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Neutrino Tomography of the Earth  
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Magnetized Iron Calorimeter Detector (ICAL) at INO     
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Neutrino Oscillations in Matter: MSW Effect 

Neutrino propagation through matter modify the oscillations significantly

Coherent forward elastic scattering of neutrinos with matter particles

Charged current interaction of νe with electrons creates an extra potential for νe

MSW matter term: or

Ne = electron number density , + (-) for neutrinos (anti-neutrinos) , ρ = matter density in Earth

Matter term changes sign when we switch from neutrino mode to antineutrino mode

even if δCP = 0,  causes fake CP asymmetry

Matter term modifies oscillation probability differently depending on the sign of  Δm2

Resonant conversion – Matter effect

Resonance occurs for neutrinos (anti-neutrinos)
if Δm2 is positive (negative)
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Internal Structure of Earth  

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 

Three-layered model of Earth

Crust: solid, rocks, brittle, lowest density

Mantle: hot, solid upper mantle, viscous 
plastic lower mantle

Core: solid inner core, liquid outer core, 
iron and nickel
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Internal Structure of Earth  

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 

Three-layered model of Earth

81 layers
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Internal Structure of Earth  

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 

Three-layered model of Earth

ICAL cannot distinguish between profiles having 81 and 25 layers 
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Internal Structure of Earth  
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Three-layered model of Earth
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Internal Structure of Earth  
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Internal Structure of Earth  

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 

Three-layered model of Earth

9/21



Internal Structure of Earth  
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Three-layered model of Earth
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Various Models of Earth  

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 

While constructing alternative profiles of Earth,
the radius and mass of Earth remain invariant 
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Effect of Various Density Profiles on Muon ! Survival Probability    

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 

MSW resonance: red yellow patch (- 0.8 < cos" < - 0.5 and 6 GeV < E! < 10 GeV)

Neutrino Oscillation Length/Parametric resonance: red and yellow patches (cos" < - 0.8 and 3 GeV < E! < 6 GeV
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Effect of Various Density Profiles on Muon ! Appearance Probability    

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 13/21



Reconstructed Muon Events Passing Through Different Layers of Earth    

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 

Neutrino flux (Honda) at INO location

500 kt•yr ICAL (magnetized) exposure

NUANCE event generator 

Migration matrices using GEANT4

3-flavor ! oscillations in matter with 
PREM profile

Reconstructed muon events
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Reconstructed Muon Event Distributions Through Various Earth Layers    

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 

Reconstructed muon event distributions at ICAL for 500 kt•yr exposure
for neutrinos passing through various regions in the Earth 
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Binning Scheme and Systematic Uncertainties   

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 

• 20% flux normalization error
• 10% cross section error
• 5% energy dependent tilt error in flux
• 5% error in zenith angle dependence of flux
• 5% overall systematics
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Statistical Analysis   
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Sensitivity to Validate Earth’s Core with and without CID  
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Impact of Marginalization Over Various Oscillation Parameters
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Impact of Different True Choices of sin2!23
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Concluding Remarks

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 

We explore the possibility of utilizing neutrino oscillations 
in the presence of matter to extract information about the
internal structure of Earth complementary to seismic studies

Using good directional resolution, ICAL observe 331 !- and 146 !+ 

core-passing events with 500 kt•yr exposure

The presence of Earth’s core can be independently confirmed at 
ICAL with a median ∆"2 of 7.45 (4.83) assuming normal (inverted)
mass ordering

Thank you!
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Atmospheric Neutrinos: Neutrinos from Cosmic Rays     

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 



Schematic of Iron Calorimeter (ICAL) Detector at INO

Observe atmospheric neutrinos and antineutrinos separately over a wide range of

energies & baselines using 50 kt magnetized Iron Calorimeter (ICAL) detector

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 
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Coordinates of INO

Located 115 km west of the Madurai city in the Theni district of Tamil Nadu

Come up with an underground lab, surface facilities, & build massive 50 kton
magnetized Iron Calorimeter (ICAL) detector to study atmospheric neutrinos            

Bodi West Hills 
Pottipuram Village
(9°58’ N & 77°16’ E) 
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Three Neutrino Mixing 
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Some Things We Know and Don’t Know

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 



India-based Neutrino Observatory 

S. K. Agarwalla, EPS-HEP 2021, University of Hamburg/DESY, Germany, 29th July, 2021 



Event Display Inside the ICAL Detector 

Using GEANT4 simulation

Devi, Thakore, Agarwalla, Dighe, arXiv:1406.3689 [hep-ph] 
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Identifying Neutrino Mass Hierarchy with ICAL 

50 kt ICAL can rule out the wrong hierarchy with Δχ2 ≈ 9.5 in 10 years    
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