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‣ Produced by man-made nuclear reactors 

‣ 1-4% of Earth’s total ν luminosity 

‣ 439 reactor cores generating 870 GWth

Geo-ν’s

‣ Produced by β- decays of radiogenic 
isotopes in the Earth’s crust and mantle  
(U, Th and K) 

‣ Generate 15±10 TW of radiogenic heating 
(17-64% of Earth’s total heat flow)  

Reactor ν’s

AGM 2015



Geo-ν’s give us clues about:

• composition of the Earth’s interior 

• size and sources of radiogenic heat flow 

• origin, formation and thermal evolution of our planet 

• source of heat for geo-dynamo
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Geo-ν measurements

KamLAND, Kamioka, Japan

• 1 kt LS, 1800 PMTs, 34% solid angle 

• First observation in 2005 (2 kt-yrs) 

• Followed by publications in 2011        

(5.8 kt-yrs) and 2013 (6.9 kt-yrs) 

• <Pee> = 0.551 ± 0.015

• Φ(U+Th) = 3.9+0.7-0.6 

x 106 /cm2/s 

• 164+28–25 geo-ν events

• 0.278 kt LS, 2200 PMTs, 30% solid angle 

• Most recent paper from 2015 (1.6 kt-yrs) 

• Φ(U+Th) = 5.0 ± 1.3 x 106 /cm2/s 

• 23.7+6.6–5.7 geo-ν events

Borexino, LNGS, Italy
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Geo-ν measurements

KamLAND, Kamioka, Japan

• 1 kt LS, 1800 PMTs, 34% solid angle 

• First observation in 2005 (2 kt-yrs) 

• Followed by publications in 2011        

(5.8 kt-yrs) and 2013 (6.9 kt-yrs) 

• <Pee> = 0.551 ± 0.015

• Φ(U+Th) = 3.4 ± 

0.08 x 106 /cm2/s 

• 116+28–27 geo-ν events

• 0.278 kt LS, 2200 PMTs, 30% solid angle 

• Most recent paper from 2015 (1.6 kt-yrs) 

• Φ(U+Th) = 5.0 ± 1.3 x 106 /cm2/s 

• 23.7+6.6–5.7 geo-ν events

Borexino, LNGS, Italy
✔ Total of 188 238U, 232Th geo-ν events … 

✘ but no 40K geo-ν events  

✔ Rate and energy measured … 
✘ but not direction  

✔ Measured signals are consistent … 
✘ but large uncertainties (±18-26%)
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➜ Model-dependent assumptions required 
for interpreting results 

Borexino (2015)
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Inverse beta decay

‣ Proton target, Ethresh ≈ 1.8 MeV  

‣ σ(Eν) ≈ 9.5x10-44 (Eν - 1.3 MeV)2 cm2 

‣ No directional information on event-
by-event basis  

Elastic scattering

‣ Electron target, no energy threshold  

‣ σ(Eν) ≈ 4.0x10-45 (Eν) cm2 

‣ Direction of outgoing e- closely 
correlated to direction of incoming ν 



e- recoils in gas TPCs



e- recoils in gas TPCs



e- recoils in gas TPCs



e- recoils in gas TPCs

*Optional



e- recoils in MUNU
• 11.4 (3.8) kg CF4 gas at 3 (1) bar 

• Angular resolution: 15˚@ 200 keV, 
12˚@ 400 keV, 10˚@ 600 keV  

• Energy resolution: 10% @ 200 keV, 
6.8% @ 478 keV 

Daraktchieva, NEUTRINO 2006



What is the sensitivity of a directional detector 
to the flux of geo-ν’s from: 

• 40K decays?  

• the Earth’s mantle? 

• the Earth’s core?

Studied at 3 underground sites:  
Gran Sasso, Kamioka, SNOLAB*
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Neutrino flux model
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Physical 
structure from 

seismology 
(CRUST 1.0)

Homogenous 
spherical shell 

(PREM) 

Positions and 2014 
average powers 

from PRIS

Normalization from 
Bergstrom et al. 

JHEP 03, 132 (2016)



Incident angular distributions
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Scattering kinematics and differential cross section
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T = kinetic energy of outgoing e-

Assuming zero neutrino charge 
radius and magnetic moment, then:

Integrated up to Tmax
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Event rates (CF4 target)

*Includes 55% survival probability after oscillation and 
subsequent νμ,ντ elastic scattering

*at Gran Sasso17



Cut on solar angle separation (θsun)
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Pseudo-data includes smearing by MUNU angular and energy resolutions
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Sensitivity analysis
For a given exposure and geo-ν contribution, run 1000 pseudo-experiments and use 
PL statistic to determine exposure required to: 

• set a 95% (90%) CL upper limit for ‘background-only’ pseudo-experiments 

• exclude null hypothesis at 95% (90%) CL for ‘signal+background’ pseudo-experiments
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Results (SNOLab)
Exposures required to exclude null hypothesis at 95% (90%) CL for 95% 
(90%) of pseudo-experiments:
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tonne-years

2,680 (1,560) 
tonne-years

223 (133) 
ktonne-years

40K Mantle Core
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Improve angular resolution by factor of 2…
Exposures required to exclude null hypothesis at 95% (90%) CL for 95% 
(90%) of pseudo-experiments:
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40K Mantle Core↓40% ↓35% ↓20%



Detector design

• 6-tonne Xe target 

• 10 bar (104 m ) 

• 10 years live time 

• 20% isotropic background 

• Improved angular resolution 

• 3 rows of 9 TPC modules 
(4 m  each, with 1 m drift 
length)

Bulk 
micromegas 

readout plane 
(2 m x 2 m)

~8 m

3
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Reactor monitoring demonstration

➔ Assume 50-MW reactor 10 km away from SNOLab

Goal #1: Detect a 50-MW reactor from a distance of 10 km 

Goal #2: Detect monthly on/off cycling of the reactor

T > 1.5 MeV
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Results (SNOLab)
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10.7 (7.1) 
ktonne-months

Exposures required to detect reactor on/off in 1 month at 95% (90%) CL 
depend on position of signal reactor:

ON (North) ON (South)
32.7 (19.8) 

ktonne-months
5.8 (4.1) 

ktonne-months

OFF (North)



Conclusions
• Direction-sensitive detectors with modest angular resolution are capable of 

measuring previously unresolved sources of radiogenic heating via ν-e- elastic 
scattering 

• Exposures needed to access 40K, mantle and core geo-ν’s at 90% CL with a 
detector at SNOLab are 90 tonne-yrs, 1.6 ktonne-yrs and 130 ktonne-yrs 

• Up to 30-40% reduction in required exposure if angular resolution is improved 
by a factor of 2, relative to MUNU measurements 

• For more details, see 

• Direction-sensitive detectors are also capable of monitoring nearby nuclear reactors 

• Required exposure is dependent on location of signal reactor relative to 
background reactors 

• 7-20 ktonne detector at SNOLab can detect monthly on/off cycling of a 50-
MW reactor at a distance of 10 km with 90% CL 
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Thank you!

This project has received funding from the European Union’s Horizon 2020 research and 
innovation programme under the Marie Skłodowska-Curie grant agreement No. 665919
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Backup slides
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• Mantle modeled as homogeneous spherical shell (with and without 
radioactivity in core) 

• Data from Preliminary Reference Earth Model (PREM) and CRUST 1.0

Geo-ν model
• Physical structure of crust from 

seismology: 

• CRUST 1.0: http://igppweb.ucsd.edu/~gabi/
crust1.html 

• Supplemented with topographical information 

• U, Th and K element abundances from 
geochemistry

29
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Geophysical response
x 10
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*at Gran Sasso



Solar-ν model
• Normalization from Bergstrom et al. JHEP 03, 132 (2016) 

• +1.5%, -0.8% uncertainty on total flux, but very energy-dependent: 

• Largest (fractional) uncertainties on 17F, 13N, 15O



Reactor-ν model
• Reactor positions and 2014 average powers taken from Power Reactor Information System 

(PRIS)

32

• Neutrino spectra:  

• ~6 νbar and 205 MeV per fission 

• Geo-ν analysis uses AGM spectrum 
(conservative) 

• Reactor monitoring analysis uses 
more precise isotope spectra —> 

• ±6% uncertainty: 

• power value reported by plant operators 

• oscillation parameters 

• seasonal changes in the reactor power 
output Fission/power fractions from Baldoncini et al. 

Phys. Rev. D91, 065002 (2015).
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Event rates (CF4 target)

per tonne-yr

per ktonne-yr
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Exposure (tonne-yr)
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100 200 300

)
-1

 s
-2

 c
m

6
 1

0
×

Fl
ux

 (

0

0.5

1

 study (signal + background)eνCore geo-

95% C.L. interval

90% C.L. interval

 fluxeνCore geo-

H
ea

t (
TW

)

0

1

2

3

4

5

6

7

8

Exposure (ktonne-yr)
50 100 150

)
-1

 s
-2

 c
m

6
 1

0
×

Fl
ux

 (

0.2

0.4

0.6

0.8  study (background only)eνCore geo-

95% C.L. upper limit

90% C.L. upper limit

H
ea

t (
TW

)

1

2

3

4

5

zenithθCos 
1− 0.5− 0 0.5 1

N
um

be
r o

f E
ve

nt
s

10

210

310

410 Pseudo-data
νCore geo-
νReactor 

νCrust, Mantle geo-
νSolar 

200 ktonne-years, T > 800 keV

Core (10 p.p.b. U,Th)

36
*at Gran Sasso



Exposure (tonne-yr)
500 1000 1500

)
-1

 s
-2

 c
m

6
 1

0
×

Fl
ux

 (

0

1

2

3

4  study (signal + background)eνMonitor-reactor 

95% C.L. interval

90% C.L. interval

 fluxeνMonitor-reactor 

Po
w

er
 (M

W
)

0

50

100

150

200

250

300

Exposure (tonne-yr)
200 400 600 800 1000

)
-1

 s
-2

 c
m

6
 1

0
×

Fl
ux

 (

1

2

3  study (background only)eνMonitor-reactor 

95% C.L. upper limit

90% C.L. upper limit

Po
w

er
 (M

W
)

20
40
60
80
100
120
140
160
180
200
220

reactorθCos 
1− 0.5− 0 0.5 1

N
um

be
r o

f E
ve

nt
s

1−10

1

10

210

310
Pseudo-data

νMonitor reactor 
νReactor 

νGeo 
νSolar 

900 tonne-years, T > 1.5 MeV

Reactor monitoring
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