
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 134.94.181.161

This content was downloaded on 18/08/2016 at 12:47

Please note that terms and conditions apply.

You may also be interested in:

Neutrino physics with JUNO

Fengpeng An, Guangpeng An, Qi An et al.

Towards a refined reference Earth model for geo-neutrinos

Y Huang, V Chubakov, F Mantovani et al.

Antineutrinos from nuclear reactors: recent oscillation measurements

D A Dwyer

Discriminating among Earth composition models using geo-antineutrinos

Hiroshi Nunokawa, Walter Jose da Costa Teves and Renata Zukanovich Funchal

The SNO+ experiment: status and overview

José Maneira and the Sno+ Collaboration

Large underground, liquid based detectors for astro-particle physics in Europe: scientificcase and

prospects

D Autiero, J Äystö, A Badertscher et al.

Improved measurement of electron antineutrino disappearance at Daya Bay

F. P. An, Q. An, J. Z. Bai et al.

Potential of geo-neutrino measurements at JUNO

View the table of contents for this issue, or go to the journal homepage for more

2016 Chinese Phys. C 40 033003

(http://iopscience.iop.org/1674-1137/40/3/033003)

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/article/10.1088/0954-3899/43/3/030401
http://iopscience.iop.org/article/10.1088/1742-6596/375/1/042041
http://iopscience.iop.org/article/10.1088/1367-2630/17/2/025003
http://iopscience.iop.org/article/10.1088/1126-6708/2003/11/020
http://iopscience.iop.org/article/10.1088/1742-6596/447/1/012065
http://iopscience.iop.org/article/10.1088/1475-7516/2007/11/011
http://iopscience.iop.org/article/10.1088/1475-7516/2007/11/011
http://iopscience.iop.org/article/10.1088/1674-1137/37/1/011001
http://iopscience.iop.org/1674-1137/40/3
http://iopscience.iop.org/1674-1137
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


Chinese Physics C Vol. 40, No. 3 (2016) 033003

Potential of geo-neutrino measurements at JUNO *

Ran Han(¸,)1;1) Yu-Feng Li(o�¸)2;2) Liang Zhan(Ó�)2

William F McDonough3 Jun Cao(ùd)2 Livia Ludhova4

1 Science and Technology on Reliability and Environmental Engineering Laboratory, Beijing Institute of
Spacecraft Environment Engineering, Beijing 100094, China

2 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
3 Department of Geology, University of Maryland, College Park, MD, USA 20742
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Abstract: The flux of geoneutrinos at any point on the Earth is a function of the abundance and distribution of

radioactive elements within our planet. This flux has been successfully detected by the 1-kt KamLAND and 0.3-kt

Borexino detectors, with these measurements being limited by their low statistics. The planned 20-kt JUNO detector

will provide an exciting opportunity to obtain a high statistics measurement, which will provide data to address

several questions of geological importance. This paper presents the JUNO detector design concept, the expected

geo-neutrino signal and corresponding backgrounds. The precision level of geo-neutrino measurements at JUNO is

obtained with the standard least-squares method. The potential of the Th/U ratio and mantle measurements is also

discussed.
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1 Introduction

Some 150 years ago Lord Kelvin brought to promi-
nence the discussion concerning the age of the Earth and
he linked it to its cooling history. He assumed a simple
model of solid-state cooling of a sphere that did not con-
vect and contained no internal heating source. Today we
understand that cooling of the core and the mantle is
controlled by convective heat transfer and that radioac-
tive elements (i.e., potassium, thorium and uranium, K,
Th and U, the heat producing elements, HPE) contribute
to the Earth’s surface heat flux. The Earth’s surface
heat flow 46±3 TW [1] has been firmly established for
the last half century, however, vigorous debate continues
regarding the relative contributions of primordial versus
radioactive sources. At the fundamental level this debate
relates to the composition of the Earth, the distribution
of HPE, and whether or not there is chemical layering
in the mantle, which in turn relates to the nature and
form of convection in the mantle. Measuring the Earth’s
geoneutrino flux, electron anti-neutrinos produced dur-
ing the beta-minus decay of HPE, will provide insights

into defining the power driving mantle convection, plate
tectonics and geodynamo, with the latter producing the
magnetosphere that shields the Earth from harmful cos-
mic ray flux.

Over the last decade particle physicists have detected
the Earth’s geoneutrino flux [2]. Neutrinos and their
anti-particle counterparts are nearly massless and un-
charged elementary particles that travel at close to the
speed of light. Matter, including the Earth, is mostly
transparent to these elusive messengers as they virtually
escape detection. The Earth produces an electron anti-
neutrino flux of ∼ 6 million per centimeter squared per
second and by detecting a few of these particles per year
we are now measuring the thorium and uranium content
inside the planet, which in turn allows us to determine
the amount of radiogenic power driving the Earth’s en-
gine.

Detection of geo-neutrinos serves the geology, parti-
cle physics, and nuclear security communities collectively
and separately. The particle physics community seeks
to understand the nature of these particles, whereas the
nuclear security community needs to understand the flux
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from active nuclear reactors, which requires that they
accurately subtract the overlapping geoneutrino back-
ground signal. The geological community seeks to have
transformational insights from their detection by accu-
rately determining the global inventory of HPE. The
combination of K, Th and U account for more than 99%
of the radiogenic heat production in the Earth and to-
gether with the primordial energy of accretion and core
segregation define the total power budget of the planet.
Current and future liquid-scintillator detectors will di-
rectly measure the amount of Th and U in the Earth,
but not the signal from K, because the geo-neutrino en-
ergy from the beta decay of K is less than that needed to
initiate the inverse beta decay mechanism used to record
events in these detectors.

The structure of the Earth and the distribution of
HPE will be briefly discussed in the following. The Earth
is made up of two layers, the metallic core and the sil-
icate Earth. The core is internally differentiated into
a small (∼ 5% by mass) solid inner core and a much
larger liquid outer core, both of which are considered to
contain negligible quantities of HPE. The silicate Earth,
the host of the planet’s HPE budget, is composed of
the mantle and crust, with the latter being differenti-
ated into basaltic oceanic crust, which has a low content
of HPE, and granitic-like continental crust, which has a
factor of 10 or more greater HPE content. The mantle
of the Earth makes up 2/3 of the planet’s mass and its
structure, which covers half the planetary radius, is still
poorly understood in terms of chemical layering, convec-
tion, and the fate of seafloor fragments being transferred
back into the mantle via processes of plate tectonics at
deep sea trenches. Our knowledge of the HPE content in
the oceanic and continental crusts is considerably more
mature, given it is the accessible Earth. Based on our
knowledge of the Earth’s crusts and competing compo-
sitional models of the Earth [3], we are left with a factor
of 30 uncertainty in the composition of the mantle for its
content of HPE [4].

The particle physics community is taking a bold new
approach to the detection of electron anti-neutrinos with
the development of the JUNO detector sited in southern
China. The JUNO detector, which stands for the Jiang-
men Underground Neutrino Observatory [5, 6], is a 20
kton liquid-scintillator experiment, comparable to, but
20 times greater than the existing Japanese KamLAND
detector (the first experiment to measure the Earth’s
geoneutrino flux)[7] and the soon to come online Cana-
dian SNO+ detector [8]. Moreover, JUNO is 60 times
more massive than the existing Italian Borexino experi-
ment [9]. Thus, the new JUNO detector, which will have
a significant reactor signal as the experiment is dedicated
to fundamental studies of these particles and their prop-
erties, will collect a large geo-neutrino signal annually

and thus have the potential to inform the geology com-
munity about the Earth’s total flux and details of the
contribution from the region surrounding the detector.

The JUNO detector, sited near the southern coast
of China, presents an opportunity to the geology com-
munity to detect the Earth’s geo-neutrino signal along a
continental margin, a first for this setting. The detected
signal, which can be decomposed into contributions from
the continental crust, the oceanic crust, and the man-
tle, will be compared with those detected at other exist-
ing experiments to extract the mantle signal and reveal
the crustal contribution. Given its large size, the JUNO
detector will rapidly accumulate its geo-neutrino signal.
Within about one year it will have more geo-neutrino
events than all detectors combined will have accumu-
lated to that time. Therefore, the JUNO detector has
the potential to greatly contribute to our understanding
of the Earth. However, the setting for the JUNO experi-
ment, which is strategically placed 53 km from two large
nuclear power plants to optimize the physics experimen-
tal goals, poses a large challenge for extracting the geo-
neutrino signal. This paper will address the strengths
and weaknesses of the JUNO experiment for geo-neutrino
detection. It will introduce the design of the detector and
experimental facility, identify the expected geo-neutrino
signal at JUNO, and it will address the issue of identi-
fying and subtracting the reactor and other background
signals from the geo-neutrino signal. The standard least-
squares method will be used to quantitatively evaluate
the potential of the geo-neutrino measurement.

2 Geo-neutrino signal at JUNO

Located at Kaiping, Jiangmen, in South China, the
JUNO detector is about 53 km from the Yangjiang and
Taishan nuclear power plants, which in total will have
thermal power of 36 GW. The JUNO experiment is de-
signed to determine the neutrino mass hierarchy and pre-
cisely measure oscillation parameters by detecting reac-
tor antineutrinos from nuclear power plants. The high-
purity, liquid-scintillator detector is 20 kt in size and will
be sited 700 meters underground to shield it from cosmic
ray fluxes. The large detector size and ultra-clean exper-
imental environment will allow JUNO to have the possi-
bility of seeing supernova neutrinos, along with studying
atmospheric, solar and geo-neutrinos.

The design of the central detector envisages a spheri-
cal acrylic tank surrounded by a water-based muon veto
layer. The acrylic tank will be filled with 20 kt of linear
alkylbenzene (LAB) liquid scintillator (LS). Facing the
scintillation volume will be 17,000 20-inch photomulti-
plier tubes (PMTs) installed on a surrounding stainless
steel truss. The enveloping outer water pool protects the
central detector from natural radioactivity in surround-
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ing rocks and PMTs. It also serves as a water Cherenkov
detector, after being equipped with PMTs, to identify
and track cosmic muons. A second muon tracking de-
tector on top of the water pool is used to improve muon
detection efficiency and tracking.

The expected geoneutrino signal at JUNO was cal-
culated in Ref. [10], where they adopted the reference
Earth model (RM) developed by Huang et al [11]. The
RM model divides the silicate Earth into eight litho-
spheric reservoirs (ice, water, soft and hard sediment, up-
per, middle and lower continental crust, and lithospheric
mantle) and two mantle reservoirs (depleted and en-
riched). The model uses a resolution of 1◦

×1◦ for setting
the abundance of Th and U in each layer based on geo-
chemical and geophysical inputs. The geo-neutrino flux
at any detector site is calculated using a detailed regional
lithospheric model (the closest 500 km from the detector
site) that is coupled to a global, far-field model of the
lithosphere and the underlying mantle models. Strati et
al [10] estimated a total geo-neutrino signal from U in the
lithosphere of 23.2+5.9

−4.8 TNU (Terrestrial Neutrino Unit,
1 TNU = 1 events/year/1032 protons). The asymmetric
1σ errors are obtained from Monte Carlo simulations fol-
lowing the method of Huang et al [11] and account only
for uncertainties from the lithosphere. From this signal
of U we can then calculate the Th contribution based on
an assume chondritic Th/U ratio. Given the abundance
of U and Th and mass of a given layer in the Earth, the
radiogenic heat production can be calculated as [12]:

HR(U+Th) = 9.85×m(U)+2.67×m(Th). (1)

The total uranium signal, as a function of the uranium
mass contained in the lithosphere mL(U) and in the man-
tle mM(U), will be

S(U)=SL(U)+SM(U) = SL(U)+β×mM(U)

=SL(U)+β× [m(U)−mL(U)], (2)

where SL(U) = 23.2+5.9
−4.8 TNU [10] is the signal from the

lithosphere and β defines the signal contribution from
the mantle. We assume two limiting cases for the value
of β in a spherically symmetric mantle:

SM,low(U) = βlow× [m(U)−mL,high(U)] TNU, (3)

SM,high(U) = βhigh× [m(U)−mL,low(U)] TNU, (4)

with βlow = 12.15 TNU and βhigh = 17.37 TNU, which
correspond to placing placing radioactive uranium in a
thin layer at the bottom and uniformly over the man-
tle, respectively. The mass mL(U) is given in the unit
of 1017 kg. mL,high(U) = 0.4 and mL,low(U) = 0.3 are two
limiting values of the U mass in the lithosphere. The
Th and U contributions in the chondritic proportion i.e.,
m(Th)/m(U) = 3.9, combining with Eqs. (1) and (2),
give the expected total geo-neutrinos signal S(U+Th) at
JUNO as a function of radiogenic heat H(U+Th), which

is depicted in Fig. 1. The red and blue lines correspond
to the assumed values of βhigh and βlow. From left to
right, the parallelogram region between the red and blue
lines denotes the region allowed by cosmochemical, geo-
chemical and geodynamical models, respectively [4].

Fig. 1. (color online) The expected geoneutrino
signal at JUNO as a function of radiogenic heat
due to U and Th in the Earth H(U+Th). The
red line and blue line correspond to two limiting
cases . From left to right, the quadrangle regions
between the red and blue lines denote the regions
allowed by cosmochemical, geochemical and geo-
dynamical models, respectively [4].

3 Backgrounds

Compared with the KamLAND (Japan) and Borex-
ino (Italy) experiments, JUNO has a much larger de-
tector volume and can collect more geo-neutrino events.
However, JUNO suffers a larger background from reac-
tor antineutrinos, generated by the Yangjiang and Tais-
han nuclear power plants. Other non-antineutrino back-
grounds may also be a challenge for geo-neutrino detec-
tion.

3.1 Reactor antineutrinos

In reactors, electron antineutrinos are emitted mainly
from the fissions of four isotopes, 235U, 238U, 239Pu, and
241Pu. The expected antineutrino spectrum at a reactor
is predicted as:

Φ(E
ν̄e

) =
Wth

∑

i

fi ·Qi

∑

i

fi ·Si(Eν̄e), (5)

where fi and Qi are the fission fraction and the energy
released per fission of the i-th isotope. Si is the an-
tineutrino spectrum of the i-th isotope. Wth is the re-
actor thermal power. The fission fractions are taken as
235U : 238U : 239Pu : 241Pu = 0.577 : 0.076 : 0.295 : 0.052,
which are the average values of the Daya Bay reactor
cores and represent the typical values of the PWR and
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BWR reactors. The energy spectra are taken from Ref.
[13], and the energy released per fission of the i-th com-
ponent is from Ref. [14].

The reactor antineutrinos are detected by the inverse
beta decay (IBD) reaction. The expected number of re-
actor antineutrino events in the detector is predicted as:

N
ν̄e

= ε×Np×τ ×
Nrea
∑

r=1

1

4πLr
2

∫

dE
ν̄e

σ(E
ν̄e

)Pee(Eν̄e ,Lr)Φ(E
ν̄e

), (6)

where ε is the detector efficiency corresponding to a IBD
selection criteria, Np is the number of free protons and
τ is the data-taking time. The index r runs over the
number of reactors, Lr is the baseline from the detector
to the reactor. The σ(E

ν̄e
) is the cross section of the

IBD reaction, Pee(Eν̄e ,Lr) is the electron antineutrino
survival probability and Φ(E

ν̄e
) is the expected reactor

antineutrino spectrum from Eq. (5).
To estimate the number of reactor antineutrino

events at JUNO, we first consider the contribution from
all the reactor cores in the world in operation in 2013.
The contribution of the reactor cores in operation in 2013
is taken from Ref. [15], which gives 95.3+2.6

−2.4 TNU.
The contribution of Taishan and Yangjiang nuclear

power plants are estimated using Eq. (6). The IBD de-
tection efficiency is assumed to be 80% and the fiducial
volume is 18.35 kton with a 17.2 m radial cut, which
yields 1.285×1033 free protons. The thermal power Wth

and baseline Lr for each reactor core in Taishan and
Yangjiang are taken from Ref. [16] and the IBD cross
section σ(E

ν̄e
) is taken from Ref. [17]. The oscillation

parameters in the survival probability Pee(Eν̄e ,Lr) are
taken from Ref. [18].

Eq.(6) can also be used to estimate the uncertain-
ties of the reactor IBD background. The correlated un-
certainties between reactors include those from the en-
ergy per fission (0.2%) and the IBD reaction rate (2.7%).
The uncorrelated uncertainties between reactors include
the thermal power (0.5%), the fission fraction (0.6%),
non-equilibrium effects (0.3%) and the contribution from
spent nuclear fuel (0.3%). The uncertainty from oscilla-
tion parameters is mainly from θ12, which is estimated
to be negligible, considering a sub-percent level can be
obtained with the JUNO detector itself. As a result, the
total uncertainty is 2.8%.

In summary, the expected number of reactor antineu-
trino events from all nuclear cores in the world operating
in 2013 is 980+27

−25 events per year and the contribution
from the Taishan and Yangjiang nuclear power plants is
15120±423 events per year.

3.2 Non-antineutrino backgrounds

In addition to the reactor antineutrino background,
there are other non-antineutrino backgrounds relevant

for geo-neutrino detection.
The β-n decays from 9Li and 8He isotopes produced

by cosmic muons crossing the detector can mimic IBD
reactions. The total rate of β-n decays is 84/day in
the whole central detector. However, this β-n back-
ground can be effectively reduced using muon veto crite-
ria, which employ both the time and space distribution
of isotope products with respect to their tagged mother
muons (See Ref. [6] for details). This background can be
reduced to 1.8± 0.36 events per day after applying the
muon veto and IBD selection cuts. Fast neutrons pro-
duced by cosmic muons passing through the detector can
reach the liquid scintillator without triggering the muon
veto. The recoiling proton and the neutron capture can
mimic the IBD signal. The fast neutron background is
expected to be 0.01±0.01, which is negligible.

The alpha particles emitted in decay chains of ra-
dioactive contaminants, 238U, 232Th and 210Po, can in-
duce 13C(α,n)16O reactions in the LS. The prompt sig-
nal produced by protons scattered off neutrons or the
de-excitation of 16O and neutron capture can mimic IBD
reactions. For the LS of the JUNO central detector, an
initial purity level of of 10−15 g/g U/Th, 10−16 g/g K and
1.4×10−22 g/g 210Pb is estimated to be achievable with-
out distillation [6]. Therefore, the 13C(α,n)16O back-
ground rate is 0.05±0.025 per day based on the above
assumption. Considering all the detector construction
materials, the event rate of accidental coincidences of
the non-correlated signals is estimated to be 1.1±0.011
in the fiducial volume [6].

The event rates for those backgrounds are summa-
rized in Table 2. In addition, we show in Fig. 2 the
spectra of reactor antineutrinos, other non-antineutrino

Fig. 2. (color online) The energy spectra of geo-
neutrinos, reactor antineutrinos, and other non-
antineutrino backgrounds at JUNO for one year
of data-taking. The blue solid line is the total
spectrum the red dashed line is the reactor an-
tineutrinos. The red solid area and pink area with
parallel lines are antineutrinos from Th and U in
the Earth, respectively. All the non-antineutrino
backgrounds are also shown, which can be directly
read from the legend.
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backgrounds, and geo-neutrinos with the Th/U ratio
fixed at the chondritic value.

Table 1. The non-antineutrino background event
rate per day.

backgrounds event rate/day
9Li-8He 1.8

fast neutrons 0.01
13C(α,n)16O 0.05

accidental events 1.1

3.3 Signal to background ratio

We can learn from Fig. 2 that the main background
in the geo-neutrino energy range is the reactor antineu-
trinos from the Yangjiang and Taishan nuclear power
plants. The signal to background ratio (S/B) at differ-
ent levels of the Yangjiang and Taishan thermal power
is estimated. From Fig. 3, one can see that the sig-
nal to background ratio is 46% when the Yangjiang and
Taishan nuclear power plants are totally switched off, but
falls to 8% when they are running at full power. Without
the reactor antineutrinos from Yangjiang and Taishan,
the main backgrounds are the non-neutrino backgrounds
and other commercial reactor contributions.

Fig. 3. (color online) Signal to background ratio
(S/B) at different levels of Yangjiang (YJ) and
Taishan (TS) running power.

4 Sensitivity study

In order to extract the geo-neutrino signal from the
high reactor antineutrino background, we employ the
standard least-squares method to quantitatively assess
the potential of geo-neutrino measurements at JUNO.
The predicted total antineutrino spectrum (including
both the signal and backgrounds) has been described in
the previous section. A summary of the event numbers
and corresponding rate and shape systematic uncertain-
ties for the signal and backgrounds is presented in Table
2.

Table 2. Event numbers and corresponding rate
and shape systematic uncertainties of the signal
and backgrounds used in the simulation. In the
second column, the first event numbers are for
the energy range of [1.8, 9.0] MeV. The second
event number in the parentheses are for the en-
ergy range of [1.8, 3.3] MeV, where most of the
geo-neutrino events are located.

source events/year rate uncer shape uncer

tainty (%) tainty (%)

geo-neutrinos 408 (406) N/A N/A

reactor 16100 (3653) 2.8 1
9Li-8He 657 (105) 20 10

fast neutrons 36.5 (7.66) 100 20
13C(α,n)16O 18.2 (12.16) 50 50

accidental 401 (348) 1 negl.

The χ2 function in the least-squares method is de-
fined as follows:

χ2 = min

(

100
∑

i=1

(N obs
i −Npred

i )2

σ2
i,stat +σ2

i,sys

+
ε2
rea

σ2
rea

+

4
∑

ibg=1

ε2
ibg

σ2
ibg

)

, (7)

where the index i (1 6 i 6 100) stands for the energy
bin ranging from 1.8 MeV to 10 MeV. N obs

i is the total
observed event number of the geo-neutrino signal, the
reactor antineutrinos and other non-antineutrino back-
grounds:

N obs
i = N obs

i,geo +N obs
i,rea +

4
∑

ibg=1

N obs
i,ibg , (8)

where N obs
i,geo, N obs

i,rea and N obs
i,ibg are calculated from the

rates in Table 2, and spectra in Fig. 2 (i.e., Asimov
data sets). The statistical uncertainty in the i-th bin is
defined as σ2

i,stat = N obs
i . The uncorrelated systematic

uncertainty in the i-th bin is calculated as

σ2
i,sys = (N obs

i,rea ·σ
shape
rea )2 +

4
∑

ibg=1

(N obs
i,ibg ·σ

shape
ibg )2 , (9)

where σshape
rea and σshape

ibg are the relative shape uncertain-
ties in Table 2. On the other hand, the rate uncertain-
ties in Table 2 are included in Eq.(7) by using the pull
method, where the prediction in Eq. (7) is defined as

Npred
i = N obs

i,rea(1+εrea)+

4
∑

ibg=1

N obs
i,ibg(1+εibg)+Npred

i,geo , (10)

where Npred
i,geo will be specified in the following for different

fitting scenarios.
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4.1 Scenario with a fixed Th/U ratio

We first start with a fixed Th/U ratio at the chon-
dritic proportion, in which we have

Npred
i,geo = [N obs

i,geo(U)+N obs
i,geo(Th)]×α, (11)

where N obs
i,geo(U) and N obs

i,geo(Th) are the geo-neutrino
events from U and Th respectively. Therefore, we only
have to determine a total geo-neutrino event normaliza-
tion α in the fitting process. Considering the increas-
ing running time, we can determine the errors of geo-
neutrino measurements in α, which is shown in Fig. 4.

Fig. 4. (color online) The 1σ uncertainty of geo-
neutrino measurements as a function of running
time at JUNO with a fixed chondritic Th/U ratio.

With 1, 3, 5, and 10 years of data, the precision of the
geo-neutrino measurement with a fixed chondritic Th/U
ratio is 13%, 8%, 6% and 5%, respectively, which as ex-
pected, decreases with higher statistics.

4.2 Scenario with a free Th/U ratio

The high statistics geo-neutrino events at JUNO also
provide us the potential to measure individually the U
and Th contributions. In this senario, the experimental
assumptions are the same as before. However, two indi-
vidual fitting parameters for the U and Th contributions
of Eq. (10) are assumed as follows:

Npred
i,geo = N obs

i,geo(U)×α+N obs
i,geo(Th)×β . (12)

Using the least-squares method, the two-dimensional χ2

distributions are shown in Fig. 5 for one (upper panel)
and ten (lower panel) years of running, where the blue,
green and red lines correspond to the allowed ranges of
1σ, 2σ and 3σ confidence levels respectively. Within the
first year of running, we derive the precision of Th and U
contributions to be 80% and 40%, respectively. With the
increase of data-taking time, accuracy of 30% and 15%
respectively can be obtained for ten years of running,
which could allow us to get high-significance measure-
ments of the Th and U components in the Earth, and
test the chondritic assumption of geological studies.

Fig. 5. (color online) The χ2 distribution with a
free Th/U ratio for one year (upper panel) and ten
years (lower panel) running, where the blue, green
and red lines correspond to the allowed ranges of
1σ, 2σ and 3σ confidence levels respectively.

4.3 Extracting the mantle component

Geo-neutrinos are generated from the crust and man-
tle regions of the Earth. However, different from the
crust, the mantle is almost unreachable and we have very
limited knowledge of the abundance and distribution of
radioactive elements in the mantle. The amount of ra-
dioactive heat coming from the mantle is unknown and
model-dependent [3, 19–23].

In principle the angular information of geo-neutrinos
can help us to disentangle the mantle and crust contri-
butions, but current (i.e., KamLAND and Borexino) and
next-generation (i.e., SNO+ and JUNO) experiments are
using LS detectors, which are insensitive to the direction
of low energy neutrinos. As a result, we are left with
an indirect substraction method of extracting the man-
tle component of geo-neutrino events. In this respect,
we first have the experimental measurement of the to-
tal geo-neutrino events R(total,exp.). If we can have
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an accurate prediction for the contribution of the crust
R(Crust,theo.), one can estimate the mantle component
R(Mantle) as:

R(Mantle) = R(total,exp.)−R(Crust,pred.) , (13)

which tells us that the mantle measurement precision
depends both on the precision of the total experimen-
tal measurement and on the accuracy of the crust geo-
neutrino prediction.

In the JUNO geo-neutrino prediction of Ref. [10], an
accuracy of 18% is estimated for the crust geo-neutrino
contribution using the global reference Earth model in
Ref. [11]. Using this uncertainty value, we obtain the
blue solid line in Fig. 6, which represents the χ2 distri-
bution of mantle geo-neutrinos with a fixed chondritic
Th/U ratio, and gives 2σ separation of the mantle com-
ponent. If one improves the uncertainty of geo-neutrino
crust prediction to 8%, which is the level of KamLAND
after a detailed local geological survey [24], we can get
the red dashed line in Fig. 6, with a high-significance
measurement at an approximate 3.7σ confidence level.
Comparing these two different assumptions, we can un-
derstand the importance of local geological studies in the
vicinity of the experimental site.

Fig. 6. (color online) The χ2 distribution of geo-
neutrinos from mantle with a fixed chondritic
Th/U ratio in the mantle. The blue solid line and
red dashed line are for the 18% and 8% precision
of the crust geo-neutrino prediction, respectively.

Besides the local geological studies, it is also impor-
tant to combine mantle measurements at different loca-
tions, which can help to distinguish the site-dependent

crust components from the site-independent mantle con-
tributions. Therefore, we anticipate sizable improve-
ment of the mantle geo-neutrino measurement by tak-
ing advantage of the combination of the on-going Kam-
LAND (Japan) and Borexino (Italy) experiments, and
the SNO+ (Canada) and JUNO (China) experiments in
the near future.

5 Summary and future prospects

With important geo-neutrino measurements at Kam-
LAND and Borexino, the era of neutrino geoscience has
arrived. JUNO will join the family of geo-neutrino ex-
periments, with its detector being at least 20 times larger
than the existing detectors. Within the first year of run-
ning, JUNO will record more geo-neutrino events than
all other detectors will have accumulated to that time. In
this paper, we have presented the signal prediction and
backgrounds for geo-neutrinos, and discussed the pre-
cision level of geo-neutrino measurements at JUNO for
the scenarios of the fixed and free chondritic Th/U ra-
tios. The possibility of extracting the mantle component
is also discussed.

For future prospects, it would be important to recon-
struct the angular information of geo-neutrinos, which is
important to separate the crust and mantle geo-neutrino
components. If 6Li or 10B can be doped in the current
LAB recipe, the reconstruction of geo-neutrino direction
will be possible by measuring the displacement between
the positron and neutron event [25, 26]. Therefore, one
can distinguish between the geo-neutrinos from the crust
and mantle, and meanwhile remove the reactor antineu-
trino background significantly.

The importance of collaboration between the parti-
cle physics and geological communities is emphasized.
To carry out a precision geo-neutrino measurement, a
concentrated effort from the geological community, work-
ing in collaboration with particle physicists, is necessary
to acquire basic geological, geochemical and geophysical
data for the regional area surrounding the detector. For
JUNO, we must develop a regional 3-dimensional model,
which in practice is defined as the crust in the closest six
2◦

×2◦ crustal tiles and this critical data will need to be
provided by a dedicated research effort. Experience tells
us that in the continents the closest 500 km to the de-
tector contributes half of the signal and it is this region
that needs to be critically evaluated. This goal demands
that the physical (density and structure) and chemical
(abundance and distribution of Th and U) nature of the
continent must be specified for the region.
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