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Geoneutrino 

! Geoneutrino as a new probe to observe 
Earth’s interior 

!  Predicted more than 50 years ago 
! Geoneutrino observation has been 

done with KamLAND and Borexino. 
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Geoneutrino as a new probe to 
observe Earth’s interior 
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Seismic wave and geoneutrino 

!  Seismic wave is the strongest tool to see Earth’s 
interior, but it has been a lonely tool for long time.  

 

!  Geoneutrino is the first independent, 
compensating, synergetic companion, which will 
provide new information, such as heat source 
amount, and chemical composition. 
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Geo-neutrino source: 238U series 
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β decay: 
e.g. 214Bi → 214Po + e- + νe	
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radioactive element in the 
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Geo-neutrino source: 232Th series 
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Geoneutrino from 238U, 232Th, 40K  

Half life	

4.47 Gy	

14.05 Gy	

1.28 Gy	

!  Electron antineutrino (νe) is detected with 
(inverse beta decay)	

_ 
νe + p →  e+ + n 
_ 
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!  C 

The expected 238U, 232Th, and 40K decay chain electron anti-neutino energy 
distribution. KamLAND can only detect electron antineutrinos to the right of the 
vertical dotted black line; hence it is insensitive to 40K electron antineutrinos. !

Nature 436, 28 July 2005	

Detectable with	
inverse beta decay	
mode (KamLAND,	
Borexino, ...)	

Energy spectra of geoneutrinos 

1.8 MeV	
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Geoneutrino observation 
with KamLAND 
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Kamoka Liquid scintillator Antineutrino Detector	
Japan, US, Europe collaboration lead by RCNS, Tohoku U. 

Gifu prefecture, Hida city, Kamioka mine 
about 1000 m underground (2,700 m water 
equivalent) to avoid cosmic-ray background 

Northern Japanese Alps	
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mantle contribution	

Reference model: S. Enomoto, E. Ohtani, KInoue, and A. Suzuki, 
     Earth, Planet Sci. Lett. 258, 147 (2007)	

Geoneutrino flux at KamLAND site 
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KamLAND: 1000-ton ultrapure liquid scintillator 

scintillator (LS), which comprises the neutrino interaction
target (Fig. 1). The LS is contained in a 13 m diameter
spherical balloon made of 135 !m thick transparent
nylon/EVOH (ethylene vinyl alcohol copolymer) compos-
ite film. The balloon is suspended in nonscintillating puri-
fied mineral oil contained inside an 18 m diameter stainless
steel tank. The LS consists of 80% dodecane and 20%
pseudocumene (1,2,4-trimethylbenzene) by volume, and
1:36! 0:03 g=liter PPO (2,5-diphenyloxazole) as a fluor.
The scintillation light is viewed by an array of 1325
specially developed fast 20 inch diameter photomultiplier
tubes (PMTs) masked to 17 inch diameter, and 554 older
unmasked 20 inch PMTs, providing 34% solid-angle cov-
erage in total. This inner detector (ID) is surrounded by a
3.2 kton water-Cherenkov outer detector that serves as a
cosmic-ray muon veto counter.

In September 2011, the KamLAND-Zen neutrinoless
double beta-decay search was launched [15]. This search
makes use of KamLAND’s extremely low background and
suspends a "" source, 13 tons of Xe-loaded liquid scin-
tillator (Xe-LS), in a 3.08 m diameter inner balloon (IB) at
the center of the detector, as shown in Fig. 1. To avoid
backgrounds from the IB and its support material, the !#e

analysis reported here is restricted to events occurring well
outside the IB.

Electron antineutrinos are detected through the inverse
"-decay reaction, !#e þ p ! eþ þ n, which yields a
delayed coincidence (DC) event pair signature that pro-
vides a powerful tool to suppress backgrounds. The prompt
scintillation light from the eþ gives a measure of the
incident !#e energy, E# ’ Ep þ !En þ 0:8 MeV, where Ep

is the sum of the eþ kinetic energy and annihilation $
energies, and !En is the average neutron recoil energy,
Oð10 keVÞ. The mean time for capture of the neutron
in the LS is 207:5! 2:8 !s [16]. The scintillation light
from the capture $ constitutes the delayed event of the
DC pair.

V. ANTINEUTRINO CANDIDATE EVENT
SELECTION

The data reported here are based on a total live-time
of 2991 days, collected between March 9, 2002 and
November 20, 2012. The data set is divided into three
periods. Period 1 (1486 days live-time) refers to data taken
up to May 2007, at which time we embarked on a LS
purification campaign that continued into 2009. Period 2
(1154 days live-time) refers to data taken during and after
the LS purification campaign, and Period 3 (351 days live-
time) denotes the data taken after installing the IB. We
removed periods of low data quality and high dead time
that occurred during LS purification and KamLAND-Zen
IB installation. The LS purification reduced the dominant
Period 1 background for !#e’s,

13Cð%; nÞ16O decays, by a
factor of %20. The high-quality data taken after LS
purification accounts for 50% of the total live-time.
Using a spherical fiducial scintillator volume with a
6.0 m radius, the number of target protons is estimated to
be ð5:98! 0:13Þ & 1031, resulting in a total exposure of
ð4:90! 0:10Þ & 1032 target-proton-years. The reduced
fiducial volume in Period 3 is accounted for in the detec-
tion efficiency; it contributes negligible additional fiducial
volume uncertainty for Period 3.
Event vertex and energy reconstruction is based on the

timing and charge distributions of scintillation photons
recorded by the ID PMTs. The reconstruction is calibrated
with 60Co, 68Ge, 203Hg, 65Zn, 241Am9Be, 137Cs, and
210Po13C radioactive sources. The achieved vertex resolu-

tion is %12 cm=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðMeVÞ

p
, and the energy resolution is

6:4%=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðMeVÞ

p
. The nonlinear, particle-dependent con-

version between deposited (real) energy and KamLAND’s
prompt energy scale is performed with a model incorpo-
rating Birks quenching and Cherenkov emission. The
model parameters are constrained with calibration data,
and contribute a 1.8% systematic uncertainty to the mea-
sured value of "m2

21. Using calibration data taken through-
out the fiducial volume during Period 1, we find that the
deviation of reconstructed vertices from the actual deploy-
ment locations is less than 3 cm. Incorporating a study of
muon-induced 12B=12N decays [17], the fiducial volume
uncertainties are 1.8% for the pre-purification data and
2.5% for the post-purification data.
For the DC event pair selection, we apply the following

series of cuts: (i) prompt energy, 0:9< Ep ðMeVÞ< 8:5;
(ii) delayed energy, 1:8< Ed ðMeVÞ< 2:6 (capture on p),
or 4:4<Ed ðMeVÞ< 5:6 (capture on 12C); (iii) spatial
correlation of prompt and delayed events, "R< 2:0 m;
(iv) time separation between prompt and delayed events,
0:5< "T ð!sÞ< 1000; (v) fiducial volume radii, Rp,
Rd < 6:0 m; (vi) and for Period 3, delayed vertex position,
Rd > 2:5 m and &d > 2:5 m, Zd > 0 m (vertical central
cylinder cut at the upper hemisphere) to eliminate back-
grounds from the KamLAND-Zen material. To maximize
the sensitivity to !#e signals, we perform an additional event

FIG. 1 (color). Schematic diagram of the KamLAND detector.
The shaded region in the liquid scintillator indicates the volume
for the !#e analysis after the inner balloon was installed.

REACTOR ON-OFF ANTINEUTRINO MEASUREMENT WITH . . . PHYSICAL REVIEW D 88, 033001 (2013)

033001-3

Inner Balloon 
installed in 2011 
 
1879 phototubes 
cover 34% of 
the inner surface 
of the spherical 
stainless steel 
tank 
(18-m diameter) 
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Kamioka Liquid Antineutrino Detector 

Water tank 

Buffer oil   

Liquid scintillator 

Delayed signal Prompt signal 
  0.9~8MeV 

Kevlar ropes 

Balloon 

Phototubes 

  Balloon 13mφ  
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time 
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(*1) 

(*2) 

(*1) neutrinograph of the sun by Super-K,  (*2) hep-ph/0406294 

Sun	

Nuclear 
power 
reactors	

Super-Kamiokande	

SNO	

KamLAND	

Contribution to the settlement of the solar 
neutrino problem (30-year problem) 

Solar neutrino deficit 
(1970’s) 
Solar or neutrino 
 problem? (30 years) 
Settlement (2002) 
with neutrino oscillation	

The settlement was an important 
breakthrough, and should be basics 
of all fluxes measurement with Borexino.	
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PRL 90, 021802 

νe disappearance: 
99.95 % C.L. 

Dec. 2002 

First result from KamLAND (2002) 
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Nature 436, 28 July 2005	

Data-set:	
749.1 days	
(Mar. 9, 2002	
- Oct. 30, 2004)	
Fiducial:	
5 m radius	

13C(α,n)16O	42±11  	

Total BG 127.0	
±13.1	

152 events observed	
“signal” 25 +19 -18	

Geoneutrino first results in 2005 

232Th 
238U 

Systematic 
uncertainty 

(Eν=Eprompt+0.8MeV) 16 



Geoneutrino observation with 
KamLAND (the latest published 

data (2013) 
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Data set 
!  ̀ `Reactor on-off antineutrino measurement 

with KamLAND’’, Phys. Rev. D 88 033001     
(2, August, 2013) 

!  March 9, 2002 – November 20, 2012 
     (2991 days live-time) 
!  Data set is divided into 3 period 

low-energy region for each data-taking period. Figure 6
shows the measured geo !!e event spectrum after subtract-
ing the best-fit reactor !!e and background spectra. The
best-fit to the unbinned data yields 116 and 8 geo !!e’s
from U and Th decays, respectively. The conversion factors
to calculate the corresponding fluxes in cm!2 s!1 are
2:01" 104 for U and 6:88" 104 for Th. The joint con-
fidence intervals for the sum NU þ NTh and the asymmetry
factor ðNU ! NThÞ=ðNU þ NThÞ are shown in Fig. 7. This
result agrees with the expectation from the geological
reference model of Ref. [18]. We obtained an upper limit
of <19 (90% C.L.) in the Th/U mass ratio, indicating the
separation of U and Th !!e’s. Assuming a Th/U mass
ratio of 3.9 (corresponding to a flux ratio of 0.85), as
predicted by the geochemical model of Ref. [11] from
the abundances observed in chondritic meteorites, the
total number of U and Th geo !!e events is 116

þ28
!27, with a

""2 profile as shown in Fig. 7(b). This result corresponds
to an (oscillated) !!e flux of 3:4þ0:8

!0:8 " 106 cm!2 s!1 at
KamLAND, or a total antineutrino flux including all fla-
vors of 6:2þ1:5

!1:5 " 106 cm!2 s!1. From the ""2 profile

[Fig. 7(b)], we find that the null hypothesis is disfavored
with a p-value of 2" 10!6.
The KamLAND data also tests the hypothesis of a

natural nuclear reactor in the Earth’s core [33] assuming
a constant power output over the duration of the experi-
ment. The oscillation parameters are constrained from the
solar, accelerator, and reactor neutrino data, while the
contributions from geological reactor !!e’s and from U
and Th geo !!e’s are allowed to vary. The fit gives a limit
on the geological reactor power of <3:1 TW at 90% C.L.
(< 3:7 TW at 95%C.L.), an improvement of a factor of 1.7
over the previous KamLAND result [3], due primarily to
the reduction of the commercial reactor !!e background in
Period 3.

VII. CONSTRAINTS ON EARTH MODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A
quantitative estimate of the heat production by radiogenic
components is of particular importance for understanding
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FIG. 2 (color). Time evolution of expected and observed rates at KamLAND for !!e’s with energies between (a) 0.9 and 2.6 MeVand
(b) 2.6 and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation
for reactor !!e’s (black line), reactor !!e’sþbackgrounds (colored line), and reactor !!e’sþbackgroundsþ geo !!e’s (gray line). The geo
!!e rates are calculated from the reference model [18]. The vertical bands correspond to data periods not used in the analysis. In the
right panel of (a), the data are grouped according to periods of similar expected reactor !!e þ background rates, as denoted by the
colored bands. The observed event rate for each group is plotted at the exposure-weighted expected event rate within the group.
The efficiency-corrected best-fit value of the geo !!e rate from the full spectral analysis (dashed line), its 1# error (shaded region), and
the model expectation (gray line) are drawn for comparison. The contribution of geo !!e’s in (b) is negligible. The oscillation
parameters used to calculate the expected reactor !!e rate are the best-fit values from the global oscillation analysis: tan 2$12 ¼
0:436þ0:029

!0:025, "m
2
21 ¼ 7:53þ0:18

!0:18 " 10!5 eV2, and sin 2$13 ¼ 0:023þ0:002
!0:002.

A. GANDO et al. PHYSICAL REVIEW D 88, 033001 (2013)

033001-6

scintillator purification	

2011 earthquake	

KamLAND-Zen 
construction	
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Cherenkov-Birks model 

Energy calibration 
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Data reduction (event selection) 
!  Fiducial volume (event within which is considered 

available): R < 6 m (mini balloon cut for period 3) 
!  Delayed coincidence: 

!  Prompt energy: 0.9 – 8.5 MeV 
!  (neutrino energy: 1.7 – 9.3 MeV) 
!  Delayed energy: 1.8 – 2.6 MeV, or 4.4 – 5.6 MeV 
!  (peak at 2.2 MeV, and 4.9 MeV) 
!  Spatial correlation: < 2.0 m 
!  Time correlation: 0.5 – 1000 µs 

!  Additional selection to suppress accidental 
coincidence further, based on probability densities 
of accidental coincidence and real signal 20 
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Prompt energy (neutrino energy – 1.8 MeV) 
spectrum: all period 

!  116 +28
-27 

geoneutrino events 
are detected (U/Th 
= 3.9 fixed, energy 
spectrum, time 
variation included, 
unbinned, all 3 
periods) 

!  U: 116 events 
!  Th:  8 events 
    with U, Th free 

fitting 
This calculation accounts for crustal uncertainties of 17%
and 10% for U and Th, respectively, including correlated
errors as suggested in Ref. [34]. To parametrize the
planetary-scale energy balance, the fraction of the global
heat production from radioactive decays, the so-called
‘‘Urey ratio,’’ is introduced. Allowing for mantle heat
contributions of 3.0 TW from other isotope decays
[12,35], we find that the convective Urey ratio, the contri-
bution to the Urey ratio from just the mantle, is between
0.09 and 0.42 at 68% C.L. This range favors models that
allow for a substantial but not dominant contribution from
the Earth’s primordial heat supply.
Several established estimates of the BSE composition

give different geo !!e flux predictions. Reference [36]
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FIG. 6 (color). Prompt energy spectrum of the !!e events in the
low-energy region for all data-taking periods. Bottom panel:
Data together with the best-fit background and geo !!e contribu-
tions. The fit incorporates all available constraints on the
oscillation parameters. The shaded background and geo !!e

histograms are cumulative. Middle panel: Observed geo !!e

spectrum after subtraction of reactor !!e’s and other background
sources. The dashed and dotted lines show the best-fit U and Th
spectral contributions, respectively. The blue shaded curve
shows the expectation from the geological reference model of
Ref. [18]. Top panel: The energy-dependent selection efficiency.

 (km/MeV)
eν/E0L

20 30 40 50 60 70 80 90 100

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0

0.2

0.4

0.6

0.8

1

eνData - BG - Geo  best-fit oscillationν3-

FIG. 5 (color). Ratio of the observed !!e spectrum to the
expectation for no-oscillation versus L0=E for the KamLAND
data. L0 ¼ 180 km is the flux-weighted average reactor baseline.
The 3-! histogram is the best-fit survival probability curve from
the three-flavor unbinned maximum-likelihood analysis using
only the KamLAND data.

-1 -0.5 0 0.5 1
0

50

100

150

200

250

)Th + N
U

) / (NTh - N
U

(N

T
h

N
U

  +

N

68.3%

95.4%

99.7%

(a)

0 50 100 150 200 250

Th + NUN

2
∆χ

σ1

σ2

σ3

σ4

(b)

0

5

10

15

20

25

FIG. 7 (color). (a) C.L. contours for the observed number of
geo !!e events. The small shaded region represents the prediction
of the reference model of Ref. [18]. The vertical dashed line
represents the value of ðNU # NThÞ=ðNU þ NThÞ expected for a
Th/U mass ratio of 3.9 derived from chondritic meteorites.
(b) ""2 profile from the fit to the total number of geo !!e events,
fixing the Th/U mass ratio at 3.9. The grey band represents the
geochemical model prediction, assuming a 20% uncertainty in
the abundance estimates.

A. GANDO et al. PHYSICAL REVIEW D 88, 033001 (2013)

033001-8

This calculation accounts for crustal uncertainties of 17%
and 10% for U and Th, respectively, including correlated
errors as suggested in Ref. [34]. To parametrize the
planetary-scale energy balance, the fraction of the global
heat production from radioactive decays, the so-called
‘‘Urey ratio,’’ is introduced. Allowing for mantle heat
contributions of 3.0 TW from other isotope decays
[12,35], we find that the convective Urey ratio, the contri-
bution to the Urey ratio from just the mantle, is between
0.09 and 0.42 at 68% C.L. This range favors models that
allow for a substantial but not dominant contribution from
the Earth’s primordial heat supply.
Several established estimates of the BSE composition

give different geo !!e flux predictions. Reference [36]

60

80

100

Selection efficiency

E
ff

ic
ie

nc
y 

(%
)

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
0

20

40

60

80

100

120

140

160

180 eνBest-fit reactor 
Accidental

O16, n)αC(13

eνBest-fit geo 

 + BGeνBest-fit reactor 
eν+ best-fit geo 

KamLAND data

 (MeV)pE

E
ve

nt
s 

/ 0
.2

M
eV

0

20

40
eνData - BG - best-fit reactor eνReference geo 

U contribution
Th contribution

FIG. 6 (color). Prompt energy spectrum of the !!e events in the
low-energy region for all data-taking periods. Bottom panel:
Data together with the best-fit background and geo !!e contribu-
tions. The fit incorporates all available constraints on the
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sources. The dashed and dotted lines show the best-fit U and Th
spectral contributions, respectively. The blue shaded curve
shows the expectation from the geological reference model of
Ref. [18]. Top panel: The energy-dependent selection efficiency.
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Energy spectrum 
of each period 

!   13C(α,n)16O 
background is 
reduced by a factor 
of 20 in Period 2. (by 
scintillator 
purification) 

!  Reactor background 
decreased    in 
Period 3  

dynamic processes such as mantle convection. Indeed,
precisely how the mantle convects is still not fully under-
stood, and controversy remains as to whether two-layer
convection or whole-volume convection provides a more

accurate description. In this work, we carry out a compari-
son of existing Earth models using the KamLAND geo !!e

data on the basis of simple but appropriate assumptions.
The crustal contribution to the flux at KamLAND can be

estimated from compositional data through rock sampling
[18]. Since current Earth models predict that the lithophiles
U and Th are absent in the core, for a first approximation of
the radiogenic heat, we attribute any excess above the
crustal contribution to U and Th uniformly distributed
throughout the mantle. Under these generic assumptions,
the measured KamLAND geo !!e flux translates to a total
radiogenic heat production of 11:2þ7:9

"5:1 TW from U and Th.
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FIG. 3 (color). Prompt energy spectrum of !!e candidate events
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analysis. The prompt energy spectra of !!e candidate events in
the low-energy region are also shown in the inset panels with a
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selection-efficiency curves for each period.

TABLE III. Summary of the fit values for "m2
21, tan

2"12 and
sin 2"13 from three-flavor neutrino oscillation analyses with
various combinations of experimental data.

Data combination "m2
21 tan 2"12 sin 2"13

KamLAND 7:54þ0:19
"0:18 0:481þ0:092

"0:080 0:010þ0:033
"0:034

KamLANDþ solar 7:53þ0:19
"0:18 0:437þ0:029

"0:026 0:023þ0:015
"0:015

KamLANDþ solarþ "13 7:53þ0:18
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of the solar and KamLAND data. The side panels show the "#2

profiles projected onto the tan 2"12 and "m2
21 axes.

REACTOR ON-OFF ANTINEUTRINO MEASUREMENT WITH . . . PHYSICAL REVIEW D 88, 033001 (2013)

033001-7

23 



Time variation: 0.9 – 2.6 MeV (geoneutrino region) 

!  Data (solid circles) and expected rate (reactor + 
b.g. + geo, grey curve) are consistent, not 
consistent with reactor + b.g. only (colored curve) 

!  Data are on the unit slope with finite displacement, 
indicating constant contribution from geoneutrinos! 

low-energy region for each data-taking period. Figure 6
shows the measured geo !!e event spectrum after subtract-
ing the best-fit reactor !!e and background spectra. The
best-fit to the unbinned data yields 116 and 8 geo !!e’s
from U and Th decays, respectively. The conversion factors
to calculate the corresponding fluxes in cm!2 s!1 are
2:01" 104 for U and 6:88" 104 for Th. The joint con-
fidence intervals for the sum NU þ NTh and the asymmetry
factor ðNU ! NThÞ=ðNU þ NThÞ are shown in Fig. 7. This
result agrees with the expectation from the geological
reference model of Ref. [18]. We obtained an upper limit
of <19 (90% C.L.) in the Th/U mass ratio, indicating the
separation of U and Th !!e’s. Assuming a Th/U mass
ratio of 3.9 (corresponding to a flux ratio of 0.85), as
predicted by the geochemical model of Ref. [11] from
the abundances observed in chondritic meteorites, the
total number of U and Th geo !!e events is 116

þ28
!27, with a

""2 profile as shown in Fig. 7(b). This result corresponds
to an (oscillated) !!e flux of 3:4þ0:8

!0:8 " 106 cm!2 s!1 at
KamLAND, or a total antineutrino flux including all fla-
vors of 6:2þ1:5

!1:5 " 106 cm!2 s!1. From the ""2 profile

[Fig. 7(b)], we find that the null hypothesis is disfavored
with a p-value of 2" 10!6.
The KamLAND data also tests the hypothesis of a

natural nuclear reactor in the Earth’s core [33] assuming
a constant power output over the duration of the experi-
ment. The oscillation parameters are constrained from the
solar, accelerator, and reactor neutrino data, while the
contributions from geological reactor !!e’s and from U
and Th geo !!e’s are allowed to vary. The fit gives a limit
on the geological reactor power of <3:1 TW at 90% C.L.
(< 3:7 TW at 95%C.L.), an improvement of a factor of 1.7
over the previous KamLAND result [3], due primarily to
the reduction of the commercial reactor !!e background in
Period 3.

VII. CONSTRAINTS ON EARTH MODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A
quantitative estimate of the heat production by radiogenic
components is of particular importance for understanding
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FIG. 2 (color). Time evolution of expected and observed rates at KamLAND for !!e’s with energies between (a) 0.9 and 2.6 MeVand
(b) 2.6 and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation
for reactor !!e’s (black line), reactor !!e’sþbackgrounds (colored line), and reactor !!e’sþbackgroundsþ geo !!e’s (gray line). The geo
!!e rates are calculated from the reference model [18]. The vertical bands correspond to data periods not used in the analysis. In the
right panel of (a), the data are grouped according to periods of similar expected reactor !!e þ background rates, as denoted by the
colored bands. The observed event rate for each group is plotted at the exposure-weighted expected event rate within the group.
The efficiency-corrected best-fit value of the geo !!e rate from the full spectral analysis (dashed line), its 1# error (shaded region), and
the model expectation (gray line) are drawn for comparison. The contribution of geo !!e’s in (b) is negligible. The oscillation
parameters used to calculate the expected reactor !!e rate are the best-fit values from the global oscillation analysis: tan 2$12 ¼
0:436þ0:029

!0:025, "m
2
21 ¼ 7:53þ0:18

!0:18 " 10!5 eV2, and sin 2$13 ¼ 0:023þ0:002
!0:002.
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!  Data (solid circles) and expected rate (reactor + 
b.g. + geo, grey curve) are consistent, not 
consistent with reactor + b.g. only (colored curve) 

!  Data are on the unit slope with finite displacement, 
indicating constant contribution from geoneutrinos! 

low-energy region for each data-taking period. Figure 6
shows the measured geo !!e event spectrum after subtract-
ing the best-fit reactor !!e and background spectra. The
best-fit to the unbinned data yields 116 and 8 geo !!e’s
from U and Th decays, respectively. The conversion factors
to calculate the corresponding fluxes in cm!2 s!1 are
2:01" 104 for U and 6:88" 104 for Th. The joint con-
fidence intervals for the sum NU þ NTh and the asymmetry
factor ðNU ! NThÞ=ðNU þ NThÞ are shown in Fig. 7. This
result agrees with the expectation from the geological
reference model of Ref. [18]. We obtained an upper limit
of <19 (90% C.L.) in the Th/U mass ratio, indicating the
separation of U and Th !!e’s. Assuming a Th/U mass
ratio of 3.9 (corresponding to a flux ratio of 0.85), as
predicted by the geochemical model of Ref. [11] from
the abundances observed in chondritic meteorites, the
total number of U and Th geo !!e events is 116

þ28
!27, with a

""2 profile as shown in Fig. 7(b). This result corresponds
to an (oscillated) !!e flux of 3:4þ0:8

!0:8 " 106 cm!2 s!1 at
KamLAND, or a total antineutrino flux including all fla-
vors of 6:2þ1:5

!1:5 " 106 cm!2 s!1. From the ""2 profile

[Fig. 7(b)], we find that the null hypothesis is disfavored
with a p-value of 2" 10!6.
The KamLAND data also tests the hypothesis of a

natural nuclear reactor in the Earth’s core [33] assuming
a constant power output over the duration of the experi-
ment. The oscillation parameters are constrained from the
solar, accelerator, and reactor neutrino data, while the
contributions from geological reactor !!e’s and from U
and Th geo !!e’s are allowed to vary. The fit gives a limit
on the geological reactor power of <3:1 TW at 90% C.L.
(< 3:7 TW at 95%C.L.), an improvement of a factor of 1.7
over the previous KamLAND result [3], due primarily to
the reduction of the commercial reactor !!e background in
Period 3.

VII. CONSTRAINTS ON EARTH MODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A
quantitative estimate of the heat production by radiogenic
components is of particular importance for understanding
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FIG. 2 (color). Time evolution of expected and observed rates at KamLAND for !!e’s with energies between (a) 0.9 and 2.6 MeVand
(b) 2.6 and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation
for reactor !!e’s (black line), reactor !!e’sþbackgrounds (colored line), and reactor !!e’sþbackgroundsþ geo !!e’s (gray line). The geo
!!e rates are calculated from the reference model [18]. The vertical bands correspond to data periods not used in the analysis. In the
right panel of (a), the data are grouped according to periods of similar expected reactor !!e þ background rates, as denoted by the
colored bands. The observed event rate for each group is plotted at the exposure-weighted expected event rate within the group.
The efficiency-corrected best-fit value of the geo !!e rate from the full spectral analysis (dashed line), its 1# error (shaded region), and
the model expectation (gray line) are drawn for comparison. The contribution of geo !!e’s in (b) is negligible. The oscillation
parameters used to calculate the expected reactor !!e rate are the best-fit values from the global oscillation analysis: tan 2$12 ¼
0:436þ0:029

!0:025, "m
2
21 ¼ 7:53þ0:18

!0:18 " 10!5 eV2, and sin 2$13 ¼ 0:023þ0:002
!0:002.
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!  Data (solid circles) and expected rate (reactor + 
b.g. + geo, grey curve) are consistent, not 
consistent with reactor + b.g. only (colored curve) 

!  Data are on the unit slope with finite displacement, 
indicating constant contribution from geoneutrinos! 

low-energy region for each data-taking period. Figure 6
shows the measured geo !!e event spectrum after subtract-
ing the best-fit reactor !!e and background spectra. The
best-fit to the unbinned data yields 116 and 8 geo !!e’s
from U and Th decays, respectively. The conversion factors
to calculate the corresponding fluxes in cm!2 s!1 are
2:01" 104 for U and 6:88" 104 for Th. The joint con-
fidence intervals for the sum NU þ NTh and the asymmetry
factor ðNU ! NThÞ=ðNU þ NThÞ are shown in Fig. 7. This
result agrees with the expectation from the geological
reference model of Ref. [18]. We obtained an upper limit
of <19 (90% C.L.) in the Th/U mass ratio, indicating the
separation of U and Th !!e’s. Assuming a Th/U mass
ratio of 3.9 (corresponding to a flux ratio of 0.85), as
predicted by the geochemical model of Ref. [11] from
the abundances observed in chondritic meteorites, the
total number of U and Th geo !!e events is 116

þ28
!27, with a

""2 profile as shown in Fig. 7(b). This result corresponds
to an (oscillated) !!e flux of 3:4þ0:8

!0:8 " 106 cm!2 s!1 at
KamLAND, or a total antineutrino flux including all fla-
vors of 6:2þ1:5

!1:5 " 106 cm!2 s!1. From the ""2 profile

[Fig. 7(b)], we find that the null hypothesis is disfavored
with a p-value of 2" 10!6.
The KamLAND data also tests the hypothesis of a

natural nuclear reactor in the Earth’s core [33] assuming
a constant power output over the duration of the experi-
ment. The oscillation parameters are constrained from the
solar, accelerator, and reactor neutrino data, while the
contributions from geological reactor !!e’s and from U
and Th geo !!e’s are allowed to vary. The fit gives a limit
on the geological reactor power of <3:1 TW at 90% C.L.
(< 3:7 TW at 95%C.L.), an improvement of a factor of 1.7
over the previous KamLAND result [3], due primarily to
the reduction of the commercial reactor !!e background in
Period 3.

VII. CONSTRAINTS ON EARTH MODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A
quantitative estimate of the heat production by radiogenic
components is of particular importance for understanding
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FIG. 2 (color). Time evolution of expected and observed rates at KamLAND for !!e’s with energies between (a) 0.9 and 2.6 MeVand
(b) 2.6 and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation
for reactor !!e’s (black line), reactor !!e’sþbackgrounds (colored line), and reactor !!e’sþbackgroundsþ geo !!e’s (gray line). The geo
!!e rates are calculated from the reference model [18]. The vertical bands correspond to data periods not used in the analysis. In the
right panel of (a), the data are grouped according to periods of similar expected reactor !!e þ background rates, as denoted by the
colored bands. The observed event rate for each group is plotted at the exposure-weighted expected event rate within the group.
The efficiency-corrected best-fit value of the geo !!e rate from the full spectral analysis (dashed line), its 1# error (shaded region), and
the model expectation (gray line) are drawn for comparison. The contribution of geo !!e’s in (b) is negligible. The oscillation
parameters used to calculate the expected reactor !!e rate are the best-fit values from the global oscillation analysis: tan 2$12 ¼
0:436þ0:029

!0:025, "m
2
21 ¼ 7:53þ0:18

!0:18 " 10!5 eV2, and sin 2$13 ¼ 0:023þ0:002
!0:002.

A. GANDO et al. PHYSICAL REVIEW D 88, 033001 (2013)

033001-6

reactor	

other b.g.	 Year	

R
at

e 
(e

ve
nt

s/
da

y)
	

Time variation: 0.9 – 2.6 MeV (geoneutrino region) 

26 



!  Data (solid circles) and expected rate (reactor + 
b.g. + geo, grey curve) are consistent, not 
consistent with reactor + b.g. only (colored curve) 

!  Data are on the unit slope with finite displacement, 
indicating constant contribution from geoneutrinos! 

low-energy region for each data-taking period. Figure 6
shows the measured geo !!e event spectrum after subtract-
ing the best-fit reactor !!e and background spectra. The
best-fit to the unbinned data yields 116 and 8 geo !!e’s
from U and Th decays, respectively. The conversion factors
to calculate the corresponding fluxes in cm!2 s!1 are
2:01" 104 for U and 6:88" 104 for Th. The joint con-
fidence intervals for the sum NU þ NTh and the asymmetry
factor ðNU ! NThÞ=ðNU þ NThÞ are shown in Fig. 7. This
result agrees with the expectation from the geological
reference model of Ref. [18]. We obtained an upper limit
of <19 (90% C.L.) in the Th/U mass ratio, indicating the
separation of U and Th !!e’s. Assuming a Th/U mass
ratio of 3.9 (corresponding to a flux ratio of 0.85), as
predicted by the geochemical model of Ref. [11] from
the abundances observed in chondritic meteorites, the
total number of U and Th geo !!e events is 116

þ28
!27, with a

""2 profile as shown in Fig. 7(b). This result corresponds
to an (oscillated) !!e flux of 3:4þ0:8

!0:8 " 106 cm!2 s!1 at
KamLAND, or a total antineutrino flux including all fla-
vors of 6:2þ1:5

!1:5 " 106 cm!2 s!1. From the ""2 profile

[Fig. 7(b)], we find that the null hypothesis is disfavored
with a p-value of 2" 10!6.
The KamLAND data also tests the hypothesis of a

natural nuclear reactor in the Earth’s core [33] assuming
a constant power output over the duration of the experi-
ment. The oscillation parameters are constrained from the
solar, accelerator, and reactor neutrino data, while the
contributions from geological reactor !!e’s and from U
and Th geo !!e’s are allowed to vary. The fit gives a limit
on the geological reactor power of <3:1 TW at 90% C.L.
(< 3:7 TW at 95%C.L.), an improvement of a factor of 1.7
over the previous KamLAND result [3], due primarily to
the reduction of the commercial reactor !!e background in
Period 3.

VII. CONSTRAINTS ON EARTH MODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A
quantitative estimate of the heat production by radiogenic
components is of particular importance for understanding
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FIG. 2 (color). Time evolution of expected and observed rates at KamLAND for !!e’s with energies between (a) 0.9 and 2.6 MeVand
(b) 2.6 and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation
for reactor !!e’s (black line), reactor !!e’sþbackgrounds (colored line), and reactor !!e’sþbackgroundsþ geo !!e’s (gray line). The geo
!!e rates are calculated from the reference model [18]. The vertical bands correspond to data periods not used in the analysis. In the
right panel of (a), the data are grouped according to periods of similar expected reactor !!e þ background rates, as denoted by the
colored bands. The observed event rate for each group is plotted at the exposure-weighted expected event rate within the group.
The efficiency-corrected best-fit value of the geo !!e rate from the full spectral analysis (dashed line), its 1# error (shaded region), and
the model expectation (gray line) are drawn for comparison. The contribution of geo !!e’s in (b) is negligible. The oscillation
parameters used to calculate the expected reactor !!e rate are the best-fit values from the global oscillation analysis: tan 2$12 ¼
0:436þ0:029

!0:025, "m
2
21 ¼ 7:53þ0:18

!0:18 " 10!5 eV2, and sin 2$13 ¼ 0:023þ0:002
!0:002.

A. GANDO et al. PHYSICAL REVIEW D 88, 033001 (2013)

033001-6

reactor	

other b.g.	 Year	

R
at

e 
(e

ve
nt

s/
da

y)
	

geonu	
Time variation: 0.9 – 2.6 MeV (geoneutrino region) 

27 



!  Data (solid circles) and expected rate (reactor + 
b.g. + geo, grey curve) are consistent, not 
consistent with reactor + b.g. only (colored curve) 

!  Data are on the unit slope with finite displacement, 
indicating constant contribution from geoneutrinos! 

low-energy region for each data-taking period. Figure 6
shows the measured geo !!e event spectrum after subtract-
ing the best-fit reactor !!e and background spectra. The
best-fit to the unbinned data yields 116 and 8 geo !!e’s
from U and Th decays, respectively. The conversion factors
to calculate the corresponding fluxes in cm!2 s!1 are
2:01" 104 for U and 6:88" 104 for Th. The joint con-
fidence intervals for the sum NU þ NTh and the asymmetry
factor ðNU ! NThÞ=ðNU þ NThÞ are shown in Fig. 7. This
result agrees with the expectation from the geological
reference model of Ref. [18]. We obtained an upper limit
of <19 (90% C.L.) in the Th/U mass ratio, indicating the
separation of U and Th !!e’s. Assuming a Th/U mass
ratio of 3.9 (corresponding to a flux ratio of 0.85), as
predicted by the geochemical model of Ref. [11] from
the abundances observed in chondritic meteorites, the
total number of U and Th geo !!e events is 116

þ28
!27, with a

""2 profile as shown in Fig. 7(b). This result corresponds
to an (oscillated) !!e flux of 3:4þ0:8

!0:8 " 106 cm!2 s!1 at
KamLAND, or a total antineutrino flux including all fla-
vors of 6:2þ1:5

!1:5 " 106 cm!2 s!1. From the ""2 profile

[Fig. 7(b)], we find that the null hypothesis is disfavored
with a p-value of 2" 10!6.
The KamLAND data also tests the hypothesis of a

natural nuclear reactor in the Earth’s core [33] assuming
a constant power output over the duration of the experi-
ment. The oscillation parameters are constrained from the
solar, accelerator, and reactor neutrino data, while the
contributions from geological reactor !!e’s and from U
and Th geo !!e’s are allowed to vary. The fit gives a limit
on the geological reactor power of <3:1 TW at 90% C.L.
(< 3:7 TW at 95%C.L.), an improvement of a factor of 1.7
over the previous KamLAND result [3], due primarily to
the reduction of the commercial reactor !!e background in
Period 3.

VII. CONSTRAINTS ON EARTH MODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A
quantitative estimate of the heat production by radiogenic
components is of particular importance for understanding
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FIG. 2 (color). Time evolution of expected and observed rates at KamLAND for !!e’s with energies between (a) 0.9 and 2.6 MeVand
(b) 2.6 and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation
for reactor !!e’s (black line), reactor !!e’sþbackgrounds (colored line), and reactor !!e’sþbackgroundsþ geo !!e’s (gray line). The geo
!!e rates are calculated from the reference model [18]. The vertical bands correspond to data periods not used in the analysis. In the
right panel of (a), the data are grouped according to periods of similar expected reactor !!e þ background rates, as denoted by the
colored bands. The observed event rate for each group is plotted at the exposure-weighted expected event rate within the group.
The efficiency-corrected best-fit value of the geo !!e rate from the full spectral analysis (dashed line), its 1# error (shaded region), and
the model expectation (gray line) are drawn for comparison. The contribution of geo !!e’s in (b) is negligible. The oscillation
parameters used to calculate the expected reactor !!e rate are the best-fit values from the global oscillation analysis: tan 2$12 ¼
0:436þ0:029
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!  Data (solid circles) and expected rate (reactor + 
b.g. + geo, grey curve) are consistent, not 
consistent with reactor + b.g. only (colored curve) 

!  Data are on the unit slope with finite displacement, 
indicating constant contribution from geoneutrinos! 

low-energy region for each data-taking period. Figure 6
shows the measured geo !!e event spectrum after subtract-
ing the best-fit reactor !!e and background spectra. The
best-fit to the unbinned data yields 116 and 8 geo !!e’s
from U and Th decays, respectively. The conversion factors
to calculate the corresponding fluxes in cm!2 s!1 are
2:01" 104 for U and 6:88" 104 for Th. The joint con-
fidence intervals for the sum NU þ NTh and the asymmetry
factor ðNU ! NThÞ=ðNU þ NThÞ are shown in Fig. 7. This
result agrees with the expectation from the geological
reference model of Ref. [18]. We obtained an upper limit
of <19 (90% C.L.) in the Th/U mass ratio, indicating the
separation of U and Th !!e’s. Assuming a Th/U mass
ratio of 3.9 (corresponding to a flux ratio of 0.85), as
predicted by the geochemical model of Ref. [11] from
the abundances observed in chondritic meteorites, the
total number of U and Th geo !!e events is 116

þ28
!27, with a

""2 profile as shown in Fig. 7(b). This result corresponds
to an (oscillated) !!e flux of 3:4þ0:8

!0:8 " 106 cm!2 s!1 at
KamLAND, or a total antineutrino flux including all fla-
vors of 6:2þ1:5

!1:5 " 106 cm!2 s!1. From the ""2 profile

[Fig. 7(b)], we find that the null hypothesis is disfavored
with a p-value of 2" 10!6.
The KamLAND data also tests the hypothesis of a

natural nuclear reactor in the Earth’s core [33] assuming
a constant power output over the duration of the experi-
ment. The oscillation parameters are constrained from the
solar, accelerator, and reactor neutrino data, while the
contributions from geological reactor !!e’s and from U
and Th geo !!e’s are allowed to vary. The fit gives a limit
on the geological reactor power of <3:1 TW at 90% C.L.
(< 3:7 TW at 95%C.L.), an improvement of a factor of 1.7
over the previous KamLAND result [3], due primarily to
the reduction of the commercial reactor !!e background in
Period 3.

VII. CONSTRAINTS ON EARTH MODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A
quantitative estimate of the heat production by radiogenic
components is of particular importance for understanding
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FIG. 2 (color). Time evolution of expected and observed rates at KamLAND for !!e’s with energies between (a) 0.9 and 2.6 MeVand
(b) 2.6 and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation
for reactor !!e’s (black line), reactor !!e’sþbackgrounds (colored line), and reactor !!e’sþbackgroundsþ geo !!e’s (gray line). The geo
!!e rates are calculated from the reference model [18]. The vertical bands correspond to data periods not used in the analysis. In the
right panel of (a), the data are grouped according to periods of similar expected reactor !!e þ background rates, as denoted by the
colored bands. The observed event rate for each group is plotted at the exposure-weighted expected event rate within the group.
The efficiency-corrected best-fit value of the geo !!e rate from the full spectral analysis (dashed line), its 1# error (shaded region), and
the model expectation (gray line) are drawn for comparison. The contribution of geo !!e’s in (b) is negligible. The oscillation
parameters used to calculate the expected reactor !!e rate are the best-fit values from the global oscillation analysis: tan 2$12 ¼
0:436þ0:029
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Time variation: 2.6 – 8.5 MeV (reactor region) 

!  Data (solid circles) and expected rate (reactor 
+ b.g. + geo, grey curve) are consistent 

!  Data are on the unit slope with zero 
displacement (right panel): quite consistent 
again! 

low-energy region for each data-taking period. Figure 6
shows the measured geo !!e event spectrum after subtract-
ing the best-fit reactor !!e and background spectra. The
best-fit to the unbinned data yields 116 and 8 geo !!e’s
from U and Th decays, respectively. The conversion factors
to calculate the corresponding fluxes in cm!2 s!1 are
2:01" 104 for U and 6:88" 104 for Th. The joint con-
fidence intervals for the sum NU þ NTh and the asymmetry
factor ðNU ! NThÞ=ðNU þ NThÞ are shown in Fig. 7. This
result agrees with the expectation from the geological
reference model of Ref. [18]. We obtained an upper limit
of <19 (90% C.L.) in the Th/U mass ratio, indicating the
separation of U and Th !!e’s. Assuming a Th/U mass
ratio of 3.9 (corresponding to a flux ratio of 0.85), as
predicted by the geochemical model of Ref. [11] from
the abundances observed in chondritic meteorites, the
total number of U and Th geo !!e events is 116

þ28
!27, with a

""2 profile as shown in Fig. 7(b). This result corresponds
to an (oscillated) !!e flux of 3:4þ0:8

!0:8 " 106 cm!2 s!1 at
KamLAND, or a total antineutrino flux including all fla-
vors of 6:2þ1:5

!1:5 " 106 cm!2 s!1. From the ""2 profile

[Fig. 7(b)], we find that the null hypothesis is disfavored
with a p-value of 2" 10!6.
The KamLAND data also tests the hypothesis of a

natural nuclear reactor in the Earth’s core [33] assuming
a constant power output over the duration of the experi-
ment. The oscillation parameters are constrained from the
solar, accelerator, and reactor neutrino data, while the
contributions from geological reactor !!e’s and from U
and Th geo !!e’s are allowed to vary. The fit gives a limit
on the geological reactor power of <3:1 TW at 90% C.L.
(< 3:7 TW at 95%C.L.), an improvement of a factor of 1.7
over the previous KamLAND result [3], due primarily to
the reduction of the commercial reactor !!e background in
Period 3.

VII. CONSTRAINTS ON EARTH MODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A
quantitative estimate of the heat production by radiogenic
components is of particular importance for understanding
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FIG. 2 (color). Time evolution of expected and observed rates at KamLAND for !!e’s with energies between (a) 0.9 and 2.6 MeVand
(b) 2.6 and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation
for reactor !!e’s (black line), reactor !!e’sþbackgrounds (colored line), and reactor !!e’sþbackgroundsþ geo !!e’s (gray line). The geo
!!e rates are calculated from the reference model [18]. The vertical bands correspond to data periods not used in the analysis. In the
right panel of (a), the data are grouped according to periods of similar expected reactor !!e þ background rates, as denoted by the
colored bands. The observed event rate for each group is plotted at the exposure-weighted expected event rate within the group.
The efficiency-corrected best-fit value of the geo !!e rate from the full spectral analysis (dashed line), its 1# error (shaded region), and
the model expectation (gray line) are drawn for comparison. The contribution of geo !!e’s in (b) is negligible. The oscillation
parameters used to calculate the expected reactor !!e rate are the best-fit values from the global oscillation analysis: tan 2$12 ¼
0:436þ0:029
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Time variation (reactor and geo regions) 

low-energy region for each data-taking period. Figure 6
shows the measured geo !!e event spectrum after subtract-
ing the best-fit reactor !!e and background spectra. The
best-fit to the unbinned data yields 116 and 8 geo !!e’s
from U and Th decays, respectively. The conversion factors
to calculate the corresponding fluxes in cm!2 s!1 are
2:01" 104 for U and 6:88" 104 for Th. The joint con-
fidence intervals for the sum NU þ NTh and the asymmetry
factor ðNU ! NThÞ=ðNU þ NThÞ are shown in Fig. 7. This
result agrees with the expectation from the geological
reference model of Ref. [18]. We obtained an upper limit
of <19 (90% C.L.) in the Th/U mass ratio, indicating the
separation of U and Th !!e’s. Assuming a Th/U mass
ratio of 3.9 (corresponding to a flux ratio of 0.85), as
predicted by the geochemical model of Ref. [11] from
the abundances observed in chondritic meteorites, the
total number of U and Th geo !!e events is 116

þ28
!27, with a

""2 profile as shown in Fig. 7(b). This result corresponds
to an (oscillated) !!e flux of 3:4þ0:8

!0:8 " 106 cm!2 s!1 at
KamLAND, or a total antineutrino flux including all fla-
vors of 6:2þ1:5

!1:5 " 106 cm!2 s!1. From the ""2 profile

[Fig. 7(b)], we find that the null hypothesis is disfavored
with a p-value of 2" 10!6.
The KamLAND data also tests the hypothesis of a

natural nuclear reactor in the Earth’s core [33] assuming
a constant power output over the duration of the experi-
ment. The oscillation parameters are constrained from the
solar, accelerator, and reactor neutrino data, while the
contributions from geological reactor !!e’s and from U
and Th geo !!e’s are allowed to vary. The fit gives a limit
on the geological reactor power of <3:1 TW at 90% C.L.
(< 3:7 TW at 95%C.L.), an improvement of a factor of 1.7
over the previous KamLAND result [3], due primarily to
the reduction of the commercial reactor !!e background in
Period 3.

VII. CONSTRAINTS ON EARTH MODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A
quantitative estimate of the heat production by radiogenic
components is of particular importance for understanding
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FIG. 2 (color). Time evolution of expected and observed rates at KamLAND for !!e’s with energies between (a) 0.9 and 2.6 MeVand
(b) 2.6 and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation
for reactor !!e’s (black line), reactor !!e’sþbackgrounds (colored line), and reactor !!e’sþbackgroundsþ geo !!e’s (gray line). The geo
!!e rates are calculated from the reference model [18]. The vertical bands correspond to data periods not used in the analysis. In the
right panel of (a), the data are grouped according to periods of similar expected reactor !!e þ background rates, as denoted by the
colored bands. The observed event rate for each group is plotted at the exposure-weighted expected event rate within the group.
The efficiency-corrected best-fit value of the geo !!e rate from the full spectral analysis (dashed line), its 1# error (shaded region), and
the model expectation (gray line) are drawn for comparison. The contribution of geo !!e’s in (b) is negligible. The oscillation
parameters used to calculate the expected reactor !!e rate are the best-fit values from the global oscillation analysis: tan 2$12 ¼
0:436þ0:029

!0:025, "m
2
21 ¼ 7:53þ0:18

!0:18 " 10!5 eV2, and sin 2$13 ¼ 0:023þ0:002
!0:002.

A. GANDO et al. PHYSICAL REVIEW D 88, 033001 (2013)

033001-6

31 



Comparison with the reference model 

!  U, Th event rates are 
consistent with the 
reference model 

!  With fixed Th/U = 3.9, 
total geoneutrino 
events are 116+28

-27, 
excluding no 
geoneutrino hypothesis 
with more than 4 sigma 

!  Uranium neutrino 
positive:                     
Th/U < 19 (90% C.L.) 

This calculation accounts for crustal uncertainties of 17%
and 10% for U and Th, respectively, including correlated
errors as suggested in Ref. [34]. To parametrize the
planetary-scale energy balance, the fraction of the global
heat production from radioactive decays, the so-called
‘‘Urey ratio,’’ is introduced. Allowing for mantle heat
contributions of 3.0 TW from other isotope decays
[12,35], we find that the convective Urey ratio, the contri-
bution to the Urey ratio from just the mantle, is between
0.09 and 0.42 at 68% C.L. This range favors models that
allow for a substantial but not dominant contribution from
the Earth’s primordial heat supply.
Several established estimates of the BSE composition

give different geo !!e flux predictions. Reference [36]
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Partially radiogenic heat of the Earth 

!  Fully radiogenic model (homogeneous mantle) is 
excluded with 98 % C.L. (total heat flow 46±3 TW 
(Jaupart et al. 2007) assumed)  
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Figure 4 |Measured geoneutrino flux and models. a, Measured
geoneutrino flux at Kamioka and Gran Sasso, and expected fluxes at these
sites and Hawaii4. The solid and dashed red lines represent, respectively,
the fluxes for a fully radiogenic model assuming the homogeneous and
sunken-layer hypotheses. b, Measured geoneutrino flux after subtracting
the estimated crustal contribution. No modelling uncertainties are shown.
The right axis shows the corresponding radiogenic heat production
assuming a homogeneous mantle. The solid red line indicates the fully
radiogenic model where the contributions from the crust (7.0 TW) and the
other isotopes6,24 (4.3 TW) are subtracted from the total heat flow7

(44.2 TW). Error bars, see text.

on the mantle by making simple but appropriate assumptions to
constrain the model.

We take the Th:U ratio for each contributing layer to be fixed at
the standard BSEmodel value of 3.9 (ref. 5). The composition of the
crust is derived from a BSE model that incorporates the crust and a
detailed description of the local geology4. As a simplifying hypothe-
sis, U and Th are assumed to be uniformly distributed in themantle.
Figure 4a shows the measured geoneutrino fluxes at the Kamioka
and Gran Sasso experimental sites along with the predictions for
these locations and Hawaii, as an example of an oceanic site with a
significantly smaller crustal contribution. Combining the 238U and
232Th geoneutrino measurements of Borexino3 and KamLAND we
obtain 20.0+8.8

�8.6 TW. The result is in good agreement with the BSE
model prediction of 16 TW (ref. 5), as illustrated in Fig. 4b, where
the crust contribution is subtracted for clarity.

The fraction of the global heat production from radioactive
decay is called the ‘Urey ratio’. The mantle contribution alone is
referred to as the ‘convective Urey ratio’22. Most models, including
the BSEmodel used here, set the convective Urey ratio to about 0.3,
allowing for a substantial fraction of the heat to be of primordial
origin. Other models require convective Urey ratios up to⇥1.0 (see
discussion in ref. 23). Assuming extra mantle heat contributions
of 3.0 TW from other isotope decays6,24, the convective Urey ratio
deduced from the KamLAND and Borexino data is between 0.18
and 0.67 at the 68%CL, consistent with 0.3 from the BSEmodel.

A fully radiogenic model (Urey ratio of 1) is constructed by
introducing U and Th uniformly in the mantle (homogeneous
hypothesis) or, alternatively, by putting all of the U and Th at
the mantle–core interface (sunken-layer hypothesis). The latter
assumption is used in an attempt to test the compatibility of a
fully radiogenic model with the observed geoneutrino flux, by
distributing the source as far from the detectors as possible. The
fully radiogenic, homogeneous hypothesis is disfavoured at the
97.2% CL with the combination of KamLAND and Borexino data,
or at the 98.1% CL by KamLAND alone. Even within the sunken-
layer hypothesis, the fully radiogenic model is still disfavoured at
the 87%CL using KamLAND data alone.

The radiogenic heat estimation from the geoneutrino flux
depends on the modelling of the geology. We account for crustal
uncertainties by assuming 17% and 10% errors for the U and
Th content, including correlated errors as suggested in ref. 9. We
use the crustal model of ref. 25, assuming independent errors for
each layer (upper, middle and lower crust), and include extra

contributions from the error in the mass distribution and the
fractional uncertainty in the Th:U ratio9. The radiogenic heat
contribution from 238U and 232Th is estimated to be 19.9+9.2

�9.1 TW
by KamLAND and Borexino data, excluding the fully radiogenic
model at the 96.6% CL. If we use the more recently determined
heat-loss rate of 46±3 TW (ref. 26) the fully radiogenic exclusion
increases to 98.0% CL, slightly enhanced owing to the larger mean
value of the heat flow as compared with ref. 7, despite its larger
error. We conclude that these uncertainties have little impact on
the results at this stage.

It is expected that geoneutrino detectors operated at different
locations will significantly improve our knowledge of radiogenic
sources in the Earth. Larger detectors distant from commercial
reactors will reduce the uncertainties on the measured geoneutrino
flux. The geoneutrino flux strongly depends on the distance from
thick continental crusts, so the exposure to �es at different locations
will provide better knowledge of the crustal contribution and
greater insight into the mantle. A detector in an oceanic location
with small crustal contribution would be very interesting in this
regard. The present detectors are all insensitive to 40K, and this will
remain an uncertainty unless new geoneutrino detectors with lower
threshold are developed.

Methods
The KamLAND inner detector consists of 1 kt of ultrapure LS contained
within a 13-m-diameter spherical balloon made of 135-µm-thick transparent
nylon/EVOH (ethylene vinyl alcohol copolymer) composite film. The balloon is
suspended in a bath of purified non-scintillating mineral oil contained inside an
18-m-diameter stainless-steel sphere. The LS contains 80% dodecane and 20%
pseudocumene (1,2,4-trimethylbenzene) by volume, as well as 1.36±0.03 g l�1

PPO (2,5-diphenyloxazole) as a fluorophore. The inner surface of the containment
sphere is covered by an array of 1,325 specially developed fast 20-inch-diameter
photomultiplier tubes (PMTs) masked to 17 inch diameter, and 554 older
unmasked 20 inch PMTs. The PMTs provide 34% solid-angle coverage in total. The
containment sphere is surrounded by a 3.2 kt cylindrical water–Cherenkov outer
detector instrumented with 225 PMTs of 20 inch diameter. The outer detector acts
as a veto counter for muons and helps shield the inner detector from �-rays and
neutrons produced in the surrounding rock.

Radioactive sources are periodically deployed inside the detector to calibrate
its energy response and position-reconstruction accuracy. The reconstruction of
event location is important to establish the prompt–delayed event correlation
and to define the fiducial volume used in the measurement. After accounting for
systematic effects, we find that the deviation of reconstructed event locations from
the actual locations is less than 3 cm, from which we derive a 1.8% uncertainty
in the absolute size of the fiducial volume. Source calibration data for the entire
fiducial volume are available only for the data recorded before the start of the LS
purification campaign in 2007. For the remaining data we carried out calibrations
along the vertical axis only. These calibrations were augmented with a study of
muon-induced 12B/12N decays27, resulting in a larger uncertainly of 2.5% on the
absolute size of the fiducial volume for the post-purification data.

KamLAND was designed and sited primarily to study the phenomenon of
neutrino oscillations using reactor �e s. Therefore, such �e s represent the largest
background in the present measurement because their energy spectrum partially
overlaps that of geoneutrinos. Substantial discrimination between the two is
achieved not only by fitting their energy spectra but also by exploiting the fact
that the reactor �e rate varies with the output of the power plants whereas the
geoneutrino rate can be taken as constant over the timescale of the experiment.

The �e event-selection criteria are optimized as a function of energy to
maximize the sensitivity to geoneutrinos while rejecting the accidental background
from radioactive contaminants in the detector. The event selection is based on the
discriminant L= f�e/(f�e + facc), where f�e and facc are probability density functions
for �e signals and accidental backgrounds, respectively. These probability density
functions are based on six parameters (Ep, Ed, ⇥R, ⇥T , Rp, Rd), which represent,
respectively, the prompt and delayed event energies, their relative separations
in space and time and their radial distances from the detector centre. Owing to
an observed variation of the background rate with time, the probability density
function for accidental backgrounds is a time-dependent function constructed by
dividing the data set into five time periods. For the discrimination of accidental
backgrounds, we determine a selection value, Lcut(Ep), to maximize the figure of
merit S/

⇤
S+Bacc for each prompt energy interval of 0.1MeV, where S denotes

the expected signal rate and Bacc corresponds to the accidental background rate.
The selection efficiency and its uncertainty are obtained by comparing Monte
Carlo simulations with 68Ge and 241Am9Be source calibration data. The selection
efficiencies for geoneutrino signals produced by U and Th decays with energies

4 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

``Partial radiogenic heat model for Earth revealed by 
  geoneutrino measurements’’,  Nature Geoscience 17, July 2011 
(only this figure is from our previous publication 
   that does not include low reactor period after 2011)	
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Comparison with other models 
!   ``convective Urey 

ratio’’ (radiogenic heat 
source in the mantle) / 
(total heat source): 
0.09 – 0.42　　　　　 
(68 % C.L.)　　　　　　 
→ consistent with 
BSE model (0.3), 
primordial heat source 
necessary 

!  Geodynamical model 
that assumes 
relatively high Urey 
ratio, is becoming to 
be disfavored 

categorizes the models into three groups: geochemical,
cosmochemical, and geodynamical. Geochemical models
[11], such as the reference Earth model of Ref. [18], use
primordial compositions equal to those found in CI carbo-
naceous chondrites, but allow for elemental enrichment
by differentiation, as deduced from terrestrial samples.
Cosmochemical models [37] assume a mantle composition
similar to that of enstatite chondrites, and yield a lower
radiogenic abundance. Geodynamical models [38], on the
other hand, require higher radiogenic abundances in order
to drive realistic mantle convection.

In Fig. 8, the observed geo !!e flux at KamLAND is
compared with the expectations from these BSE composi-
tional models assuming a common estimated crustal
contribution [18]. The !!e flux predictions vary within the
plotted vertical bands due to uncertainties in both the
abundances of radioactive elements in the mantle as well
as their distributions. The spread of the slope reflects the
difference between two extreme radiochemical distribu-
tions: the ‘‘homogeneous hypothesis’’ in which U and Th
are assumed to be distributed uniformly throughout the
mantle, and the ‘‘sunken-layer hypothesis,’’ which as-
sumes that all of the U and Th below the crust collects at
the mantle-core interface. While the statistical treatment of
geological uncertainties is not straightforward, assuming

Gaussian errors for the crustal contribution and for the
BSE abundances, we find that the geodynamical predic-
tion with the homogeneous hypothesis is disfavored at
89% C.L. However, due to the limited statistical power
of the data, all BSE composition models are still consistent
within !2" C.L.

VIII. CONCLUSION

An updated KamLAND measurement of !!e ’s was pre-
sented. These data benefit from the significant reduction of
reactor !!e’s due to the long-term shutdown of commercial
nuclear reactors in Japan. The geo !!e flux estimate is
significantly improved by the reactor-off data. Likewise,
the reactor neutrino oscillation parameters are also better
determined due to the reduction of uncertainties in the geo
!!e flux and the rates of other backgrounds. Including
constraints on #13 from accelerator and short-baseline
reactor neutrino experiments, a three-flavor analysis
of solar and KamLAND data gives fit values for
the oscillation parameters of tan 2#12 ¼ 0:436þ0:029

$0:025,

"m2
21 ¼ 7:53þ0:18

$0:18 % 10$5 eV2, and sin2#13¼0:023þ0:002
$0:002.

Assuming a chondritic Th/U mass ratio of 3.9, we observed
116þ28

$27 geo !!e events, which corresponds to a geo !!e flux
of 3:4þ0:8

$0:8 % 106 cm$2 s$1 at KamLAND. The observed
rate is in agreement with the predictions from existing
BSE composition models within !2" C.L. Currently, the
ability to discriminate between models is limited by the
experimental uncertainty and crust modeling. In the future,
improved measurements with higher statistics and lower
background can be achieved by larger detectors distant
from commercial reactors. Likewise, multisite flux data
at a combination of crustal and oceanic geological sites
would be able to estimate the crustal contribution from a
statistical correlation analysis and constrain mantle abun-
dances more stringently.
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FIG. 8 (color). Geo !!e flux versus radiogenic heat from the
decay chains of 238U and 232Th. The measured geo !!e flux (gray
band) is compared with the expectations for the different mantle
models from cosmochemical [37], geochemical [11], and geo-
dynamical [38] estimates (color bands). The sloped band starting
at 7 TW indicates the response to the mantle !!e flux, which
varies between the homogeneous and sunken-layer hypotheses
(solid lines), discussed in the text. The upper and lower dashed
lines incorporate the uncertainty in the crustal contribution.

REACTOR ON-OFF ANTINEUTRINO MEASUREMENT WITH . . . PHYSICAL REVIEW D 88, 033001 (2013)

033001-9

34 



Geoneutrino observation 
with Borexino 

PHYS. REV. D 101, 012009 (2020)	
“Comprehensive Geoneutrino Analysis with Borexino” 
(really comprehensive. All geoneutrino researchers 
are recommended to read this original paper)	

35 



Borexino detector 

!  Laboratori 
Nazionali del Gran 
Sasso LNGS (Italy) 

!  3800 m.w.e 
!  Far away from 

reactors ~ 1200 km 
!  Ultrapure liquid 

scintillator 
 (so pure as to 
measure all fluxes of 
solar neutrinos) 

task, since an exhaustive theory is required to satisfy
geochemical, cosmochemical, geophysical, and thermal
constraints, often based on indirect arguments. In this
puzzle, direct U and Th geoneutrino measurements are
candidates to play a starring role. Geoneutrinos have also
the potential to determine the mantle radiogenic heat, the
key unknown parameter. This can be done by constraining
the relatively-well known lithospheric contribution, as we
show in Sec. XI E. The lithospheric contribution would be
particularly small and easily determined on a thin, HPEs
depleted oceanic crust. This would make the ocean floor an
ideal environment for geoneutrino detection. Geoneutrino
measurements can also contribute to the discussion about
possible additional heat sources, which have been proposed
by some authors. For example, stringent limits (Sec. XI G)
can be set on the power of a hypothetical Uranium natural
georeactor suggested in [66–69] and discussed in Sec. V E.
In future, by combining measurements from several experi-
ments placed in distant locations and in distinct geological
environments, one could test whether the mantle is laterally
homogeneous or not [58], as suggested, for example, by the
large shear velocity provinces observed at the mantle base
below Africa and Pacific ocean [70].
In future, detection of 40K geoneutrinos might be

possible [71,72]. This would be extremely important, since
Potassium is the only semivolatile HPE. Our planet seems
to show ∼1=3 [47] to ∼1=8 [34] Potassium when compared
to chondrites, making its expected bulk mass span of a
factor ∼2 across different Earth’s models. Two theories on
the fate of the mysterious “missing K” include loss to space
during accretion [47] or segregation into the core [73],
but no experimental evidence has been able to confirm or
rule out any of the hypotheses, yet. As a consequence, the
different BSE class models predict a K/U ratio in the mantle
in a relatively wide range from 9700 to 16 000 [58].
According to these ratios, the Potassium radiogenic heat
of the mantle varies in the range [2.6–4.3] TW, which
translates to an average contribution of 18% to the mantle
radiogenic power. We will use this value in the evaluation
of the total Earth radiogenic heat from the Borexino
geoneutrino measurement (Sec. XI F).

III. THE BOREXINO DETECTOR

Borexino is an ultra-pure liquid scintillator detector [74]
operating in real-time mode. It is located in the hall-C of the
Gran Sasso National Laboratory in central Italy at a depth
of some 3800 m w.e. (meter water equivalent). The rock
above the detector provides shielding against cosmogenic
backgrounds such that the muon flux is decreased to
ð3.432" 0.003Þ × 10−4 m−2 s−1 [75]. The general scheme
of the Borexino detector is shown in Fig. 2. The detector
has a concentric multilayer structure. The outer layer [outer
detector (OD)] serves as a passive shield against external
radiation as well as an active Cherenkov veto of cosmo-
genic muons. It consists of a steel water tank (WT) of 9 m

base radius and 16.9 m height filled with approximately
1 kt of ultrapure water. Cherenkov light in the water is
registered in 208 8” photo-multiplier tubes (PMTs) placed
on the floor and outer surface of a stainless steel sphere
(SSS, 6.85 m radius), which is contained within the WT.
The inner detector (ID) within the SSS comprises three
layers and it is equipped with 2212 8” PMTs mounted on
the inner surface of the SSS. Over time, the number of
working PMTs in the ID has decreased, from 1931 in
December 2007 to 1183 by the end of April 2019. The three
ID layers are formed by the insertion of the two 125 μm
thick nylon “balloons”, the inner vessel (IV) and the
outer vessel (OV) with the radii 4.25 m and 5.50 m,
respectively. The two layers between the SSS and the IV,
separated by the OV, form the outer buffer (OB) and the
inner buffer (IB).
The antineutrino target is an organic liquid scintillator

(LS) confined by the IV. The scintillator is composed of
pseudocumene (PC, 1,2,4-trimethylbenzene, C6H3ðCH3Þ3Þ
solvent doped with a fluorescent dye PPO (2,5-
diphenyloxazole, C15H11NO) in concentration of 1.5 g=l.
The scintillator density is ð0.878" 0.004Þ g cm−3, where
the error considers the changes due to the temperature
instabilities over the whole data acquisition period.
The nominal total mass of the target is 278 ton and the
proton density is ð6.007" 0.001Þ × 1028 per 1 ton.
A careful selection of detector materials, accurate assem-
bling, and a complex radio-purification of the liquid
scintillator guaranteed extremely low contamination
levels of 238U and 232Th. After the additional LS purifica-
tion in 2011, they achieved <9.4 × 10−20 g=g (95% C.L.)
and <5.7 × 10−19 g=g (95% C.L.), respectively.
The buffer liquid, consisting of a solution of the dime-

thylphthalate (DMP, C6H4ðCOOCH3Þ2) light quencher in
PC, shields the core of the detector against external γs

Muon PMTs

Muon PMTs

Stainless Steel Sphere

Internal PMTs

Water Tank

Nylon Vessels

Scintillator

Non-scintillating Buffer

FIG. 2. Scheme of the Borexino detector.
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Particle ID (α v.s. β/γ) 

!  Particle identification 
(ID) using pulse 
shape (time profile) 
difference of 
scintillation light has 
been improved 

of 0.4% [84]. In this process, a positron and a neutron
are emitted as reaction products. The positron promptly
comes to rest and annihilates emitting two 511 keV
γ-rays, yielding a prompt signal, with a visible energy
Ep, which is directly correlated with the incident antineu-
trino energy Eν̄e :

Ep ∼ Eν̄e − 0.784 MeV: ð10Þ

The offset results mostly from the difference between the
1.806 MeV, absorbed from Eν̄e in order to make the IBD
kinematically possible, and the 1.022 MeVenergy released
during the positron annihilation. The emitted neutron
initially retains the information about the ν̄e direction.
However, the neutron is detected only indirectly, after it is
thermalized and captured, mostly on a proton. Such a
capture leads to an emission of a 2.22 MeV γ-ray, which
interacts typically through several Compton scatterings.
These scattered Compton electrons then produce scintilla-
tion light that is detected in a single coincident delayed

signal. In Borexino, the neutron capture time was measured
with the 241Am–9Be calibration source to be ð254.5#
1.8Þ μs [77]. During this time, the directional memory is
lost in many scattering collisions.
Figure 13 shows the Npe spectrum of delayed signals

due to the gammas from captures of neutrons emitted from

FIG. 12. Schematic of the proton inverse beta decay interaction,
used to detect geoneutrinos, showing the origin of the prompt
(violet area) and the delayed (blue area) signals. The visible
energy of the prompt signal includes the contribution from the
kinetic energy of the positron as well as from its annihilation. The
neutron thermalizes and scatters until it is captured on a free
proton. The 2.2 MeV deexcitation gamma of the deuteron
represents the delayed signal.
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Results 
!   energy 

spectra of 
IBD (inverse 
beta decay) 
events 
(electron 
antineutrino 
events) 

! Geoneutrino 
measurement 
achieved 

!   analyses with 
Th/U ratio 
fixed and  
free      
agreed 

2. Th and U as free fit parameters

The second type of fit was performed by treating 238U
and 232Th contributions as free and independent fit com-
ponents. The corresponding MC PDFs from Fig. 32(b)
were used. The spectral fit is shown in Fig. 48(b) and the
numerical results are summarized in Table XVII. The
likelihood profiles for the number of 238U and 232Th
geoneutrinos are shown in Figs. 49(c) and 49(d), respec-
tively. The fit yielded Nbest

U ¼ 27.8, Nmed
U ¼ 29.0, and the

68% coverage interval I68statNU ¼ ½16.1–43.1# events for the
Uranium contribution and Nbest

Th ¼ 21.1, Nmed
Th ¼ 21.4, and

the 68% coverage interval I68statNTh ¼ ½12.2–30.8# events for
the Th contribution. The best fit leads to 48.9 geoneutrinos
in total, which is fully compatible with 51.9 geoneutrino

events obtained in the case when Th/U ratio was fixed to the
chondritic value. The only difference is significantly larger
error in case of the fit with free U and Th contributions.
For reactor antineutrinos, Nbest

rea ¼ 95.8 and I68statNrea ¼
½85.2–109.0# events were obtained, which is also compat-
ible with the expectation. The total number of detected
antineutrinos (geoþ reactor) is Nbest

antinu ¼ 144.7 events.
The contour plot for Ngeo versus Nrea is shown in
Fig. 48(c).
The contour plot for NU versus NTh is shown in

Fig. 48(d). The results obtained after constraining the
expected Nrea were again fully compatible with the results
obtained when leaving the reactor antineutrino component
free and without any significant reduction on error.
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FIG. 48. Results of the analysis of 154 golden IBD candidates. (a) Spectral fit of the data (black points with Poissonian errors)
assuming the chondritic Th/U ratio. The total fit function containing all signal and background components is shown in brownish-grey.
Geoneutrinos (blue) and reactor antineutrinos (yellow) were kept as free fit parameters. Other nonantineutrino backgrounds were
constrained in the fit. (b) Similar fit as in (a) but with 238U (dark blue) and 232Th (cyan) contributions as free and independent fit
components. (c) The best fit point (black dot) and the contours for the 2D coverage of 68, 99.7, ð100–5.7 × 10−5Þ%, and
ð100–1.2 × 10−13Þ%, (corresponding to 1, 3, 5, and 8σ, respectively), for Ngeo versus Nrea assuming Th/U chondritic ratio. The vertical
lines mark the 1σ bands of the expected reactor antineutrino signal (solid—without “5MeVexcess,” dashed—with “5MeVexcess”). For
comparison, the star shows the best fit performed assuming the 238U and 232Th contributions as free and independent fit components.
(d) The best fit (black dot) and the 68, 95.5, and 99.7% coverage contours (corresponding to 1σ, 2σ, and 3σ contours) NTh versus NU.
The dashed line represents the chondritic Th/U ratio.
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BSE models are tested 

!  Various BSE 
(Bulk Silicate 
Earth) models 
are tested 

!  Borexino data 
(black line and 
grey band) 
shows relatively 
high geoneutrino 
signal 

chondritic Th/U mass ratio of 3.9, with the expected geo-
neutrino signal considering different geological models
(Sec. V B) is shown in Fig. 50. Figure 51 shows the time
evolution of the Borexino measurements of the geoneutrino
signal SgeoðUþ ThÞ at LNGS from 2010 up to the current
result. TableXVII summarizes the signals, expressed inTNU,
for geoneutrinos and reactor antineutrinos obtained with
the two fits, assuming Th/U chondritic ratio and keeping
U and Th contributions as free fit parameters, as described in
Sec. XI B. It was shown in Sec. X C that Borexino does not
have any sensitivity tomeasure theTh/U ratiowith the current

exposure. Therefore, the ratio obtained from the fit when
U and Th are free parameters is not discussed.

E. Extraction of mantle signal

The mantle signal was extracted from the spectral fit by
constraining the contribution from the bulk lithosphere
according to the expectation discussed in Sec. V B and
given in Table XIV as 28.8þ5.5

−4.6 events. The corresponding
MC PDF was constructed from the PDFs of 232Th and 238U
geoneutrinos shown in Fig. 32. They were scaled with the
lithospheric Th/U signal ratio equal to 0.29 (Table VI).
TheMC PDF used for the mantle was also constructed from
the 232Th and 238U PDFs, but the applied Th/U signal ratio
was 0.26, the value discussed in Sec. V B. The mantle
signal, as well as the reactor antineutrino contribution were
free in the fit. The best fit is shown in Fig. 52(a). It resulted
in a mantle signal ofNbest

mantle ¼ 23.1 events, with the median
value Nmed

mantle ¼ 23.7 events, and the 68% coverage interval
I68statNmantle ¼ ð13.7–34.4Þ events. The likelihood profile of
the mantle signal is shown in Fig. 52(b). After considering
the systematic uncertainties, the final mantle signal can be
given as Sbestmantle ¼ 20.6 TNU, with the median value
Smed
mantle ¼ 21.2 TNU, and the 68% coverage interval

I68fullSmantle ¼ ½12.2–30.8& TNU, as shown also in Table XVII.
The statistical significance of the mantle signal was

studied using MC pseudoexperiments with and without a
generated mantle signal as described in Sec X C. The qobs
obtained from the spectral fit is 5.4479, and it is compared
with the theoretical function fðqj0Þ, described in Sec. X C,
Eq. (39), as shown in Fig. 53. The corresponding p-value is
9.796 × 10−3. Therefore, in conclusion the null-hypothesis
of the mantle signal can be rejected with 99.0% C.L.
(corresponding to 2.3σ significance). The Borexino mantle
signal can be compared with calculations according to a
wide spectrum of BSE models (Table VII). The Borexino
measurement constrains at 90(95)% C.L. a mantle compo-
sition with amantleðUÞ > 13ð9Þ ppb and amantleðThÞ >
48ð34Þ ppb assuming for the mantle homogeneous distri-
bution of U and Th and a Th/U mass ratio of 3.7.

F. Estimated radiogenic heat

The global HPEs’ masses in the Earth are estimated by
matching geophysical, geochemical, and cosmochemical
arguments. Direct samplings of the accessible lithosphere
constrain the radiogenic heat of HLSp

rad ðUþ Thþ KÞ ¼
8.1þ1.9

−1.4 TW (Table V), corresponding to ∼17% of the total
terrestrial heat power Htot ¼ ð47' 2Þ TW. The radiogenic
heat from the unexplored mantle could embrace a wide
range ofHmantle

rad ðUþThþKÞ¼ð1.2–39.8ÞTW (Table VII),
where the highest values are obtained for a fully radiogenic
Earth model.
The total amount of HPEs, as well as their distribution in

the deep Earth, affect the geoneutrino flux. We will express
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FIG. 50. Comparison of the expected geoneutrino signal
SgeoðUþ ThÞ at LNGS (calculated according to different BSE
models, see Sec. V B) with the Borexino measurement. For each
model, the LOC and FFL contributions are the same (Table VI),
while the mantle signal is obtained considering an intermediate
scenario [Fig. 16(b)]. The error bars represent the 1σ uncertain-
ties of the total signal SðUþ ThÞ. The horizontal solid back line
represents the geoneutrino signal Smed

geo , while the grey band the
I68fullSgeo interval as measured by Borexino.

FIG. 51. Comparison of the geoneutrino signal SgeoðUþ ThÞ at
LNGS as measured by Borexino. Blue circles indicate the results
from 2010 [16], 2013 [17], and 2015 [18], while the red square
demonstrates the current analysis.
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Results released so far 

!  Results released 
so far are all 
consistent and 
uncertainty has 
been improved 
greatly 

chondritic Th/U mass ratio of 3.9, with the expected geo-
neutrino signal considering different geological models
(Sec. V B) is shown in Fig. 50. Figure 51 shows the time
evolution of the Borexino measurements of the geoneutrino
signal SgeoðUþ ThÞ at LNGS from 2010 up to the current
result. TableXVII summarizes the signals, expressed inTNU,
for geoneutrinos and reactor antineutrinos obtained with
the two fits, assuming Th/U chondritic ratio and keeping
U and Th contributions as free fit parameters, as described in
Sec. XI B. It was shown in Sec. X C that Borexino does not
have any sensitivity tomeasure theTh/U ratiowith the current

exposure. Therefore, the ratio obtained from the fit when
U and Th are free parameters is not discussed.

E. Extraction of mantle signal

The mantle signal was extracted from the spectral fit by
constraining the contribution from the bulk lithosphere
according to the expectation discussed in Sec. V B and
given in Table XIV as 28.8þ5.5

−4.6 events. The corresponding
MC PDF was constructed from the PDFs of 232Th and 238U
geoneutrinos shown in Fig. 32. They were scaled with the
lithospheric Th/U signal ratio equal to 0.29 (Table VI).
TheMC PDF used for the mantle was also constructed from
the 232Th and 238U PDFs, but the applied Th/U signal ratio
was 0.26, the value discussed in Sec. V B. The mantle
signal, as well as the reactor antineutrino contribution were
free in the fit. The best fit is shown in Fig. 52(a). It resulted
in a mantle signal ofNbest

mantle ¼ 23.1 events, with the median
value Nmed

mantle ¼ 23.7 events, and the 68% coverage interval
I68statNmantle ¼ ð13.7–34.4Þ events. The likelihood profile of
the mantle signal is shown in Fig. 52(b). After considering
the systematic uncertainties, the final mantle signal can be
given as Sbestmantle ¼ 20.6 TNU, with the median value
Smed
mantle ¼ 21.2 TNU, and the 68% coverage interval

I68fullSmantle ¼ ½12.2–30.8& TNU, as shown also in Table XVII.
The statistical significance of the mantle signal was

studied using MC pseudoexperiments with and without a
generated mantle signal as described in Sec X C. The qobs
obtained from the spectral fit is 5.4479, and it is compared
with the theoretical function fðqj0Þ, described in Sec. X C,
Eq. (39), as shown in Fig. 53. The corresponding p-value is
9.796 × 10−3. Therefore, in conclusion the null-hypothesis
of the mantle signal can be rejected with 99.0% C.L.
(corresponding to 2.3σ significance). The Borexino mantle
signal can be compared with calculations according to a
wide spectrum of BSE models (Table VII). The Borexino
measurement constrains at 90(95)% C.L. a mantle compo-
sition with amantleðUÞ > 13ð9Þ ppb and amantleðThÞ >
48ð34Þ ppb assuming for the mantle homogeneous distri-
bution of U and Th and a Th/U mass ratio of 3.7.

F. Estimated radiogenic heat

The global HPEs’ masses in the Earth are estimated by
matching geophysical, geochemical, and cosmochemical
arguments. Direct samplings of the accessible lithosphere
constrain the radiogenic heat of HLSp

rad ðUþ Thþ KÞ ¼
8.1þ1.9

−1.4 TW (Table V), corresponding to ∼17% of the total
terrestrial heat power Htot ¼ ð47' 2Þ TW. The radiogenic
heat from the unexplored mantle could embrace a wide
range ofHmantle

rad ðUþThþKÞ¼ð1.2–39.8ÞTW (Table VII),
where the highest values are obtained for a fully radiogenic
Earth model.
The total amount of HPEs, as well as their distribution in

the deep Earth, affect the geoneutrino flux. We will express
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FIG. 50. Comparison of the expected geoneutrino signal
SgeoðUþ ThÞ at LNGS (calculated according to different BSE
models, see Sec. V B) with the Borexino measurement. For each
model, the LOC and FFL contributions are the same (Table VI),
while the mantle signal is obtained considering an intermediate
scenario [Fig. 16(b)]. The error bars represent the 1σ uncertain-
ties of the total signal SðUþ ThÞ. The horizontal solid back line
represents the geoneutrino signal Smed

geo , while the grey band the
I68fullSgeo interval as measured by Borexino.

FIG. 51. Comparison of the geoneutrino signal SgeoðUþ ThÞ at
LNGS as measured by Borexino. Blue circles indicate the results
from 2010 [16], 2013 [17], and 2015 [18], while the red square
demonstrates the current analysis.
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Mantle contribution significant 

!  Mantle contribution is 
clearly significant, with 
careful estimation of 
crust contribution 

!  In the lower panel, 
“0” (no mantle 
contribution 
hypothesis) is outside 
of the 99.7 % 
confidence interval. 

U and Th distributions in the mantle, assuming that the
abundances in this reservoir are radial, non-decreasing
function of the depth and in a fixed ratio MmantleðThÞ=
MmantleðUÞ ¼ 3.7. The maximal and minimal excursions
of mantle geoneutrino signal is taken as a proxy for the 3σ
error range.
Since the radiogenic heat power of the lithosphere is

independent from the BSE model, the discrimination
capability of Borexino geoneutrino measurement among
the different BSE models can be studied in the space
SmantleðUþ ThÞ vsHmantle

rad ðUþ ThÞ. In Figure 54, the solid
black horizontal line represents the Borexino measurement,
the median Smed

mantle, which falls within prediction of the
Geodynamical model (GD). The 68% coverage interval
I68fullSmantle, also represented in Fig. 54 by horizontal black

dashed lines, covers the area of prediction of the GD and
the fully radiogenic (FR) models. We are least compatible
with the cosmochemical model (CC), which central value
agrees with our measurement at 2.4σ level.
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FIG. 52. (a) Spectral fit to extract the mantle signal after
constraining the contribution of the bulk lithosphere. The grey
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Combined analyses 
!   Combined analyses 

using both 
KamLAND and 
Borexino data are 
performed involving 
theorists and 
geologists. 

!   In an example shown 
here, various cases 
of constraints (e.g. 
Th/U ratio) are 
tested, and stability 
of conclusions and 
consistency between 
two data are carefully 
examined. 

If, in addition, the scaling law in Eq. (5) is assumed, then
ND ¼ 2. Finally, if the chondritic Th/U estimate in (2) is
also assumed, then ND ¼ 1. These four options, involving
an increasing Earth model dependence for decreasing ND,
are summarized in Table I.

A final remark is in order. As discussed in the next
section, the allowed ranges for the KamLAND and
Borexino geoneutrino degrees of freedom may extend
beyond plausible expectations, where the constraints in
Eqs. (2), (5), and (14) are not really justified by any
Earth model. Therefore, while the analysis for ND ¼ 4 is
completely general, the results of constrained analyses
(ND " 3) must be taken with a grain of salt.

F. Analysis with an additional degree of freedom:
The georeactor

It has been proposed [11] that there could be enough
uranium in the Earth’s core to naturally start a nuclear
fission chain over geological time scales, with a typical
power (at the current epoch) of Pgeo ’ 3–10 TW [26]. This
hypothesis is disfavored by various geochemical and geo-
physical arguments [27]. Particle physics offers an inde-
pendent probe of the hypothesis, since a georeactor would
alter the observable energy (and time) spectra of !!e events
[28]. In particular, we reported in [16] an analysis of earlier
KamLAND data in the energy and time domain, providing
an upper bound Pgeo & 13 TW at 95% C.L. Further
KamLAND and Borexino data have reduced the upper
bound to & 6:2 TW at 90% C.L. [5] and & 3 TW at
95% C.L. [6], respectively.

Here we update our previous analysis [16], by assuming
a contribution from a georeactor at the center of the Earth
(with unconstrained Pgeo) in the KamLAND and Borexino
energy spectra, for each of the four cases in Table I. With
respect to [16], the current analysis does not include the
event time information, which has not been released by the
experiments [5,6].

III. RESULTS

In this section we describe the results of our analysis, in
terms of both joint and separate bounds on the Th/U and
RðThþ UÞ variables.

A. Joint 1! regions for Th/U and RðThþ UÞ
Figure 4 shows the 1" contours ("#2 ¼ 1) in the plane

charted by the total event rate RðThþ UÞ and by the mass

abundance ratio Th/U for KamLAND and Borexino. The
degrees of freedom decrease from ND ¼ 4 to ND ¼ 1 from
top to bottom, according to the constraints in Table I.
The upper panel (ND ¼ 4) shows that both KamLAND

and Borexino place upper and lower bounds to the total
event rate RðThþ UÞ. These bounds are consistent with
typical Earth model expectations, which span the 1" range
29–41 TNU for KamLAND and 34–48 TNU for Borexino
(see Table 11 in [1]). However, neither KamLAND nor
Borexino can currently determine Th and U separately. In
particular, KamLAND is compatible with all events being
from Th decay (Th=U ¼ 1), while Borexino is compatible
with all events being from U decay (Th=U ¼ 0), as antici-
pated in the context of Figs. 2 and 3, respectively. However,
a broad range of Th/U values appears to be compatible with
both KamLAND and Borexino results at 1"; this range
excludes the extreme cases with null Th or U signal, and
includes the chondritic value Th=U ¼ 3:9. Therefore, it
makes sense to reduce the degrees of freedom by imposing
that the two experiments probe the same Th/U ratio as in
Eq. (14).
The second panel (ND ¼ 3) shows the results of such

exercise, providing both upper and lower 1" limits on the
Th/U ratio, with a best fit which is only a factor of &2
higher than the chondritic value. The total rate estimates
are not significantly altered with respect to the case with
ND ¼ 4. Therefore, under the rather general assumption in
Eq. (14), the combination of KamLAND and Borexino
data starts to be sensitive to the global Th/U ratio of the
Earth, although only at the&1" level; as discussed below,
current Th/U constraints disappear at &1:5".
The results in the third panel (ND ¼ 2) include, in

addition, the approximate scaling assumption in Eq. (5).
In this case, the KamLAND parameters RðThþ UÞ and
Th/U are conventionally taken as free, while the corre-
sponding Borexino parameters are derived (hence the
‘‘dotted’’ BX contour in the panel). In this case, the best
fits for the total rates are located slightly above the quoted
Earth model expectations (29–41 TNU for KamLAND
and 34–48 TNU for Borexino [1]), with 1" uncertainties
at the level of &30%, dominated by KamLAND data.
Concerning Th/U, the best fits and 1" ranges are not
significantly altered with respect to the previous case
with ND ¼ 3.
The comparison of the three panels with ND ¼ 4, 3, and

2 shows that the current constraints on the total rates and on
the Th/U ratio are approximately independent: they do not

TABLE I. Summary of adopted degrees of freedom and constraints.

ND Constraints RðThþ UÞKL ðTh=UÞKL RðThþ UÞBX ðTh=UÞBX
4 none free free free free
3 ðTh=UÞBX ¼ ðTh=UÞKL free free free —
2 ðTh=UÞBX ¼ ðTh=UÞKL and RBX ¼ 1:15RKL free free — —
1 ðTh=UÞBX ¼ ðTh=UÞKL ¼ 3:9 and RBX ¼ 1:15RKL free — — —

COMBINED ANALYSIS OF KamLAND AND BOREXINO . . . PHYSICAL REVIEW D 82, 093006 (2010)

093006-5

significantly affect each other within present data. The
weak negative correlation in the 1! contours reflects the
fact the overall rate RðThþ UÞ increases somewhat faster
for larger U contribution as compared to Th contribution,
the latter being confined at low energy (see the spectra in
Fig. 1).

Finally, the results in the lower panel of Fig. 4 (ND ¼ 1)
include, in addition to the previous constraints, the chon-
dritic estimate in (2).2 In this case, the estimated KL
total rate is RðThþ UÞKL ¼ 47:7% 11:2 TNU, the BX
total rate being a factor &1:15 higher by construction,
RðThþ UÞBX ¼ 54:9% 12:9 TNU. These results show a
preference for Earth models with relatively high expecta-
tions in Th and U contents, although within very large
uncertainties at present. We report in Table II a numerical
summary of the 1! ranges for the total rate and Th/U ratio,
in each of the four cases considered.
In the most constrained case (ND ¼ 1), where the

total rate error is reduced to &23%, it makes sense to
infer indications about the associated radiogenic heat
HðThþ UÞ via the approximate ðH;RÞ correlation in
Eq. (3). By fixing the KL rate at its central value,
RðThþ UÞKL ¼ 47:7 TNU, one would obtain an allowed
rangeHðThþ UÞ ’ 21–35 TW, somewhat above the plau-
sible expectations of 14–18 TW (see Fig. 23 in [1]).
However, including the 1! rate uncertainties, the allowed
range is significantly enlarged: HðThþ UÞ ’ 10–49 TW.
The upper value is not particularly meaningful, being
larger than the ‘‘fully radiogenic’’ limit of &40 TW. The
lower value of &10 TW, however, exceeds the guaranteed
contribution from Th and U in the crust (& 6 TW [1]), and
suggests, indirectly, the presence of an additional contri-
bution from a different reservoir—which can be naturally
identified with the mantle.
In conclusion, the combination of KamLAND and

Borexino data brings to surface some intriguing—although
still statistically weak—pieces of information: (i) preferred
Th/U values in broad agreement with chondritic expecta-
tions; (ii) slight preference for relatively high Th and U
contents in the Earth; and (iii) hints of a mantle contribu-
tion to the total geoneutrino signal. We remark that these
indications emerge only at the&1! level from the current,
low-statistics data samples.

B. Separate bounds on Th/U and RðThþ UÞ
In this section we discuss the separate projections of the

previous results onto the variables Th/U and RðThþ UÞ, in
FIG. 4 (color online). KamLAND (KL) and Borexino (BX)
geoneutrino analysis in the plane charted by the total rate
RðThþ UÞ and by the mass abundance ratio Th/U. The curves
represent 1! contours (!"2 ¼ 1) around the best-fit points
(thick dots). From top to bottom, the degrees of freedom de-
crease from ND ¼ 4 to ND ¼ 1, as reported in Table I.

TABLE II. Best fits and 1! ranges from the data analysis with
degrees of freedom ND ' 4. Event rates R are expressed in
TNU. Derived or fixed numbers are given in brackets.

ND RðThþ UÞKL ðTh=UÞKL RðThþ UÞBX ðTh=UÞBX
4 36:8þ16:2

(16:1 25:9þ1
(22:9 66:9þ27:3

(23:8 2:7þ20:2
(2:7

3 41:3þ14:0
(12:6 9:1þ23:5

(7:4 63:0þ26:0
(24:0 ½9:1þ23:5

(7:4 *
2 45:1þ11:8

(11:2 9:6þ33:7
(7:6 ½51:7þ13:6

(12:9* ½9:6þ33:7
(7:6 *

1 47:7þ11:2
(11:2 [3.9] ½54:9þ12:9

(12:9* [3.9]

2In the panel, the Th/U coordinates of KL and BX are slightly
displaced from 3.9 for the sake of clarity.
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weak negative correlation in the 1! contours reflects the
fact the overall rate RðThþ UÞ increases somewhat faster
for larger U contribution as compared to Th contribution,
the latter being confined at low energy (see the spectra in
Fig. 1).

Finally, the results in the lower panel of Fig. 4 (ND ¼ 1)
include, in addition to the previous constraints, the chon-
dritic estimate in (2).2 In this case, the estimated KL
total rate is RðThþ UÞKL ¼ 47:7% 11:2 TNU, the BX
total rate being a factor &1:15 higher by construction,
RðThþ UÞBX ¼ 54:9% 12:9 TNU. These results show a
preference for Earth models with relatively high expecta-
tions in Th and U contents, although within very large
uncertainties at present. We report in Table II a numerical
summary of the 1! ranges for the total rate and Th/U ratio,
in each of the four cases considered.
In the most constrained case (ND ¼ 1), where the
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infer indications about the associated radiogenic heat
HðThþ UÞ via the approximate ðH;RÞ correlation in
Eq. (3). By fixing the KL rate at its central value,
RðThþ UÞKL ¼ 47:7 TNU, one would obtain an allowed
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larger than the ‘‘fully radiogenic’’ limit of &40 TW. The
lower value of &10 TW, however, exceeds the guaranteed
contribution from Th and U in the crust (& 6 TW [1]), and
suggests, indirectly, the presence of an additional contri-
bution from a different reservoir—which can be naturally
identified with the mantle.
In conclusion, the combination of KamLAND and

Borexino data brings to surface some intriguing—although
still statistically weak—pieces of information: (i) preferred
Th/U values in broad agreement with chondritic expecta-
tions; (ii) slight preference for relatively high Th and U
contents in the Earth; and (iii) hints of a mantle contribu-
tion to the total geoneutrino signal. We remark that these
indications emerge only at the&1! level from the current,
low-statistics data samples.
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RðThþ UÞ and by the mass abundance ratio Th/U. The curves
represent 1! contours (!"2 ¼ 1) around the best-fit points
(thick dots). From top to bottom, the degrees of freedom de-
crease from ND ¼ 4 to ND ¼ 1, as reported in Table I.

TABLE II. Best fits and 1! ranges from the data analysis with
degrees of freedom ND ' 4. Event rates R are expressed in
TNU. Derived or fixed numbers are given in brackets.
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for larger U contribution as compared to Th contribution,
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Finally, the results in the lower panel of Fig. 4 (ND ¼ 1)
include, in addition to the previous constraints, the chon-
dritic estimate in (2).2 In this case, the estimated KL
total rate is RðThþ UÞKL ¼ 47:7% 11:2 TNU, the BX
total rate being a factor &1:15 higher by construction,
RðThþ UÞBX ¼ 54:9% 12:9 TNU. These results show a
preference for Earth models with relatively high expecta-
tions in Th and U contents, although within very large
uncertainties at present. We report in Table II a numerical
summary of the 1! ranges for the total rate and Th/U ratio,
in each of the four cases considered.
In the most constrained case (ND ¼ 1), where the

total rate error is reduced to &23%, it makes sense to
infer indications about the associated radiogenic heat
HðThþ UÞ via the approximate ðH;RÞ correlation in
Eq. (3). By fixing the KL rate at its central value,
RðThþ UÞKL ¼ 47:7 TNU, one would obtain an allowed
rangeHðThþ UÞ ’ 21–35 TW, somewhat above the plau-
sible expectations of 14–18 TW (see Fig. 23 in [1]).
However, including the 1! rate uncertainties, the allowed
range is significantly enlarged: HðThþ UÞ ’ 10–49 TW.
The upper value is not particularly meaningful, being
larger than the ‘‘fully radiogenic’’ limit of &40 TW. The
lower value of &10 TW, however, exceeds the guaranteed
contribution from Th and U in the crust (& 6 TW [1]), and
suggests, indirectly, the presence of an additional contri-
bution from a different reservoir—which can be naturally
identified with the mantle.
In conclusion, the combination of KamLAND and

Borexino data brings to surface some intriguing—although
still statistically weak—pieces of information: (i) preferred
Th/U values in broad agreement with chondritic expecta-
tions; (ii) slight preference for relatively high Th and U
contents in the Earth; and (iii) hints of a mantle contribu-
tion to the total geoneutrino signal. We remark that these
indications emerge only at the&1! level from the current,
low-statistics data samples.
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In this section we discuss the separate projections of the
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crease from ND ¼ 4 to ND ¼ 1, as reported in Table I.

TABLE II. Best fits and 1! ranges from the data analysis with
degrees of freedom ND ' 4. Event rates R are expressed in
TNU. Derived or fixed numbers are given in brackets.

ND RðThþ UÞKL ðTh=UÞKL RðThþ UÞBX ðTh=UÞBX
4 36:8þ16:2

(16:1 25:9þ1
(22:9 66:9þ27:3

(23:8 2:7þ20:2
(2:7

3 41:3þ14:0
(12:6 9:1þ23:5

(7:4 63:0þ26:0
(24:0 ½9:1þ23:5

(7:4 *
2 45:1þ11:8

(11:2 9:6þ33:7
(7:6 ½51:7þ13:6

(12:9* ½9:6þ33:7
(7:6 *

1 47:7þ11:2
(11:2 [3.9] ½54:9þ12:9

(12:9* [3.9]

2In the panel, the Th/U coordinates of KL and BX are slightly
displaced from 3.9 for the sake of clarity.

G. L. FOGLI, E. LISI, A. PALAZZO, AND A.M. ROTUNNO PHYSICAL REVIEW D 82, 093006 (2010)
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SNO+ 

!  Liquid scintillator 
detector in 
Canada. 
Successor of 
SNO who 
measured all- 
flavor solar 
neutrino for the 
first time 

!  Construction 
completed. We 
have to stay 
tuned. The SNO+ detector filled with LAB. Credit: SNO+ Collaboration

SNO+ completes LAB fill | SNOLAB https://www.snolab.ca/news/sno-completes-lab-fill/

6 / 8 2021/07/05 21:22

The SNO+ detector filled with LAB. Credit: SNO+ Collaboration	
https://www.snolab.ca/news/sno-completes-lab-fill/	 45 



　　Experiment site and construction

　　JUNO is located in Kaiping, Jiangmen, in Southern China. It’s about 53 km from the Yangjiang and Taishan nuclear power plants,

both of which are under construction.The planned total thermal power of these reactors is 36 GW. There is no other nuclear power plant

within 200 km. A 270 m high granite mountain provides good shielding of cosmic muons, which are the major sources of backgrounds. To

further suppress muon induced backgrounds, the detector is designed to be located deep underground through a tunnel, and the total

overburden will be 700 m rock. Experiment construction will start in 2014 and completein 2019, including a tunnel, an underground

experiment hall, a water pool, a central detector, a muon tracking detector, and some ancillary facilities.

　　

　　Detectors

　　The central detector is filled with 20 kton LAB based liquid scintillator.When neutrinos go through the detector, a very small part of

them interact with the liquid scintillator, producing scintillation light, which can be seen by 15,000 surround 20”photo multiplier tubes

(PMTs). The energy of incident neutrinos and the interaction vertex can be reconstructed based on the charge and time information of

PMT. Energy resolution is roughly in inverse proportion to the square root of detected photon electrons. To reach the expected sensitivity

of mass hierarchy, the energy resolution has to be better than 3% at 1 MeV, corresponding to 1,200 photon electrons per MeV, which is a

much better performance than the state of the art detector such as BOREXINO and KamLAND. The technical challenges are new type of

PMTs with high efficiency and highly transparent liquid scintillator.

　　

　　Adetector concept

　　The water pool protects the central detector from natural radioactivity in surrounding rocks. It also serves as a water Cherenkov

detector after equipped with PMTs, to tag cosmic muons. There is another muon tracking detector on top of the water pool, used to

improve muon detection efficiency and to get better muon tracking.

　　Signal and backgrounds

　　The reactor electron antineutrino interacts with proton via the inverse β-decay(IBD) reaction in the liquid scintillator, and releases

apositron and a neutron. The positron depositsits energy quickly, providing a prompt signal. Theenergy of positron carries most of the

kinetic energy of the neutrino.The neutron is captured by proton after an averagetime of 200µs, then releases a 2.2 MeV gamma,

providing a delayed signal. The coincidenceof prompt-delayed signals provides a distinctive antineutrino signature. The estimated IBD

reaction rate is ~40/day.

　　The dominate backgroundis accidentals, coming from two uncorrelated backgroundradiation interactions that randomly satisfy the

Introduction to JUNO----Jiangmen Underground Neutrino Ob... http://juno.ihep.cas.cn/ATEjuno/201309/t20130912_109433.html

2 / 3 2021/07/06 9:31

http://juno.ihep.cas.cn/	

!  Multipurpose 
neutrino detector in 
China. (especially 
reactor neutrino 
oscillation, to 
further improve 
Daya Bay 
achievements) 

!    Largest liquid 
scintillator detector 
(20 kton) when 
completed 

!  Construction 
started. We look 
forward to their 
works 

JUNO 
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Jinping 

!  Plan of multipurpose 
neutrino detector in 
China 

!  Largest overburden 
(2400 m) 

!  To measure 
geoneutrinos from 
Himalaya (largest 
continental crust) 

Chinese Physics C Vol. 41, No. 2 (2017) 023002

reach the level of target mass requirement. In addition,
graded shielding is necessary to reach a radioactive clean
central region.

1) The deep overburden limits both the tunnel size
and shape, putting a constraint on the target vol-
ume for a single detector. A thin and long detector
is very poor for physics performance.

2) The attenuation length is about 20 meters for liq-
uid scintillators. A detector should not have a di-
mension significantly larger than this length.

3) Water shielding in the outer layer was used in pre-
vious experiments to detect cosmic-ray muons and
shield the detector from neutrons and radiative
gammas in the surrounding rock, steel structure,
and PMTs. The minimal thickness is around 1–2
meters.

4) A central fiducial volume is necessary to reject
background events in the outer layer of the tar-
get region, which is usually from the gamma back-
grounds on the target material vessel.

5) Cost and risk for any large amount of civil con-
struction and detector construction.

In this section, we give a preliminary plan for the neu-
trino detectors. A preliminary study from a test-stand
is also shown to demonstrate the possible separation be-
tween Cherenkov and scintillation light. Considering the
current level of technology and expected development,
we also give some thought to the electronics used to pre-
cisely read out the waveform from photomultiplier tubes
(PMTs).

2.1 Experimental hall layout and neutrino de-
tector

At CJPL-II, two cylindrical caverns have already
been planned, each around 20 m in diameter and 24 m
in height.

A conceptual design for a cylindrical neutrino detec-
tor can be seen in Fig. 3. A spherical inner vessel is also
an option. The central vessel is made of acrylic, and the
height and diameter of the cylinder are both 14 meters.
The vessel is filled with the target material, which can be
either a regular liquid scintillator or a slow liquid scin-
tillator. The fiducial volume is defined by a cylinder of
11.2 m diameter and 11.2 m height, and the fiducial mass
is 1 kiloton assuming the target material density is 0.9
g/cm3.

The central vessel will be sealed and surrounded with
pure water. Scintillation and Cherenkov light originat-
ing from neutrino interactions with the target material
in the central region will be collected by the PMTs.

These PMTs will be mounted on a supporting stain-
less steel structure, and will be kept 2–3 m away from
the central vessel to shield from gammas. The outer-
most layer of the detector is a low radioactive stainless
steel tank 20 m in both diameter and height, which hosts
the central vessel, PMTs, supporting structure, and pure
water.

Fig. 3. (color online) The conceptual design for a
cylindrical neutrino detector at Jinping. Two de-
tectors are needed to reach the desired mass re-
quirement.

With two neutrino detectors, the total fiducial vol-
ume will be about 2 kilotons for the solar neutrino stud-
ies, in which the detection process is neutrino-electron
scattering. For the geo-neutrino and supernova neutrino
studies, the equivalent fiducial mass can be extended to
3 kiloton, because the signal is from the inverse beta de-
cay process, i.e. a prompt-delayed coincidence, and has
a better rejection of background.

Such a design is considered as the most economic op-
tion when balancing the need of the fiducial mass and
the dimensions of the CJPL-II tunnel. However, contin-
uing studies incorporated with scintillator performance
are ongoing to finalize the detector design.

2.2 Target material

We will use a liquid scintillator with sufficient light
yield for our baseline design. We also consider using a
slow liquid scintillator aiming at the separation between
Cerenkov and scintillator light. Redundant measure-
ments of a particle can be possible in this option. The
prompt Cherenkov light can be used for the directional
reconstruction of charged particles while the slow scintil-
lation light can be used for the energy reconstruction of
particles. Furthermore, Cherenkov light yield and scin-
tillation light yield have different dependencies on parti-
cle momentum and can be exploited to identify gammas,
electrons, muons, and protons.

023002-3
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Summary 

! Geoneutrino measurements by KamLAND and 
Borexino demonstrated it is a probe to see Earth’s 
interior together with seismic wave 

 
!  New experiments are coming soon. We are 

looking forward to them 
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