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Plan for this talk 

• Primer on Neutrinos 
• A little history of Geoneutrino detection 
• Basics of Neutrino detection 
• Results from KamLAND and Borexino 
• How to make further progress  
  (from the point of view of detection) 
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Neutrinos occupy an important role in 
particle physics… 

Leptons 

Quarks 

Particles 
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Astrophysical 
Accelerators 
        IceCube 2014? 

Nuclear Reactors 
(power stations, ships) 
 

Particle Accelerator  

Earth’s Atmosphere 
(Cosmic Rays) 

 

Sun  

Supernovae 
(star collapse) 
                SN 1987A  

  Earth’s Crust  
(Natural      

Radioactivity) 

Big Bang 
(here 330 ν/cm3) 

         Indirect Evidence 

Sources of neutrinos: artificial and natural 

 

 
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The (anti)neutrino flux on Earth greatly depends on their energy 
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Pre-history of Geoneutrinos 

Fred Reines (?) working at a neutrino 
              detector (circa 1953) 
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…Well… not quite ! 
 
 
That detector was  
some 5 orders of 
magnitude too small 

~30 TW 
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Fast forward 45 years… 
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               GeoNeutrino Timeline 
 
 
Pre-history: F.Reines’ & G.Gamov’s correspondence 
 
Early ideas: G.Eder, Nucl. Phys. 78 (1966) 657 
               G.Marx, Czech. J. Phys. B19 (1969) 1471 
               L.M.Krauss, S.L.Glashow, D.M.Schramm, Nature 310 (1984) 191 
 
KamLAND proposal: P.Alivisatos et al,  
  Stanford-HEP-98-03, Tohoku-RCNS-98-15, unpublished. 
 
First experimental study (KamLAND): T.Araki et al., Nature 436 (2005) 499 
 
Borexino enters the scene: G.Bellini et al. Phys. Lett. B687 (2010) 299 
 
Latest experimental results:  A.Gando et al., Phys. Rev. D 88 (2013) 033001 
      G.Bellini et al., Phys. Lett. B 722 (2013) 295 
 
…in addition there is now ample literature about the interpretation of the  
  measurements (not covered in this talk) 
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The (anti)neutrino interaction cross section is tiny,  
                    particularly at low energy 
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• Mean free path of 
  anti-neutrinos from a reactor 
  in lead is ~0.3 light years ! 

Examples: 

• A large nuclear reactor  
  makes 6×1020 neutrinos/s:  
     at 20 meter distance 
     (just outside the building) 
     only one neutrino every  
     3 sec interacts with  
     our body ! 

8.3 light minutes 

Neutrino detection always requires an interaction to produce 
       some electromagnetic energy that is then detected 
                 Detecting neutrinos is hard! 
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Energy affects detection in three main ways 
 
 
1. Detection processes vary with energy and produce  
 very different signatures 
2.Cross section increases with energy 
3. Signatures become more distinctive at high energy,  
 so that the background decreases 

“neutral current” event with  
         Eν~ tens of GeV 
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The 238U long decay 
chain including β- decays 234Th 

24.1d 
238U 

4.5Gyr 

210Bi 
5d 

210Pb 
22yr 

214Po 
0.16ms 

214Bi 
20m 

214Pb 
27m 

218Po 
3.0m 

222Rn 
3.8d 

226Ra 
1.6kyr 

230Th 
77kyr 

234U 
0.4Myr 

234Pa 
1.17min 

206Pb 
Stable 

210Po 
138d 

β 

α 

α 

α α α α α 

α 

β 

β 

β 

β 
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The 232Th long decay 
chain including β- decays 

α α 

α 

0.64 
β β 

β 

β 

β 

232Th 
14Gyr 

208Pb 
Stable 

212Po 
0.3μs 

212Bi 
61m 

212Pb 
11h 

216Po 
0.15s 

220Rn 
56s 

224Ra 
3.7d 

228Th 
1.9yr 

228Ac 
6.2h 

228Ra 
5.8yr 

208Tl 
3.1m 0.36 

α 

α 

α α 
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The 40K β- decay 
β 

40Ca 
Stable 

40K 
1.3Gy 

0.89 
40Ar 
Stable 

EC 
0.11 
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νe of different endpoint energy are emitted at 
each β- decay step producing characteristic 

spectra for 238U, 232Th (and 40K)  
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Angle relative to Sun 

The process can be used 
to point at the Sun! 
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νe 

e+ 
γ 511 keV 

γ 511 keV 

n γ 2200 keV 

Large scintillator 
vat 10-40 keV 

Eν measurement ++ +−++≅ epnne mMMEEE )(ν

1800 keV 

The process has a 1.8MeV threshold:  
    most of the flux is not accessible (no 40K) 
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𝒆𝒆+ 
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𝒆𝒆+ 
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𝒆𝒆+ 
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𝒆𝒆+ 
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Inverse beta decay  
detection in liquid 

scintillator detectors 

1 kton liquid-scintillator 

1km      overburden 

2.5 m-thick paraffin shielding 

Water shield/Cherenkov veto 

~2000 20’’ PMTs 

Example:  KamLAND 
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Oscillation measurements using reactors 

A.Gando et al.   
 Phys Rev D 83 (2011) 052002 
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…that, combined with other results, provide 
                   accurate values for Δm and θ12 
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Most recently the small  
  mixing angle, θ13 , has 
  also been measured with  
  the same technique  
    (DoubleChooz, Daya Bay, RENO) 

    Daya Bay (China)  
 
   θ13=0.154±0.015 
 
F.P. An et al.  
   Phys Rev Lett 108 (2012) 171803 
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The last 15 years have seen huge progress in 
our understanding of neutrino masses and mixing  

*Part of the error is from hierarchy uncertainty 

“normal”        “inverted” 
        hierarchy 

Parameter Value 
sin2 θ12 0.306±0.017 
sin2 θ23 0.42±0.05 
sin2 θ13 0.023±0.003 
Δm2 (2.35±0.10)-3 eV2 
δm2 (7.58±0.24)-5 eV2 
δCP (0.90±0.38)π 

(Errors have been symmetrized for simplicity and contain parts due to  
   hierarchy uncertainty and parts due to reactor flux uncertainties) 
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The last 15 years have seen huge progress in 
our understanding of neutrino masses and mixing  

Parameter Value 
sin2 θ12 0.306±0.017 
sin2 θ23 0.42±0.05 
sin2 θ13 0.023±0.003 
Δm2 (2.35±0.10)-3 eV2 
δm2 (7.58±0.24)-5 eV2 
δCP (0.90±0.38)π 

(Errors have been symmetrized for simplicity and contain parts due to  
   hierarchy uncertainty and parts due to reactor flux uncertainties) 
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But what about Geoneutrinos? 

They are contained in the low energy part of the spectrum.   
    Reactors here are a nuisance 
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Nuclear reactors traditionally have been a substantial  
“background” to the Geoneutrino measurement in KamLAND 

After the Fukushima accident this background has gone away 

KamLAND 

0.9-2.6MeV time history 

Reactor only 

Reactor + 
backgrounds 

Reactor + 
Backgrounds 
+GeoNu model 
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The cumulative spectrum shows a clear excess where the 
 geoneutrinos are supposed to be.   
The fit knows also of the reactor power excursions 

Null hypothesis for geoNu has a probability of 2∙10-6 
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Borexino 
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In order to help science and facilitate the study of 
GeoNeutrinos, Italy decided not to build new nuclear  
power plants and shut down the few they had! 
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Borexino GeoNu data is cleaner but statistics not as good 
as KamLAND (smaller detector and shorter run) 

Null hypothesis for geoNu has a probability of 6∙10-6 

GeoNu contribution 
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~events/kton/yr 

Note the rate scale:  
     in most places expect 4 events/month in a 1kton detector! 

The expected rate at different world locations 
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Background from reactors.    
Note that in many locations this is a severe problem 

(although reactors are off today in Japan) 
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The ideal location to study the Earth’s mantle is the  
middle of an ocean, where there are no reactors and 
the crust is thinnest and depleted of Th & U 
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Best fit gives  
NTh/NU = 0.4 for Borexino 
 
But the error is huge and 
this is compatible with the  
C1 chondritic meteorite 
ratio 0.85 (mass ratio=3.9)  

In principle data could 
derive the Th/U ratio 

Borexino 
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Th/U mass ratio  
<19 at 90% CL 
 
But, again, the error  
is huge, in the rest 
use C1 chondritic  
meteorite ratio of 3.9  

Similar result for KamLAND 
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Borexino flux 
(TNU) 

KamLAND flux 
(TNU) 

   Local crust (local geology) 
   Remote crust (global property) 
Total crust 
   Continental Lithospheric Mantle 
   (Homogeneous) Mantle 
Total model 
Measurement 

1 TNU = 1 interaction/(yr 1032 target protons) ~ 1 interaction/(yr kton) 
For 232Th: Flux[10-6 cm-2s-1] = Rate[TNU]/4.07 
     238U:  Flux[10-6 cm-2s-1] = Rate[TNU]/12.8 
 
from L.Ludhova and S.Zavatarelli, arXiv:1310.3961 (15 Oct 2013) 

How does the model compare with data for  
the total U + Th rates? 
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 With the U/Th fixed by Chondritic Meteorites 

from L.Ludhova and S.Zavatarelli, arXiv:1310.3961 (15 Oct 2013) 

Crustal 
contributions 

Continental 
lithospheric 
mantle 

Remaining 
mantle 
contributions 
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The near future:  

~1kton 
SNO site 
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Slightly later:  
JUNO 

20 kton  
liquid scintillator 
(~20x KamLAND 
 ~60x Borexino!) 

Hong Kong 
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But, of course, the real killer would be an oceanic site 
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Steve Dye, AAP-2012, Honolulu Oct 2012 

Predicted Signals: Mid Pacific detector 
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A 10kton dedicated detector that can  
be deployed in the ocean 
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                    (my) wish list: 
 

- Better statistics (larger detectors) 
-  Oceanic site 
-   Multiple sites 
-   Pointing ability 
-   Lower threshold (40K) 
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Liquid scintillator technology is a limiting factor 
 
With more light one may be able to image events 
 
A typical organic scintillator (eg liquid scintillator) 
 has energy efficiency of few% (~1 photon/100eV).   
 Very hard to imagine  doing better. 
  Maybe energy can be stored in a material 
     and its release triggered by ionization 
  Maybe ionized trails can produce  
     fluorescent sites, then imaged 
 …tried and failed,  until now 
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Liquid scintillator technology is a limiting factor 
 
If water- based was possible everything would be  
 cheaper/larger 
 
No one has been able to make this work  
 
 (liquid scintillators were invented  
   in the 30’s and are amazingly  
   subtle/sophisticated things!) 
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Photodetector technology is a limiting factor 
 
Photomultiplier Tubes (PMTs) are:   
 Bulky 
 Clumsy/delicate (vacuum) 
 Radioactive (glass) 
 Small/non- scalable 
 Expensive 
 Low quantum efficiency devices 
 
No one has been able to find a replacement 
 
 (PMTs were invented in the 30’s and are  
   amazingly subtle/sophisticated things!) 
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Concluding… 
• KamLAND and Borexino will continue taking data (for a while), 

but statistics accumulates linearly with time, further 
improvements are painful (the reactor-off period in Japan helps) 

• SNO+ and JUNO will happen (“for free”) 
• JUNO will be quite a bit larger than anything else: 
     will probably be the next highlight of the field  
     …and then… 
• Hanohano should happen, it is “just matter of money” 
• Beyond this we are lacking the technology to make 

further progress: 
– Should do R&D on scintillators 
– Should do R&D on photodetectors 
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