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pp chain CNO cycle

Solar Neutrinos : 
Prediction and Measurement

Prediction Measurement 
SSM (Standard Solar Model)

8B ν 0.01%
CNO ν 1.6%
pep ν 0.2%
7Be ν 7%
pp ν 91%

Super-Kamiokande, SNO

Cl (Homestake)
Ga (Gallex/GNO, SAGE)
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Solar Neutrino Problem

count mainly νe count all 
neutrino types
(NC)

Measurement

Prediction

1 / 2  ~  1 / 3mainly νe
all neutrino type ~ 1

Measurement / Prediction

Measurements show significant νe deficit from the sun



6 parameters :  3 mixing angles, 2 mass differences, 1 CP phase
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Good condition to confirm solar neutrino oscillation

175 ± 35 km ~ 20%

ΔL (distance spread from reactors)

ΔE (energy resolution)

17 inch PMTs

17 inch + 20 inch

7.3% /  E(MeV)

6.2% /  E(MeV)

P (νe → νe) = 1− sin2 2θ sin2(
1.27∆m2[eV2]l[m]

E[MeV]
)

2 flavor neutrino oscillation

most sensitive region

∆m2 = (1/1.27) · (E[MeV]/L[m]) · (π/2)

∼ 3× 10−5eV2

LMA solution

KamLAND Experiment

KamLAND

distance (km)



13 m

18 m

1,000 ton Liquid Scintillator

Water Cherenkov Outer Detector

Kamioka Liquid Scintillator Anti-Neutrino Detector
KamLAND

Pseudocumene (20%)
PPO (1.5 g/l)Dodecane (80%)

1,325 17 inch + 554 20 inch PMTs

commissioned in February, 2003
photocathode coverage : 22%       34%



観測エネルギー (MeV)
1.0 2.6 8.50.4 太陽ニュートリノ 地球ニュートリノ 原子炉ニュートリノ 超新星ニュートリノ

e-

e-νx

νx
solar neutrino

n

pν̄e

e+

γ

γ

γ

anti-neutrino detection by inverse beta-decay

prompt

delayed

mean capture time 
~ 200 µsec on proton

reactor neutrino
geo neutrino

neutrino detection by electron scattering

   solar neutrino                geo neutrino reactor neutrino supernova neutrino

observed energy (MeV)
Physics Target in KamLAND
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2.6 MeV prompt
analysis threshold

KamLAND data
best-fit oscillation
best-fit decay
best-fit decoherence

766 ton-year data-set

Distortion : 99.6% C.L.

Evidence of Disappearance and Distortion

Disappearance  : 99.998% C.L.

Rate 
Nobs / Nexpected (no oscillation) = 0.658 ± 0.044(stat) ± 0.042(syst)

Shape
χ2 / ndf = 37.3 / 19 (scaled no oscillation)

Rate + Shape (combined) 99.999995% C.L.



Precise Measurement of Oscillation Parameter
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95% C.L.
99% C.L.
99.73% C.L.
global best fit

Other Solutions
RSFP
FCNC

etc

SMA

LOW

VAC

LMA

∆m2 = 7.9+0.6
−0.5 × 10−5 eV2

tan2 θ = 0.40+0.10
−0.07

solar + KamLAND result
(livetime 515.1 day)

• Statistics increase ~ 3 times
• Full volume calibration can reduce 
the systematic uncertainty

present status



Future Prospects
KamLAND II 

(Solar Neutrino Phase)



neutrino energy [MeV]

-1
10 1 10

])
-1

 s
e
c

-2
] 

(f
o

r 
li
n

e
s
, 
[c

m
-1

 M
e
V

-1
 s

e
c

-2
fl

u
x
 [

c
m

210

3
10

410

5
10

6
10

7
10

8
10

9
10

10
10

1110

1210
!solar 

 U!geo 

 Th!geo 

 K!geo 

!reactor 

Future Solar Neutrino Measurement

pep
7Be

pp

8B

low energy solar neutrino observation

Super-Kamiokande
SNO

CNO

Borexino
KamLAND II
SNO+
LENAXMass

CLEAN

LENS (115In)
MOON (100Mo)
SIREN (160Gd)

well understood

νee
− → νee

−νen→ e−p

~ 0.01%

~ 9%
~ 91%

development stage ...

low energy

high energy

} working



• heavy element abundance

• nuclear cross sections

AGS05 abundance lower abundance of heavy elements

helioseismological measurement
strong disagreementimproved measurement

new solar model

F. Confortola et al., nucl-ex/0705.2151 (2007)

S(0) = 0.560 ± 0.017 keV b

Status of the Solar Model

S(0) = 1.7 ± 0.2 keV b

A. Lemut et al., Phys. Lett. B 634, 483 (2006)

3He(α, γ)7Be 14N(p, γ)15OLUNA results



Predicted Solar Neutrino Flux
J.N. Bahcall and A.M. Serenelli, Astro. Phys. J. 621, 85 (2005)

AGS05
GS98

-10% -38%

- LUNA experiment measured nuclear cross section precisely 

S34 : 2.5% S1,14 : 8.4%

- Dominant error comes from heavy element abundance

KamLAND will measure 7Be and CNO solar neutrinos 
and test the lower abundance of heavy element (AGS05)



KamLAND II (Solar Neutrino Phase)
KamLAND singles spectra

7Be ν

B.G. reduction requirement  ~  1 µBq / m3

7Be ν observation



Energy Spectra after Purification
assuming 10-6 reduction of 210Pb, 85Kr and 40K

7Be ν

pep / CNO ν

7Be ν 79.9 events / day

Fiducial 4m

pep ν 3.8 events / day
CNO ν 16.3 events / day

expected event rate (no oscillation) 0.3 < E < 0.8 MeV



Purification of Liquid Scintillator
distillation method
separation of substances based on boiling point differences

~ milli-liter
 system

~ liter system

real system

~ 1.5 kilo-liter / hour
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/ndf = 3.47/8  A = 0.0002(0.0001)  C = 0.0050(0.0009)
2

no distillation sample

/ndf = 1038.19/8  A = 0.0012(0.0002)  C = 7.0451(0.0536)
2

3rd trial

/ndf = 19.38/10  A = 0.0003(0.0000)  C = 0.0018(0.0005)
2

5th trial5th trial

/ndf = 4.44/4  A = 0.0004(0.0001)  C = 0.0002(0.0004)/ndf = 4.44/4  A = 0.0004(0.0001)  C = 0.0002(0.0004)
22

Reduction Efficiency by Distillation

radioactive
nuclei reduction goal

40K 3.8 × 10-2

(PPO, 40K) 10-1 ~ 10-2

85Kr < 1.3 × 10-5

(Dodecane, Kr) 10-5 ~ 10-6

210Pb < 7.6 × 10-5

(Dodecane, 212Pb) 10-4 ~ 10-5

222Rn 6.0 × 10-4

(Dodecane, 222Rn) ~ 10-3

distillation in ~ liter-system

f(t) = Cexp(−t/τ) + A

τ ( 212Pb) = 15.4 hour

Pb reduction

Kr reduction

almost succeeded in the reduction goal
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0.9 < E < 1.1 MeV



]
2

 [m
2

 + Y
2

X

0 10 20 30 40 50 60

Z
 [

m
]

-8

-6

-4

-2

0

2

4

6

8

purification 
system

LS filling

event rate map after purification
(arbitrary units)

Purification Status in Real System

~ 300 m3 after 10 day operation

new LS 
separation

purification is now going on ...



Muon Spallation Background
7Be ν

pep / CNO ν

Fiducial 4m

Life time Q value Hagner et al.
(ev/d/kton)

10C 27.8 sec 3.65 MeV (β+) 139

11C 29.4 min 1.98 MeV (β+) 1039

7Be 76.9 day 0.478 MeV 
(EC) 231

serious B.G. 
for pep / CNO ν 



11C Rejection by Neutron Events

(Galbiati et al., hep-ph/0411002) 

12C + X→ 11C + n + Y + · · ·
X = γ, n, p, π−,π+, e, µ

n production rate ~ 95%

11C rejection by triple coincidence

(2) neutron (mean capture time ~ 210 µsec)

 nuclear spallation reaction by cosmic-ray muons

ΔR
11C

neutron

µ

(3) 11C (lifetime = 29.4 min)

(1) cosmic-ray muon

point-like rejection (not track-like)
using neutron vertex information



Energy Spectra after 11C Rejection

visible energy [MeV]
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pep + CNO flux error ~  6% (statistical error) 

268 m3 fiducial volume

11C rejection  simulation

 95% of 11C is rejected by neutron tagging 
prototype

new dead time free 
electronics



Double Beta Decay
with KamLAND Detector

: what could be done



Double Beta Decay in KamLAND

KamLAND singles spectra

Characteristics

(1) Large amount of liquid scintillator (1,000 ton LS)

(2) Target isotope can be dissolved in the LS

advantages

disadvantages

• high statistics by large target isotope

• low external B.G. by self shielding

• poor energy resolution

• muon spallation B.G. from 12C target

10C

11C
long-lived
spallation products

short-lived

energy resolution ~ 6.2% / sqrt(MeV)

low energy backgrounds (E < 3 MeV) 
are dominated by 11C, 10C



Target Isotope for 0νββ search

N(A, Z)

N’(A, Z+1)

N’’(A, Z+2)

ν ν
 energy [MeV]
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48Ca

136Xe

130Te

96Zr

82Se
100Mo76Ge

116Cd

<mββ> = 30 meV

150Nd : 36 events / year

Nd-loaded scintillator in SNO++ 
(M. Chen, INT Underground Science Workshop)

Majorana + inverted hierarchy

30 meV

natural abundance : 5.9%

0νββ



Background Consideration
(1) 2νββ

- The NEMO-3 experiment gives a finite value for
150Nd half-life :[9.7 ± 0.7(stat) ± 1.0(syst)] × 1018 y. 

(2) muon spallation products
- long-lived products --- 11Be (lifetime 19.9 sec, Q = 11.5 MeV)

8 ± 4 events / 3y (preliminary) (3.45 < E < 3.65 MeV)

(3) radioactive impurity in LS
- 208Tl (Q = 5.0 MeV) beta decay

delayed coincidence tagging

212Bi
87.4 min

232Th chain
208Tl

4.4 min
208Pb
stable6.2 MeV 5.0 MeV

(35.9%)
βα

~ 10-3 rejection of 208Tl with 10% inefficiency
(after purification of low energy B.G.)

visible energy ~ 0.4 MeV

~ 700 events / 3 y (KamLAND LS) (3.45 < E < 3.65 MeV)

172 ± 22 events / 3y (3.45 < E < 3.65 MeV)
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Energy Spectrum in KamLAND

150Nd : 350 events / year
enrichment : 60% ~ 10 times target

1.0 wt% loaded LS (544 ton)
<mββ> = 30 meV

3 year livetime

0νββ

energy resolution : 6.2% / sqrt(MeV)
(assuming current resolution in KamLAND)

MC data

shape distortion

11Be



Prospects for 0νββ search
• enrichment

AVLIS (Atomic Vapor Laser Isotope Separation) in France

• sensitivity
- energy spectrum statistical test

<mββ> = 30 meV : 6 sigma significance for 3 year measurement

2000 ~ 2003 : MENPHIS facility ~ few kg/h for 235U

• detector improvements
- energy resolution (light yield)
wavelength shifter to cancel the chemical quenching by Nd compounds

possibility of high production rate ~ kg/h for 150Nd

- energy scale
need to keep energy scale and resolution stability within 0.5%

Majorana + inverted hierarchy test



Summary

• Reactor neutrino experiment contributed to the 
solution of the solar neutrino problem.

• We will start 7Be, pep and CNO solar neutrino 
observation after the purification of LS.

• Possibility of double beta decay experiment 
with the KamLAND detector was considered.

- oscillatory shape of reactor anti-neutrinos
- precise measurement of oscillation parameter

purification of LS is now going on ...

Results and prospects for KamLAND

Double beta decay


