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Neutrino Oscillations

Present Status of Neutrino Physics from a Theory Perspective 2 / 21 DISCRETE 2022, Baden-Baden, November 2022

Pαβ = sin2 2θ sin2(∆m2L
4E )



(Some of the) Open Questions
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▶ What is the origin of neutrino mass?

▶ CP violation in neutrino sector?

▶ Ordering of neutrino masses?

▶ Is the neutrino its own antiparticle?

▶ Absolute neutrino mass scale?

▶ Sterile neutrinos?

DUNE

Short-Baseline Neutrino Program

JUNO

KATRIN

CUORE



Grand Unified Neutrino Spectrum at Earth
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Vitagliano, Tamborra, Raffelt, Rev. Mod. Phys. (2020)



Neutrino Mass Ordering
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NuFIT, 2007.14792

JUNO, 2103.09885 KM3NeT, 2103.09885

▶ vacuum, Eν ∼ MeV ▶ matter effects, Eν ≳ GeV



Neutrino Mass Ordering
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DUNE, EPJC 2020

Scholberg, 1707.06384
VB, Xu, JCAP 2022

DUNE

Supernovae



CP Violation in Lepton Sector
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P(να → νβ)− P(ν̄α → ν̄β) =
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Pan in parallel sessions



Prerequisites for the Discovery
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▶ Reduction of ν-nucleus cross section uncertainties
Nagu et al., NPB 2020

▶ Reconstruction of neutrino energy
Coloma et al., 1311.4506

Ankowski et al., 1507.08561



Neutrino Mass Scale?
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mβ =
√∑

i |Uei |2m2
i < 0.8 eV

Nature 2022

▶ Testing non-standard cosmology

Alvey et al., PRD 2022

Köllenberger in parallel sessions



Is the Neutrino its own Antiparticle?
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Majorana Dirac

y ψ̄LϕψR ⇒ mν = y⟨ϕ⟩ ⇒ y ∼ 10−12

0ν2β Decay

Theory Challenge:

Matrix Elements

Beretta in parallel sessions



Neutrino Mass
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Type-I Seesaw

mν = −MDM
−1
R MT

D

Scotogenic Model

Minkowski, Mohapatra, Senjanović,
Gell-Mann, Ramond, Slansky, Yanagida

Ma (2006)

Costa, Escribano, Câmara

in parallel sessions



Probing the Low Scale Origin of Neutrino Mass
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Bolton et al., JHEP 2020

▶ for type-I Seesaw, VαN ∼ 10−6
√

100GeV/MR ⇒ not testable

▶ remedy: inverse seesaw, new interactions of N...

Nemevšek et al, PRD 2018

Baumholzer et al, JHEP 2020



Energy-Dependent Mixing Parameters
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Babu, VB, de Gouvêa, Machado, PRD 2022

Model containing
light new particles

Mismatch between PMNS
matrix at Q2

p and Q2
d

=⇒ U(Q2
p) ̸= U(Q2

d) =⇒

IceCube

T2K
NOvA



Probing the High Scale Origin of Neutrino Mass
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▶ GW detectors as a window to unexplored seesaw scales

▶ testing MN ≲ 108 GeV in models featuring first-order phase transition
and MN ≲ GUT from topological defects, e.g. cosmic strings

VB, Helmboldt, Kubo, JCAP 2019
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Anomalies: Reactor and Gallium
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Huber PRC 2011, Mention et al., PRD 2011 Giunti et al. PLB 2022
see also Berryman et al. JHEP 2022

▶ reactor anomaly is fading away

Berryman et al.
JHEP 2022

νe +
71 Ga →71 Ge + e−

from B. Littlejohn



Anomalies: LSND and MiniBooNE
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▶ LSND: ν̄e in ν̄µ beam from stopped
pion source (> 3σ) at L/E ∼ 1kmGeV−1

▶ MiniBooNE: reports electron-like event
excess (4.8σ)

▶ in combination with LSND 6.1σ



Standard Model Explanation?
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▶ reducing the significance to ≃ 3σ



eV-scale Sterile Neutrino Explanation?
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▶ Oscillation maxima for standard oscillations expected at
▶ L/E ∼ 500 km/GeV (from ∆m2

31 ∼ 2.4× 10−3eV2)
▶ L/E ∼ 15000 km/GeV (from ∆m2

21 ∼ 7.5× 10−5eV2)

▶ the minimal solution for LSND and MiniBooNE requires an additional
mass squared difference ∆m2

41 ∼ 1 eV2
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▶ while νe appearance data supports eV-scale νs explanation of LSND and
MiniBooNE, νµ disappearance data puts such solution in strong tension

Kopp et al., arXiv:1803.10661



Non-oscillatory Explanations of MiniBooNE Anomaly
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▶ single shower events can be produced by e, γ, collimated e+e− and γγ
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Beyond Neutrino Mass, Beyond Anomalies
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from Jae Yu (Snowmass 2021)
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Summary. Quo Vadis, Neutrino?
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▶ Goal for the oscillation physics: CP phase, mass ordering, θ23 octant

▶ Theory input: reducing the ν-nucleus cross section uncertainties
▶ Bonus: Neutrino experiments as a powerful probe of BSM (ALPs...)

▶ Holy Grail for Neutrino Theory: The Origin of Neutrino Mass

▶ HL-LHC? Gravitational Waves? New Ideas?

▶ In the meantime.......
Anomalies!
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BACKUP



Direct Detection of Cosmic Neutrino Background
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Giachero (2020) Tan, Cheianov, 2202.07406

▶ Graphene substrates to hold 3H at PTOLEMY
▶ Intrinsic uncertainty in the e− energy (Cheipesh et al., 2101.10069)

▶ Heavier nuclei?

(1.12 ± 0.01) × 10−46cm2

(4.77 ± 0.01) × 10−48cm2

VB, Plestid, Rocco, PRC 2022


