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Geo Neutrinos: What is it all about?
We know surprisingly a little about the Earth’s interior

• Deepest drill hole about 12 km

• Samples of  crust for chemical analysis available (e.g. vulcanos)

• Reconstructed density profile from seismic measurements

• Heat flux from measured temperature gradient 30-44 TW 

(Expectation from canonical BSE model 19 TW from crust and 

mantle, nothing from core)

• Neutrinos escape unscathed 

• Carry information about chemical 

composition, radioactive energy 

production or even a hypothetical 

reactor in the Earth’s core

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.

• The 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. 



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

• “Geoneutrinos” are electron antineutrinos produced by beta-decays of  the nuclei in the 

decay chains of  238U, 232Th and  40K.

• Decays of  the daughter nuclei in the decay chains of  238U, 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. 

Earth’s surface heat flow 46±3 TW



Neutrinos from the Earth

• The Earth emits about 44TW of energy (sum of all man-made reactors ~1TW).

• About half is supposed to come from radioactivity of 238U, 232Th, and 40K which 
produce ҧ𝜈𝑒’s.

• Geo-neutrinos are produced by:

• Geo-neutrinos are detected by:

Threshold 1.8 MeV

ne + p® e+ +n



The coincidence technique makes 

the background requirements much 

less challenging!

Detecting anti-: inverse β-decay

Energy threshold of Tgeo- = 1.8 MeV

i.e. Evisibile≈1 MeV



Sources of background
• Main contribution comes from 194 European nuclear plants. 

• Other 245 plants around the world contribute only 2.5% of 

the total reactor signal. 

• Mean base line: 1000 km (~60% of total flux) 

• Spent fuel contributes at the level of 1.5% [V.I. Kopeikin et 

al., Phys. Atom. Nucl. 69, 185 (2006)] 

• Nominal thermal power and monthly load factor for each 

European reactor originates from IAEA and EDF.
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• For a geo-neutrino experiment, reactors are 

important since:

✓ One can calibrate the experiment with reactor 

in the HER 

✓ One has to subtract their contribution in LER

❑ Some reactors were shut down due to the earthquake in 2007, but in 

2009 started again

❑ After the 2011 tsunami/earthquake 80% of  reactors have shut down…

❑ Reactor/geo-events became about 2

• How many ҧ𝜈𝑒 in Japan? Reactors have been 

switched on/off  in Japan in the last few years:

❑ Reactor/geo-events was about 10 in 2006





KamLAND Measurements of Geo Neutrinos

K. Inoue at Neutrino 2010





• Predicts a total of 20.0 events in 

24 months

(R=14.0 ; G=5.6 ; Bk=0.4)

• The HER can be used to test  

   the experiment sensitivity to  

    reactors

• In the LER one expects

   comparable number of geo-    

   and reactor-

LER HER

Borexino: expectations and 
results (2010)*

*Physics Letters B 687 

(2010)

• Observe 21 events in 24 months, 

attributed to

 R=10.7 -3.4 
+4.3 

 G= 9.9 -3.4 
+4.1

 BK=0.4 

• One geo- event each two months 

  experiment!
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Latest BOREXINO 

results

1 TNU = 

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

U/Th





Borexino and Kamland

1 TNU = one event per 1032 free protons 

per year

❑ Borexino has a mass and exposure 

time smaller than Kamland 

❑ It benefits from: 

✓much higher purity 

✓absence of  nearby reactors

Borexino



Summary of geoneutrino results

MODELS
Cosmochemical: uses meteorites – O’Neill & Palme (’08); Javoy et al (‘10); Warren (‘11)
Geochemical: uses terrestrial rocks – McD & Sun ’95; Allegre et al ‘95; Palme O’Neil ‘03
Geophysical: parameterized convection – Schubert et al; Davies; Turcotte et al; Anderson

Constrainting U & Th in the Earth

McDonough, Learned, Dye (2012) Physics Today

Borexino (2013)



Supernova neutrinos



• Gravitational collapse (implosion)
• Neutronization (                             ) lasts for few millisec.
• Explosion, with mantle being thrown off.
• End up as neutron star (or black hole) → neutrinosphere from                         (this lasts 

about 1-10 sec).

’s produced in a stellar collapse

When a massive star at the end of its life collapses to a neutron 
star, it radiates almost all of its binding energy in the form of 
’s, most of which have energies in the range 10-30 MeV. 

❑ The ’s come in all flavours, and are emitted over a timescale of several tens of secs.

❑ The ’s luminosity of a gravitational collapse-driven supernova is typically 100 times 
its optical luminosity. 

❑ During the collapse of a star, about 1057 ’s are produced. 

❑ The  signal emerges from the core of a star promptly after core collapse, whereas 
the photon signal may take hours or days to emerge from the stellar envelope. 

→The ’s signal can give information about the very early stages of core collapse

e- + p®n+ne

e+e-®n 's

• Supernovae have been observed since the 1002 A.D. observation recorded 
by Chinese astronomers in our Galaxy; as neutron star since 1967

• Neutrinos from SN not seen until Feb. 28, 1987: SN1987A!
• None since!



Types of Supernovae

• Type I – no hydrogen absorption lines

– Ia – no hydrogen lines, no helium lines, but does 
have strong absorption line of ionized Silicon (Si II) 

– Ib – strong helium lines, still no hydrogen

– Ic – no helium lines, still no hydrogen

• Type II – hydrogen absorption lines

• Collapse of massive stars leads to type II and 

Ib, only difference is whether star sheds outer 

hydrogen layer before exploding



Kepler’s supernova

• Open circles are European 

measurements and filled circles 

are Korean measurements.

• Astronomers at the time measured 

the evolution of the luminosity of 

the supernovae by comparing it to 

known stars and planets. 

• It has been possible to determine 

the positions of planets at the time 

when they were observed, and, 

with the notebooks, to reconstruct 

the luminosity curves. 

• The superimposed curve shows the rate of 56Co decay using the laboratory-

measured half-life. 

• The vertical scale gives the visual magnitude V of the star, proportional to the 

logarithm of the photon flux. 

• V = 0 corresponds to a bright star, while V = 5 is the dimmest star that can be 

observed with the naked eye. 

Luminosity





Random walk. Simple case with 

𝑁 steps of constant 𝜆 = 𝑐𝑡𝑠. The 

walked distance R is: 

𝑅 = 𝑁𝜆 =
𝑡𝑑𝑖𝑓𝑓

𝑡𝑠
𝜆 =

𝑡𝑑𝑖𝑓𝑓 𝜆2

𝜆/𝑐
 

 

𝑡𝑑𝑖𝑓𝑓 ≈
𝑅2

𝜆



scale



Detecting Supernova 𝜈’s

• 𝜈’s from gravitational collapse can be detected in various ways.

• For water Cerenkov detectors, such as Super-K, the most important 

detection reaction is the absorption of  electron antineutrinos on protons: 

ҧ𝜈𝑒 + 𝑝 → 𝑛 + 𝑒+

• The e+ from this reaction, which retains most of  the energy of  the 

incoming ҧ𝜈𝑒 , is detected from its Cerenkov light. 

• For a gravitational collapse at the center of  the Galaxy (8.5 kpc away), 

Super-K expects to see about 5000 events.

• A few percent of  the supernova events observed will be neutrino-electron 

elastic scattering events, 

   𝜈𝑥 ҧ𝜈𝑥 + 𝑒− → 𝜈𝑥 ҧ𝜈𝑥 + 𝑒−

        𝜈𝑥  = a neutrino of  any flavour 



+ gammas from:
 → n + p→ D +   (E = 2.23 MeV) 

 → e+ + e-→ 2  

Detecting Supernova 𝜈’s with liquid scintillator

(e,) + 12C→ 12C* + (e,)

(e,) + 12C → 12C* + (e,)e + 12C→ 12B + e+

(e,) + e-→ (e,) + e-e + 12C→ 12N + e-

(e,) + e- → (e,) + e-e + p → n + e+

Neutral current interactionsCharged current interactions

(e,) + 12C→ 12C* + (e,)

(e,) + 12C → 12C* + (e,)e + 12C→ 12B + e+

(e,) + e-→ (e,) + e-e + 12C→ 12N + e-

(e,) + e- → (e,) + e-e + p → n + e+

Neutral current interactionsCharged current interactions

Borexino, LVD, Kamland, Miniboone …



 The famous supernova SN1987A (28 February 1987)

Large Magellanic Cloud 
Distance 50 kpc       
(160.000 light years)

• In addition, the Baksan scintillator detector saw 5 events 
(another scintillator detector, LSD saw 5 events several hours 
early, but the significance of this signal was controversial.) 

• The SN1987A neutrino data, although sparse, was sufficient 
to confirm the baseline model of gravitational collapse (and 
put some limits on neutrino properties, such as mass, as 
well)

• → await a more copious neutrino signal to be able to make 
distinctions between different theoretical models of core 
collapse and supernova explosions

• A gravitational collapse event in the Large 
Magellanic Cloud outside our Galaxy, was the 
first to have its neutrino signal detected. 

• Two water Cerenkov detectors, Kamiokande II 
and IMB, detected 20 events between them. 



Neutrino Signal of Supernova 1987A
Kamiokande-II (Japan)
Water Cherenkov detector
2140 tons
Clock uncertainty  1 min

Irvine-Michigan-Brookhaven (US)
Water Cherenkov detector
6800 tons
Clock uncertainty  50 ms

Baksan Scintillator Telescope
(Soviet Union), 200 tons
Random event cluster  0.7/day
Clock uncertainty  +2/−54 s

Within clock uncertainties,
all signals are contemporaneous





Operational Detectors for Supernova Neutrinos



La prossima SN: quando e dove? 
Raggio efficace per l’osservazione con neutrini:    10 kpc!

Stima del tasso di SNe per collasso gravitazionale:

• Osservazione delle altre galassie e stima della statistica

• Estrapolazione della statistica dalle 5 SNe storiche nella nostra galassia nel 

millennio passato

• Osservazione dei 𝛾 dell’ 26Al (circa 105 y) prodotto nelle stelle massive

2-3 per secolo!Dove?

Una SN da collasso gravitazionale è l’ultimo stadio della vita di una stella

→ Cercare in zone dove le stelle si stanno formando

Stima. Parametri consistenti con il deficit di SNe nella nostra galassia in un raggio tra 3.0 e 5.5 

kpc dal centro → studio della distribuzione nella nostra galassia e nelle altre di:

• Pulsar

• SN remnant

• H ionizzato e molecolare





High-energy particle production in the Universe



Why neutrino astronomy?
• Neutrinos point back to the source

• Neutrinos travel cosmological distances

• Neutrinos escape from optically thick sources

• Neutrinos are a clear sign for hadron acceleration

Neutrinos provide complementary information to 

gamma-rays and protons





2025 - ultra-high-

energy cosmic 

neutrino with 

KM3NeT







High energy  - IceCube: results



Astrophysical neutrino fluxes

• supernova remnants and GRBs exceed the atmospheric neutrino 

flux above 100 TeV because of  their relatively E−2 spectrum

• Simple calculation of  the GZK neutrino flux. 

• The atmospheric neutrino spectra are shown



~𝐸−3.7

~𝐸−2

ICECUBE

❑ Atmospheric 𝜈 expected ~𝐸−3.7

❑ Cosmic 𝜈 expected ~𝐸−2 

❑ Cosmic 𝜈 larger than atm 𝜈 for  𝐸𝜈 ≳ 100 𝑇𝑒𝑉

❑ Found dependence for cosmic 𝜈:

o internal events: ~𝐸−2.9 

o up-going muons: ~𝐸−2.2 

❑ For up-going muons the angular resolution below 1o 

(possible 𝜈 astronomy)

internal events

up-going muons



High energy  - IceCube: results



High energy  - IceCube: results



IceCube:  follow-up of LIGO event

GW150914



Detection of a particle shower at the Glashow 

resonance with IceCube 

• The Glashow resonance describes the 

resonant formation of  a W  boson 

during the interaction of  a high-energy 

electron antineutrino with an electron, 

peaking at an antineutrino energy of  6.3 

PeV in the rest frame of  the electron. 

• The cross section is resonant: 

The cross section is maximal when 

𝑠 = 𝑀𝑊
2 . In the electron rest frame, 

the resonance energy is 

𝐸𝑅 = Τ𝑀𝑊
2 2𝑚𝑒 = 6.32 PeV 

• One event was found with a visible energy 

of  6.05 ± 0.72 PeV. 

• Given its energy and direction, it is classified 

as an astrophysical neutrino at the 5σ level.

• The neutrino energy is inferred to be about 

6.3 PeV by correcting the visible energy for 

shower particles that do not radiate. Nature, 591 (2021) 220



Neutrino Astronomy and 

Multimessenger Astrophysics

• Flux of cosmic muon neutrinos (shaded band) 

• Flux of electron and tau neutrinos (data points)

• Both are consistent with the flux derived from 

the observation of a single Glashow-resonance 

event (red data point), where an electron anti-

neutrino interacts with an atomic electron to 

produce a charged intermediate boson W



Observation of  an ultra-high-energy cosmic neutrino with KM3NeT

• An extremely high-energy 𝜇 with an estimated 

energy of  𝟏𝟐𝟎−𝟔𝟎
+𝟏𝟏𝟎 PeV, traversing the ARCA 

detector was observed on 13 February 2023 at 

01:16:47 UTC. 

• This event is referred to as KM3-230213A. At 

that time, 21 detection lines were in operation. 

• The direction of  KM3-230213A is reconstructed 

as near-horizontal, originating 0.6° above the 

horizon at an azimuth of  259.8° (azimuth angles 

increase clockwise, with north at 0°).

• The uncertainty on the direction is estimated to 

be 1.5° (68% CL), dominated by the present 

systematic uncertainty on the absolute orientation 

of  the detector.

• In light of  its enormous energy and near-

horizontal direction, the 𝜇 most probably 

originated from the interaction of  a 𝝂 of  even 

higher energy in the vicinity of  the detector.

• The cosmic neutrino energy spectrum measured up to now falls steeply with energy. 

• However, the energy of  this event is much larger than that of  any 𝝂 detected so far. 

• This suggests that the 𝜈 may have originated in a different cosmic accelerator than the lower-energy neutrinos, or 

this may be the first detection of  a cosmogenic neutrino, resulting from the interactions of  ultra-high-energy 

cosmic rays with background photons in the Universe.
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