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Questions (1)  
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• Principles of cryogenic detectors operation: Role of 
absorber mass?  Role of heat capacity? Optimal 
temperature? 

• How to estimate energy resolution of cryogenic detectors ? 
• Specify 3 main features of cryogenic detectors for double 

beta decay experiments: 
1. Mass 
2. Fast time response 
3. Energy resolution 
4. Presence of certain elements 
5. Space resolution 
6. Particle discrimination ability 



Questions (2)  
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• Specify 2 main features of cryogenic detectors for dark 
matter experiments: 
1. Mass 
2. Energy resolution 
3. Presence of certain elements 
4. Particle discrimination ability 
5. Energy threshold 

• For what reason Geiger counters were used in the NEMO 
3 double beta experiment?  

• What are the main advantages of gaseous detectors for 
double beta decay search? 

• How proportional counter was used for solar neutrino 
detection? 



Questions (3)  
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• Main advantages of time-projection chambers? 
1. Energy resolution 
2. Large mass 
3. Fast time response 
4. Track reconstruction 
5. Stability of operation 
6. High detection efficiency to gamma quanta 

• What are the main advantages of two-phase time 
projection chambers for dark matter search? 
1. Energy resolution 
2. Large mass 
3. Fast time response 
4. Track reconstruction 
5. Particle discrimination ability 
6. High detection efficiency to gamma quanta 
7. Radiopurity 



Questions (4)  
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• Which kind of detectors can be constructed with very 
large mass? 

• Example of bubble chamber application in APP 
• Track foils and emulsions provide 

1. Very high energy resolution  
2. Fast response 
3. Very accurate track reconstruction 
4. Large mass 

• How to detect thermal neutrons? 
• How to detect fast neutrons? 

 



Plan of lecture 

• Neutrino from Earth 
– KamLAND experiment: principle of antineutrino detection, result 

– Detection of Geo- by Borexino 

• Neutrino oscillations 

• Atmospheric neutrino 

• Accelerator oscillation experiments 
– Long-base line  

– LSND and MiniBooNE 

• Neutrino from supernova 

• High energy : IceCube 
 

 

 

 
6 

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



Neutrino from Earth 
structure of the Earth 
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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.  



Neutrino from Earth 
heat flow from the Earth 

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. 
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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. 
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Neutrino from Earth 
238U and 232Th are the main sources of Geo-neutrino 
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The left half shows the simulated production 
distribution for the geoneutrinos detectable 
with KamLAND, and the right half shows the 
Earth structure. 

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. 

"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 
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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. 

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. 
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Energy threshold of 
reaction   
     + p → e+ + n e



Neutrino from Earth 
KamLAND experiment: principle of antineutrino detection 
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Schematic diagram of the KamLAND detector 

1) Scintillation light from the e+ event gives 
an estimate of the incident ne energy: 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. 

In liquid-scintillator detectors,      are 
detected via the inverse neutron  decay, 
   + p → e+ + n 

e

e

with a threshold of 1.806 MeV.   

200 s 

time 

Only a small fraction of     from the 238U (6.3%) 
and 232Th (3.8%) series can be detected  

e

e+ event 
2.2 MeV  quanta 
after neutron 
capture by proton 

K. Eguchi et al., First Results from KamLAND: Evidence for Reactor Antineutrino Disappearance, 
phys. Rev. Lett. 90 (2003) 021802 

KamLAND is the first detector to conduct an 
investigation on geoneutrinos. 



Neutrino from Earth 
KamLAND result 

12 

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

    energy spectra in KamLAND. 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     (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. 

e

e

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



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

e

e

Borexino background spectrum and its fit  



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

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. 

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

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

Experimental data 

Geo- 

Reactor- 
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Neutrino oscillations 
basic of neutrino oscillations: flavor and mass eigenstates  

http://www.nu.to.infn.it/slides/2010/giunti-101125-ipn.pdf 

http://www.nu.to.infn.it/slides/2010/giunti-101125-ipn.pdf
http://www.nu.to.infn.it/slides/2010/giunti-101125-ipn.pdf
http://www.nu.to.infn.it/slides/2010/giunti-101125-ipn.pdf
http://www.nu.to.infn.it/slides/2010/giunti-101125-ipn.pdf
http://www.nu.to.infn.it/slides/2010/giunti-101125-ipn.pdf
http://www.nu.to.infn.it/slides/2010/giunti-101125-ipn.pdf


Neutrino oscillations 
basic of neutrino oscillations: change of  flavor due to propagation 
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Neutrino oscillations 
basic of neutrino oscillations: practical case: two  mixing and oscillation 
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Neutrino oscillations 
basic of neutrino oscillations: dependence of  flux from distance 



Neutrino oscillations 
references  
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Solar neutrino deficit 
radiochemical measurement of solar neutrino: first 

indication of  oscillations 

  37Cl  37Ar (radioactive) 

Raimond Davis  

Proportional counter to measure 37Ar decays 

~600 ton perchloroethylene in “Homestake” mine South Dakota, USA 

A deficit of solar neutrino was observed: the 
measured flux was 1/3 of the Standard Solar 
Model predictions  neutrino oscillations 

R. Davis, Prog. Part. Nucl. Phys. 32 (1994) 13 
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Atmospheric neutrino 
origin, composition, direction 
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Cosmic rays interact with the 
atmosphere and two kinds of neutrinos 
(electron, muon) are generated. 

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

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

μ− → e− + νe + νμ 

μ+ → e+ + νe + νμ 

- 
- 

proton 

0, -, +, neutrons 

-, +, , electrons 

downward muons   

upward muons   



Atmospheric neutrino 
IMB detector: indication of muon neutrino oscillations 
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D. Casper et al., Measurement of Atmospheric Neutrino Composition with the IMB-3 Detector, Phys. 
Rev. Lett. 66 (1991) 2561 

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 
ve and v, the neutrino flavor content at the 
detector was be compared to calculated 
production rates in the atmosphere. 

IBM-3 detector internal view 

Reconstruction of muon trajectory and energy  

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

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, and 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. 



Atmospheric neutrino 
Kamiokande-II:  atmospheric neutrino deficit 
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• 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+ + 0  
•Electrons created by electron 
neutrino produce fuzzy rings due 
to the multiple scattering of the 
low mass electrons, while muons 
produce very sharp rings due to 
direct propagation. 

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

Photomultipliers cover the 
water tank surface 

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 



Atmospheric neutrino 
SuperKamiokande:  detector 
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• 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 

Cherenkov event 
from downward 
muon (downward 
atmospheric ) 



Atmospheric neutrino 
SuperKamiokande:  calibration and detector performance 
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S. Fukuda et al., The Super-Kamiokande detector, Nucl. Instr. Meth. A 501 (2003) 418 

Calibration by laser to 
estimate light scattering and 
absorption  

Several independent calibration systems were used 

Xe lamp  ultraviolet filter  scintillator (gain calibration), N2 laser for timing resolution, created in 
situ 16N gamma source for energy scale and resolution 

Low energy electron linear 
accelerator (LINAC) to inject 
electrons of precisely known 
energy into the tank at known 
locations: absolute energy scale, 
energy, angular, spacial 
resolution, detection efficiency  

Energy scale Energy resolution 

Angular resolution Vertex resolution 



• The data exhibit a zenith angle dependent deficit of muon neutrinos which is 
inconsistent with expectations based on calculations of the atmospheric neutrino flux 

• The data are consistent with two-flavor νμ ↔ ντ oscillations with:  
sin22θ > 0.82 and 5×10−4 eV2 < Δm2 < 6×10−3 eV2 

Atmospheric neutrino 
SuperKamiokande:  atmospheric neutrino oscillations 
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Y. Fukuda et al., Evidence for Oscillation of Atmospheric Neutrinos, Phys. Rev. Lett. 81 (1998) 1563 

Upward going (travel 
length ~1300 km) 

Downward going 
(travel length ~20 km) 

Expected number 
without oscillations 

Survival probability of muon neutrinos as a 
function of L( path length)/E 

Experimental data 

Expected number 
with oscillations 

Experimental data 

prediction 
based on 
neutrino 
oscillation 

Zenith angle distribution of the muon neutrinos 

predictions based 
on other theories 



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

“Near” detector to 
monitor the  beam 

250 km 

0.3 km 

 beam 

SciFi detector 

SciBar detector 

Muon range detector 

1 kt water 
Cherenkov 
detector Super Kamiokande 

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 

“Near” detector to 
measure the  beam 

SciBar - active fine-segmented scintillator tracker 
SciFi - scintillating-fiber/water-target tracker 



Long-baseline oscillation experiments 
K2K results 
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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. 

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 

observed  data 

MC expectation based on the 
ND measurement without 
neutrino oscillation 

MC expectation with 
neutrino oscillation 

data 

best-fit spectrum with 
neutrino oscillation 

without oscillation 



Long-baseline oscillation experiments 
MINOS 
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The NuMI beam, indicating primary beam 
transport, target station, decay  volume, 
beam absorber, muon detectors (Fermilab) 

735 km 

Accelerator 
Fermilab 

Far detector 
Soudan mine 

Near 
Detector 

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

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 

735 km 

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 

http://arxiv.org/abs/hep-ex/0412052
http://arxiv.org/abs/hep-ex/0412052
http://arxiv.org/abs/hep-ex/0412052


Long-baseline oscillation experiments 
MINOS: νμ disappearance observed spectra of beam and atmospheric neutrinos  
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Energy spectra of muon neutrino and muon antineutrino 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  



Accelerator  oscillation experiments 
LSND: detector 
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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. 

A schematic drawing of the LSND detector  

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               Neutrino Oscillations from the LSND Experiment, Phys. Rev. Lett. 81 

(1998) 1774 

The LSND observed probability of (2.6  1.0  0.5) 10-3 for the oscillation   e 

e 



Accelerator  oscillation experiments 
LSND: indication of 4th (sterile) neutrino 
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[1] A. Aguilar et al. , Evidence for Neutrino Oscillations from the Observation of      Appearance in a      Beam 

Phys. Rev. D 64 (2001) 112007 
e 

A search for             oscillations was conducted by the Liquid Scintillator 
Neutrino Detector at the Los Alamos Neutron Science Center using      from μ+ 
decay at rest. A total excess of 87.9 ± 22.4 ± 6.0 events consistent with    
scattering was observed above the expected background. This excess 
corresponds to an oscillation probability of (0.264 ± 0.067 ± 0.045)%, which is 
consistent with an earlier analysis. In conjunction with other known limits on 
neutrino oscillations, the LSND data suggest that neutrino oscillations occur in 
the 0.2 − 10 eV2/c4 m2 range, indicating a neutrino mass greater than 0.4 eV [1]. 

e



e p e n 

indication of 4th (sterile) neutrino 

However, a limit on sterile neutrino mass ms < 0.26 eV (0.44 eV) at 95% (99.9%) C.L. 
was obtained from cosmological consideration [2]. 

[2] S. Dodelson et al., Is cosmology compatible with sterile neutrinos?, Phys. Rev. Lett. 97 (2006) 04301  
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Accelerator  oscillation experiments 
MiniBooNE 
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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 

The detector is a spherical tank of diameter 
12.2 m, which is filled with 818 ton of 
mineral oil as Liquid scintillator [1] 



Long-baseline oscillation experiments 
OPERA 
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The OPERA detector located at Gran Sasso, 
730 km away from the source in Geneva. 

Four events of tau neutrino were detected, 
data analysis is in progress 

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. March 26, 2013 OPERA observed 
a third neutrino tau, a forth tau  was observed in 
March 2014. 



Long-baseline oscillation experiments 
T2K: running experiment 
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T2K is a neutrino experiment designed to 
investigate how neutrinos change from one flavour 
to another as they travel (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 



Long-baseline oscillation experiments 
proposal: NOA 
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[1] O.M. Requejo et al., Super-NOA: A long-baseline neutrino experiment with two off-axis detectors, Phys. 

Rev. D 72 (2005) 053002  

The NOA experiment configuration and propose to place a second off-axis detector, with 
a shorter baseline, such that, by exploiting matter effects, the type of neutrino mass 
hierarchy could be determined with only the neutrino run. The determination of this 
parameter is free of degeneracies, provided the ratio L=E, where L is the baseline and E is 
the neutrino energy, is the same for both detectors [1]. 

735 km 

Accelerator 
Fermilab 

Far detector 
Soudan mine 

Near 
Detector 

735 km 

MINOS far 
detector 

Near 
Detector 

Accelerator 
Fermilab 

810 km 

NOA far 
detector 

MINOS far 
detector 

NOA far 
detector 

Accelerator, 
near detector 
Fermilab 



conclusions 
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• Antineutrino from radioactive decays of 238U and 232Th chains in Earth 
were detected by KamLAND and Borexino detectors 

• Investigations of atmospheric neutrinos confirmed oscillations of muon 
neutrino  

• MINOS, K2K, and Super-K experiments have all independently observed 
muon neutrino disappearance over long baselines 

• OPERA confirmed for the first time appearance of tau neutrino from 
muon neutrinos  

• Results of the experiments strongly depends on simulation of effect 
and background, calibration of the detectors 

• Precise measurements of all the neutrino mixing parameters are 
requested to extent the Standard Model 


