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Looking at the Earth’s interior 

2 (taken from W. Winter, ISAPP School 2016 «  Understanding and imaging the Earth» ) 



Looking at the Earth’s interior: composition 

3 (taken from W. Winter, ISAPP School 2016 «  Understanding and imaging the Earth» ) 

Fe + Ni, light elements ? 

Pure Fe 

Pyrolite (silicate Earth) 



Looking at the Earth’s interior: matter density 
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The Preliminary Reference Earth Model (PREM) 
Dziewonski & Anderson, Physics of the Earth & 
Planetary Interiors, 25 (1981) 297—356  

Uncertainty on 
core-mantle & 
inner-outer core 
boundary position  
< 10 km 

Uncertainty on  
average density 
< 1% 



At high energies: Earth absorption tomography 
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…driven by the 
increase of  

neutrino-nucleon 
cross-section  

at high energies 
(~10 TeV à PeV) 

 IceCube Coll.,  Nature  
551 (2017)  596-600  
 



At high energies: Earth absorption tomography 
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No attenuation (transparent Earth) 
PREM expectation 

Absorption tomography is 
sensitive to Earth matter density 

1st study with real data: 
IceCube  1 yr sample  (2011-2012)   
20145 up-going νµ with 400 GeV < E < 20 TeV 
 

- (much) more statistics needed 
- Systematics must be controlled: neutrino flux, 
cross-section & detection effects (ice model)  

A. Donini et al., Nature (2018) 



At low energies: oscillation tomography 
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L = 2REarth cos ✓z

Ordinary matter contains e’s but no µ’s or τ’s 
à extra potential in propagation Hamiltonian, 
proportional to electron density in medium  
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à Resonance energy (for neutrinos in NH/antineutrinos in IH):  

≅	  3	  GeV	  (core)	  
≅	  7	  GeV	  (mantle)	  



At low energies: oscillation tomography 

8 

assume	  known	  ma5er	  density	  	  
profile	  from	  PREM	  model	  

Ne =
NA

mn
⇥ Z

A
⇥ ⇢matter

Measured in neutrino oscillation patterns 

Constrain	  Z/A	  in	  core/mantle	  

Typical	  values	  of	  Z/A	  for	  chemical	  elements	  or	  alloys	  present	  in	  the	  Earth	  	  	  

Z/A 
0 1 0.5 

H2O  

pyrolite 
MANTLE 

0.4957 0.56 

pure Fe 
CORE ? 

0.4656 

0.46 

Pb 
0.39 

H 
1 

alloy Fe + light 
elements 
CORE ? 

Constrain	  Z/A	  in	  core/mantle	  

Oscillation tomography is 
sensitive to Earth composition 



Example: outer core tomography (PINGU LoI 2014) 
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Z/A varied by 5% in mantle only 

PINGU LoI, arXiv:1401.2046 
See also C. Rott, A. Taketa and D. Bose,  Sci.Rep. 5 (2015) 15225  

•  PINGU LoI detector (26 strings x 192 DOMs) 
•  ~4 Mton effective mass @ 2 – 6 GeV   
•  only up-going νµ CC events 
•  systematics included: oscillation param., 
 atmospheric flux, detector energy scale 
•   fixed (pyrolitic) composition in mantle 
 

Pure Iron 

Iron+ light 
elements 



ORCA: core & mantle tomography 
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•  ORCA layout: 
115 lines x 18 DOMs  
 

•  5,7 Mton effective volume 

•  Tracks & cascades;  
reconstruction/PID 
performances as in neutrino  
mass hierarchy  studies 
 
 

•   Oscillation probabilities 
computed with OscProb  
(J. Coelho) 
 

•  Earth density profile:  
42-steps PREM model 
 

•  3 chemical layers 

•  Log-likelihood ratio 
analysis for outer core and 
mantle  
 



ORCA: outer core (interacting events) 
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signed �2(bin i) =
(ni

A � ni
B)⇥ |ni

A � ni
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A

Z/A varied by 5% in outer core only: ORCA 10 years, perfect detector 



ORCA: mantle (interacting events) 
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Z/A varied by 5% in mantle only: ORCA 10 years, perfect detector 



ORCA: detector response 
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Ø  Theoretical signal more visible in muon (track) channel 
Ø   Theoretical signal is higher for outer core, but concentrated in fast-oscillating 
patterns at low energy 
 

Ø  Detector effects described by response matrix from full MC simulations: 

 

Ø  Both channels end up with comparable contributions to asymmetry:  
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ORCA: latest results 
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3σ 2σ 1σ 

KM3NeT Preliminary 

KM3NeT  
Preliminary 

KM3NeT  
Preliminary 
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Pure Iron 

v Oscillation parameters from NUFIT 3.2 
     sin2θ23 =0.5 ;  δCP =0 
 

v Systematics treatment improved: 
-  includes MC sparseness effect 
-  flavour and polarity skews 
-  channel-by-channel normalization 
 

v   Simultaneous fit of other layer 
 

Combined measurement: 



Perspectives for neutrino tomography 
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Novel methods to probe the Earth’s with neutrinos: 
v  absorption tomography 

 à inform on Earth matter density  
 à needs large statistics of events at >10 TeV energies 
 à main systematics: atmospheric neutrino flux, detector performance, 

crosssections 
 

v  oscillation tomography 
 à inform on Earth composition (actually on ρ x Z/A)  
 à needs large statistics of events at ~GeV energies: 
   … a case for Super-ORCA/Super-PINGU ? 
 à main systematics: atmospheric neutrino flux, detector response 
 à need to resolve first the neutrino mass hierarchy 
  + better knowledge of oscillation parameters 

 
+ Opportunity for combined measurements: 
reconstruction of 3D density profiles 
àPossibility to resolve large-scale  
    inhomogeneities in the lower mantle:  
 

IceCube + ARCA ? 
Super-ORCA + Super-PINGU ? 

    
  

Credits: 
C. Rott 



Backup slides 
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PINGU: outer core tomography (LoI 2014) 
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PINGU LoI, arXiv:1401.2046 
See also C. Rott, A. Taketa and D. Bose,  Sci.Rep. 5 (2015) 15225  

Log-likelihood ratio  
x = observed data 

A,B = model hypotheses 
��

2 = �2 ln
h
L(x|B)

L(x|A)

i

x = observed data 

A,B = model hypotheses 

Model A: pure Iron 
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