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Outline
Geoneutrinos – what are they?
Why are they interesting?
How to detect geoneutrinos?
R&D ideas: K-40 geoneutrinos, directionality
Featuring @ Neutrino Geoscience 2019
KamLAND and Borexino new results
Future experiments: SNO+, JUNO, Jinping, Baksan
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What are Geoneutrinos?
the antineutrinos produced by natural radioactivity in the Earth
Radioactive decay of
U, Th, 40K
accounts for >99% of Earth’s
radiogenic heat (and a large fraction
of the total heat flow)

heat producing elements (HPEs)
Decaying HPEs emit
antineutrinos in direct proportion
to their heating power

Nν̄e → TW

goal: assay the entire Earth by
looking at its “neutrino glow” 3

Uranium, Thorium and Potassium Decay

table from G. Fiorentini

when neutron-rich
heavy elements
undergo beta decay

n → p + e − + ν̄e
antineutrinos
(electron-flavour)
are emitted
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Uranium, Thorium and Potassium Decay

table from G. Fiorentini

! note:

40K

also has 10.72% EC branch

thus also emits neutrinos as well as
antineutrinos; but the νe are mostly
inconsequential because they have
much lower energy, 44 keV (EC to
an excited state of 40Ar, 10.67%) or
very small branching ratio, 0.05% to
the ground state

0.0117% isotopic abundance

5

Important Questions in Geosciences

related to geoneutrinos

! what is the radiogenic contribution (U, Th,

40K)

to heat flow and energetics in the

deep Earth? – otherwise inaccessible
" mantle: convective Urey ratio?
" geoneutrinos can measure (U and Th for now)
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47 ± 3 TW

breakdown of what we think gives rise to
the measured heat flow

figure from Bill McDonough
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Important Questions in Geosciences

related to geoneutrinos

! what is the radiogenic contribution (U, Th,

40K)

to heat flow and energetics in the

deep Earth? – otherwise inaccessible
" mantle: convective Urey ratio?
" geoneutrinos can measure (U and Th for now)
! are the fundamental ideas about Earth’s chemical composition and origin
correct?
! are the basic models of the composition of the crust correct?
"

geoneutrinos can test which ones are
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Th & U

Volatility trend
@ 1AU from Sun

slide from Bill McDonough
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Silicate Earth Models and Distribution of
HPEs
TABLE VII. Ranges of HPEs’ masses and of the radiogenic heat in the mantle derived from di↵erent BSE models (Table II): the
low and high mantle values are obtained by subtracting the 1 high and low values of the lithosphere (Table V), respectively. The
range of the expected geoneutrino signal is obtained according to the low scenario (minimal value) and the high scenario (maximal
value). The convective Urey ratio URCV values are obtained assuming a total heat flux Htot (U+Th+K) = 47 TW and taking into
EH
enstatite
chondrite
(Javoy
et al.,
CC
account
the radiogenic
heat produced by
the continental
crust,2010)
Hrad
= 6.8+1.4
1.1 TW (Table V).

• “Cosmochemical” models
–

•Model
11-14 MTW
radiogenic
Mmantle (Th) heat
Mmantle (K)
mantle (U)
[1016

kg]

[1016

kg]

• “Geochemical”
J
0.8 - 2.2 models
0.0 - 5.9
L&K

2.8 - 4.3

6.5 - 14.0

– CI chondrite
&
T
3.2 - 4.7(Rocholl
9.3 - 16.8
&S
4.0 - 5.5
13.3 - 20.9
•M A17-19
TW
radiogenic
4.0 - 5.5
12.1 - 19.7
W
P&O
T&S

4.0 - 5.5
4.8 - 6.3
10.1 - 11.5

11.3 - 18.9
14.6 - 22.1
37.6 - 45.2

mantle (U+Th)
Hrad
[TW]

mantle (U+Th+K)
Hrad
[TW]

S mantle (U+Th)
[TNU]

URCV

13.8 - 28.1
0.7 - 3.8
1.2 - 4.7
31.6 - 45.9
4.5 - 7.9
5.5 - 9.4
Jochum,
1993;
McDonough
& Sun
27.5 - 41.9
5.6 - 9.0
6.5 - 10.4
51.8 - 66.2
7.5 - 10.9
9.2 - 13.1
heat
15.8 - 30.2
7.1 - 10.6
7.7 - 11.6
50.6 - 64.9
6.9 - 10.4
8.6 - 12.5
59.9 - 74.2
8.6 - 12.0
10.6 - 14.5
96.3 - 110.6
19.8 - 23.3
23.5 - 26.9

0.9 - 4.1
3.9 - 8.0
1995)
4.7 - 8.9
6.0 - 10.6
5.9 - 10.5
5.8 - 10.4
7.1 - 12.0
15.7 - 22.4

0.02 - 0.20
0.14 - 0.32
0.16 - 0.34
0.23 - 0.41
0.19 - 0.37
0.21 - 0.39
0.26 - 0.44
0.57 - 0.75

13.8 - 28.1
68.0 - 82.3
heat
96.3 - 110.6
178.7 - 193.1

0.9 - 4.1
6.0 - 10.6
15.7 - 22.4
24.2 - 33.0

0.02 - 0.20
0.24 - 0.42
0.57 - 0.75
0.85 - 1.15
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• “Physical” or “Geodynamical” models

– energetics of mantle convection (Turcotte & Schubert, 2002)
CC
0.8 - 2.2
0.0 - 5.9
- 5.5radiogenic
13.3 - 20.9
• GC
27-35 4.0
TW
GD
10.1 - 11.5
37.6 - 45.2
FR
15.6 - 17.1
57.6 - 65.2

Core

(a)

0.7 - 3.8
7.5 - 10.9
19.8 - 23.3
30.5 - 34.0

1.2 - 4.7
9.7 - 13.6
23.0 - 26.9
36.5 - 39.8

Core

(b)

Core

(c)

Cartoons ofmantle
the distributions
of HPEs’
masses in the mantle
according
to three di↵erent scenarios.
illustrationsFIG.
of16.
layered
HPE
distributions
frompredicted
“Ferrara
group”

(a) Low
scenario: the HPEs are placed in a thin layer above the core-mantle boundary. (b) Intermediate scenario: the HPEs are distributed
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Important Questions in Geosciences

related to geoneutrinos

! what is the radiogenic contribution (U, Th,

40K)

to heat flow and energetics in the

deep Earth? – otherwise inaccessible
" mantle: convective Urey ratio?
" geoneutrinos can measure (U and Th for now)
! are the fundamental ideas about Earth’s chemical composition and origin
correct?
! are the basic models of the composition of the crust correct?
"

geoneutrinos can test which ones are
! distribution of reservoirs in the mantle?
" homogeneous or layered?
" lateral variability
! nature of the core-mantle boundary?

}

neutrinos might probe
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example of a model
calculation

Expected Rates of Geoneutrinos

Šrámek, McDonough, Learned (2012)

1 Terrestrial Neutrino Unit (TNU) = 1 event per 1032 proton targets per year
(assuming 100% efficient detection)
roughly 1 per kilotonne CH2 per year
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Mantle Composition
Heterogeneity

Šrámek, McDonough, Learned (2012)

example of a model
calculation

“thermochemical piles” model responsible
for lateral variation in the flux (motivated by
Large Low Shear Velocity Provinces at the
base of the mantle)
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Important Questions in Geosciences

related to geoneutrinos

! what is the radiogenic contribution (U, Th,

40K)

to heat flow and energetics in the

deep Earth? – otherwise inaccessible
" mantle: convective Urey ratio?
" geoneutrinos can measure (U and Th for now)
! are the fundamental ideas about Earth’s chemical composition and origin
correct?
! are the basic models of the composition of the crust correct?
"

geoneutrinos can test which ones are
! distribution of reservoirs in the mantle?
" homogeneous or layered?
" lateral variability
! nature of the core-mantle boundary?

}

neutrinos might probe

! radiogenic elements in the core?

in particular potassium
! what is the planetary K/U ratio? if only we could detect 40K geoneutrinos…
"
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Th & U

Volatility trend
@ 1AU from Sun

slide from Bill McDonough
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Detecting Geoneutrinos
! inverse beta decay:

ν̄e + p → e + + n

W
u

pu
d

Geoneutrino Flux Prediction @ Gran Sasso
(two-layered mantle, “geochemical” model)
– · s-1· cm-2· 10keV-1
ν
e

e+

νe
d
u
d

n

108
238

U

232

7

10

Th

235

U

40

K

6

10

Total

5

10

104
3

10

0

0.5

1

1.5

2

figure from Borexino (b)
2019 paper
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e+

νe

Detecting Geoneutrinos

W
u

! inverse beta decay: ν̄e + p → e + + n
" “respectable” cross section on protons
108
" energy threshold E > 1.8 MeV
7
10
" liquid scintillator is ~CH2 hence
lots of protons
106

"

#

"

mean capture time ~0.2 ms

delayed 2.2 MeV gamma ray from neutron
capture makes second scintillation

distinctive signature helps rejects
(a)
background counts

d

n

threshold

– · s-1· cm-2· 10keV-1
ν
e

positron makes first scintillation
# neutron captures on H
#
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figure from Borexino
2019 paper
(b)

FIG.#15.e+(a)and
Geoneutrino
energy spectra
fromand
the decays
of 40 K andin
of the
the 238 U, 235 U, and 232 Th chains. All spectra 40
are normalized
n correlated
in time
in position
can’t
detect
K238 U, 4 for
to one decay
of
the
head
element
of
the
chain.
The
integral
from
zero
to
the
end
point
of
the
total
spectrum
is
6
for
liquid
scintillator40detector
235
232
geoneutrinos
U and Th, and 0.89 for K. Data are from [89]. (b) Geoneutrino fluxes from di↵erent isotopes
and their sumwith
at LNGS as
a function of geoneutrino energies calculated adopting geophysical and geochemical inputs from
[35] reaction
for the far-field lithosphere
this
and from [65] for the local crust. The flux from the mantle is calculated assuming a two-layer distribution and adopting HPEs’
abundances in BSE according to the GC model. The vertical dashed lines in both plots represent the kinematic threshold
17 of the
IBD interaction.
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Detecting Geoneutrinos with Liquid
Scintillator
Tank or cavity

Geoneutrino Detection

Water volume used
as shielding

Buffer volume
Array of (1000s)
photomultiplier
tubes viewing
target volume

Liquid scintillator
target volume

Q: can the detection
medium be water (H2O)?
e+

A: in principle, yes; but the
Čerenkov process produces
much less light than scintillation

p

n

2.2 MeV g
p

ν̄e + p → e + + n

νe Incident
geoneutrino

Thin, transparent
containment vessel

Figure 1 The design or construction of a typical liquid scintillator antineutrino detector.

figure from MC, Treatise on Geochemistry, 2nd edition (2013)
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Neutrino Detection
• to detect (anti)neutrinos, they must first interact to produce

a charged particle which can then be observed
• possible targets in ordinary matter:
• electrons
• atomic nuclei
• composed of nucleons (protons and neutrons)
• composed of quarks

• (anti)neutrinos only undergo the weak interaction

CC: ν̄e + X → e + + Y
NC: ν̄e + X → ν̄e + X′
−
−
ν̄
+
e
→
ν̄
+
e
ES: e
e

Y has –1 charge compared to X

CC = charged-current weak
NC = neutral-current weak
ES = elastic scattering off electrons
19

All Possible Geoneutrino Detection Reactions
• NC neutrino-nucleus scattering (coherent)
• detect the recoiling nucleus, very low energy, many backgrounds
• NC “excitation” of the nucleus
• incoming neutrino excites the nucleus, then one can detect the gamma
rays from nuclear de-excitation
• CC neutrino “absorption” ν̄e + X → e + + Y
• detect the outgoing lepton and/or the modified nucleus
• ES neutrino-electron scattering
• there is directional information – need to exploit – because many
backgrounds
20

p-ex] 24 Jul 2019

40K

Geoneutrinos via neutrino-electron
scattering
Observing the Potassium Geoneutrinos with Liquid Scintillator Cherenkov
Neutrino Detectors
Zhe Wanga,b,⇤, Shaomin Chena,b
a Department
b Center

of Engineering Physics, Tsinghua University, Beijing 100084, China
for High Energy Physics, Tsinghua University, Beijing 100084, China

in arXiv:1709.03743 v3
Abstract
In this article, we present the concept of using liquid scintillator Cherenkov neutrino detectors to detect geoneutrinos,
especially the potassium-40 (40 K) component. Geoneutrinos can be detected with the neutrino-electron elastic
scattering process. Liquid scintillator Cherenkov detectors, e.g., those using a slow liquid scintillator, enable both
energy and direction measurements for charged particles. Given the directionality, the dominant intrinsic background
originating from solar neutrinos in common liquid-scintillator detectors can be suppressed. We simulated the
solar- and geo-neutrino scatterings in a slow liquid-scintillator detector, and implemented energy and directional
reconstructions for the recoiling in
electrons.
It is
found that 40 K geoneutrinos
can be detected with three-standard
Nature
Communications
8:15989
deviation accuracy with a kiloton-scale detector. The critical technologies required for the proposed detector is also
discussed.
Keywords: Liquid-scintillator Cherenkov detector, Slow liquid scintillator, Geoneutrino, 40 K neutrino
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40K

Geoneutrinos via charged-current
neutrino absorption
ν̄e + X → e + + Y
Could a single positron signal be used for 40K geoneutrino detection?
What possible nuclear targets? Which one is best?
(expanding on MC’s 106Cd idea)

e+

Andrea Serafini to present work of the
Ferrara group + MC + A. Cabrera + S.
Wagner…paper to be submitted soon!

Probing Earth’s potassium content
with a new technique for geoneutrino
detection
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Geoneutrino Projects around the Globe
Anti-neutrino Detectors
Baksan

SNO+

1 kt, LS+, 5.4 km.w.e.
Liquid scintillator filling is in progress!

~10 kt, LS
4.8 km.w.e.
R&D

16/25

KamLAND
1 kt, LS
2.7 km.w.e.
running

Ocean Bottom
Detector

JUNO

10-50 kt, LS, ~5 km.w.e.
movable, R&D
Muon PMTs

Stainless Steel Sphere

Nylon Vessels
Internal PMTs

Water Tank
Scintillator
Non-scintillating Buffer

FIG. 2. Scheme of the Borexino detector.

0.003) · 10 4 m 2 s 1 [75]. The general scheme of the
Borexino detector is shown in Fig. 2. The detector has a
concentric multi-layer structure. The outer layer (Outer
Detector (OD)) serves as a passive shield against external radiation as well as an active Cherenkov veto of cosmogenic muons. It consists of a steel Water Tank (WT)

U and Th geo-neutrino flux

nominal total mass of the target is 278 ton and the
proton density is (6.007 ± 0.001) ⇥ 1028 per 1 ton. A
careful selection of detector materials, accurate
assembling, and a complex radio-purification of the
liquid scintillator guaranteed extremely low
contamination levels of 238 U and 232 Th. After the
additional LS purification in 2011, they achieved
< 9.4 ⇥ 10 20 g/g (95% C.L.) and < 5.7 ⇥ 10 19 g/g
(95% C.L.), respectively.
The bu↵er liquid, consisting of a solution of the
dimethylphthalate (DMP, C6 H4 (COOCH3 )2 ) light
quencher in PC, shields the core of the detector against
external s and neutron radiation. The OV and IV
themselves block the inward transfer of Radon
emanated from the internal PMTs and SSS. The
quencher concentration has been varied twice,
changing it from the initial 5 g/l to 3 g/l and then to
2 g/l. These operations have reduced the density
di↵erence between the bu↵er and the scintillator in
order to minimize the scintillator leak (appeared in
April 2008) from the central volume through the small
hole in the IV to the IB as much as possible. This
campaign was mostly successful, but the IV shape has
become non-spherical and changing in time. We are
able to reconstruct the IV shape from the data itself, as
it will be described in Sec. 3.3.

Borexino ANDES
0.3 kt, LS
3.8 km.w.e.
running

slide from Hiroko Watanabe

~3 kt, LS
4.5 km.w.e.
R&D

Jinping
1 kt, LS
7.5 km.w.e.
Scheduled

20 kt, LS
1.5 km.w.e.
undue construction
(2021~)
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KamLAND 2013 Geoneutrino
Published Result
✤

fixed Th/U ratio 3.9

✤

116 ± 27 geo ν events

✤

oscillated flux
(3.4 ± 0.8) × 106 cm–2 s–1

solid line – model band varies
between homogeneous mantle
and sunken-layer hypothesis
dashed line – incorporates
crustal contribution uncertainty
24

KamLAND 2016 Prelim Geo ν
Result
• for Geo neutrino

Livetime : 1259.8 days 2016 Preliminary Result
model prediction : Enomoto et al. EPSL 258, 147 (2007)

We measured clear distribution of
geo-neutrino events!

Preliminary

Preliminary

best-fit : Period 3 analysis
PRD 88, 03301 (2013)
Livetime : 351 days

Rate+Shape+time analysis (ratio fixed)

U+Th

Ep(MeV)

[event]

[TNU]

164 +28/-25 (17%)

34.9 +6.0/-5.4

Flux [×106 cm-2s-1]
best-fit

model

0 signal
rejection

3.9 +0.7/-0.6

4.1

7.92σ

slide from Hiroko Watanabe
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45

2015 Borexino geoneutrino resul

Borexino 2015
2056 days of data
23.7 ± 6.5 geo ν events

✤

Events / 233 p.e. / 907 ton × year

✤

22

5.9σ evidence

Data
Reactor neutrino

20

Best-fit U+Th with fixed chondritic ratio

18

Two types of fits:

1) m(232Th)/m(238U) = 3.9 (CI chon
S(232Th)/S(238U) = 0.27
S(238U)/S(232Th) = 3.7
3
Ngeo = 23.7 +6.5-5.7(stat)+0.9-0.6(sys) e

Sgeo = 43.5 +11.8-10.4(stat)+2.7-2.4(sys)
2) U and Th free fit paramters

Extended Data Fig. 1 | The Borexino detector. Schematic view of the
‘onion-like’ structure of the Borexino apparatus. From outside to inside:
the external water tank; the Stainless Steel Sphere, where about 2,200

photomultiplier tubes (PMTs) are mounted; the outermo
which serves as a barrier against radon; the innermost ny
contains 300 t of liquid scintillator, the active detection m

U fit with free chondritic ratio
Th fit with free chondritic ratio
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FIG. 1. Prompt light yield spectrum, in units of photoelec-

© 2018 Springer Nature Limited. All rights reserved.
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Borexino Geoneutrino 2015 Result
Radiogenic Heat
already
are large)

bars

70
h

S hig

60

S low

+1σ

50
S(U+Th) [TNU]

✤

[2] G. Bellini et al., Progress in Particle and Nuclear Physics
73 (2013) 1-34.
[3] G. Bellini et al. (Borexino Collaboration), Phys.Lett.
B687 (2010) 299-304.
[4] G. Bellini et al. (Borexino Collaboration), Phys.Lett.
B722 (2013)
295-300.
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Let’s Start the Meeting!
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