
Geo neutrinos.  
Accelerator  oscillation experiments  

 



Neutrino from Earth  
structure of the Earth  

The Earth can be split into 5 
basic regions:  
 
1. core  
2. mantle  
3. oceanic crust  
4. continental crust  
5. sediment  
 

All these regions are solid except for the outer core. Even though the 
mantle is solid, it convects. The mantle convection is responsible for the 
terrestrial phenomena such as plate tectonics and earthquakes.  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Neutrino from Earth  
heat flow from the Earth  

The so-called Bulk-Silikate Earth 
(BSE) model predicts the origin and 
size of radiogenic heat released in 
the Earth's interior and which 
coincides with the averaged value at 
surface by integrating over 
worldwide 40,000 deep bore-holes 
measurements. The heat is 
generated by decays of mainly U/Th.  

The Earth's conductive heat flow has been evaluated to be 44 TW (or 31 TW, 
with an assumption of lower hydrothermal heat flow near mid-ocean ridges). 
These evaluations use borehole temperature gradient and conductivity 
measurements. These borehole measurements are concentrated in the US, 
Europe, and Japan. The deepest borehole is ~12km, 1/500 of the Earth's radius. 
So, we know very a few about the Earth structure and properties.  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Neutrino from Earth  
238U and 232Th are the main sources of Geo-neutrino   

Decays of the daughter nuclei in the 
decay chains of 238U and 232Th, and 40K 
generate most of the radiogenic heat 
produced. According to the estimated 
concentrations of these isotopes, the 
radiogenic heat production rates are 8.0, 
8.3, and 3 TW for 238U series, 232Th 
series, and 40K decays, respectively. 
Measuring these antineutrinos may serve 
as a crosscheck of the radiogenic heat 
production-rate.  

The left half shows the simulated 
production distribution for the 
geoneutrinos detectable with 
KamLAND, and the right half shows 
the Earth structure.  

"Geoneutrinos" are electron antineutrinos produced by beta-decays of the 
nuclei in the decay chains of 238U and 232Th.  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Neutrino from Earth  
energy spectra and location of the main Geo- flux sources   

The expected 238U, 232Th and 40K decay 
chain electron antineutrino energy 
distributions. KamLAND can only detect 
electron antineutrinos to the right of the 
vertical dotted black line; hence it is 
insensitive to 40K electron antineutrinos.  

The expected total 238U and 232Th 
geoneutrino flux within a given distance 
from KamLAND. Approximately 25% and 
50% of the total flux originates within 50 
km and 500 km of KamLAND, respectively. 
The line representing the crust includes 
both the continental and the almost 
negligible oceanic contribution.  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Neutrino from Earth  
KamLAND experiment: principle of antineutrino detection    

In liquid-scintillator detectors, anti- are 
detected via the inverse neutron  decay 
anti- + p → e+ + n 
with a threshold of 1.806 MeV.  
Only a small fraction of anti- from the 
238U (6.3%) and 232Th (3.8%) series can be 
detected 
 
 
 
 
 
 
 
1) Scintillation light from the e+ event:  
E ≈ Ee+ + 0.8 MeV.  
2) With a mean time of ~200 s, the 
neutron is captured by a proton, producing 
a deuteron and a 2.2 MeV  quanta.  

Schematic diagram of the KamLAND 
detector (the first detector to conduct an 
investigation on geoneutrinos)  

K. Eguchi et al., First Results from KamLAND: Evidence for Reactor Antineutrino Disappearance, 

phys. Rev. Lett. 90 (2003) 021802  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

2.2 MeV  after 
neutron capture 
by proton  



Many reactors contribute to the anti-
neutrino flux at KamLand  

Neutrino from Earth  
KamLAND experiment 



Neutrino from Earth  
KamLAND experiment: principle of antineutrino detection    

Main panel, experimental points together 
with the total expectation (thin dotted 
black line). Also shown are the total 
expected spectrum excluding the 
geoneutrino signal (thick solid black line), 
the expected signals from 238U (dot-dashed 
red line) and 232Th (dotted green line) 
geoneutrinos, and the backgrounds due to 
reactor anti- (dashed light blue line), 
13C(,n)16O reactions (dotted brown line), 
and random coincidences (dashed purple 
line).  
Inset, expected spectra extended to higher 
energy. The geoneutrino spectra are 
calculated from our reference model, which 
assumes 16 TW radiogenic power from 238U 
and 232Th. The error bars represent 1 
standard deviation intervals.  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

T. Araki eta al., Experimental investigation of geologically produced antineutrinos 
with KamLAND, Nature 436 (2005) 499  

anti- energy spectra in KamLAND 



Neutrino from Earth  
detection ofGeo- by Borexino  

    

Spectrum of the 46 prompt anti-
neutrino candidates and the best fit.  
  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

With a fiducial exposure of (3.69 ± 0.16) × 
1031 proton  yr after all selection cuts and 
background subtraction, (14.3 ± 4.4) geo-
neutrino events were detected assuming a 
fixed chondritic mass Th/U ratio of 3.9. 
This corresponds to a geo-neutrino signal 
Sgeo = (38.8 ± 12.0) TNU* with just a 6 × 
10−6 probability for a null geo-neutrino 
measurement. With U and Th left as free 
parameters in the fit, the relative signals 
are STh = (10.6 ± 12.7) TNU and SU = 
(26.5 ± 19.5) TNU. Borexino data alone 
are compatible with a mantle geo-neutrino 
signal of (15.4 ± 12.3) TNU, while a 
combined analysis with the KamLAND data 
allows to extract a mantle signal of (14.1 ± 
8.1) TNU.  
The upper limit on the geo-reactor power 
4.5 TW was set.  

* 1 TNU = 1 Terrestrial Neutrino Unit 
= 1 event/year / 1032 protons.  

G. Bellini et al., Measurement of geo-neutrinos from 1353 days of Borexino, Phys.Lett. B 722(2013)295  



Neutrino from Earth  
Borexino: Geo- result  

Same principle of anti- detection in 
liquid-scintillator via the inverse neutron 
 decay,  
anti- + p → e+ + n  
Background: cosmic-ray induced 
backgrounds, anti-neutrinos from 
European reactor plants, U/Th daughter 
nuclides (mainly 210Po).  

Borexino background spectrum and its fit  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Atmospheric neutrino  
origin, composition, direction  

Cosmic rays interact with the 
atmosphere and two kinds of neutrinos 
(electron, muon) are generated.  

Atmospheric neutrinos are generated 
uniformly on the Earth  there are 
muons going not only downward ( are 
generated in atmosphere and born by 
neutrinos) but also upward (produced by 
neutrinos)  

http://www-sk.icrr.u-tokyo.ac.jp/sk/  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  
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Atmospheric neutrino energies:  0.1 — 100 GeV 

Very low event rates: ~100 /year  for a 1000 ton detector 

Typical uncertainty on the atmospheric neutrino fluxes: ± 30% (from 

uncertainties on the primary cosmic ray spectrum, on hadron production, etc.) 

Incertainty on the   / e  ratio : ± 5%   

e 

Primary cosmic ray  
interacting in the atmosphere  

DETECTOR 

Main sources of atmospheric neutrinos: 
 p, K   + ( ) 

                      e  + e( e) + () 

For energies E < 2 GeV  most pions 
and muons decay before reaching the 
Earth: 

At higher energies most muons 
reach the Earth before decaying: 
 

                              

 
(increasing with E )         

Atmospheric neutrino  



Atmospheric neutrino detection 
 + Nucleon   + hadrons:  presence of  a long, minimum – ionizing  track (the muon) 

e + n  e– + p, e + p  e+ + n : presence of an electromagnetic shower 

(e   interactions with multiple hadron production cannot be easily distinguished  

  from Neutral Current interactions  + N →  + hadrons ) 

41
° 

Direct measurement of the e / separation  by exposing  a 1000  ton water Čerenkov  
detector (a small copy  of  Super-K)  to  electron and  muon beams from  a proton 
accelerator.  Measured  probability of  wrong identification  ~2%                    

R =                            =  0.65 ± 0.08
 

(/e)measured 

 (/e)predicted 

 

Event identification in water  Čerenkov  detectors 

 track: 

       dE/dx consistent with  ionization minimum; 

       well defined edges of  Čerenkov light ring  
Electromagnetic shower: 

       high  dE/dx  (many secondary electrons); 

       fuzzy edges of Čerenkov light ring  
       (from the shower angular aperture) 

Measurement of the  /e  ratio:  first hints for a new phenomenon 

Water Čerenkov  detectors: Kamiokande (1988), IMB (1991), Super-K (1998) 
Conventional calorimeters (iron plates + proportional tubes): Soudan2 (1997) 



Atmospheric neutrino  
IMB detector: indication of muon neutrino oscillations  

Reconstruction of muon trajectory and energy  

IMB-3 is a large (3.3-kt fiducial mass, 2048 8-in. 
photomultiplier tubes) water Cherenkov 
detector. Using the ringimaging ability of the 
IMB-3 detector to separate events induced by 
e and, the neutrino flavor content at the 
detector was be compared to calculated 
production rates in the atmosphere.  

Nonshowering events comprise  
[41 ± 3(stat) ± 2(syst)]% 
 
The expected fraction is  
[51 ± 5(syst)]%.  

D. Casper et al., Measurement of Atmospheric Neutrino Composition with the IMB-3 
Detector, Phys. Rev. Lett. 66 (1991) 2561  
F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Atmospheric neutrino  
MACRO detector, atmospheric  deficit  

The principal goal of MACRO was to search for magnetic monopoles. The detector was 
also searching for WIMP annihilations in the Earth and the Sun, neutrino bursts from 
stellar collapses, and measurements of the flux of up-going muons showing evidence for 
neutrino oscillations.  
The apparatus consisted of:  
- liquid scintillator counters,  
- limited streamer tubes,  
- nuclear track etch detectors.  
The ratio of the number of observed to expected events integrated over all zenith 
angles is 0.74  0.036(stat)  0.046(systematic)  0.13(theoretical)  these data 
favor a neutrino oscillation hypothesis.  

M. Ambrosio et al., The MACRO detector at Gran 
Sasso, Nucl. Instr. Meth. A 486 (2002) 663  
M. Ambrosio et al., Measurement of the atmospheric 
neutrino-induced upgoing muon flux using MACRO, 
Physics Letters B 434 (1998) 451  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Atmospheric neutrino  
Kamiokande-II: atmospheric neutrino deficit  

•KAMIOKANDE was a large 
water Cherenkov detector 15.6 
m  16 m (3 kt, fiducial volume 
0.8 kt) viewed by 1000 20 inch 
photomultipliers. Located 1000 m 
underground (2700 m w.e.)  
•The scientific goal was search 
for nucleon decay into charged 
leptons and mesons  
 •Multi-ring event. The event 

can be due to nucleon decay, 
e.g., p  e+ + p0  
•Electrons created by e 

produce fuzzy rings due to 
the multiple scattering of the 
low mass electrons, while 
muons produce very sharp 
rings due to direct 
propagation.  

Result: number of muon-like single-prong events 
is 597% of the predicted number of the Monte 
Carlo calculation based on atmospheric neutrino 
interactions in the detector  

K. Arisaka et al., Search for Nucleon Decay into Charged Lepton and Mesons, J Phys. Soc. Jap. 54 
(1985) 3213  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Atmospheric neutrino  
SuperKamiokande: detector   

•SuperKamiokande is a large water Cherenkov detector 39.3m  41.4m (50 kt, 
fiducial volume 22 kt) viewed by 11146 20-inch PMTs in the inner detector and 
1885 8-inch PMTs in the outer detector  

S. Fukuda et al., The Super-Kamiokande detector, Nucl. Instr. Meth. A 501 (2003) 418  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Atmospheric neutrino  
SuperKamiokande: calibration and detector performance   

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Atmospheric neutrino  
SuperKamiokande: atmospheric neutrino oscillations   

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

Up–going muons from   interactions in the rock; down–going  muons are mainly p    
decays in the atmosphere traversing the mountain rock and reaching  the detector 



Running neutrino beams in the world 



Long-baseline oscillation experiments  
K2K (the KEK to Kamioka long-baseline neutrino oscillation experiment)  

An accelerator based experiment to study the neutrino oscillations discovered by 
the study of atmospheric neutrinos. The neutrinos are artificially generated by 
using the proton accelerator at KEK and observed in the Super-Kamiokande 
detector located 250 km away from KEK  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  



Long-baseline oscillation experiments  
K2K results 

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

Energy distribution for 112 fully contained 
fiducial-volume events in SK. The data can 
be explained by neutrino oscillation with  
sin22 = 1 and m2 =2.810-3 eV2 

Energy distribution for the 
58 one-ring -like events  

This experiment was completed in Nov. 2004. As a result, 112 neutrino events are 
observed in Super-Kamiokande, while the expected number of events without 
oscillations is 158. The probability to observe the deficit without neutrino 
oscillations is estimated to be 0.0015% and this deficit confirms the prediction of 
the neutrino oscillation discovered by the observation of atmospheric neutrinos.  



Long-baseline oscillation experiments  
MINOS 

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

The MINOS far detector is 
an 8 m wide octagonal 
tracking calorimeter, 
consisting of 486 layers of 1-
in.-thick steel interleaved 
with scintillator, giving a total 
mass of 5.4 kton. It has a 
toroidal magnetic field of 
strength approximately 1.3 T  

The NuMI beam, indicating primary 
beam transport, target station, decay 
volume, beam absorber, muon 
detectors (Fermilab)  
S. Kopp, The numi neutrino beam at fermilab, http://arxiv.org/abs/hep-ex/0412052  
P. Adamson et al., The MINOS light-injection calibration system, Nucl. Instr. Meth. A 492 (2002) 325  
D.G. Michael et al., The magnetized steel and scintillator calorimeters of the MINOS experiment, Nucl. 
Instr. Meth. A 596 (2008) 190  

The near detector is similar to the far 
detector in design, but smaller in size 
with a mass of 0.98 ktons  



Long-baseline oscillation experiments  
MINOS: μ disappearance observed spectra of beam and atmospheric neutrinos  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

Energy spectra of  and anti-  charged-current interactions in the MINOS Far 
Detector. The top row of graphs shows the energy spectra for MINOS beam data, 
the bottom row shows the L/E distributions for MINOS atmospheric data. In each 
case, the black line shows the prediction without oscillations; the red line shows the 
best fit to oscillations; and the black points show the observed data.  
The data of The MINOS experiment are consistent with oscillations of neutrino flavor 
with mass splitting m2 = (2.43±0.13)×10−3 eV2 and mixing angle sin2(2) > 0.90  



Minos: separating CC and NC interactions 



Minos: μ disappearance 



Minos: μ oscillation parameters 

MINOS vs atmospheric neutrinos 



Minos: νμ oscillation parameters 



A schematic drawing of the LSND detector  

Long-baseline oscillation experiments  
 LSND (at Los Alamos observed excess of  anti-e events in the anti- beam)  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

The LSND apparatus consists of a steel tank filled with 167 tons of liquid 
scintillator and viewed by 1220 uniformly spaced 8’’ Hamamatsu PMTs. The 
scintillator consists of mineral oil with a small admixture of butyl-PBD. This allows 
the detection of both Cherenkov and isotropic scintillation light, so that the on-line 
reconstruction software provides robust particle identification for electrons, along 
with the event vertex and direction. The primary goal was to search for 
transitions from muon-type to electron-type neutrinos in two complementary 
ways. The detector was located about 30 m from the neutrino source and was 
shielded by the equivalent of 9 m of steel.  
The LSND observed probability of (2.6 1.0  0.5)10-3 for the oscillation  
C. Athanassopoulos et al., The liquid scintillator neutrino detector and LAMPF neutrino source, 
Nucl. Instr. Meth. A 388 (1997) 149  
C. Athanassopoulos et al., Results on e Neutrino Oscillations from the LSND Experiment, 
Phys. Rev. Lett. 81 (1998) 1774  
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L/E~30m/30MeV~1 
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Long-baseline oscillation experiments  
 LSND 



3 types of neutrino oscillations are found: 
 
LSND neutrino oscillation:           m2~1eV2 

Atmospheric neutrino oscillation: m2~10-3eV2 

Solar neutrino oscillation :           m2~10-5eV2 
 

But we cannot have so many m2! 

m13
2   =   m12

2   +  m23
2 

We need to test LSND signal! 
 
MiniBooNE experiment is designed to have same 
L/E~500m/500MeV~1  to test LSND m2~1eV2 

New physics? 
 - sterile neutrino 
 - Lorentz violation 
 - CPT violation 
 - extra dimension 
 - etc 

31 

Long-baseline oscillation experiments  
 LSND 



Accelerator  oscillation experiments  
MiniBooNE  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

The detector is a spherical tank of 
diameter 12.2 m, which is filled with 818 
ton of mineral oil as Liquid scintillator [1]  
 
Results from the MiniBooNE appeared in 
Spring 2007 and contradicted the 
results from LSND, although could 
support the existence of a fourth 
neutrino type, the sterile neutrino [2].  
 

[1] A.A. Aguilar-Arevalo et al., The MiniBooNE detector, Nucl. Instr. Meth. A 599 (2009) 28  
[2] A.A. Aguilar-Arevalo et al., Event Excess in the MiniBooNE Search for ν¯μ→ν¯e 

Oscillations, Phys. Rev. Lett. 105 (2010) 181801  



Mini-Boone 
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The observed 
reconstructed 
energy distribution 
is inconsistent with 
a e appearance-
only neutrino mass 
model Excluded 

region 

MiniBooNE is 
incompatible with 
e appearance only 
interpretation of 
LSND at 98% CL  

Accelerator  oscillation experiments  
MiniBooNE  



Long-baseline oscillation experiments  
OPERA 



Long-baseline oscillation experiments  
OPERA 

The OPERA detector located at Gran Sasso, 
730 km away from the source in Geneva.  

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

After the first neutrinos arrived at the 
Gran Sasso laboratory in 2006, the 
experiment gathered data for five 
consecutive years, from 2008 to 2012. 
The first tau neutrino was observed in 
2010, the second in 2012.  
 
Five events of tau neutrino were 
detected, data analysis is in progress  
 



Long-baseline oscillation experiments  
OPERA: the detector 



How to detect tau vertex 

Long-baseline oscillation experiments  
OPERA 



Long-baseline oscillation experiments  
OPERA 



Long-baseline oscillation experiments  
OPERA: How to detect tau vertex 



Long-baseline oscillation experiments  
OPERA: Charged and Neutral current interactions 











The Opera first candidate event 



A. Ereditato - CERN - 4 June 2010 
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Event reconstruction (1) 



A. Ereditato - CERN - 4 June 2010 
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Zoom 

Event reconstruction (1) 





5  candidates observed until now 

Third candidate (muon decay) 

Fourth candidate (hadronic decay, single prong) 

Examples: 



Icarus time projection chamber at Gran 
Sasso 
Electronic bubble chamber 
600 ton LAr 
Excellent PID 
Criteri cinematici per la ricerca di τ 
Ci si aspetta dell’ordine di 6 eventi 

ICARUS 





ICARUS 





Long-baseline oscillation experiments  
T2K 

F.A. Danevich    Univ. Tor Vergata    April 09 , 2015  

T2K is a neutrino experiment 
designed to investigate neutrino 
oscillations. An intense beam of muon 
neutrinos is generated at the J-
PARC nuclear physics site on the 
East coast of Japan and directed 
across the country to the Super-
Kamiokande neutrino detector in the 
mountains of western Japan. The 
beam is measured once before it 
leaves the J-PARC site, using the 
near detector ND280, and again at 
Super-K: the change in the measured 
intensity and composition of the 
beam is used to provide information 
on the properties of neutrinos.  

K.Abe et al.,The T2K experiment, Nucl. Instr. Meth. A 659 (2011) 106  



T2K: e appearance to search for θ13 





T2K: a lot of data selections 

• Initial sample of events “on-time” w.r.t. to the beam: 121 
• Fiducial volume cut: event should be far from detector walls > 
200 cm 

• The event should be single electron like and with just 1 ring 
• Visible energy above 100 MeV and number of “decay” electrons = 

0 
• Invariant mass < 105 MeV  
• Reconstructed energy < 1250 MeV 



T2K result 

PRL 107 (2011) 041801 

Results on 2013: 

measured 28 events 

(bck:4.64±0.53)  



Summary of θ13 results 
Computed for ∆m23

2 = 2.4 · 10−3 eV2 
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