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Understanding of the nature of cosmogenic backgrounds 
is important for rate event detection in neutrino detectors, 
double-beta-decay experiment, and dark matter searches 

cosmic-ray muon

detector
(underground)spallation reaction

solar neutrino (8B) ~ 3 events / day / kton

comparison of reaction rate

0νββ (136Xe loaded LS) ~ 1.5 events / day / kton

muon spallation (neutron) ~ 3000 events / day / kton

neutron or isotope generated by the 
spallation reaction are background sources

Motivation

<mν> = 0.15 eV

spallation neutron or isotope can be background sources

@ 1,000 m depth



1,000 ton liquid scintillator

PMT（1325 17 inch + 554 20 inch）

water cherenkov outer detector

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

KamLAND is located under the peak of Ikenoyama 
(vertical rock overburden is ~ 2700 m.w.e.)

cosmic-ray muon

12C

spallation
reaction

neutron or
isotope

tag the cosmic-ray muon

detection of scintillation light

KamLAND Detector



Rock Overburden for Muon
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muon flux and energy @ KamLAND

Measurement

Inishi Rock

Standard Rock

Generic Skarn

Jμ (m-2 h-1) Eμ (GeV)

5.37 ± 0.41

5.66 ~ 6.71

4.95 ~ 5.83

4.90 ~ 5.82

262 ~ 268

256 ~ 262

254 ~ 260

3D Monte Carlo codes dedicated to muon simulations

MUSIC (MUon SImulation Code)

typical rock density 2.65 ~ 2.75 g/cm3

mountain profile (Geographical Survey Institute of Japan)

KamLAND
(1,000 m depth)

surface

KamLAND (2,700 m.w.e)

flux (measurement)

(1.90 ± 0.12) × 10-2 cm-2 s-1

(1.49 ± 0.11) × 10-7 cm-2 s-1

Rock Overburden Effect
mean energy

~ 260 GeV

~ 7 GeV

(MUSIC)

reference : P. Antonioli et al., Astropart. Phys. 7, 357 (1997)



Cosmic-ray Muon Detection (1)
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R : impact parameter
L : track length in LS

measured average L = 878 cm
calculated average L = 874 ± 13 cm

LS muon 
BO muon 

LS muon 

LS
BO

only Cherenkov light
(no Scintillation light)



Track Length in BO (cm)
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Cosmic-ray Muon Detection (2)
(dQ/dX)Scintillation = 629 ± 47 p.e./cm

(dQ/dX)Cherenkov = 31 ± 2 p.e./cm

Scintillation/Cherenkov ratio ~ 20



Cosmic-ray Muon Detection (3)
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MUSIC expectation
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Data
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Data
MC (MUSIC)



Neutron Detection

Visible Energy (MeV)
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2.2 MeV γ
(99.5%)

4.9 MeV γ
(0.5%)

s)µT (∆
500 1000 1500 2000 2500

sµ
Ev

en
ts

/1
0

310

410

510

neutron capture reaction

τ ~ 207.5 µs

electronics dead time effect 
by multiple neutron detection

ΔT > 1300 μsec

Yn = (2.8 ± 0.3) × 10-4 n / (μ · (g/cm2))

neutron production yield

ΔT distribution fit by 
“exponential + constant”



Muon Energy (GeV)
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this meas.

Neutron Yield

target CnH2n
ρ = 0.8 g/cm3

MC (Geant4)

Others
(A) 20 m.w.e
(B) 25 m.w.e
(C) 32 m.w.e (Palo Verde)
(D) 316 m.w.e
(E) 570 m.w.e
(F) 3000 m.w.e (LVD)
(G) 5200 m.w.e (LSD)

KamLAND
    2700 m.w.e 

MC (FLUKA)

MC gives lower production yield than that of Data

neutron yield v.s. muon energy

v 9.1

v 2006.3b



Visible Energy (MeV)
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Isotope Detection (1)

Visible Energy (MeV)
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Visible Energy (MeV)
1.4 1.5 1.6 1.7 1.8 1.9 2

Ev
en

ts
/0

.0
5M

eV

0

1000

2000

3000

4000

5000

6000

C11 

T (min)∆
50 100 150 200 250 300

Ev
en

ts
/5

m
in

3

4

5

3 10×

T (min)∆
50 100 150 200 250 300

Ev
en

ts
/5

m
in

Visible Energy (MeV)
2 2.5 3 3.5 4

Ev
en

ts
/0

.1
M

eV

0

50

100

150

200

C10 

T (s)∆
50 100 150 200 250 300

Ev
en

ts
/5

s

10

210

T (s)∆
50 100 150 200 250 300

Ev
en

ts
/5

s

10

210

Visible Energy (MeV)
6 8 10 12 14

Ev
en

ts/
0.

5M
eV

-10

0

10

20

30

40

50

Be11 
T (s)!

50 100 150

Ev
en

ts/
4s

30
40
50
60
70

T (s)!
50 100 150

Ev
en

ts/
4s

11C (29.4 min) 10C (27.8 s)

11Be (19.9 s) yield estimation based on 
the energy and ΔT fitting

reactor, geo neutrino  8He, 9Li
8B solar neutrino
pep/CNO solar neutrino

 11Be, 8Li, 8B
 11C

main background for rare event search

0νββ (136Xe)  10C

Isotope Detection (2)



muon energy [GeV]
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Muon Beam Experiment

11C yield in KamLAND data is factor ~ 2 higher than 
the estimation based on the muon beam experiment

muon flux

11C production
cross-sectionmuon beam 

energy
190 GeV

100 GeV

（KamLAND）

isotope yield estimation (12C target)

Eμα assuming power-low

 Super Proton Synchrotron (SPS) 
 muon beam experiment @ CERN 

T. Hagner et al., Astropart. Phys. 14, 33 (2000)

Hagner et al. 
KamLAND

(4.2 ± 0.7) × 10-5 / (μ · (g/cm2))
(8.7 ± 1.5) × 10-5 / (μ · (g/cm2))

11C yield
Comparison with KamLAND data

（Eμα extrapolation may not be appropriate)



Isotope Production Rate

Life time Q value Hagner et al.
(10-7/µ g cm-2)

FLUKA calc.
(10-7/µ g cm-2)

Measurement
(10-7/µ g cm-2)

Fraction of 
showering µ

12B 29.1 msec 13.4 MeV (β-) - 27.8 ± 1.9 42.9 ± 3.3 68 ± 2%
12N 15.9 msec 17.3 MeV (β+) - 0.77 ± 0.08 1.8 ± 0.4 77 ± 14%
8Li 1.21 sec 16.0 MeV (β-α) 1.9 ± 0.8 21.1 ± 1.4 12.2 ± 2.6 65 ± 17%
8B 1.11 sec 18.0 MeV (β+α) 3.3 ± 1.0 5.77 ± 0.42 8.4 ± 2.4 78 ± 23%
9C 182.5 msec 16.5 MeV (β+) 2.3 ± 0.9 1.35 ± 0.12 3.0 ± 1.2 91 ± 32%

8He 171.7 msec 10.7 MeV (β-γn)
1.0 ± 0.3

0.32 ± 0.05 0.7 ± 0.4 76 ± 45%
9Li 257.2 msec 13.6 MeV (β-γn) 3.16 ± 0.25 2.2 ± 0.2 77 ± 6%
11C 29.4 min 1.98 MeV (β+) 421 ± 68 416 ± 27 866 ± 153 62 ± 10%
10C 27.8 sec 3.65 MeV (β+γ) 54 ± 12 19.1 ± 1.3 16.5 ± 1.9 76 ± 6%

11Be 19.9 sec 11.5 MeV (β-) < 1.1 0.84 ± 0.09 1.1 ± 0.2 74 ± 12%
6He 1.16 sec 3.51 MeV (β-) 7.5 ± 1.5 12.08 ± 0.83 - -

7Be 76.9 day 0.478 MeV 
(ECγ) 107 ± 21 105.3 ± 6.9 - -

KamLAND experimentMCmuon beam experiment



Neutron Detection from External

Prompt Event Radius (cm)
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70 ± 2 g/cm2

69 ± 2 g/cm2

consistent within uncertainty

v 9.1



Future Prospects

Visible Energy (MeV)
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solar neutrinos which could 
be measured by KamLAND

analytical 
11C rejection

Baseline 
restorer and 
signal splitter

1GHz FADC +
3 range 200 MHz FADC
for each channel

Trigger module

ΔR

µ

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

(n emission probability) = 96.3 ± 2.0%

11C rejection by neutron tagging

consistent with theoretical estimation 95.6%
C. Galbiati et al., Phys. Rev. C71 055805 (2005)

dead time free electronics

n

11C

τ(n capture) ~ 207.5 µs

τ(11C) = 29.4 min

(high detection efficiency for n)



Summary

• We evaluated the production rate of spallation 
neutron and isotope using the KamLAND liquid 
scintillator.

• MC (Geant4, FLUKA) gives lower neutron 
production yield than that of Data.

• Some isotope production yields are found to be 
inconsistent with expectations based on a power 
law dependence with respect to muon energy.

• The results will be useful for the background 
estimation in the future rate event detection 
experiment.



Defined Physics Model

1 MeV 10 MeV 100 MeV 1GeV 10GeV 100GeV 1TeV

LEP

QGS (quark-gluon string)

BIC (binary cascade)

HP (neutron)

Muon-nuclear

Photo-nuclear

Gamma-Reaction

gamma

hadron

muon

(QGS_BIC)

(NeutronHP)

(G4EmExtraPhysics)


