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Reactor neutrino oscillations: Other physics:
Mass hierarchy determination 
Precise measurement of three 
oscillation parameters

Parameter Current 
precision (1σ)

Improvement 
by JUNO

sin22θ12 5% <0.7%
Δm212 2.3% <0.6%

Δm312 2.5%
sign unknown

<0.5%
sign determination

Supernova (SN) neutrinos
• 104 events from SN @ 10 kpc 
• Testing SN models 
• Possibility of independent 

determination of MH 
Diffuse SN neutrinos
• 1-4 events per year 
• Possible discovery 

Geoneutrinos
• Scope of this talk 

Solar neutrinos
• 7Be, 8B neutrinos detected via 

elastic scattering 

Proton decay
• p->K++ν 

…and more
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Yury Malyshkin Daya Bay and JUNO 12 

JUNO Location  

JUNO 

N 22°07’05”, E 112°31’05” 
Jinji town, Kaiping city,  
Jiangmen city, Guangdong province 

N 22°07’05”, E 112°31’05” 
Jinji town, Kaiping city,  
Jiangmen city, Guangdong province 

Hong Kong 

Guangzhou 

Southern 
China 

 

JUNO=Jiangmen Underground Neutrino Observatory

JUNO Location & Collaboration
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The JUNO collaboration: 
17 states, 77 institutions, 639 members
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are surveyed with a Global Positioning System (GPS) to a precision of 1 meter. All these NPPs
are constructed and operated by the China General Nuclear Power Group (CGNPG).

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline(km) 52.75 52.84 52.42 52.51 52.12 52.21

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline(km) 52.76 52.63 52.32 52.20 215 265

Table 1-2: Summary of the thermal power and baseline to the JUNO detector for the Yangjiang
(YJ) and Taishan (TS) reactor cores, as well as the remote reactors of Daya Bay (DYB) and
Huizhou (HZ).

In absence of high mountains in the allowed area where the sensitivity to the mass hierarchy
is optimized, the detector will be deployed in an underground laboratory under the Dashi hill.
The elevation of the hill above the detector is 268 m, and that of the dome and the floor of the
underground experimental hall is -433 m and -460 m, respectively. The detector is located in a
cylindrical pit. The elevation of the detector center is -481.25 m. Therefore, the vertical overburden
for the detector is more than 700 m. The experimental hall is designed to have two accesses. One
is a 616 m-deep vertical shaft, and the other is a 1340 m long tunnel with a slope of 42.5%. The
rock is granite. The average rock density along a 650 m borehole is measured to be 2.61 g/cm3.
The activities of the 238U, 232Th, and 40K in the rock around the experimental hall are measured
to be 130, 113, and 1062 Bq/kg, respectively. The muon rate and average energy in the JUNO
detector are expected to be 0.0030 Hz/m2 and 215 GeV estimated by simulation with the surveyed
mountain profile taken into account.

1.3.2 JUNO Detector

The JUNO detector consists of a central detector, a water Cherenkov detector and a muon tracker.
The central detector is a liquid scintillator (LS) detector of 20 kton fiducial mass with an designed
energy resolution of 3%/

!
E(MeV). The central detector is submerged in a water pool to be

shielded from natural radioactivity from the surrounding rock and air. The water pool is equipped
with Photomultiplier Tubes (PMTs) to detect the Cherenkov light from cosmic muons, acting as a
veto detector. On top of the water pool, there is another muon detector to accurately measure the
muon tracks. A schematic view of the JUNO detector is shown in Fig. 1-4. The detector design is
still developing in the carrying on of R&D.

To achieve a 3%/
!

E(MeV) energy resolution is very challenging. A Monte Carlo simula-
tion has been developed based on the Monte Carlo of the Daya Bay experiment, as described in
Sec. 13.2.1. The photoelectron yield has been tuned according to the Daya Bay data. To reach the
required energy resolution, the following improvements from Daya Bay have to be accomplished.

• The PMT photocathode covergage ≥ 75%.

• The PMT photocathode quantum efficiency ≥ 35%.

• The attenuation length of the liquid scintillator ≥ 20 m at 430 nm, which corresponds to an
absorption length of 60 m with a Rayleigh scattering length of 30 m 4.

4The Rayleigh scattering length of Linear alkybenzene was measured to be 28.2 ± 1.0 m at 430 nm recently [70]

30

26.6 GWth by 2020: Better for geoneutrinos ✔

Two other  
Taishan cores

 come later

Taishan nuclear power plant

Yangjiang nuclear power plant

Each core emits �𝒪(1020) ν̄e/s
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Experimental Cavern
• Overburden ~700 m 
• Ultra pure water pool: 

h=44 m, ∅=43.5 m
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Top tracker
• Three layers of plastic scintillator 
• Reused from OPERA experiment 
• Covers ~2/3 of the water pool area 
• Provides independent and precise 

cosmic-ray muon tracking
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Water Pool
• 40 kt of ultra pure water 
• Passive shielding 
• Instrumented with 2k 20-inch PMTs 
• Active Cherenkov detector for 

cosmic-ray muon tagging  
(>95% efficiency) 

• System of coils to suppress Earth’s 
magnetic field
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Central Detector
• 20 kt of liquid scintillator 
• Largest of its kind in the world 
• Unique system of  

18k 20-inch LPMTs and  
25k 3-inch SPMTs  
for double calorimetry 

• LPMT ~75% photocoverage ➔ 
superb energy resolution 

• LPMT photon detection efficiency 
~30%

✤The SPMT readout electronics will be located underwater in the UWBs in order to reduce the costs associated with the cabling and to

avoid transmission losses in the long distance to the surface.

✤ Each UWB will serve 128 SPMT channels and withstand pressures up to 50 m depth for more than 20 years

Abstract:
The JUNO experiment will install 25k 3-inch PMTs (SPMTs) in the gaps between 18k closely packed 20-inch PMTs (LPMTs). Both systems will detect the same IBD signals, but the SPMTs will almost always work in single 

photoelectron mode. As a result, they will help constrain some of the systematics in the LPMT energy reconstruction, improving the energy resolution and the sensitivity of neutrino mass hierarchy measurement. They will 

also improve the muon reconstruction resolution, help reduce muon-related isotope backgrounds, provide an independent measurement of the θ12 and 'm2
21 solar parameters with unprecedented precision, and improve the 

measurement of supernova neutrinos. 

SPMT production started in 2018 at a rate of 1000/month by the HZC Company. Performance test data so far indicate that the SPMTs perform as expected. A first version of the electronics has been done and is working well. 

Testing of the integration will be done at the end of this year. Other areas like the high voltage divider, SPMT potting, cabling, connector and underwater box are all making good progress.

The 3-inch PMT system of JUNO Experiment
J. XU1, Y. Han2, M. Grassi2, A. Cabrera2, C. Bordereau3, F. Perrot3, Y. Malyshkin4, B. Hu5

on behalf of JUNO Collaboration
1IHEP, Beijing  2APC, Paris  3CENBG, Bordeaux  4INFN, Roma 5NTU, Taipei

Summary:
¾ SPMTs as an independent PMT system not only can test the same IBD signals, but also, as 

Stereo Calorimetry, can give some correction to LPMTs, aiming to reach 3% energy 

resolution and 1% energy scale. 

¾ SPMT system will have many enhanced physics capabilities, like the testing of solar 

neutrino parameters, muon reconstruction, supernova neutrinos.

Comparison: JUNO vs Vender

Bare PMT Testing Summary

Parameters Sampling data req. Mean

1. Diameter Of Glass Bulb (mm) 78<Dia.<82 ✓

2. QEXCE@420nm (%) >22 (Mean>24) 25

3. HV@3X10
6
gain 900-1300 1097

4. SPE resolution (%) <45 (Mean<35) 33

5. P-V Ratio >2 (Mean>3) 3.2

6. Dark Rate@0.25PE (Hz) <1.8k (Mean<1k) 489

7. Dark Rate@3PE (Hz) <30 7.2

8. SPE TTS（FWHM）(ns) <5 4.9

9. Pre pulse ratio（10-90n𝑠 ) <5 (Mean<4.5) 0.4

10 .After pulse ratio（50n𝑠 -20𝜇𝑠） <15 (Mean<10) 4.8

11. QE non-uniformity (%) <11 5.2

12. Effective Dia. Of cathode (mm) >74 (Mean>76) 77.1

13. Spectral response range (%)
QE320>5 13.4

QE550>5 8.8

The performance of  first 3000 PMTs from HZC

𝐼 𝑎
(𝜇
𝐴)

JUNO: Jiangmen underground neutrino observatory
� JUNO is a neutrino oscillation experiment with

a 53km distance from reactors and a 700m

depth, currently under construction in

southern China. The primary goal is to

measure the neutrino mass hierarchy with >3𝝈
after 6 years. Therefore high transparency LS

is needed, as well as a high (75%) coverage of

PMTs and low backgrounds, to achieve energy

resolution of 3%/ E and calibration error

lower than 1%. This is the most challenging

design in the reactor neutrino

experiments throughout the world.

Why SPMTs? 
� Improve the energy scale precision, in 

particular, the coupling of nonlinearity and 
nonuniformity.

�For JUNO large PMT(20-inch) system it is a
challenge to control systematics because of the
unprecedented PMT dynamical range. A
SPMT system is introduced as a calibration
gauge for the LPMTs.
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� Two independent systems 
make Stereo Calorimetry

� Enhanced Physics Capabilities

�Two independent system for same 

events stereo-calorimetric

�LPMT⊕SPMT correct systematics

Ideal antineutrino spectrum without 
oscillations and with oscillations for JUNO

Enhanced Physics Capabilities
� Semi-independent measurement to solar oscillation parameters: θ12 and 'm2

21

with a precision comparable to LPMT system.

� Reconstruction for muon with better time resolution and avoidance of 

saturation

Sensitivity to θ12 and 'm2
21

Example of double muon hit pattern seen by LPMTs without saturation, LPMTs saturated at 4000 p.e. and SPMTs 

� High rate supernova detection (acceptance ≥90% Galaxy)
The challenge for the SN neutrino detection is the pile-up of events since most of them arrive in a time 

window of less than a second. The lower light level, fast and dead-time-less readout of SPMTs are expected 

to provide additional analysis control for maximal physics extraction during supernova core collapse.

Instrumentation of SPMT system

X 128

LV
CLOCK

DATA

UNDER WATER BOX

HV SPLITTER

X16

X ~200

GLOBAL
CONTROL

UNIT

POWER

SIGNAL + HV
COAX CABLE

ABC 
FRONT-

END

� 3-inch PMTs (XP72B22) are
supplied by Hainan Zhanchuang
company (HZC photonics) after co-
developement with JUNO-SPMT
collaboration.

� Two HV splitter boards in one
underwater box to split HV
and signal, one for spare.

� Each board has 8 HV units,
powering 16 SPMTs/Unit.
Output 800~1600V.

� ABC (ASIC Battery Card): Eight 16-
channels CATIROC (Charge And Time
Integrated Read Out Chip) from
Omega Lab, Kintex-7 Field
Programmable Gate Array (FPGA).

� Low voltage / data / clock via 
connection to surface

� Underwater Box: Will be located 
underwater near PMTs to reduce the 
costs and avoid transmission losses. 

� UWB are designed to withstand 
pressures up to 50 m depth for more than 
20 years. 

¾ PMT electronics 

instrumentation is 

making good progress.

The ABC board v0 is 

ready for PMT final 

acceptance test.

¾ 3-inch PMTs 

production are is in 

progress, 1000 

pcs/month. The 

quality of the 3-inch 

PMTs is under control.

ILLUSTRATION ONLY

Simulated 
60

Co calibration campaign at different radii. The 
reconstructed energy of LPMT with 5% assumed non-linearity is 
biased compared to MC, while the bias can be corrected by the 
SPMT measurement 

¾ SPMTs almost always work 

in single photon electron 

mode ( 1hit = 1PE) for IBD 

events and are expected 

to have almost zero-

dynamic range, hence 

virtually no non-linearity, 

thus providing a linear 

reference to LPMT.

¾ LPMTs will record and reconstruct the 

individual LPMT waveforms. Nonlinearity 

from LS and electronics will be hard to 

clearly decouple.

¾ The SPMT system is expected to 

provide an additional set of 

information with reduced and well 

understood systematics by recording 

the same IBD events as LPMTs.     

Stochastic term ~ 1200 p.e./MeV
(~ Light yield, Transparency
Photo-coverage, QE…) 

Non stochastic terms
(~ control of systematics)

Large 20-inch PMT

Small 3-inch PMT
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Inverse beta decay:

Inverse beta decay candidates selection

IBD selection
• Remove flashing PMT events

• Prompt Energy Cut: 0.7 MeV < Ep < 12 : MeV

• Delayed Energy Cut: 6 MeV < Ep < 12 : MeV

• Coincidence Time Cut: 1 µs < �t < 200 µs

• Multiplicity Cut: prompt and delayed signals
isolated

• Muon Veto:
-Water pool muon (nPmt > 12): 0.6 ms
-AD muon (E > 20 MeV): 1 ms
-AD shower muon (E > 2.5 GeV): 1 s

Detection method
⌫̄e + p ! e+ + n

30 µs n + Gd ! Gd⇤ ! Gd + �s (8 MeV)

200 µs n + H ! D + � (2.22 MeV)

Delayed energy (MeV)
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Accidental 
coincidence

Radioactivity γ 
High-energy β 

decay

9Li/8He
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β decay 
Neutron 

capture on H 

Fast 
neutrons

Recoil on p 
Neutron 

capture on H 

Reactor νe
Positron losses 
and annihilation 

Neutron 
capture on H

Geoneutrino
Positron losses 
and annihilation 

Neutron 
capture on H

p
n

γ
γ e+

νe
_

Uncorrelated:

_

Correlated background:
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2014 
Collaboration 

formed

2016 
PMT production 

and testing started

2018 
Testing PMTs 

Central Detector 
1:12 prototype

2021 
Construction 
completed 

Commissioning

2015 
Civil construction 

started

We are here

2019-2020 
Acrylic production 
Detector assembly 

LS production and filling 
Electronics production 

…

2017 
Testing PMTs
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238
92U ! 206

82Pb + 8↵+ 6e� + 6⌫̄e + 51.698 MeV
235
92U ! 207

82Pb + 7↵+ 4e� + 4⌫̄e + 46.402 MeV
232
90Th ! 208

82Pb + 6↵+ 4e� + 4⌫̄e + 42.652 MeV
40
19K

89.3%����! 40
20Ca + e� + ⌫̄e + 1.311 MeV

40
19K

10.7%����! 40
18Ar + ⌫e + 1.505 MeV

�Jinping = �DM+EM + �upper structure

�upper structure(E) =
X

e=U,Th

XeNA

µe⌧e
dne(E)
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tiles

X
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P (E, rLP )dVLP
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⇠ haThi
haU i
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T i + Si � T i

�2
q

�2
m,i + �2
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1

Mostly electron antineutrinos 

Detection method: Inverse β decay (IBD)

estimates the energy escaping the Earth on average each time
a parent nuclide decays. The average energy of 40K requires a
small correction, accounting for the emission of the neutrino
from electron capture. Subtracting the average escape energy
from the decay energy computes the radiogenic heat absor-
bed by the Earth on average per decay (Qh= Q ! Qn). The
calculated rate of heating per unit mass of the parent nuclide,
or the isotopic heat generation, is

h ¼ NAl
m

Qh ð6Þ

with NA Avogadro’s number, l the decay constant, and m the
molar mass. Table 1 presents the quantities used to calculate
the radiogenic power of 238U, 235U, 232Th, and 40K. These
quantities also allow calculation of the isotopic antineutrino
luminosity

l ¼ NAl
m

nne : ð7Þ

Element specific heat generation and antineutrino luminosity
follow from summing the isotopic values weighted by natural
abundance. Table 2 presents values for uranium, thorium and

potassium. These concur with values from similar recent
calculations [Enomoto et al., 2007; Fiorentini et al., 2007].
Previous calculations of heat production tend to underesti-
mate the contributions from uranium and thorium and over-
estimate the contribution from potassium at about the 4%
level or less [Hamza and Beck, 1972; Rybach, 1988].

3. GEONEUTRINO DETECTION

[13] Geoneutrino detection presently exploits a coinci-
dence of signals from quasi-elastic scattering on a free pro-
ton (hydrogen nucleus) in organic scintillating liquid. This
follows the traditional method for real-time measurement of
reactor antineutrinos, which was developed decades ago
[Reines and Cowan, 1953]. In this neutron inverse beta
decay reaction, an electron antineutrino becomes a positron
by collecting the electric charge from a proton, which
becomes a neutron [Vogel and Beacom, 1999].

ne þ p→eþ þ n ð8Þ

Both reaction products produce signals, correlated in posi-
tion and time. The positron retains most of the available
energy, which is approximately the electron antineutrino
energy (Ene ) minus the difference between the rest mass
energy of the neutron and proton (D = Mn ! Mp). It rapidly
(<1 ns) loses kinetic energy through ionization, producing a
prompt signal proportional to the energy of the electron
antineutrino.

Te ¼ Ene !D! me ð9Þ

The positron soon annihilates with an electron, releasing
gamma rays with total energy equal to twice the electron
mass. If the gamma rays interact within the detector, typically
by Compton scattering, this increases the energy and spatial
spread of the prompt signal. Prior to annihilation, the positron
has a significant probability (& 50% in scintillating liquid) of
briefly forming a bound state with an electron (positronium),
delaying the annihilation signal by several nanoseconds
[Franco et al., 2011]. Although this delay degrades the
positron position resolution, it provides a method for reject-
ing background.
[14] The momentum of the electron antineutrino transfers

principally to the neutron, initially moving forward and losing
energy through collisions with hydrogen nuclei. Some of the
recoiling protons contribute relatively small amounts of ioni-
zation energy to the prompt signal. After coming to thermal
equilibrium, the neutron diffuses through the medium, typi-
cally for many microseconds before getting absorbed by an

Figure 1. These curves show the antineutrino intensity
energy spectra per decay of 238U, 232Th, 235U, and 40K,
which are the main nuclides contributing to terrestrial radio-
genic heating and the surface geoneutrino flux.

TABLE 1. Parent Nuclide Quantities for Radiogenic Heating and Geoneutrino Flux

Nuclide Percent n.a. m (g/mol) l (10!18 s!1) nne Q (pJ) Qn (pJ) Qh (pJ) h(mW/kg) l (kg!1ms!1)

238U 99.2796 238 4.916 6 8.282 0.634 7.648 95.13 74.6
235U 0.7204 235 31.210 4 7.434 0.325 7.108 568.47 319.9
232Th 100.0000 232 1.563 4 6.833 0.358 6.475 26.28 16.2
40K 0.0117 40 17.200 0.893 0.213 0.103 0.110 28.47 231.2
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Spectra per decay

[19] A less developed method of detecting electron anti-
neutrinos involves elastic scattering on atomic electrons
[Reines et al., 1976].

ne þ e"→ne þ e" ð13Þ

There is no energy threshold for this process, giving sensitivity
to geoneutrinos with energy below the neutron inverse beta
decay threshold. The signal, however, is simply the recoiling
electron. The lack of a coincidence tag and an intense flux of
solar neutrinos make exploiting this reaction challenging.
However, the electrons scatter in the forward direction, sug-
gesting signal sensitivity through resolution of the electron
direction. The maximum kinetic energy of the electrons is

Tmax ¼ Ene = 1þ me=2Ene

! "
: ð14Þ

[20 ] With the dependence on the weak mixing angle QW

given by x = 2sin2QW, the cross section is

s e E
n e

! "
¼ 0 :43

h
x2Tmax þ xþ 1ð Þ2Ene =3 1" 1" Tmax=Ene

! "3
# $

" x xþ 1ð ÞmeTmax
2=2Ene

2 & 10 "44cm2: ð15Þ

[21] Figure 2 displays the electron antineutrino cross sec-
tions over the range of energy relevant for geoneutrino

studies, showing both quasi-elastic scattering on protons and
elastic scattering on electrons. For comparison, this figure
includes the cross section of electron neutrino elastic scat-
tering on electrons, which lacking interference between
neutral and charged weak currents is larger by a factor of
' 2.4 at these energies. This larger cross section exacerbates
background from solar electron neutrinos.
[22] The product of the antineutrino intensity energy

spectra per decay of 238U, 235U, 232Th, and 40K (Figure 1)
and the scattering cross sections gives the geoneutrino
interaction energy spectra. Figure 3 displays the interaction
energy spectra per decay of 238U, 235U, 232Th, and 40K for
proton and electron scattering targets. Although electron
scattering provides sensitivity to 40K and 235U and has an
advantage of four electrons for each proton in organic scin-
tillating liquid, finding the geoneutrino signal in the intense
background of solar neutrinos requires further development.
Moreover, many of the scattered electrons have energy
below the threshold for detection. Therefore, geoneutrino
detection by electron scattering is not considered further
herein. This restricts sensitivity of geoneutrino observations
to the parent nuclides 238U and 232Th.
[23] The number of antineutrinos per decay of the parent

nuclide divided by the area under the interaction energy
spectra calculates the flux of geoneutrinos required to pro-
duce one interaction. The magnitude of this flux commands
the exposure of geoneutrino observations. It is convenient to
scale this flux to one interaction during a fully efficient 1

Figure 2. These curves show the total cross sections for the
scattering of electron antineutrinos on protons and electrons
over the range of energy relevant to geoneutrinos. For refer-
ence the cross section for electron neutrino scattering on
electrons is also shown, being about a factor of ' 2.4 larger
than that for electron antineutrinos.

Figure 3. These curves show the antineutrino interaction
energy spectra per decay of 238U, 232Th, 235U, and 40K for
both proton and electron scattering targets. Note that the
electron scattering spectra include all electron recoils, even
those down to zero energy.
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Cross-section[19] A less developed method of detecting electron anti-
neutrinos involves elastic scattering on atomic electrons
[Reines et al., 1976].

ne þ e"→ne þ e" ð13Þ

There is no energy threshold for this process, giving sensitivity
to geoneutrinos with energy below the neutron inverse beta
decay threshold. The signal, however, is simply the recoiling
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! "
: ð14Þ
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s e E
n e

! "
¼ 0 :43

h
x2Tmax þ xþ 1ð Þ2Ene =3 1" 1" Tmax=Ene

! "3
# $

" x xþ 1ð ÞmeTmax
2=2Ene

2 & 10 "44cm2: ð15Þ
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to the parent nuclides 238U and 232Th.
[23] The number of antineutrinos per decay of the parent

nuclide divided by the area under the interaction energy
spectra calculates the flux of geoneutrinos required to pro-
duce one interaction. The magnitude of this flux commands
the exposure of geoneutrino observations. It is convenient to
scale this flux to one interaction during a fully efficient 1

Figure 2. These curves show the total cross sections for the
scattering of electron antineutrinos on protons and electrons
over the range of energy relevant to geoneutrinos. For refer-
ence the cross section for electron neutrino scattering on
electrons is also shown, being about a factor of ' 2.4 larger
than that for electron antineutrinos.

Figure 3. These curves show the antineutrino interaction
energy spectra per decay of 238U, 232Th, 235U, and 40K for
both proton and electron scattering targets. Note that the
electron scattering spectra include all electron recoils, even
those down to zero energy.
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Geoneutrinos in a Nutshell
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What is needed to perform a good geoneutrino measurement? 
• Low cosmic ray muon flux ➔ Be underground  
• Low reactor neutrino background ➔ Be far from reactors 
• Or know your reactor background well ➔ Measure it 
• Low radioactivity ➔ Purification of the scintillator  
• High statistics ➔ Large detector 
• Sufficient energy resolution for Th/U ratio (for fixed Th/U ratio 

not needed) ➔ Design your detector accordingly

Key Aspects of Geoneutrino Measurement 
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• Reactor neutrino background rate can be extracted 
from the measurement at higher energies  

• The spectrum shape cannot and its prior 
knowledge is crucial for JUNO
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Figure 8-8: Result of a single toy Monte Carlo for 10-year measurement with Th and U components
left free and independent. The data points show the energy spectrum of prompt candidates of events
passing IBD selection cuts. The different spectral components are shown as they result from the
fit; black line shows the total sum for the best fit. The U and Th signal are shown in red and
black areas, respectively. The following colour code applies to the backgrounds: orange (reactor
antineutrinos), green (9Li - 8He), blue (accidental), small magenta (α, n).

145

JUNO will get the largest geoneutrino sample in <1 year
• We have so far ~164 events from KamLAND and ~53 events 

from BOREXINO 
Challenge for JUNO is however huge reactor neutrino background 
•  At what precision can JUNO extract the geoneutrino signal?

Geoneutrinos at JUNO
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Ref. [13], and the energy released per fission of the i-th
component 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:

Nν̄e = ϵ×Np×τ×
Nrea
!

r=1

1

4πLr
2

"

dEν̄eσ(Eν̄e )Pee(Eν̄e ,Lr)Φ(Eν̄e), (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(Eν̄e) is the cross section of the
IBD reaction, Pee(Eν̄e ,Lr) is the electron antineutrino
survival probability and Φ(Eν̄e) is the expected reactor
antineutrino spectrum from Eq. (5).

To estimate the event number of reactor antineutri-
nos 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(Eν̄e) 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 reactor antineutrino events
from all nuclear cores in the world operating in 2013 is
980+27

−25 events per year and the contribution from Tais-
han 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 Tab. 2. In addition, we show in Fig. 2 the spec-
tra of reactor antineutrinos, other non-antineutrino back-
grounds, and geo-neutrinos with the Th/U ratio fixed at
the chondritic value.

backgrounds event rate/day
9Li−8He 1.8

Fast neutrons 0.01
13C(α,n)16O 0.05

Accidental events 1.1

Table 1. The non-antineutrino background event
rate per day.
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Fig. 2. The energy spectra of geo-neutrinos, re-
actor 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 antineutrinos. The red
solid area and pink area with parallel lines are
antineutrinos from Th and U in the Earth, re-
spectively. All the non-antineutrino backgrounds
are also shown, which can be directly read from
the legend.

3.3 The 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 signal to
background ratio is 46% when the Yangjiang and Tais-
han 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.
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Fig. 3. Signal to background ratio (S/B) at dif-
ferent 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 Ta-
ble 2.

source events/year rate uncer-
tainty (%)

shape uncer-
tainty (%)

Geo-νs 408 (406) NA NA

Reactor 16100 (3653) 2.8 1
9Li−8He 657 (105) 20 10

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

Accidental 401 (348) 1 negl.

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.

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

χ2 =min

!

100
"

i=1

(N obs
i −Npred

i )2

σ2
i,stat+σ2

i,sys

+
ε2rea
σ2
rea

+
4
"

ibg=1

ε2ibg
σ2
ibg

#

, (7)

where the index i (1 ≤ i ≤ 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 de-
fined as σ2

i,stat =N obs
i . The uncorrelated systematic un-

certainty 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.

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)
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Fig. 2. The energy spectra of geo-neutrinos, re-
actor 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 antineutrinos. The red
solid area and pink area with parallel lines are
antineutrinos from Th and U in the Earth, re-
spectively. All the non-antineutrino backgrounds
are also shown, which can be directly read from
the legend.

3.3 The 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 signal to
background ratio is 46% when the Yangjiang and Tais-
han 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.
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Fig. 3. Signal to background ratio (S/B) at dif-
ferent 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 Ta-
ble 2.

source events/year rate uncer-
tainty (%)

shape uncer-
tainty (%)

Geo-νs 408 (406) NA NA

Reactor 16100 (3653) 2.8 1
9Li−8He 657 (105) 20 10

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

Accidental 401 (348) 1 negl.

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.

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

χ2 =min

!
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i −Npred
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where the index i (1 ≤ i ≤ 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 de-
fined as σ2

i,stat =N obs
i . The uncorrelated systematic un-

certainty 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.

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)
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Fig. 2. The energy spectra of geo-neutrinos, re-
actor 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 antineutrinos. The red
solid area and pink area with parallel lines are
antineutrinos from Th and U in the Earth, re-
spectively. All the non-antineutrino backgrounds
are also shown, which can be directly read from
the legend.

3.3 The 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 signal to
background ratio is 46% when the Yangjiang and Tais-
han 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.
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Fig. 3. Signal to background ratio (S/B) at dif-
ferent 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 Ta-
ble 2.

source events/year rate uncer-
tainty (%)

shape uncer-
tainty (%)

Geo-νs 408 (406) NA NA

Reactor 16100 (3653) 2.8 1
9Li−8He 657 (105) 20 10

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

Accidental 401 (348) 1 negl.

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.
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where the index i (1 ≤ i ≤ 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
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i,geo+N obs
i,rea+
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where N obs
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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 de-
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i . The uncorrelated systematic un-
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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
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N obs
i,ibg(1+εibg)+Npred

i,geo , (10)

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

fitting scenarios.

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)
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Fig. 2. The energy spectra of geo-neutrinos, re-
actor 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 antineutrinos. The red
solid area and pink area with parallel lines are
antineutrinos from Th and U in the Earth, re-
spectively. All the non-antineutrino backgrounds
are also shown, which can be directly read from
the legend.

3.3 The 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 signal to
background ratio is 46% when the Yangjiang and Tais-
han 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.
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Fig. 3. Signal to background ratio (S/B) at dif-
ferent 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 Ta-
ble 2.

source events/year rate uncer-
tainty (%)

shape uncer-
tainty (%)

Geo-νs 408 (406) NA NA

Reactor 16100 (3653) 2.8 1
9Li−8He 657 (105) 20 10

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

Accidental 401 (348) 1 negl.

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.

The χ2 function in the least-squares method is de-
fined as follow:
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"
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#

, (7)

where the index i (1 ≤ i ≤ 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-
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4
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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 de-
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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.

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)
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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.
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Fig. 4. The 1σ uncertainty of geo-neutrino mea-
surements 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. Therefore, in this senario, the
experimental assumptions are the same as before. How-
ever, two individual 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.
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Fig. 5. 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,
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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.
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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. Therefore, in this senario, the
experimental assumptions are the same as before. How-
ever, two individual 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.
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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,
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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.
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surements 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. Therefore, in this senario, the
experimental assumptions are the same as before. How-
ever, two individual 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.
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Fig. 5. 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,
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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.
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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. Therefore, in this senario, the
experimental assumptions are the same as before. How-
ever, two individual 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.
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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,
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Fig. 2. The energy spectra of geo-neutrinos, re-
actor 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 antineutrinos. The red
solid area and pink area with parallel lines are
antineutrinos from Th and U in the Earth, re-
spectively. All the non-antineutrino backgrounds
are also shown, which can be directly read from
the legend.

3.3 The 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 signal to
background ratio is 46% when the Yangjiang and Tais-
han 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.

YJTS Reactor Power[GW]
0 5 10 15 20 25 30 35

S/
B

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Fig. 3. Signal to background ratio (S/B) at dif-
ferent 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 Ta-
ble 2.

source events/year rate uncer-
tainty (%)

shape uncer-
tainty (%)

Geo-νs 408 (406) NA NA

Reactor 16100 (3653) 2.8 1
9Li−8He 657 (105) 20 10

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

Accidental 401 (348) 1 negl.

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.

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

χ2 =min

!

100
"
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i −Npred

i )2

σ2
i,stat+σ2

i,sys

+
ε2rea
σ2
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+
4
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#

, (7)

where the index i (1 ≤ i ≤ 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 de-
fined as σ2

i,stat =N obs
i . The uncorrelated systematic un-

certainty in the i-th bin is calculated as

σ2
i,sys =(N obs

i,rea ·σ
shape
rea )2+

4
"
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(N obs
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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
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where Npred
i,geo will be specified in the following for different

fitting scenarios.

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)
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Fig. 2. The energy spectra of geo-neutrinos, re-
actor 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 antineutrinos. The red
solid area and pink area with parallel lines are
antineutrinos from Th and U in the Earth, re-
spectively. All the non-antineutrino backgrounds
are also shown, which can be directly read from
the legend.

3.3 The 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 signal to
background ratio is 46% when the Yangjiang and Tais-
han 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.
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Fig. 3. Signal to background ratio (S/B) at dif-
ferent 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 Ta-
ble 2.

source events/year rate uncer-
tainty (%)

shape uncer-
tainty (%)

Geo-νs 408 (406) NA NA

Reactor 16100 (3653) 2.8 1
9Li−8He 657 (105) 20 10

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

Accidental 401 (348) 1 negl.

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.
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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 Ta-
ble 2.

source events/year rate uncer-
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shape uncer-
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Geo-νs 408 (406) NA NA

Reactor 16100 (3653) 2.8 1
9Li−8He 657 (105) 20 10

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

Accidental 401 (348) 1 negl.

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.
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where the index i (1 ≤ i ≤ 100) stands for the energy
bin ranging from 1.8 MeV to 10 MeV. N obs
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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
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We first start with a fixed Th/U ratio at the chon-
dritic proportion, in which we have

Npred
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1% for ~80 keV bin width

*

In total (geoν region) 
1.8-9.0 (1.8-3.3) MeV

*assuming full 35.8 GWth

νs
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Current Reactor Neutrino Spectrum Precision 
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Daya Bay Reactor Neutrino 
Spectrum Ratio Data/Prediction

CPC, 2017, 41(1)
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to the overall flux deficit reported in Sec. 5. The bump
in the 5-7 MeV antineutrino energy corresponds to that
in the 4-6 MeV prompt energy in Fig. 23. The corre-
lation matrix of the generic spectrum is obtained from
its covariance matrix, which is calculated by both toy
MC sampling method, and standard error propagation
with matrices. Figure 29 shows the correlation matrix of
the generic spectrum and its components for the energy-
dependent uncertainties.
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Fig. 28. (A) The antineutrino spectrum weighted
by the IBD cross section. The last bin is in-
tegrated up to 12MeV. (B) Ratio of the ex-
tracted reactor antineutrino spectrum to the Hu-
ber+Mueller prediction. The error bars of the
data points are the square-roots of the diagonal
elements of the antineutrino spectrum covariance
matrix. The solid red band represents the square-
roots of the diagonal elements of the prediction
covariance matrix, including both reactor and Hu-
ber+Mueller model uncertainties. (C) the ratio of
the spectra from the 6+8 AD periods used in this
analysis and the 6 AD period used in the previous
analysis [29].

7.3.2 Possible Application of Generic Antineutrino
Spectrum

The generic antineutrino spectrum has been weighted
by the IBD cross sections. Other reactor neutrino exper-
iments not utilizing the IBD reaction can remove the
IBD weighting factor to obtain the antineutrino spec-
trum from the reactor. IBD reaction experiments could
directly use the generic spectrum to predict the antineu-
trino spectrum with IBD cross section SA in their exper-
iment. A simplified example is:

SA =Sdyb+
X

i

(fAi
�fdybi)Smodi

, (48)

where Sdyb is the generic spectrum from the Daya Bay,
i.e. Sgeneric(E), fdyb and fA are the e↵ective fission
fractions of the Daya Bay experiment and the reactor
antineutrino experiment A; and Smod are the isotope
antineutrino spectra from models, such as ILL+Vogel,
Huber+Mueller, etc. SA could then replace the isotope
spectra related part

P
i
Smodi

ei in the calculation of the
spectrum prediction presented in Sec. 2. The idea of this
application depends on the condition that the e↵ective
fission fractions of di↵erent reactor antineutrino experi-
ments, i.e. fdyb and fA are small; therefore, corrections
from

P
i
(fAi

�fdybi)Smodi
would be relatively small, and

SA will be dominated by the measurement result Sdyb

rather than reactor models.
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Fig. 29. Each component of the energy-dependent
uncertainties for the generic spectrum. The inner
plot shows the correlation matrix of the generic
spectrum.

8 Summary

After the final two detectors were installed in the
Daya Bay experiment, an additional 404 days of data
had been taken. Including the previous 217 days of
data taken by six ADs, more than 1.2 million IBDs
were detected by the Daya Bay experiment. The in-
verse beta decay (IBD) selection e�ciency was found to
be 80.6% with a relative uncertainty of 1.93% based on
a detailed study of the detector performance. The mea-
sured IBD yield is (1.53±0.03)⇥10�18 cm2/GW/day or
(5.91±0.12)⇥10�43 cm2/fission. The ratio of measured
flux to the predictions is 0.946±0.020 (0.992±0.021) for
the Huber+Mueller (ILL+Vogel) model, which is consis-
tent with the global average of previous short baseline
experiments. In addition, the predicted and measured
spectra were compared, and a deviation of 2.9 � was
found. Particularly, an excess of events was found in
the region of 4-6 MeV with a local significance of 4.4 �.
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Prediction
Experiments observe discrepancy in shape 
from state of the art prediction, 
e.g. as so-called Huber+Mueller model 
Using theoretical predictions for a 
reactor neutrino spectrum shape can 
bias the geoneutrino measurement!

Measurement
Current best knowledge from Daya Bay  
(as nicely explained by Dr. Zhang) 
Precision not at 1% (80 keV bin width) 
and Daya Bay measurement with lower 
energy resolution: 
• Daya Bay σE≃8.5%√E(MeV)  
• JUNO σE≲3%√E(MeV)
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The precise knowledge of the reactor neutrino spectrum is crucial for 
JUNO: matters in neutrino mass hierarchy determination, measurement 
of the oscillation parameters, geoneutrino signal measurement, … 
Solution: JUNO-TAO: a reference detector 
• 30-35 m from one of the Taishan reactor cores (4.6 GWth) 
• About 10 m underground but cosmic-ray muon induced  

background is under control 
• Full coverage SiPM readout  

(>50% photon detection efficiency) 
• Operating at -50˚C to suppress  

SiPM dark rate 
• New detector concept ➔  

challenging but feasible 
• R&D and prototyping ongoing 
• Start data taking 2021 (like JUNO)

Introducing JUNO-TAO
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~95% coverage
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Superb energy resolution:
Energy resolution σE<2%√E(MeV) 
(must and is better than JUNO) 
Provide reactor neutrino spectrum with  
unprecedented precision 
Expecting fine resolution spectrum structures  
never observed before

Key JUNO-TAO Features
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Statistics:
2.6 t Gd-doped liquid scintillator 
1 t fiducial volume 
2000   
Huge statistics (30×JUNO)

ν̄′�s/day

D. Dwyer et al. PRL114, 012502 (2015) 
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Spent Nuclear Fuel Uncertainty
Even with JUNO-TAO measurement, we have to face the spent nuclear 
fuel (SNF) contribution uncertainty (not specially included in the initial JUNO sensitivity study) 

SNF: just used reactor fuel removed and stored in adjacent pools 
SNF still produces electron antineutrinos for some time - Rate and 
energy spectrum shape of SNF comes with uncertainty 
The Daya Bay Experiment example: ~1% contribution in geoν region, in 
DYB treated with 30% uncertainty (PRL 121, 241805 (2018))
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Nucl. Phys. A 966, 294 (2017) 
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Fig. 3: ⇢SNF /⇢R as a function of antineutrino energy

3. SNF batch ratio

The discharged burnup values for all assemblies are usually di↵erent be-
cause the burnup histories di↵er. In general, the larger the burnup is for
an assembly, the more antineutrinos are emitted over the same time period
because of more fission products. Therefore, the number of antineutrinos
emitted from the SNF is assumed to be proportional to the burnup value
and the SNF amount. To evaluate the antineutrino flux of the spent fuel,
the SNF batch ratio ↵(m) is defined as

↵(m) =
X

i

Burnup(m, i)/(Burnupaverage ⇥N/3), (4)

where Burnup(m,i) is the value of the burnup of assembly i for batch m,
Burnupaverage the average burnup of batch m, and N the total number
of assemblies in the core. The Burnupaverage is assumed to be equal to
45 GW.d/tU and N is equal to 157. For the LingAo 3 and 4 reactors, the
SNF batch ratio is assumed to be 1.0 because detailed burnup data are not
known.
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Fig. 5: SNF spectrum ratio obtained using the line estimate method for AD1–AD6 over
the P12E period (AD is antineutrino detector and the number from 1 to 6 is the detector
index)

The total contribution of the SNF is quantified by defining the flux ratio

F =

R
RSNF

r (E⌫)dE⌫R
(RSNF

r (E⌫) +Rr(E⌫))dE⌫
=

RSNF

RSNF +Rreactor
, (10)

where r is the reactor index. From a plot of the flux ratio (Fig. 8). The contri-
bution of the flux from the SNF varies between 0.26% and 0.34% depending
on whether or not shutdown has been taken into account.

From Eq. (2), the uncertainty associated with the SNF spectrum depends
on the uncertainties associated with the isotope activities and the normal-
ized antineutrino spectrum. The uncertainty for each isotope activity arises
mainly from the concentration density calculated by the code. The activity
uncertainties for the isotopes are 5% according to the Takahama-3 benchmark
calculations[12]. The normalized antineutrino spectrum can be evaluated to
within about 3% with slight changes at di↵erent energies[16].

5. Non-equilibrium corrections

Spectra from the Institute Laue–Langevin (ILL) reactor were acquired.
They were taken after a short irradiation time in conditions when the reactor

9

Somewhat similar contribution and uncertainty expected also for JUNO!
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Conclusions
JUNO is a multipurpose experiment aiming to determine neutrino mass 
hierarchy and much more… 

JUNO will collect world leading geoneutrino statistics in ~1/2 year

JUNO will be the most precise geoneutrino experiment in near future

Main limitation is a large reactor neutrino flux (7-9 to 1 ratio in region  
of interest) ➔ irreducible 

Combined with reactor neutrino energy spectrum shape uncertainty  
(directly from reactor as well as spent nuclear fuel) ➔ hopefully reducible 

JUNO-TAO will play a leading role in the spectrum shape measurement 
and significantly improve its knowledge 

With a very good precision of the reactor neutrino energy spectrum shape: 

• Measurement of geoneutrinos flux with 5% precision in 10 years 
• Th/U ratio with ~30% precision
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Use of Precise Geoneutrino Measurement
Testing local geoneutrino emission models:

~50% of the geoneutrino signal comes from nearest   
Local geological and geochemical models of the crust developed  
for precise geoneutrino signal prediction 
Tension between global prediction and use of local model prediction: 
• Global model prediction for JUNO:   TNU 

(V. Strati et al., PEPS 2:5, 2015 ) 
• Using local model for JUNO:  TNU (arXiv:1903.11871) 
Precise JUNO measurement will hopefully resolve this

𝒪(100 km)

39.7+6.5
−5.2

49.1+5.6
−5.0
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Use of Precise Geoneutrino Measurement

 25

Getting the Earth (mantle) composition ⟺ Earth radiogenic power:
Interpretation of geoneutrino signal can tell, how many U and Th is  
in the mantle. How to get it? 
• Subtract crustal contribution from total signal (land-based experiments) 
• Go to the ocean where your signal is up to 80% from the mantle  

- see a poster from Dr. Watanabe 
For the former, local model matters - see a poster from Prof. Mantovani 
Currently, tension in the measurement interpretations using local models: 
• BOREXINO:  TW (arXiv:1909.02257) 
• KamLAND: ~  TW (calculated based on PRD 88(3), 033001, 2013) 
Soon new kid on the block: JUNO 

Search for hidden reservoirs using comparison with other experiments 
(assuming “we know the crust”) (see a talk on Wednesday) 

…

38.2+13.6
−12.7

14
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Geoneutrino Measurement at JUNO
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Stay tuned! 
JUNO will get back to 

you in  a few years


