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Earth structure
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Inner Core - SOLID
• about the size of the Moon; 
• Fe – Ni alloy; 
• solid (high pressure ~ 330 GPa); 
• temperature ~ 5700 K; 
Outer Core - LIQUID

• 2260 km thick; 
• FeNi alloy + 10% light  elem. (S, O?); 
• liquid; 
•temperature ~ 4100 – 5800 K; 
• geodynamo:  motion of conductive  
liquid within the Sun’s magnetic field; 

D’’ layer: mantle –core transition

• ~200 km thick; 
•seismic discontinuity; 
• unclear origin; 

Earth structure
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Earth structure Lower mantle (mesosphere)

• rocks:  high Mg/Fe, < Si + Al;  
• T: 600 – 3700 K; 
• high pressure: solid, but viscose; 
• “plastic” on long time scales: 
    

CONVECTION

Transition zone (400 -650 km)

  seismic discontinuity; 
• mineral recrystallisation; 
•: role of the latent heat?; 
• partial melting: the source of mid-
ocean ridges basalts; 
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Earth structure Upper mantle

• composition: rock type peridotite 
• includes highly viscose 
astenosphere on which are floating 
litospheric tectonic plates  
(lithosphere = more rigid upper 
mantle + crust); 

Crust: the uppermost part 

• OCEANIC CRUST: 
• created at mid-ocean ridges; 
• ~ 10 km thick; 
• CONTINENTAL CRUST: 
• the most differentiated; 
• 30 – 70 km thick; 
• igneous, metamorphic, and 
sedimentary rocks; 
• obduction and orogenesis; 
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Seismology

Discontinuities in the waves 
propagation and the density profile 
but no info about the chemical 
composition of the Earth

P – primary, longitudinal waves 
S – secondary, transverse/shear waves
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Bull et al. EPSL 2009

Seismic shear wave speed anomaly
Tomographic model S20RTS (Ritsema et al.)

Two large scale seismic speed anomalies 
– below Africa and below central Pacific

Anti-correlation of shear and sound 
wavespeeds + sharp velocity gradients 
suggest a compositional component

Seismic tomography image of present-day mantle

Candidate for an distinct 
chemical reservoir

“piles” or “LLSVPs” or “superplumes”

Sat AM: Ed Garnero

From the talk of Sramek at Neutrino Geoscienece 2013 
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Geochemistry

  1) Direct rock samples 
* surface and bore-holes (max. 12 km);
* mantle rocks brought up by tectonics and vulcanism;
BUT:  POSSIBLE ALTERATION DURING THE TRANSPORT 

Mantle-peridotite xenoliths

2)  Geochemical models: 
composition of direct rock samples +  
C1 carbonaceous chondrites meteorites +  
Sun’s photosphere; 

Bulk Silicate Earth (BSE) models (several!):  
medium composition 
of the “re-mixed” crust + mantle, 
i.e., primordial mantle before the crust  

differentiation and after the Fe-Ni core separation; 

xenolith



Geoneutrinos, APC Paris, June 2015                                                                                                           Livia  Ludhova -  INFN Milano, Italy 

Surface heat flux

Global Heat Flow Data (Pollack et al.)

Bore-hole measurements

Solar and geo neutrinos, Honolulu, May 7th, 2015 
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Surface heat flux 
•     Conductive heat flow from  
    bore-hole temperature gradient; 

• Total surface  heat flux:  
 31 + 1 TW   (Hofmeister&Criss 2005) 

     46 + 3 TW (Jaupart et all 2007) 
     47 + 2 TW  (Davis&Davies 2010) 
 (same data, different analysis) 
 
SYSTEMATIC ERRORS 
Different assumptions concerning 

the role of fluids in the zones of 
mid ocean ridges. 

 
 

 
 
 
 

Global Heat Flow Data (Pollack et al.) 

Bore-hole measurements 

Solar and geo neutrinos, Honolulu, May 7th, 2015 
  

Livia  Ludhova -  INFN Milano, Italy 
 

Surface heat flux 
•     Conductive heat flow from  
    bore-hole temperature gradient; 

• Total surface  heat flux:  
 31 + 1 TW   (Hofmeister&Criss 2005) 

     46 + 3 TW (Jaupart et all 2007) 
     47 + 2 TW  (Davis&Davies 2010) 
 (same data, different analysis) 
 
SYSTEMATIC ERRORS 
Different assumptions concerning 

the role of fluids in the zones of 
mid ocean ridges. 

 
 

 
 
 
 

Global Heat Flow Data (Pollack et al.) 

Bore-hole measurements 

Solar and geo neutrinos, Honolulu, May 7th, 2015 
  

Livia  Ludhova -  INFN Milano, Italy 
 

Surface heat flux 
•     Conductive heat flow from  
    bore-hole temperature gradient; 

• Total surface  heat flux:  
 31 + 1 TW   (Hofmeister&Criss 2005) 

     46 + 3 TW (Jaupart et all 2007) 
     47 + 2 TW  (Davis&Davies 2010) 
 (same data, different analysis) 
 
SYSTEMATIC ERRORS 
Different assumptions concerning 

the role of fluids in the zones of 
mid ocean ridges. 

 
 

 
 
 
 

Global Heat Flow Data (Pollack et al.) 

Bore-hole measurements 



Geoneutrinos, APC Paris, June 2015                                                                                                           Livia  Ludhova -  INFN Milano, Italy 

Sources of the Earth’s heat
• Total heat flow (“measured”):   latest results: 47+2 TW          

•  Radiogenic heat = from decays of long-lived radioactive elements 
(U,Th chains + 40K)  

       A) C1 carbonaceous chondrites : 17-21 TW  from which 
            ~9 TW from the crust and 0 from the core (the rest is in the mantle);        
      B) Enstatic-chondrites models: (Javoy 2010): only 11 TW!!! 
      C) Geodynamical models: >30 TW!!! 

• Other heat sources  (possible deficit up to 47-11 = 36 TW!) 
– Residual heat: gravitational contraction and extraterrestrial impacts 

in the past; 
– 40K in the core; 
– nuclear reactor; (BOREXINO rejects a power > 3 TW at 95% C.L.) 
– mantle differentiation and recrystallisation; 

  

•              

IMPORTANT MARGINS  
FOR ALL DIFFERENT MODELS OF THE EARTH STRUCTUE
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• “Geochemical” estimate
– Ratios of RLE abundances constrained by C1 chondrites
– Absolute abundances inferred from Earth rock samples
– McDonough & Sun (1995), Allègre (1995), Hart & Zindler 
(1986), Palme & O’Neill (2003), Arevalo et al. (2009)

• “Cosmochemical” estimate
– Isotopic similarity between Earth rocks and E-chondrides
– Build the Earth from E-chondrite material
– Javoy et al. (2010)
– also “collisional erosion” models (O’Neill & Palme 2008)

20±4

11±2

33±3

BSE Mantle

3±2

12±4

25±3
• “Geodynamical” estimate

– Based on a classical parameterized convection model
– Requires a high mantle Urey ratio, i.e., high U, Th, K

TW radiogenic power

?

Composition of Silicate Earth  (BSE)U Th K

BSE = Mantle + Crust
Oceanic:     0.22 ± 0.03 TW
Continental:  7.8 ± 0.9 TWCRUST2.0 

thickness Tomorrow: New crustal model by Yu Huang et al.
CC = 6.8 (+1.4/-1.1) TW

From Sramek @ Neutrino Geoscience 2013 
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Geoneutrinos  
antineutrinos from the decay of 238U, 232Th,40K in the Earth

1.8 MeV

40K  
below  
threshold

Geoneutrino from 238U, 232Th, 40K  

Half life�

4.47 Gy�

14.05 Gy�

1.28 Gy�

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

_ 
νe + p →  e+ + n 
_ 

5 
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Geoneutrinos detection: inverse beta decay 

++→+ enpν

Eν > 1.8 MeV

•   “prompt signal” 
e+:   energy loss + annihilation 
  
• “delayed signal” 
neutron capture on protons  
after thermalization  2.2 γ

σ~10-44 cm2  (in Borexino: Nprotons = 6x1030 in 100 tons)



U/Th signal (no energy resolution)

]

From Oleg Smirnov @ Neutrino Geoscience 2015)
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Why to study geoneutrinos?

Main goal: determine the contribution of the radiogenic heat to the total 
surface heat flux, which is an important margin, test, and input at the 
same time for many geophysical and geochemical models of the Earth; 

Further goals: tests and discrimination among geological models, study 
of the mantle homogeneity, insights to the processes of 
Earth’formation….. 

• Abundance of radioactive elements fixes the amount of radiogenic heat (nuclear 
physics); 

• Mass and distribution of radiogenic elements ! geoneutrino flux (cca 106 cm-2 

s-1); 

• From measured geoneutrino flux to radiogenic heat a bit more complicated (U 
and Th distribution in the deep Earth is not known)….
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Expected geoneutrino signal: geochemical approach
• LOC: Local crust: about 50% of the expected geoneutrino signal comes from the 

crust within 500-800 km around the detector, thus local geology has to be known 
(for LNGS Coltorti et al. 2011); 

• ROC: Rest of the crust: further crust is divided in 3D voxels, volumes for upper, 
middle, lower crust and sediments are estimated and a mean chemical composition 
is attributed to these volumes (Huang et al. 2013 based on CRUST 1); 

• Mantle = BSE – (LOC + ROC): this is the real unknown, different BSE models 
are considered and the respective U + Th mass is distributed either homogeneously 
(maximal signal) or it is concentrated near to the core-mantle boundary (minimal 
signal);

1 TNU = 1 event / 1032 target protons / year 
Cca 1 event / 1 kton / 1 year with 100% detection  efficiency

[TNU]
Borexino 
KamLAND 
SNO+ 
HanoHano
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Expected geoneutrino signal: from the heat flux data

• Assumes steady state: can be applied old shields and cratons
• Ah these regions, flux across Moho 15 + 3 mW/m2
• Interpolates between data = heat flux measurements Differences in crustal geoneutrino signal!

• Differences can be very large 
(>20 TNU east of James Bay)
• BUT, difference ≈ 0 near 

Sudbury!!!
• Signal at SNO ≈ 27.5 TNU 

(oscillated)

Two approaches to estimate geoneutrino flux
Crustal models

• Sparse seismic data
• Crustal structure extrapolated 
• Assumes homogeneous crustal 

composition
• Uses averaged crustal 

composition (i.e., concentrations 
in HPEs in crustal layers) 

Heat flux 

• Interpolates between data.
• Assumes steady state
• Estimates mantle heat flux
• 𝑄𝑄𝑆𝑆 = 𝑄𝑄𝑚𝑚 + ∫0 𝑚𝑚𝐻𝐻 𝑧𝑧 𝑑𝑑𝑧𝑧
• Accounts for variable crustal 

composition 
• Vertical differentiation from 

surface sampling

Mareschal and Jaupart, Neutrino Geoscience 2015



Geoneutrinos, APC Paris, June 2015                                                                                                           Livia  Ludhova -  INFN Milano, Italy 

No Oscillation

No Oscillation

Oscillated

Oscillated

Geoneutrinos Reactor antineutrinos at LNGS

3 MeV antineutrino ..  
Oscillation length of ~100 km 
for geoneutrinos we can use average survival probability of  0.551 + 0.015 (Fiorentini et al 
2012), but for reactor  antineutrinos  not!

Effect of neutrino oscillations
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• only 2 running experiments have measured geoneutrinos; 
• liquid scintilllator  detectors; 
•(Anti-)neutrinos have low interaction rates, therefore: 

•Large volume detectors needed; 
•High radiopurity of construction materials; 
•Underground labs to shield cosmic radiations;

KamLand in Kamioka, Japan 
Border bewteen 
OCEANIC AND CONTINENTAL CRUST 

• originally build to measure reactor 
antineutrinos; 
• 1000  tons; 
•S(reactors)/S(geo) ~ 6.7 (2010)  
•after Fukushima Japanese reactors 
are off 
• data since 2002; 
•2700 meters water equivalent 
shielding;

 Borexino in Gran Sasso, Italy 
CONTINENTAL CRUST 

• originally build to measure neutrinos 
from the Sun – extreme radiopurity 
needed and achieved; 
• 280  tons; 
•S(reactors)/S(geo) ~ 0.3 !!! (2010)  
• DAQ started in 2007;           
• 3600 m.w.e. shielding;



Geoneutrinos, APC Paris, June 2015                                                                                                           Livia  Ludhova -  INFN Milano, Italy 

Experimental data
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KamLand  Borexino 
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KamLand (Japan) 
• The very first investigation in 2005 
     (Nature 436 (2005) 499): CL < 2 sigma; 

• Update in PRL 100 (2008):   
      73 +- 27 geo events 

• high exposure: 99.997 CL observation 
in 2011  

     (Gando et al, Nature Geoscience 1205) 
      106 +29 

– 28 geonu events detected;  
     (March 2002 – April 2009) 
     3.49 x 1032 target-proton year 

• PRD 88 (2013) 033001 
    116 +28 

– 27 geonu events detected;  
     (March 2002 – November 2012) 
     4.9 x 1032 target-proton year 
     0-hypothesis @ 2 x 10-6 

 Borexino (Italy) 

• small exposure but low background:  
     observation at 99.997 CL in 2010     
      (Bellini et al, PLB 687): 
9.9 +4.1 

– 3.4 geonu events detected; 
(December 2007 – December 2009) 
Exposure 1.5 x 1031 target-proton year 

•  PLB 722 (2013) 295–300: 
    14.3 +- 4.4 geonu events;  
     (December 2007 – August 2012) 
3.69 x 1031 target-proton year after cuts  

• NEW 2015:  arXiv:1506.04610     
23.7 +6.5- 5.7 geonu events;  

     (December 2007 – March 2015) 
     5.5 x 1031 target-proton year 
     0-hypothesis @ 3.6 x 10-9 

      (5.9 sigma) 

Solar and geo neutrinos, Honolulu, May 7th, 2015 
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•  PRD 88 (2013) 033001 
    116 +28 

– 27 geonu events detected;  
     (March 2002 – November 2012) 
     4.9 x 1032 target-proton year 
     0-hypothesis @ 2 x 10-6 

 

 Borexino (Italy) 
 

•  small exposure but low 
background level:  

     observation at 99.997 CL in 2010     
      (Bellini et al, PLB 687): 
9.9 +4.1 

– 3.4 geonu events detected; 
(December 2007 – December 2009) 
Exposure 1.5 x 1031 target-proton 
year 
 
•   PLB 722 (2013) 295–300: 
    14.3 +- 4.4 geonu events;  
     (December 2007 – August 2012) 
     3.69 x 1031 target-proton year 
     after cuts  
     0-hypothesis @ 6 x 10-6 
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signal-to-background ratio is ⇠100.

We have performed an un-binned likelihood fit of the
energy spectrum of selected prompt ⌫̄e candidate events
[3], shown in Fig. 1. The reactor and geo-neutrinos spec-
tra are obtained by Monte Carlo and the backgrounds
considered in this analysis are reported in Table I. The
Monte Carlo spectra have been determined as reported
in [4]. The reactor neutrinos signal has been calculated
adopting the data from IAEA [11] updated to 2014 and
the method described in [12]. For the first quarter of 2015
we have used the values from 2014. For the present expo-
sure we predict (87 ± 4) TNU events from nuclear reac-
tors, where 1 Terrestrial Neutrino Unit (TNU) = 1 event
/ year / 1032 protons. The log-likelihood function has two
signal components, Sgeo and Sreact, left free, and three
background components, SLiHe, S↵n, Sacc, constrained
to the values and errors reported in Tab. I. These com-
ponents account for 75% of the total background. The
other components were left out due to the uncertainty in
their energy spectrum. Combined, they contribute ⇠1%
to the best fit and their contribution to the systematic
uncertainty is absorbed in the uncertainty on the energy
scale.

Using the value ratio for the masses of Th and
U, m(Th)/m(U) = 3.9, suggested by the chondritic
model, our best fit yields Sgeo = 23.7+6.5

�5.7(stat)
+0.9
�0.6(sys)

events (43.5+11.8
�10.4(stat)

+2.7
�2.4(sys) TNU) and Sreact =

52.7+8.5
�7.7(stat)

+0.7
�0.9(sys) events (96.6+15.6

�14.2(stat)
+4.9
�5.0(sys)

TNU). When expressing the results in TNU, system-
atic uncertainties from both the exposure (4.8%) and the
Monte Carlo energy calibration (1%) are included. Only
the Monte Carlo calibration uncertainty is relevant when
using the number of decays.

In Fig. 2 we show the 1, 3 and 5� contours from the
log-likelihood fit. Borexino alone observes geo-neutrinos
with 5.9� significance (Fig. 2). The null hypothesis for
geo-neutrino observation has a probability equal to 3.6⇥
10�9. The measured geo-neutrino signal corresponds to
⌫̄e fluxes at the detector from decays in the U and Th
chains of �(U) = (2.7± 0.7)⇥ 106 cm�2s�1 and �(Th) =
(2.3 ± 0.6) ⇥ 106 cm�2s�1, respectively. Statistical and
systematic uncertainties are added in quadrature.

Fig. 3 shows the probability contours obtained by per-
forming the fit leaving the U and Th spectral contribu-
tions as free parameters. The U and Th best-fit contri-
butions are shown in Fig. 1. This measurement shows
how Borexino, with larger exposure, could separate the
contributions from U and Th, and demonstrates the abil-
ity of this detection technique to perform real-time spec-
troscopy of geo-neutrinos.

The radiogenic heat production for U and Th, H(U +
Th), from the present best-fit result is restricted in the
range 23-36 TW (see Fig. 4). The range of values in-
cludes the uncertainty on the distribution of heat produc-
ing elements inside the Earth. The model-independent
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FIG. 1. Prompt light yield spectrum, in units of photoelec-
trons (p.e.), of ⌫̄e candidates and the best-fit. The best-fit
shows the geo-neutrino and reactor neutrino spectra (dotted
lines) assuming the chondritic ratio. Colored areas show the
result of a separate fit with U (blue) and Th (light blue) set
as free and independent parameters.

analysis yields a radiogenic heat interval 11-52 TW
(69% C.L.) for H(U + Th). Adopting the chondritic
mass ratio above and a potassium-to-uranium mass ra-
tio m(K)/m(U) = 104, the total measured terrestrial
radiogenic power is P (U + Th + K) = 33+28

�20 TW, to
be compared with the global terrestrial power output
Ptot = 47± 2 TW [14].

The contribution to the total geo-neutrino signal from
the local crust (LOC) is estimated to be Sgeo(LOC) =
(9.7±1.3) TNU [15]. Considering the contribution from
the rest of the crust (ROC) [16], the signal from the
crust in Borexino is calculated as Sgeo(LOC+ROC) =
(23.4±2.8) TNU. In order to estimate the significance of
a positive signal from the mantle we have determined the
likelihood of Sgeo(Mantle) = Sgeo � Sgeo(LOC+ROC)
using the experimental likelihood profile of Sgeo and a
gaussian approximation for the crust contribution. The
non-physical region, Sgeo(Mantle) < 0, is excluded.
This approach gives a signal from the mantle equal to
Sgeo(Mantle) = 20.9+15.1

�10.3 TNU, with the null hypothe-
sis rejected at 98% C.L..

An updated measurement of ⌫̄e’s with Borexino is pre-
sented. We show that Borexino-only data measure geo-
neutrinos with 5.9� significance. We also shows that
the background level in Borexino allows to perform a
real time spectroscopy of geo-neutrinos, currently limited
only by the size of the detector.

The Borexino program is made possible by funding
from INFN (Italy), NSF (USA), BMBF, DFG, and MPG
(Germany), RFBR: Grants 14-22-03031 and 13-02-12140,
RFBR-ASPERA-13-02-92440 (Russia), and NCN Poland
(UMO-2012/06/M/ST2/00426). We acknowledge the fi-
nancial support from the UnivEarthS Labex program of
Sorbonne Paris Cit (ANR-10-LABX-0023 and ANR-11-
IDEX-0005-02). We acknowledge the generous support
and hospitality of the Laboratori Nazionali del Gran

Borexino latest results 3 days old result!
• arXiv:1506.04610 



Set of cuts
1. Prompt energy: Qprompt > 408 p.e.   (> kinematic threshold, resolution) 
2. Delayed energy: 860 < Qdelayed < 1300 p.e : 2.2 MeV γ peak
3. Distance: ΔR < 1 m;  (position reconstruction) 
4. Time separation: : 20 < Δt < 1280 µs  (neutron capture time) 
5. Pulse shape: gαβ(delayed)<0.015  : selecting e-like events  
6. Muon veto: Tµ > 2 ms  : fast neutrons after muon 
7. Muon veto: Tµ > 2 s for every muon passing through internal detector. 

Long-lived cosmogenic (β + neutron) isotopes. ~11%  of live time 
loss. 

8.   Multiplicity cut: no n-like events in ±2 ms window 
9. FV cut: RIV(Θ,φ)-Rprompt(Θ,φ)>0.30 m : dynamical, follows shape of 

the inner vessel 
10. FADC cut: independent check of pulse shapes with 400 MHz 

digitizing system

Total efficiency=84.2 ± 1.5% (MC).  77 candidates selected



These 77 candidates can be due to:

1. Geoneutrinos 
2. Antineutrino background: reactor neutrinos 
3. Non antineutrino background
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Calculation of reactor anti-ν signal  

From the literature: 
Ei : energy release per fission of isotope i  (Huber-Schwetz 2004); 
Φi: antineutrino flux per fission of isotope i (polynomial parametrization,   

           Mueller et al.2011, Huber-Schwetz 2004); 
Pee: oscillation survival probability; 

Calculated: 
Tm: live time during the month m; 
Lr: reactor r – detector distance;  

Data from nuclear agencies: 
Prm: thermal power of reactor r in month m (IAEA , EDF, and UN data base); 
fri: power fraction of isotope i in reactor r; 

235U 
239Pu 
238U 
241Pu
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Expected reactor anti-neutrino signal  
and its error in Borexino

Expected reactor signal: (87 + 4) TNU

Prompt energy (MeV)

235U 
239Pu 
238U 
241Pu 
Sum with oscil. 
Sum NO oscil.

Ideal detector



Source Events
 Cosmogenic 9Li and 8He 0.194+0.125

-0.089

Fast neutrons from µ in Water Tank < 0.01 (90% CL) (measured)

Fast neutrons from µ in rock < 0.43 (90% CL) (MC) 

Non-identified muons 0.12 ± 0.01

Accidental coincidences 0.221 ± 0.004

Time correlated background 0.035+0.029
-0.028

Spontaneous fission in PMTs 0.032 ± 0.003

(α,n) reactions in the scintillator [210Po] 0.165 ± 0.010

(α,n) reactions in the buffer  [210Po] < 0.51 (90% CL)

214Bi-214Po 0.009±0.013

TOTAL 0.78 +0.13
-0.10  

<0.65 (combined)

Non-antineutrino background sources
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Non-antineutrino background sources 

Limestone rock 

µ
µ

µ µ 

n
n

n
n, 
9Li,8He 

1) Cosmogenic-muon induced:  
• 9Li and 8He decaying β-n; 
• neutrons of high energies; 
    neutrons scatters proton = prompt; 
    neutron is captured = delayed; 

• Non-identified muons;  
 

2) Accidental coincidences; 
 

3) Due to the internal radioactivity:  (α,n) 
and (γ,n) reactions 

Author's personal copy

Borexino Collaboration / Physics Letters B 722 (2013) 295–300 297

Table 1
Systematic uncertainties on the expected reactor ν̄e sig-
nal which are added in quadrature. See Eq. (2) and ac-
companying text for details.

Source Uncertainty [%]

φ(E ν̄ ) 3.5
Fuel composition 3.2
θ12 2.3
Prm 2.0
Long-lived isotopes 1.0
Ei 0.6
θ13 0.5
Lr 0.4
σν̄p 0.4
δm2 0.03

Total 5.8

φi(E ν̄e ) energy spectra are taken from [17], differing from the spec-
tra [18] used in [3] by about +3.5% in the normalization. The
shapes are comparable in the energy window of our anti-neutrino
candidates. Note that the 3.5% difference in the normalization is
conservatively considered as a systematic error. For the power
fractions, f i , we adopt the same assumptions as in our previous
study [3]. Furthermore, in this analysis we precise f i for the 46
cores using heavy water moderator [19]:

235U : 238U : 239Pu : 241Pu = 0.542 : 0.411 : 0.022 : 0.0243. (3)

Since only two such cores are in Europe (in Romania) this improve-
ment in the calculation has an effect less than 0.1%.

We adopt neutrino oscillations parameters as derived in [21]
for normal hierarchy: δm2 = (7.54+0.26

−0.22) · 10−5 eV2; sin2 θ12 =
(3.07+0.18

−0.16) · 10−1; sin2 θ13 = (2.41 ± 0.25) · 10−2. The three fla-
vor scenario implies a 4.6% decrease in the predicted signal with
respect the two neutrino case (as it was used in [3]), while the
spectral shape does not significantly change.

As in [3], we also include a +0.6% contribution from matter ef-
fects (oscillation parameters as above), and the +1.0% contribution
of long-lived fission products in the spent fuel [20]. The contribu-
tions to the estimated systematic error are summarized in Table 1.

Finally, the number of expected reactor ν̄e candidates is
Nreact = (33.3 ± 2.4) events for the exposure of (613 ± 26) ton
× yr after cuts (for their efficiency see below). We note that in
the absence of oscillation, the number of expected events would
be 60.4 ± 4.1.

The Borexino calibration campaigns [10] included several γ , β ,
and α sources placed through the scintillator volume on and off-
axis. The AmBe source, producing ∼10 neutrons/s with energies
up to 10 MeV, was deployed in twenty-five different positions al-
lowing the study of the detector response to captured neutrons
and to protons recoiling off neutrons. The calibration data were
essential for testing the accuracy of the Geant4-based Borexino
MC simulation. The energy spectra of geo-neutrinos from 238U and
232Th, based on the theoretical energy spectra of β− decays and
the calculated energy spectrum of reactor ν̄e ’s (see above), were
used as input to the MC code in order to simulate the detector
response to ν̄e interactions. The MC output functions expressed in
the total light yield, Q (in units of photoelectrons, p.e., collected by
the PMTs where 1 MeV corresponds to about 500 p.e.) were then
used as fit functions in the final analysis. In this way, the non-
linearities of the detector response function important at higher
energies and in the increased fiducial volume with respect to solar
neutrino analysis, are automatically taken into account.

The following cuts are used to select ν̄e ’s candidates: 1) Q prompt
> 408 p.e. and 860 p.e. < Q delayed < 1300 p.e., where Q prompt and
Q delayed are the PMTs’ light yields for the prompt (positron can-

Table 2
Summary of the background faking anti-neutrino interactions and
expressed in number of events expected among the 46 golden
anti-neutrino candidates. The upper limits are given for 90% C.L.

Background source Events
9Li–8He 0.25 ± 0.18
Fast n’s (µ’s in WT) <0.07
Fast n’s (µ’s in rock) <0.28
Untagged muons 0.080 ± 0.007
Accidental coincidences 0.206 ± 0.004
Time corr. background 0.005 ± 0.012
(γ ,n) <0.04
Spontaneous fission in PMTs 0.022 ± 0.002
(α,n) in scintillator 0.13 ± 0.01
(α,n) in the buffer <0.43

Total 0.70 ± 0.18

didate) and delayed (neutron candidate) events; 2) reconstructed
distance )R < 1 m; and 3) time interval 20 µs < )t < 1280 µs
between the prompt and the delayed event. In liquid scintillators,
a pulse-shape analysis can be used to discriminate highly ionizing
particles (α, proton) from particles with lower specific ionization
(β− , β+ , γ ). The so-called Gatti parameter G [23] has been used
to improve background rejection. For the delayed candidate a very
slight cut requiring Gdelayed < 0.015 is applied. The total detection
efficiency with these cuts was determined by MC to be 0.84±0.01.

A minimal distance of 25 cm from the inner vessel containing
the scintillator is required for the position of the prompt candi-
date. Since this vessel is not perfectly spherical and does change
in time, a dedicated algorithm was developed to calculate the ves-
sel shape based on the position reconstruction of the events from
the vessel’s radioactive contaminants. Since the vessel contamina-
tion is low, the vessel shape can be calculated only on a weekly
basis. The precision of this method is 1.6%. It was calibrated by
comparing the vessel shapes with those obtained by a dedicated
LED calibration system [10]. The systematic error on the position
reconstruction of ν̄e candidates is 3.8% [3]. The total exposure of
(613 ± 26) ton × year is calculated as a sum of weekly exposures
which consider the corresponding weekly live time and the ves-
sel shape as well as the (0.84 ± 0.01) efficiency of the selection
cuts described above. The 4.2% error on the exposure is a sum in
quadrature of the errors on the vessel shape (1.6%), on the position
reconstruction of the candidates (3.8%), and on the cuts efficiency
(1%).

Backgrounds faking anti-neutrino interactions can arise from
cosmic muons and muon-induced unstable nuclides, from intrinsic
contaminations of the scintillator and of the surrounding materi-
als, and from the accidental coincidences of non-correlated events.
A complete list of all expected backgrounds is reported in Table 2.

The levels of cosmogenic backgrounds (β + neutron decays of
9Li and 8He, fast neutrons, untagged muons) and of the back-
ground due to spontaneous fission in PMTs, did not change with
respect to our previous paper [3]. We underline, that in order to
suppress cosmogenic background we still apply a 2 s veto after a
muon passes through the scintillator (mostly for 9Li and 8He) and
2 ms veto after muons pass through only the water tank (mostly
for fast neutrons). These vetos induce about an 11% loss of live
time. In addition when possible, the pulse shape of the candidates
was checked by an independent 400 MHz digitizer acquisition sys-
tem in order to further suppress undetected muon background.

The Borexino scintillator radioactivity has changed in time
mostly because of the six purification campaigns performed in
2010 and 2011. During periods of no operations, 210Po, the main
contaminant important for ν̄e ’s studies, is observed to decay ex-
ponentially with a τ = 199.6 days. The mean 210Po activity during
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Table 1
Systematic uncertainties on the expected reactor ν̄e sig-
nal which are added in quadrature. See Eq. (2) and ac-
companying text for details.
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Fuel composition 3.2
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φi(E ν̄e ) energy spectra are taken from [17], differing from the spec-
tra [18] used in [3] by about +3.5% in the normalization. The
shapes are comparable in the energy window of our anti-neutrino
candidates. Note that the 3.5% difference in the normalization is
conservatively considered as a systematic error. For the power
fractions, f i , we adopt the same assumptions as in our previous
study [3]. Furthermore, in this analysis we precise f i for the 46
cores using heavy water moderator [19]:

235U : 238U : 239Pu : 241Pu = 0.542 : 0.411 : 0.022 : 0.0243. (3)

Since only two such cores are in Europe (in Romania) this improve-
ment in the calculation has an effect less than 0.1%.

We adopt neutrino oscillations parameters as derived in [21]
for normal hierarchy: δm2 = (7.54+0.26

−0.22) · 10−5 eV2; sin2 θ12 =
(3.07+0.18

−0.16) · 10−1; sin2 θ13 = (2.41 ± 0.25) · 10−2. The three fla-
vor scenario implies a 4.6% decrease in the predicted signal with
respect the two neutrino case (as it was used in [3]), while the
spectral shape does not significantly change.

As in [3], we also include a +0.6% contribution from matter ef-
fects (oscillation parameters as above), and the +1.0% contribution
of long-lived fission products in the spent fuel [20]. The contribu-
tions to the estimated systematic error are summarized in Table 1.

Finally, the number of expected reactor ν̄e candidates is
Nreact = (33.3 ± 2.4) events for the exposure of (613 ± 26) ton
× yr after cuts (for their efficiency see below). We note that in
the absence of oscillation, the number of expected events would
be 60.4 ± 4.1.

The Borexino calibration campaigns [10] included several γ , β ,
and α sources placed through the scintillator volume on and off-
axis. The AmBe source, producing ∼10 neutrons/s with energies
up to 10 MeV, was deployed in twenty-five different positions al-
lowing the study of the detector response to captured neutrons
and to protons recoiling off neutrons. The calibration data were
essential for testing the accuracy of the Geant4-based Borexino
MC simulation. The energy spectra of geo-neutrinos from 238U and
232Th, based on the theoretical energy spectra of β− decays and
the calculated energy spectrum of reactor ν̄e ’s (see above), were
used as input to the MC code in order to simulate the detector
response to ν̄e interactions. The MC output functions expressed in
the total light yield, Q (in units of photoelectrons, p.e., collected by
the PMTs where 1 MeV corresponds to about 500 p.e.) were then
used as fit functions in the final analysis. In this way, the non-
linearities of the detector response function important at higher
energies and in the increased fiducial volume with respect to solar
neutrino analysis, are automatically taken into account.

The following cuts are used to select ν̄e ’s candidates: 1) Q prompt
> 408 p.e. and 860 p.e. < Q delayed < 1300 p.e., where Q prompt and
Q delayed are the PMTs’ light yields for the prompt (positron can-

Table 2
Summary of the background faking anti-neutrino interactions and
expressed in number of events expected among the 46 golden
anti-neutrino candidates. The upper limits are given for 90% C.L.

Background source Events
9Li–8He 0.25 ± 0.18
Fast n’s (µ’s in WT) <0.07
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Untagged muons 0.080 ± 0.007
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Spontaneous fission in PMTs 0.022 ± 0.002
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Total 0.70 ± 0.18

didate) and delayed (neutron candidate) events; 2) reconstructed
distance )R < 1 m; and 3) time interval 20 µs < )t < 1280 µs
between the prompt and the delayed event. In liquid scintillators,
a pulse-shape analysis can be used to discriminate highly ionizing
particles (α, proton) from particles with lower specific ionization
(β− , β+ , γ ). The so-called Gatti parameter G [23] has been used
to improve background rejection. For the delayed candidate a very
slight cut requiring Gdelayed < 0.015 is applied. The total detection
efficiency with these cuts was determined by MC to be 0.84±0.01.

A minimal distance of 25 cm from the inner vessel containing
the scintillator is required for the position of the prompt candi-
date. Since this vessel is not perfectly spherical and does change
in time, a dedicated algorithm was developed to calculate the ves-
sel shape based on the position reconstruction of the events from
the vessel’s radioactive contaminants. Since the vessel contamina-
tion is low, the vessel shape can be calculated only on a weekly
basis. The precision of this method is 1.6%. It was calibrated by
comparing the vessel shapes with those obtained by a dedicated
LED calibration system [10]. The systematic error on the position
reconstruction of ν̄e candidates is 3.8% [3]. The total exposure of
(613 ± 26) ton × year is calculated as a sum of weekly exposures
which consider the corresponding weekly live time and the ves-
sel shape as well as the (0.84 ± 0.01) efficiency of the selection
cuts described above. The 4.2% error on the exposure is a sum in
quadrature of the errors on the vessel shape (1.6%), on the position
reconstruction of the candidates (3.8%), and on the cuts efficiency
(1%).

Backgrounds faking anti-neutrino interactions can arise from
cosmic muons and muon-induced unstable nuclides, from intrinsic
contaminations of the scintillator and of the surrounding materi-
als, and from the accidental coincidences of non-correlated events.
A complete list of all expected backgrounds is reported in Table 2.

The levels of cosmogenic backgrounds (β + neutron decays of
9Li and 8He, fast neutrons, untagged muons) and of the back-
ground due to spontaneous fission in PMTs, did not change with
respect to our previous paper [3]. We underline, that in order to
suppress cosmogenic background we still apply a 2 s veto after a
muon passes through the scintillator (mostly for 9Li and 8He) and
2 ms veto after muons pass through only the water tank (mostly
for fast neutrons). These vetos induce about an 11% loss of live
time. In addition when possible, the pulse shape of the candidates
was checked by an independent 400 MHz digitizer acquisition sys-
tem in order to further suppress undetected muon background.

The Borexino scintillator radioactivity has changed in time
mostly because of the six purification campaigns performed in
2010 and 2011. During periods of no operations, 210Po, the main
contaminant important for ν̄e ’s studies, is observed to decay ex-
ponentially with a τ = 199.6 days. The mean 210Po activity during
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Accidental coincidences
•Same cuts, just dt instead of 20-1280 µs is 2-20 s in order to 
maximise the statistics and so minimise the error;

Visible energy of the prompt event
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MC for 13C (α,n)16O

recoiled proton

 12C* from neutron

 16O*Selection cut > 410 p.e.

Probability for 210Po nucleus  to give (a,n) in pure 13C (6.1+0.3) 10-6 (Mc Kee  2008). 
 In PC it corresponds to  (5.0+0.8)10-8  

1)  Isotopic abundance of 13C: 1.1%  
2) 210Po contamination
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signal-to-background ratio is ⇠100.

We have performed an un-binned likelihood fit of the
energy spectrum of selected prompt ⌫̄e candidate events
[3], shown in Fig. 1. The reactor and geo-neutrinos spec-
tra are obtained by Monte Carlo and the backgrounds
considered in this analysis are reported in Table I. The
Monte Carlo spectra have been determined as reported
in [4]. The reactor neutrinos signal has been calculated
adopting the data from IAEA [11] updated to 2014 and
the method described in [12]. For the first quarter of 2015
we have used the values from 2014. For the present expo-
sure we predict (87 ± 4) TNU events from nuclear reac-
tors, where 1 Terrestrial Neutrino Unit (TNU) = 1 event
/ year / 1032 protons. The log-likelihood function has two
signal components, Sgeo and Sreact, left free, and three
background components, SLiHe, S↵n, Sacc, constrained
to the values and errors reported in Tab. I. These com-
ponents account for 75% of the total background. The
other components were left out due to the uncertainty in
their energy spectrum. Combined, they contribute ⇠1%
to the best fit and their contribution to the systematic
uncertainty is absorbed in the uncertainty on the energy
scale.

Using the value ratio for the masses of Th and
U, m(Th)/m(U) = 3.9, suggested by the chondritic
model, our best fit yields Sgeo = 23.7+6.5

�5.7(stat)
+0.9
�0.6(sys)

events (43.5+11.8
�10.4(stat)

+2.7
�2.4(sys) TNU) and Sreact =

52.7+8.5
�7.7(stat)

+0.7
�0.9(sys) events (96.6+15.6

�14.2(stat)
+4.9
�5.0(sys)

TNU). When expressing the results in TNU, system-
atic uncertainties from both the exposure (4.8%) and the
Monte Carlo energy calibration (1%) are included. Only
the Monte Carlo calibration uncertainty is relevant when
using the number of decays.

In Fig. 2 we show the 1, 3 and 5� contours from the
log-likelihood fit. Borexino alone observes geo-neutrinos
with 5.9� significance (Fig. 2). The null hypothesis for
geo-neutrino observation has a probability equal to 3.6⇥
10�9. The measured geo-neutrino signal corresponds to
⌫̄e fluxes at the detector from decays in the U and Th
chains of �(U) = (2.7± 0.7)⇥ 106 cm�2s�1 and �(Th) =
(2.3 ± 0.6) ⇥ 106 cm�2s�1, respectively. Statistical and
systematic uncertainties are added in quadrature.

Fig. 3 shows the probability contours obtained by per-
forming the fit leaving the U and Th spectral contribu-
tions as free parameters. The U and Th best-fit contri-
butions are shown in Fig. 1. This measurement shows
how Borexino, with larger exposure, could separate the
contributions from U and Th, and demonstrates the abil-
ity of this detection technique to perform real-time spec-
troscopy of geo-neutrinos.

The radiogenic heat production for U and Th, H(U +
Th), from the present best-fit result is restricted in the
range 23-36 TW (see Fig. 4). The range of values in-
cludes the uncertainty on the distribution of heat produc-
ing elements inside the Earth. The model-independent
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FIG. 1. Prompt light yield spectrum, in units of photoelec-
trons (p.e.), of ⌫̄e candidates and the best-fit. The best-fit
shows the geo-neutrino and reactor neutrino spectra (dotted
lines) assuming the chondritic ratio. Colored areas show the
result of a separate fit with U (blue) and Th (light blue) set
as free and independent parameters.

analysis yields a radiogenic heat interval 11-52 TW
(69% C.L.) for H(U + Th). Adopting the chondritic
mass ratio above and a potassium-to-uranium mass ra-
tio m(K)/m(U) = 104, the total measured terrestrial
radiogenic power is P (U + Th + K) = 33+28

�20 TW, to
be compared with the global terrestrial power output
Ptot = 47± 2 TW [14].

The contribution to the total geo-neutrino signal from
the local crust (LOC) is estimated to be Sgeo(LOC) =
(9.7±1.3) TNU [15]. Considering the contribution from
the rest of the crust (ROC) [16], the signal from the
crust in Borexino is calculated as Sgeo(LOC+ROC) =
(23.4±2.8) TNU. In order to estimate the significance of
a positive signal from the mantle we have determined the
likelihood of Sgeo(Mantle) = Sgeo � Sgeo(LOC+ROC)
using the experimental likelihood profile of Sgeo and a
gaussian approximation for the crust contribution. The
non-physical region, Sgeo(Mantle) < 0, is excluded.
This approach gives a signal from the mantle equal to
Sgeo(Mantle) = 20.9+15.1

�10.3 TNU, with the null hypothe-
sis rejected at 98% C.L..

An updated measurement of ⌫̄e’s with Borexino is pre-
sented. We show that Borexino-only data measure geo-
neutrinos with 5.9� significance. We also shows that
the background level in Borexino allows to perform a
real time spectroscopy of geo-neutrinos, currently limited
only by the size of the detector.
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IDEX-0005-02). We acknowledge the generous support
and hospitality of the Laboratori Nazionali del Gran

Unbinned maximal likelihood fit: 
Free: geoneutrino (T/Th constrained to chondritic value OR separate U and Th contributions) 
         reactor antineutrino (different parametrsations differ in rate and not that much in shape) 
Constrained: other backgrounds (almost negligible)
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Fit results for fixed M(Th)/M(U)=3.9

• Nreact=52.7+8.5
-7.7(stat)+0.7

-0.9(syst) events 
                  Sreact=96.5+15.6

-14.2(stat)+4.9
-5.0(syst) TNU 

   Predicted reactor signal 87 ± 4 TNU 

• 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)

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 



Sgeo:Sreact for fixed M(Th)/M(U)=3.9 

3.6·10-9   probability of Ngeo=0 
(5.9 σ)

For Th/U=3.9 : 
Φ(U)=(2.7+0.8

-0.7)x106 cm-2s-1 

Φ(Th)=(2.3+0.7
-0.6)x106 cm-2s-1
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Unconstrained M(U)/M(Th) fit
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Radiogenic heat

                               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 

11 TW                                                   52 TW

23 TW                                                36 TW



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 Signal) - 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 - 23.4 = 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).



Comparison with BSE models
2015

2013

x-axis : total U mass in corresponding BSE model  
Red upper - “maximal” models : max. possible amount of 
radiogenic material, uniformly distributed in the mantle 
(+1σ).  
Blue lower -“minimal” models : min.possible amount of 
radiogenic material in thin layer at the bottom of the 
mantle (-1σ). 
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‣Analysis : Energy Spectrum (0.9-2.6 MeV)
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Energy spectrum 
of each period 

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

!  Reactor background 
decreased    in 
Period 3  

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

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

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

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

"5:1 TW from U and Th.
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FIG. 3 (color). Prompt energy spectrum of !!e candidate events
above the 0.9 MeV energy threshold (vertical dashed line) for
each data-taking period. The background, reactor and geo !!e

contributions are the best-fit values from a KamLAND-only
analysis. The prompt energy spectra of !!e candidate events in
the low-energy region are also shown in the inset panels with a
finer binning. The top panel shows the energy-dependent
selection-efficiency curves for each period.

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

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

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

KamLAND 7:54þ0:19
"0:18 0:481þ0:092

"0:080 0:010þ0:033
"0:034

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

"0:026 0:023þ0:015
"0:015

KamLANDþ solarþ "13 7:53þ0:18
"0:18 0:436þ0:029

"0:025 0:023þ0:002
"0:002
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Comparison with other models 
!   ``convective Urey 

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

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

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

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

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

VIII. CONCLUSION

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

$0:025,

"m2
21 ¼ 7:53þ0:18

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

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

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

$0:8 % 106 cm$2 s$1 at KamLAND. The observed
rate is in agreement with the predictions from existing
BSE composition models within !2" C.L. Currently, the
ability to discriminate between models is limited by the
experimental uncertainty and crust modeling. In the future,
improved measurements with higher statistics and lower
background can be achieved by larger detectors distant
from commercial reactors. Likewise, multisite flux data
at a combination of crustal and oceanic geological sites
would be able to estimate the crustal contribution from a
statistical correlation analysis and constrain mantle abun-
dances more stringently.
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Partially radiogenic heat of the Earth 

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

(44.2 TW). Error bars, see text.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

fully radiogenic�
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Comparison with the reference model 

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

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

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

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

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

give different geo !!e flux predictions. Reference [36]
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SNO+ at Sudbury, Canada

After SNO: D2O replaced by 1000 tons 
of liquid scintillator 

Placed on an old continental crust: 
80% of the signal from the crust 
(Fiorentini et al., 2005) 

BSE: 28-38 events/per year  

 

Mantovani et al., TAUP 2007

M. J. Chen, Earth Moon Planets 99, 221 (2006) 

SHOULD BE COMING SOON!
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JUNO at Jiangmen, China  

Mantovani , TAUP 2007

Livia%Ludhova%(INFN%Milano,%Italy)%for%JUNO%collabora<on%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Neutrino%Geoscience,%Paris,%15C17/06/2015%

JUNO in Jiangmen, China

53%km%%

53%km%%

Main%goal:%neutrino%mass%hierarchy%

3%

Livia%Ludhova%(INFN%Milano,%Italy)%for%JUNO%collabora<on%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Neutrino%Geoscience,%Paris,%15C17/06/2015%

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 2.2: 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).

the surrounding rock and air. The water pool is equipped with PMTs to
detect the Cherenkov light from muons. On top of the water pool, there is a
another muon detector to accurately measure the muon track.

Figure 2.2: A schematic view of the JUNO detector.

It is crucial to achieve a 3%/
Ò

E(MeV) energy resolution for the deter-
mination of the MH. A Monte Carlo simulation has been developed based
on the Daya Bay Monte Carlo. The photoelectron yield has been tuned ac-
cording to the real data of Daya Bay. The required energy resolution can be
reached with the following improvements from Daya Bay [11]:

• The PMT photocathode covergage Ø 75%.

• The PMT photocathode quantum e�ciency Ø 35%.

7

JUNO detector

(~15%000)%

(~1%500)%

4%

Livia%Ludhova%(INFN%Milano,%Italy)%for%JUNO%collabora<on%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Neutrino%Geoscience,%Paris,%15C17/06/2015%

JUNO)scien+fic)goals)
•  Determina<on%of%neutrino%mass%hierarchy%(~3σ%in%6%years);%

•  Precise%measurement%of%oscilla<on%parameters%%

%%%%%%%%%%%(%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%precision%be\er%than%1%)%

•  Addi<onal%astroCpar<cle%program:%

!  Geo?neutrinos)

!  Solar%neutrinos%

!  Atmospheric%neutrinos%

!  Diffuse%superCnova%neutrinos%

!  SuperCnova%bursts%

!  Other%exo<c%searches;%

Challenges:)
%

•  Large%mass%(20%kton)%

•  Excellent%energy%resolu<on%of%
3%%@%1%MeV%

•  Great%control%of%energy%scale%
linearity%

•  High%light%yield%1200%pe/MeV%

7%
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JUNO sensitivity to geoneutrinos with toy MC

Livia%Ludhova%(INFN%Milano,%Italy)%for%JUNO%collabora<on%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Neutrino%Geoscience,%Paris,%15C17/06/2015%
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Figure 8-2: Result of a single toy Monte Carlo for 1-year measurement with fixed chondritic Th/U
mass ratio; the bottom plot is in logarithmic scale to show background shapes. The data points
show the energy spectrum of prompt candidates of events passing IBD selection cuts. The di↵erent
spectral components are shown as they result from the fit; black line shows the total sum for the
best fit. The geoneutrino signal with Th/U fixed to chondritic ratio is shown in red. The following
colour code applies to the backgrounds: orange (reactor antineutrinos), green (9Li - 8He), blue
(accidental), small magenta (↵, n). The flat contribution visible in the lower plot is due to fast
neutron background.
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 Non-antineutrino background rates in 0.7 – 12 MeV in the FV (R = 17.2 m) 
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recognised in real data by an extremely small geoneutrino signal accompanied by about 2� increase
of the reactor signal (with respect to the expectation value and its precision). In such case, the
fit has to be performed with the constrained number of reactor antineutrinos and this will enable
better reconstruction of the geoneutrino signal.

The sensitivity to correctly reconstruct the geoneutrino signal in those successful (91% of total)
cases is discussed by coming back to the lower part of Fig. 8-3. As it can be seen, the ratio between
reconstructed and generated geoneutrino events is centred at about 0.96, thus systematically shifted
to lower values by about 4% with respect to an ideal case of being centred at 1. Considering the
width of this distribution, one can say that we expect an error of about 17% for the geoneutrino
measurement considering the fixed U/Th ratio in one year of JUNO data (after cuts).

The distributions of the ratios between reconstructed and generated number events for reactor
antineutrinos and for (↵, n), 9Li - 8He, and accidental backgrounds are shown in Fig. 8-5. The -4%
systematic shift in the reconstruction of geoneutrino signal (see lower part of Fig. 8-3) is mostly
due to the correlation with reactor antineutrino background: 0.1% overestimation of the reactor
background corresponds to 4% decrease in the reconstructed geoneutrino signal. Being correlated,
the (↵, n) background tends to be overestimates while 9Li - 8He background underestimated.
Background due to the accidental coincidences is well reconstructed.

Table 8-5: Precision of the reconstruction of geoneutrino signal, as it can be obtained in 1, 3, 5, and
10 years of lifetime, after cuts. Di↵erent columns refer to the measurement of geoneutrino signal
with fixed Th/U ratio, and U and Th signals fit as free and independent components. The given
numbers are the position and RMS of the Gaussian fit to the distribution of the ratios between the
number of reconstructed and generated events. It can be seen that while the RMS is decreasing
with longer data acquisition time, there are some systematic e↵ects which do not depend on the
acquired statistics and are described in text. From this analysis we have excluded 9% of total
simulations when geoneutrino events are attributed to reactor antineutrino signal, details in the
text.

Number of years U + Th (fixed chondritic Th/U ratio) U (free) Th (free)
1 0.96± 0.17 1.01± 0.32 0.79± 0.66
3 0.96± 0.10 1.03± 0.19 0.80± 0.37
5 0.96± 0.08 1.03± 0.15 0.80± 0.30
10 0.96± 0.06 1.03± 0.11 0.80± 0.21

This analysis has been repeated also for 3, 5, and 10 years of lifetime (after cuts). The precision
of the geoneutrino measurement with fixed Th/U ratio is summarised in the 2nd column of Tab 8-5.
As it can be seen, the -4% systematic shift in the reconstruction of the geoneutrino signal remains
also for long data taking periods. The width of the distributions of the reconstructed/generated
number of geoneutrino events decreases, and thus the statistical error on the measurement decreases
with higher statistics, as expected. With 1, 3, 5, and 10 years of data, this error amounts to 17,
10, 8, and 6%, respectively.

8.7.2 Potential to measure Th/U ratio

In this section we describe the study of potential to measure individually the U and Th contribu-
tions. The same study as described in Sec. 8.7.1 has been repeated, but this time the constraint
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recognised in real data by an extremely small geoneutrino signal accompanied by about 2� increase
of the reactor signal (with respect to the expectation value and its precision). In such case, the
fit has to be performed with the constrained number of reactor antineutrinos and this will enable
better reconstruction of the geoneutrino signal.

The sensitivity to correctly reconstruct the geoneutrino signal in those successful (91% of total)
cases is discussed by coming back to the lower part of Fig. 8-3. As it can be seen, the ratio between
reconstructed and generated geoneutrino events is centred at about 0.96, thus systematically shifted
to lower values by about 4% with respect to an ideal case of being centred at 1. Considering the
width of this distribution, one can say that we expect an error of about 17% for the geoneutrino
measurement considering the fixed U/Th ratio in one year of JUNO data (after cuts).

The distributions of the ratios between reconstructed and generated number events for reactor
antineutrinos and for (↵, n), 9Li - 8He, and accidental backgrounds are shown in Fig. 8-5. The -4%
systematic shift in the reconstruction of geoneutrino signal (see lower part of Fig. 8-3) is mostly
due to the correlation with reactor antineutrino background: 0.1% overestimation of the reactor
background corresponds to 4% decrease in the reconstructed geoneutrino signal. Being correlated,
the (↵, n) background tends to be overestimates while 9Li - 8He background underestimated.
Background due to the accidental coincidences is well reconstructed.

Table 8-5: Precision of the reconstruction of geoneutrino signal, as it can be obtained in 1, 3, 5, and
10 years of lifetime, after cuts. Di↵erent columns refer to the measurement of geoneutrino signal
with fixed Th/U ratio, and U and Th signals fit as free and independent components. The given
numbers are the position and RMS of the Gaussian fit to the distribution of the ratios between the
number of reconstructed and generated events. It can be seen that while the RMS is decreasing
with longer data acquisition time, there are some systematic e↵ects which do not depend on the
acquired statistics and are described in text. From this analysis we have excluded 9% of total
simulations when geoneutrino events are attributed to reactor antineutrino signal, details in the
text.

Number of years U + Th (fixed chondritic Th/U ratio) U (free) Th (free)
1 0.96± 0.17 1.01± 0.32 0.79± 0.66
3 0.96± 0.10 1.03± 0.19 0.80± 0.37
5 0.96± 0.08 1.03± 0.15 0.80± 0.30
10 0.96± 0.06 1.03± 0.11 0.80± 0.21

This analysis has been repeated also for 3, 5, and 10 years of lifetime (after cuts). The precision
of the geoneutrino measurement with fixed Th/U ratio is summarised in the 2nd column of Tab 8-5.
As it can be seen, the -4% systematic shift in the reconstruction of the geoneutrino signal remains
also for long data taking periods. The width of the distributions of the reconstructed/generated
number of geoneutrino events decreases, and thus the statistical error on the measurement decreases
with higher statistics, as expected. With 1, 3, 5, and 10 years of data, this error amounts to 17,
10, 8, and 6%, respectively.

8.7.2 Potential to measure Th/U ratio

In this section we describe the study of potential to measure individually the U and Th contribu-
tions. The same study as described in Sec. 8.7.1 has been repeated, but this time the constraint
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procedure can be appreciated by the third plot, showing the distribution of ratios, calculated for
each simulation, between the number of geoneutrinos reconstructed by the fit and the true number
of generated events. This distribution is centered at about 0.96, thus systematically shifted to
lower values by about 4% with respect to an ideal case centered at 1. Considering the width of this
distribution, an error of about 17% is expected for the JUNO geoneutrino measurement, assuming
a fixed U/Th ratio and one year statistics (after cuts). The correlation between geoneutrinos
and reactor antineutrinos is demonstrated in Fig. 8-6 showing the distribution of the ratios of the
reconstructed/generated number of events for geoneutrinos versus reactor antineutrinos for 1 year
lifetime after cuts.

The distributions of ratios between reconstructed and generated number events for reactor
antineutrinos and for (↵, n), 9Li - 8He, and accidental backgrounds are shown in Fig. 8-7. The
-4% systematic shift in the reconstruction of geoneutrino signal (see lower part of Fig. 8-5) is
mostly due to the correlation with reactor antineutrino background: 0.1% overestimate of the
reactor background corresponds to 4% decrease in the reconstructed geoneutrino signal. The (↵, n)
background tends to be overestimated and is correlated with the 9Li - 8He background. Background
due to the accidental coincidences is well reconstructed. f

Table 8-5: Precision of the reconstruction of geoneutrino signal, as it can be obtained in 1, 3, 5, and
10 years of lifetime, after cuts. Di↵erent columns refer to the measurement of geoneutrino signal
with fixed Th/U ratio, and U and Th signals fit as free and independent components. The given
numbers are the position and RMS of the Gaussian fit to the distribution of the ratios between the
number of reconstructed and generated events. It can be seen that while the RMS is decreasing
with longer data acquisition time, there are some systematic e↵ects which do not depend on the
acquired statistics and are described in text.

Number of years U + Th (fixed chondritic Th/U ratio) U (free) Th (free)
1 0.96± 0.17 1.02± 0.32 0.83± 0.60
3 0.96± 0.10 1.03± 0.20 0.80± 0.38
5 0.96± 0.08 1.03± 0.16 0.80± 0.28
10 0.96± 0.06 1.03± 0.11 0.80± 0.19

This analysis has been repeated also for 3, 5, and 10 years of lifetime (after cuts). The precision
of the geoneutrino measurement with fixed Th/U ratio is summarised in the 2nd column of Tab 8-5.
As it can be seen, the -4% systematic shift in the reconstruction of the geoneutrino signal remains
also for long data taking periods. The width of the distributions of the reconstructed/generated
number of geoneutrino events decreases, and thus the statistical error on the measurement decreases
with higher statistics, as expected. With 1, 3, 5, and 10 years of data, this error amounts to 17,
10, 8, and 6%, respectively.

8.7.2 Potential to measure Th/U ratio

The large size of the JUNO detector and the significant number of geoneutrino events recorded each
year o↵ers the potential to measure individually the U and Th contributions. The same study as
described in Sec. 8.7.1 has been repeated, but this time the constraint on the Th/U chondritic ratio
has been removed and we allowed independent contributions from the two main natural radioactive
chains. The Th and U signal has been generated from Gaussian distributions according to Tab. 8-4.
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Figure 8-10: Distribution of the ratio reconstructed-to-generated U/Th ratio for 1 (blue line) and
10 (red line) years of lifetime after cuts. The simulations resulting in zero Th contribution are not
plot here.
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As an example, Fig. 8-8 shows the spectrum that could be obtained in 10 years of the JUNO data
(after cuts).

The precision of the free U and Th signal measurements for 1, 3, 5, and 10 years of lifetime are
summarised in the 3rd and 4th columns of Tab 8-5, respectively. One year of data collection would
result in a a significant statistical error on the estimates of both U and Th, while the situation
improves greatly with time. On the other hand, a systematic bias, at the level of 3% overestimate
of the U signal and 20% underestimate of the Th signal is not eliminated with increased statistics.
This is due to the correlations among di↵erent spectral components, as it is demonstrated on Fig. 8-
9 for 5 years of lifetime after cuts. The correlation between U and reactor antineutrinos is stronger
than between Th and reactor antineutrinos (top plots). The correlation between U and Th is quite
strong (bottom left). The (↵, n) background gets overestimated but is not strongly correlated with
Th (and neither U), as it is shown on the bottom right plot, but it is correlated with 9Li - 8He
background.

Accordingly, we have studied how well we can reconstruct the U/Th ratio. Figure 8-10 shows
the asymmetric distribution of the ratio reconstructed-to-generated U/Th ratio for 1 and 10 years
of lifetime after cuts, excluding simulations in which the Th contribution converges to 0. Table 8-6
parametrizes such distributions for 1, 3, 5, and 10 years of lifetime after cuts and gives position of
the peak, left and right RMS. The last column shows the fraction of fits in which the Th component
converges to zero. We can see, that at least few years of lifetime are required in order to measure
the Th/U ratio.

Table 8-6: Parametrization of asymmetric distributions of the reconstructed-to-generated U/Th
ratio for 1, 3, 5, and 10 years of lifetime after cuts (see examples for 1 and 10 years on Fig. 8-
10). Di↵erent columns give the position of the peak, RMS, and the fraction of fits in which Th
component converges to zero.

Number of years Peak position RMS Fits with Th(fit) = 0
[%]

1 0.7 2.43 8.2
3 0.9 2.23 3.6
5 1.0 2.22 2.7
10 1.1 1.84 1.8

8.8 Directionality measurement

The average forward shift of neutrons in the direction of incoming antineutrinos have been observed
by reactor experiments (i.e. by CHOOZ collaboration [41]). More recent theoretical considerations
with respect to the geoneutrino detection can be found in [42]. The basic idea is to search for
the statistical displacement of the capture vertex of the neutron with respect to the vertex of the

prompt positron event (
��!
�R =

�����!
R

prompt

������!
R

delayed

).
The neutron from the inverse beta decay of geoneutrino carries energy up to tens of keV and

is emitted in a relatively narrow range (below ⇠ /,55 degree [42]) of angles around the incoming
antineutrino. Emitted neutron is thermalized and then captured on hydrogen in liquid scintillator.
The average forward displacement of the neutron capture vertex is about 1.7 cm, as observed by
CHOOZ for reactor neutrinos, while the spread due to neutron drifting is about 10 cm. The gravity
of energy deposit in liquid scintillator of the gamma released by the neutron capture will further
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Hanohano at Hawaii  
Hawaii Antineutrino Observatory (HANOHANO = "magnificent” in Hawaiian 

Project for a 10 kton liquid scintillator 
detector, movable and placed on a 
deep ocean floor 

Since Hawai placed on the U-Th 
depleted oceanic crust    
70% of the signal from the mantle! 
Would lead to very interesting results! 
(Fiorentini et al.) 

BSE: 60-100 events/per year  

 
Mantovani , TAUP 2007

J. G. Learned et al., XII International Workshop on Neutrino 
Telescopes, Venice, 2007.



Geoneutrinos, APC Paris, June 2015                                                                                                           Livia  Ludhova -  INFN Milano, Italy Solar and geo neutrinos, Honolulu, May 7th, 2015 
  

Livia  Ludhova -  INFN Milano, Italy 
 

Geoneutrino summary 
•  The new interdisciplinary field is born; 
•  Collaboration among geologists and physicists is a must; 
•  The current experimental results confirm that geo-neutrinos can be 

successfully detected; 
•  Signal prediction and data interpretation: local geology around the 

experimental site must be studied; 
•  The combined results from different experimental sites have stronger 

impact – first geologically significant results start to appear; 
•   New measurements and the new generation experiments are needed for  

geologically highly significant results: 
•  Borexino and KamLAND continue to take data; 
•  SNO+ in Canada (1 kton) should provide data in not that far future; 
•  JUNO in China (20 kton): big reactor and cosmogenic background, but 

large statistics compensates: interesting results to come after 2020; 
•  The BEST would be HanoHano in Hawaii, underwater, on the eceanic 

crust, ~80% of signal from the mantle! (no money $) 
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