


Geo-neutrinos are the anti-neutrinos produced in the decays of the progenies of 
Uranium, of Thorium and Potassium. 

Geo-neutrinos bring to the surface information from the whole planet:  
they are a unique direct probe of our Earth’s interior! 

We could find answers to the questions: 

•  What is the radiogenic contribution to the terrestrial heat? 

•  What is the distribution of the radiogenic elements within the Earth? 

         - The unprecedented low intrinsic radioactivity  

                    - Far from reactor plants         
                                   Very favourable Geo-ν / reactor anti-ν ratio 

      - Due to the underground location, Φ(µ) reduced by ~ 106. 

   Borexino offers a unique opportunity for a sensitive search for anti-
   neutrinos in the MeV range. 

IFAE2010, April 7th - 9th, Rome      Alessandra Carlotta Re – Università degli Studi e INFN Milano   

BOREXINO 
features 
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238U,  232Th, 40K:    τ½ ≈  10 9-10 y 

Earth shines in anti-neutrinos: 

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

ENERGY 
THRESHOLD 

€ 

238U → 206Pb+ 8α + 8e− + 6ν e + 51.7MeV
232Th→ 208Pb+ 6α + 4e−+ 4ν e + 42.8MeV
40K → 40Ca + e−+ ν e +1.32MeV

€ 

Φ(ν e ) ≈106 cm−2s−1
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Prm : Thermal Power (IAEA, EDF); 

fri :    Power fraction of isotope 

Lr :   Distance reactor-detector; 
Tm:   Borexino livetime in months; 

Pee:   anti-ν survival probability. € 

i = 235U, 238U, 239Pu, 241Pu;
L ~ 1000 km 

Table 1: Systematic uncertainties on the expected reactor–
ν̄e signal. See Eq. (2) and accompanying text for details.

Source Error Source Error

[%] [%]

Fuel composition 3.2 θ12 2.6

φ(Eν̄) 2.5 Prm 2.0

Long-lived isotopes 1.0 Ei 0.6

σν̄p 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–ν̄e

and reactor–ν̄e. See text for details.

the center of the detector are 1060±5 photoelec-

trons (p.e.) (σ=42.1±0.2 p.e.) and 2368±20 p.e.

(σ=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 ν̄e’s spectra shown in

Fig. 1 were used as input to the MC code in order

to simulate the detector response to ν̄e interactions.

The MC–generated geo–ν̄e and reactor–ν̄e 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 γ-rays and electrons differ 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 ν̄e’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

efficiency with these cuts was determined by MC

to be 0.85±0.01.

An important source of background to the ν̄e’s

measurement is due to β−–neutron emitters pro-

duced by muons interacting in the scintillator, i.e.
9
Li (τ=260ms) and

8
He (τ=173ms) [23]. We re-

ject these events by applying a 2 s veto after each

muon crossing the liquid scintillator active volume.

The veto inefficiency on the background from β−–

neutron emitters is 3 · 10
−5

. We tagged fifty-

one (51)
9
Li–

8
He candidates falling within the ν̄e

cuts in coincidence with a positive signal from the

above veto, corresponding to a measured
9
Li–

8
He

rate of 15.4 events/(100 ton·yr). The residual
9
Li–

8
He background after the muon cut is equal to

0.03±0.02 events/(100 ton·yr).

Fast neutrons can mimic ν̄e 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

γ–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

Systematic uncertainties on the 
expected reactor anti-ν signal 
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Loop over reactors, r Loop over months, m Loop over isotopes, i 
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Water Tank: 
γ and n shield 
µ water Č detector 
208 PMTs in water 

Scintillator: 
270 t PC+PPO in a 125 µm  
thick nylon vessel 

Nylon vessels: 
Outer: 5.50 m 
Inner: 4.25 m 

Stainless Steel Sphere: 
2212 PhotoMultipliers  
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€ 

νe + p→ e+ + n (Eth = 1.806MeV )

€ 

Eprompt = Eν − 0.782MeV

νe 
p 

e+ 

γ (0.511 MeV)	



n 
p 

n 

γ (0.511 MeV)	



Thermalization γ (2.2 MeV)	
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1)   Muon veto:   2 ms after a water tank-muon, 2 s after a SSS crossing-muon 
   (~ 10% reduction of livetime). 

2)   Energy cut:   both for prompt-signal and delayed-signal. 
   Qprompt > 410 p.e.   and   700 p.e. < Qdelayed < 1250 p.e. 

1)   Time window:  20 µs < Δtprompt-delayed < 1280 µs. 

2)   Correlated distance:  ΔRprompt-delayed < 1 m. 

3)   Radial cut:  RInnerVessel – Rprompt ≥ 25 cm. 

The total detection efficiency was determined by MC to be 0.85±0.01. 

Data:  from December 2007 to December 2009 

Total Lifetime:  537.2 days 

Fiducial exposure after the selection and including the detection efficiency:    

252.6 tons*year    21 candidates events were selected. 
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---  Total geo-νe+ reactor-νe  
---  Geo-νe  
      Reactor-νe  

---  Total geo-νe+ reactor-νe  
---  Geo-νe  
      Reactor-νe  
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Ideal Energy spectrum for positron 
events in Borexino site. 

Montecarlo expected spectrum  
 taking into account the position and 
energy response of the the detector. 

MC code was tuned on calibrations: 
AmBe neutron source, gammas sources…. 
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Our best estimates are: 

Background in the overall energy  
window:    0.40 ± 0.06 events 

Background in the geo-ν energy  
window:    0.31 ± 0.05 events 

€ 

Ngeo =  9.9−3.4
+4.1

−8.2
+14.6( ) events

€ 

Nreact  =  10.7−3.4
+4.3

−8.0
+15.8( ) events

Scaling the best estimate of Ngeo with the 252.6 ton*yr exposure, our 
measurement for the geo-neutrinos rate is: 

€ 

3.9−1.3
+1.6

−3.2
+5.8( ) events /(100 t ⋅ y) at 68.3% (99.73%) C. L.

10 

-----------    geo-ν signal from fit!

Light yield spectrum for the positron prompt events of the 21 candidates. 
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    Allowed regions at 68%, 90% and 99.73% C.L. 
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Charge of the 21 candidates fitted with the 
Montecarlo + background charge spectra. 

Max Radiogenic:  
Total Earth heat flow producted exclusively  
by radiogenic elements. 

Min Radiogenic:  
Known U+Th concentrations in the crust.  

BSE:  
Bulk Silicate Earth geochemical models. 
(original: McDonough & Sun, 1995) 

By studing the profile of the likelihood 
with respect to Ngeo we have calculated 
that the null hypothesis for geo-neutrinos 
can be rejected at 99.997% C.L. 
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1  First observation of geoneutrinos at 4.2 σ: 
a)  Large Signal-to-Noise ratio 
b)  Results limited by present statistics 

2  First measurement of electron anti-neutrino disappeareace on a 
base line of 1000 km at 2.9 σ. 

3  Rejection at 95% C.L. of the hypothesis of an active geo-reactor 
in the Earth’s core (PThermal > 3 TW). 

What next? 
Spectroscopy measurement of geo-ν with more statistics: 
I.  Discrimination of BSE or fully Radiogenic model 
II.  Th/U ratio measurement  U and Th fluxes measurement at Gran Sasso site ? 
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LENA at Pyhasalmi, Finland 
Project for a 50kton underground liquid 
scintillator detector.  

 Continental crust (80% signal) 
Features: better neutron detection & 
moderate directionality information 
 Expected: 800-1200 ev/yr (BSE model) 
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HANOHANO at Hawaii 
Project for a 10kton liquid scintillator 
detector movable and placed on a deep 
oceanic floor. 

 Oceanic Crust (70% signal) 

 Expected: 60-100 ev/yr (BSE model) 



S. Abe et al., Phys. Rev. Lett. 100, 221803 (2008) 
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Geo-neutrino signal 

T. Araki et al., Nature 436 (2005) 



The expected Solar Neutrino Rate is around 50 cpd/100 t  (A ~ 5*10-9 Bq/kg).  

•  Natural water:  ~ 50 Bq/m3 in 238U, 232Th, 40K and 222Rn 
•  External air:    ~ 20 Bq/m3 in 39Ar, 85Kr and 222Rn 
•  Typical rock:   ~ 100-1000 Bq/m3 in 238U, 232Th and 40K 

The Borexino scintillator must be 9-10 order of magnitude less radioactive  
than anything on Earth 

Thanks to the particular design, based on the principle of graded shielding, 
the predicted background due to external γ-rays in the fiducial volume and in 
the neutrino window (200-800 keV) is less than 0.5 cpd/100 t. 
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•  9Li and 8He cosmogenic nuclides: 
 Cosmic muons crossing the scintillator can create radioactive 
 isotopes by spallations of carbon atoms. Some of these nuclides 
 (i.e. 9Li and 8He ) decay via a β-n cascade so they mimic the anti-
 neutrino signal. 

 Strategy:  2s veto after a muon crossing the scintillator                 
 ~ 15 events/(100 tons yr)  0.03 ± 0.02 events/ (100 tons yr). 

•  Fast neutrons: in WT and in rock 
 Fast neutrons can mimic an anti-n event if before being captured 
 they scatter an energetic proton. Fast neutrons could be 
 generated by interaction of cosmic muons in rock or materials 
 sourrounding Borexino or in the Borexino water tank. 
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•  Untagged muons: 
 Untagged muons could give rise to two categories of backgrounds:
 - A primary muon can mimic the prompt and a muon-induced    
   neutron the delayed signal.     
 - Pairs of muon-induced neutrons following unrecognized muons 
   can simulate the events. 

 For each of these categories we calculate the occurence probability 
 in corrispondence of recognized muon and scaled by the estimated 
 number of untagged muons. 

•  Accidental background: 
 We studied an off-time coincidence window of 2-20 s and then 
 scaled to our acquisition-time window. 

  0.080 ± 0.001 events/ (100 tons yr). 
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•  (γ,n) backgrounds: 
 (γ,n) reactions might make coincidence events that almost perfectly 
 mimic the anti-ν events. Anyway, due to reaction and analysis 
 threshold, only gammas with energy > 3 MeV could be source of 
 background. 

•  (α,n) reactions in the scintillator and in the buffer: 
 The reaction 13C(α,n)16O makes delayed coincidence events that 
 almost perfectly mimic the anti-neutrino events.  The prompt 
 signal could be given by 16O deexcitation (from 13C(α,n)16O*) or by 
 protons scattered by neutrons or 12C excited by neutrons. 

 The contributions to (α,n) reactions from a decay in the 238U and 
 232Th chains is negligible. The only relevant contribution is the one 
 coming from 210Po. 
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It includes spectral informations.  We use the following likelihood: 

Where: 
fv = Spectrum of geo+reactor anti-neutrinos  
      (assuming chondritic Th/U ratio). 

fB = Spectrum of background 

σreac = 0.0538 

σFV  = 0.038 

€ 

L(Ngeo,Nreac,Sreac,SFV ) = e
− dE fν (E ;Ngeo ,Nreac ,Sreac ,SFV )
Emin

Emax

∫
× fν (Ei;Ngeo,Nreac,Sreac,SFV ) + fB (Ei)[ ] ×

i=1
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Charge of the 21 candidates fitted with the Montecarlo + background charge spectra. 
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Figure 4: Allowed regions for Ngeo and Nreact at 68%, 90%,

and 99.73% C.L. Vertical dashed lines: 1σ range about the

expected Nreact (expected in presence of neutrino oscilla-

tions). Horizontal dashed lines: range for Ngeo predictions

based on the BSE model in Ref. [7]. Horizontal solid red

lines: predictions of the Maximal and Minimal Radiogenic

Earth models. See text for details.
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where the index i cycles over the N=21 candidate

events, Qi is the light yield of the prompt event

in p.e. for the ith candidate, Ngeo and Nreact are

the number of geo–ν̄e and of reactor–ν̄e, the terms

Sreact and SFV account for systematic uncertainties,

σreact=0.0538 and σFV =0.038 represent the frac-

tional uncertainties on the reactor neutrino fluxes

and on the fiducial volume described earlier in the

text, Nexpexted is the expected total number of ν̄e,

fB is the spectrum of backgrounds quoted in Tab. 2,

fν̄ = (1 + SFV )[fgeo + (1 + Sreact)freact] is global

ν̄e spectrum, and fgeo and freact are the individual

spectra of the geo–ν̄e and of the reactor–ν̄e, respec-

tively.

Fig. 3 shows the comparison of the data with

the best likelihood fit. Our best estimates are

Table 3: Comparison the Borexino measurement of geo–ν̄e

with predictions. See text for details.

Source Geo–ν̄e Rate

[events/(100 ton·yr)]

Borexino 3.9+1.6
−1.3

BSE [16] 2.5+0.3
−0.5

BSE [30] 2.5±0.2

BSE [5] 3.6

Max. Radiogenic Earth 3.9

Min. Radiogenic Earth 1.6

Ngeo=9.9+4.1
−3.4(

+14.6
−8.2 ) and Nreact=10.7+4.3

−3.4(
+15.8
−8.0 ) at

68.3% C.L. (99.73% C.L.). Fig. 4 shows the al-

lowed regions for Ngeo and Nreact. By studying the

profile of the log-likelihood with respect to Ngeo we

have calculated that the null hypothesis for geo–

ν̄e (i.e., Ngeo=0) can be rejected at 99.997% C.L.,

which represents the statistical significance of the

observation of geo–ν̄e reported in this paper.

Scaling the best estimate of Ngeo with

the 252.6 ton·yr exposure, we obtain as our

best measurement for the geo–neutrinos rate

3.9+1.6
−1.3(

+5.8
−3.2) events/(100 ton·yr). In Tab. 3 we

compare the measured rate with predictions of

some of the most interesting geophysical models. In

particular, we report as terms of comparison upper

and lower bounds on the BSE models, considering

the spread of U and Th abundances and their

distributions allowed by this geochemical model;

the expectation under the Minimal Radiogenic

Earth scenario, which considers U and Th from

only those Earth layers whose composition can be

studied on direct rock–samples; the expectation

under the Maximal Radiogenic Earth scenario,

which assumes that all terrestrial heat (deduced

from measurements of temperature gradients along

∼20,000 drill holes spread over the World) is

produced exclusively by radiogenic elements.

The data presented in this letter unambiguously

show, despite the limited statistics, the sensitivity

of Borexino for detecting geo-neutrinos. Thanks to

the extraordinarily low background and its unprece-

dented 50:1 signal to background ratio obtained in

the ν̄e search, we clearly establish observation of

geo–neutrinos. The ratio between the measured

geo–ν̄e rate and the low-background non-ν̄e rate ob-

tained in Borexino is 23:1. The same ratio in Kam-

LAND, as quoted from Ref. [9], is 73:276 or 1:4, two

7
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Error on U and Th: 30 - 50% 
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