How do neutrinos oscillate?

What we know and do not
know about neutrino oscillation




Outline

» Standard three-flavor neutrino oscillation

* Two-level system
 Matter effect

e Three-flavor oscillation

» Sterile neutrinos
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_3-F1avor Neutrino Oscillations_
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Conceptual Idea

I sin” 26 Two Out-of-Sync Clocks:

P(vy — ve) + P(vy — vy)

Distance (arb. unit)
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Vacuum Oscillation

Production

v, () = z U ()

Flavor fe= Mass

3-Flavor Mixing Parameterized by:
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Vacuum Oscillation

Production
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Normal hierarchy Inverted hierarchy
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Vacuum Oscillation

Propagation

For a two-level system, the Schrodinger equation in the mass basis:

() = (o (6 2) (i)

m{ m? +m5 m?— (mf+m3)/2

with

E; \/pl+ml_E T =F + s + oF
Dropping identities:
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Vacuum Oscillation

Propagation

In the flavor basis

i3 () = Hoavor ()

with
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Takeawa_y Points

L/E dependence

Figure stole from K. Kelly
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Takeawa_y Points

L/E dependence

NOvVA 2018
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How does this make sense??
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Matter Effect

Important for solar & supernova neutrinos, and
long-baseline oscillation experiments (e.g. DUNE)
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MSW Effect

Mikheyev-Smirnov—Wolfenstein effect
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Crucial for establishing solar neutrino oscillation

& determining the sign of Am3,
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Slide stole from H. Sasaki, 2017
Neutrino oscillations in core-collapse supernovae

r~10% km: Collective neutrino oscillations
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_3-F1avor Neutrino Oscillations_
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_3-F1avor Neutrino Oscillations_
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Long-Baseline Accelerator Experiments
~1000 km
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The Measurements

DUNE 2015
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Why oscillation?

What we do not know about neutrino
oscillation
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Inputs for Other Ph_ysics

KamLAND 2016
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Inputs for Other Ph_ysics

Astrophysical neutrino sources

Song et al., 2020
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Testing Oscillation Paradigm

A unitary 33 mixing matrix isn’t the whole story...

Neutrinos have masses

Weinberg operator: _ UBis
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Sterile neutrinos? 19/25



Short-Baseline Anomal_y

Beam Excess

LSND (Liquid Scintillator Neutrino Detector)
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Short-Baseline Anomaly

MiniBooNE

MiniBooNE 2012
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Short-Baseline Anomal_y

MicroBooNE

MicroBooNE 2021
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The jury is still out
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Reactor Anomal_y

From a combination of experiments

Mention et al., 2011
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Reactor Anomal_y

The key is evaluation of reactor neutrino fluxes

Giunti et al., 2022
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The jury is still out
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Conclusions

» Standard three-flavor neutrino oscillation

* Two-level system
* Matter effect

e Three-flavor oscillation

» Sterile neutrinos

. Neutrmo nucleus Cross sectio




