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Neutrino Oscillations with Atmospheric Neutrinos

Neutrino Hamiltonian in Matter:
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Oscillation probability:

Pα→β(t) = |⟨νβ|να(t)⟩|2
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DUNE: Deep Underground Neutrino Experiment

LArTPC (Liquid Argon Time Projection Chamber) for far detector
⇒ Can determine direction neutrino came from
Energy range: 0.1GeV-8.0GeV
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Simulating DUNE Set Up

• Detector with DUNE’s far detector specs
• 40 kton
• 10 years

• Honda flux model averaged over angles for source

• Used nuSQuIDS to calculate oscillated flux
• Assumed normal neutrino mass ordering for simulated data
• Fixed oscillation parameters
• χ2 calculated for fits

χ2 =
∑
i

(ϕtruei − ϕfiti)
2

ϕtruei
+
∑
j

(
sj
σj

)2

• Minimized over systematic parameters
• 1st Fit: Varied ϵee
• 2nd Fit: Varied radius of Earth’s core
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Simulating DUNE Non-Standard neutrino Interactions (NSI)

Neutrino Hamiltonian with NSIs (generic):

H =
1
2E

U†

0 0 0
0 ∆m2

21 0
0 0 ∆m2

31

U+ 2
√
2GFNeE

1+ ϵee ϵeµ ϵeτ
ϵ∗eµ ϵµµ ϵµτ
ϵ∗eτ ϵ∗µτ ϵττ


ϵαβ can come from effective Lagrangians like

LNSI = −2
√
2GF

∑
α,β,f

ϵfαβ(ν̄αγ
µνβ)(f̄γµf) ,

where ϵαβ =
∑

f
Nf
Ne
ϵfαβ

So, changing ϵee effectively changes the magnitude of the matter
effect.
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Simulating DUNE Earth’s Density Profile

Model used:
Preliminary
Reference Earth
Model (PREM)

Assumes spherical
Earth

When changing
core radius, scaled
core density to
keep Earth’s mass
constant

rc=2500km

rc=4500km
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Simulating DUNE Systematics

• Flux uncertainties

Φα = Φα,0fα(E)(Eν/E0)
γ

• Φα,0 = flux normalization, 1± 40% for α = νe, νµ, ν̄e, ν̄µ
• γ = spectral index, 0± 0.2

• Exclude partially contained νµ events (reduce νµ events by
25%)

• Assume good flavor discrimination, but no ν/ν̄ discrimination
• For resolutions:

• 10 cos(θZ) bins
• 43 log(Eν) bins (10% resolution for Eν)
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Simulating DUNE Result #1
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Simulating DUNE Result #2
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Simulating DUNE Result #2
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Summary

• Using atmospheric neutrinos, DUNE is sensitive to conditions
inside the earth

• Can measure Earth’s matter effect to 5%
• Can measure the size of the Earth’s core to 9%
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Thank you!

Questions?
This research was funded by the DOE.
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Looking inside the Earth

Earth’s interior diagram "View" with Seismography

Measurement depends on composition, pressure, and
temperature of the material, as well as exact location and depth
of the earthquake
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DUNE Simulation Earth’s Core Sensitivity - Full Range

1000 2000 3000 4000
0

5

10

15

rcore (km)

χ
2

© Rebekah Pestes 19 MMTE Workshop - July 31, 2022



Earth’s Layers
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