sampling rate of P gain is as high as 1 GHz and those of other gains are 200 MHz.

BLR

BLR stabilizes the baseline of the PMT signal by deriving and subtracting low-frequency
components in the signal. It enables the baseline recovery within ∼1 µs.

Adaptive Trigger

Adaptive trigger is a differential trigger decision mechanism to mitigate NHit-baseline
shift. The mode is enabled after a high energy event (NHit >950) which issues a Launch
trigger.
Original MoGURA DAQ configuration without the Adaptive trigger (in 2009–2012)

had suffered from overflow of data after muons. As a result, the detection efficiency
of spallation neutrons was only ∼70%. After the Adaptive trigger installation, it was
improved to ∼90% [69]. The improvement is visible in Figure 3.13.
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図 8.22: ∆Q＜ 106p.e.のミューオンに対する熱中性子捕獲曲線：(左)Singleトリガー、(右)
新トリガー
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図 8.23: 106p.e.＜∆Qのミューオンに対する熱中性子捕獲曲線：(左)Singleトリガー、(右)
新トリガー

Figure 3.13: Time-difference-from-muon distribution of the neutron candidate events of
the MoGURA DAQ data. Non-showering muons (residual charge <106 p.e.)
are selected. (Left) Without Adaptive trigger. (Right) With Adaptive trig-
ger. Figure from [69].

Table 3.8: Calibration sources used in KamLAND

Source Visible Particle Energy (MeV)
203Hg γ 0.279
137Cs γ 0.622
68Ge e+ annihilation γ 0.511× 2
65Zn γ 1.116
60Co γ 1.133 + 1.173

241Am9Be de-excitation γ, n-capture γ 4.438, 2.223
210Po13C de-excitation γ, n-capture γ 4.438, 2.223

3.7 Calibration Systems

Detector calibrations are essential to understand the response of the LS and PMTs. Kam-
LAND has a z-axis calibration system and an off-axis (4π) calibration system. These are
mounted in a glovebox in the chimney section of KamLAND, which is over-pressured with
nitrogen gas to prevent radon gas contamination. Figure 3.14 shows the schematic view
of the glovebox. The diameter of the detector access flange at the bottom of the glovebox
is 8 inches. Various radioactive sources (see Table 3.8) and a diffusion ball (for lasers)
have been deployed using the systems.

3.7.1 z-axis Calibration System

The central z-axis calibration in KamLAND is performed by simply bringing the source
down from the glovebox since the glovebox is located at (x, y) = (0, 0) position, where
x and y are the distances from the detector center. The z-axis calibration system was
installed in 2002 and upgraded once in 2009. Here I call the old system as v1 z-axis
system and the new one as MiniCal.
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nominal position of a deployed source and the mean of its
corresponding event distribution, for a number of different
source positions. Consequently, a systematic error in the posi-
tioning of sources—even if small compared to the detector
resolution of � 12 cm=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðMeVÞ

p
—can introduce a vertex

reconstruction bias that significantly increases the systematic
uncertainty in the fiducial volume estimate and thus negatively
impacts the final physics result [11]. Prior to MiniCal, the
systematic error due to vertex reconstruction bias along the
detector's central vertical axis (z-axis) was �2 cm. We aimed to
strongly limit the new deployment system's contribution to
this error by making it capable of placing a source within
72 mm of any point along the z-axis, a length spanning 19 m
from the glove box to the bottom of the LS balloon.

2.2. Materials selection and radioassay

The KamLAND LS is a mixture of 20% pseudocumene, 80%
dodecane, and 1.36 g/l of the fluor PPO. Pseudocumene is a highly
active organic solvent which can damage the structural integrity of

many materials, so care had to be taken when choosing compo-
nents for the calibration system.

The MiniCal components to be submerged in the LS or exposed to
its vapors were made almost exclusively from materials that had been
identified in past tests by the KamLAND collaboration [11] and others
[12] as being chemically compatible with the LS—namely 304 and 316
stainless steel, gold, titanium, nylon, Teflon, Viton, and quartz. Only 416
stainless steel, whose magnetic properties were needed for one small
component which would be submerged (see Section 2.5), required
new examination. LS soak and light attenuation tests on 416 samples
indicated that the component would not negatively affect the LS, or
vice versa. All other MiniCal components to be submerged in the LS
were made of 304 or 316 stainless steel.

To guard against introducing radioactive contaminants into the
KamLAND detector, strict protocols were followed in cleaning and
certifying the parts of the calibration system that would enter the
detector volume or be exposed to LS vapors. All such parts were UHV
cleaned according to a standard protocol employed at Lawrence
Berkeley National Laboratory (LBNL) [13] and the system was pre-
assembled and packaged in a class 10,000 clean room at LBNL before
shipment to the experimental site. Items that were to be submerged in
the LS, or that would come into direct contact with components to be
submerged in the LS, underwent an additional cleaning and certifica-
tion procedure [11] consisting of a series of heated ultrasonic cleanings
in a weak solution of aqueous trace-metal-grade nitric acid and
deionized water (0.2 mol/l). A 100-ml sample of the nitric solution
was collected at the end of the final cleaning and counted using a
surface Ge detector operated by the LBNL Low Background Facility
[14]. No evidence of U, Th, or K contamination above the detector's
sensitivity limits was observed; the upper limits after a �30-day
count were Uo4 mBq=kg, Tho2 mBq=kg, and Ko130 mBq=kg,
where kg refers to leachate mass.

2.3. Hardware

The basic concept for the MiniCal system is simple: it used a
stepper motor to turn a spool of cable and thereby lower and raise a
radioactive source along the z-axis of the KamLAND detector (Fig. 3).
The motion of the cable was measured by an encoded pulley located
above the z-axis, enabling precise positioning of the source.

We elected to use a thin-gauge cable because compared to the
alternatives (e.g., a chain or sprocketed cable) it offered the best
combination of simplicity and cleanliness. The primary drawback was
that great care had to be taken to prevent cable slippage on the
encoded pulley, as that would have ruined positioning accuracy. The
cable was made by Strand Products, Inc., from 1/32-in. diameter,
7�19-stranded, 120-pound tensile wire rope that had been proof-
loaded to 60% of its breaking strength to eliminate constructional
stretch.17 This particular cable was selected for several reasons: it is
composed entirely of T304 stainless steel, which is LS-compatible; it
has a small diameter, which served to minimize both the amount of
space it occupied when spooled and the amount of surface area that
could collect contaminants; and its 7�19 strand lay renders the cable
very supple and allowed it to maintain good contact with the encoded
z-axis pulley, which was machined from titanium to minimize its
rotational inertia. Each end of the cable terminated in a swaged
bushing: one end was anchored to the spool, while the other end was
attached to a free-hanging 0.55 kg weight which kept the cable under
tension to ensure good contact with the encoded pulley. A captured,
spring-loaded pin in the underside of the weight was used for easy
attachment of different radioactive sources. The attachment mechan-
ism was designed to be backwards-compatible with existing sources

Fig. 1. The KamLAND detector.

Fig. 2. Drawings of the MiniCal calibration device alone (right) and installed inside
the glove box atop the KamLAND detector (left). MiniCal is highlighted in blue in
the latter for visibility. Space inside the glove box was limited due to the continued
presence of hardware from the previous, full-detector-volume calibration system.
(For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this paper.)

17 Our own dynamometer tests demonstrated that the breaking strength of the
cable assemblies was approximately 100 pounds (45 kg).

T.I. Banks et al. / Nuclear Instruments and Methods in Physics Research A 769 (2015) 88–9690

Figure 3.14: Schematic view of the glovebox of KamLAND. Figure from [70].

Problem of the V1 z-axis System

In the BeforePuri period with the v1 z-axis system, sometimes increase in the activity of
222Rn was observed after the operations. Figure 3.15 shows the one-year trend of 222Rn
activity in KamLAND on a log-scale and Figure 3.16 shows the trend in a shorter period
and on a linear scale. About 70 µBq (= 0.1 µBq/m3 increase in the figure ×Volumer<5.5 m)
of the activity was introduced with each operation. It is suspected that the cable used
to bring down the source collected radon while the system was not in use [70]. The cable
was exposed to the air in the glovebox.

MiniCal

MiniCal [70] is a compact and ultra-clean z-axis calibration system. Figure 3.17 shows
the schematic view of MiniCal. The compactness of the system was designed to fit within
the existing glovebox. MiniCal itself is hermetically sealed and both volumes of MiniCal
and the glovebox are flushed with nitrogen gas to prevent radon contamination when
operating.
Figure 3.18 shows the 222Rn activity in the SolarPhase with MiniCal. The global trend

is formed by radon carried from the outer-balloon by convection. O(0.1) µBq/m3 spikes
seen in Figure 3.16 are not evident in Figure 3.18, see around Jul. 2009 for example.
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Figure 14. One year of KamLAND data in which 214Bi-214Po coincidences inside a 5.5 m fiducial volume
are used to extract the 222Rn activity: The red (dashed) lines indicate the start of calibration periods in which
we took data along the central z-axis of the detector. The blue (dash-dot) lines indicate the beginning of
off-axis calibrations. Offsets in the decay curves from the calibration start time are due to long calibrations
lasting up to a week.

2.4 In-situ radioactivity measurements

The KamLAND detector itself is a very sensitive low-background detector. In order to characterize
the intrinsic radioactivity of the off-axis system, we collected data from special deployments, which
consisted of only the far cable deployed along the central axis of the detector. We also looked for
heightened levels of radioactivity following off-axis deployments. We found no evidence for an
increase in the bulk rate of events due to intrinsic background radiation. Targeted searches for
contamination from 40K and 208Tl also gave null results.

A more sensitive analysis using the short time correlation between 214Bi and 214Po decays
indicated increased levels of 222Rn following both on and off-axis deployments. Figure 14 shows
the time dependence of the 222Rn rate. This heightened level of 222Rn, and the subsequent de-
cay from its daughters, is a negligible addition to the background for reactor anti-neutrino detec-
tion. However the long-lived daughter of 222Rn, 210Pb, is problematic for the high-purity phase of
KamLAND, which aims to detect the mono-energetic solar neutrinos from 7Be decay via elastic
scattering off of electrons.

Analysis of the cable-only deployment also revealed that small quantities of the 222Rn daugh-
ters appeared to have collected on the deployment cables while being stored inside the glovebox.
The daughters are thought to be introduced (via 222Rn) when the glovebox is opened to transfer
materials and from 222Rn outgassing of materials in contact with the interior of the box. Once
deployed into the detector, the equilibrium with 222Rn is broken, and the daughters decay with
the half-life of 214Pb down to the metastable state of 210Pb. Owing to the short half-life of 214Pb,
this background contribution was not detected in the data following off-axis deployments, and thus
represented an additional contribution to the 210Pb activity.

Additional studies of 222Rn contamination following on-axis deployments revealed that the

– 15 –

Figure 3.15: Rn activity in the BeforePurii inside a 5.5-m-radius fiducial volume. Red
lines indicate the v1 z-axis calibration timings. Blue lines indicate the off-
axis calibration timings. Figure from [71].

3.7.2 Off-axis Calibration System

The off-axis (4π) calibration system [71] has an articulated pole (see Figure 3.19) that
can be angled with two cables to place sources in various positions. Figure 3.20 shows
the illustration of the system.
The KamLAND collaboration performed the 4π calibration campaign twice. One was

in the BeforePuri period and another was at the end of SolarPhase. As a result of the
first campaign, the uncertainty of a 5.5-m-radius fiducial volume was reduced by a factor
of two [71].

3.7.3 Calibration with Radioactive Sources

Radioactive sources are used for calibrating reconstructed energy and understanding the
time variation of relative PMT hit-timings, which is caused by KamFEE board replace-
ments. The sources are housed in an LS-resistant Teflon or stainless steel container,
paired with a weight, and introduced into the detector. Figure 3.21 shows the example
deployments.

3.7.4 Calibration with Lasers

KamLAND has two laser calibration systems. One is called the Japan Laser System and
has a 500-nm dye-laser. The wavelength is longer than the absorption wavelength of the
LS. Therefore it is useful for the timing calibration. Another is called the U.S. Laser
System and has a 337-nm nitrogen laser. Photons with this wavelength are absorbed
by the LS and re-emitted with a longer wavelength. Hence the system is useful for
understanding the light propagation process [61]. Figure 3.22 shows the setup of the
Japan Laser System.
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4

Figure 3.16: Rn activity in the BeforePuri inside a 5.5-m-radius fiducial volume. Colored
vertical lines indicate the v1 z-axis calibration timings. The gray line shows
the model (background + activities introduced during calibrations) fitted to
the data. Figure from [72].
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used with the previous calibration systems, requiring only that each
source be fitted with an adaptor bolt.

The cable was wound on a custom spool modeled after a Penn
GTO 220 level-wind fishing reel. This device contained a cable
guide mechanically coupled to the spool's rotation to wind cable
evenly and compactly along the length of the spool. A small guide
pulley located between the spool and the z-axis pulley prevented
the side-to-side motion of the spooling cable from affecting its
smooth passage over the z-axis pulley. The spool was turned by an
Anaheim Automation 23MDSI integrated stepper motor perform-
ing 1600 steps/revolution.

It had been observed that the previous KamLAND calibration
system had introduced small amounts of radon into the LS, likely
due to small leaks in the glove box that allowed ingress of ambient
outside air. In order to provide an added barrier against radon
intrusion, the MiniCal hardware was enclosed within a hermeti-
cally sealed housing (Fig. 4) which was bolted to the 8-in.-
diameter conflat flange welded to the floor of the KamLAND glove
box (Fig. 2). The housing was constructed by welding together
jointed, 1/8-in.-thick stainless steel panels; afterwards it was
electropolished to remove oxidation and passivate the surface.
The interior was accessed through a 5.5�7.4 in.2 rectangular
opening which faced the glove box's gloves and was usually
covered by a removable door. A Viton O-ring seated in the face
of the door formed a seal against the housing when the door's
hand-operated dial was cranked to press the two surfaces
together. The housing sat atop a 1.8-in.-tall stand tube (3-in. OD,
2.75-in. ID) in order to provide clearance for inserting bolts into
the 8-in. flange at its base.

The z-axis pulley was mounted to the housing's ceiling on a
movable stage which could be translated in two dimensions to
center the hanging cable over the detector's vertical axis. The
centering procedure was performed at the time of installation with
assistance from a cross-hair-engraved cover plate inserted in the
stand-tube opening inside the MiniCal housing.

The floor of the housing was angled slightly so that LS brought
up by the cable during deployments collected in its front. The
accumulated LS—which was prevented from returning to the
detector by a small collar around the stand-tube opening in the
housing's floor—was periodically drained through a manually
operated Swagelok Whitey P-series stainless steel purge valve
(with PTFE ball) mounted on the lower corner of the housing. This
valve and an identical one located above it also functioned as
vents during nitrogen gas purges of the MiniCal housing volume
(see Section 3.1). The spring-loaded valves were bracketed by steel

retaining arms to prevent them from being unscrewed to the point
of disassembly.

In order to prevent the stepper motor from introducing con-
taminants or coming into contact with corrosive LS vapors, it was
enclosed inside a leak-tight stainless steel canister attached to the
side of the housing. The motor's 1/4-in. driveshaft connected to
the cable spool via an MDC Vacuum direct-drive rotary mechanical
feedthrough.

An infrared camera provided real-time visual monitoring of the
cable when the housing was sealed shut during deployment
operations. Like the motor, the camera—an Allied Vision Technol-
ogies Guppy F-038B black-and-white, near-infrared, asynchronous
Firewire digital camera with a Kowa Model LM25JC 2/3-in.
machine vision lens—was enclosed in a sealed canister. The
camera viewed the interior of the housing through a quartz
window, with two Advanced Illumination SL4301 880-nm IR LED
5-volt spot lights attached to the underside of the camera provid-
ing illumination. Infrared imaging equipment was chosen because
its operating spectrum lies above the �600 nm optical cutoff of
the detector's PMTs.

All MiniCal flanges were made of stainless steel and joined
using titanium bolts to avoid galling. The bolts were tethered to
prevent being dropped or lost during assembly and disassembly.
The flanges did not rely on knife edges to form gas-tight seals;
instead, they had been modified to employ seated Viton O-rings,
based on a design developed at LBNL. This technique offers several
advantages over conventional flange gasket seals, which are
single-use and can be awkward to manipulate manually. A
rotatable 8-in. flange was used for the base of the MiniCal housing
to permit convenient alignment of the housing during installation.
The camera canister contained the assembly's lone quick flange,
which was useful for providing prompt access to the camera
during its initial tuning.

2.4. Motion control software

The MiniCal system was controlled and monitored using
custom Java software running on a dedicated computer in an
electronics room adjacent to the experiment. The software con-
sisted of two independently functioning parts: a control side
which communicated with the hardware, and a graphical user
interface, or GUI (Fig. 5), which communicated with the control
side. The two layers used the Java Remote Method Invocation
protocol to communicate with each other in real time via changes
to the values of a set of shared parameters. All system actions and
parameter changes were logged to a PostgreSQL database.

The computer, a small-form-factor CappuccinoPC SlimPRO
620S, ran the open-source Fedora 9 Linux operating system. Three
9-pin serial ports were used to communicate with the stepper
motor and encoders, and a Firewire port was used to communicate
with the camera. The camera's output was viewed using the
software program Coriander. One of the serial ports was used to
communicate with both the stepper motor and a Crouzet XT20
Millenium IIþ programmable logic controller (PLC) which enabled
software-controlled switching of power to the hardware. The PLC
was used primarily to power the hardware on and off at system
startup and shutdown, and to toggle power to the driveshaft safety
brake and the IR lights during system operation.

The stepper motor's rotation was measured by a US Digital E5D
optical encoder which was read out by a US Digital AD4-B-D
quadrature encoder counter. The motor's revolutions could not be
used to precisely determine cable payout, however, because the
spool's effective radius changed with the amount of spooled cable.
Instead, cable payout (and hence the source's position) was deter-
mined using the 3.6-cm-diameter titanium z-axis pulley, whose
rotations were measured by a Renishaw RM22I non-contact rotary

Fig. 3. Cutaway drawing of the interior of the MiniCal housing. The cable is drawn
in green and the components it touches are shaded red. The driveshaft and level-
wind mechanism are shaded blue. (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 91

Figure 3.17: Schematic view of MiniCal. Red lines indicate the MiniCal calibration tim-
ings. Figure from [70].

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

Figure 3.18: Rn activity in the SolarPhase inside a 5.5-m-radius fiducial volume. Red
lines indicate calibration operations using MiniCal. Figure from [70].
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Figure 3. Schematic diagram of the main components of the calibration pole: The main body of the pole was
composed of 90 cm long pole segments. Short segments attached to the suspending cables and contained
instrumentation. The source attached to the tip of the pole+1 segment one meter beyond the near cable
attachment. This figure shows the “3+1” pole configuration with three pole segments between the cables
and one beyond the near cable.

them from touching the nylon/EVOH balloon in the region where it tapered into the chimney, and
improved the maneuverability of the pole system.

Radioactive calibration sources were attached to the end of the calibration pole with a special
source attachment segment. This segment provided a standardized connection for a variety of
radioactive sources. In addition to the calibration source at the end of the pole, the system used
up to eight additional 60Co pin sources for monitoring the pole position. They were inserted at
intervals along the length of the pole and in the pivot block. These embedded sources provided
a means to perform high-accuracy relative position measurements because the relative distances
between the pin sources were known to a few millimeters. This served as a better constraint than
the absolute position of the pole within the detector.

During normal data taking, the inner detector1 is hermetically sealed. The point of entry into
the active volume is through an access flange at the top of the detector chimney. Access is controlled
by two gate valves in the chimney which were opened to perform calibration deployments. The
15.24 cm access flange and gate valve are the limiting apertures for insertion of the calibration pole
and other objects into the inner detector.

A glovebox, mounted on top of the chimney, housed the motion control spool system, the two
control cables, the calibration pole segments, and other specialized hardware for the deployment
system. The calibration pole was assembled and deployed from inside this glovebox by a team of
three operators. The glovebox provided an ultra-clean environment with a controlled atmosphere
from liquid nitrogen boil-off. Calibration sources were stored outside the glovebox in sealed stor-
age bags and brought through a transfer box into the glovebox for deployment.

The calibration system could also be utilized in a simpler mode of operation, the on-axis
mode. In the on-axis mode, sources were deployed to positions along the central vertical axis of the
detector. The radioactive source was attached directly to one of the control cables, without any pole
segments, and lowered along that axis. The precision of the source positioning was 2 mm. The on-

1The inner detector refers to the volume enclosed by the 18 m diameter stainless-steel sphere.
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Figure 3.19: Schematic view of the 4π calibration pole. Figure from [71].
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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 –

Figure 3.20: Illustration of the 4π calibration system. Figure from [71].
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Figure 3.21: Schematic view of the radioactive sources. Figure from [58].
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Figure 4.3: Laser calibration system set up.

neutral density filters and is monitored by 2-inch PMT. Other 2-inch PMTs are used for
the trigger signal for the ATWD and the reference signal into the ATWD board. The
data taking rate is from 8 Hz to 10 Hz.

Fig.4.4 is a plot of the timing response of a PMT as a function of charge ( TQ-map ).
Open circle points show the high gain signal from PMT, plus points show the middle gain
signal and star points show the low gain signal. Horizontal axis shows the charge and
vertical axis shows the timing by the unit of ATWD count. The slewing effect can be seen
in the figure that the larger the charge is, the faster the timing is. The high, middle and
low gain TQ map show the different characteristics, and these are treated independently.

The fitting function for the TQ map is described by

t(q) = P0 + P1(log10q) + P2(log10q)2,

where t(q) is a charge dependent leading edge timing (ATWD count∼1.5ns/count), q is
a charge (ATWD count∼0.004pC/count), P0, P1, and P2 are free parameters. Typical
value for the fitting is P0 = 16.19, P1 = -4.15 and P2 = 0.60. These TQ maps are made
for all PMTs and three different gains and two different ATWD channel and used in the
event reconstruction.

After all, the timing calibration results are shown in Fig.4.5. The left figure indicates
the leading edge timing distribution of the single photo-electron for all PMTs in the laser
calibration run before timing calibration, and the right figure indicates that after timing
calibration. The timing resolution is improved from 6.7 ns to 2.0 ns.

Figure 3.22: Schematic view of the Japan Laser System. Figrure from [56].
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3.8 Number of Targets

3.8.1 Targets per LS Mass

The Outer-LS consists of dodecane (80.2%volume), PC (19.8%volume), and PPO (1.36±0.02
g/LDodecane+PC). The dodecane versus PC ratio is calculated from the input amount of
each component at the detector construction [73]. The PPO concentration is the measured
value of the LS sampled from KamLAND [74].
Specific densities of dodecane and PC at 15◦C are 0.7526 g/cm3 and 0.8796 g/cm3,

respectively. Based on these values, the mass ratios of the LS components including PPO
are calculated as follows:

Dodecane : PC : PPO = 77.471% : 22.354% : 0.175%.

Molar masses of the three components are as follows:

• Dodecane (C12H26): 170.34 g/mol

• PC (C9H12): 120.195 g/mol

• PPO (C15H11NO): 221.259 g/mol

Here, the following atomic weights [75] are used for the calculation:

• H: 1.008

• C: 12.011

• N: 14.007

• O: 15.999

Numbers of the molecules per 1 g of LS are calculated to be as follows:

• Dodecane: 0.77471 / 170.34 = 4.5480 × 10−3 mol/g

• PC: 0.22354 / 120.195 = 1.8598 × 10−3 mol/g

• PPO: 0.00175 / 221.259 = 0.00791 × 10−3 mol/g

Thus numbers of the elements per 1 kton of LS are calculated to be as follows:

• H: 8.4708 × 1031

• C: 4.3018 × 1031

• N: 4.76 × 1027

• O: 4.76 × 1027

• e−: 3.4289 × 1032

The 13C/C ratio of the LS was measured as (1.0923 ± 0.0001)% [76]. Based on this,
number of 13C targets per 1-kton of LS is calculated to be

4.6990× 1029.

40



3 KamLAND

Table 3.9: Number of targets from water and gasses in the LS.

element number from water [/ktonLS] number from gasses [/ktonLS]

H 2.0× 1027 -

N - < 6.7× 1027

O 1.0× 1027 < 1.1× 1026

Possibility of the Change of the Composition

The input amounts of dodecane and PC were measured before the processing of the
water extraction and nitrogen purge. The amounts may change in the processes. Though
a change of the volume by mixing dodecane and PC is not measured, the measured LS
density, (777.54±0.2)×10−3 g/cm3, is lower than the simple weighted average of dodecane
(80.2%) and PC (19.2%), 777.746× 10−3 g/cm3.
Based on the following things

• measured LS density: (777.54± 0.2)× 10−3 g/cm3

• measured PPO concentration: 1.36± 0.02 g/Ldodecane+PC

• assumption: no volume change by mixing the components
(Voldodecane +VolPC +VolPPO = VolLS)

• density of PPO: 1.1± 0.1 g/cm3 [77, 78]

the density of the dodecane and PC mixture is estimated to be 777.144 × 10−3 g/cm3.
The composition is also estimated to be dodecane : PC = 80.67 : 19.33. The impacts of
the change in the composition are 0.2% for H, 0.03% for C, and 0.02% for e−. In the
solar neutrino analysis of this thesis, only C and e− matter and the impacts are negligibly
small.

Contributions from Water and Gasses

The water contamination in the LS before the purification campaign was measured as
30 ppm [56]. Oxygen dissolved in the LS was measured as < 3 ppm [79]. Nitrogen
dissolved in the LS is estimated to be < 156 ppm based on the discussion on the nitrogen
solubility for dodecane and PC [61]. The numbers of targets calculated from these values
are summarized in Table 3.9. These contributions are negligible in the calculation of the
numbers of H, C, and e−.

3.8.2 Temperature and Density of the LS

The averaged temperature of the LS is 11.5 ◦C. Figure 3.23 shows the temperature distri-
bution in KamLAND. It ranges from 10.5 to 14 ◦C in the volume within the radius from
the center of the detector (r) of 4 m. Thus the LS temperature can be conservatively
expressed as 11.5± 2.5 ◦C.
The measured Outer-LS density is (777.54±0.20)×10−3 g/cm3 at 15 ◦C. The tempera-

ture dependence of the density of the LS was measured as 7.41×10−4 g/cm3/K. Therefore
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Figure 18. Temperature distribution inside Kam-
LAND: Measurements with the IUs at the near and
far cable attachments during the detector calibra-
tion provided an important map of the temperature
layering within the LS.
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Figure 19. Radial distribution of all off-axis
source deployments with the composite 60Co68Ge
source excluding initial commissioning runs: This
figure illustrates the full radial reach of the calibra-
tion system in a single azimuthal plane.

very important recently for understanding the temperature layering of the detector. The stability
of this temperature gradient is critical to the success of the LS purification for KamLAND’s high-
purity phase.

3.2 Offline position determination

In a separate calculation from the one performed by the motion control system, the geometry of
the pole and its suspension system were used to determine the source position to an accuracy of
several centimeters. The center of gravity for an idealized N+1 segment pole suspended from two
weightless cables was first calculated. The cable lengths and the distance between the attachment
points was used to calculate the shape and orientation of the pole-cable triangle. The source-end
position was then specified by the pole angle and the distance along the pole as measured from the
center of gravity, which lay along the vertical line passing through the suspension point.

Next, various correction factors were applied to account for center-of-gravity shifts caused
by the weight of the cable, pole and cable deflections, buoyancy, and geometric modifications at-
tributable to the pivot block and the attachment points. See figure 20 for the ideal and exaggerated-
real geometry of the calibration device.

We found that the weight of the cables produced horizontal shifts of −2 to +12 cm and the
deflection of the pole under its own weight and the tensions in the cables introduced shifts in the
pole positions of 0 to 8 cm. The effective horizontal position of the suspension point could shift
by ±1.5 cm depending on the tensions in the cables, which were constrained to a separation of
3 cm above the pivot block. The exact value of the shifts depended on the total length of the pole
and the angle of the pole relative to the horizontal. Geometric corrections, primarily related to the

– 20 –

Figure 3.23: Temperature distribution in KamLAND. Figure from [71]

the density of the LS in the volume of r < 4 m is estimated to be (780.13± 1.86)× 10−3

g/cm3.

3.8.3 Impact of the Purification Campaign

At the last cycle of the LS filling of the purification campaign, the density of the LS
was maintained to be (777.5 ± 0.5) × 10−3 g/cm3 at 15 ◦C, see Figure 3.24. The PPO
concentration was also maintained to be 1.36+0.01

−0.04 g/L [80]. Based on these values, the
impact of the purification campaign on the number of target electrons is estimated to be
less than 0.1% and negligible.

3.8.4 Summary of This Section

In summary, the numbers of targets per LS volume are as follows:

• e−: (2.6750± 0.0064)× 1029 /m3

• 13C: (3.6658± 0.0087)× 1026 /m3

The uncertainties are dominated by the temperature (density) distribution.
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142CHAPTER 6. EVENT SELECTION AND SYSTEMATIC UNCERTAINTIES
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Figure 3.24: Time variation of the density of the LS filled at the last cycle of the purifi-
cation campaign. Figure from [64]
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4 Event Reconstruction

This chapter describes general event reconstruction process of KamLAND data. Figure
4.1 shows the schematic diagram. The data is processed as follows:

1. The most primitive data in KamLAND is the collection of digitized signals of PMTs,
which is called kdf. kdf has trigger and timestamp information.

2. An event builder reads the kdf, sorts the data fragments using the timestamp, and
stores the sorted data to a serial file (sf ).

3. Waveform analyses are applied to the sf events and hit-timings and charge infor-
mation are derived. They are stored to a raw-TQ file (rtq).

4. Several correction (constant) tables are created based on the rtq.

5. Finally, using the tables, events are reconstructed from the rtq. Point like events
have vertex and energy information. Track like events have entrance and exit posi-
tion information. The stored file format is called (general) vector file ([g]vf ).

4.1 Waveform Analysis

Hit-timings and charges of photons are derived by finding peaks in the waveform after
pedestal subtraction.
At the beginning of each run, pedestal data is taken using random triggers and sampling

interval calibration is performed using a 25-ns clock pulse.
Figure 4.2 shows example waveforms after pedestal subtraction. The vertical red lines

indicate identified peak timings. In Figure 4.2 (Left), the vertical line left side of the
peak indicates the leading edge and one right side of the peak indicates the trailing edge.
The hit-timing is defined as the leading edge timing. The charge is defined as the sum of
ATWD channel numbers from the leading edge to the trailing edge.
See Ref. [58] for the detail of the peak finding algorithm.

4.2 Creation of Correction (Constant) Tables

4.2.1 Timing Correction

Hit-timings of PMTs are basically calibrated using a laser (Tlaser). Additional corrections
are considered for some periods as follows:

• Ttime: time variation of the detector condition after a laser calibration

• Tcable: delay due to the cable extension for the BLR installation in 2009
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Figure 4.1: Schematic diagram of the event reconstruction in KamLAND

Therefore, the timing correction (offset) for a PMT is given by

Toffset = Tlaser + Ttime + Tcable.

Charge Dependence of the Timing

The rise time of a pulse depends on the charge. The dependence differs PMT by PMT
because each PMT has a different gain. Thus the laser calibrations were conducted
several times (see Table 4.1) with various light intensities and tables, Tlaser = Tlaser(Q),
were created for each PMT. We call them TQ-map’s. Figure 4.4 shows the example of
the TQ-relation of a PMT.

Correction for the Time Variation

The timing information changes as time goes by due to the LS quality change (by the
purification campaign), KamFEE board replacements, and HV reductions of PMTs.
As shown in Table 4.1, there was no laser calibration in SolarPhase, Zen400, and Zen800

periods. In SolarPhase, calibrations with 60Co source at the center of the detector are
used for the correction of the time variation of the timing [66]. In Zen400 and Zen800,
radioactivities from the supporting structures of the inner balloons are used [81].

Summary of the Timing Correction

The summary of the timing correction for the periods used in the solar neutrino analysis
of this thesis is as follows:
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CHAPTER 3. EVENT RECONSTRUCTION 38

Figure 3.3: Two different examples of waveforms. Pedestal are already subtracted and the
baseline is adjusted. Time and charge information are extracted from the fitting results.
The left-hand side shows a small charge sample, and right-hand side shows a large charge
sample. The line at the peak position is the reconstructed peak position and the line
before peak position is the leading edge time and after peak position is the trailing edge
time.

Figure 4.2: Examples of waveforms of KamFEE after pedestal subtraction. (Left) A low
energy event with only high gain. (Right) A high energy event with low (top),
middle (middle), and high (bottom) gains. The middle and high gains are
saturated. Horizontal axises show the timing information (1 unit = 1.5 ns).
Vertical axises show the charge information (1 unit = 0.00405 pC). Figure
from [56].
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Figure 4.4: Example of a TQ map for one PMT. Circles indicate high gain signals, plus
marks indicate middle gain’s and stars indicate the low gain’s. Black marks indicate
ATWD A channel and reds indicates ATWD B channel.
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Figure 4.5: Timing calibration effect. The left figure indicates the single photo-electron
timing distribution of all PMTs before timing correction. The right figure shows that
after timing correction.

Figure 4.3: Hit timings of 1 p.e. signals of all 17” PMTs. (Left) Before the timing
correction. (Right) After the timing correction. Figure from [56].

46



4 Event Reconstruction

Table 4.1: History of laser calibrations

Period Year Month
BeforePurif 2002 Jun., Jul., Nov., Dec.

2003 Mar., Nov.
2004 Jan., Mar., May
2005 Dec.
2006 Dec.

SolarPhase -
Zen400 -
AfterZen 2017 Jun.
Zen800 -
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Figure 3.9: TQ-map: correlation between the time and charge in one channel from the timing
calibration. The leading edge of the pulses corrected by this correlation for each channel.
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Figure 3.10: Time distribution of all PMT hits for 1 p.e. events before and after the timing
calibration. The timing resolution is very good with σt = 6nsec → 2nsec.

Figure 4.4: TQ-relation of a 17” PMT. The blue line indicates the best-fit result with a
function, p0 + p1(log10 Q) + p2(log10 Q)2. Figure from [58].
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Figure 3.6: Typical 1 p.e. distributions. 17-inch PMT has a clear peak, but does not
20-inch.
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Figure 3.7: Time variation of the 1 p.e. charge mean. Figure (a) shows 17-inch PMT
and figure (b) shows 20-inch with A-gain (blue) and B-gain (red).

Figure 4.5: 1 p.e. charge distribution. (Left) 17” PMT. (Right) 20” PMT. Figure from
[82].

• BeforePurif : Tlaser

• SolarPhase: Tlaser-BeforePurif + Ttime-Co + Tcable

• AfterZen: Tlaser.

4.2.2 Gain Correction

We define an area of a 1 p.e. signal waveform as the 1 p.e. charge. The area keeps changing
gradually since the start of KamLAND. Therefore it needs run by run correction.
The 1 p.e. charge of a PMT is monitored using low energy events (NPMT-Hits ∼ 100–

200), and the distances between the PMT and the events are chosen to be farther than
5.6 m. Figure 4.5 Left shows an example of the 1 p.e. distribution. A 20” PMT doesn’t
have a clear peak in the distribution, see Figure 4.5 Right.
Figure 4.6 Left (Right) shows the time variation of the average 1 p.e. charge of a 17”

(20”) PMTs.

4.2.3 Bad Channel Selection

Strange behavior PMTs (low responsive etc.) are marked as bad channels and omitted
in the final event reconstruction process. Selection criterions for the bad channel are
described in [82, Section 3.4].
Figure 4.7 shows the time variation of the number of bad channels. The number of bad

17” PMTs has been increasing since around run010000. The cause is unknown, and it is
still being investigated.
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Figure 3.6: Typical 1 p.e. distributions. 17-inch PMT has a clear peak, but does not
20-inch.

date
2004/12/31 2009/12/31 2014/12/31 

av
er

ag
e 

ga
in

0.9

0.95

1

1.05

1.1

1.15

1.2 17inch A

17inch B

17inch

(a) 17-inch

date
2004/12/31 2009/12/31 2014/12/31 

av
er

ag
e 

ga
in

1.7

1.8

1.9

2

2.1

2.2

2.3

2.4

2.5

2.6 17inch A

17inch B

20inch

(b) 20-inch

Figure 3.7: Time variation of the 1 p.e. charge mean. Figure (a) shows 17-inch PMT
and figure (b) shows 20-inch with A-gain (blue) and B-gain (red).

Figure 4.6: Time variation of the average 1 p.e. charge distribution. (Left) 17” PMT.
(Right) 20” PMT. Figure from [82].
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Figure 4.7: Time variation of the number of bad channels. Left: Full range view. Right:
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SolarPhase (green), and AfterZen (magenta). 20” PMTs have been used in
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Figure 4.8: Time variation of the dark charge. Colored hatched regions correspond to
BeforePurif (cyan), SolarPhase (green), and AfterZen (magenta).

4.2.4 Dark Charge Estimation

The dark charge of the PMTs is affected by the electronics conditions and the tempera-
ture of the LS. It is estimated from the charge in the off-time window, which is defined
as [−100 ns,−50 ns] from the rise time of the time-of-flight subtracted hit timing distri-
bution. Figure 4.8 shows the history of the dark charge summed over all PMTs.

4.3 Reconstruction of Point Like Events

A pair of vertex and energy is reconstructed for a point like event.

4.3.1 Vertex

The vertex fitter of KamLAND [83, Appendix A] uses a time-based maximum likelihood
method. Charge information isn’t used. Given an event, when PMT hit-timings are cor-
rectly ordered considering time-of-flight (TOF) from an event vertex (x, y, z), the timing
of a hit-PMT can be expressed as

τi = ti − t− TOFi(x, y, z),

where ti is the original hit-timing and t the timing of the event occurrence. Typical
pulse-shape of an event, φ(τi), is derived from source calibrations.
The likelihood is defined as follows:

L =
∏
i=hit

φ (τi(x, y, z, t)) . (4.44)
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Its maximum can be achieved when the following conditions are satisfied:

∂ log(L)

∂xα

∣∣∣∣
xα=x,y,z,t

= 0. (4.45)

In more explicit forms, they are∑
i=hit

1

φ(τi)

dφ(τi)

dτi

∂τi
∂xα

∣∣∣∣∣
xα=x,y,z,t

= 0. (4.46)

4.3.2 Vertex Reconstruction Quality

Vertex Resolution

Vertex resolutions of BeforePurif and SolarPhase were estimated using source calibrations
as follows [66]:

• BeforePurif : 11.7± 2.2 cm /
√

E[MeV]

• SolarPhase: 13.8± 2.3 cm /
√

E[MeV]

There is no direct estimation for AferZen, however one for Zen800 was estimated as
13.7 cm/

√
E[MeV] [7].

Miss Reconstruction Probability

Vertex miss reconstruction probability was estimated from the fraction of 60Co source
calibration events reconstructed farther than 3 m from the source position [66]. It was
within ±0.2% range in BeforePurif and SolarPhase. I assume the situation doesn’t change
much in AfterZen.

4.3.3 Vertex Bias and Fiducial Volume Uncertainty

Vertex bias was estimated from results of off-axis (20◦ < θ < 180◦) calibrations which
were performed in 2006 (BeforePurif ) [84, Sec. 3.9.2] and 2011 (SolarPhase) [85]. Figure
4.9 shows the result for BeforePurif and Figure 4.10 shows the result for SolarPhase. The
estimated biases are as follows:

• BeforePurif : < 3 cm

• SolarPhase (r < 4.9 m): < 5 cm

AfterZen

There weren’t any off-axis calibration campaigns in AfterZen. Therefore I estimate the
bias by combining one of SolarPhase and the difference between SolarPhase and AfterZen.
Fiducial volume difference with an r < 6 m selection between SolarPhase and after-
SolarPhase (2011 Aug.–2020 Dec.) was estimated as 2.3% using 12B events [86, Sec.
4.8.2]. This corresponds to a vertex bias of 4.57 cm. Thus the total vertex bias of
AfterZen is estimated as follows:

• AfterZen (r < 4.9 m): <
√

52 + 4.572 = 6.77 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 3.44: Bias v.s. R for each sources. Each circle correspond to the definition written in each figure.
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Figure 4.9: Radial position dependence of the vertex bias of BeforePurif. Figure from
[84].

Figure 4.10: Radial position dependence of the vertex bias of SolarPhase. Figure from
[85].
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Table 4.2: Summary of fiducial volume uncertainties

r < 2.0 m r < 3.0 m r < 3.5 m

BeforePurif - 3.0% -
SolarPhase 7.7% 5.1% 4.3%
AfterZen 10.5% 6.9% 5.9%

Fiducial Volume Uncertainty

Fiducial volume uncertainty is calculated from the vertex bias. In the solar neutrino
analysis of this thesis, there are three volume selections (r < 2.0, 3.0, 3.5 m). Table 4.2
shows the summary of fiducial volume uncertainties.

4.3.4 Energy

Principle of the Energy Reconstruction

The visible energy in KamLAND, Evis, is basically expressed in proportion to the light
output of a neutron-capture-on-proton event, a 2.22 MeV gamma-ray.
A charge-based energy fitter (KatEnergyFitter) is operational since the beginning of

KamLAND [58, 56]. Later, a hit-time-charge-based energy fitter (A2EnergyFitter) is
developed for low energy (E < 1 MeV) solar neutrino analysis [87, 88, 64]. A2EnergyFitter
has better resolution than KatEnergyFitter in low energy region, however it can only work
in E < 50 MeV. In the solar neutrino analysis of this thesis, A2EnergyFitter is used.
The likelihood of A2EnergyFitter is defined as follows:

L =
∏

i=no-hit

κi,0

(−→
RPMTi

,
−→
R event, Evis

) ∏
i=hit

[
∞∑
j=1

κi,j

(−→
RPMTi

,
−→
R event, Evis

)
fi,j(qi)

]
ηi(ti|µi),

(4.47)

where

•
−→
RPMTi

: position of i-th PMT

•
−→
R src: position of the event

• κi,j: probability for i-th PMT to be hit by j photons

• fi,j(qi): charge probability function for i-th PMT, gvien j actual photon hits

• µi = µ
(−→
RPMTi

,
−→
R event, Evis

)
: expected number of photons hitting i-th PMT

• ηi(ti|µi): hit-time probability density function for i-th PMT, given the expected
number of incident photons µi, also called pulse shape.

µi can be more explicitly written as

µi = cΩeffi

(−→
RPMTi

,
−→
R event

)
Evis + di (4.48)

≡ bi

(−→
RPMTi

,
−→
R event

)
Evis + di, (4.49)
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where

• c: scaling factor

• Ωeff: effective solid angle including Ωreal, Q.E. of PMT, attenuation and shadowing
effects

• di: dark hit.

See Ref. [64, Section 5.6] for detailed calculation of µi. κi,j is basically a Poisson distri-
bution, however the detection efficiency of 1 p.e. signal, ϵ, should be considered for the
no-hit case:

κi,j>0 =
e−µi

j!
µi

j (4.50)

κi,0 = [1 + (1− ϵ)µi]e
−µi ≡ νie

−µi (4.51)
∞∑
j=1

κi,j = 1− κi,0 = 1− νie
−µi . (4.52)

ϵ is determined from 1 p.e. distribution as 0.964. fi,j is modeled by a Gaussian distribu-
tion:

fi,j =
1√

2πjσ2
exp

(
−(qi − j)2

2jσ2

)
. (4.53)

Thus, (4.47) becomes as follows:

L =
∏

i=no-hit

νie
−µi

∏
i=hit

[
(1− νie

−µi)
∞∑
j=1

1

1− νie
−µi

e−µi

j!
µi

j 1√
2πjσ2

exp

(
−(qi − j)2

2jσ2

)]
η(ti|µi).

(4.54)

See Ref. [64, Section 5.6] for how to get a solution which maximizes this likelihood.

Combination of 20-inch PMTs

A 20” PMT doesn’t have clear 1 p.e. peak and the charge dependence is different from
that of a 17” PMT. Thus the energy reconstructed from 20” PMTs is tuned with the 17”
PMT energy. The (17” PMTs + 20” PMTs) combined energy is defined as follows:

Evis = (1− α)E17” + αE20”, (4.55)

where α = 0.3 is the combination factor, which was determined to achieve the best energy
resolution [89].

4.3.5 Energy Correction

Time and position dependence of the deviation of reconstructed energy is corrected using
some known events [90, Section 4.7.4].
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BeforePurif

Only time variation is corrected with 40K events (∼ 1.3 MeV peak in KamLAND single
events spectrum).

SolarPhase

• Z-axis: 60Co source calibration

• Off-axis: neutron capture on proton

• Time: neutron capture on proton run by run

The neutron capture event selections are as follows:

• time difference from muons dT : 200–600 µs

• remove missing-waveform-events: Nhit17 ≧ NsumMax.

AfterZen

I added +1.33% overall correction1 after applied the same correction as SolarPhase. The
factor was derived from the comparison of neutron capture (2.22 MeV) events from AmBe
source calibrations between SolarPhase and AfterZen. The calibration runs and dates are
as follows:

• SolarPhase

– run008734: 2009/07/16

– run009602: 2010/07/14

– run010139: 2011/02/24

• AfterZen

– run014799: 2018/01/19.

Study of Neutron Events Selection

The reason why the 1.33% difference is produced despite the application of the time
dependence correction is that the neutron event selection is too aggressive.
Figure 4.11 shows the distribution of energy of neutron candidates versus the time

difference from muons (dT ). The events around 2.2 MeV are properly reconstructed,
however there are many events below 2 MeV and 0 < dT < 400 µs region. They indicates
the detector isn’t fully recovered from the shocks of incident muons. In such condition,
so called missing-waveform occurs. The waveform-analyzed PMT hits (Nhit17) becomes
lower than the trigger-decision hits (NsumMax). Figure 4.12 shows the distribution of
Nhit17/NsumMax versus dT . The missing-waveform events occur in dT < 1200 µs in
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Figure 4.11: Energy vs dT distribution of neutron candidates in AfterZen. (Left): Muon
charge < 106 p.e. case. (Right): Muon charge > 106 p.e. case. R < 6 m
selection is applied in both cases.

high charge muon case, however they converge faster, dT < 900 µs, in low charge muon
case.
The neutron selection for the time dependent correction is as follows:

• R < 6 m

• Ontime: 200 < dT < 600 µs (Offtime: 2800 < dT < 4000 µs)

• Nhit17 >= NsumMax.

Here, I call this aggressive selection. I set another conservative selection as follows:

• Muon charge < 106 p.e.

• R < 6 m

• Ontime: 900 < dT < 1400 µs (Offtime: 1500 < dT < 2000 µs).

The neutron energy peak is evaluated from the ontime minus offtime energy spectrum.
Figure 4.13 (Left) shows the time variation of the energy deviation of the evaluated

peak. Note that the time dependence correction isn’t applied in it; hence the result (of
the aggressive selection) itself is to be used for the correction.

1This correction is only applied to the analysis of this thesis, which uses vector-file version v2-v1.04-
151106. Usual collaboration-shared-tool-set doesn’t include the correction. The newer versions (v2-
v1.04-220408 or later) have different energy corrections (using 8He/9Li neutrons etc.) to mitigate the
time variation.
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Figure 4.12: Nhit17/NsumMax vs dT distribution of neutron candidates in AfterZen.
(Left upper): All muons. (Right upper): Muon charge < 106 p.e. case.
(Left bottom): Muon charge > 106 p.e. case.
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Figure 4.13: Reconstructed energy of neutron events without the time dependence cor-
rection. (Left): Deviation from the gamma-ray energy (2.223 MeV). Black
points correspond to the conservative selection. Red points correspond to
the aggressive selection used in the time dependence correction. (Right):
Difference between the conservative selection and the aggressive selection.

The energy of the aggressive selection (E1) well traces the energy of the conservative
selection (E0) in BeforePurif. It, however, isn’t the case for SolarPhase and AfterZen.
In SolarPhase, it actually doesn’t matter since the visible-real energy conversion table
absorbs the deviation. The E1 − E0 deviation is almost stable in SolarPhase, however it
becomes larger in AfterZen. The 1.33% correction in AfterZen pushes the deviation back
to the same level as SolarPhase so that the same energy conversion table can be used,
see Figure 4.13 (Right).
Figure 4.14 (Left) shows the time variation of the energy deviation from the expected

value of the KamLAND energy model (see Section 4.3.8) of the neutron events after being
applied all the corrections.

4.3.6 Energy Resolution

Evaluation with the Conservatively Selected Neutron Events

The energy resolution of each period is evaluated using the conservative-ly selected neu-
trons as follows:

• BeforePurif : (6.34± 0.14stat.)%/
√

Evis [MeV]

• SolarPhase: (6.77± 0.21stat.)%/
√

Evis [MeV]

• AfterZen: (7.44± 0.30stat.)%/
√
Evis [MeV]

Time and spatial variations are both ±0.5% (see Figure 4.14 [Right], 4.15).
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Figure 4.14: Time variation of the energy reconstruction quality checked with spallation
neutron events after being applied all the corrections. (Left): Deviation from
the model. Emodel’s are 2.209 MeV, 2.165 MeV and 2.165 MeV for Before-
Purif, SolarPhase and AfterZen, respectively. (Right): Energy resolution.

0 200 400 600
 r [cm]

5

6

7

8

9

10

 [%
]

E 
[M

eV
]

 / s 

0 200 400 600
 r [cm]

5

6

7

8

9

10

 [%
]

E 
[M

eV
]

 / s 

0 200 400 600
 r [cm]

5

6

7

8

9

10

 [%
]

E 
[M

eV
]

 / s 

BeforePurif SolarPhase AfterZen

Figure 4.15: Radial position dependence of the energy resolution evaluated with spallation
neutron events.
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Evaluation with Source Calibrations

Evaluation with calibration sources (203Hg, 137Cs, 68Ge, 60Co) was performed except for
AfterZen in Ref. [66] as follows:

• BeforePurif : (6.1± 0.1)%/
√

Evis [MeV]

• SolarPhase: (7.0± 0.1)%/
√

Evis [MeV]

Spatial variation is ±0.2% in both periods.
I evaluated the resolution of AfterZen using neutron events from an Am/Be source

calibration at the detector center which was performed on Jan. 19th, 2018 (3 months
before the end of the period). The result is as follows:

• AfterZen: (7.97± 0.09stat.)%/
√
Evis [MeV]

Summary

The following values are used in the solar neutrino analysis of this thesis:

• BeforePurif : 6.5%/
√
Evis [MeV]

• SolarPhase: 6.9%/
√

Evis [MeV]

• AfterZen: 6.9%/
√
Evis [MeV]

Those of BeforePurif and AfterZen are slightly different from the ones from the eval-
uations by 0.5–1.0% (absolute). However they are negligibly small as compared to the
energy bias/scale uncertainties (> 3%).

4.3.7 Time and Spatial Variation of the Reconstructed Energy

In the solar neutrino analysis of this thesis, candidates with following properties are used:

• Electron-kinetic-energy-scale energy (Ekin) ∼ Evis: [2, 20] MeV

• Radial position from the detector center (r) < 3.5 m

In this section, the energy reconstruction quality for the events with the above conditions
is described.

Evaluation wtih Source Calibrations

Evaluation with source calibrations (2 < Evis < 8 MeV) was performed in Ref. [66,
Section 3.4.3] for BeforePurif and SolarPhase. The results are summarized as follows:

• Time variation < 1% (see 60Co and Am/Be of Figure 4.16)

• Spatial variation < 2% (see |z| < 400 cm [17”+20”] of Figure 4.17, 4.18)
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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.

Figure 4.16: Time variation of the energy reconstruction quality of source calibration
events. See before the 1st purification for BeforePurif and after the 2nd
purification for SolarPhase. Figure from [66].
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Figure 3.33: Z dependence of energy deviation for various sources. The calibrations
were preformed on September 2005, before purification. Blue points show only 17-
inch PMTs analysis results and red points show 17- and 20-inch PMTs analysis
results.

Figure 4.17: z-position variation of the energy reconstruction quality of source calibration
events (BeforePurif ). Figure from [66].
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Figure 3.34: Z dependence of energy deviation for various sources after purification.
The calibrations were preformed on July 2009, after purification. Blue points show
only 17-inch PMTs analysis results and red points show 17- and 20-inch PMTs
analysis results.

Figure 4.18: z-position variation of the energy reconstruction quality of source calibration
events (SolarPhase). Figure from [66].

Evaluation wtih the Conservatively Selected Neutron Events

The quality evaluated with neutron events (Egamma = 2.2 MeV) with the conservative
selection (see Section 4.3.5) is summarized as follows:

• Time variation < 1% in each period (see Figure 4.14)

• Spatial variation (see Figure 4.19, 4.20)

– BeforePurif : < 1%

– SolarPhase: < 1%

– AfterZen: < 2%

Evaluation wtih Higher Energy Spallation Products

12B (τ = 29.1 ms, Qβ = 13.4 MeV) can be easily tagged by applying a timing selection
after muon events as follows:

• Time difference from a muon (dT ): [5, 100] ms (Offtime: [300, 1000] s)

Under this condition, 12B purity is ∼90% in an energy region of [6, 12] MeV and 12N
(τ = 15.9 ms, Q

β
+ = 17.3 MeV) dominates above 15 MeV (see Figure 4.21).

I compared energy spectra of data with expectations from the model (see Section 4.3.8)
with an energy selection of [6, 18] MeV. The results are as follows:

• Time variation < 1.5% in each period (see Figure 4.22)

• Spatial variation < 2% in each period (see Figure 4.23, 4.24)
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Figure 4.19: Radial-position dependence of the deviation of the energy of neutron events.
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Figure 4.20: z-position dependence of the deviation of the energy of neutron events. A

selection of
√

x2 + y2 < 3 m is applied.

Summary

Energy region of the 8B solar neutrinos is close to the one of 12B. Thus prioritizing the
results of 12B, I consider 1.5% and 2% as time and spatial uncertainties of the energy,
respectively, in each period.

4.3.8 Modeling of the Visible Energy

The visible energy of KamLAND is not completely proportional to the incident energy
deposition by particles. The following causes affect the non-linearity:

• Quenching effect in the scintillator

The efficiency of energy transfer to scintillation light emission depends on the
ionization density. The quenching effect gets higher for lower energy and heavier
particles. It can be approximated with the Birks’ law

dL

dX
∝ dE/dX

1 + kB(dE/dX)
, (4.56)

where dL/dX is the light emission per unit length, dE/dX the energy deposition
per unit length, and kB the Birks’ constant.

• Contribution of Cherenkov light
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Figure 4.21: (Left top): Energy spectra of spallation products in KamLAND selected with
the 12B window (5 < dT < 100 ms). (Right top): Event rate of spallation
products with the selection of 5 < dT < 100 ms and 6 < Evis < 18 MeV.
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Figure 4.22: Time variation of the energy reconstruction quality of 12B events. A selection
of r < 5.5 m is applied.
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Figure 4.23: Radial-position dependence of the deviation of the energy of 12B events.
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Figure 4.24: z-position dependence of the deviation of the energy of 12B events. The

following selections are applied: (i)
√
x2 + y2 < 3 m (ii) r < 5.5 m.
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A charged particle has to satisfy the following condition to produce Cherenkov
light:

β >
1

n
, (4.57)

where β is the relative velocity of the particle normalized by the speed of light and n
the refractive index of the scintillator. In the KamLAND LS (n=1.46), the condition
corresponds to the kinetic energy threshold of ∼0.1 MeV for an electron.

• Contribution of dark charge

Considering them, the following model was constructed [91, 92][90, Sec. 4.7.6]:

Evis = CsciEsci(kB) + CcheEche + Edark/nγ, (4.58)

where Csci is the scintillation intensity, Cche the Cherenkov light intensity, and nγ the

number of γs (2 for 60Co and 68Ge and 1 for other calibration sources). The best-fit pa-
rameter sets (Csci, Cche, kB, Edark) were derived for BeforePurif and SolarPhase to explain
the following 9 calibration points:

• e−: 12B

• γ: 203Hg, 68Ge, 137Cs, 60Co, n-capture on p, n-capture on 12C

• e+: (68Ge), 11C, 10C

Figure 4.25 shows the best-fit visible-real conversion model and calibration points (the
1st iteration for the A2-fitter energy in 2009). Figure 4.26 shows the latest model (small
updated from Figure 4.25).

Uncertainty of the Energy Model

I evaluated the uncertainty of the latest model for each phase using events selected with
the following conditions:

• Spallation neutron γ (2.22 MeV)

– r < 6 m

– Ontime: 900 < dTfromMuon < 1400 µs

– Offtime: 1500 < dTfromMuon < 2000 µs

– Muon charge < 106 p.e.

• 10C (β+γ)

– r < 4 m

– 2.2 < Evis < 4.0 MeV

– Ontime: 10 < dTfromMuon < 90 s

– Offtime: 300 < dTfromMuon < 1000 s

– Delayed coincidence veto (events interval > 3 ms)
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Figure 4.27: The non-linearity of the energy scale for three particles. (Top)The non-linearity
of the energy scale before the LS purification. (Upper-middle)The uncertainty for the linearity
of the energy estimator before the LS purification. (Lower-middle)The non-linearity of the
energy scale after the LS purification. (Bottom)The uncertainty for the linearity of the energy
estimator after the LS purification
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(a) BeforePurif

(b) AfterPurif

Figure 4.25: Energy-scale model (2009) and calibration points. (a): BeforePurification.
(b): AfterPurification. Figure from [90, Section 4.7.6].

– Distance from the nearest neutron < 1 m

– log10(SpallationLikelihood) > 6.5 2

– Fit parameters: 10C, 11Be

• 12B (β−) (lower energy)

– r < 5.5 m

– 6 < Evis < 12 MeV

– Ontime: 5 < dTfromMuon < 105 ms

– Offtime: 300 < dTfromMuon < 1000 s

– Fit parameters: 12N, 12B, 9C, 9Li, 8Li, 8B

• 12B (β−) / 12N (β+)

– r < 5.5 m

– 12 < Evis < 20 MeV

– Ontime: 5 < dTfromMuon < 55 ms

– Offtime: 300 < dTfromMuon < 1000 s

– Fit parameters: 12N, 12B, 9C, 9Li, 8Li, 8B

• 11Be (β−γ)

2SpallationLikelihood is calculated from distanceToMuonTrack and localMuonChargeAroundSin-
gleEventPosition.
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Figure 4.26: Energy-scale model (latest). (Top): BeforePurification. (Bottom): AfterPu-
rification.
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– r < 5.5 m

– 4 < Evis < 15 MeV

– Ontime: 10 < dTfromMuon < 50 s

– Offtime: 300 < dTfromMuon < 1000 s

– Delayed coincidence veto (events interval > 3 ms)

– Distance from the nearest neutron < 1 m

– log10(SpallationLikelihood) > 6.5

– Fit parameters: 11Be only

Figure 4.27 shows the results. Since solar neutrino signals of interest in this thesis are
mostly recoil electrons, I prioritize the result of 12B (> 98% pure β−) and consider 3.5%
as the uncertainty of the model in each period.

4.3.9 Summary of the Energy-related Uncertainty

The energy-related uncertainties discussed in the previous sections can be summarized as
follows:

• Time variation: 1.5%

• Spatial variation: 2.0%

• Model: 3.5%

In total, 4.3% is the uncertainty.

4.4 Reconstruction of Muon Track Events

4.4.1 Muon Selection

In KamLAND, high energy events or OD-triggering events are considered as muons. The
following are the selections:

• Q17 ≧ 104 p.e.

• Q17 ≧ 500 p.e. and NOD
hit ≧

{
5 (before the OD refurbishment)

9 (after the OD refurbishment)

The rate of the muons that fall under these conditions is estimated to be 0.32 Hz and
stable within ±0.02 Hz through 2002–2020 [86, Sec. 4.6].
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Figure 4.27: Energy-scale uncertainty evaluated with higher energy sources.
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Figure 4.28: (a): Schematic view of a muon passing through KamLAND and Cherenkov
lights emitted from the muon track. (b): Angle θ of the earliest photon from
a point on the muon track is equal to the Cherenkov angle. Figure from [89,
Sec. 3.7].

4.4.2 Algorithm of the Track Reconstruction

Tracks of muons are reconstructed using PMT hit-timings. A muon generates Cherenkov
photons to a direction θ, Cherenkov angle, and scintillation photons isotropically, see
Figure 4.28 (a). Assuming a muon flies with almost the speed of light, c, the detection
timing of a photon from a point on a muon track is expressed as follows [93]

t = t0 + l/c+
z − l

cos θ

1

c/n
, (4.59)

where t0 is the time when a muon enters to the detector, n is the refractive index of the
liquids, and other parameters are explained in Figure 4.28 (b). The earliest photon from
a given on-track point l satisfies dt/dl = 0. From the condition, the following formula is
obtained:

cos θ = 1/n. (4.60)

That is, the angle of the earliest photon is Cherenkov angle. Based on this principle,
a muon track is reconstructed using the earliest hits of PMTs. There are two types of
liquids in the detector, therefore n is tuned as an effective value.

4.4.3 Performance of the Track Reconstruction

Figure 4.29 shows the correlation between the charge and the distance from the center of
the detector (impact parameter) of muons. The gap around 650 cm corresponds to the
radius of LS volume. Muons going through the LS volume of the detector give ≳ 105.8

p.e. and ones going through only the buffer-oil volume give ≳ 104.4 p.e.
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CHAPTER 4. EVENT RECONSTRUCTION AND DETECTOR CALIBRATION

4.6.3 Tracking Performance

Figure 4.21 shows the correlation between the total observed charge in the ID 17inch
PMTs (Q17) and the distance of the muon track from the center of the detector
(Impact Parameter). The Q17 gap at (Impact Parameter)=650 cm (red dotted line
in the figure) corresponds to the boundary between the liquid scintillator and the
buffer oil. The minimum-ionizing light emissions are greater inside (smaller outside)
this boundary. The decreasing Q17 against the impact parameter agrees with that
the farther the track is, the shorter the track is , and the fewer the light emission is.
These are the evidence of the tracking performance.
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Figure 4.21: Correlation between the total observed charge in ID 17inch PMTs (Q17) and
the distance of the reconstructed muon track from the center of the detector
(ImpactParameter)

4.7 Point-like Event Reconstruction

4.7.1 Vertex Reconstruction

Algorithm of Vertex Reconstruction

The vertex is reconstructed with a maximum-likelihood mehtod on the photon-arrival
time distribution in the ID 17inch PMTs. Given a scintillation occurs on a vertex,
(x, y, z), at a time, t, the photoelectron-detection time in i-th PMT, ti, can be written
as

ti = t+ ToFi(x, y, z) + τi(t, x, y, z) (4.13)

where ToFi(x, y, z) is the calculated time of flight from the vertex (x, y, z) to the
i-th PMT using the distance, refraction index, and other geometrical parameters.
τi(t, x, y, z) represents the delay of signal detection timing for the i-th PMT compared
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Figure 4.29: Correlation between the charge and impact parameter of muons. Figure from
[86, Sec. 4.6].

Cherenkov light emission per muon track length can be calculated using buffer-oil muons
as

dQ

dx che
=

QBO-Muon
17

LBO

, (4.61)

where LBO is the muon track length in the buffer-oil. It was estimated using data from
the beginning of KamLAND as [89, Sec. 3.7]

dQ

dx

base

che
= 31.45 p.e./cm . (4.62)

The muon charge is calibrated to keep this value stable.
Scintillation light emission per muon track length can be obtained using (dQ/dx)che as

dQ

dx sci
=

Q17 − LBO
dQ
dx che

LLS + LBO

, (4.63)

where LLS is the muon track length in the LS region. This value started from ∼ 600 p.e./cm
at the beginning of KamLAND and decreased to ∼ 400 p.e./cm after the purification cam-
paign.
So-called residual charge, whose intensity implies the occurrence of energetic interac-

tions in the detector, is defined as follows:

∆Q = Q17 − LID

dQ

dx che
− LLS

dQ

dx sci
, (4.64)

where LID is the muon track length in the ID and LLS is the muon track length in the LS
region. This value has been widely used in the KamLAND analysis to veto spallation-
produced isotopes. In this thesis, however, it isn’t used. Instead, local residual charge is
used to achieve more efficient veto.
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Reduction

This chapter describes improvements of the muon spallation backgrounds reduction method.
The three main improvements are as follows:

• Utilization of FBE neutrons

• Improvement of muon-based rejection method

• Simultaneous application of muon-based and neutron-based removal methods

5.1 Review

Cosmic-ray muons produce radioactive isotopes through spallation interactions. Decays
of the isotopes are a background for rare-event search experiments. Spallation products
in KamLAND were comprehensively studied in Ref. [55]. This thesis mainly focuses on
events with energy above 2 MeV. Table 5.1 shows such isotopes.

5.1.1 Traditional Cuts

The following measures have been taken in the KamLAND analysis to veto spallation
backgrounds:

• Muon-based method

– Full-volume veto after high Residual charge (∆Q, see Section 4.4.3) muons
(showering muons)

– 3-m-radius-cylinder-along-track veto after low ∆Qmuons (non-showering muons)

• Neutron-based method (n-tag)

– 1.6-m-radius spherical-volume veto around neutrons produced by muons

These have been adopted separately. The muon-based method was used only in the anti-
neutrino analysis [50] and previous 8B solar neutrino analysis [48], and n-tag was used
only in the double-beta decay analysis [6].
The pros and cons of each method are as follows:

• Muon-based method

– Pros: high tagging efficiency

– Cons: cannot be used for a long time (more than 5 s) veto because the rate of
muons coming to KamLAND is 0.3 Hz
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Table 5.1: Spallation products in KamLAND (Evis > 2 MeV) [55]

Isotope Lifetime Radiation energy Production rate n emission
(MeV) (/day/ktonLS)

12B 29.1 ms 13.4 (β−) 54.8± 1.5 -
12N 15.9 ms 17.3 (β+) 2.2± 0.5 -
8Li 1.21 s 16.0 (β−α) 15.6± 3.2 -
8B 1.11 s 18.0 (β+α) 10.7± 2.9 -
9C 182.5 ms 16.5 (β+) 3.8± 1.5 -
8He 171.1 ms 10.7 (β−γn) 1.0± 0.5 16% [94]
9Li 257.2 ms 13.6 (β−γn) 2.8± 0.2 51% [95]
10C 27.8 s 3.65 (β+γ) 21.1± 1.8 -
11Be 19.9 s 11.5 (β−γ) 1.4± 0.3 -
6He 1.16 s 3.51 (β−) Not measured -

• Neutron-based method

– Pros: less deadtime/volume

– Cons: neutron detection efficiency is not perfect, some isotopes do not correlate
with neutrons.

5.1.2 Recent Study and Room of Improvement

A study to improve the muon-based method was done in Ref. [96] (inspired by Ref.
[97]). The basic concept is to reconstruct the muon-generated photons on its track and
estimate where large energy deposits have occurred (shower-tag). By narrowing down the
volume to be vetoed, it is possible to veto for longer periods of time. Figure 5.1 shows an
example of the reconstructed local energy deposit (∝charge) (dE/dx) for a muon. The
muon-induced neutron positions are also shown. They are close to high dE/dx points in
Llong axis. The remaining tasks for the implementation of shower-tag to a physics search
are as follows:

• Optimizing the use of energy deposit information

• Realistic modeling of the correlation between energy deposits and dL (distance from
an isotope vertex to a muon track)

• Accurate estimation of tagging efficiency

• Support for all spallation isotopes (Ref. [96] focused only on 10C)

n-tag has so far been applied only during periods when MoGURA (see 3.6.3) is in
operation. It has not been implemented so far with FBE neutrons.

5.1.3 Toward Better Rejection Efficiency

Given the above-mentioned situation, the following should be addressed:
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図 5.5 宇宙線ミューオンの dE/dXと中性子捕獲事象

ンと同様に光子を飛ばすが、ある一点で他の点の 4倍の光子を飛ばす。図 5.4は、図 5.3

とは別のミューオントラックに沿って光子を飛ばしている。図 5.4左は、PMTに入射し

た光子が発せられた位置の度数分布であり、Llong = 800 cm付近で多くの発光があった

ことがわかる。これを PMTごとの電荷および時刻の情報から再構成したものが図 5.4右

である。こちらも図 5.4左と同じ位置に周囲の 4倍近い大きさのピークがある。このこと

から、PMTごとの電荷および時刻の情報が正しく与えられれば、シャワーが一つあった

場合にも dE/dXを正しく再構成できるということがわかる。今回行ったこれらのシミュ

レーションでは、光子が PMTに入射してからそれを再構成するまでの間に、波形の段階

を経ていない。現実のデータは、光子が PMTに入射した際の波形から電荷や時刻を取得

している。そのため、実際のデータから再構成した dE/dXは、電荷や時刻の決定精度に

よってゆがめられてしまう。

そこで今度は、実際のデータを用いて dE/dXを再構成する。図 5.5は、2016年 7月中

(ミニバルーンが入っていない期間)に観測したある宇宙線ミューオンの dE/dXと、中性

子の相対位置を表している。ミューオントラック上の光量分布だと思うと分かりやすい。

青いヒストグラムが dE/dXを表し左側の縦軸の値を用いる。青いヒストグラムで一段と

高くなっている部分は、シャワーの起こった位置であると考えられる。その他の位置で

は、図 5.3右の最小電離を再現しているといえる。赤い点は中性子捕獲が起こった位置を
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Figure 5.1: Left: Schematic drawing of a muon going through KamLAND. Llong is the
position on a muon track and Ltrans(= dL) is the distance from a muon.
Right: Reconstructed local energy deposit of a muon on its track (left vertical
axis) and Ltrans of the muon-induced neutrons (right vertical axis). Figure
from [96].

• Complete implementation of shower-tag

• n-tag with FBE neutrons (for MoGURA unavailable periods)

• Shower-tag + n-tag

A challenge of the simultaneous application of shower-tag and n-tag is in the estimation
of the tagging efficiency. The cuts are correlated since showering muons produce more
neutrons.

5.2 Shower-tag

5.2.1 Karino’s Likelihood

In Ref. [96], the author constructed a 10C discriminator, Karino’s likelihood, using dE/dx
of muons

LwithDt
Karino

(
dE

dx
, dL, dT

)
= LwoDt

Karino

(
dE

dx
, dL

)
LKarino(dT ) (5.65)

= LKarino

(
dE

dx

)
LKarino(dL)LKarino(dT ) (5.66)

=
dE

dx
· exp(−dL/100 cm) · exp(−dT/τC-10). (5.67)

Karino’s likelihood has the following issues:

• Raw dE/dx is used with linear weighting.
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Use dE/dx at projected Llong

Figure 5.2: Illustration of the use of dE/dx information in Karino’s likelihood. Red points
are positions of 12B candidates. Figure from [96].

• Correlation between dE/dx and dL is not considered.

• dE/dx at the projected point of a spallation isotope event does not match the
maximum of dE/dx (see Figure 5.2).

• the width of a shower on a track is wider than the binning used in the tool of Ref.
[96] (28.3 cm/sr).

5.2.2 Bias of Shower Position

I evaluated the bias of the shower position, the maximum of dE/dx of a muon, using 12B
events of AfterZen

∆Llong = LB-12
long − L

Max(dE/dx)
long . (5.68)

Figure 5.3 and 5.4 show the ∆Llong distribution of the cases for n-tagged and n-untagged
12B, respectively. Here n-tagged means dRneutronToB-12

nearest < 1.6 m and the neutrons are
MoGURA-reconstructed ones.
The best-fit results of a fit to the peak with a Gaussian are as follows:

• n-tagged case

– Mean: 64.6± 7.3 cm

– Sigma: 91.1± 8.7 cm

76



5 Muon Spallation Background Reduction

 / ndf 2χ  108.5 / 247
    0N  21.5± 399.8 

const [/bin]  0.0408± 0.2966 

 dT [s]
0 0.1 0.2 0.3 0.4 0.5

 e
ve

nt
/0

.0
02

s

0

10

20

30

40

 / ndf 2χ  108.5 / 247
    0N  21.5± 399.8 

const [/bin]  0.0408± 0.2966 

 dL [cm]
1000− 500− 0 500 1000

 e
ve

nt
/b

in

0

20

40

60

80

L_long difference [cm]

- Ontime
- Offtime
- On ‒ off

Forward

Figure 5.3: Shower position bias (n-tagged 12B case). Selection: 4 < EB-12
vis < 15 MeV,

0.002 < dTontime < 0.2 s, 180 < dTofftime < 1000 s.

• n-untagged case

– Mean: 129± 24 cm

– Sigma: 179± 37 cm

– (Offtime sigma: ∼ 290 cm)

5.2.3 Width of Shower

I evaluated the shower width using the left-side-HWHM of Llong peaks of showering muons

(∆Q > 106 p.e.). Figure 5.5 shows the distribution. ∼ 85 cm, which corresponds to three
hard-coded bins in the tool (28.3 cm× 3), is the most frequent value.

5.2.4 New Algorithm for dE/dx Extraction

Based on the study of the bias and width of a shower, I constructed the following algorithm
for dE/dx extraction:

1. Bias correction: bin0 = bin(Lsingle
long − 64.6 cm)

2. Search binmax in a range [bin0 − 6, bin0 + 6] (±170 cm)

3. Integral dE/dx in a range [binmax − 3, binmax + 3] (±85 cm)

Figure 5.6 shows the schematic view of the algorithm.
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Figure 5.6: New method of the dE/dx extraction. Integral of an area boxed by white
dotted lines is assigned.

5.2.5 (dE/dx, dL) 2D PDF

It is expected that in an energetic muon event, spallation products may locate farther from
the muon track. To take into account of the correlation between dE/dx and dL, I created
their 2D PDF (likelihood) using 12B events of Zen400 2nd phase (r < 400 cm), see Figure
5.7. In the spallation PDF, dL reaches ∼ 300 cm when dE/dx is high (∼ 105.5 p.e.), while
it reaches only ∼ 100 cm when dE/dx is low (∼ 104.5 p.e.).

5.2.6 dT Likelihood

I construct the dT likelihood to include all spallation isotopes in the LS as

Lspa(dT ) =
1∑
i Ai

∑
i

Ai

τi
exp(−dT/τi), (5.69)

Lacc(dT ) =
1

180
, (5.70)

Lratio(dT ) = Lspa/Lacc, (5.71)

where Ai = Riϵ
E
i ϵ

dT
i is the amplitude for an isotope which depends on the energy selection

and dT selection. Ri is the production rate estimated in [55]. RHe-6 wasn’t estimated in
[55], therefore I temporarily set 12.8 /day/kton (10 × 10−7 cm2/µ/g). Due to the n-tag
efficiency differences among isotopes, the relation of Ri’s among isotopes may not be the
same. However, for the simplicity, I assume the same Ri’s for n-untagged case in the dT
likelihood construction.
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Figure 5.7: (dE/dx, dL) 2D PDF (n-tag related selection not applied). (Top left): PDF
for spallation isotopes. (Top right): PDF for accidental events. (Bottom left):
LikelihoodRatio = SpallationPDF / AccidentalPDF. dE/dx (vertical axis) is
derived with the new algorithm. Smoothing is applied several times.
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Figure 5.8: dT likelihood

The most produced isotope (Evis > 2 MeV), 12B, can be efficiently cut with a simple dT
box cut (150 ms veto for the whole volume of the detector after a muon event). Therefore
I optimize L(dT ) for 0.15 < dT < 180 s. The upper limit is ∼ 5× τC-10.
For the ϵEi calculation, two energy selections were considered as follows:

• 3.5 < E < 20 MeV (for BeforePurif )

– No 10C and 6He

– 8Li and 8B dominant (τ ∼ 1 s)

– 11Be has the longest lifetime (τ = 20 s)

• 2 < E < 3.5 MeV (for SolarPhase and AfterZen)

– 10C (τ ∼ 30 s) and 6He (τ ∼ 1 s) dominant

– 10C has the longest lifetime

Figure 5.8 shows the dT likelihoods for BeforePurif and SolarPhase/AfterZen.

5.2.7 Demonstration of the Likelihood Cut

I use the following events to demonstrate the performance of the improved shower-tag :

• Single events: MC-generated space-time uniform events

• n-tagged spallation events of AfterZen data (10C and 6He dominant)

– 2 < Evis < 3.5 MeV

– r < 3.5 m

– 0.15 < dTfromMuon < 180 s (ontime), 180 < dTfromMuon < 1000 s (offtime)

– dRnearest
fromNeutron < 160 cm,
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Figure 5.9: Example of the likelihood cut optimization

In the likelihood calculation of a single event, a pair of the event and a muon (0.15 <
dTfromSingle < 180 s) which gives the highest LwoDt(dE/dx, dL) was selected. In the
spallation event case, all pairs of a spallation isotope and a muon were considered and
LwoDt

spa (dE/dx, dL) was derived by subtracting an offtime distribution from an ontime dis-
tribution.
Figure 5.9 (Top left) shows the likelihood distribution of the single events and the

spallation events. To determine the optimal likelihood threshold, the following figure of
merit was considered

FOM(L) =
√
A

Nsignalϵsignal(L)√
Nsignalϵsignal(L) +Nbgϵbg(L)

, (5.72)

where ϵ(L) is the acquisition efficiency, Nsignal was set to 0.785 /day/kton, the solar
neutrino event rate at 2 < Evis < 3 MeV, Nbg was set to 19.4 /day/kton, a sum of the
event rate of spallation isotopes (2 < Evis < 3 MeV, 0.15 < dTfromMu < 180 s), and A,
the exposure, was set to 29 kton-day. Figure 5.9 (Bottom left) shows the FOM. Figure
5.9 (Bottom right) shows the relation between the deadtime ratio (1 − ϵsignal) and the
remaining spallation BG ratio (ϵbg) which depends on the likelihood threshold. In this
example, log10(L) ∼ 1.2 is the optimal likelihood cut threshold.
In the same way with the above example, the relations between the deadtime ratio and

the remaining spallation ratio were checked for the following cuts:

• (dQ, dL) likelihood without dT
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Figure 5.10: Comparison of the muon-based cuts

– Total residual charge (dQ) was used instead of dE/dx (local charge).

– 1D x 1D treatment (L(dQ) · L(dL))
– Weighing of L(dQ) and L(dL) are data driven.

– Used in [98].

• Karino’s likelihood without dT

• Improvement1 without dT

– dE/dx extraction is the same as Karino’s likelihood

– 2D likelihood L(dE/dx, dL)

– Accidental likelihood is taken into account (likelihood ratio)

• Improvement1+2 without dT

– dE/dx extraction with the new algorithm.

• Improvement1+2 with dT

Figure 5.10 shows the results. The performance of Karino’s likelihood is almost same as
the one of the (dQ, dL) likelihood which doesn’t use the dE/dx (local charge) information.
Shower-tag with the dE/dx is finally worth implementing after applying the improvements
described in this section.
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Figure 5.11: (dE/dx, dL) likelihood ratio. (Left): n-tagged case. (Right): n-untagged
case. In shower-tag, white regions which don’t have data are vetoed if
log10 dE/dx > 5.5 and not vetoed if log10 dE/dx ≦ 5.5.

n-untagged Case

Figure 5.10 shows that the new shower-tag can achieve very high performance when dT -
likelihood is Combined (black line). This is, however, the case for n-tagged events. It
is expected that energetic muons (high dE/dx) produce more neutrons (high n-tagged
probability). Figure 5.11 shows the difference of the contrasts of the likelihood between
n-tagged and n-untagged. I will address this correlation between n-tag and shower-tag
later.

5.3 n-tag

When a radioactive isotope is produced by a muon spallation, neutrons are often produced
near it. Figure 5.12 shows the simulated result of the number of neutrons near 10C
produced in KamLAND. Taking advantage of this property, a three-fold coincidence of

• incident muon

• neutron(s) capture gamma-ray(s)

• decay of a spallation product

can used to tag the decay of an isotope produced by a spallation. I call it n-tag. n-tag
have been implemented in the double-beta decay analysis [81, 6, 7] using neutrons of
MoGURA data.

5.3.1 n-tag using MoGURA Neutrons

MoGURA is better than FBE in detecting neutrons after muons, see Section 3.6.3. It has
been analysis-ready since Zen400 2nd phase.
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Figure 5.12: (MC) Number of neutrons near the 10C in KamLAND. Colors indicate dif-
ferent production processes/parents: γ (yellow), π (green), n (magenta), p
(red), µ (sky blue). Figure from [99].

Reconstruction of Neutrons with MoGURA

An event just after a muon is affected by electronics noises, shift of the baseline, and
after-pulses of PMTs. Therefore a subtracted-number-of-hits Ns is used as “energy” of a
neutron

Ns = Nin −Nout

30 [ns]

170 [ns]
, (5.73)

where Nin is the number of hits around a peak (±15 ns window) and Nout is the number
of hits of the event (200 ns window) except the Nin window, see Figure 5.13. For the
vertex reconstruction, a legacy fitter, KAT-LT-Vertex, described in [58, Sec. 3.6] is used.

Pairing of MoGURA Neutrons and a FBE Muon

MoGURA neutrons are paired with a FBE muon based on their unixtime. The FBE
muon selection is as follows:

• (Q17 > 104 p.e.) or (Q17 > 500 p.e. and NOD ≥ 9)1

• Fake muon cut: dTfromPrevMuon > 10 µs

Figure 5.14 shows the Ns versus dTmuonToNeutron distribution of the paired neutrons and
muons.
Using the dTmuonToNeutron the following selections are applied to the MoGURA neutrons:

• 10 ≤ dTfromMu < 1200 µs

1NOD ≥ 5 for BeforePurif and SolarPhase
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6.2 Event Reconstruction 6 Analysis Framework/Event Selections
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Figure 6.12: Ns calculation
The dashed red line is the sequence widow, and the solid red line is the Ns
window.

2. The MoGURA events are tagged with the KamFEE muons based on the unix-
time.

3. Events that are unlikely to be neutron captures are rejected based on NS <50
or Ntotal(Nin+Nout)< 150, time distance from muon > 2500 µsec, and time
distance from last event < 1 µsec.

Fig. 6.13 shows NS vs dT distribution of the neutron candidates. The NS value
becomes smaller with short dT. The reason for the loss is thought to be the effect of
afterpulses, overshoots, and ringing in the PMTs. Neutron tagging efficiency of the
MoGURADAQ is estimated by fitting the dT distribution, shown in Fig. 6.14. Events
within the KamLAND LS region in the Xe-LS period were analyzed. The red line is
the fitting function f(x) = N/τ ·exp(−t/τ). The integral of the function represents the
production rate. The fitted neutron production rate 3333±38 /day/kton is consistent
with previous works 3323±9 /day/kton [62] and 3575±462 /day/kton [67]. The
neutron tagging efficiency, which corresponds to the fraction of the histogram (data)
against the fitted function in the figure, is 78.6±0.8%.

Neutron Capture in Xe-LS

In the Xe-LS, the neutron production rate is higher than that of the KamLAND LS
due to the presence of Xe. It was estimated to be 22% higher in KamLAND-Zen
400 [62]. The excess in KamLAND-Zen 800 was also estimated again. The neutron
production rates within r < 150 cm for the Xe-LS period and for the KamLAND LS
period were estimated. The production rates were respectively 5546± 279 /day/kton
and 5093± 201 /day/kton. This result indicates that the neutron production rate in
the Xe-LS is (9± 7)% higher than that of the KamLAND LS.
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Figure 5.13: Nin and Nout. Figure from [100]
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The cluster around NS ∼180 is
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capture by H. The NS value
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Figure 6.14: The time distribution of the
neutron capture events is
shown. The events were lost
with short dT.

6.3 Event Selections

Event selections for 0νββ decay candidate are described in this section. The outline
of the 0νββ decay search analysis was shown in Fig. 6.15. The final candidate events
are narrowed down by the event selection described below using the RTQ file, the
GVF, and the MNVF. Finally, 0νββ decay events are searched for by performing the
energy spectrum fitting with the MC events.

6.3.1 Run Selection/Bad Data Rejection

The runs and the periods, when the data is collected normally, are selected. The
following are treated as deadtime in the analysis.

• Bad run
Run in which the KamFEE or HV crate has failed, too short run, and other
periods when there exists a hardware problem such as a magnetic compensation
coil trouble are excluded from the analysis as “bad run”.

• MoGURA off periods
The period when the MoGURA DAQ is not running, and the switching time of
the MoGURA run or sub-run are excluded from the analysis.

• After long deadtime veto
Spallation events such as 10C cannot be tagged if muon is missed during a long
time veto period, so it is vetoed for three minutes after a long deadtime(>1
sec), a MoGURA run change, and run start.
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Figure 5.14: Ns vs dT of MoGURA neutrons and FBE muons (in Zen800 period). Ns ∼
200 corresponds to the energy of the neutron capture gamma-ray (2.2 MeV).
Figure from [100].
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Figure 6.13: Ns vs dT distribution

The cluster around NS ∼180 is
2.2 MeV gamma from neutron
capture by H. The NS value
decreases with short dT be-
cause of the noise by the PMT
afterpulses and signal loss by
the PMT overshoot.
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6.3 Event Selections

Event selections for 0νββ decay candidate are described in this section. The outline
of the 0νββ decay search analysis was shown in Fig. 6.15. The final candidate events
are narrowed down by the event selection described below using the RTQ file, the
GVF, and the MNVF. Finally, 0νββ decay events are searched for by performing the
energy spectrum fitting with the MC events.

6.3.1 Run Selection/Bad Data Rejection

The runs and the periods, when the data is collected normally, are selected. The
following are treated as deadtime in the analysis.

• Bad run
Run in which the KamFEE or HV crate has failed, too short run, and other
periods when there exists a hardware problem such as a magnetic compensation
coil trouble are excluded from the analysis as “bad run”.

• MoGURA off periods
The period when the MoGURA DAQ is not running, and the switching time of
the MoGURA run or sub-run are excluded from the analysis.

• After long deadtime veto
Spallation events such as 10C cannot be tagged if muon is missed during a long
time veto period, so it is vetoed for three minutes after a long deadtime(>1
sec), a MoGURA run change, and run start.
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Figure 5.15: Time difference from a MoGURA neutron to a FBE muon (in Zen800 pe-
riod). Figure from [100]

• (10 ≤ dTfromMu < 30 µs and Ns ≥ 80) or (dTfromMu > 30 µs and Ns ≥ 50)

• Nin +Nout ≥ 150

Figure 5.15 shows the dT distribution of the selected neutrons. Comparing the number of
selected neutron events after the accidental events subtraction to the expectation, which
was estimated from the decay curve (dT > 350 µs), the neutron detection efficiency is
estimated to be ∼ 80% [100].

dR Cut

The above selected neutrons are paired with spallation isotope candidates. Here I show
examples of 10C and 12B. Their selections are as follows:

• AfterZen data

• r < 4 m

• 10C

– 2.2 < Evis < 4.0 MeV

– 10 < dTfromNeutron < 90 s (ontime), 300 < dTfromNeutron < 1000 s (offtime)

• 12B

– 4 < Evis < 12 MeV

– 30 < dTfromNeutron < 60 ms (ontime), 300 < dTfromNeutron < 1000 s (offtime)

Figure 5.16 (5.17) show the distribution of the distance between the 10C (12B) candidate
and the nearest neutron (dR). The event excess at dR > 200 cm region of Figure 5.17
indicates that some of 12B are produced through neutron-non-related processes such as
µ− capture on 12C. Based on the 10C case, the n-tag condition is set to dR < 1.6 m
(dT < 180 s) for AfterZen.
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Figure 5.16: Distance between a 10C candidate to the nearest MoGURA-neutron (Af-
terZen).
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Figure 5.17: Distance between a 12B candidate to the nearest MoGURA-neutron (Af-
terZen).
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5.3.2 FBE Neutron

To deploy the n-tag to MoGURA-unavailable periods (BeforePurif and SolarPhase), I
studied FBE neutron events after muons.

Reconstruction of Neutron Events

I used a legacy charge-only based energy fitter, KAT-Energy [58, Sec. 3.7], to reconstruct
the energy of the neutrons. KAT-LT-Vertex was used for the vertex reconstruction as in
the MoGURA case.
Figure 5.18 (5.19) show the dT and Evis property of the neutron candidates (r < 6 m) of

BeforePurif (SolarPhase). The band around 2.2 MeV is significant. The visual differences
between BeforePurif and SolarPhase come from the difference of their trigger conditions.
The dT range of the low energy (∼ 0.5 MeV) band corresponds to the delayed trigger
window.
By checking the dR correlation between the neutrons and 12B events, I decided the

following neutron selection criteria:

• 10 < dT < 1200 µs

• BeforePurif

– Qµ < 106 p.e.: EKat
vis > 1.2 MeV

– Qµ ≥ 106 p.e.: EKat
vis > 0.7 MeV

• SolarPhase

– Qµ < 106 p.e.: (EKat
vis > 0.6 MeV and dT < 100 µs) or (EKat

vis > 1.6 MeV)

– Qµ ≥ 106 p.e.: (EKat
vis > 0.05 MeV and 90 < dT < 200 µs) or (EKat

vis >
0.6 MeV)

Under the above condition, the neutron detection efficiencies are estimated as follows:

• BeforePurif

– Qµ < 106 p.e.: ∼ 85%

– Qµ ≥ 106 p.e.: ∼ 40%

• SolarPhase

– Qµ < 106 p.e.: ∼ 80%

– Qµ ≥ 106 p.e.: ∼ 33%

dR Cut

The dR distributions for 10C and 12B are derived for SolarPhase, see Figure 5.20 and 5.21,
respectively. The resolution of dR in this case is larger than that in the MoGURA case.
Agasin, based on the 10C case, the n-tag condition for BeforePurif and SolarPhase is set
to dR < 2 m (dT < 180 s).
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Figure 5.18: FBE neutrons (BeforePurif ). Selection for dT projection: EKat
vis > 1.2 MeV

(Qµ < 106 p.e.), EKat
vis > 0.7 MeV (Qµ ≥ 106 p.e.).
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Figure 5.19: FBE neutrons (SolarPhase). Selection for dT projection: { (EKat
vis >

0.6 MeV and dT < 100 µs) or (EKat
vis > 1.6 MeV) } (Qµ < 106 p.e.),

{ (EKat
vis > 0.05 MeV and 90 < dT < 200 µs) or (EKat

vis > 0.6 MeV) }
(Qµ ≥ 106 p.e.).
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Figure 5.20: Distance between a 10C candidate to the nearest FBE-neutron (SolarPhase).
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Figure 5.21: Distance between a 12B candidate to the nearest FBE-neutron (SolarPhase).

5.4 Strategy for the Combination of Shower-tag and
n-tag

Hence shower-tag and n-tag are correlated, it is ideal to construct a spallation likelihood
as

Lspa = LwoDt

(
dE

dx
, dLtoMu, dRtoNeutron

)
L(dT ). (5.74)

However, creation of the LwoDt requires further detailed study because both the neutron
detection efficiency and the track reconstruction are not perfect. Therefore, for simplicity,
I consider a staged cut as follows:

1. Apply an all volume veto (dTfromMu < 150 ms)

2. Apply n-tag

3. Apply shower-tag

The shower-tag is applied on n-untagged events. Thus it is important to estimate the
following values for the remaining background estimation after the cut:

• n-untagged rate of the isotopes

• shower-tag efficiency on n-untagged events

5.5 n-tag Efficiency and n-untagged rate

n-tagging is a binary cut; dR < 1.6(2.0) m or not. Thus a total production rate of an
isotope is given by

Rtotal
i = Rn-tagged

i +Rn-untagged
i . (5.75)
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Hence Rtotal
i is already estimated in Ref. [55], it is possible to obtain Rn-untagged

i by
a subtraction, Rtotal

i − Rn-tagged
i . However, as can be seen later, the n-tag efficiency is

relatively high (≳ 70%). The subtraction tends to be a large number minus another
large number. The resulting Rn-untagged

i would have a huge relative uncertainty. Therefore
Rn-untagged

i needs to be obtained independently from Rtotal
i .

5.5.1 Estimation of the Production Rates

I estimated the production rates by fitting 2D (Evis, dTfromMu) distributions.

n-tagged

The estimation of n-tagged rates were performed with the following classes:

• 9Li, 8He

– r < 5.5 m

– Neutron emitters.

– Tagged with additional delayed-coincidence (3 ms window) tag.

• 12B, 12N, 9C, 8Li, 8B, 11Be

– r < 5.5 m

– 0.005 < dT < 1000 s

– 6 < Evis < 18 MeV

• 10C, 6He

– r < 4.0 m (avoid external gamma-ray backgrounds)

– 0.15 < dT < 1000 s

– 2.2 < Evis < 6 MeV

n-untagged Rate

The rate estimations of n-untagged cases suffer from accidental backgrounds compared to
n-tagged cases. Thus more classes are needed as follows:

• 9Li, 8He

– r < 5.5 m

– Tagged with additional delayed-coincidence (3 ms window) tag.

• 12B, 12N

– r < 5.5 m

– 0.005 < dT < 1000 s

– 6 < Evis < 18 MeV

• 9C, 8Li, 8B
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– r < 4.5 m

– 0.15 < dT < 1000 s

– 6 < Evis < 18 MeV

• 11Be

– r < 4.5 m

– 0.15 < dT < 1000 s

– 6 < Evis < 18 MeV

– Enriched by LwoDt

(
dE
dx
, dL

)
selection

• 10C, 6He

– r < 3.0 m

– 0.15 < dT < 1000 s

– 2.2 < Evis < 6 MeV

– Enriched by LwoDt

(
dE
dx
, dL

)
selection

The efficiency of the LwoDt

(
dE
dx
, dL

)
selection used for 11Be, 10C and 6He were estimated

based on n-untagged 8Li events (0.15 < dT < 2 s, 6 < Evis < 20 MeV). The uncertainty
coming from the isotope difference was estimated from MC (FLUKA).

Results

The results are shown in Figure 5.22 (n-tagged) and 5.23 (n-untagged). Figure 5.24 shows
the results of total rates (= n-tagged + n-untagged), see Table 5.2 for exact values. Total
rates of all three phases are in good agreements and they also agree with the estimation
of Ref. [55]. A slight tension in 8B and 8Li may be related to the difference of energy
reconstruction tools. They are correlated isotopes in the estimation because they have
similar energy and lifetimes (∼ 1 s). Sums of their rates (∼ 25 /day/kton) are almost
same in this work and Ref. [55].
The production rate of 6He, which wasn’t measured in Ref. [55], was estimated from

BeforePurif data as
RHe-6 = 11.9± 1.2 /day/kton

or (9.33± 0.95)× 10−7 µ−1g−1cm2 in yield.

5.5.2 Efficiency

n-tag Efficiency

The n-tag efficiency for an isotope is estimated as

ϵn-tagi =
Rn-tagged

i

Rn-tagged
i +Rn-untagged

i

. (5.76)

Figure 5.25 shows the efficiencies for all periods and isotopes. AfterZen has the best per-
formance (∼ 90% efficiencies) thanks to MoGURA. The differences between BeforePurif
and SolarPhase may be due to the difference in the trigger thresholds. With a lower
threshold (SolarPhase), buffers of the electronics tend to be full after muons.
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Figure 5.22: n-tagged rates. mogura means AfterZen.
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Figure 5.23: n-untagged rates. mogura means AfterZen.
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Figure 5.24: Total production rates (= n-tagged + n-untagged). prevPaper means Ref.
[55].
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Table 5.2: Total production rates

Isotopes Rate [/d/kt]
BeforePurif SolarPhase AfterZen

12N 1.48 ± 0.55 0.82 ± 0.55 0.81 ± 0.89
12B 54.90 ± 0.68 56.30 ± 1.24 56.10 ± 3.05
8He 0.57 ± 0.64 0.44 ± 0.88 0.38 ± 1.22
9C 1.60 ± 0.78 1.34 ± 1.00 0.88 ± 1.69
9Li 2.91 ± 0.20 2.63 ± 0.25 2.58 ± 0.39
8B 4.91 ± 1.89 3.34 ± 2.78 3.76 ± 4.83
6He 11.93 ± 1.22 12.95 ± 2.04 10.71 ± 2.54
8Li 19.97 ± 2.27 23.47 ± 3.18 21.59 ± 4.02
11Be 1.12 ± 0.18 1.14 ± 0.24 1.14 ± 0.30
10C 22.16 ± 1.63 18.81 ± 2.21 18.30 ± 3.13
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Figure 5.25: n-tag efficiency. mogura means AfterZen.
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Deadtime Ratio

The deadtime ratio (the efficiency of accidentally tagging non-spallation events) is calcu-
lated using space-time-uniform MC events (r < 3 m). Actual muons and neutrons are
paired in each phase. The results are as follows:

• BeforePurif : 6.24%

• SolarPhase: 5.32%

• AfterZen: 4.79%

In AfterZen, periods in which MoGURA was not running due to some troubles were also
treated as the deadtime.

5.6 Combination of Shower-tag and n-tag

The strategy for the combination of shower-tag and n-tag is described in 5.4. The shower-
tag efficiency on n-untagged events needs to be estimated.

5.6.1 PDF

The shower-tag likelihood is constructed as

LwDt(dE/dx, dL, dT ) = LwoDt(dE/dx, dL)L(dT ). (5.77)

As for LwoDt(dE/dx, dL), a PDF created from n-untagged events is used, see Figure 5.11
(right).

5.6.2 Determination of Likelihood Cut Conditions

The likelihood cut conditions were optimized in a similar way described in Section 5.2.7.
This time, however, n-untagged 8Li was used as a referential spallation isotope, see the
red solid line in Figure 5.26 (top left). I substituted n-untagged amounts for Nbg in the
formula 5.72. The LwDt was created from a random combination of LwoDt and L(dT ) and
the statistical error which comes from the ontime-minus-offtime subtraction was ignored.

The following are derived likelihood cut conditions:

• BeforePurif : log10(LwDt) ≥ 1.2

• SolarPhase: log10(LwDt) ≥ 1.6

• AfterZen: log10(LwDt) ≥ 1.6

5.6.3 Estimation of Efficiencies

The LwDt cut efficiencies against n-untagged events were estimated based on n-untagged
8Li events. Again, the uncertainty coming from the isotope difference was estimated from
MC (FLUKA). In order to treat the statistical uncertainty comes from the ontime-minus-
offtime subtraction process, a conversion of dT is considered.
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Figure 5.26: Example of the likelihood cut condition determination (SolarPhase).

98



5 Muon Spallation Background Reduction

0 2 4 6 8 10
 dT

4−10

3−10

2−10

1−10

1
 a

.u
.

] 
1

, b
1

) [a1τ(dT; 1f

] 
2

, b
2

) [a2τ(dT; 2f

Figure 5.27: Schematic of the dT conversion.

dT Conversion

8Li events are selected with ontime and offtime dT ranges:

• ontime: 0.15 < dT < 2 s

• offtime: 180 < dT < 1000 s

And, of course, dT ’s of the 8Li candidates follow the lifetime τLi-8.
In order to consider likelihood distributions for each isotope, the paired property of a

8Li candidate needs a conversion(
dE

dx
, dL, dTrawLi-8|

dT2

dT1

)
→
(
dE

dx
, dL, dT converted

C-10,He-6,etc.

∣∣∣180 s

150 ms

)
. (5.78)

Thus I have to consider 1-to-1 mapping from a ranged-exponential distribution, f1(dT ; τ1) [a1, b1],
to another one, f2(dT ; τ2) [a2, b2], see Figure 5.27. This is achieved by considering their
integrals as

I(τ2, a2, dT2)

I(τ2, a2, b2)
=

I(τ1, a1, dT1)

I(τ1, a1, b1)
, (5.79)

where

I(τ, a, b) = e−
b
τ − e−

a
τ . (5.80)

Generally, the origin can be a multi-component function as follows

I(τ2, a2, dT2)

I(τ2, a2, b2)
=

∑
i AiI(τi, a1, dT1)∑
i AiI(τi, a1, b1)

. (5.81)

99



5 Muon Spallation Background Reduction

dT
0 5 10 15
0

50

100
310×

ßSignal(exp.) + BG(flat) model

After conversion
Initial flat BG is
no longer flat after conversion.After conversion

(BG subtracted)

Figure 5.28: Example of dT conversion.

Solving this for dT2, I get

dT2 = −τ2 ln

(
e
−a2

τ2 + I(τ2, a2, b2)

∑
i AiI(τi, a1, dT1)∑
i AiI(τi, a1, b1)

)
. (5.82)

Figure 5.28 shows an example of the dT conversion from an exponential + flat model.
The flat background in the original model is converted to a non-flat distribution.

Results

Table 5.3 shows the summary of shower-tag efficiencies against n-untagged events. The
relatively lower efficiency for 11Be and 10C is due to the difference of the optimized en-
ergy region in L(dT ) construction. The n-tag efficiency of SolarPhase is not as good as
AfterZen. Instead, its shower-tag efficiency is higher.
The total rejection efficiency, including 150 ms all volume veto, is summarized in Table

5.4. The remaining event rate, corresponds to the total rejection efficiency, is shown in
Table 5.5.
More than 90% rejection efficiencies were achieved for all isotopes and phases. The

event rates were lowered to the 8B solar neutrino level, O(1) /day/kton.

Deadtime Ratio

The deadtime ratio was estimated in the same way with that for n-tag case (See Section
5.5.2). Table 5.6 shows the summary.
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Table 5.3: Shower-tag efficiency against n-untagged events

Isotopes Efficiency
BeforePurif SolarPhase AfterZen

12N 100± 11% 96± 8% 100± 39%
12B 100± 13% 94± 8% 90± 18%
8He 100± 8% 95± 8% 88± 18%
9C 99± 8% 95± 8% 89± 19%
9Li 100± 8% 95± 8% 91± 19%
8B 99± 8% 94± 7% 81± 16%
6He 99± 8% 93± 7% 82± 17%
8Li 100± 8% 93± 7% 81± 17%
11Be 52± 14% 79± 21% 69± 23%
10C 45± 12% 74± 19% 62± 21%

Table 5.4: Total (150 ms veto + shower-tag + n-tag) rejection efficiency

Isotopes Efficiency
BeforePurif SolarPhase AfterZen

12N 100± 0.00008% 100± 0.00007% 100± 0.00037%
12B 100± 0.019% 99.989± 0.014% 99.99± 0.03%
8He 100± 0.3% 100± 1.2% 100± 4.29%
9C 99± 0.3% 99.9± 0.8% 100± 1.27%
9Li 100± 0.6% 99.4± 1.0% 99.4± 1.25%
8B 99± 0.4% 99.6± 1.3% 100.± 2.29%
6He 99.9± 0.7% 98.7± 1.6% 98.76± 2.21%
8Li 100± 1.0% 98.5± 1.6% 98.39± 1.61%
11Be 92.0± 6.1% 95.7± 5.2% 97.79± 4.56%
10C 95.4± 2.9% 95.0± 4.5% 100± 0.54%

Table 5.5: Remaining event rate

Isotopes Rate [/day/ktonLS]
BeforePurif SolarPhase AfterZen

12N < 10−6 < 10−6 < 10−5

12B 0± 0.01 0.006± 0.008 0.008± 0.014
8He 0± 0.005 0± 0.005 0± 0.016
9C 0.001± 0.005 0.001± 0.010 0± 0.011
9Li 0.001± 0.018 0.017± 0.025 0.02± 0.032
8B 0.002± 0.020 0.013± 0.042 0± 0.086
6He 0.02± 0.086 0.16± 0.21 0.13± 0.23
8Li 0± 0.19 0.36± 0.37 0.35± 0.34
11Be 0.09± 0.07 0.05± 0.059 0.03± 0.052
10C 1.01± 0.64 0.93± 0.84 0± 0.099
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Table 5.6: Summary of the spallation cut related deadtime

Period Deadtime ratio [%]

150 ms veto
only

n-tag
only

shower-tag
only

n-tag
+

shower-tag

n-tag
+

shower-tag
+

150 ms veto

BeforePurif 4.98 6.24 7.28 12.9 17.2
SolarPhase 4.88 5.32 8.72 13.1 17.3
AfterZen 4.66 4.79 8.81 12.6 16.7

5.6.4 Comparison with the Previous Study

In the previous study of 8B solar neutrino measurement using KamLAND [48], the re-
maining event rates and deadtime ratio were estimated as follows:

• 8Li: 0.29± 0.057 /day/kton

• 11Be: 1.17± 0.25 /day/kton

• Deadtime ratio: 37.6%

BeforePurif corresponds to the period used in Ref. [48]. The improvements with the new
rejection method are as follows:

• 11Be reduction (∼ 90%)

• The scale of the uncertainty (∼ 0.2 /day/kton) kept same

• 20% less deadtime ratio
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Reduction

Descendants of 232Th, mainly 208Tl and 212Bi(–212Po), are backgrounds for underground
low-background experiments. Figure 6.1 shows the decay chain of 232Th series.
Commonly used delayed coincidence methods and their problems are as follows:

• 212Bi (Qα = 6.21 MeV)–208Tl (Qβ = 5.00 MeV, τ = 4.40 min)

– Problem: Long coincidence window (∼ 20 min) and low prompt energy (Evis ∼
0.35 MeV) make efficient veto difficult.

• 212Bi (Qβ = 2.25 MeV)–212Po (Qα = 8.95 MeV, τ = 431 ns)

– Problem: They become a pile-up event when 212Po decays earlier than the
timing resolution of the detector (∼ 20 ns).

In this chapter, I introduce a new delayed coincidence method which uses 220Rn–216Po
events. I call it Day-scale tag. I consider a combination of Day-scale tag and Bi–Tl tag
to reduce the 208Tl backgrounds in the solar neutrino analysis of this thesis.

6.1 Event Rate in KamLAND

The event rate of 232Th series isotopes can be easily estimated using the 212Bi–212Po
coincidence. The selection is as follows:

• rprompt < 3.5 m

• Prompt energy Ep(= EBi): 1.0 < Ep < 2.5 MeV

Selection efficiency: 45% (29% when the 64% branching ratio included)

• Delayed energy Ed(= EPo): 0.5 < Ed < 1.0 MeV

Selection efficiency: 100%

• Time difference from the prompt to the delayed dT : 0.4 < dT < 2.5 µs (fit range)

• Spatial difference from the prompt to the delayed dR: dR < 2 m

Selection efficiency: 100%

Figure 6.2 shows the distribution of the coincidence-related parameters of SolarPhase.
The accidental events in longer dT are due to 214Bi–214Po (τ = 237 µs) coincidence. From
the dT fitting (fit range 0.5 < dT < 10 µs), the rate can be estimated. The results for
SolarPhase and AfterZen are summarized in Table 6.1.
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Figure 6.1: Decay chain of 232Th series. Figure from [64].

Table 6.1: Th series rate in KamLAND. Only 212Bi–212Po rate is actually measured. Oth-
ers are estimated based on the branching ratio and assuming radioactive equi-
librium.

Period 212Bi–212Po rate 212Bi–208Tl rate Total rate 232Th concentration

[/day/ktonLS] [/day/ktonLS] [/day/ktonLS] [×10−17 g/gLS]

SolarPhase 3.54± 0.57 (1.98± 0.32) (5.52± 0.88) (1.56± 0.25)
AfterZen 3.72± 0.65 (2.08± 0.37) (5.80± 1.02) (1.64± 0.29)
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Figure 6.2: 212Bi–212Po coincidence parameters (SolarPhase). Black lines show the events
with the selections to other parameters applied. Blue filled regions show the
selections for the parameter.
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6.1.1 Comparison With the Solar Neutrino Rate

The expected 8B solar neutrino event rate around Evis = 3 MeV is ∼ 0.5 /day/kton/MeV.

212Bi–212Po

The rejection efficiency of 212Bi–212Po is 95% with a dT resolution limit of 20 ns. With an
energy selection (Evis > 2 MeV), the remaining rate of the BiPo pile-up event (dT < 20 ns)
would be ∼ 0.1 /day/kton. This is not so problematic.

208Tl

Rejection of the 208Tl is not easy and it is the theme of this chapter. The raw rate
(∼ 2 /day/kton) is a factor of 2–3 higher than the solar neutrino rate. This needs to be
removed.

6.2 Day-scale Tag

Brief summary of the Day-scale tag is as follows:

1. Search for a pair of 220Rn (Qα = 6.41 MeV)–216Po (Qα = 6.91 MeV, τ = 0.21 s)
(PromptCoincidence [PC ] with a time window of ∼ 1 s)

2. Open a time window of ∼ 2 days

It is difficult to tag 212Pb (Qβ = 0.57 MeV, 15.4 h). 212Pb is just ignored.

3. Search for 208Tl or 212Bi near the PromptCoincidence vertex

Compared to the common methods, Day-scale tag has the following strengths:

• to 212Bi–208Tl

Alpha particles from 220Rn and 216Po have higher energy than one from 212Bi.
PC can reduce accidental backgrounds.

• to 212Bi–212Po

The timing resolution of the detector doesn’t matter.

6.2.1 Prompt Coincidence (220Rn–216Po)

The PC can be purely selected with the following condition (see blue-filled histograms of
Figure 6.3):

• SolarPhase data

(dTfromMuon > 2 ms, Short [<3 ms] delayed coincidence vetoed)

• rp,d < 5 m

• 0.38 < Ep(= ERn
vis ) < 0.5 MeV
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Figure 6.3: N - 1 plot of PC. Black lines (points) show the events with the selections to
other parameters applied.

• 0.4 < Ed(= EPo
vis) < 0.55 MeV

• dR3
Rn-Po < 0.2 m3

• ontime: 0 < dTRn-Po < 0.3 s (offtime: 1 < dTRn-Po < 2 s)

The dT distribution in Figure 6.3 (bottom left) agrees with the decay curve with the
half-life of 216Po.
Figure 6.4 shows ontime, offtime, and subtracted (ontime - offtime) spectra of Ep, Ed,

and dR. The visible energies were evaluated by gaussian-fittings. The lower limit of the
fit range was set to 0.35 MeV to avoid the threshold effect. The best-fit mean values are
as follows:

• 220Rn: 0.384± 0.004 MeV

• 216Po: 0.439± 0.003 MeV

The dR distribution was fitted with a exponentially-modified-gaussian (EMG),

f(dR;µ, τ, σ) =
1

2τ
exp

(
1

2

(σ
τ

)2
− dR− µ

τ

)
Erfc

(
µ+ σ

2

τ
− dR

√
2σ

)
. (6.83)
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Figure 6.4: Ontime, offtime, and subtracted spectra of Ep, Ed, and dR of PC.

6.2.2 Proof of Concept Using 212Bi–212Po
212Bi–212Po events can be purely tagged thanks to the short life time of 212Po. Therefore
it is suitable for studying the Day-scale tag. Figure 6.5 shows the Day-scale coincidence
candidates. For the calculation of the distance between PC and BiPo, energy-weighted
vertices were used as follows:

xPC =
ERn-220xRn-220 + EPo-216xPo-216

ERn-220 + EPo-216

(6.84)

xBi-212Po-212 =
EBi-212xBi-212 + EPo-212xPo-212

EBi-212 + EPo-212

(6.85)

dRPC-BiPo = |xPC − xBi-212Po-212| (6.86)

The events are clearly clustering at shorter dT and dR region. The dT distribution was
fitted with a sequential-decay model,

f(dT ) = N0

1/τPb-212
1/τBi-212 − 1/τPb-212

(
exp

(
− dT

τPb-212

)
− exp

(
− dT

τBi-212

))
+ const, (6.87)

and the best-fit half-lives (TPb-212
1/2 = 11.9 ± 2.7 h, TBi-212

1/2 = 0.76 ± 0.71 h) agree with
known values.

6.2.3 Convection

Sometimes convection happens in KamLAND due to changes in OD water-flow condition.
The dR correlation may get worse when the convection happens. The missing-coincidence
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Figure 6.5: Candidates of PC–212Bi212Po. (Left): Space-time correlation. (Right): dT
distribution (dR3 < 2 m3). Selections: 0.37 < ERn-220 < 0.6 MeV, 0.4 <
EPo-216 < 0.6 MeV, dR3

Rn-220ToPo-216 < 0.2 m3, dTRn-220ToPo-216 < 1.0 s, 0.45 <
EBi-212 < 2.5 MeV, 0.7 < EPo-212 < 1.0 MeV, dRBi-212ToPo-212 < 2 m, 0.4 <
dTBi-212ToPo-212 < 2.5 µs.

ratio was evaluated using SolarPhase data (r < 5 m) in the following method [68]:

1. Count PC events

2. Count PC–BiPo and PC–Tl events (dRPC-BiPo(Tl) < 1.26 m)

3. Compare (1) vs (2)

The estimated missing-coincidence ratio were as follows:

• PC–BiPo: (6± 14)%

• PC–Tl: (12± 15)%

From these results, the combined upper limit was obtained as < 22% (90%C.L.).

6.2.4 dR Distribution

The dR distribution of PC–208Tl was derived by an ontime-minus-offtime subtraction and
evaluated with an EMG model, see Figure 6.6. The result will be used in the construction
of a likelihood model later.

6.3 212Bi–208Tl Coincidence

Utilization of the 212Bi(α)–208Tl coincidence for a solar neutrino analysis in KamLAND
was first tried in Ref. [101]. However, due to the low statistics available at that time
(only first 130 days of SolarPhase), the coincidence itself wasn’t clearly observed.
Here I present the clear signals using entire SolarPhase data. The selection is as follows

(see Figure 6.7):

• SolarPhase data

(dTfromMuon > 2 ms, Short [<3 ms] delayed coincidence vetoed)
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Figure 6.6: Distance from PC to Tl. The black line is ontime (0 < dT < 2.5 d), the blue
line is offtime (2.5 < dT < 7.5 d) and the red point is the subtracted.

• rp,d < 5 m

• 0.37 < Ep(= EBi
vis) < 0.45 MeV

• 3.5 < Ed(= ETl
vis) < 4.5 MeV

• dR3
Bi-Tl < 0.1 m3

• Ontime: 0 < dTBi-Tl < 300 s (Offtime: 1500 < dTBi-Tl < 6000 s)

The half-life estimated from the dT decay curve agrees with the known one of 208Tl.
The on-minus-off subtraction histograms for Ep, Ed, dR are shown in Figure 6.8. Peaks

in the Ep (EBi) and Ed (ETl) are significant in the subtracted histograms. A gaussian fit
to the Ep yielded the following results:

• Mean: 0.393± 0.006 MeV

• Sigma: 0.033± 0.005 MeV

The dR distribution was fitted with an EMG in the same way with the PC ’s case.

6.4 210Po Accidental Background

Visible energies of alpha particles from 220Rn, 216Po, and 212Bi are 0.3–0.4 MeV. The
energy resolution around this energy region is ∼ 0.04 MeV. Thus decays of 210Po (Qα =
5.41 MeV, Evis ∼ 0.3 MeV) in the LS become accidental backgrounds for them, see the
peaks in offtime spectra of Ep and Ed of Figure 6.4.
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Figure 5.13.: Vertex distribution and event rate trend of low energy (0.5 ≤ E < 0.8
MeV) event in the sphere of 4.5 m radius. In the upper graph, z -axis event
rate trend is shown. The lower graphs show typical vertex distribution of
the evens in the first year. The left edge of the upper graph corresponds
to the first graph from the left in the lower graphs, when extremely low
background region exists at −2 < z < 1 m, while there is higher background
region at z < −3 m or at 3 < z m. In the second from the left in the lower
graph, the higher background region at z < −3 m mostly has decayed out,
while influx exits at z ∼ 1 m. In the third to fifth graphs from the left in
the lower graphs show growth and decay of large influx occurred at z ∼ 1
m and z ∼ −2 m.

• Simultaneous energy spectrum fitting of multiple data from different classes.

In order to realize the scheme, classification is done by following procedure.

1. Division of volume into slices.
The sphere of 4.5 m is sliced into small torus shape volume, whose radius width
(ρ) and height (z) is defined as follows so that all slices have the same volume.
ρ2 = (x2 + y2) = 2 m2, z = 0.2 m.

94

Figure 6.9: Position and time dependence of the rate of events with energy of 0.5–0.8 MeV
(mainly 210Bi, a parent of 210Po). Radius selection is r < 4.5 m. Figure from
[57].
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The rate of 210Po in KamLAND was decreased by a factor of >10 by the purification
campaign (see Section 3.5.3). In SolarPhase, it ranged from 10 to 1000 µBq/m3 de-
pending on the time and position (see Figure 6.9). Convection in the KamLAND brings
contamination from the outer-balloon surface to the inside of the detector.
As can be seen from the following comparison, Day-scale tag is O(10–1000) times more

resilient to the 210Po accidental background than Bi–Tl tag.

Impact on 212Bi–208Tl

Given the 210Po rate and assuming 210Po is rejected by ∼ 50% by an energy selection, the
probability of observing one event within a time difference (dT ) of 20 min and a spatial
difference (dR) of 2 m from another event ranges from 20 to 2000%.

Impact on PC–208Tl/212Bi

In a similar way, the probability for the PC (dT < 1 s and dR < 1 m) is calculated as
0.00042–0.042%, where 210Po rejection efficiencies were assumed as ∼ 50% and ∼ 80% for
220Rn and 216Po energy selections, respectively. Thus the accidental PC rate is 0.000042–
0.42 µBq/m3. Therefore the probability of finding an accidental PC with a selection
(dTfromPC < 2 days and dRfromPC < 2 m) is 0.024–240%.

6.5 Background Reduction Strategy

I described Day-scale tag and BiTl tag in previous sections. From here, I consider a
combination of the two methods. Ideally, for 208Tl reduction, a 9-parameters likelihood
can be prepared as

LTl = LDayLBiTl,

where

LDay = L(ERn-220)L(EPo-216)L(dTRnPo)L(dRRnPo)L(dTPC-Tl(Bi))L(dRPC-Tl(Bi))

and
LBiTl = L(EBi-212)L(dTBiTl)L(dRBiTl).

However, the alpha ray signals (220Rn, 216Po, 212Bi) are close to the trigger threshold.
There is a possibility of the correlated loss of the events depending on the time and
position dependence of the light yield. Therefore I will construct the new background
reduction strategy in the following steps:

1. Optimize Day-scale tag

2. Optimize BiTl tag based on remaining events after Day-scale tag

6.5.1 Likelihoods

The PDFs of the energies, dT ’s and dR’s of Day-scale tag and BiTl tag were already
modeled in previous sections. The accidental PDF for the energies, which is mainly
consists of 210Po (Evis ∼ 0.3 MeV peak) and 210Bi (continuum up to Evis ∼ 1.1 MeV), was
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Figure 6.10: Day-scale tag and BiTl tag related PDFs. Red lines are for 232Th series
isotopes. Black lines are for accidental events.

Table 6.2: Maximum tagging efficiency

Period Efficiency [%]
Day-scale tag BiTl tag

SolarPhase 76± 15 84± 12
AfterZen 64± 14 43± 11

modeled with an EMG. The PDFs are summarized in Figure 6.10. For each parameter,
the ratio of the likelihood

Lratio =
LTh-series

Laccidental

is used. L(dRPC-BiPo) and L(dRPC-Tl) are not the same in reality, however L(dRPC-Tl),
which was estimated in Section 6.2.4, is used also as L(dRPC-BiPo) for simplicity.

Maximum Tagging Efficiency

Due to the trigger efficiency for low energy alpha ray events, > 1 hour detector deadtimes
and the convection, Day-scale tag and BiTl tag can not reach 100% efficiency. The
maximum efficiency for each tag was estimated by comparing the expected total number
of events (from 212Bi–212Po) with the number of likelihood-tagged 208Tl events. The results
are summarized in Table 6.2.
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Figure 6.11: PC–Tl(Bi) likelihood ratio (SolarPhase). Red line is for 208Tl and 212Bi.
Black line is for accidental events.

6.6 Determination of Likelihood Cut Thresholds

I determined likelihood cut thresholds in a similar way with the spallation likelihood
case (see Section 5.2.7 and 5.6.2). As a signal, the solar neutrino rate at 2–5 MeV (2
/day/kton) was assumed. The irreducible component (= 1−MaximumTaggingEfficiency)
was considered as very low likelihood events and the 232Th likelihood was re-normalized.
Figure 6.11 shows the likelihood distributions of 232Th and accidental events.
The Day-scale tag optimization yielded the following results:

• SolarPhase

– Cut condition: log10(LDay) > 2.4

– Tl (or Bi) tagging efficiency: 63%

(83% of the maximum tagging efficiency)

– Accidental tagging efficiency: 6.3%

• AfterZen

– Cut condition: log10(LDay) > 2.7

– Tl (or Bi) tagging efficiency: 54%

(84% of the maximum tagging efficiency)

– Accidental tagging efficiency: 2.9%

Note that these efficiencies are derived just for optimization assuming the likelihood PDFs
are perfect and using one arbitrary run for the accidental likelihood calculation. Precise
estimations using the determined cut conditions will be shown later.
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Figure 6.12: Bi–Tl likelihood ratio (SolarPhase). Red line is for 208Tl. Black line is for
accidental events.

In the BiTl tag optimization, the Nbg calculation was started from the value after Day-

scale tag application. Figure 6.12 shows the likelihood ratio distributions for 208Tl and
accidental events.
The optimization results were as follows:

• SolarPhase

– Cut condition: log10(LBiTl) > 1.92

– Tl tagging efficiency: 62%

(75% of the maximum tagging efficiency)

– Accidental tagging efficiency: 3.9%

• AfterZen

– Cut condition: log10(LBiTl) > 2.3

– Tl tagging efficiency: 26%

(60% of the maximum tagging efficiency)

– Accidental tagging efficiency: 2.1%

6.7 Evaluation of the Cut Performance

6.7.1 Deadtime

The deadtime ratio for each cut was estimated using space-time uniform MC events and
real 220Rn, 216Po, 212Bi (α) candidates. The results are summarized in Table 6.3.
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Table 6.3: Deadtime ratio of the thorium series tag. (r < 3.5 m).

Period Deadtime ratio [%]

Day-scale tag BiTl tag
Day-scale tag

+
BiTl tag

SolarPhase 4.7 7.2 11.5
AfterZen 2.7 3.4 5.9

SolarPhase AfterZen
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Figure 6.13: Energy spectrum of the final solar neutrino candidates but tagged with the
thorium series likelihoods. Exposures are for the solar neutrino rate. Those
for the Tl rate are 69.5 kton-day (SolarPhase) and 43.3 kton-day (AfterZen).

6.7.2 Tagging Efficiency

The tagged amounts were estimated by fitting the energy spectrum of the final solar
neutrino candidates but flagged as Tl events. Figure 6.13 shows the example of events
tagged with Day-scale tag or BiTl tag.
I evaluated the tagging efficiencies by comparing the tagged amounts with the evaluated

rates before tagged. Table 6.4 shows the summary of the results. The mean values for
SolarPhase are better than the ones assumed at the cut optimization. Those for AfterZen
are almost same as the assumptions.

Table 6.4: Tagging efficiency of the thorium series tags (r < 3.5 m).

Period Tagging efficiency [%]

Day-scale tag BiTl tag
Day-scale tag

+
BiTl tag

SolarPhase 81± 17 67± 13 98± 19
AfterZen 49± 13 37± 10 63± 16
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6.8 Remaining 212Bi–212Po Pileup

Day-scale tag efficiency should be higher for a 212Bi–212Po pileup because its reconstructed
vertex isn’t as widespread as 208Tl due to lower energy of γ’s. Thus assuming the same
Day-scale tagging efficiencies as 208Tl as the baseline and a micro-sec scale delayed co-
incidence tagging efficiency (∆T > 20 ns) of 95.5%, the remaining pileup event rates
are:

• SolarPhase: 0.0303± 0.0275 /d/kt

• AfterZen: 0.0854± 0.0264 /d/kt

Considering the energy efficiency (EBi > 1.25 MeV1) of 30%, these are negligible for the
2–3 MeV analysis of this work.

1To reach 2 MeV with a pileup event assuming EPo
vis ∼ 0.75 MeV

118



7 Selection of Single Events

7.1 Energy and Volume Selection

Considering impacts of external backgrounds, see 8.3, the following energy-dependent
volume selections are applied:

• 2.0 < Ekin < 3.5 MeV: r < 2.0 m

• 3.5 < Ekin < 5.0 MeV: r < 3.5 m

• 5.0 < Ekin < 20 MeV: r < 3.0 m

7.2 Cuts

• Flasher event cut

– Light emission from a PMT is called flasher. Such PMT (event) can be identi-
fied by monitoring its neighboring PMTs. See [100, Sec. 6.3.2] for the detailed
cut condition.

• 100 µs veto after 1 pps trigger

– Noises after 1-pps trigger is cut.

• 150 ms veto after a muon

– Short-lived spallation products (npγ, 12B, 12N) are cut.

• Delayed coincidence veto

– ν̄e (inverse β decay): dT < 1 ms, dR < 2 m

– 214,212Bi–214,212Po: dT < 1.9 ms, dR < 1.7 m

• Pileup veto (Event separation limit ∆T > 20 ns)

– 214(212)Bi–214(212)Po pileup events (in one event window) are cut. See [81, Sec.
7.3.2] for the detail.

• 150 ms veto after a trigger disable period

– This is care for possible muons coming during trigger disable periods.

• 25 min veto after a long (> 1 s) deadtime

– This ensures efficiencies of BiTl tag (25 min window) and n-tag (3 min window).

• Spallation products veto (n-tag and shower-tag)
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7 Selection of Single Events

• Th series veto (Day-scale tag and BiTl tag)

• Bad event cut

– Based on the reference hit-and-charge pattern, Badness(Goodness) of an event
is evaluated. Bad events are cut. Conditions are different among phases.

∗ BeforePurif : Events with χ2
TQ > 2 are cut [101, Sec. 7.1]. Bad events in

this period seem to be thermometer-related events.

∗ SolarPhase/AfterZen: Events with

B >

{
41.1 exp(−7.1Evis/MeV) + 2.7 (Evis < 5MeV)

[3(log10(Evis/MeV)− 0.6)]2 + 2 (Evis ≧ 5MeV)

are cut. Here B is Badness defined in [64, Sec. 6.2]. Accidental pileups of
uncorrelated events are the cause of bad events [57, Sec. 6.4].

Signal inefficiencies from event-quality cuts (Pileup veto and Bad event cut) are O(0.1)%
and negligibly small as compared to fiducial volume uncertainties. Inefficiencies from
other cuts are reflected to the livetime which is calculated by applying all other cuts to
space-time uniform MC events. See 9.2 for the results.
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8 Background Model and Estimation

Figure 8.1 shows the summary of backgrounds for 8B solar ν ES signals in KamLAND.
The 5 MeV analysis threshold for BeforePurif is due to 208Tl and the 2 MeV threshold
for SolarPhase and AfterZen is due to 11C.
See Table 9.2, 9.3, 9.4 for the exact event rates after the all event selections.

1.0 1.5 2.0 3.0 3.5 5.0
Electron kinetic energy [MeV]

0.50.2

40K 214Bi     208Tl neutron-capture gamma raysà

Intrinsic radioactivity

Muon spallation products

External gamma rays

13C NC 13C CC ground/excited, atmospheric nu, hep ESà

Other neutrino signals

11C 6He  10C 8Li 8B 11Be…à

14C   210Po  85Kr   210Bi 228Ac234Pa 212Bi  214Bi 208Tl

Figure 8.1: Summary of backgrounds for 8B solar ν ES signals

8.1 Muon Spallation Products

Capture events of neutrons produced by muons (2.2 MeV γ) can be backgrounds in a
single event analysis. However they can be easily removed by a 2-ms whole detector veto.
Veto strategies for other short-lived (τ < 30 s) spallation isotopes are discussed in Section
5. Figure 8.2 shows energy spectra of main spallation backgrounds before the application
of reduction techniques.

8.1.1 11C
11C (Qβ+ = 1.98 MeV) has a long lifetime of τ = 29.4 min. Its production rate in
KamLAND was measured as (973 ± 10) /d/kt[51]. The spallation cuts (see Section 5)
cover up to ∆TfromMuon = 180 s. Therefore at most 10% of 11C events may be rejected.
Thus I estimated the remaining 11C event rate from the side band (1.5–2 MeV) of energy
spectrum.
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Figure 8.2: Energy spectra of main spallation backgrounds before the application of re-
duction techniques.

8.2 LS Intrinsic Radioactivity

8.2.1 232Th Series
212Bi(212Po) and 208Tl

The event rate of 208Tl in BeforePuri was estimated from the side band of the energy
spectrum (3.5–5 MeV). See Section 6 for the estimation in SolarPhase and AfterZen.
Figure 8.3 shows energy spectra of 208Tl and 212Bi–Po backgrounds (SolarPhase) before
the application of reduction techniques.

228Ac

We cannot expect secular equilibrium between 212Bi and 228Ac due to the relatively long
lifetime of 228Th. Therefore 228Pa is just constrained from the single event energy spectrum
below 2 MeV.

8.2.2 238U Series
214Bi

The U concentration in the LS after the purification campaign estimated from 214Bi is
5 × 10−18 g/g. This corresponds to a raw 214Bi event rate of 5 /d/kt. The efficiency of
214Bi–214Po (T1/2 = 164 ms) delayed-coincidence tagging is estimated to be more than
99.99% assuming the event separation time limit (∆T = 20 ns). Therefore the rejection
limit of 214Bi is determined by the branching ratio to the 214Po mode, 99.98%. The
remaining 214Bi (and 210Tl [Qβ = 5.48 MeV]) rate 0.001 /d/kt is negligible for this solar
neutrino analysis.
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Figure 8.3: 208Tl and 212Bi–Po backgrounds (SolarPhase) before the application of reduc-
tion techniques.

234Pa

We cannot expect secular equilibrium between 214Bi and 234Pa due to the long lifetime of
234U, 230Th, and 226Ra. Therefore 234Pa is just constrained from the single event energy
spectrum below 2 MeV.
Figure 8.4 shows example energy spectra of 234Pa and 228Ac whose rates are set to 10

/d/kt.

8.3 External Backgrounds

8.3.1 Neutron Capture Gamma-rays

External backgrounds above 3 MeV are neutron capture γ’s from the rock-wall and stain-
less steel supportings (vessel, deck, etc.). Their energy and vertex distribution were
estimated by an MC simulation [101]. The uncertainty of the MC estimation was deter-
mined from the difference between the exponential curves of radial position distributions
of the data and the MC at the outer-region (r ∼ 6 m). I selected the analysis volumes to
suppress the impact of the uncertainty to less than the statistical one as follows:

• 3.5–5 MeV: r < 3.5 m

• 5–20 MeV: r < 3 m

Expected event rates in the selected regions are ∼ 0.03 /d/kt (3.5–5 MeV and r < 3.5 m)
and ∼ 0.15 /d/kt (5–20 MeV and r < 3 m).
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for a reference.
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Figure 8.5: Parameters for the modeling of external γ’s

8.3.2 Gamma-rays from U/Th Series

γ’s from U/Th series isotopes (208Tl and 214Bi) from PMTs are dominant below 3 MeV
region. The r-distribution was modeled with a single-scatter-and-disappear model as

dN

dr
∝ 4πr2

∫ π

0

dθ
e−l/λ

4πl2
, (8.88)

l =
√

R2 + r2 − 2Rr cos θ, (8.89)

where R is the position of PMTs (8.25 m), and λ is the attenuation length, see also Figure
8.5 for the notations.
The r-distribution of data (0 < r < 5 m) was fitted with the model (plus uniform

component ∝ r2) energy by energy (0.1 MeV bin from 1.5 MeV to 3.5 MeV). Figure 8.6
shows the radial distribution of SolarPhase data. Attenuation length λ obtained from the
fit almost agreed with the expectation of a mono-energetic γ-ray in a referential plastic
scintillator at below 2.6 MeV, see Figure 8.7. At above 2.6 MeV, shorter λ was obtained
because there are multiple γ’s from 208Tl (2.6 MeV + 0.51, 0.58, or 0.86 MeV).
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Figure 8.6: Radial distribution of events with energy of 2–3 MeV (SolarPhase).
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Figure 8.7: Fit results of the attenuation length λ in the model (8.88). Red line is a
referential attenuation length of a γ-ray in a plastic scintillator (vinyltoluene-
based) [102] with the same density as Outer-LS .

Under a fiducial volume selection of r < 2 m, the 1.5–3.5 MeV integrated event rate was
∼ 0.4 /d/kton. The uncertainty of this estimation method was derived by comparing this
model with a simple exponential model. When both models are normalized at r = 5 m
region, the difference between them at r = 2 m becomes 20%, see Figure 8.8.
Figure 8.9 shows the estimated external background energy spectrum in each energy

region.
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8.4 Neutrino Related Backgrounds

8.4.1 Solar Neutrino Events

Event rates of neutrino captures on 13C (see Section 2.3.2) and hep ES are estimated with
the following assumptions:

• the best-fit oscillation model (∆m2
21 = 7.5× 10−5 eV2, sin2 θ12 = 0.306) [38]

• total fluxes of BP2004 [103] (ΦB8 = 5.82× 106 /cm2/s, Φhep = 7.88× 103 /cm2/s)

• 13C reaction cross sections from Ref. [43]

8.4.2 Atmospheric Neutrinos

Single events from atmospheric ν’s, mainly proton recoils (see Ref. [61, Sec. 9.2.6] for a
general introduction), were estimated by an MC simulation.
Figure 8.10 shows the energy spectra of neutrino related backgrounds.
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9
8
B Solar Neutrino Analysis

In this chapter, I estimate the 8B solar neutrino flux using the selected solar neutrino
candidates. A rate-only analysis and a rate+shape (energy spectrum fitting) analysis are
performed. The rate+shape analysis will be done with the following three types of 8B
solar neutrino spectra:

• Unoscillated spectrum (continuous over all energy)

• Unoscillated spectrum (divided into three regions [2–3, 3–5, 5–20 MeV])

• Oscillated spectrum (Pee approximated with a quadratic function)

9.1 Expected Signal

The expected 8B ν ES event rate is calculated assuming the following parameters:

• ∆m2
21 = 7.51× 10−5 eV2, sin2 θ12 = 0.306 [38]

• Total flux: 5.25× 106 /cm2/s [19]

Figure 9.1 shows the expected spectrum in KamLAND. The rate in each energy region is
as follows:

• 2–3 MeV: 0.64 /d/kt

• 3–5 MeV: 1.0 /d/kt

• 5–20 MeV: 1.2 /d/kt

Figure 9.2 shows the spectrum normalized by the unoscillated shape. The shape difference
between the oscillated and unoscillated shapes in each energy region is as follows:

• 2–3 MeV: 2.6%

• 3–5 MeV: 4.5%

• 5–10 MeV: 6.5%

The scale difference between the best-fit oscillation and currently allowed flat Pee model
is ∼ 10% at 2–5 MeV region.
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Figure 9.1: Expected 8B ν ES spectrum in KamLAND.
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9 8B Solar Neutrino Analysis

Table 9.1: Number of observed events

Periods 2–3.5 MeV 3.5–5 MeV 5–20 MeV Total

BeforePurif - - 183 183
SolarPhase 15 77 79 171
AfterZen 15 47 52 114
Total 30 124 314 468

9.2 Fiducial Volume and Livetime

• BeforePuri

– 5 < Ekin < 20 MeV: r < 3 m, 88.2 ton, 1262 days (79% of runtime 1598 days)

• SolarPhase

– 2 < Ekin < 3.5 MeV: r < 2 m, 29.4 ton, 447 days

– 3.5 < Ekin < 5 MeV: r < 3.5 m, 153 ton, 441 days

– 5 < Ekin < 20 MeV: r < 3 m, 88.2 ton, 443 days (70% of runtime 629 days)

• AfterZen

– 2 < Ekin < 3.5 MeV: r < 2 m, 29.4 ton, 289 days

– 3.5 < Ekin < 5 MeV: r < 3.5 m, 153 ton, 292 days

– 5 < Ekin < 20 MeV: r < 3 m, 88.2 ton, 291 days (62% of runtime 467 days)1

9.3 Observed Events

Figure 9.3, 9.4, 9.5 show the observed events in each phase. Figure 9.6 shows the 3-phases
combined histogram. It is just for visualization. The observed number of events are
summarized in Table 9.1. In total, 468 events were observed in all energy and periods.

1MoGURA trouble periods are included to runtime and treated as deadtime.
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Figure 9.3: Event Reduction (BeforePurif ).

5 10 15 20
 Ekin [MeV]

1

10

210

310

 e
ve

nt
/0

.5
M

eV

15+77+79
=171

basic selection

150msVetoµ+

+n-tag

+shower-tag

+thSeriesVeto

Raw # of events

5 10
 Ekin [MeV]

0

0.2

0.4

0.6

0.8

1

 e
ve

nt
/0

.5
M

eV
/k

to
n-

da
y

data with BGs

 ES OscillatedνB8

=0.317ee ES Flat PνB8

Rate (linear)

5 10 15 20
 Ekin [MeV]

1−10

1

10

 e
ve

nt
/0

.5
M

eV
/k

to
n-

da
y

basic selection

150msVetoµ+

+n-tag

+shower-tag

+thSeriesVeto

 ES OscillatedνB8

=0.317ee ES Flat PνB8

Rate

Figure 9.4: Event Reduction (SolarPhase).
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Figure 9.5: Event Reduction (AfterZen).
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Figure 9.6: Event Reduction (3 phases combined).
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9.4 Estimated Backgrounds

Table 9.2, 9.3, 9.4 show the summary of estimated backgrounds in each phase. Here Ext
is the external γ BG, Alpha is the linear energy scale parameter and FV is the fiducial
volume scale parameter.

Table 9.2: BG estimation (BeforePurif )

BGs Estimation
unit in fitting

Ext 1.00E+00 ± 5.50E-01 (relative) floated
Tl208 4.27E+01 ± 1.93E+00 /day/kt floated
SpaN12 4.50E-07 ± 3.90E-07 /day/kt fixed
SpaB12 9.85E-03 ± 7.85E-04 /day/kt fixed
SpaHe8 2.89E-03 ± 4.33E-03 /day/kt fixed
SpaC9 1.05E-02 ± 7.57E-03 /day/kt fixed
SpaLi9 2.78E-02 ± 8.27E-03 /day/kt fixed
SpaB8 1.24E-02 ± 2.93E-02 /day/kt floated
SpaLi8 0.00E+00 ± 1.50E-01 /day/kt floated
SpaBe11 9.00E-02 ± 5.00E-02 /day/kt floated
C13CCG 1.00E+00 ± 0.00E+00 (relative) fixed
C13CCE 1.00E+00 ± 0.00E+00 (relative) fixed
AtmNu 1.00E+00 ± 3.00E-01 (relative) floated
hepES 1.00E+00 ± 1.60E-01 (relative) floated
Alpha 1.00E+00 ± 4.30E-02 (relative) floated
FV0 1.00E+00 ± 3.00E-02 (relative) floated
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Table 9.3: BG estimation (SolarPhase)

BGs Estimation
unit in fitting

ExtL 1.00E+00 ± 2.00E-01 (relative) floated
ExtM 1.00E+00 ± 8.00E-01 (relative) floated
ExtH 1.00E+00 ± 6.00E-01 (relative) floated
Tl208 4.30E-02 ± 3.72E-01 /day/kt floated
SpaN12 2.54E-07 ± 5.38E-07 /day/kt fixed
SpaB12 6.30E-03 ± 8.09E-03 /day/kt fixed
SpaHe8 1.00E-08 ± 5.35E-03 /day/kt fixed
SpaC9 8.67E-04 ± 1.05E-02 /day/kt fixed
SpaLi9 1.69E-02 ± 2.49E-02 /day/kt fixed
SpaB8 1.25E-02 ± 4.21E-02 /day/kt floated
SpaLi8 3.63E-01 ± 3.74E-01 /day/kt floated
SpaBe11 4.86E-02 ± 5.87E-02 /day/kt floated
SpaC10 9.30E-01 ± 1.04E+00 /day/kt floated
SpaHe6 1.65E-01 ± 2.09E-01 /day/kt floated
C13CCG 1.00E+00 ± 0.00E+00 (relative) fixed
C13CCE 1.00E+00 ± 0.00E+00 (relative) fixed
C13NC 1.00E+00 ± 4.00E-01 (relative) floated
C11 9.80E+02 ± 1.18E+02 /day/kt floated

AtmNu 1.00E+00 ± 3.00E-01 (relative) floated
hepES 1.00E+00 ± 1.60E-01 (relative) floated
Pa234 1.00E-08 ± 2.80E+01 /day/kt floated
Ac228 2.11E+01 ± 4.47E+01 /day/kt floated
Alpha 1.00E+00 ± 4.30E-02 (relative) floated
FV0 1.00E+00 ± 7.70E-02 (relative) floated
FV1 1.00E+00 ± 4.30E-02 (relative) floated
FV2 1.00E+00 ± 5.10E-02 (relative) floated
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Table 9.4: BG estimation (AfterZen)

BGs Estimation
unit in fitting

ExtL 1.00E+00 ± 2.00E-01 (relative) floated
ExtM 1.00E+00 ± 8.00E-01 (relative) floated
ExtH 1.00E+00 ± 6.00E-01 (relative) floated
Tl208 7.61E-01 ± 4.32E-01 /day/kt floated
SpaN12 1.00E-08 ± 2.99E-06 /day/kt fixed
SpaB12 7.88E-03 ± 1.44E-02 /day/kt fixed
SpaHe8 1.00E-08 ± 1.62E-02 /day/kt fixed
SpaC9 1.00E-08 ± 1.12E-02 /day/kt fixed
SpaLi9 1.56E-02 ± 3.21E-02 /day/kt fixed
SpaB8 1.00E-08 ± 8.62E-02 /day/kt floated
SpaLi8 3.47E-01 ± 3.41E-01 /day/kt floated
SpaBe11 2.53E-02 ± 5.17E-02 /day/kt floated
SpaC10 1.00E-08 ± 9.83E-02 /day/kt floated
SpaHe6 1.32E-01 ± 2.34E-01 /day/kt floated
C13CCG 1.00E+00 ± 0.00E+00 (relative) fixed
C13CCE 1.00E+00 ± 0.00E+00 (relative) fixed
C13NC 1.00E+00 ± 4.00E-01 (relative) floated
C11 1.07E+03 ± 1.58E+02 /day/kt floated
AtmNu 1.00E+00 ± 3.00E-01 (relative) floated
hepES 1.00E+00 ± 1.60E-01 (relative) floated
Pa234 2.49E+01 ± 4.29E+01 /day/kt floated
Ac228 1.00E-08 ± 7.94E+01 /day/kt floated
Alpha 1.00E+00 ± 4.30E-02 (relative) floated
FV0 1.00E+00 ± 1.05E-01 (relative) floated
FV1 1.00E+00 ± 5.90E-02 (relative) floated
FV2 1.00E+00 ± 6.90E-02 (relative) floated
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9.5 Rate Analysis

Table 9.5, 9.6, 9.7 show the expected and observed numbers of events in each phase.
They are also expressed in figures. See Figure 9.7, 9.9, and 9.11, respectively. Figure 9.8,
9.10, 9.12 show the background-subtracted histograms. Figure 9.13 shows the combined
histogram. It is just for visualization. The subtracted number of events in each phase
was compared with the expectation from the unoscillated case, where the total 8B solar
ν flux of (5.25 ± 0.21) × 106 /cm2/s [19] was assumed. The results were as follows (see
Figure 9.14) :

• (2–3 MeV): 0.46± 0.35

• 2–3.5 MeV: 0.42± 0.26

• 3.5–5 MeV: 0.49± 0.14

• 5–20 MeV: 0.507± 0.059

They are consistent with the expectations from the best-fit oscillation parameters [38]
and a flat Pee model [18].

Table 9.5: Expected vs observed number of events (BeforePurif )

BGs 5–20 MeV

Ext 14.92 ± 8.21
Tl208 0.00 ± 0.00
SpaN12 0.00 ± 0.00
SpaB12 0.71 ± 0.06
SpaHe8 0.14 ± 0.22
SpaC9 0.65 ± 0.47
SpaLi9 1.02 ± 0.30
SpaB8 0.97 ± 2.30
SpaLi8 0.00 ± 9.51
SpaBe11 6.15 ± 3.42
C13CCG 5.86 ± 0.00
C13CCE 2.14 ± 0.00
AtmNu 1.41 ± 0.42
hepES 0.50 ± 0.08
BGTotal 34.48 ± 13.24
Observed 183
Subtracted 148.52 ± 18.93
Unoscillated 309.33 ± 27.88
Sub/Unosc 0.48 ± 0.07
Flux(1e6/cm2/s) 2.52 ± 0.33
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Table 9.6: Expected vs observed number of events (SolarPhase)

BGs (2–3 MeV) 2–3.5 MeV 3.5–5 MeV 5–20 MeV

ExtL 3.04 ± 0.61 3.05 ± 0.61 0.00 ± 0.00 0.00 ± 0.00
ExtM 0.00 ± 0.00 0.00 ± 0.00 2.10 ± 1.68 0.00 ± 0.00
ExtH 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 5.78 ± 3.47
Tl208 0.01 ± 0.09 0.15 ± 1.27 1.77 ± 15.32 0.00 ± 0.00
SpaN12 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
SpaB12 0.00 ± 0.01 0.01 ± 0.01 0.06 ± 0.08 0.17 ± 0.21
SpaHe8 0.00 ± 0.00 0.00 ± 0.01 0.00 ± 0.07 0.00 ± 0.10
SpaC9 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.05 0.02 ± 0.24
SpaLi9 0.01 ± 0.01 0.01 ± 0.01 0.08 ± 0.12 0.23 ± 0.33
SpaB8 0.01 ± 0.02 0.01 ± 0.04 0.11 ± 0.37 0.36 ± 1.22
SpaLi8 0.33 ± 0.34 0.55 ± 0.57 4.22 ± 4.35 8.44 ± 8.69
SpaBe11 0.03 ± 0.04 0.05 ± 0.06 0.50 ± 0.61 1.22 ± 1.47
SpaC10 7.03 ± 7.86 7.46 ± 8.34 0.00 ± 0.01 0.00 ± 0.00
SpaHe6 0.51 ± 0.65 0.55 ± 0.69 0.00 ± 0.00 0.00 ± 0.00
C13CCG 0.02 ± 0.00 0.05 ± 0.00 0.56 ± 0.00 2.06 ± 0.00
C13CCE 0.05 ± 0.00 0.09 ± 0.00 0.77 ± 0.00 0.76 ± 0.00
C13NC 0.00 ± 0.00 0.19 ± 0.07 2.09 ± 0.84 0.00 ± 0.00
C11 0.05 ± 0.01 0.05 ± 0.01 0.00 ± 0.00 0.00 ± 0.00
AtmNu 0.01 ± 0.00 0.02 ± 0.01 0.11 ± 0.03 0.46 ± 0.14
hepES 0.01 ± 0.00 0.02 ± 0.00 0.09 ± 0.01 0.18 ± 0.03
Pa234 0.00 ± 2.44 0.00 ± 2.44 0.00 ± 0.00 0.00 ± 0.00
Ac228 0.36 ± 0.75 0.36 ± 0.75 0.00 ± 0.00 0.00 ± 0.00
BgTotal 11.48 ± 8.32 12.60 ± 8.88 12.47 ± 16.05 19.66 ± 9.56
Observed 10 15 77 79
Subtracted -1.48 ± 8.90 2.40 ± 9.69 64.53 ± 18.29 59.34 ± 13.05
Unoscillated 15.54 ± 1.44 22.76 ± 2.10 100.21 ± 6.06 108.65 ± 10.76
Sub/Unosci -0.10 ± 0.57 0.11 ± 0.43 0.64 ± 0.19 0.55 ± 0.13

Flux(106/cm2/s) -0.50 ± 3.01 0.55 ± 2.23 3.38 ± 0.97 2.87 ± 0.65
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Table 9.7: Expected vs observed number of events (AfterZen)

BGs (2–3 MeV) 2–3.5 MeV 3.5–5 MeV 5–20 MeV

ExtL 1.96 ± 0.39 2.00 ± 0.40 0.00 ± 0.00 0.00 ± 0.00
ExtM 0.00 ± 0.00 0.00 ± 0.00 1.41 ± 1.13 0.00 ± 0.00
ExtH 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.83 ± 2.30
Tl208 0.11 ± 0.07 1.67 ± 0.95 20.73 ± 11.78 0.00 ± 0.00
SpaN12 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
SpaB12 0.00 ± 0.01 0.01 ± 0.01 0.05 ± 0.09 0.14 ± 0.25
SpaHe8 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.13 0.00 ± 0.20
SpaC9 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.03 0.00 ± 0.17
SpaLi9 0.00 ± 0.01 0.01 ± 0.01 0.05 ± 0.10 0.14 ± 0.28
SpaB8 0.00 ± 0.03 0.00 ± 0.05 0.00 ± 0.50 0.00 ± 1.63
SpaLi8 0.21 ± 0.20 0.34 ± 0.34 2.67 ± 2.63 5.29 ± 5.21
SpaBe11 0.01 ± 0.02 0.02 ± 0.04 0.17 ± 0.35 0.42 ± 0.85
SpaC10 0.00 ± 0.48 0.00 ± 0.51 0.00 ± 0.00 0.00 ± 0.00
SpaHe6 0.26 ± 0.47 0.28 ± 0.50 0.00 ± 0.00 0.00 ± 0.00
C13CCG 0.02 ± 0.00 0.03 ± 0.00 0.37 ± 0.00 1.35 ± 0.00
C13CCE 0.03 ± 0.00 0.06 ± 0.00 0.51 ± 0.00 0.50 ± 0.00
C13NC 0.00 ± 0.00 0.12 ± 0.05 1.39 ± 0.55 0.00 ± 0.00
C11 0.03 ± 0.01 0.03 ± 0.01 0.00 ± 0.00 0.00 ± 0.00
AtmNu 0.01 ± 0.00 0.01 ± 0.00 0.06 ± 0.02 0.30 ± 0.09
hepES 0.01 ± 0.00 0.01 ± 0.00 0.06 ± 0.01 0.12 ± 0.02
Pa234 1.40 ± 2.41 1.40 ± 2.41 0.00 ± 0.00 0.00 ± 0.00
Ac228 0.00 ± 0.86 0.00 ± 0.86 0.00 ± 0.00 0.00 ± 0.00
BgTotal 4.07 ± 2.69 6.00 ± 2.87 27.47 ± 12.15 12.07 ± 6.00
Observed 12 15 47 52
Subtracted 7.93 ± 4.38 9.00 ± 4.82 19.53 ± 13.95 39.93 ± 9.38
Unoscillated 10.04 ± 1.18 14.70 ± 1.72 66.34 ± 4.83 71.32 ± 7.80
Sub/Unosci 0.79 ± 0.45 0.61 ± 0.34 0.29 ± 0.21 0.56 ± 0.15
Flux(1e6/cm2/s) 4.15 ± 2.33 3.21 ± 1.75 1.55 ± 1.11 2.94 ± 0.72
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Figure 9.7: Observed events vs expected BGs (Rate only) (BeforePurif ).
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Figure 9.8: BG subtracted spectrum (Rate only) (BeforePurif ).
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Figure 9.9: Observed events vs expected BGs (Rate only) (SolarPhase).
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Figure 9.10: BG subtracted spectrum (Rate only) (SolarPhase).

140



9 8B Solar Neutrino Analysis

5 10 15 20
Ekin [MeV]

0

0.5

1

ev
en

t/0
.5

M
eV

/k
to

n-
da

y data with BGs
ES Osc. expctd νB8

γExt. 
Spa1
Spa2
Tl208
C13NC
C13CC
Others

Figure 9.11: Observed events vs expected BGs (Rate only) (AfterZen).
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Figure 9.12: BG subtracted spectrum (Rate only) (AfterZen).
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Figure 9.13: BG subtracted spectrum (Rate only) (3 phases combined). Just for visual-
ization.
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9.6 Rate+Shape Analysis (Unoscillatad Shape)

9.6.1 Binned Maixmum Likelihood

Energy spectrum fittings are performed with a binned maximum likelihood method whose
χ2 is defined as

χ2
final = χ2

energy + χ2
penalty, (9.90)

χ2
energy =

{
2
∑

i [−(ni − fi)] (ni = 0)

2
∑

i

[
−(ni − fi) + ni log

ni

fi

]
(ni > 0)

, (9.91)

where

• i denotes i-th energy bin.

• ni is the number of event observed in i-th energy bin.

• fi is the number of event expected in i-th energy bin.

χ2
penalty =

∑
j

(mj − µj)
2

σ2
j

, (9.92)

where

• j denotes j-th constrained parameter.

• mj is the estimated parameter from the energy spectrum fitting.

• µj is the mean value of j-the parameter in the external estimation.

• σj is the uncertainty of the external estimation.

9.6.2 Fit with Unoscillated Shape (Continuous)

A fit with a continuous shape over energy is useful to grasp the situation of remaining
backgrounds. Figure 9.15 9.16, 9.17 show the energy spectra fitted with the unosillated
8B solar ν spectrum. The best-fit parameters and the number of events are summarized
in:

• BeforePuri : Table 9.8 ,9.9

• SolarPhase: Table 9.10 ,9.11

• AfterZen: Table 9.12 ,9.13

208Tl in SolarPhase and AfterZen and spallation products (10C, 6He, 8B) in SolarPhase
were well determined in the energy spectrum fitting. Based on these results, the estima-
tions of rejection efficiencies are improved as follows:
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Figure 9.15: Fit with unoscillated shape (BeforePurif ).

• 208Tl

– SolarPhase: (98± 19)% → (92± 11)%

– AfterZen: (63± 16)% → (87± 12)%

• 10C

– SolarPhase: (95.0± 4.5)% → (100± 2.2)%

Figure 9.18 shows the ∆χ2 distributions for the measured flux in each phase. The
estimated fluxes were:

• BeforePurif : (2.73+0.36
−0.35)× 106/cm2/s

• SolarPhase: (2.92+0.50
−0.50)× 106/cm2/s

• AfterZen: (3.00+0.55
−0.52)× 106/cm2/s

• 3-phases combined: (2.84+0.26
−0.25)× 106/cm2/s

The combined result agrees with the SK’s result [38], (2.35 ± 0.04) × 106/cm2/s, within
2σ.

144



9 8B Solar Neutrino Analysis

2 2.5 3 3.5
 Ekin [MeV]

1−10

1

10

210

310
ev

en
t/0

.0
5M

eV
/1

1.
7k

to
n-

da
y data

best-fit
B8ES

γExt. 
Spa1
Spa2
Tl208
C13NC
C13CC
Others

/NBin = 29.7 / 30
local
2χ

2 2.5 3 3.5
Ekin [MeV]

2−

0

2

)σ
 R

es
. (

3.5 4 4.5 5
 Ekin [MeV]

0

5

10

15

ev
en

t/0
.1

M
eV

/6
1.

7k
to

n-
da

y data
best-fit
B8ES

γExt. 
Spa1
Spa2
Tl208
C13NC
C13CC
Others

/NBin = 16.9 / 15
local
2χ

3.5 4 4.5 5
Ekin [MeV]

2−

0

2

)σ
 R

es
. (

5 10 15 20
 Ekin [MeV]

0

5

10

15

20

ev
en

t/0
.5

M
eV

/3
9.

1k
to

n-
da

y data
best-fit
B8ES

γExt. 
Spa1
Spa2
Tl208
C13NC
C13CC
Others

/NBin = 18 / 30
local
2χ

5 10 15 20
Ekin [MeV]

2−

0

2

)σ
 R

es
. (

5 10
Ekin [MeV]

0

0.2

0.4

0.6

0.8

1

ev
en

t/0
.5

M
eV

/k
to

n-
da

y data
B8ES

γExt. 
Spa1
Spa2
Tl208
C13NC
C13CC
Others

 = 64.6
sum
2χ

 = 1.08
pena
2χ

 = 65.7
final
2χ

NBin = 75

Figure 9.16: Fit with unoscillated shape (SolarPhase).
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Figure 9.17: Fit with unoscillated shape (AfterZen).
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Table 9.8: Estimation vs best-fit parameters (Unoscillated shape fit) (BeforePurif )

Parameters Unit Condition Estimation (Constraint) Best-fit

B8NuES 1e6/cm2/s floated 2.74E+00 ± 3.29E-01
Ext (relative) floated 1.00E+00 ± 5.50E-01 1.07E+00 ± 5.17E-01
Tl208 /day/kt floated 4.27E+01 ± 1.93E+00 4.27E+01 ± 1.93E+00
SpaN12 /day/kt fixed 4.50E-07 ± 3.90E-07 4.50E-07 ± fixed
SpaB12 /day/kt fixed 9.85E-03 ± 7.85E-04 9.85E-03 ± fixed
SpaHe8 /day/kt fixed 2.89E-03 ± 4.33E-03 2.89E-03 ± fixed
SpaC9 /day/kt fixed 1.05E-02 ± 7.57E-03 1.05E-02 ± fixed
SpaLi9 /day/kt fixed 2.78E-02 ± 8.27E-03 2.78E-02 ± fixed
SpaB8 /day/kt floated 1.24E-02 ± 2.93E-02 8.67E-03 ± 2.92E-02
SpaLi8 /day/kt floated 0.00E+00 ± 1.50E-01 0.00E+00 ± 1.40E-01
SpaBe11 /day/kt floated 9.00E-02 ± 5.00E-02 9.08E-02 ± 4.98E-02
C13CCG (relative) fixed 1.00E+00 ± 0.00E+00 1.00E+00 ± fixed
C13CCE (relative) fixed 1.00E+00 ± 0.00E+00 1.00E+00 ± fixed
AtmNu (relative) floated 1.00E+00 ± 3.00E-01 1.10E+00 ± 2.81E-01
hepES (relative) floated 1.00E+00 ± 1.60E-01 1.00E+00 ± 1.60E-01
Alpha (relative) floated 1.00E+00 ± 4.30E-02 9.50E-01 ± 1.92E-02
FV0 (relative) floated 1.00E+00 ± 3.00E-02 1.00E+00 ± 3.00E-02

Table 9.9: Best-fit number of events (Unoscillated shape fit) (BeforePurif ).

BGs 5–20 MeV
B8NuES 147.10 ± 17.66
Ext 15.90 ± 7.71
Tl208 0.00 ± 0.00
SpaN12 0.00 ± fixed
SpaB12 0.68 ± fixed
SpaHe8 0.13 ± fixed
SpaC9 0.63 ± fixed
SpaLi9 0.97 ± fixed
SpaB8 0.65 ± 2.19
SpaLi8 0.00 ± 8.35
SpaBe11 5.87 ± 3.22
C13CCG 5.63 ± fixed
C13CCE 1.89 ± fixed
AtmNu 1.58 ± 0.40
hepES 0.48 ± 0.08
BestFitTotal 181.49 ± 21.36
Observed 183
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Table 9.10: Estimation vs best-fit parameters (Continuous unoscillated shape fit) (So-
larPhase)

Parameters Unit Condition Estimation (Constraint) Best-fit

Nu 106/cm2/s floated 2.92E+00 ± 5.05E-01
ExtL (relative) floated 1.00E+00 ± 2.00E-01 9.79E-01 ± 1.92E-01
ExtM (relative) floated 1.00E+00 ± 8.00E-01 1.09E+00 ± 7.64E-01
ExtH (relative) floated 1.00E+00 ± 6.00E-01 9.26E-01 ± 5.41E-01
Tl208 /day/kt floated 4.30E-02 ± 3.72E-01 1.51E-01 ± 2.07E-01
SpaN12 /day/kt fixed 2.54E-07 ± 5.38E-07 2.54E-07 ± fixed
SpaB12 /day/kt fixed 6.30E-03 ± 8.09E-03 6.30E-03 ± fixed
SpaHe8 /day/kt fixed 1.00E-08 ± 5.35E-03 1.00E-08 ± fixed
SpaC9 /day/kt fixed 8.67E-04 ± 1.05E-02 8.67E-04 ± fixed
SpaLi9 /day/kt fixed 1.69E-02 ± 2.49E-02 1.69E-02 ± fixed
SpaB8 /day/kt floated 1.25E-02 ± 4.21E-02 1.01E-02 ± 2.69E-02
SpaLi8 /day/kt floated 3.63E-01 ± 3.74E-01 3.66E-01 ± 3.35E-01
SpaBe11 /day/kt floated 4.86E-02 ± 5.87E-02 4.99E-02 ± 5.94E-02
SpaC10 /day/kt floated 9.30E-01 ± 1.04E+00 4.76E-05 ± 3.88E-01
SpaHe6 /day/kt floated 1.65E-01 ± 2.09E-01 1.43E-01 ± 1.79E-01
C13CCG (relative) fixed 1.00E+00 ± 0.00E+00 1.00E+00 ± fixed
C13CCE (relative) fixed 1.00E+00 ± 0.00E+00 1.00E+00 ± fixed
C13NC (relative) floated 1.00E+00 ± 4.00E-01 9.02E-01 ± 3.68E-01
C11 /day/kt floated 9.80E+02 ± 1.18E+02 9.80E+02 ± 1.18E+02
AtmNu (relative) floated 1.00E+00 ± 3.00E-01 9.83E-01 ± 2.96E-01
hepES (relative) floated 1.00E+00 ± 1.60E-01 1.00E+00 ± 1.62E-01
Pa234 /day/kt floated 1.00E-08 ± 2.80E+01 2.65E-08 ± 1.83E+01
Ac228 /day/kt floated 2.11E+01 ± 4.47E+01 1.73E+01 ± 3.38E+01
Alpha (relative) floated 1.00E+00 ± 4.30E-02 1.02E+00 ± 1.15E-02
FV0 (relative) floated 1.00E+00 ± 7.70E-02 9.84E-01 ± 7.47E-02
FV1 (relative) floated 1.00E+00 ± 4.30E-02 1.01E+00 ± 3.96E-02
FV2 (relative) floated 1.00E+00 ± 5.10E-02 9.94E-01 ± 4.73E-02
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Table 9.11: Best-fit number of events (Continuous unoscillated shape fit) (SolarPhase)

BGs 2–3.5 MeV 3.5–5 MeV 5–20 MeV

B8νES 12.48 ± 2.16 55.31 ± 9.58 62.13 ± 10.76
ExtL 2.99 ± 0.59 0.00 ± 0.00 0.00 ± 0.00
ExtM 0.00 ± 0.00 2.11 ± 1.48 0.00 ± 0.00
ExtH 0.00 ± 0.00 0.00 ± 0.00 5.55 ± 3.24
Tl208 0.42 ± 0.58 6.69 ± 9.18 0.00 ± 0.00
SpaN12 0.00 ± fixed 0.00 ± fixed 0.00 ± fixed
SpaB12 0.01 ± fixed 0.06 ± fixed 0.17 ± fixed
SpaHe8 0.00 ± fixed 0.00 ± fixed 0.00 ± fixed
SpaC9 0.00 ± fixed 0.00 ± fixed 0.02 ± fixed
SpaLi9 0.01 ± fixed 0.08 ± fixed 0.23 ± fixed
SpaB8 0.01 ± 0.02 0.09 ± 0.23 0.29 ± 0.79
SpaLi8 0.54 ± 0.49 4.14 ± 3.79 8.68 ± 7.94
SpaBe11 0.05 ± 0.06 0.50 ± 0.59 1.27 ± 1.51
SpaC10 0.00 ± 3.23 0.00 ± 0.01 0.00 ± 0.00
SpaHe6 0.50 ± 0.62 0.00 ± 0.01 0.00 ± 0.00
C13CCG 0.04 ± fixed 0.53 ± fixed 2.09 ± fixed
C13CCE 0.09 ± fixed 0.74 ± fixed 0.79 ± fixed
C13NC 0.09 ± 0.04 2.30 ± 0.94 0.00 ± 0.00
C11 0.18 ± 0.02 0.00 ± 0.00 0.00 ± 0.00
AtmNu 0.02 ± 0.01 0.10 ± 0.03 0.45 ± 0.14
hepES 0.02 ± 0.00 0.09 ± 0.01 0.18 ± 0.03
Pa234 0.00 ± 1.89 0.00 ± 0.00 0.00 ± 0.00
Ac228 0.56 ± 1.10 0.00 ± 0.00 0.00 ± 0.00
Total 18.01 ± 4.61 72.75 ± 13.92 81.84 ± 13.87
Observed 15 77 79
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Table 9.12: Estimation vs best-fit parameters (Continuous unoscillated shape fit) (Af-
terZen)

Parameters Unit Condition Estimation (Constraint) Best-fit

B8NuES 1e6/cm2/s floated 3.01E+00 ± 5.38E-01
ExtL (relative) floated 1.00E+00 ± 2.00E-01 1.00E+00 ± 1.98E-01
ExtM (relative) floated 1.00E+00 ± 8.00E-01 9.97E-01 ± 7.90E-01
ExtH (relative) floated 1.00E+00 ± 6.00E-01 9.03E-01 ± 5.84E-01
Tl208 /day/kt floated 7.61E-01 ± 4.32E-01 2.68E-01 ± 2.43E-01
SpaN12 /day/kt fixed 1.00E-08 ± 2.99E-06 1.00E-08 ± fixed
SpaB12 /day/kt fixed 7.88E-03 ± 1.44E-02 7.88E-03 ± fixed
SpaHe8 /day/kt fixed 1.00E-08 ± 1.62E-02 1.00E-08 ± fixed
SpaC9 /day/kt fixed 1.00E-08 ± 1.12E-02 1.00E-08 ± fixed
SpaLi9 /day/kt fixed 1.56E-02 ± 3.21E-02 1.56E-02 ± fixed
SpaB8 /day/kt floated 1.00E-08 ± 8.62E-02 5.12E-04 ± 8.40E-02
SpaLi8 /day/kt floated 3.47E-01 ± 3.41E-01 3.09E-01 ± 3.32E-01
SpaBe11 /day/kt floated 2.53E-02 ± 5.17E-02 2.41E-02 ± 5.16E-02
SpaC10 /day/kt floated 1.00E-08 ± 9.83E-02 1.11E-02 ± 2.13E-01
SpaHe6 /day/kt floated 1.32E-01 ± 2.34E-01 1.52E-01 ± 2.32E-01
C13CCG (relative) fixed 1.00E+00 ± 0.00E+00 1.00E+00 ± fixed
C13CCE (relative) fixed 1.00E+00 ± 0.00E+00 1.00E+00 ± fixed
C13NC (relative) floated 1.00E+00 ± 4.00E-01 1.02E+00 ± 3.98E-01
C11 /day/kt floated 1.07E+03 ± 1.58E+02 1.07E+03 ± 1.57E+02
AtmNu (relative) floated 1.00E+00 ± 3.00E-01 1.07E+00 ± 2.89E-01
hepES (relative) floated 1.00E+00 ± 1.60E-01 1.00E+00 ± 1.60E-01
Pa234 /day/kt floated 2.49E+01 ± 4.29E+01 1.81E-05 ± 3.07E+01
Ac228 /day/kt floated 1.00E-08 ± 7.94E+01 3.94E-04 ± 6.16E+01
Alpha (relative) floated 1.00E+00 ± 4.30E-02 9.83E-01 ± 2.62E-02
FV0 (relative) floated 1.00E+00 ± 1.05E-01 1.03E+00 ± 9.87E-02
FV1 (relative) floated 1.00E+00 ± 5.90E-02 9.88E-01 ± 5.78E-02
FV2 (relative) floated 1.00E+00 ± 6.90E-02 1.01E+00 ± 6.62E-02
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Table 9.13: Best-fit number of events (Continuous unoscillated shape fit)(AfterZen)

BGs 2–3.5 MeV 3.5–5 MeV 5–20 MeV

B8NuES 8.53 ± 1.53 38.24 ± 6.84 39.60 ± 7.08
ExtL 2.01 ± 0.40 0.00 ± 0.00 0.00 ± 0.00
ExtM 0.00 ± 0.00 1.52 ± 1.21 0.00 ± 0.00
ExtH 0.00 ± 0.00 0.00 ± 0.00 3.31 ± 2.14
Tl208 0.70 ± 0.64 6.71 ± 6.07 0.00 ± 0.00
SpaN12 0.00 ± fixed 0.00 ± fixed 0.00 ± fixed
SpaB12 0.01 ± fixed 0.05 ± fixed 0.13 ± fixed
SpaHe8 0.00 ± fixed 0.00 ± fixed 0.00 ± fixed
SpaC9 0.00 ± fixed 0.00 ± fixed 0.00 ± fixed
SpaLi9 0.01 ± fixed 0.05 ± fixed 0.13 ± fixed
SpaB8 0.00 ± 0.05 0.00 ± 0.51 0.01 ± 1.57
SpaLi8 0.32 ± 0.34 2.44 ± 2.63 4.62 ± 4.96
SpaBe11 0.02 ± 0.04 0.17 ± 0.37 0.39 ± 0.83
SpaC10 0.06 ± 1.06 0.00 ± 0.00 0.00 ± 0.00
SpaHe6 0.31 ± 0.47 0.00 ± 0.00 0.00 ± 0.00
C13CCG 0.03 ± fixed 0.39 ± fixed 1.33 ± fixed
C13CCE 0.06 ± fixed 0.52 ± fixed 0.48 ± fixed
C13NC 0.19 ± 0.08 1.02 ± 0.40 0.00 ± 0.00
C11 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
AtmNu 0.01 ± 0.00 0.07 ± 0.02 0.33 ± 0.09
hepES 0.01 ± 0.00 0.06 ± 0.01 0.11 ± 0.02
Pa234 0.00 ± 1.24 0.00 ± 0.00 0.00 ± 0.00
Ac228 0.00 ± 0.32 0.00 ± 0.00 0.00 ± 0.00
BestFitTotal 12.28 ± 2.45 51.24 ± 9.62 50.44 ± 9.09
Observed 15 47 52
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Figure 9.18: Flux measured with the unoscillated spectrum.
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9.6.3 Fit with Unoscillated Shape (Divided)

Ultimately the difference of the flux between lower and higher energy regions is expected
to be seen. The data below 5 MeV is new for KamLAND and that below 3 MeV is new
in the world. Therefore I divided the unoscillated spectrum into three parts, 2–3 MeV,
3–5 MeV and 5–20 MeV, and fitted the data with them.
The analysis for BeforePurif uses only one energy region above 5 MeV and the result

has already been shown in Figure 9.15, Table 9.8, 9.9. The results for SolarPhase and
AfterZen are shown in Figure 9.19, Table 9.14, 9.15 and Figure 9.20, Table 9.16, 9.17,
respectively.
Figure 9.21, 9.22, 9.23 show the ∆χ2 distributions for the flux. The 3-phases combined

measured fluxes were:

• 2 < Ekin < 3 MeV: (3.25+1.11
−1.03)× 106 /cm2/s

• 3 < Ekin < 5 MeV: (2.93+0.52
−0.51)× 106 /cm2/s

• 5 < Ekin < 20 MeV: (2.81+0.29
−0.28)× 106 /cm2/s

They correspond to the ratios to the unoscillated expectations of:

• 2 < Ekin < 3 MeV: (0.62+0.21
−0.20)

• 3 < Ekin < 5 MeV: (0.56+0.10
−0.10)

• 5 < Ekin < 20 MeV: (0.535+0.060
−0.058)

In the 2–3 MeV case, the significance of the null-rejection is ∆χ2 = 11.5 (3.4σ).
Figure 9.24 shows the measured ratios and expected ratios from models. The results

favors slightly higher values than both the best-fit oscillation and the flat expectations.
The tensions (χ2) are 4.0 for the best-fit oscillation and 6.1 for the flat expectations, where
uncertainties on the models are not considered. The tension between the models is not
so significant (∆χ2 = 2.1).
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Figure 9.19: Fit with unoscillated shape with energy regions divided (SolarPhase).
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Figure 9.20: Fit with unoscillated shape with energy regions divided (AfterZen).
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Table 9.14: Estimation vs best-fit parmeters (Divided unoscillated shape fit) (SolarPhase)

Parameters Unit Condition Estimation (Constraint) Best-fit
8BνES2–3 106/cm2/s floated 4.30E-05 ± 1.82E+00
8BνES3–5 106/cm2/s floated 3.50E+00 ± 5.31E-01
8BνES5–20 106/cm2/s floated 2.84E+00 ± 6.47E-01
ExtL (relative) floated 1.00E+00 ± 2.00E-01 9.97E-01 ± 1.99E-01
ExtM (relative) floated 1.00E+00 ± 8.00E-01 9.79E-01 ± 7.97E-01
ExtH (relative) floated 1.00E+00 ± 6.00E-01 9.50E-01 ± 5.91E-01
Tl208 /day/kt floated 4.30E-02 ± 3.72E-01 2.43E-05 ± 2.30E-01
SpaN12 /day/kt fixed 2.54E-07 ± 5.38E-07 2.54E-07 ± fixed
SpaB12 /day/kt fixed 6.30E-03 ± 8.09E-03 6.30E-03 ± fixed
SpaHe8 /day/kt fixed 1.00E-08 ± 5.35E-03 1.00E-08 ± fixed
SpaC9 /day/kt fixed 8.67E-04 ± 1.05E-02 8.67E-04 ± fixed
SpaLi9 /day/kt fixed 1.69E-02 ± 2.49E-02 1.69E-02 ± fixed
SpaB8 /day/kt floated 1.25E-02 ± 4.21E-02 1.09E-02 ± 4.18E-02
SpaLi8 /day/kt floated 3.63E-01 ± 3.74E-01 3.64E-01 ± 3.64E-01
SpaBe11 /day/kt floated 4.86E-02 ± 5.87E-02 5.02E-02 ± 5.85E-02
SpaC10 /day/kt floated 9.30E-01 ± 1.04E+00 6.94E-01 ± 4.37E-01
SpaHe6 /day/kt floated 1.65E-01 ± 2.09E-01 1.66E-01 ± 2.08E-01
C13CCG (relative) fixed 1.00E+00 ± 0.00E+00 1.00E+00 ± fixed
C13CCE (relative) fixed 1.00E+00 ± 0.00E+00 1.00E+00 ± fixed
C13NC (relative) floated 1.00E+00 ± 4.00E-01 9.11E-01 ± 3.94E-01
C11 /day/kt floated 9.80E+02 ± 1.18E+02 9.80E+02 ± 1.18E+02
AtmNu (relative) floated 1.00E+00 ± 3.00E-01 9.84E-01 ± 3.00E-01
hepES (relative) floated 1.00E+00 ± 1.60E-01 1.00E+00 ± 1.60E-01
Pa234 /day/kt floated 1.00E-08 ± 2.80E+01 1.47E+00 ± 5.46E+01
Ac228 /day/kt floated 2.11E+01 ± 4.47E+01 2.26E+01 ± 4.00E+01
Alpha (relative) floated 1.00E+00 ± 4.30E-02 1.01E+00 ± 3.21E-02
FV0 (relative) floated 1.00E+00 ± 7.70E-02 9.95E-01 ± 7.59E-02
FV1 (relative) floated 1.00E+00 ± 4.30E-02 1.00E+00 ± 4.28E-02
FV2 (relative) floated 1.00E+00 ± 5.10E-02 9.99E-01 ± 5.10E-02
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Table 9.15: Best-fit number of events (Divided unoscillated shape fit) (SolarPhase)

BGs 2–3.5 MeV 3.5–5 MeV 5–20 MeV
8BνES2–3 0.00 ± 5.34 0.00 ± 0.00 0.00 ± 0.00
8BνES3–5 4.77 ± 0.73 66.46 ± 10.10 0.00 ± 0.00
8BνES5–20 0.00 ± 0.00 0.00 ± 0.00 59.84 ± 13.66
ExtL 3.04 ± 0.61 0.00 ± 0.00 0.00 ± 0.00
ExtM 0.00 ± 0.00 1.95 ± 1.59 0.00 ± 0.00
ExtH 0.00 ± 0.00 0.00 ± 0.00 5.62 ± 3.50
Tl208 0.00 ± 0.69 0.00 ± 9.97 0.00 ± 0.00
SpaN12 0.00 ± fixed 0.00 ± fixed 0.00 ± fixed
SpaB12 0.01 ± fixed 0.06 ± fixed 0.17 ± fixed
SpaHe8 0.00 ± fixed 0.00 ± fixed 0.00 ± fixed
SpaC9 0.00 ± fixed 0.00 ± fixed 0.02 ± fixed
SpaLi9 0.01 ± fixed 0.08 ± fixed 0.23 ± fixed
SpaB8 0.01 ± 0.03 0.09 ± 0.36 0.32 ± 1.22
SpaLi8 0.54 ± 0.54 4.15 ± 4.15 8.58 ± 8.57
SpaBe11 0.05 ± 0.06 0.51 ± 0.59 1.27 ± 1.48
SpaC10 5.72 ± 3.60 0.01 ± 0.01 0.00 ± 0.00
SpaHe6 0.57 ± 0.71 0.00 ± 0.01 0.00 ± 0.00
C13CCG 0.04 ± fixed 0.54 ± fixed 2.08 ± fixed
C13CCE 0.09 ± fixed 0.75 ± fixed 0.78 ± fixed
C13NC 0.11 ± 0.05 2.21 ± 0.96 0.00 ± 0.00
C11 0.12 ± 0.01 0.00 ± 0.00 0.00 ± 0.00
AtmNu 0.02 ± 0.01 0.10 ± 0.03 0.45 ± 0.14
hepES 0.02 ± 0.00 0.09 ± 0.01 0.18 ± 0.03
Pa234 0.16 ± 5.83 0.00 ± 0.00 0.00 ± 0.00
Ac228 0.60 ± 1.07 0.00 ± 0.00 0.00 ± 0.00
BestFitTotal 15.88 ± 8.87 77.01 ± 14.92 79.53 ± 16.62
Observed 15 77 79
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Table 9.16: Estimations vs best-fit parameters (Divided unoscillated fit) (AfterZen)

Parameters Unit Condition Estimation (Constraint) Best-fit
8BνES2–3 106/cm2/s floated 5.17E+00 ± 1.83E+00
8BνES3–5 106/cm2/s floated 2.39E+00 ± 6.59E-01
8BνES5–20 106/cm2/s floated 3.06E+00 ± 6.06E-01
ExtL (relative) floated 1.00E+00 ± 2.00E-01 9.81E-01 ± 1.94E-01
ExtM (relative) floated 1.00E+00 ± 8.00E-01 1.12E+00 ± 7.93E-01
ExtH (relative) floated 1.00E+00 ± 6.00E-01 8.84E-01 ± 5.25E-01
Tl208 /day/kt floated 7.61E-01 ± 4.32E-01 3.92E-01 ± 2.13E-01
SpaN12 /day/kt fixed 1.00E-08 ± 2.99E-06 0.00E+00 ± fixed
SpaB12 /day/kt fixed 7.88E-03 ± 1.44E-02 7.88E-03 ± fixed
SpaHe8 /day/kt fixed 1.00E-08 ± 1.62E-02 0.00E+00 ± fixed
SpaC9 /day/kt fixed 1.00E-08 ± 1.12E-02 0.00E+00 ± fixed
SpaLi9 /day/kt fixed 1.56E-02 ± 3.21E-02 1.56E-02 ± fixed
SpaB8 /day/kt floated 1.00E-08 ± 8.62E-02 2.65E-04 ± 8.56E-02
SpaLi8 /day/kt floated 3.47E-01 ± 3.41E-01 3.34E-01 ± 2.92E-01
SpaBe11 /day/kt floated 2.53E-02 ± 5.17E-02 2.48E-02 ± 5.20E-02
SpaC10 /day/kt floated 1.00E-08 ± 9.83E-02 5.99E-09 ± 9.13E-02
SpaHe6 /day/kt floated 1.32E-01 ± 2.34E-01 1.12E-01 ± 2.21E-01
C13CCG (relative) fixed 1.00E+00 ± 0.00E+00 1.00E+00 ± fixed
C13CCE (relative) fixed 1.00E+00 ± 0.00E+00 1.00E+00 ± fixed
C13NC (relative) floated 1.00E+00 ± 4.00E-01 1.02E+00 ± 4.06E-01
C11 /day/kt floated 1.07E+03 ± 1.58E+02 1.07E+03 ± 1.57E+02
AtmNu (relative) floated 1.00E+00 ± 3.00E-01 1.07E+00 ± 2.95E-01
hepES (relative) floated 1.00E+00 ± 1.60E-01 1.00E+00 ± 1.62E-01
Pa234 /day/kt floated 2.49E+01 ± 4.29E+01 5.69E-05 ± 3.07E+01
Ac228 /day/kt floated 1.00E-08 ± 7.94E+01 4.27E-08 ± 6.08E+01
Alpha (relative) floated 1.00E+00 ± 4.30E-02 9.83E-01 ± 2.16E-02
FV0 (relative) floated 1.00E+00 ± 1.05E-01 9.90E-01 ± 9.82E-02
FV1 (relative) floated 1.00E+00 ± 5.90E-02 1.00E+00 ± 5.61E-02
FV2 (relative) floated 1.00E+00 ± 6.90E-02 1.00E+00 ± 6.02E-02
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Table 9.17: Best-fit number of events (Divided unoscillated shape fit)(AfterZen)

BGs 2–3.5 MeV 3.5–5 MeV 5–20 MeV
8BνES2–3 10.02 ± 3.55 0.00 ± 0.00 0.00 ± 0.00
8BνES3–5 2.15 ± 0.59 30.38 ± 8.37 0.00 ± 0.00
8BνES5–20 0.00 ± 0.00 0.00 ± 0.00 40.35 ± 7.99
ExtL 1.96 ± 0.39 0.00 ± 0.00 0.00 ± 0.00
ExtM 0.00 ± 0.00 1.71 ± 1.21 0.00 ± 0.00
ExtH 0.00 ± 0.00 0.00 ± 0.00 3.24 ± 1.92
Tl208 1.02 ± 0.56 9.81 ± 5.33 0.00 ± 0.00
SpaN12 0.00 ± fixed 0.00 ± fixed 0.00 ± fixed
SpaB12 0.01 ± fixed 0.05 ± fixed 0.13 ± fixed
SpaHe8 0.00 ± fixed 0.00 ± fixed 0.00 ± fixed
SpaC9 0.00 ± fixed 0.00 ± fixed 0.00 ± fixed
SpaLi9 0.01 ± fixed 0.05 ± fixed 0.13 ± fixed
SpaB8 0.00 ± 0.05 0.00 ± 0.52 0.00 ± 1.60
SpaLi8 0.34 ± 0.30 2.64 ± 2.31 5.00 ± 4.37
SpaBe11 0.02 ± 0.04 0.18 ± 0.37 0.40 ± 0.84
SpaC10 0.00 ± 0.45 0.00 ± 0.00 0.00 ± 0.00
SpaHe6 0.23 ± 0.45 0.00 ± 0.00 0.00 ± 0.00
C13CCG 0.03 ± fixed 0.39 ± fixed 1.33 ± fixed
C13CCE 0.06 ± fixed 0.52 ± fixed 0.48 ± fixed
C13NC 0.19 ± 0.08 1.03 ± 0.41 0.00 ± 0.00
C11 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
AtmNu 0.01 ± 0.00 0.07 ± 0.02 0.33 ± 0.09
hepES 0.01 ± 0.00 0.06 ± 0.01 0.11 ± 0.02
Pa234 0.00 ± 1.25 0.00 ± 0.00 0.00 ± 0.00
Ac228 0.00 ± 0.32 0.00 ± 0.00 0.00 ± 0.00
BestFitTotal 16.07 ± 3.95 46.88 ± 10.29 51.50 ± 9.48
Observed 15 47 52
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Figure 9.21: 2–3 MeV flux.
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Figure 9.22: 3–5 MeV flux.
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Figure 9.23: > 5 MeV flux.
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Figure 9.24: Measured flux in each energy region.
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9.7 Rate+Shape Analysis (Pee Approximation)

In Ref. [19], SNO modeled their CC+NC+ES combined data with six parameters as

Φobs(Eν ; Φtotal, c0, c1, c2, a0, a1) = ΦtotalPee(Eν), (9.93)

Pee(Eν) = RDP
D
ee +RNP

N
ee , (9.94)

where

• Φtotal:
8B solar ν total flux

• RD: day-livetime ratio

• RN : night-livetime ratio

• PD
ee : day-time survival probability

• PN
ee : night-time survival probability

PD
ee was approximated with a quadratic function

PD
ee ∼ c0 + c1(Eν/MeV− 10) + c2(Eν/MeV− 10)2. (9.95)

The day/night asymmetry was modeled with a linear function

ADN ≡ PN
ee − PD

ee

(PN
ee + PD

ee )/2
∼ a0 + a1(Eν/MeV− 10). (9.96)

Therefore Pee can be expressed with PD
ee (c0, c1, c2) and ADN(a0, a1)

Pee(c0, c1, c2, a0, a1) = (RD +RN

2 + ADN

2− ADN

)PD
ee . (9.97)

SK followed the same way with SNO and derived constraints on (c0, c1, c2) using their
ES data [18]. Therefore, by following the same way, it is possible to combined our data
with SNO’s and SK’s ones.
Figure 9.25 shows the Pee expected from the best-fit oscillation parameters ( ∆m2

12 =
7.15× 10−5 eV2, sin2(θ12) = 0.306, sin2(θ13) = 0.0219 ) [38] and its approximation with a
quadratic function ( c0 = 0.321, c1 = −0.00790, c2 = 0.00143 ).

9.7.1 Day/Night Asymmetry Correction

In Ref. [18], SK corrected SNO’s 6D result with their day/night asymmetry result. How-
ever there was a relatively huge change in the value of reported day/night asymmetry
recently:

• (−3.6± 1.7)% [18] → (−2.1± 1.1)% [38]

Figure 9.26 shows the comparison of the day/night asymmetry effects expected in SNO
with the following setups:
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Figure 9.25: Pee best-fit oscillation vs approximation

• SK2020+SNO2013+KamLAND(ν̄e) (global2020):

∆m2
12 = 7.15× 10−5 eV2, sin2(θ12) = 0.306, sin2(θ13) = 0.0219

• SK2020+SNO (solar2020):

∆m2
12 = 6.1× 10−5 eV2, sin2(θ12) = 0.306, sin2(θ13) = 0.0219

• SK2016+SNO (solar2016):

∆m2
12 = 4.8× 10−5 eV2, sin2(θ12) = 0.310, sin2(θ13) = 0.0219

From the solar2020 case, I obtained the day/night asymmetry parameters as follows:

• a0 = 0.04657

• a1 = 0.00654

These values can be used for the new correction reflecting the result of Ref. [38]. Figure
9.27 shows the comparison of PD

ee among three conditions, the original SNO 6-dimensional
result, one with the old correction and one with the new correction. The impact of the
change of the correction is more significant in SK+SNO combined results2, see Figure 9.28.
The old correction overly corrected the downturn-feature of the day/night asymmetry. It
gave more upturn-like shape of PD

ee .

2For SK’s (c0, c1, c2), reported values in Ref. [18] were just used. They are affected by the old D/N
correction.
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Figure 9.26: Day night asymmetry at SNO
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Figure 9.27: Pee SNO 1σ band

162



9 8B Solar Neutrino Analysis

5 10 15
 [MeV]ν E

0.3

0.4

0.5

0.6

da
y

ee
 P SK+SNO (D/N Corr. 2020)

SK+SNO (D/N Corr. 2016)

= 0.30612θ2sin

 2= 7.51E-5 eV12
2m∆

Figure 9.28: Pee SK+SNO 1σ band

163



9 8B Solar Neutrino Analysis

5 10 15
 [MeV]ν E

0

0.05

0.1

0.15

 2
(n

ig
ht

 -
 d

ay
)/

(n
ig

ht
 +

 d
ay

)

beforePuri

solar

afterZen

eν of 
ν

D/N asym. of E

5 10 15
 [MeV]kin E

0

0.02

0.04

0.06

0.08

 2
(n

ig
ht

 -
 d

ay
)/

(n
ig

ht
 +

 d
ay

)

)xν + eν (
kin

Expected E

Figure 9.29: Day night asymmetry at KamLAND

The day/night asymmetry in KamLAND in each phase was also studied assuming
solar2020 condition, see Figure 9.29. The difference among periods was small. Therefore
I use the fit result of BeforePurif for the correction of all phases:

• a0 = 0.0464818

• a1 = 0.00651602

These are almost same as the ones for SNO.
The night-time livetime ratios were estimated as follows:

• BeforePurif : 0.536

• SolarPhase: 0.5106

• AfterZen: 0.5121
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9.7.2 Spectrum Fitting

I fitted the energy spectrum of each phase replacing the 8B ν ES spectrum with the
Pee-approximated one. The total flux of 5.25 × 106 /cm2/s was assumed. Figure 9.30,
9.31, 9.32 show the best-fit spectra. The best-fit parameters (c0, c1, c2) are summarized
in Table 9.18. Figure 9.36 shows the corresponding Pee curves.

Table 9.18: Summary of Pee approximated fit results

Period c0 c1 c2
BeforePurif 0.392 ± 0.070 -0.120 ± 0.030 -0.024 ± 0.018
SolarPhase 0.518 ± 0.105 -0.080 ± 0.050 -0.030 ± 0.019
AfterZen 0.392 ± 0.112 -0.020 ± 0.050 0.005 ± 0.018
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Figure 9.31: Fit with quadratic approximation (SolarPhase). Best-fit energy scale =
1.026.
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Figure 9.32: Fit with quadratic approximation (AfterZen). Best-fit energy scale = 0.987.
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Figure 9.33: Constraints on (c0, c1, c2) (BeforePurif ) (2D d.o.f, 1,2,3σ)
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Figure 9.34: Constraints on (c0, c1, c2) (SolarPhase) (2D d.o.f, 1,2,3σ)
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Figure 9.35: Constraints on (c0, c1, c2) (AfterZen) (2D d.o.f, 1,2,3σ)
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3-phases Combined Result

Figure 9.37 shows the 3-phases combined constraints on (c0, c1, c2). Figure 9.38 shows the
corresponding Pee bands. The following are the measured parameters:

• c0 = 0.427± 0.099

• c1 = −0.0827± 0.0600

• c2 = −0.0182± 0.0212

• c0-c1 corr. = 0.107

• c1-c2 corr. = 0.669

• c2-c0 corr. = −0.575
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Figure 9.37: Constraints on (c0, c1, c2). (2 d.o.f 1,2,3σ) Green is KamLAND. Blue is
SK+SNO.
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9.7.3 Combination with SK and SNO

Figure 9.39 shows the SK+SNO+KamLAND(this work) combined constraints on (c0, c1, c2).
Figure (1σ), (1, 2, 3σ) show the corresponding Pee bands. The obtained constraints on
the parameters are summarized in Table 9.19. The addition of the KamLAND result
pulled up Pee at lower energy towards the direction expected from the best-fit oscillation
model. ∆χ2 (p-value) for the flat model (c1 = c2 = 0) was slightly increased (decreased)
from 0.35 (84%) (SK+SNO) to 0.89 (64%) (SK+SNO+KamLAND).

Table 9.19: Summary of constraints on (c0, c1, c2)

Parameter SK+SNO SK+SNO+KamaLAND(this work) Osci. expected

c0 0.3220± 0.0135 0.3274± 0.0130 0.321
c1 −0.0021± 0.0038 −0.0033± 0.0037 -0.00790
c2 0.0000± 0.0019 0.0001± 0.0018 0.00143

c0-c1 corr. -0.337 -0.323
c1-c2 corr. 0.285 0.295
c2-c0 corr. -0.474 -0.489
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Figure 9.39: Combined constraints on (c0, c1, c2). Green is KamLAND, blue is SK+SNO
and red is SK+SNO+KamLAND. Contours correspond to 1, 2 and 3σ. Black
point is the best-approximation of the best-fit oscillation model.
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10 Discussion

10.1 Uncertainties

The total uncertainty on the measured flux, normalized by 2.35×106 /cm2/s [38], in each
energy region is as follows:

• 2–3 MeV: 47%

• 3–5 MeV: 22%

• 5–20 MeV: 12%

10.1.1 Impact of the Energy Scale Uncertainty

In this study, a linear energy scale uncertainty of 4.3% is applied to all phases. The
following are impacts of the uncertainty on the unoscillated 8B solar ν ES flux:

• 2–3 MeV: 3.4%

• (2–3.5 MeV): 3.2%

• (3.5–5 MeV): 1.6%

• 5–20 MeV: 7.5%

10.1.2 Impact of the Fiducial Volume Uncertainty

Fiducial volume uncertainties in each phase were described in Section 4.3.3. The following
are the recap:

• 2–3.5 MeV (r < 2 m): 7.7–10.5%

• 3.5–5 MeV (r < 3.5 m): 4.3–5.9%

• 5–20 MeV (r < 3 m): 3% (BeforePurif )

10.1.3 Summary on Uncertainties

The uncertainties were basically dominated by statistical ones. Thus better accuracy is
expected simply with more exposure. Background estimations of 208Tl and spallation
products may also be improved with it. The 4.3% energy scale uncertainty is getting
significant at 5–20 MeV analysis. It mainly comes from the uncertainty of the energy
model, which can also be studied further with more statistics using spallation 12B events.
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10.2 Prospects for Future LS Experiments

As can be seen from Figure 9.24, the expected ES flux difference at 2–5 MeV region
between the best-fit oscillation model and the flat model is around 10%. That is, we have
to measure the flux at that energy region at a few % uncertainty to detect the upturn.
Given the expected event rate ∼ 2 /d/kt (2–5 MeV), 5000 d-kt exposure is needed for 1%
statistical error. It’s, roughly speaking, a two-year-measurement with a 10 kt detector
assuming a ∼ 70% livetime.
A 20-kt LS detector, JUNO [104, 105], is currently being constructed. After a spatial

cut for external backgrounds, it is expected that its target mass will be 12.2 kt (7.9 kt)
at 3–5 MeV (2–3 MeV).
Its experimental site is shallower than KamLAND. Resulting cosmic muon flux is 2.5

times higher than that of KamLAND. Backgrounds from spallation products won’t be so
serious with the background reduction performance shown in this thesis. A simulation in
Ref. [104] adopted n-tag and a 3-m cylinder cut along muon tracks. The cylinder cut
yielded 40% deadtime. This can be reduced with a replacement of the cut with shower-tag.
The level of the LS-intrinsic background, 208Tl, cannot be known until the commission-

ing. Day-scale tag (and BiTl tag) can loosen the acceptable 232Th concentration in LS
from O(10−17) g/g to O(10−16) g/g.
No unexpected backgrounds were observed in my study. Therefore their simulation

result, > 7σ level rejection of the flat model with 10 years of data acquisition, looks
promising if the desired fiducial volume uncertainty (< 1%) and energy scale uncertainty
(< 0.3%) are achieved.

10.3 Implications for Double-beta Decay Experiments

(Neutrino-less) double-beta ((0ν)ββ) decay experiments often search for signals at 2–3
MeV energy region. No unexpected backgrounds were observed in my study in that
energy region. This fact is complemental for ββ experiments especially using LS like
KamLAND-Zen and SNO+.
As a direct contribution, the combination of spallation background reduction, shower-

tag and n-tag, was used in the KamLAND-Zen 800 result [7].

10.4 νx + 13C Neutral Current

A signal from the νx + 13C neutral current (NC) interaction is 3.685 MeV mono-energetic
γ. The expected rate from 8B solar ν is ∼ 0.05 /d/kt. Given the livetime of SolarPhase
(441 days) and AfterZen (292 days) and 140 ton fiducial mass, the expected number of
events is 5.1.
KamLAND-Zen periods are also available for this signal search with a different fiducial

volume selection, 3 < r < 3.5 m. The target mass in this case is 52 ton. The following
are the runtime of each period:

• Zen400 1st : 210 days

• Zen400 2nd : 690 days
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• Zen800 : 1400 days

Assuming 70% livetime-ratio, the total livetime becomes 1600 days. The expected number
of events is 4.2.
In total 9.3 events are expected. With more study on the external backgrounds, en-

largement of fiducial radius up to r = 4 m may be possible. In this case, statistics of
SolarPhase and AfterZen are increased by a factor of 1.5. The factor for KamLAND-Zen
periods is 2.3. Then total expected number of events will be 17. Moreover, Zen800 is still
accumulating data.
ES signal is the primary background for this NC search. A particle identification

tool, KamNET, has been developed recently [106]. It yielded ββ acceptance of 90%
while suppressing 214Bi (βγ) acceptance to 70%. The NC signal is pure γ. Therefore a
higher discrimination performance is expected in the ES (β) vs NC (γ) case. The NC
energy region is higher than the ββ study case (2–3 MeV) and higher photon statistics
would also provide better performance. The directional information from the Cherenkov
photons might also be available1. If, roughly saying, 50% NC acceptance is achieved while
suppressing ES acceptance to 10%, the detection significance is expected to be 1.5σ (2σ)
for the 3.5-m analysis (4-m analysis)2.
In this NC search, after the application of the particle identification tool, the ultimate

background will be 208Tl (βγ). Day-scale tag and BiTl tag play crucial roles here.

13.5 MeV visible energy corresponds to ∼ 1000 p.e. A few percent of that (10–30 p.e.) comes from
direct Cherenkov photons. An enrichment is available with an early timing selection in some level.

2Assumptions: Energy ROI ±0.25 MeV around 3.69 MeV. Expected ES rate is 0.27 /d/kt.
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11 Conclusion

In this study, novel methods were introduced to reduce single event backgrounds from
muon spallation products and LS-intrinsic 208Tl. More than 90% rejection efficiency of
the spallation products above 2 MeV in all analysis periods and 80–90% rejection efficiency
of 208Tl in SolarPhase and AfterZen were achieved. Remaining events with 2–15 MeV
energy after the cuts are dominated by 8B solar ν ES events.
A rate + shape analysis yielded the world first measurement of the 8B solar ν flux with

ES at the 2–3 MeV Ekin region as

(3.25+1.11
−1.03)× 106 /cm2/s,

which was 0.62+0.21
−0.20 of the expectation from the unoscillated flux. The null-rejection

significance was 3.4σ. Fluxes (ratios to the unoscillated expectations) measured at other
energy regions were:

• 3–5 MeV: (2.93+0.52
−0.51)× 106 /cm2/s (0.56+0.10

−0.10)

• 5–20 MeV: (2.81+0.29
−0.28)× 106 /cm2/s (0.535+0.060

−0.058)

No significant differences from the result of SK, (2.35 ± 0.04) × 106 /cm2/s [38], were
observed.
The energy dependence of the day-time survival probability of 8B solar νe on the Earth,

PD
ee , was approximated with a quadratic function to test upturn. In a combined analysis,

p-value for the flat model (no upturn model) decreased from 84% (SK+SNO) to 64%
(SK+SNO+KamLAND).
No unknown backgrounds were observed in 2–3 MeV region. This fact may be helpful

for future LS experiments and 0νββ experiments.
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