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The Neutrino 

Neutrinos are everywhere!

• Every second, trillions of neutrinos from the Sun, the 

Earth, and the cosmos pass through your body 

unnoticed.

• Supernova unleashes more neutrinos than light, 

carrying away 99% of their energy.

• They are the most abundant matter particles in the 

universe, yet also the most elusive.

• Understanding neutrinos may unlock some of the 

biggest mysteries in physics, from the origin of mass 

to why the universe is made of matter.
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The Neutrino 

To better understand how neutrinos fit in with our understanding of the basic 

particles in nature, let’s start with a picture of an atom. 
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The Neutrino 

The first signs that this picture is incomplete emerged around 1930. 

Scientists noticed missing energy in neutron decay experiments. 

Instead of abandoning the principle of energy conservation, 

Wolfgang Pauli proposed the existence of a new, unseen particle, 

the neutrino.
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The Neutrino 

To understand Pauli’s solution, we need to think more about neutron decay. In 

the process, a neutron is apparently converted to a proton and an electron.

“Energy is not conserved.” N. Borh
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The Neutrino 

In neutron decay, the “missing energy” is carried by the neutrino, and the 

energy conservation rule is satisfied.

Energy is conserved.



17.09.2025
New Trends in High-Energy Physics 2025 

Saleh Abubakar
8

The Neutrino 

• In 1956, 26 years after Wolfgang Pauli’s 

proposal, the electron neutrino was first 

detected in the Cowan–Reines 

experiment in the United States.

• In 1962, the muon neutrino was 

discovered at Brookhaven National 

Laboratory.

• In 2000, the DONUT experiment at 

Fermilab achieved the discovery of the 

tau neutrino.

• In 1998, the Super-Kamiokande 

experiment in Japan provided the first 

strong evidence of neutrino oscillations 

(atmospheric neutrinos).

• In 2001, the Sudbury Neutrino 

Observatory in Canada confirmed 

neutrino oscillations with solar neutrinos.
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The Neutrino 

Today, we’ve been able to 

look inside the proton and 

neutron and see that they 

are made of particles we 

call quarks.
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The Neutrino 

The Neutrino Sources, Properties, and Physics. 

[J.L. Hewett et al., arXiv:1401.6077 (2014)]

https://arxiv.org/abs/1401.6077
https://arxiv.org/abs/1401.6077
https://arxiv.org/abs/1401.6077
https://arxiv.org/abs/1401.6077
https://arxiv.org/abs/1401.6077


NuMI Off-Axis νe Appearance Experiment (NO𝝂A)

The Long-baseline Experiment

17.09.2025
New Trends in High-Energy Physics 2025 

Saleh Abubakar 11

Fro

m 

th

e 

be

a

m

From the beam

NuMI Off-axis 𝝂e Appearance



NO𝝂A
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Ash River, MN

Fermilab, IL

• Long-baseline (810 km) neutrino oscillation experiment.

• Muon Neutrinos from the NuMI Beam at Fermilab.
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The NO𝝂A Experiment

• Long-baseline neutrino oscillation 

experiment: Fermilab → Ash River, 

Minnesota (810 km).

• Uses intense neutrino and antineutrino 

beams to study flavor change:

Neutrino Oscillations
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Neutrino Oscillations
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Neutrinos may have tipped the balance in favor of matter over anti-matter. 

NO𝝂A has been studying this possibility for years.

Neutrino Oscillations
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Neutrino Beam
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The Experiment

• Long-baseline (810 km) neutrino oscillation 

experiment

• Muon Neutrinos from the NuMI Beam at 

Fermilab

• Two detectors:

 Far Detector: 14 kton; on the surface

 Near Detector: 0.3 kton; underground

• Off-axis (14.6 mrad) position (beam peaks at ~2 GeV)
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• Long-baseline (810 km) neutrino 

oscillation experiment

• Muon Neutrinos from the NuMI Beam at 

Fermilab

• Two (functionally equivalent) detectors:

Far Detector: 14 kton; on the surface

Near Detector: 0.3 kton; underground

• Extruded PVC cells filled with 

scintillator
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FAR DETECTOR

NEAR DETECTOR



Results from the NO𝝂A Experiment
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Standard Neutrino Oscillations

Muon neutrino disappearance
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Standard Neutrino Oscillations

Muon antineutrino disappearance
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Standard Neutrino Oscillations

Electron (anti)neutrino appearance
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Standard Neutrino Oscillations

3-Flavor  neutrino 

oscillation 

parameters
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Beyond Standard Model

തνμ ⟶ തνe νμ ⟶ νe

[LSND, PRD64 (2001)] [MiniBooNE, PRD103 (2021)]

https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevD.103.052002
https://doi.org/10.1103/PhysRevD.103.052002
https://doi.org/10.1103/PhysRevD.103.052002
https://doi.org/10.1103/PhysRevD.103.052002
https://doi.org/10.1103/PhysRevD.103.052002
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Beyond Standard Model

ENRG
NOvA Collaboration
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Beyond Standard Model

[NOvA Collaboration, PRL113 (2024)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201802
ENRG
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Beyond Standard Model

[NOvA Collaboration, PRL113 (2024)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201802
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There is a lot more..!



Summary
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The NO𝝂A experiment (NuMI Off-Axis ν_e Appearance) is a long-baseline 

neutrino oscillation experiment at Fermilab, designed to study neutrino flavor 

change (oscillations) as a beam of muon neutrinos travels 810 km to a detector 

in Ash River, Minnesota.

Its main goals are to measure:
• Neutrino mass ordering (normal vs inverted hierarchy)

• The size of the mixing angles θ₁₃ and θ₂₃

• Whether neutrinos and antineutrinos oscillate differently (CP violation)

The Standard Model (SM) of particle physics describes neutrinos as massless, but experiments 

(Super-K, SNO, NO𝝂A, T2K, etc.) proved that neutrinos do have mass, requiring physics beyond 

the Standard Model (BSM).

NOvA continues to investigate BSM phenomena… 
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