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The Neutrino

Neutrinos are everywhere!

*  Every second, trillions of neutrinos from the Sun, the Pﬁ T 0935 ’ﬂ
p++p+—>3H+e*m—‘ pHte+pt—H+v,
Earth, and the cosmos pass through your body .

~—~
. 10° %
unnoticed. | CHep'oiHery  [fHerpt— ‘He tett,
*  Supernova unleashes more neutrinos than light, 11508%
. . 3 4 7
carrying away 99% of their energy. = He_’ Bty
F | 9999 0.1%
0 o Be+ L 8 5
* They are the most abundant matter particles in the e 5 | Be 5By |
universe, yet also the most elusive - &
> Y ) 3He+He—*He+2p* 'Li+p*—>*Hc+4Hc ’ SB—>38¢*+6 v,
e Understanding neutrinos may unlock some of the l
biggest mysteries in physics, from the origin of mass "Be*—>*He+ He

. . plus small contribution by CNO-cyle (¥ 1.5%)
to why the universe is made of matter.

net result: 4p > a + 2e* + 2v, + 26.7 MeV
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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.

neutron

neutron decay
n—o+
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The Neutrino

1930: Pauli
“...I have predicted
something which
shall never be detected

experimentally!” neutron

neutron decay
n—p+

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 1s 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.
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The Neutrino

 In 1956, 26 years after Wolfgang Pauli’s
proposal, the electron neutrino was first

detected 1n  the  Cowan—Reines UV | clectron muon tau
experiment in the United States. < | meutrino LA TR
O | <108Gev/e <104 GeV/et | | <0.02 Gev/e2

e In 1962, the muon neutrino was -

discovered at Brookhaven National E-.I

Laboratory. -l

electron muon

« In 2000, the DONUT experiment at 511 keV/ 0.106 GeV/ 2 1.78 GeV/ 2

Fermilab achieved the discovery of the
tau neutrino.

e In 1998, the  Super-Kamiokande
experiment in Japan provided the first
strong evidence of neutrino oscillations
(atmospheric neutrinos).

e In 2001, the Sudbury Neutrino
Observatory in Canada confirmed e
neutrino oscillations with solar neutrinos.
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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.
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NuMI Off-Axis v, Appearance Experiment (NOVA)

The Long-baseline Experiment

NuMI Off-axis v, Appearance

From the beam
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NOvA

Ash River, MN
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Fermilab l‘\ * Long-baseline (810 km) neutrino oscillation experiment.
*  Muon Neutrinos from the NuMI Beam at Fermilab.
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NOvVA’s Science

Neutrino Oscillations

The NOVA Experiment

* Long-baseline neutrino oscillation
experiment: Fermilab — Ash River,
Minnesota (810 km).

» Uses intense neutrino and antineutrino
beams to study flavor change:

Vy — Ve Vy — Ve
matter anti-matter
Vy — Ve Vy — Ve
matter anti-matter
. ;
7 V1
8
T
V, ‘ _
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NOvVA’s Science

Neutrino Oscillations
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NOvVA’s Science

Neutrino Oscillations

Vy — Ve Vy — Ve
matter anti-matter

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

NOWVA has been studying this possibility for years.
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NOvVA’s Science

Neutrino Beam
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NOvVA’s Science

The Experiment

Ash River, MN

. NearuD_ete’c-tbr
~ 1 km from beam

Fermilab, IL

* 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
e Off-axis (14.6 mrad) position (beam peaks at ~2 GeV)

NOvA Simulation
—(ljn—Axis

N
20,1

FLUKA11
— 7 muad Off-Axis
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— 21 mrad Ofi-Axis
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NOvVA Detector

15.6 m
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Scintillation light '

APD

17.09.2025

* Long-baseline (810 km) neutrino
oscillation experiment

e  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

e Extruded PVC cells filled with
scintillator
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NOvVA Detector
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NOvVA Detector
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Results from the NOVA Experiment

300

Events /0.1 GeV

-

-beam

NOvVA Preliminary

T :
+FD data

— No oscillation

— 2024 Best-fit Pred.
1-G syst. range

Background

1 2 3 4
Reconstructed Neutrino Energy (GeV)

17.09.2025

Standard Neutrino Oscillations
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Results from the NOVA Experiment
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Results from the NOVA Experiment

Standard Neutrino Oscillations
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Results from the NOVA Experiment

Standard Neutrino Oscillations

NOVA Preliminary

28

'Ma}gin'alizéd sépa?ateiy =

3-Flavor neutrino

07

NOVA Preliminary
' I\/iaréinélizéd &ep'arételly ' ]
over orderings, Normal MO |

Bayesian Cred. Int.
68% CI

Saleh Abubakar

06
D s
e o0s Lo
(7] ——
-_;"M'r_:-l"“,—"
04 L —— NOvA 2024 — - NOVA+T2K (2020)
—— NOVA2020  --ee- T2K 2022
—=- T2K (2020) + SK (IV.
L 1 |
NOVA Preliminary
0.7 B Bayesuan Cred. Int. | ! Maréinélizéd Eep'arz-'xtefy N
| 68% Cl over orderings, Inverted MO |
06 | .
g | 3
D I ]
t osp 1
[} - ]
04 | = NOVA2024 .
——NOVA2020 - T2K 2022
[ - T2K (2020) + SK (IV
L o
0 % T 3 2r
2
8CP

> oscillation
[ <] parameters
X
T !
< 2 ]
—— NOVA 2020
—weme T2K (2020) + SK (IV)®  -...-. MINOS 2020°
N Ig,upen( 1 | IceCube (.2024’F
NOVA Preliminary
[, B orCL(F) ...... ... Marginalized stparately
2 ) P SRS over-orderings, Inverted MO ]
{ 1 Parameter Best-fit
N 22} ] = ;
s sin? (fa3) 0.5460 0%
(3] 3o
O a4l 1 -] "
- AmZ, (103ev?) 2433085
‘\g" 26 o .. g
I3 S N S s 0.
< — NOVA 20225~ ce () R
g | —— NOvA2020° . T2 .
movome T2K (2020) + SK (IV)?  -...—. MINOS 2020
.......... SuperK I- —  lceCube (2024)
i 1 " i " " l . " i . 1 N
04 05 0.6
Sin‘e,,
17.09.2025 New Trends in High-Energy Physics 2025

24




Results from the NOVA Experiment

Bevyond Standard Model
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Results from the NOVA Experiment
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Results from the NOVA Experiment
Beyond Standard Model
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Results from the NOVA Experiment

Beyond Standard Model
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Results from the NOVA Experiment
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Summary

The NOVA experiment (NuMI Off-Axis v_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 013 and 023

*  Whether neutrinos and antineutrinos oscillate differently (CP violation)

The Standard Model (SM) of particle physics describes neutrinos as massless, but experiments
(Super-K, SNO, NOvVA, 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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