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Geoneutrino 

• Introduction 
• Measurements with Borexino and 

KamLAND : review of main results 
• Prospects for future experiments (JUNO 

and other future projects) 
• Nuclear physics inputs needed for 

geoneutrino analysis 
 

 



Geo-neutrinos: anti-neutrinos from β-decays 
of radioactive elements in the Earth  

238U, 232Th and 40K (87Rb,235U) release heat together with antineutrinos  

•Earth emits (mainly) antineutrinos 
whereas Sun shines in neutrinos. 

• A fraction of geo-neutrinos from U 
and Th are above threshold for 
inverse β on protons: 1.8 MeV 

• Different components can be 
distinguished due to different energy 
spectra: e. g. anti-ν with highest 
energy are from Uranium. 

 



Heat flow through the surface of the Earth 

“Earth’s surface heat flux”, J. H. 
Davies and D. R. Davies (2010) 

47±2 TW 
38 347 measurements of the 
thermal flux 
In agreement with previous 
estimations based on incomplete set 
of the same data 
46±3 TW[Jaupart et al., 2007] and 
44±1 TW [Pollack et al., 1993] 

mW m-2 



Mantle 
cooling 
(18 TW) 

Crust R 
(7 ± 1 TW) 

Mantle R 
(13 ± 4 TW) 

Core 
(~9 TW) 

(4-15 TW) 

Earth’s surface heat flow 47 ± 2 TW 

(0.4 TW) Tidal 
dissipation 
Chemical 
differentiation 

total R: 20 ± 4 

Urey=R/Tot 
Primordial heat sources: 
Gravitational energy 
Short-lived isotopes decays 
 26Al (7.17×105  yr) 



Earth models and radiogenic heat 
• Cosmochemical  (based on meteorites composition) – Earth 

composition is based on the enstatine chondrites (E-chondrites), the 
only group of chondrites identical to the Earth composition (Javoy et al., 
2010) :    

~10 TW 
• Geochemical (composition of Earth minerals) – cosmochemical 

relative abundancies (based on carbonaceous chondrites CI) with 
absolute abundancies from petrology (Lyubetskaya & Korenaga,2007; 
McDonough & Sun, 1995; Palme & O’Neill, 2003):              

~20 TW 
• Geophysical/geodynamical (parametric convection) – convection 

requires viscosity consistent with surface heat flow. Uses using scaling 
laws to relate heat flow and viscosity, predicting the thermal evolution of 
the Earth (Crowley et al., 2011; Turco, 1980):                           

~30 TW 
 Compared to total 47±2 TW 

9 - 36 TW are left to the internal non-radiogenic heat, definening the thermal 
evolution and history of the Earth. 



Models : mantle contribution 

Model Full thermal flux,TW Mantle 
contribution, TW 

Cosmochemical  11 ± 2 
 

3 ±2 

Geochemical 20 ± 4 12 ±4 

Geophysical 33 ± 3 
 

25 ±3 

“Geophysical and geochemical constraints on geoneutrino fluxes from Earth's mantle” 
Ondrej Sramek et al. 

Geophysical models need relatively high contribution of radiogenic heat 
to explain thermal flux in the mantle (otherwise model leads to the 
“thermal catastrophe” in archeosoic) 



Two detectors measured  
geo-neutrino  

Borexino:  300 t LS (3500 mwe) KamLAND:  1 kton LS (2200 mwe) 

Large volume LS underground  
                 detectors 



Detection of geo(anti)neutrino 

++→+ enpν Eν>1.8 MeV 

• Earth (in construst to the Sun) emits 
antineutrino. 

• Part of antineutrino in the U and Th decay chains 
is emitted with E>1.8 MeV (IBD threshold) 

• Contributions from U and Th  are distinguishable 

• Oscillations are averaged: <Pee>=0.54±0.02 



Main backgrounds in 
 geo-neutrino measurements 
1)Reactor antineutrinos in geo-nu 

window [0.9-2.6 MeV]; 
 
2)Cosmic muons induced 

backgrounds, including 
cosmogenic production of (βn)-
decaying isotopes 

 
3)Internal radioactive 

contamination: accidental 
coincidences,  

     (αn) reactions 



Borexino 2015: antineutrino spectrum 
(77 events) 

~500 p.e./MeV (electrons) 
gammas are quenched 

Unbinned likelihood fit using MC 
energy spectra for geo and the 
reactor antineutrinos 
2 free parameters Sgeo and Sreact  
 + backgrounds components 
constrained 

)8.1()2.(.438 MeVEQepQvis −+= νγ

with  chondritic Th/U ratio 
Th/U ratio 

Th/U ratio 



Borexino: fit results for fixed 
M(Th)/M(U)=3.9 

• Systematics: 4.8% on FV and 1% on the energy scale 
• *1 TNU = 1 event on 1032 protons in 1 yr (~1 kt of LS) 

 
 

 

1,3 and 5 σ : Sgeo vs Sreact 

Ngeo=23.7+6.5
-5.7(stat)+0.9

-0.6(syst) events 
 
Sgeo=43.5+11.8

-10.4(stat)+2.7
-2.4(syst) TNU 

 



U/Th signal (no energy resolution) 

232Th 

238U 

 



Unconstrained U/Th analysis 

 

1,2 and 3 σ contours for SU:STh  signals 

Th/U=3.9 



Radiogenic heat: Borexino 

                               Geodynamical    
               Geochemical  
Cosmochemical 

With 
M(Th)/M(U)=3.9  & 
M(K)/M(U) = 104 
the total  terrestrial 
radiogenic power : 
P(U + Th + K) = 
33+28

-20 TW,  
vs global terrestrial 
power output 
Ptot = 47±2 TW  

13 TW                                                    51 TW 

Red line: ROC+LOC+1σ, homogenios mantle 
Blue line: ROC+LOC-1σ, radiogenic material on the mantle/core interface 



Signal from the mantle 
• Total contribution from the Earth crust (Coltorni et al., Huang et al.) 

(LOC + ROC) is Sgeo(Crust) = (23.4 ± 2.8) TNU -> 12.75 ±1.53 events  
(+stat.smearing) 

 
• subtraction of probability distributions for the total signal (from the fit) 

and pdf for crust (normal approximation). Non-physical values of 
difference are excluded and final p.d.f. renormalized to unity. 

p.d.f.(Mantle)=p.d.f. (Geo)-p.d.f.(Crust) : 
 

Sgeo(Mantle) = 20.9+15.1
-10.3 TNU 

 

with a probability of 98% we observe at least 1 event from the mantle 
 

• Note: 
– Mean value is bigger compared to a simple difference <Sgeo>-<S(Crust)>=43.5-

23.5=20.1 as a result of excluding non-physical values from p.d.f. 
• LOC: M. Coltorti et al., Earth Planet. Sci. Lett. 293 (2010) 259. 
• ROC: Y. Huang et al. Geochemistry, Geophysics, Geosystems 14, 2003 (2013). 

 

Mantle could 
have as little as 
1-3 TW or as 
much as 28 TW 



Another measurement with 
Borexino? 

• about 3 yrs of data more in solar mode before 
SOX program start (+ ~50% statistics) 

• tuning of the muon-veto cut following KamLAND 
approach will save 9% of live-time 

• spectral fit in all volume (+ ~50% statistics): better 
understanding of “external”  background (close to 
the IV walls) is needed 



From the talk by Hiroko Watanabe 

KamLAND 



From the talk by Hiroko Watanabe 

Current dataset 



Energy Spectrum (0.9-2.6 MeV) 

From the talk by Hiroko Watanabe 



From the talk by Hiroko Watanabe 

Energy Spectrum, Period 3 (0.9-2.6 MeV) 



From the talk by Hiroko Watanabe 

Rate + Shape + Time Analysis  



Th/U Mass Ratio 



Data vs Earth Models 

From the talk by Hiroko Watanabe 



Summary 
• Borex: 23.7+6.5

-5.7 ev (~25%; P(0) excluded 
@5.9σ) 

• KL : 164+28
-25 ev (17%; P(0) excluded @7.9σ) 

 
• Mantle signal: 

 
 

• KamLand: Th/U ratio: 
              M(Th)/M(U)=4.1+5.5

-3.3 

BRX: 20.9+15.1
-10.3 TNU; P(0)<0.02 

KL   : 8.2+6.6
-6.0      TNU 

both with fixed Th/U ratio 



Upcoming experiments 



SNO+ 

29 geo-neutrino events per live-
year (in 780 tones LAB) compared 
to 26 events from reactors in the 
same energy range 
 
 
Local Geology around Sudbury 
maybe the best understood portion 
of crust in the world 



Jinping Neutrino Experiment 
(after 2020) 

A formal laboratory inauguration was held 12 December 2010. 



6720 m.w.e. 



Possible options for the detector (x2) 

  

Fiducial mass ~2 kt 



JUNO (2020) 



Expected antineutrino spectrum 

 

Fig. from R.Han, et al., Chinese Phys. C, Vol 40, No3 (2016) 033003  



JUNO: Summary of expected rates 
Source [1.8-9.0] MeV 

ev/yr 
[1.8-3.3] MeV  

ev/year 
Uncertainty 

geo 408 406  
reactor 16100 3653 ±2.8%(rate)±1%(shape) 
8Li/8He 657 105 ±20%(rate)±10%(shape) 

fast n 36.5 7.7 ±100%(rate)±20%(shape) 
 

αn 18.2 12.2 ±50%(rate)±50%(shape) 

accidental 401 348 ±1%(rate) 

20t->FV(R<17.2m) 18.35t or 12.85·1032 protons 
ε=80% detection efficiency assumed in calculations 
acrylic vessel (238U: 10 ppt, 232Th: 10 ppt)  
LS: 10−15 g/g 238U/232Th 
 



Reactor 
spectrum 

Y.J. Ko, et al., “A sterile neutrino search 
at NEOS Experiment” 
Phys. Rev. Lett. 118, 121802 (2017) 

24 m from reactor 
R(E)=5% @ 1 MeV 
1965 ev/day 
46 days reactor OFF 
180 days reactor ON 
 
 
The differences between the fission 
fractions for the NEOS data and the 
ones for Daya Bay are taken into 
account and small corrections are 
made using the H-M flux model. 



Geoneutrino signal extraction precision 
fixed M(Th)/M(U)=3.9 

Fig. from R.Han, et al. 
In JUNO publication the sensitivity was estimated as 18% for 1 yr with -4% syst.bias 



Geoneutrino signal extraction precision 
free Th and U components 

Figs. from R.Han, et al. : no bias 

1 year: 1,2 and 3σ 10 years: 1,2 and 3σ 
 

Table from JUNO publication  



Signal from the mantle 
Type equation here.Can be extracted from the measurement if crust contribution 
is known 

R(Mantle)=R(Geo, measured)-R(Crust, predicted) 
 

Current prediction (V. Strati, et al.) for the R(Crust) has 18% uncertainty – 
blue line in the plot 
Red line : 8% crust contribution knowledge (KamLAND level) 

∆𝑵𝑵𝑴𝑴 = 𝜺𝜺𝑮𝑮𝑮𝑮𝑮𝑮𝑵𝑵𝑮𝑮𝑮𝑮𝑮𝑮
𝟐𝟐 + 𝜺𝜺𝑪𝑪𝑵𝑵𝑪𝑪

𝟐𝟐 + 𝑵𝑵𝑪𝑪 

𝜺𝜺𝑴𝑴 =
𝟏𝟏

𝟏𝟏 − 𝒓𝒓𝑪𝑪
𝜺𝜺𝑮𝑮𝑮𝑮𝑮𝑮 𝟐𝟐 + 𝜺𝜺𝑪𝑪𝒓𝒓𝑪𝑪 𝟐𝟐 +

𝒓𝒓𝑪𝑪
𝑵𝑵𝑮𝑮𝑮𝑮𝑮𝑮

 

𝒓𝒓𝑪𝑪 ≡
𝑵𝑵𝑪𝑪
𝑵𝑵𝑮𝑮𝑮𝑮𝑮𝑮

 𝜺𝜺 ≡
∆𝑵𝑵
𝑵𝑵  



Mantle signal 

From Ondřej Šrámek et al SCIENTIFIC REPORTS  6:33034  



Directionality? 
• The average forward shift of neutrons in the direction of incoming 

antineutrinos have been observed by reactor experiments (i.e. by CHOOZ). 
 

• The basic idea is to search for the small statistical displacement of the 
capture vertex of the neutron with respect to the vertex of the prompt 
positron event. 
 

• Given the small displacement (∼1.7 cm) and the large intrinsic smearing 
(∼25 cm), the direction of the reconstructed antineutrino is only meaningful 
statistically and needs large statistics. Because the direction to the reactors 
in JUNO is known, it looks reasonable exploiting the fit of displacement 
distribution with predicted separate distributions from geo and reactor 
antineutrinos in conjunction with the spectral fit. An attempt to separate the 
crust and mantle geoneutrino components could be made. Both tasks need 
extensive MC studies. 



LENA: 50 kton 

Hanohano: 10 kton 

~1500 geonu events/yr 

~100 geonu events/yr 

Extracting mantle contribution is very important 
from the geophysical point of view. The 

combination of data  from multiple sites and data 
from an oceanic experiment  would provide 

valuable information. 

BAKSAN 



Near future 
Experiment:  events/yr 
• BRX     :         4.2 
• KL        :       14 
• SNO+   :       25 
• Jinping :    100 
• JUNO   :     400 

• JUNO represents a new opportunity to 
measure geoneutrinos, recording of 
300 to 500 geoneutrino interactions 
per year. In approximately six months 
JUNO would match the present world 
sample of recorded geoneutrino 
interactions, which is less than 150 
events.  

• The statistical power of the geoneutrino signal at JUNO enables a 
measurement of the thorium to uranium ratio, which provides valuable 
insight to the Earth’s origin and evolution.  

• Mantle geoneutrino contribution can be extracted from the combined data 
of  all experiments.  

 



Nuclear physics for geoneutrino 
studies 



Contribution of elements from U and Th chains in 
total geoneutrino signal 

238U 232Th 



214Bi 



CTF (4 tonne Borexino prototype) 



Experimental spectrum of 214Bi (CTF) with 
superimposed fit 

Phys. Rev. C 81, 034602 (2010) Nuclear physics for geo-neutrino studies G. Fiorentini et al 

New ToI value: 
p0=0.1910±0.0017 



Deviation from the allowed (universal) shape 



Results for signal from 214Bi 

With spectral deformations: 



Thank You 
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