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Outline

• Neutrino Historical Background

• Neutrino Oscillations

• Three-Neutrino Oscillations: Future

• Beyond Three-Neutrino Oscillations: Sterile
Neutrinos. 

• Absolute Neutrino Mass

• Astrophysical Neutrinos



Neutrinos – Standard model

  +→Z

0082.09840.2 =N

Neutrinos interact weakly with matter





Neutrinos – The beginning

(1930) Wolfgang Pauli 
proposed a new particle to 
save the incompatibility 
between the observed 
beta(electrons)' energy 
spectrum and the expected 
one.  

Observed energy spectrum – three body decay

Expected monoenergetic spectrum -
two body decay

Letter sent to a group of physicists meeting in Tübingen in December 1930

The introduction of the neutrino was a desperate remedy
for saving energy conservation



Neutrinos – The Poltergeist Project 

Almost 30 years later….



Neutrinos – Muon neutrino 



Neutrinos – Tau neutrino 



Neutrino Sources

Solar ’s - MeV Atms ’s GeV- PeV Extragalactic ’s PeV- EeV

Reactor ’s - MeV Accelerator ’s - GeV



Sun net reaction

Solar neutrinos



Sun of neutrinos  

Solar neutrinos



➢ A large tank of 600 tons of C2Cl4
(Tetrachloroethylene) located at 1500
m depth in the Homestake Gold Mine in
Lead, South Dakota. Solar neutrinos
detected through inverse beta decay (IB):

➢
37Ar atoms are removed every 60 days by
purging the liquid with 2He gas and
collecting them from the gas stream with an
adsorber (Carbon).

Homestake experiment

The 37Ar sample (with a half-life of 35 days)
is placed in a proportional counter decaying via
electron capture:



Solar Neutrino Problem

➢ Solar neutrinos detected via IB decay:

➢ After one-month 71Ge atoms are extracted  and placed in a 
proportional counter decaying  through:

Gallium experiments (SAGE and GALLEX):

Solar Neutrino Problem: 



Super-Kamiokande Experiment

➢ Real-time neutrino event detection: energy and direction.  
➢ Sensitive to Boron-8 neutrinos 
➢ Solar neutrinos are detected via neutrino-electron elastic scattering:

Solar neutrino 

Atomic electron 

Scattered electron 



Super-Kamiokande Experiment

50 ktons Water –Cherenkov
detector 

11146 Photo-multiplier 
Tubes(ID) 

41.4 m

39.4 m
1000 m

ID
ODOD 

Outer 
Detector

(1885 PMT)

ID = Inner Detector

Cherenkov Radiation 

The particle start 
emitting radiation 

Equivalent to 
the sonic boom

Blue glow in reactors 

(Mt.) Ikenoyama



Super-Kamiokande Experiment

Number of Photons ∝ Electron Energy

From M. A. Thomson

Solar neutrino deficit confirmation 



Sudbury Neutrino Observatory (SNO)

17.8 m
D2O 

1000 tonnes

Outer H2O

Inner H2O

12 m

Stainless Steel - 9456 PMT
-

Transparent
Acrylic shell

SNO: Water Cherenkov detector at Creighton mine 2 km 
underground. Sensitive to Boron-8 neutrinos 



Sudbury Neutrino Observatory (SNO)

Solar neutrinos detected via: 



Solution of the solar neutrino problem 

Solar neutrinos
flux compatible
with the Solar
Standard Model

This confirms that the neutrinos from the Sun suffers neutrino conversion

Q.R. Ahmad PRL89,011301 (2002)



Atmospheric neutrinos

(Kaons)

Neutrino flux depends on:

• Primary CR Composition 
• Hadronic interactions 

(CRs+N)
• Solar activity 
• Atmosphere modeling
• Geomagnetic field  

From T.K Gaisser hep-ph/0203272

From Honda et al  PRD83, 
123001 (2011) 



Atmospheric neutrinos

(Kaons)

High-Energy Muons reach 
the ground before decaying

From Honda et al  PRD83, 
123001 (2011) 



Atmospheric neutrino anomaly

Double ratio



Atmospheric neutrinos- Super-Kamiokande
Neutrino interaction: 

Quasi-Elastic Scatttering Resonance Production Deep-Inelastic Scatttering

Neutrino Energy

Atmospheric 
neutrino 
events

From J. A. Formaggio, G. Zeller, 
RMPhysics, 84 (2012)



Atmospheric neutrinos

Super- Kamiokande observed in 1998  the neutrino oscillations 

No oscilation hypothesis

Y. Fukuda PRL81:1562 (1998)



Solution of atmospheric and solar neutrinos 





Neutrino oscillations

02/09/2016 27

m
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𝜈𝑒 𝜈𝜇
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Neutrino oscillation - basics

(1957) Bruno Pontecorvo

suggested

inspired on

Flavour eigenstates Mass eigenstates

Oscillation Wavelength

Oscillation amplitude Interference phase

Disappearance

Appearance

Experimental setup:



𝜈1
𝜈2

𝜈2

𝜈1

𝜈2

𝜈1

aE

bE

Neutrino oscillation - basics



Three-flavor neutrino oscillation
Atmospheric Solar

LBL & atms Reactors & atms &  LBL Solar & reactorsflavour mass

UPMNS

LBL = Long BaseLinePMNS =Pontecorvo-Maki-Nakagawa-Sakata

Still barely known:

Mass hierarchy (ordering) d -CP violation phase 



Neutrino oscillations in matter

In a medium of electrons non-relativistic, unpolarized and  isotropically
distributed  this effective potential takes the value:

Neutrino-incoherent scattering is negligible:  

When neutrinos propagate in matter (e-, p, n) mostly suffer coherent forward 
elastic scattering (e.g its  4-momentum/direction are unchanged) being 
affected by an effective potential due to:

L. Wolfenstein, PRD 17, 2369 (1978);  D 20, 2634 (1979), S. P. Mikheyev, A. Yu Smirnov, SJNP. 42 (1986) 913. 



Neutrino oscillations in matter

Works as global phase (common for all 
flavors)

For constant density:  



The matter effects useful for the determination of Dm2

Neutrino oscillations in matter



Reactor Neutrinos



Reactor Neutrinos

Nuclear reactors works through fission processes. 
An example: 

Stable products 

Neutrino production

Isotropic neutrino flux for 
commercial reactor of 3 GWthermal : 

C. Bemporad et al, 
hep-ph/0107277 



Reactor Antineutrino Production

Antineutrinos mostly coming from the fission of (commercial reactors) :

C. Bemporad et al, hep-ph/0107277 

Xin Qian, Jen-Chieh RPP 82, 036201 Fuel cycle 



Reactor Antineutrino Detection

Courtesy of Xin Qian 

Prompt signal 

Delayed signal 

or 

180 ms

30 ms

Courtesy Yifang Wang

From Xin Qian, Jen-Chieh RPP 82, 036201 



Physics Goals – Reactor Neutrino Experiments 

Solar scale Atms scale

+ NH
- IH

LMA (Large Mixing Angle)

With good resolution energy
We can see            then 
hierarchy terms

From C. Jollet J. Phys.: Conf. Ser. 2156 012005 (2022)



Kamioka Liquid-scintillator ANtineutrino Detector
(KamLAND)

55 Nuclear reactors
From Ichimura Neutrino 2008

KamLAND experiment is an antineutrino detector at the Kamioka
Observatory, at Gifu, Japan at a depth of 2700 meter water equivalent 
underground. 

A medium baseline reactor 
experiment



Kamioka Liquid-scintillator ANtineutrino Detector
(KamLAND)

From NPB 908 (2016)

• One kton Liquid Scintillator
Detector surrounded by 1879
PMTs -34 % coverage.

• 0.5 events per kiloton day. The
delayed signal comes from
hydrogen neutron capture (2.2
Mev g).

• The Outer Detector works as a
cosmic-ray muon veto and
shielding from external sources
of radioactivity.

Non-Scintillating

Inner Detector

3.2 Kton Water -
Cherenkov

Non-Scintillating

11 m diameter



Kamioka Liquid-scintillator ANtineutrino Detector
(KamLAND)

Backgrounds

• Geoneutrinos from 238U and 232Th
decay chain.

• 9Li/8He (delayed-neutron β-emitters)
produced from cosmic muons (or its
secondaries)spallation.

• Fast neutron (from muons interacting
with nearby rock) – atmospheric
neutrinos.

• 13C(,n)16O reactions from α-decay of
210Po, daughter of 222Rn. 16O
deexcitation (prompt) and n
(delayed).

p(prompt)

n(delayed)

m

n

m (or secondaries)

e

n

8He



KamLAND – Oscillation results

Allowed region neutrino oscillation parameter 

Prompt event energy spectra

Oscillation pattern 



Short baselines Reactor experiments

From C. Jollet J. Phys.: Conf. Ser. 2156 012005 (2022) Iso-flux configuration: Near and Far
detectors have the same relative

contribution from two reactors.



Physics Goal and measurement method

Jungsic Park – IBS-CUP  seminar   

far/near measurements for
identical detectors reduce
systematics uncertainties.

L.A.Mikaelyan, V.V.Sinev, Phys.Atom.Nucl.63:1002-1006,2000; Yad.Fiz.63N6:1077-1081,2000   



Example: Reno detector

-target (16.5 ton): IBD reactions
volume. 0.1% Gd loaded liquid
scintillator (neutron capture).

Veto (350 ton): water-
Cherenkov detector layer
to reduce background
gammas, neutrons and
cosmic muons.

g-catcher (30 ton):
pure liquid scintillator
to catch gammas from
IBD outside target.

Non-scintillating buffer
(65 ton): used to shield
the scintillating layers
from radioactive sources.

PMTs

354 ID 10” PMTs
67 OD 10” PMTs



G.Bak et al, Phys.Rev.Lett. 121 (2018) 20, 
201801

RENO

F. P. An, arXiv:2211.14988v1 

DAYA BAY

Prompt energy spectra 

30 ms

180 ms

Prompt signal 

Delayed signal 

8 MeV 2.2 MeV

Taken from Hyunk Wan Seo – IBS-CUP Seminar  



F. P. An, arXiv:2211.14988v1 
G. Bak et al, Phys.Rev.Lett. 121 (2018) 20, 201801

RENO Daya Bay

Oscillation Pattern

Oscillation parameter measurements

From C. Jollet J. Phys.: Conf. Ser. 2156 012005 (2022)



Accelerator Neutrinos



Neutrino Beam

NuMI beamline@Fermilab



Rules of Thumb
• The number of pions (secondaries) produced is roughly a function of “proton  

power” (or total number of protons on target x proton energy).

• The higher energy neutrino beam you want, the higher energy p you need.

Proton Source Experiment Proton  

Energy

(GeV)

p/yr Power  

(MW)
Neutrino  

Energy

(GeV)

KEK K2K 12 11020/4 0.0052 1.4

FNAL Booster MiniBooNE 8 5 1020 0.05 1

FNAL

Main Injector

MINOS and  

NOvA

120 3-61020
0.3 to  

0.7

3-17

CNGS OPERA 400 0.45 1020 0.48 25

J-PARC T2K 40-50 111020
0.25 to  

0.75

0.77

Proton beam basics

Debbie Harris  Invisibles School 2014



Neutrino Production -Target

Hadronic cascade 

Main Injector Particle Production - expt
J. M. Paley et al, arXiv:1404.5882  

Positive pions yields 

MIPP uses the same NuMI target

• Hadron production uncertainties in Monte Carlo (MC) 
simulations dominate the uncertainties of the 
neutrino flux predictions (15–20%), affecting the 
precision in the  cross sections measurements  
(s=N/f M), as well. 

• Non-perturbative QCD interactions difficult to model 
require experimental data for constraining. 

Grafite target

NuMIprotons



Neutrino Production – focusing and fluxes

After focusing

Taken from Leonidas Aliaga thesis 

D. Ruterbories    PRD 104, 092007 (2021)

Toroidal B fields

Highest p 

Lowest p

Similar pt but
underfocused higher p 

Taken from Sonya Vidal thesis 

pL
pT



Neutrino Off-Axis

Wide range of pion energies produces
small range of neutrino energies.

Enhancement of neutrino spectrum

• Oscillations at a single value 
of L/E can be measured by 
selecting the  appropriate 
angle.

• A narrow spectrum helps to 
reduce the background.

• Lower high-energy tail(w/on-
axis) reduces NC and taus
background.




p



MINOS 

MINOS +

The MINOS Experiment

The MINOS Experiment 

1 km 

Far/Near helps to reduce systematics such as: beam flux modeling  and neutrino 
cross section uncertainties. 

735 km 

Muon -Neutrino energy spectrum at Near Detector

A. Timmons, arXiv:1511.06178



The MINOS Experiment

Sampling Calorimeter
(Steel/Scintillator) provides
tracking and energy deposit

8 m

• At a depth of 2070 meters-water-
equivalent (705 m).

• 486 steel/scintillator planes. 
• Each plane consists of a 2.54 cm thick 

sheet of steel and 1 cm sheet of solid
polysterene scintillator.

• 4.0 cm wide strip of scintillators 
(95,000 strips).

• B field 1.5 Tesla 

Far detector

B field

Scintillator light collected through 
Wavelength shifting fibers

Taken from J.P. Ochoa doctoral thesis

High Z materials: smaller showers 
that requires finer transverse 
segmentation. 



MINOS neutrino interactions and 
events topology

Neutrino interactions:

Muon momentum
resolution 6 % Range
(deposited energy)
And 13 % Curvature (B
field).

D. Harris Invisibles 2014



MINOS: Main results – 3 paradigma

Muon neutrino disappearance 

P. Adamson et al, PRL. 125 (2020) 13, 131802



The NOvA Experiment

Muon neutrino flux

NOvA

Taken from B. Zamorano Oxford semnar (2015)



The NOvA Experiment

15.5 m

15.5 m

60.0 m

15.5 m

6.6 cm
horizontal

vertical

vertical and horizontal for 3D reconstruction

Light collected by Wavelenght shifting fiber 
to Avalanche Photo Diode (readout)

32 cells per module

Single cell

14 kton Far Detector. Extruded plastic cells filled with liquid scintillator (mineral 
oil 5 % pseudocumene). Tracking calorimeter with 65% active mass.  

Low Z materials longer E.M showers

Adapted from Daisy Kalra, arXiv: 1710.02601



The NOvA Experiment

Adapted from Erica Smith PoS PANIC2021 (2022) 289 



The NOvA experiment: Main results
Tension between NOvA and T2K

M. Acero et al, Phys.Rev.D 106 (2022) 3, 032004



15.5 %

Three-flavor oscillation parameters global fit

4.0 %

4.2 %

2.5 %

2.8 %

1.0 %



End 1st lecture
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