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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 



 International Workshop on Prospects of Particle Physics, Valday, January 2014                   Livia Ludhova 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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); 
•  Lower crust and upper 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 
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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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•     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 

Surface heat flux 
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•  Total heat flow (“measured”):   31+1 or 46+3 or 47+2 TW         

•   Radiogenic heat = from decays of radioactive elements  
       BIG SPREAD: 11 – 33 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, HISTORY, AND COMPOSITION 

Sources of the Earth’s heat 
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•  Electron antineutrinos from the decays of long lived radioactive isotopes 
naturally present in the Earth; 

 

•  238U and 232Th chains and  40K (T1/2 = (4.47, 14.0, 1.28) x  109 years, resp.): 
 

238U   à 206Pb + 8 α + 8 e- + 6 anti-neutrinos + 51.7 MeV 
232Th   à 208Pb + 6 α + 4 e- + 4 anti-neutrinos + 42.8 MeV 
40K   à 40Ca + e- + 1 anti-neutrino + 1.32 MeV 
 
 
 
 

                     the only direct probe of the deep Earth  
 

       released heat and anti-neutrinos flux in a well fixed ratio! 
 

     measure geoneutrino flux  = (in principle) =  get radiogenic heat 
 
                         in practice (as always) more complicated…..   

         
   

 

Earth shines in antineutrinos: flux ~ 106 cm-2 s-1 
leaving freely and instantaneously the Earth interior 
(to compare: solar neutrino flux ~ 1010 cm-2 s-1) 

Geo-neutrinos: antineutrinos from the Earth 
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•  The main long-lived radioactive elements:  238U, 232Th, and 40K 
 

                        U, Th, K  are refractory lithophile elements (RLE) 
 

–  Volatile /Refractory:             Low/High condensation temperature 
–  Lithophile – like to be with silicates: during partial melting they tend to stay in the liquid 

part. The residuum is depleted. Accumulated in the continental crust. Less in the oceanic 
crust. Mantle even smaller concentrations. Nothing in core. 

 

      
 
      
 

concentration for 238U  
(Mantovani et al. 2004) 
 upper continental crust:       2.5   ppm     
 middle continental crust:      1.6   ppm 
 lower continental crust:        0.63 ppm 
 oceanic crust:                       0.1   ppm 
 upper mantle:                       6.5   ppb  
 core                                    NOTHING 

Where are concentrated U,Th, and K? 
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1.8 MeV = threshold for  
inverse β-decay reaction 

Geoneutrinos  
energy range  
 
Tgeo-ν = 1.8 - 3.3 MeV  
 
Evisible ~ 1 – 2.5 MeV 

Geoneutrino energy spectra:  
theoretical calculations 
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•  Possible answers to the questions 
     

–  What is the radiogenic contribution to the terrestrial heat?? 
–  Are there any other heat sources or not? 
–  What is the distribution of the long-lived radioactive elements within the 

Earth? 
•  how much of them is in the crust and in the mantle; 
•  Is their distribution in the mantle homogeneous or not; 
•  are they present in the core; 
•   is there a geo-reactor (Herndon 2001); 

–   Are the BSE models compatible with geoneutrino data? 
–  Discrimination among different BSE models; 
–  What is the bulk Th/U ratio; 

All these info would give significant margins to many geochemical and 
geophysical models and insights into the models of the Earth’s formation. 

 
 
 
 

           
   

 

Geo-neutrinos: why to study them? 
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The probability to detect electron antineutrino (geo-neutrino or antineutrinos from 
nuclear power plants, an important background source for geoneutrino 
measurement) oscillates : 
 
 
 
 

•  Assuming 	


•  θ12, θ13, Δm12

2
 … neutrino oscillation parameters 

 
L… source – detector distance; 
 

E ….antineutrino energy in MeV;  
 
•  Oscillation length L0:  
 
 

2 Advances in High Energy Physics

results and their geological implications. Finally, in Section 7
we describe the future perspectives of the #eld of neutrino
geoscience and the projects having geoneutrino measure-
ment among their scienti#c goals.

2. Geoneutrinos

Today, the Earth’s radiogenic heat is in almost 99% produced
along with the radioactive decays in the chains of 232%
(!1/2 = 14.0 ⋅ 109 year), 238U (!1/2 = 4.47 ⋅ 109 year),235U (!1/2 = 0.70 ⋅ 109 year), and those of the 40K isotope
(!1/2 = 1.28 ⋅ 109 year). %e overall decay schemes and the
heat released in each of these decays are summarized in the
following equations:238U #→ 206Pb+8% + 8&− + 6]" + 51.7MeV, (2)235U #→ 207Pb+7% + 4&− + 4]" + 46.4MeV, (3)232% #→ 208Pb+6% + 4&− + 4]" + 42.7MeV, (4)40K #→ 40Ca+&− + ]" + 1.31MeV (89.3%) , (5)40K+& #→ 40Ar+]" + 1.505MeV (10.7%) . (6)

Since the isotopic abundance of 235U is small, the overall
contribution of 238U, 232%, and 40K is largely predominant.
In addition, a small fraction (less than 1%) of the radiogenic
heat is coming from the decays of 87Rb (!1/2 = 48.1⋅109 year),138La (!1/2 = 102⋅109 year), and 176Lu (!1/2 = 37.6⋅109 year).

Neutron-rich nuclides like 238U, 232%, and 235U, made
up [1] by neutron capture reactions during the last stages
of massive-stars lives, decay into the lighter and proton-
richer nuclides by yielding '− and % particles; see (2)–(4).
During '− decays, electron antineutrinos (]") are emitted
that carry away in the case of 238U and 232% chains, 8%
and 6%, respectively, of the total available energy [2]. In the
computation of the overall ]" energy spectrum of each decay
chain, the shapes and rates of all the individual decays have
to be included: detailed calculations are required to take into
account up to ∼80 di-erent branches for each chain [3]. %e
most important contributions to the geoneutrino signal are
however those of 214Bi and 234Pa# in the uranium chain
and 212Bi and 228Ac in the thorium chain [2].

Geoneutrino spectrum extends up to 3.26MeV and the
contributions originating from di-erent elements can be
distinguished according to their di-erent end-points; that
is, geoneutrinos with E >2.25MeV are produced only the
uranium chain, as shown in Figure 1. We note that according
to geochemical studies, 232% is more abundant than 238U
and their mass ratio in the bulk Earth is expected to be)(232%)/)(238U) = 3.9 (see also Section 3). Because the
cross-section of the detection interaction from (1) increases
with energy, the ratio of the signals expected in the detector
is *(232%)/*(238U) = 0.27.

%e 40K nuclides presently contained in the Earth were
formed during an earlier and more quiet phase of the
massive-stars evolution, the so-called Silicon burning phase

1018

1016

1014

1012

Lu
m

in
os

ity
 (s

−1
M

eV
−1

)

0.5 1 1.5 2 2.5 3 3.5 4
Antineutrino energy (MeV)

238U series
235U series

232! series
40K

Figure 1: %e geoneutrino luminosity as a function of energy is
shown for themost important reaction chains and nuclides [4]. Only
geoneutrinos of energies above the 1.8MeV energy (vertical dashed
line) can be detected by means of the inverse beta decay on target
protons shown in (1).

[1]. In this phase, at temperatures higher than 3.5 ⋅ 109 K,% particles, protons, and neutrons were ejected by photo-
disintegration from the nuclei abundant in these stars and
were made available for building-up the light nuclei up to
and slightly beyond the iron peak (+ = 65). Being a lighter
nucleus, the 40K, beyond the '− decay shown in (5), has also
a sizeable decay branch (10.7%) by electron capture; see (6). In
this case, electronneutrinos are emitted but they are not easily
observable because they are overwhelmed by themany orders
of magnitude more intense solar-neutrino 3uxes. Luckily, the
Earth is mostly shining in antineutrinos; the sun, conversely,
is producing energy by light-nuclide fusion reactions and
only neutrinos are yielded during such processes.

Both the 40K and 235U geoneutrinos are below the
1.8MeV threshold of (1), as shown in Figure 1, and thus they
cannot be detected by this process. However, the elemental
abundances ratios are much better known than the absolute
abundances.%erefore, by measuring the absolute content of238U and 232%, also the overall amount of 40K and 235U
can be inferred with an improved precision.

Geoneutrinos are emitted and interact as 3avor states
but they do travel as superposition of mass states and are
therefore subject to 3avor oscillations.

In the approximation Δ)231 ∼ Δ)232 ≫ Δ)221, the square-
mass di-erences of mass eigenstates 1, 2, and 3, the survival
probability ."" for a ]" in vacuum is

."" = . (]" #→ ]")= sin4113 + cos4113 (1 − sin22112sin2 (1.267Δ)221445 )) .
(7)
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In the Earth, the geoneutrino sources are spread over a
vast region compared to the oscillation length:!! ∼ #$ℎ 4&Δ(221 . (8)

For example, for a∼3MeVantineutrino, the oscillation length
is of ∼100 km, small with respect to the Earth’s radius of∼6371 km, and the e'ect of the neutrino oscillation to the
total neutrino (ux is well averaged, giving an overall survival
probability of⟨*""⟩ ≃ cos4-13 (1 − 12 sin22-12) + sin4-13. (9)

According to the neutrino oscillation mixing angles and
square-mass di'erences reported in [5], *"" ∼ 0.54.

While geoneutrinos propagate through the Earth, they
feel the potential of electrons and nucleons building-up the
surrounding matter. +e charged weak current interactions
a'ect only the electron (avor (anti)neutrinos. As a con-
sequence, the Hamiltonian for ]"’s has an extra term of√22#3", where 3" is the electron density. Since the electron
density in the Earth is not constant and moreover it shows
sharp changes in correspondencewith boundaries of di'erent
Earth’s layers, the behavior of the survival probability is
not trivial and the motion equations have to be solved by
numerical tracing. It has been calculated in [3] that this
so-called matter e!ect contribution to the average survival
probability is an increase of about 2% and the spectral
distortion is below 1%.

To conclude, the net e'ect of (avor oscillations during
the geoneutrino (]") propagation through the Earth is the
absolute decrease of the overall (ux by∼0.55with a very small
spectral distortion, negligible for the precision of the current
geoneutrino experiments.

3. The Earth

+e Earth was created in the process of accretion from
undi'erentiated material, to which chondritic meteorites are
believed to be the closest in composition and structure. +e
Ca-Al rich inclusions in carbonaceous chondrite meteorites
up to about a cm in size are the oldest known solid conden-
sates from the hotmaterial of the protoplanetary disk.+e age
of these -ne grained structures was determined based on U-
corrected Pb-Pb dating to be 4567.30 ± 0.16million years [6].
+us, these inclusions together with the so-called chondrules,
another type of inclusions of similar age, provide an upper
limit on the age of the Earth.+e oldest terrestrial material is
zircon inclusions fromWesternAustralia being at least 4.404-
billion-year old [7].

+e bodies with a su/cient mass undergo the process
of di'erentiation, for example, a transformation from an
homogeneous object to a body with a layered structure. +e
metallic core of the Earth (and presumably also of other
terrestrial planets) was the -rst to di'erentiate during the -rst∼30 million years of the life of the Solar System, as inferred
based on the 182Hf - 182W isotope system [8]. Today, the core

has a radius of 2890 km, about 45% of the Earth radius and
represents less than 10% of the total Earth volume.

Due to the high pressure of about 330GPa, the Inner Core
with 1220 km radius is solid, despite the high temperature
of ∼5700K, comparable to the temperature of the solar
photosphere.

From seismologic studies, and, namely, from the fact
that the secondary, transverse/shear waves do not propagate
through the so-called Outer Core, we know that it is liquid.
Turbulent convection occurs in this liquid metal of low
viscosity.+ese movements have a crucial role in the process
of the generation of the Earth magnetic -eld, so-called
geodynamo.+e magnetic -eld here is about 25Gauss, about
50 times stronger than at the Earth’s surface.

+e chemical composition of the core is inferred indi-
rectly as Fe-Ni alloy with up to 10% admixture of light
elements, most probable being oxygen and/or sulfur. Some
high-pressure, high-temperature experiments con-rm that
potassium enters iron sul-demelts in a strongly temperature-
dependent fashion and that 40Kcould thus serve as a substan-
tial heat source in the core [9]. However, other authors show
that several geochemical arguments are not in favor of such
hypothesis [10]. Geoneutrinos from 40K have energies below
the detection threshold of the current detection method (see
Figure 1) and thus the presence of potassium in the core
cannot be tested with geoneutrino studies based on inverse
beta on free protons. Other heat producing elements, such
as uranium and thorium, are lithophile elements and due to
their chemical a/nity they are quite widely believed not to
be present in the core (in spite of their high density). +ere
exist, however, ideas as that of Herndon [11] suggesting an
U-driven georeactor with thermal power <30TW present in
the Earth’s core and con-ned in its central part within the
radius of about 4 km.+e antineutrinos thatwould be emitted
from such a hypothetical georeactor have, as antineutrinos
from the nuclear power plants, energies above the end-point
of geoneutrinos from “standard” natural radioactive decays.
Antineutrino detection provides thus a sensitive tool to test
the georeactor hypothesis.

A0er the separation of the metallic core, the rest of the
Earth’s volumewas composed by a presumably homogeneous
Primitive Mantle built of silicate rocks which subsequently
di'erentiated to the present mantle and crust.

Above the Core Mantle Boundary (CMB) there is a∼200 km thick zone called D$$ (pronounced D-double
prime), a seismic discontinuity characterized by a decrease
in the gradient of both * (primary) and 4 (secondary, shear)
wave velocities.+e origin and character of this narrow zone
is under discussion and there is no widely accepted model.

+e Lower Mantle is about 2000 km thick and extends
from the D$$ zone up to the seismic discontinuity at the
depth of 660 km. +is discontinuity does not represent
a chemical boundary while a zone of a phase transi-
tion and mineral recrystallization. Below this zone, in the
Lower Mantle, the dominant mineral phases are the Mg-
perovskite (Mg0.9Fe0.1)SiO3, ferropericlase (Mg, Fe)O, and
Ca-perovskite CaSiO3. +e temperature at the base of the
mantle can reach 3700K while at the upper boundary

3 MeV antineutrino ..  
Oscillation length of ~100 km 
Earth radius ~6370 km 

Neutrino oscillations 
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No Oscillation 

No Oscillation 

Oscillated 

Oscillated 

Geoneutrinos  

Reactor antineutrinos at LNGS 

for geoneutrinos we can use 
average survival probability: 
 
 
 
0.551 + 0.015  
(Fiorentini et al 2012),  
 
but for reactor  antineutrinos  not! 

E_antinu = 3 MeV 
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In the Earth, the geoneutrino sources are spread over a
vast region compared to the oscillation length:!! ∼ #$ℎ 4&Δ(221 . (8)

For example, for a∼3MeVantineutrino, the oscillation length
is of ∼100 km, small with respect to the Earth’s radius of∼6371 km, and the e'ect of the neutrino oscillation to the
total neutrino (ux is well averaged, giving an overall survival
probability of⟨*""⟩ ≃ cos4-13 (1 − 12 sin22-12) + sin4-13. (9)

According to the neutrino oscillation mixing angles and
square-mass di'erences reported in [5], *"" ∼ 0.54.

While geoneutrinos propagate through the Earth, they
feel the potential of electrons and nucleons building-up the
surrounding matter. +e charged weak current interactions
a'ect only the electron (avor (anti)neutrinos. As a con-
sequence, the Hamiltonian for ]"’s has an extra term of√22#3", where 3" is the electron density. Since the electron
density in the Earth is not constant and moreover it shows
sharp changes in correspondencewith boundaries of di'erent
Earth’s layers, the behavior of the survival probability is
not trivial and the motion equations have to be solved by
numerical tracing. It has been calculated in [3] that this
so-called matter e!ect contribution to the average survival
probability is an increase of about 2% and the spectral
distortion is below 1%.

To conclude, the net e'ect of (avor oscillations during
the geoneutrino (]") propagation through the Earth is the
absolute decrease of the overall (ux by∼0.55with a very small
spectral distortion, negligible for the precision of the current
geoneutrino experiments.

3. The Earth

+e Earth was created in the process of accretion from
undi'erentiated material, to which chondritic meteorites are
believed to be the closest in composition and structure. +e
Ca-Al rich inclusions in carbonaceous chondrite meteorites
up to about a cm in size are the oldest known solid conden-
sates from the hotmaterial of the protoplanetary disk.+e age
of these -ne grained structures was determined based on U-
corrected Pb-Pb dating to be 4567.30 ± 0.16million years [6].
+us, these inclusions together with the so-called chondrules,
another type of inclusions of similar age, provide an upper
limit on the age of the Earth.+e oldest terrestrial material is
zircon inclusions fromWesternAustralia being at least 4.404-
billion-year old [7].

+e bodies with a su/cient mass undergo the process
of di'erentiation, for example, a transformation from an
homogeneous object to a body with a layered structure. +e
metallic core of the Earth (and presumably also of other
terrestrial planets) was the -rst to di'erentiate during the -rst∼30 million years of the life of the Solar System, as inferred
based on the 182Hf - 182W isotope system [8]. Today, the core

has a radius of 2890 km, about 45% of the Earth radius and
represents less than 10% of the total Earth volume.

Due to the high pressure of about 330GPa, the Inner Core
with 1220 km radius is solid, despite the high temperature
of ∼5700K, comparable to the temperature of the solar
photosphere.

From seismologic studies, and, namely, from the fact
that the secondary, transverse/shear waves do not propagate
through the so-called Outer Core, we know that it is liquid.
Turbulent convection occurs in this liquid metal of low
viscosity.+ese movements have a crucial role in the process
of the generation of the Earth magnetic -eld, so-called
geodynamo.+e magnetic -eld here is about 25Gauss, about
50 times stronger than at the Earth’s surface.

+e chemical composition of the core is inferred indi-
rectly as Fe-Ni alloy with up to 10% admixture of light
elements, most probable being oxygen and/or sulfur. Some
high-pressure, high-temperature experiments con-rm that
potassium enters iron sul-demelts in a strongly temperature-
dependent fashion and that 40Kcould thus serve as a substan-
tial heat source in the core [9]. However, other authors show
that several geochemical arguments are not in favor of such
hypothesis [10]. Geoneutrinos from 40K have energies below
the detection threshold of the current detection method (see
Figure 1) and thus the presence of potassium in the core
cannot be tested with geoneutrino studies based on inverse
beta on free protons. Other heat producing elements, such
as uranium and thorium, are lithophile elements and due to
their chemical a/nity they are quite widely believed not to
be present in the core (in spite of their high density). +ere
exist, however, ideas as that of Herndon [11] suggesting an
U-driven georeactor with thermal power <30TW present in
the Earth’s core and con-ned in its central part within the
radius of about 4 km.+e antineutrinos thatwould be emitted
from such a hypothetical georeactor have, as antineutrinos
from the nuclear power plants, energies above the end-point
of geoneutrinos from “standard” natural radioactive decays.
Antineutrino detection provides thus a sensitive tool to test
the georeactor hypothesis.

A0er the separation of the metallic core, the rest of the
Earth’s volumewas composed by a presumably homogeneous
Primitive Mantle built of silicate rocks which subsequently
di'erentiated to the present mantle and crust.

Above the Core Mantle Boundary (CMB) there is a∼200 km thick zone called D$$ (pronounced D-double
prime), a seismic discontinuity characterized by a decrease
in the gradient of both * (primary) and 4 (secondary, shear)
wave velocities.+e origin and character of this narrow zone
is under discussion and there is no widely accepted model.

+e Lower Mantle is about 2000 km thick and extends
from the D$$ zone up to the seismic discontinuity at the
depth of 660 km. +is discontinuity does not represent
a chemical boundary while a zone of a phase transi-
tion and mineral recrystallization. Below this zone, in the
Lower Mantle, the dominant mineral phases are the Mg-
perovskite (Mg0.9Fe0.1)SiO3, ferropericlase (Mg, Fe)O, and
Ca-perovskite CaSiO3. +e temperature at the base of the
mantle can reach 3700K while at the upper boundary

Reactor-LNGS distance  
considered individually  
for all reactors 



 International Workshop on Prospects of Particle Physics, Valday, January 2014                   Livia Ludhova 

νe p 
e+ 

γ (0.511 MeV)	



	



n 

Evisible = Te + 2*0.511 MeV  = 
 
          =  Tgeo-ν – 0.784 MeV 

PROMPT SIGNAL 

p 

n 

γ (2.2 MeV)	



γ (0.511 MeV)	



	



DELAYED SIGNAL 
mean n-capture time on p 

 256 µs 

Energy threshold of   
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i.e.  Evisible ~ 1 MeV 

Low reaction σ  à large 
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Liquid scintillators 
 
High radio-purity & 
underground labs to 
shield from cosmic rays 

neutron thermalization 
up to cca. 1 m 

Detecting geo-ν: inverse β-decay  
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1 Terrestrial Neutrino Unit (TNU) = 1 event / year / 1032 protons (~ 1kton scitnillator) 
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observed in the present crust. In this way, the predictions of
theU and"mass abundances in themantle aremade, which
are then critical in calculating the predicted geoneutrino
signal; see Section 4.

"e refractory elements are those that have high conden-
sation temperatures; thus, they did condensate from a hot
nebula, today form the bulk mass of the terrestrial planets,
and are observed in equal proportions in the chondrites.
"eir contrary is volatile elements with low condensation
temperatures and which might have partially escaped from
the planet. U and " are refractory elements, while K is
moderately volatile. All U,", and K are also lithophile (rock-
loving) elements, which in the Goldschmidt geochemical
classi$cation means elements tending to stay in the silicate
phase (other categories are siderophile (metal-loving), chal-
cophile (ore, chalcogen-loving), and atmophile/volatile).

"e most recent classi$cation of BSE models was pre-
sented by Šrámek et al. [14]

(i) Geochemical BSEModels."esemodels rely on the fact that
the composition of carbonaceous (CI) chondrites matches
the solar photospheric abundances in refractory lithophile,
siderophile, and volatile elements."ese models assume that
the ratios of Refractory Lithophile Elements (RLE) in the bulk
silicate Earth are the same as in the CI chondrites and in the
solar photosphere. "e typical chondritic value of the bulk
mass "/U ratio is 3.9 and K/U ∼ 13,000. "e absolute RLE
abundances are inferred from the available crust and upper
mantle rock samples. "e theoretical petrological models
and melting trends are taken into account in inferring the
composition of the original material of the Primitive Mantle,
from which the current rocks were derived in the process
of partial melting. Among these models are McDonough
and Sun [17], Allégre et al. [18], Hart and Zindler [19],
Arevalo et al. [20], and Palme and O’Neill [21]. "e typical
U concentration in the bulk silicate Earth is about 20 ± 4 ppb.
(ii) Cosmochemical BSE Models. "e model of Javoy et al.
[22] builds the Earth from the enstatite chondrites, which
show the closest isotopic similarity with mantle rocks and
have su,ciently high iron content to explain themetallic core
(similarity in oxidation state)."e “collisional erosion”model
ofO’Neill and Palme [23] is covered in this category aswell. In
this model, the early enriched crust was lost in the collision
of the Earth with an external body. In both of these models
the typical bulk U concentration is about 10–12 ppb.

(iii) Geodynamical BSE Models. "ese models are based on
the energetics of the mantle convection. Considering the
current surface heat -ux, which depends on the radiogenic
heat and the secular cooling, the parametrized convection
models require higher contribution of radiogenic heat (and
thus higher U and " abundances) with respect to geo-and
cosmochemical models. "e typical bulk U concentration is
35 ± 4 ppb.

"e surface heat -ux is estimated based on the measure-
ments of temperature gradients along several thousands of
drill holes along the globe. "e most recent evaluation of
these data leads to the prediction of 47 ± 2TW predicted

by J. H. Davies and D. R. Davies [24], consistent with the
estimation of Jaupart et al. [25]. "e relative contribution of
the radiogenic heat from radioactive decays to this -ux (so-
calledUrey ratio) is not known and this is the key information
which can be pinned down by the geoneutrino measure-
ments."e geochemical, cosmochemical, and geodynamical
models predict the radiogenic heat of 20 ± 4, 11 ± 2, 33 ±
3TW and the corresponding Urey ratios of about 0.3, 0.1,
and 0.6, respectively. "e Heat Producing Elements (HPE)
predicted by these models are distributed in the crust and
in the mantle. "e crustal radiogenic power was recently
evaluated by Huang et al. [16] as 6.8+1.4−1.1 TW. By subtracting
this contribution from the total radiogenic heat predicted by
di/erent BSE models, the mantle radiogenic power driving
the convection and plate tectonics can be as little as 3TWand
as much as 23TW. To determine this mantle contribution is
one of the main goals and potentials of neutrino geoscience.

4. Geoneutrino Signal Prediction

"e geoneutrino signal can be expressed in several ways. We
recall that geoneutrinos are detected by the inverse beta decay
reaction (see (1)) in which antineutrino interacts with a target
proton. "e most straightforward unit is the normalized
event rate, expressed by the so-called Terrestrial Neutrino
Unit (TNU), de$ned as the number of interactions detected
during one year on a target of 1032 protons (∼1 kton of liquid
scintillator) and with 100% detection e,ciency. Conversion
between the signal " expressed in TNU and the oscillated,
electron -avor -ux # (expressed in 106cm−2 s−1) is straight-
forward [26] and requires a knowledge of the geoneutrino
energy spectrum and the interaction cross section, which
scales with the ]" energy:" ( 232") [TNU] = 4.07 ⋅ # ( 232") ," ( 238U) [TNU] = 12.8 ⋅ # ( 238U) . (10)

In order to calculate the geoneutrino signal at a certain
location on the Earth’s surface, it is important to know the
absolute amount and the distribution ofHPE inside the Earth.
As it was described in Section 3, we know relatively well such
information for the Earth’s crust, but we lack it for themantle.
Instead, the BSE models, also described in Section 3, predict
the total amount of HPE in the silicate Earth (so, excluding
themetallic core, in which noHPE are expected)."us, in the
geoneutrino signal predictions, the procedure is as follows.
First, the signal from the crust is calculated. "en, the total
mass of the HPE concentrated in the crust is subtracted
from the HPE mass predicted by a speci$c BSE model; the
remaining amount of HPE is attributed to be concentrated in
the mantle.

Due to the chemical a,nity of HPE, the continental
crust is their richest reservoir. "us, for the experimental
sites built on the continental crust, the total geoneutrino
signal is dominated by the crustal component. It is important
to estimate it with the highest possible precision since the
mantle contribution can be extracted from the measured

Conversion between the measured rate in 
TNU and the oscillated, electron-flavor flux 
Φ, (considering geoneutrino energy 
spectrum and cross-section of the detection 
interaction) Fogli at al. 2010 

Signal = function (amount and distribuiton of U and Th in the Earth) 

Crustal signal = relatively well known (LOC and ROC from Fiorentini et al. 2012) 
LOC (Local Crust) = area of few hundreds km around the site… up to 50% of signal!  
ROC(Rest Of the Crust) = latest Huang et al. 2013; 3D tiles of 1ox1o 

Mantle signal is THE UNKNOWN:  
U+Th mass (Mantle) = BSE geological model – crust 
Different distributions of U and Th in the mantle: 
a)  Homogeneous mantle (maximal geonu signal) 
b)   Sunken layer close to the core (minimal geonu signal) 
c) Depleted mantle + Enriched Layer (intermediate geonu signal) 

Geo-neutrino signal prediction 
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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; 
• 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; 
• DAQ started in 2007;           
•  3600 m.w.e. shielding; 

Monday talk of A. Kozlov (Kavli IPMU):   
Current status of the KamLAND physics 
program 

THIS TALK 
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KamLand  Borexino  
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Figure 2:(e map of six 2∘ × 2∘ tiles from which the LOC geoneutrino signal (see Table 1) is calculated for the Borexino ((a), from [39]) and
KamLAND ((b), from [40]) sites.

Table 2: Main characteristics of the Borexino and KamLAND detectors.

Borexino KamLAND
Depth 3600m.w.e ("" = 1.2m−2 h−1 ) 2700m.w.e ("" = 5.4m−2 h−1)
Scintillator mass 278 ton (PC + 1.5 g/l PPO) 1 kt (80% dodec. + 20% PC + 1.4 g/l PPO)
Inner detector 13m sphere, 2212 8$$ PMT’s 18m sphere, 1325 17$$ + 554 20$$ PMT’s
Outer detector 2.4 kt HP water + 208 8$$ PMT’s 3.2 kt HP water + 225 20$$ PMT’s
Energy resolution 5% at 1MeV 6.4% at 1MeV
Vertex resolution 11 cm at 1MeV 12 cm at 1MeV
Reactors mean distance ∼1170 km ∼180 km
a horizontal mine in the Japanese Alps at a depth of 2700
meters water equivalent (m.w.e.). It aimed at a broad experi-
mental program ranging fromparticle physics to astrophysics
and geophysics.

(e heart of the detector is a 1 kton of highly puri4ed
liquid scintillator, made of 80% dodecane, 20% pseudoc-
umene, and 1.36 ± 0.03 g/L of 2,5-Diphenyloxazole (PPO).
It is characterized by a high scintillation yield, high light
transparency, and a fast decay time, all essential requirements
for good energy and spatial resolutions. (e scintillator is
enclosed in a 13m spherical nylon balloon, suspended in
a nonscintillating mineral oil by means of Kevlar ropes
and contained inside a 9m radius stainless-steel tank (see
Figure 3). An array of 1325 of “17” PMTs and 554 of “20” PMTs
(inner detector) is mounted inside the stainless-steel vessel
viewing the center of the scintillator sphere and providing
a 34% solid angle coverage. (e containment sphere is
surrounded by a 3.2 kton cylindrical water Cherenkov outer
detector that shields the external background and acts as an
active cosmic-ray veto.

(e KamLAND detector is exposed to a very large 5ux
of low-energy antineutrinos coming from the nuclear reactor
plants. Prior to the earthquake and tsunami of March 2011,
one-third of all Japanese electrical power (which is equiv-
alent to 130 GW thermal power) was provided by nuclear
reactors. (e 4ssion reactors release about 1020 ]%GW−1 s−1
that mainly come from the $-decays of the 4ssion products
of 235U, 238U, 239Pu, and 241Pu, used as fuels in reactor cores.
(e mean distance of reactors from KamLAND is ∼180 km.

Figure 3: Schematic view of the KamLAND detector.

Since 2002, KamLAND is detecting hundreds of ]% interac-
tions per year.

(e 4rst success of the collaboration, a milestone in
the neutrino and particle physics, was to provide a direct
evidence of the neutrino 5avor oscillation by observing

More detector details in the 
talk of O. Smirnov 
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KamLand 
 

•  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 
 

•  Phys. Rev. D 88 (2013) 033001     
     116 +28 

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

 

 Borexino  
 

•  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 
 
•  Phys. Lett. B 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 

 

Geo-neutrino experimental results 
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             antineutrino + proton à positron  + neutron 
 

 
 
 

§   Charged particles produce scintillation light; 
§  Gamma rays  from the positron annihilation and from the neutron 

capture are neutral particles but in the scintillator they interact mostly 
via Compton scattering producing electrons = charged particles; 

§  Scintillation light is detected by an array of phototubes (PMTs) 
converting optical signal to electrical signal; 

§  Number of hit PMTs  = function (energy deposit) -> Eprompt, Edelayed 
§  Hit PMTs time pattern = position reconstruction of the event -> Δ R of 

events 
§  Each trigger has its GPS time -> Δ time of events 

 
 
 
 
 

           
   

 

E (prompt) = E(antineutrino) – 0.784 MEV Edelayed = 2.2 MeV 
gamma 

Δ time 
Δ R 

Geo-neutrino detection basics 
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We have then golden candidates found as time and 
spatial coincidences: 
 

•  They can be due to: 

–  Geo-neutrinos; 

•  Reactor antineutrinos; 

•  Other backgrounds; 
•  We need to estimate different contributions and then extract the number 

of measured geo-neutrinos by fitting the Eprompt energy spectrum; 
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Borexino 2013 geo-ν measurement 
 

Phys. Lett. B 722 (2013) 295-300 
 

    (14.3 + 4.4) geoneutrino events 
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What do we expect? 
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ü U and Th abundances of samples belonging to  
sedimentary cover analized by means  of ICP-MS  
and  NaI(Tl) gamma spectroscopy; 
 

ü U and Th content in the upper and lower crust 
 from Valsugana and Ivrea-Verbano area outcrops; 
 

By using the available  seismic profile as well stratigrafic records 
from a number of exploration wells,  a  3 D model  was developed 
down to the Moho depht for a total of 106 1 km3 volume cells. 

Sediments 
Upper crust 

Lower crust 

~50% of the expected signal is coming from R< 500 Km!!  

LNGS local geology study  
(Coltorti et al., Geo.Cosm. Acta 75(2011) 2271)   
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Local crust contribution from the 6° x 4° area around the detector:  

Total crustal contribiution, LOC + Rest Of the Crust (Huang et al (2013) 

Sgeo= (33.2 + 4.8) TNU 

Scrust (LOC + ROC) = 23.4 + 2.8 TNU 

Mantle contribution is less well known. By considering, as an example, the mantle 
contribution quoted in Fiorentini et al (2012) for the BSE model by Mc. Donough 
and Sun (1995), the total expected  geoneutrino signal at LNGS site is:  

Ngeo = (12.2 + 1.8)  events!! 

Scrust(LOC)= (9.7 + 1.3) TNU (Coltorti et al .2011)  

 in 3.69 x 1031 target-proton year exposure 
(exposure of the 2013 Borexino data)  Ultra-pure detector mandatory !!! 

Expected geoneutrino signal at LNGS 



 International Workshop on Prospects of Particle Physics, Valday, January 2014                   Livia Ludhova 

194 reactors  

CHOOZ 
KamLAND 
Proposal 
BOREXINO Lmean ~ 1000 km 

Survival probability vs distance 
∆m2

12 = 7.65 ·10− 5 eV2 
sin2θ12=0.304 

  245 world non European reactors 

Reactor antineutrinos 
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"   From the literature: 
" Ei : energy release per fission of isotope i  (Huber-Schwetz 2004); 
" Φi: antineutrino flux per fission of isotope i (polynomial parametrization,   
           Huber 2011, Mueller et al.2011, Huber-Schwetz 2004); 
"   Pee: oscillation survival probability; 

"   Calculated as a f(detector): 
"   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 (reactor core composition); 

 

 
 
 

 
 
  
 
 

235U 
239Pu 
238U 
241Pu 

Calculation of reactor anti-ν signal 
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Source of error Error (%) 

Oscillations: θ13 ±0.5% 
Oscillations: δm2 ±0.02% 
Oscillations: θ12 ±2.3% 
Energy per fission of isotope i: 
Ei 

±0.6% 

Flux shape: Φi(Eν) ±3.5% 
Cross section: σ(E) ±0.4% 
Thermal power: Prm ±2.0% 
Long lived isotopes in spent fuel ±1% 

Fuel composition: fri ±3.2% 

Reactor – Borexino distance Lr ±0.4% 
TOTAL ±5.8% 

Expected number of events: (33.3+2.4) events in 613 tonxyear exposure 

σ~10-44 cm2  Nprotons = 6x1030 in 100 tons 

Prompt energy (MeV) 

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

Energy spectrum of prompt events 

Ideal detector 

Expected reactor anti-neutrino signal  
and its error in Borexino 
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Theoretical geo-ν 
oscillated spectrum 

Calculated oscillated  
reactor spectrum 

Sum of NON-oscillated spectra 

 

Theoretical spectra: input to MC 
 

Expected prompt-event energy spectrum:  
theoretical shapes (in MeV) 
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Table 1: Systematic uncertainties on the expected reactor–
�̄e signal. See Eq. (2) and accompanying text for details.

Source Error Source Error
[%] [%]

Fuel composition 3.2 ⇤12 2.6
⌥(E�̄) 2.5 Prm 2.0
Long-lived isotopes 1.0 Ei 0.6
⇧�̄p 0.4 Lr 0.4
�m2

12 0.02
Total 5.38
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Figure 2: Expected prompt positron event spectrum as ob-
tained from the MC code, using the distribution in Fig. 1
as input and the selection cuts described in the text. The
horizontal axis shows the number of p.e. detected by the
PMTs. Primaries generated are 105 events for both geo–�̄e

and reactor–�̄e. See text for details.

the center of the detector are 1060±5 photoelec-
trons (p.e.) (⇧=42.1±0.2 p.e.) and 2368±20 p.e.
(⇧=72±3 p.e.), respectively.

The Geant4-based Borexino Monte Carlo (MC)
was tuned on data from the calibration campaign.
The expected geo and reactor ⌅̄e’s spectra shown in
Fig. 1 were used as input to the MC code in order
to simulate the detector response to ⌅̄e interactions.
The MC–generated geo–⌅̄e and reactor–⌅̄e spectra
are shown in Fig. 2, where the energy is expressed
as the total light yield (in units of p.e.) collected
by the PMTs.

In Borexino, the position of each event is deter-
mined from the timing pattern of hit PMTs. The
Fiducial Volume (FV) is determined with 3.8% un-
certainty, based on the source calibration campaign.
The maximal deviation from the calibration refer-

ence positions measured at 4 m radius is 5 cm.
The event energy is a calibrated non–linear func-

tion of the number of detected p.e. The total num-
ber of p.e. collected by the PMTs, Q, depends on
the energy, position, and nature of the events (light
yield of ⇥-rays and electrons di⇥er slightly due to
the light quenching of low energy electrons). All
these dependences are properly handled and well
reproduced by the MC code, permitting us to per-
form the analysis directly on the light yield spec-
trum shown in Fig. 2 (rather than on the energy
spectrum of Fig. 1).

The following cuts are used for ⌅̄e’s
search: Qprompt>410 p.e., where Qprompt is
the PMTs light yield for the prompt event;
700 p.e.<Qdelayed<1,250 p.e., where Qdelayed is
the PMTs light yield for the delayed event;
�R<1 m, where �R is the reconstructed dis-
tance between the prompt and the delayed event;
20 µs<�t<1280 µs, where �t is the time interval
between the prompt and the delayed event. The
selection criterium for the reconstructed radius
of the prompt event, Rprompt, sets a fiducial
volume, providing a 0.25 m layer of active shielding
against external backgrounds. The total detection
e⇤ciency with these cuts was determined by MC
to be 0.85±0.01.

An important source of background to the ⌅̄e’s
measurement is due to ��–neutron emitters pro-
duced by muons interacting in the scintillator, i.e.
9Li (⌃=260ms) and 8He (⌃=173ms) [23]. We re-
ject these events by applying a 2 s veto after each
muon crossing the liquid scintillator active volume.
The veto ine⇤ciency on the background from ��–
neutron emitters is 3 · 10�5. We tagged fifty-
one (51) 9Li–8He candidates falling within the ⌅̄e

cuts in coincidence with a positive signal from the
above veto, corresponding to a measured 9Li–8He
rate of 15.4 events/(100 ton·yr). The residual 9Li–
8He background after the muon cut is equal to
0.03±0.02 events/(100 ton·yr).

Fast neutrons can mimic ⌅̄e events: recoiling pro-
tons scattered by the neutron during its thermaliza-
tion can fake a prompt signal, and the thermalized
neutron capture on a proton produces a 2.22 MeV
⇥–ray delayed signal. Fast neutrons contributing to
our background can be produced by muons either
crossing the Borexino WT or interacting in the rock
around the detector.

We reject more than 99.5% of fast neutrons orig-
inated within the WT with a 2 ms veto following
each muon crossing the WT but not the SSS. We

4

Reactor-ν window (no geo) Geo-ν	


window 

66% 34% 

1300 p.e. 

Expected prompt-event spectrum:  
Monte Carlo result (in photoelectrons) 

MC output: 
includes detector response function 

USED IN THE UNBINNED  
MAXIMUM LIKELIHOOD  
FIT OF THE DATA 



 International Workshop on Prospects of Particle Physics, Valday, January 2014                   Livia Ludhova 

Background source Events in total exposure 
 Cosmogenic 9Li and 8He 0.25 ± 0.18 

Fast neutrons from µ in Water Tank (measured) < 0.07 

Fast neutrons from µ in rock  (MC) < 0.28 

Non-identified muons 0.080 ± 0.007 
Accidental coincidences 0.206 ± 0.004 
Time correlated background 0.005 + 0.012 

(γ,n) reactions < 0.04 

Spontaneous fission in PMTs 0.022 ± 0.002 

(α,n) reactions in the scintillator [210Po] 0.13 ± 0.01 

(α,n) reactions in the buffer  [210Po] < 0.43 

TOTAL 0.70 ± 0.18 

Backgrounds mimicking  
the anti-ν interactions 
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Anti-neutrino candidates and 
the results 
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Geo-ν: the selecting cuts 
Selection cuts efficiency  (estimated with MC): 0.84 + 0.01 

§   Prompt event light yield  
    (above kinematic threshold) > 408 p.e. 
§  860 p.e .< delayed event< 1300 p.e. 

Energy cuts (ligh yield ~ 500 p.e./MeV): Spatial  cuts: 

§ ΔR < 1m 
§ Dprompt from the inner vessel > 0.25 m  

§ 20 µs < Δt < 1280 µs (neutron capture time ~255 µs) 
§  2 s dead time after µ crossing the scintillator/buffer	


§  2 ms dead time after µ crossing the Water Tank	


§ multiplicity cut: no neutron-like events in a +2 ms time 

Time  cuts : Pulse-shape cuts : 
§  Delayed event Gatti parameter: 
   Gdel < 0.015 

Mostly introduced to reject 
 214Bi-214Po background 

during 
 purifications  

and coming from  
the 10-2 %  

214Po(α+γ) decay branch 

Am-Be source 
delayed event 
Gatti parameter 

 E. Gatti F.  And De Martini  
Nuclear Electronics II (1962) 265 

α’s have longer tail 
then β ‘s 
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46 golden anti-neutrino candidates 
(in 1198.9 days from Dec. 2007 to Aug.2012) 

Neutron capture time 
ü Am-be source data:  

       τ  =(254.5+1.8) µs 

ü Fit with free parameters: 

  τ  = (252 + 42) µs 
 

dt (delayed – prompt) event) 

Prompt events radlal distribution 

46&selected&anti5ν&candidates&&in&613&tons&year&&

Geo5ν:&the&selected&events&
Data&set&:&Dec.&20075&Aug.2012&

Sandra!Zavatarelli,!!INFN!Genova!Italy!Neutrino!GeoScience!2013,!Takayama,!Japan!

Ev
en

ts
*

observed&
expected&

Event*absolute*time*distribution* Events*radlal*distribution*(prompt)*
Time*(µs)*

Ev
en

ts
* Neutron&capture&time&

" Am5be&data:&τ&&=(254.5+1.8)&µs&
" Fit&with&free&parameters:&

  τ&&=(252+42)&µs&
&

Prompt*–delayed*event*time*distance*

Time [µs] Light yield of prompt event [p.e]; 1 MeV ~ 500 p.e 
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 Delayed vs prompt energy 
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46 golden anti-neutrino candidates 
(in 1198.9 days from Dec. 2007 to Aug.2012) 

ü An unbinned maximal likelihood fit of the energy spectrum of the 46 
prompt candidates has been performed; 
ü Th/U mass ratio fixed to the chondritic value of 3.9; 

Exposure: (613 + 26) ton*year => 
(3.69 + 0.16)  1031 Np  

Signal/Background ~30 

Ngeo =(14.3 + 4.4)  

Nrea = (31.2 +7.0
-6.1 ) 

Sgeo= 0: probability of 6 10-6  
 

Evidence for geo-ν at 4.5σ C.L.  

Free fit parameters:  
•  Ngeo 
•  Nrea (no dependence of the 

result on the reactor flux 
normalisation) 

•  Backgrounds constrained at 
their +1σ expectation values 
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Comparison with expectations 

1σ expectation band 
 of Sgeo=(26.3-46.6)TNU 
for different geo-models 

Contour plot for geo-ν and reactor antineutrino signal rate Comparison&with&expectations&

Sandra!Zavatarelli,!!INFN!Genova!Italy!Neutrino!GeoScience!2013,!Takayama,!Japan!

Contour&plot&for&geo5ν&and&reactor&antineutrino&signal&&rate:&black&point&=&best&fit&&

1σ&expectation&band&of&Srea:&(83.2597.3)&TNU&

1σ&expectation&band&
&of&Sgeo=(26.3546.6)TNU&
for&different&models&

1σ#
2σ#

3σ#

1σ expectation band of Srea: (83.2-97.3) TNU 

best fit 
Observed number of reactor 
antineutrinos is consistent with 
expectations 

Observed number of geo-
neutrinos falls within the range 
expected by geological models 
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Geo-ν signal vs BSE geological models 
Total Sgeo Model
[TNU]

low high 

35.1 46.64 Turcotte & Schubert 2002       (g)

33.3 44.24 Anderson 2007                       (f)

29.6 39.34 Palme & O'Neil 2003               (e)

28.4 37.94 Allegre at el. 1995                  (d)

28.4 37.94 Mc Donough & Sun 1995         (c)

26.6 35.24 Lyubetskaya & Korenaga 2007 (b)

23.6 31.44 Javoy et al.2010                     (a)

High signal = homogeneous mantle, 
crustal signal + 1 σ error 

Low signal = U and Th concentrated 
close to the core-mantle boundary, 
crustal signal -1σ error 

1 σ band for the BX results 

BX result in agreement with 
•  the available  BSE models 

SBX
geo = (38.8 + 12.0 ) TNU  

-1 σ	



+1 σ	
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Mantle geo-neutrinos 

SBX
geo (Crust) =(23.4 + 2.8) TNU  

BOREXINO alone 

SBX
geo (Total) =(38.8 + 12.0) TNU  

SBX (mantle) =(15.4 + 12.3) TNU  

Combined analysis BX + KL: 

12 Advances in High Energy Physics
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Figure 8: (a))e 68.3, 95.4, and 99.7% contour plots of the) versus U signal, expressed in TNU units, in the Borexino geoneutrino analysis
[62]; the dashed blue line is the expectation for a chondritic)/U mass ratio of 3.9. (b) the same con0dence level contours are shown for the
KamLAND analysis [51], expressed in number of total events versus the normalized di1erence of the number of events from U and).)e
vertical dashed line represents the chondritic ratio of 3.9 while the shadowed area on this line is the prediction of the BSE model from [17].
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Figure 9: )e measured geo-] signal in Borexino and KamLAND
compared to the expected 2uxes from Table 1: area with horizontal
stripes = LOC, area with oblique stripes = ROC, green solid area =
CLM.)e dotted area is the excess of signal which could correspond
to the convective mantle contributions. )e sum of the CLM and
the convective mantle contributions corresponds to the total mantle
signal as from (12).

We have performed a combined analysis of the Borexino and
KamLAND data in the hypothesis of a spherically symmetric
mantle or a not homogeneous one as predicted by the TOMO
model.

)e Δ"2 pro0les for both models are shown in Figure 10.
For the homogeneous mantle we have obtained the signal#SYMMantle of #SYMMantle = (7.7 ± 6.2) TNU. (13)

Instead, when the Borexino and KamLAND mantle signals
have been constrained to the ratio predicted by the TOMO
model, the mean mantle signal #TOMO

Mantle results to be#TOMO
Mantle = (8.4+6.6−6.7) TNU. (14)

)ere is an indication for a positive mantle signal but only
with a small statistical signi0cance of about 1.5&C.L. )e
central values are quite in agreement with the expectation
shown in Table 1. A slightly higher central value is observed
for the TOMO model. We stress again the importance of
a detailed knowledge of the local crust composition and
thickness in order to deduce the signal coming from the
mantle from the measured geoneutrino 2uxes.

In Figure 11, we compare the measured mantle signal#SYMMantle from (13) with the predictions of the three categories
of the BSE models according to [14] which we have discussed
in Section 4, that is, the geochemical, cosmochemical, and
geodynamical ones. For each BSE model category, four
di1erent HPE distributions through the mantle have been
considered: a homogeneous model and the three DM + EL
models with the three di1erent depletedmantle compositions
as in [36–38]. All the Earth models are still compatible
at 2& level with the measurement, as shown in Figure 11,
even if the present combined analysis slightly disfavors
the geodynamical models. We remind that these models
are based on the assumption that the radiogenic heat has
provided the power to sustain the mantle convection over the
whole Earth story. It has been recently understood [68] the

Sgeo= S(crust) + S(mantle)  

Ludhova and Zavatarelli,  Hindavi Publishong Corporation, Advances in High Energy Physics, 2013.   

Mantle 
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Figure 10: Δ"2 pro)le for the mantle signal in the Borexino +
KamLAND combined analysis. *e black continuous line assumes
a spherically symmetric mantle, while the dashed blue line a
nonhomogeneous TOMOmodel from [14].
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Figure 11: *e measured geoneutrino signal from the Borexino +
KamLAND combined analysis under the assumption of a spheri-
cally symmetricmantle (see (13)) is comparedwith the predictions of
di,erent Earth’s models from [14].*e three DM + EL distributions
of the HPE elements in the mantle correspond to the depleted
mantle compositions from [36–38], respectively.

importance of thewater orwater vapor embedded in the crust
and mantle to decrease the rock viscosity and so the energy
supply required to promote the convection. If this is the case
the geodynamical models are going to be reconciled with the
geochemical ones.

It is, in principle, possible to extract from the measured
geoneutrino signal the Earth’s radiogenic heat power. *is
procedure is however not straightforward; the geoneutrino
/ux depends not only on the total mass of HPE in the Earth,
but also on their distributions, which is model dependent.
*e HPE abundances and so the radiogenic heat in the crust
are rather well known, as discussed in Sections 3 and 4.
As the main unknown remains the radiogenic power of the
Earth’s mantle. Figure 12 summarizes the analysis we have
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Figure 12: *e mantle radiogenic heat power from U and *
as a function of the measured geoneutrino signal; the solid lines
represent the sunken-layer model, while the dotted lines the homo-
geneousmantle (see Section 4).*e green and the blue lines indicate
the individual* andU contributions, respectively, while the brown
lines show the total signal.*e measured mantle geoneutrino signal#SYMMantle from a combined Borexino + KamLAND analysis is shown
by the vertical solid orange line; the corresponding 1$ band is shown
by a )lled triangular area.*e arrows on the vertical %-axis indicate
the radiogenic heat corresponding to the best )t geoneutrino signal.
Details in text.

performed in order to extract the mantle radiogenic heat
from the measured geoneutrino signals.

*e geoneutrino luminosity Δ& (]! emitted per unit time
from a volume unit, so-called voxel) is related [2] to theU and
*masses Δ' contained in the respective volume:Δ& = 7.46 ⋅ Δ' ( 238U) + 1.62 ⋅ Δ' ( 232*) , (15)

where the masses are expressed in units of 1017 kg and the
luminosity in units of 1024 s−1.

*e measured geoneutrino signal at a given site can
be deduced by summing up the U and * contributions
from individual voxels over the whole Earth [14, 26, 29,
32], and by weighting them by the inverse squared-distance
(geometrical /ux reduction) and by the oscillation survival
probability. We have performed such an integration for the
mantle contribution to the geoneutrino signal. We have
varied the U and * abundances (with a )xed chondritic
mass ratio*/U = 3.9) in each voxel.*e homogeneous and
sunken layer models of the HPE distributions in the mantle
(Section 4) were taken into account separately. For each
iteration of di,erent U and* abundances and distributions,
the total mantle geoneutrino signal (taking into account (15))
and the U + * radiogenic heat power from the mantle
(considering equation (4) from [2]) can be calculated. *e
result is shown in Figure 12 showing the U + * mantle
radiogenic heat power as a function of the measured mantle
geoneutrino signal.*e solid lines represent the sunken-layer
model, while the dotted lines the homogeneous mantle. *e

Ludhova and Zavatarelli,  Hindavi Publishong Corp., Advances in High Energy Physics, 2013.   

Homogeneous mantle 

 Non-homogenoous mantle; 
 TOMO model, Sramek at al. 2103 

SSYM
BX+KL (mantle) =(7.7 + 6.2) TNU  

STOMO
BX+KL (mantle) = (8.4+6.6

_6.7) TNU  

KAMLAND alone,Data from PRD 88 (2013) 033001  

SBX (mantle) =(5.0 + 7.3) TNU  
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Mantle geo-neutrinos 
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Figure 10: Δ"2 pro)le for the mantle signal in the Borexino +
KamLAND combined analysis. *e black continuous line assumes
a spherically symmetric mantle, while the dashed blue line a
nonhomogeneous TOMOmodel from [14].
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Figure 11: *e measured geoneutrino signal from the Borexino +
KamLAND combined analysis under the assumption of a spheri-
cally symmetricmantle (see (13)) is comparedwith the predictions of
di,erent Earth’s models from [14].*e three DM + EL distributions
of the HPE elements in the mantle correspond to the depleted
mantle compositions from [36–38], respectively.

importance of thewater orwater vapor embedded in the crust
and mantle to decrease the rock viscosity and so the energy
supply required to promote the convection. If this is the case
the geodynamical models are going to be reconciled with the
geochemical ones.

It is, in principle, possible to extract from the measured
geoneutrino signal the Earth’s radiogenic heat power. *is
procedure is however not straightforward; the geoneutrino
/ux depends not only on the total mass of HPE in the Earth,
but also on their distributions, which is model dependent.
*e HPE abundances and so the radiogenic heat in the crust
are rather well known, as discussed in Sections 3 and 4.
As the main unknown remains the radiogenic power of the
Earth’s mantle. Figure 12 summarizes the analysis we have

30

25

20

15

10

5

0

Ra
di

og
en

ic 
he

at
 fr

om
 U

 an
d

!
(T

W
)

0 5 10 15 20
Measured mantle signal (TNU)

Total sun.

Total homo

!-sun !-homo U-homo
U-sun.

Figure 12: *e mantle radiogenic heat power from U and *
as a function of the measured geoneutrino signal; the solid lines
represent the sunken-layer model, while the dotted lines the homo-
geneousmantle (see Section 4).*e green and the blue lines indicate
the individual* andU contributions, respectively, while the brown
lines show the total signal.*e measured mantle geoneutrino signal#SYMMantle from a combined Borexino + KamLAND analysis is shown
by the vertical solid orange line; the corresponding 1$ band is shown
by a )lled triangular area.*e arrows on the vertical %-axis indicate
the radiogenic heat corresponding to the best )t geoneutrino signal.
Details in text.

performed in order to extract the mantle radiogenic heat
from the measured geoneutrino signals.

*e geoneutrino luminosity Δ& (]! emitted per unit time
from a volume unit, so-called voxel) is related [2] to theU and
*masses Δ' contained in the respective volume:Δ& = 7.46 ⋅ Δ' ( 238U) + 1.62 ⋅ Δ' ( 232*) , (15)

where the masses are expressed in units of 1017 kg and the
luminosity in units of 1024 s−1.

*e measured geoneutrino signal at a given site can
be deduced by summing up the U and * contributions
from individual voxels over the whole Earth [14, 26, 29,
32], and by weighting them by the inverse squared-distance
(geometrical /ux reduction) and by the oscillation survival
probability. We have performed such an integration for the
mantle contribution to the geoneutrino signal. We have
varied the U and * abundances (with a )xed chondritic
mass ratio*/U = 3.9) in each voxel.*e homogeneous and
sunken layer models of the HPE distributions in the mantle
(Section 4) were taken into account separately. For each
iteration of di,erent U and* abundances and distributions,
the total mantle geoneutrino signal (taking into account (15))
and the U + * radiogenic heat power from the mantle
(considering equation (4) from [2]) can be calculated. *e
result is shown in Figure 12 showing the U + * mantle
radiogenic heat power as a function of the measured mantle
geoneutrino signal.*e solid lines represent the sunken-layer
model, while the dotted lines the homogeneous mantle. *e

Ludhova and Zavatarelli,  Hindavi Publishong Corporation, Advances in High Energy Physics, 2013.   

SSYM
BX+KL (mantle) =(7.7 + 6.2) TNU  

Current measurements 
cannot discriminate 
among different BSE 
models 
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Fit with free U/Th ratio 

U and Th spectra have been fit as two independent PDF’s. 

NU = 9.8 + 7.2 events 
NTh = 3.9 + 4.7 events 
Nreact = 31.7 +7.2 -6.3 events 

Best fit result (black point)  in 
good agreement with chondritic 
value 

SU = (26.5 + 19.5) TNU    
 
STh = (10.6 +12.7) TNU 

Chondritic 
ratio 

1σ	



2σ	



3σ	
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Earth radiogenic heat power 

SBX
crust = (23.4 +2.8) TNU 

BOREXINO 

M(U) = (0.8 + 0.1) 1017 Kg 
Th/U = 3.9 
K/U = 12000 

Red line: ROC + LOC +1σ, mantle homogeneous 

Blue line: ROC + LOC -1σ, HPE’s at the mantle-core boundary 

Min = only crustal HPE’s 

Fully Rad = MAX: 
Tot. Heat = (47 + 2) TW  
=>  HU+HTh= 39.3 TW  
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Geo-reactor 

•  Herndon et al: Geo-reactor with thermal power < 30 TW in the central part of the 
core within a radius of about 4 km 

•  Suggested composition 235U : 238U : other = 0.76 : 0.23 : 0.01 

Unbinned maximal likelihood fit of BX data: adding the PDF for geo-reactor signal  
and constraining the signal from nuclear power plants to the expectation band. 

Geo-reactor power < 4.5 TW at 95% C.L. 
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A window towards the future 
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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! 

SNO+ at Sudbury, Canada 
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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. 

Hanohano at Hawaii  
Hawaii Antineutrino Observatory (HANOHANO = "magnificent” in Hawaiian  
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Project for a 50 kton underground liquid 
scintillator detector (Hochmuth et al 2007) 
 
80% of the signal from the continental crust 
(Fiorentini et al.) 
BSE: 800-1200 events/per year   

MC data 
1 year stat 
 Reactor + geo 

(Wurm et al 2011) 

Within the first few years, the total 
geoneutrino flux could be measuered 
at  few % precision 
 
Strong potential  in  determining the 
U/Th ratio of the measured geonu 
flux  

LENA at Pyhasalmi, Finland 



 International Workshop on Prospects of Particle Physics, Valday, January 2014                   Livia Ludhova 

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; 
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 THANK YOU!!! 
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 BACKUP 
SLIDES 
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Background sources 

Limestone rock 

µ 
µ 

µ µ 

n
n

n
n, 
9Li,8He 

Reactions which can mimick the 
golden coincidence: 
 

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 
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Muons crossing the OD 
•  To remove fast neutrons originated 
in the Water Tank we apply a 2 ms    
(~ 8 neutron capture livetimes) veto after 
each detected muon by the OD; 
 

•  In correlation with OD tagged muons 
we have observed 2 fake anti-ν 
candidates; 
 
•  The inefficiency of OD muon veto is 
5×10-3; 
 

•   For this background we can set an 
upper limit of   
  < 0.28 events / data set at 90% 
C.L.  
 

Limestone rock 

µ 

n
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Isotope T1/2  
[ms] 

Decay mode BR 
[%] 

Qβ 
[MeV] 

8He 119.0 β + n	

 16 5.3, 7.4 
9Li 178.3 β + n	

 51 1.8, 5.7, 8.6, 10.8, 11.2 

•  148 candidates found within 2 s 
after muons that satisfy all other 
selection cuts; 

•  The energy spectrum consistent 
with MC predictions 

Bgr for geonu: 
 < 0.25± 0.18 ev/data set 
 

9Li-8He background 

•  induced by cosmogenic muons;  
•   we apply 2 s dead time (several 
livetimes) after each internal µ;	



•  from this cut is implied 10% reduction 
of live time (muon flux ~ 4300/day); 
• as a background for geoν we calculate 
the exponential tail at time > 2 s; 
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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; 

0.206 ± 0.004 events/data set 

Visible energy of the prompt event 
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13C(α,n)16O 
1)  Isotopic abundance of 13C: 1.1%  
2) 210Po contamination: APo~ 12 cpd/ton 
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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 (α,n) in pure 13C (6.1+0.3) 10-6 (Mc Kee  2008). 
 In PC it corresponds to  (5.0+0.8)10-8   

                 (0.13+0.01)  events/exposure 
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 Running and planned experiments 

having geoneutrinos among their aims 
	



Mantovani 2004 


