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The Standard Model
• Nature is governed by four fondamental 

interactions: ElectroMagnetic (EM), Weak, Strong 
and Gravitational forces


• Gravitation is not in the SM framework 

• EM and Weak interactions are unified in the 

Electroweak theory

• SM is an incredibly successful theory that 

describes the physics of elementary particles

• The discovery of the Higgs boson, responsible 

for the mechanism giving masses to the 
particles, completed the SM framework !


• But …
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Few unknowns
• Standard Model only explains 

~5% of the content of the 
Universe!
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Masses of elementary particles

• Mass of elementary particles span over a huge range of values

• For neutrinos we only have upper limits and they were supposed massless in the SM 
→ as such they are the only confirmed DM candidate!


• Standard model provides a mechanism for mass generation but do not explain why 
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Matter-Antimatter asymmetry
• Evolution of the Universe do not explain why 

we live in a matter-dominated Universe

• 1 second after Big Bang → Cosmic neutrino 

background (C𝜈B) → 340 𝜈 per cm3


• Lepton asymmetry few minutes after Big Bang 
would affect primordial nucleosynthesis


• 400 ky after Big Bang → Cosmic Microwave 
Background (CMB)


• How the evolution of the Universe changed 
from the initial matter-antimatter equilibrium to 
a matter dominated Universe?
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Neutrino sources
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A. Rubbia (ETHZ) Neutrino physics (HS2015)

Neutrinos are everywhere...
We have a good 
track record...

Neutrinos from the sun.

Detected (1960s)

Neutrinos from the atmosphere.

Detected (1960s)

Neutrinos from accelerators.

Created & detected (1960s)

Neutrinos from reactors.

Detected (1950s)

Neutrinos from the Earth.

Detected (2000s)

Neutrinos from galactic sources.

Not yet (but close!)

Neutrinos from supernovae.

Detected (1980s)

Neutrinos from the Big Bang.

Not even close...

(e.g. remnant SN’s, other?)
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Neutrino fluxes
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Put in some perspective
• What does it mean a cross-section of  ?


• Let’s look at the mean free path 


• Where u is the atomic mass unit 

• n is the density of the medium 

• σ the 𝜈 cross-section


• Two examples: water (n=1000 kg/m3) and lead (n = 11400 kg/m3)


 


 


• One light-year is 9.5x1015 m !

σ = 10−43cm2

λ =
u
nσ

u = 1.67 × 10−27 kg

λH2O =
u

nH20σν
=

1.67 × 10−27 kg
1000 kg/m3 × 10−47 m2

∼ 1.7 × 1017 m

λLead =
u

nLeadσν
=

1.67 × 10−27 kg
11400 kg/m3 × 10−47 m2

∼ 1.5 × 1016 m
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How to detect neutrinos?
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Nuclear explosions?
• The first proposal from Cowan and Reines was 

to detect neutrinos from nuclear explosions

• Plan to use a Liquid Scintillator detector but 

only looking at the positron signal from IBD

• 𝜈 + p → e+ + n


• Large backgrounds..
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1995 F. Reines  
Nobel Lecture

https://www.nobelprize.org/uploads/2018/06/reines-lecture.pdf


Better ideas
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Reines letter to Fermi



Savannah River experiment (1955)

• Use coincidence detection technique 

• Go underground (12 m shielding)

• 700 MW reactor at 11 m distance → 1.2x1013 /cm2s
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e+ slow down and annihilates with 
an e- producing two 0.5 MeV γ → 

exit water target and are detected 
by LS detector 

The neutron is slowed down by water 
and captured by Cd → 3 γ are 

produced and detected in the LS
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� Taux d’interaction très faible : il faudra donc attendre 1956 pour la 
1ère observation  expérimentale d’anti-neutrinos électroniques issus du 
réacteur nucléaire de Savannah River (USA) par Cowan et Reines (prix 
Nobel 1995) : réaction bêta inverse 

400 L d’un mélange d’eau et de chlorure de cadmium ;  
Détection des gammas : sur 5 x 1013 antineutrinos électron émis/s.cm2 par le 
réacteur, seulement 3 événements/h détectés 



Savannah River experiment

• Each “detector” tank contained 1400 liters of liquid scintillator, viewed on each end by 55 PMTs

• “Target” tank contained 200 liters of water and 40 kg of dissolved CdCl2 for neutron capture

• Lead separating detector and tank
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• Rate consistent with expectations


• Observed a signal rate of 3.0±0.2 ev/h


• Determined positron and neutron 
detection efficiency with radioactive 
sources


• Use reactor flux of 



• 


•  

ϕ = 1.2 ⋅ 1013/(cm2s)

σexp = (12+7
−4) ⋅ 10−44 cm2

σth = (5 ± 1) ⋅ 10−44 cm2



The first accelerator neutrino beam (1962)
• If 𝜈 from π-decay and 𝜈 from β-decay are the same particles then, by detecting neutrino 

interactions from neutrinos produced by π-decay, one should observe the same number of

• 𝜈 + n → e + p and 𝜈 + n → μ + p 


• Need an accelerator able to produce enough neutrinos → Brookhaven AGS accelerator 
(1962)

• Proton energy 15 GeV

• Proton intensity 4x1011 p/pulse with 3000 pulse/hour
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Need a detector with large mass 
 and able to distinguish e from μ



The Standard Model of neutrinos
• 1914: The electron spectrum in β-decay is continuous → crisis of energy conservation

• 1930: Desperate remedy from Pauli: a new undetectable particle is emitted

• 1933: Fermi introduce the first theory of weak interactions (four-fermion interaction) 

and names the new particle “neutrino”

• 1956: Reines and Cowan first detection of neutrinos

• 1958: Goldhaber → neutrinos are left-handed particles and anti-neutrinos right-

handed

• 1962: Lederman, Schwartz and Steinberger found that 𝜈μ ≠ 𝜈e


• 1966: Davis - observation of 𝜈 from the Sun


• 1973: Discovery of neutral currents (Gargamelle @ CERN)

• 1983: Discovery of W and Z at CERN

• 1989: Measurement of Z width at CERN → N𝜈=3


• 2000: Direct observation of τ neutrino
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That’s it!
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Merci et à la 
prochaine!



Neutrino oscillates!
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Discovery of  
𝜈 oscillations
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Solar Neutrinos
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Homestake experiment
• 0.61 kton of perchloroethylene

• 1500 m undergound

• Argon extracted chemically every few months 

and decays counted in a counting station (35 
days of half-life)
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Very first run (letter from Davis to Willy Flowler)



Homestake results
• Homestake experiment run 

for more than 20 years and 
found a flux of 𝜈 from sun 
1/3 of the expected flux







Solar Neutrino problem is born 
and Homestake has been the 
only running experiment for > 

20 years!

⟨σϕ⟩37Cl = (2.55 ± 0.17 ± 0.18) SNU

⟨σϕ⟩th = (8.0 ± 0.1) SNU or (6.4 ± 1.4) SNU
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Gallium experiments
• Another target for radiochemical experiments are capture on 

Gallium


•  and then  with 
τd~11.4 days


• The threshold is much lower than 37Cl → 233 keV instead of 0.8 
MeV → sensitive to pp-neutrinos


• Lower threshold require particular care for the backgrounds!

νe +71 Ga →71 Ge + e− 71Ge →71 Ga + νe + γ

24



KamiokaNDE
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Image of the Sun from  
1000 m Underground!

• Measure neutrinos in real time

• Angle information allow to separate solar neutrinos from backgrounds

• Direct demonstration that the Sun produce neutrinos!

• Recoil spectrum is reduced in amplitude but not distorted in shape



Solar Neutrino Anomaly
• 3 different types of experiment

• Different energy threshold

• Observing different components of 

the solar 𝜈 flux


• They all observe a deficit with respect to 
the Standard Solar Model
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Atmospheric Neutrinos

• Cosmic ray showers in Earth Atmosphere 




• These mesons will decay producing neutrinos → can we detect them?


•  → Expected ratio of 𝜈μ/𝜈e ~ 2/1

p + Air → p, π+, π−, π0, K, . . .

π+ → μ+νμ μ+ → ν̄μe+νe
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Atmospheric neutrino fluxes

• Need to build a large detector.. is the physics case of atmospheric 
neutrinos good enough? 


• Luckily theorists were claiming proton-decay was just around the 
corner → GUT theories predicted τp~1032 y

• Today limit is τp>1034 y


• For that you need many protons → large detectors
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R ~130 interactions / yr / kton

R = NT × ϕν × σν

~1 cm-2s-1

~10-38 cm2~6*1032 kton



Atmospheric neutrino anomaly

• Until 1998 confusing situation → many 
experiments see deficit but no smoking gun 
for neutrino oscillations


• Some experiments saw ratio compatible with 
expectations


• Many possible reasons invoked to explain 
the results → one of them was 𝜈μ → 𝜈τ 
oscillation


• All these reason except for 𝜈μ → 𝜈τ will be 
ruled out by Super-Kamiokande 1998 results!
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Neutrino oscillations
• First idea from B. Pontecorvo in 1958 → at that time only 𝜈̅ from reactors had been 

observed


• Davis tried to detect from reactors 

• This would have violated the conservation of the lepton number but Pontecorvo 

suggested this reaction could be seen if 𝜈̅ → 𝜈 oscillations


• In 1962 Maki, Nakagawa and Sakata (MNS) proposed a mechanism for mixing of 
different flavors


• In 1967 (after the discovery of 𝜈μ neutrinos) Pontecorvo proposed 𝜈e → 𝜈μ 
oscillations → could explain deficit seen by Homestake


• Initially the oscillation probability was estimated in analogy with Kaon oscillations

• Mixing can be introduced in analogy with the quark sector

ν +37 Cl → e− +37 Ar

30



Quark and leptons

• CKM is a unitary 3x3 matrix that describe the mixing in the quark sector

• A similar matrix can be written in the leptonic sector


• In the SM neutrinos are massless meaning that  → no distinction between weak and mass eigenstates


• If neutrino are massive with  → weak eigenstates can be linear combination of mass eigenstates

UPMNS = I
mνe

≠ mνμ
≠ mντ

> 0
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Neutrino masses

• Neutrino masses are predicted to be zero in the SM → No 𝜈R state means no mass through Yukawa 
coupling mechanism


• Upper bound from end-point of the β-decay spectrum

• But what happens if neutrinos have masses → they can be subject to mixing similarly to the quarks!

32



Time evolution in vacuum
• Neutrinos are produced at t=0 as weak eigenstates  via 

charged current interaction and propagates as mass eigenstates 
|να(t = 0)⟩, α = e, μ, τ

|νi⟩, i = 1,2,3
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As in the case of the quark, the weak eigenstates can 

be written as linear combination of mass eigenstates





 must be unitarity to conserve the probability 

|να⟩ = ∑
j

U* PMNS
αj |νj⟩

UPMNS

U+U = I → U−1 = U+ = (U*)T

The time evolution in vacuum gives 


• If masses are different then states with different energies have different phases that interfere each other


• The probability of observing a state  at time t is 

|ν(t)⟩ = ∑
j

U*αje
−iEjt |νj⟩

α Pα = P(να → νβ) = |⟨να |ν(t)⟩ |2



Time evolution in vacuum

Using the notation  the time evolution is   where the Hamiltonian is 


The eigenvalues are  where we use the smallness of neutrino 

masses giving 

 

⃗ν =
νe
νμ
ντ

i
d ⃗ν
dt

= U*HUT ⃗ν H =
E1 0 0
0 E2 0
0 0 E3

Ei = p2 + m2
i ∼ p + m2

i /2p ∼ p + m2
i /2E

E ∼ p
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i
d ⃗ν
dt

=
1

2E
U*

0 0 0
0 Δm2

21 0
0 0 Δm2
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UT ⃗ν

Δm2
ij = m2

i − m2
j

 can be ignored because it is the same for all 
the mass eigenstates and does not contribute 

to the interference


Subtracting a constant phase 

p

m2
i

The time evolution of weak eigenstates 
is affected by the quantum interference 

between mass eigenstates



𝜈 production

• At the production neutrinos are produced in flavour eigenstates defined by 
their accompanying lepton → example 𝜈μ 
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proton

𝜈μ 

μ- 

π- 
𝜈e 

neutron

e- 
𝜈

𝜈𝜈

(νe
e ) (νμ

μ ) (ντ
τ )



𝜈 propagation in vacuum

• During the evolution in time 𝜈 is a superposition of mass states evolving in 
time with different velocities  due to the different masses 

 → neutrino oscillations implies that neutrino have masses
e−iEjt

m1 ≠ m2 ≠ m3
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proton

𝜈μ 

μ- 

π- 
𝜈e 

neutron

e- 
𝜈

𝜈𝜈

|νμ⟩ = U*μ1e
−iE1t |ν1⟩+U*μ2e

−iE2t |ν2⟩+U*μ3e
−iE3t |ν3⟩



𝜈 propagation in vacuum

• Fraction of 𝜈1, 𝜈2 and 𝜈3 change over time 
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proton

𝜈μ 

μ- 

π- 
𝜈e 

neutron

e- 
𝜈

𝜈𝜈



𝜈 propagation in vacuum

• At detection the neutrinos has a different fraction of 𝜈1, 𝜈2 and 𝜈3 


• It is detected in a flavour eigenstate → defined by the lepton emitted in the 
neutrino interaction


P(νμ → νμ) ≠ 1
P(νμ → νe) ≠ 0
P(νμ → ντ) ≠ 0
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proton

𝜈μ 

μ- 

π- 
𝜈e 

neutron

e- 
𝜈

𝜈𝜈

Neutrino oscillations is a quantum 
interference phenomenon implying 

neutrinos have non-degenerate masses



Parametrization of the PMNS matrix
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νe
νμ
ντ

=
1 0 0
0 cos θ23 sin θ23

0 −sin θ23 cos θ23

cos θ13 0 sin θ13e−iδCP

0 1 0
−sin θ13eiδCP 0 cos θ13

cos θ12 sin θ12 0
−sin θ12 cos θ12 0

0 0 1

ν1
ν2
ν3

νe
νμ
ντ

=
c12c13 s12c13 s13e−iδ

−s12c23 − c12s13s23eiδ c12c23 − s12s13s23eiδ c13s23

s12s23 − c12s13c23eiδ −c12c23 − s12s13c23eiδ c13c23

ν1
ν2
ν3

ℑm(UαiU*αjU*βiUβj) = c12s12c23s23c2
13s13sinδ

CP-violation → all mixing angles and δ different from 0 



2-flavour approximation
• We introduced  as a 3x3 unitary matrix but to start with a simpler case we can start 

assuming only two massive neutrinos

• This is useful because oscillation formula are much simpler

• Many experimental data can be analyzed by using a simple effective model with two neutrinos

• In this case the matrix is only given by one mixing angle 


 and one mass-squared difference 


 and 


UPMNS

(ν1
ν2) = ( cosθ sinθ

−sinθ cosθ) (νe
νμ) Δm2

21 = m2
2 − m2

1

P(να → να) = 1 − sin2 2θ sin2( Δm2L
4E )

P(να → νβ) = sin2 2θ sin2( Δm2L
4E )
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Phenomenology of 2-flavour approximation

• Oscillation probability for a fixed distance 
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The mixing angle defines the 

amplitude of the oscillation


The mass squared difference defines 

the wavelength (the position of the 


maxima of the oscillation)



Phenomenology of 2-flavour approximation

• Oscillation probability for a fixed energy
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The mixing angle defines the 

amplitude of the oscillation


The source-detector distance 
and the neutrino energy behave 

similarly → Posc ∝ sin(Δm2L/E)



Discovery of neutrino 
oscillations
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Atmospheric neutrino fluxes

• Need to build a large detector.. is the physics case of atmospheric 
neutrinos good enough? 


• Luckily theorists were claiming proton-decay was just around the 
corner → GUT theories predicted τp~1032 y

• Today limit is τp>1034 y


• For that you need many protons → large detectors
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R ~130 interactions / yr / kton

R = NT × ϕν × σν

~1 cm-2s-1

~10-38 cm2~6*1032 kton



Super-Kamiokande
• 50 kton Water Cherenov detector located in the Kamioka 

mine

• In operation since 1996

• Two concentric optically separated detectors


• Inner detector instrumented with 11146 PMTs (40% 
coverage)
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Super-Kamiokande PMTs
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Super-Kamiokande 1998 results
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Nl(cos θ) = Nl(−cos θ)

 
 

Discovery of neutrino oscillations!

Up/Down = 0.54+0.06
−0.05 → 6.2σ

Δχ2(no osc) = 70



Oscillations
• Clear deficit of 𝜈μ 


• No apperance of 𝜈e


• L/E behaviour observed!
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Discovery of neutrino oscillations

• The 1998 SK results marked a revolution in the history of neutrino physics

• Neutrino anomaly became the discovery of neutrino oscillations

• Neutrino oscillations implies that neutrino are massive particles! 

• Physics beyond Standard Model!

• Many new foundamental parameters to measure with experiments!


• What about the other long-standing problem of solar neutrinos?
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Solar neutrinos
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Solar Neutrino Anomaly
• 3 different types of experiment


• Different energy threshold

• Observing different components of the 

solar 𝜈 flux


• They all observe a deficit with respect to the 
Standard Solar Model


• Is it the solar model that is wrong? Or 
neutrino mixing?
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SNO experiment
• 1 kton of heavy water (D20)

• 12 m diameter acrylic vessel

• 9500 PMTs


• Unique feature: sensitive to Neutral Currents!
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SNO detection - Charged Current
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CC : νe + D(p, n) → p + p + e−

ES : να + e− → να + e−

NC : να + D(p, n) → να + p + n

An e- is produced 
thanks to the 

interaction on n in the 
deuterium (not 
possible at SK)



SNO detection - Elastic Scattering
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CC : νe + D(p, n) → p + p + e−

ES : να + e− → να + e−

NC : να + D(p, n) → να + p + n
Sensitive to 𝜈e (NC+CC) and to 

(𝜈μ,𝜈τ) (only NC) ~ σ𝜈ex0.15



SNO detection - Neutral Current
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CC : νe + D(p, n) → p + p + e−

ES : να + e− → να + e−

NC : να + D(p, n) → να + p + n
Sensitive to the total 𝜈 flux from 

the Sun !



SNO results
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CC : νe + D(p, n) → p + p + e− ϕCC = 1.76 ± 0.06(stat.) ± 0.09(syst)
ES : να + e− → να + e− ϕES = 2.39 ± 0.24(stat.) ± 0.12(syst)
NC : να + D(p, n) → να + p + n ϕNC = 5.09 ± 0.44(stat.) ± 0.45(syst)



Solar neutrinos “oscillations”
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⟨P(νe → νe)⟩ = 1 −
1
2

sin2 2θ > 0.5P(νe → νe) = |⟨νe |ν2⟩ |2 = sin2 θ

MSW resonance Vacuum oscillations

Homestake, SNO CC and SK

→ 8B neutrinos → Posc ∼ 0.3

Gallium Experiments 

→ pp-neutrinos, vacuum regime → 
Posc ≥ 0.5
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KamLAND Experiment
• Unsegmented detector

• 1 kton ultrapure Liquid Scintillator 

• Detect 𝜈̅e through IBD from nearby reactors 

(55 reactors contributing to KamLAND signal)

• Average distance 180 km
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KamLAND results (2002)
• Very precise measurement of the 

oscillation peak → Δm212


• Larger uncertainties on θ12 → combination 
with solar experiments give consistent 
picture if MSW resonance with LMA


• Notice that KamLAND was built before 
Borexino results → whether LMA was the 
right solution was not sure… it could have 
missed oscillations if Δm212 > 2x10-4eV2
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What else with reactors?
• Can we observe neutrino oscillations close to the reactor source?


• 


•   for E~0.003 GeV, L = 1 km


• Same Δm2 as the atmospheric neutrinos → no oscillation observed confirm that 𝜈μ → 𝜈τ 
and not 𝜈e  → 

P(ν̄e → ν̄e) = 1 − sin2 2θ13 sin2( 1.27 ⋅ Δm2L[km]
E[GeV ] )

sin2( 1.27 ⋅ Δm2L
E ) ∼ 1 → Δ2

m =
π/2 ⋅ E
1.27 ⋅ L

∼ 3 × 10−3 eV2

sin2 2θ13 < 0.2
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Mixing parameters

•  is the only element affecting both solar and atmospheric sectors


• Solar 𝜈 depends on 


• Atmospheric neutrinos depends only on the third component because 


•
 and 


• Chooz measured  


• How can we measure  → reactor or long baseline experiments


• We will discuss today reactor measurements

Ue3

Ue1, Ue2, Ue3

Δm2
21 < < Δm2

31

sin θ23 =
|Uμ3 |2

(1 − |Ue3 |2 )
sin θ13 = |Ue3 |2

sin22θ13 = 4 |Ue3 |2 (1 − |Ue3 |2 ) < 0.2 → |Ue3 |2 =
1
2 (1 ± (1 − sin2 2θ13)) < 0.05

sin2 2θ13
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Near/Far ratio
• Knowing Ue3 is small we are looking for a small 

signal of 𝜈̅e disappearance


• Main systematics uncertainties is the flux of 
neutrinos from reactors


• Measure 𝜈̅e before the oscillations at a near 
detector and after the oscillations at a far 
detector!
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2011 reactor anomaly → sterile neutrinos? 
Now ~solved and due to reactor fluxes
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θ13 at the reactors
• 3 experiments searching for θ13 at the reactors → distance from reactor core ~ 1 km

• Double-Chooz (France), Daya Bay (China), Reno (Korea)


• θ13 small → small disappearance → need a precise knowledge of the neutrino flux 
from the reactor


• Use Near detector(s) to constrain the reactor flux

• Far detector(s) to measure the νe disappearance due to θ13 
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RENO Experimental Setup 

Far Detector 

Near Detector 
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Reactor measurements in 2012
• First measurements in 2012

• θ13 is ~ large (close to Chooz limit)  
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New results from reactors

• Daya Bay has several identical detector close 
to nuclear reactors in China and at ~ 1 km 
distance → ideal place to detect oscillations 
driven by Δm2 and measure θ13


• θ13 value was unknown until 2012 and it is now 
the most precisely measured mixing angle
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𝜈̅ fluxes and reactor anomaly

• Reactor anomaly : deficit of 𝜈̅ flux with respect to expectation → sterile neutrinos?


• Neutrino emitted from reactors come from a combination of fission from different isotopes


• The modeling is not simple → bump in the spectrum of neutrinos


• Measurements from STEREO (very close to the reactor so no sterile neutrinos) confirm the 
deficit


• There are no exciting anomalies (new physics) → we just need more precise 
measurements of neutrinos emitted from reactors
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Neutrino oscillations

• Neutrinos come in 3 flavours but propagate as 3 mass eigenstate


• 3 mixing angles, 2 mass squared differences, 1 CPV phase


• Neutrino oscillations observed in solar neutrinos, reactor (anti-)neutrinos, atmospheric neutrinos and long-baseline 
experiments 


• We don’t know yet wether CP is violated in the leptonic sector and the mass ordering → Normal ordering 𝜈3 > 𝜈2 > 𝜈1 or 
Inverted ordering 𝜈2 > 𝜈1 > 𝜈3
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Reactors 
θ13 ~ 10°

LBL
θ13 and δCP  

Solar and reactors
θ12 ~ 35°

Δm221 ~ 7.5x10-5 eV2

νe
νμ
ντ

=
1 0 0
0 cos θ23 sin θ23

0 −sin θ23 cos θ23

cos θ13 0 sin θ13e−iδCP

0 1 0
−sin θ13eiδCP 0 cos θ13

cos θ12 sin θ12 0
−sin θ12 cos θ12 0

0 0 1

ν1
ν2
ν3

Atmospherics and
 LBL

θ23 ~ 45°
 |Δm232| ~ 2.5x10-3 eV2



Neutrino oscillations
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Summary
• Neutrinos oscillations have been definitely established by :


• Super-Kamiokande (1998) : observation of neutrino oscillations in the 
atmospheric neutrinos


• SNO (2002): observation of neutrino transitions in the Sun ΦNC>ΦCC 


• KamLAND (2003): observation of neutrino oscillations from nuclear 
reactors at O(100 km) distance


• More recently Daya Bay, Double Chooz and RENO measured θ13 from 
reactors at O(1 km) distance


• In this discussion we didn’t include (yet…) Long Baseline Neutrino 
Oscillation experiments that will be the main subject of the next lecture


• Confirmed disappearance of 𝜈μ (K2K and MINOS)


• Observed 𝜈e apperance (T2K and NOvA) and 𝜈τ appearance (OPERA)


• Looking for CP violation in the leptonic sector (T2K→HK, DUNE) 
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Artificial sources of neutrinos
• Oscillations were discovered with solar and and atmospheric neutrinos


• Great sources of neutrinos → they come for free, just need to build a detector


• Ideal for discoveries (span several ranges of L/E -> Δm2)


• Cannot be tuned → not the best sources for precision measurements


• Reactors → reactor spectrum is fixed but the distance can be tuned (KamLAND for θ12, 
DB/DC/RENO for θ13, Juno for mass ordering)


• Accelerators → can tune both energy and distance


• Well defined L/E → maximize oscillation probability knowing Δm2


• Can produce beam of 𝜈μ and 𝜈̅μ 


→ 5 oscillation parameters (θ23, θ13, Δm223, δCP, and mass ordering )
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CC-QE CC-nonQE NC All νµ

Generated in FV 4,114 3,737 3,149 11,000
(1) FCFV 3,885 3,011 1,369 8,265
(2) Evis. ≥ 30MeV 3,788 2,820 945 7,553
(3) Single ring µ-like 3,620 1,089 96 4,805

Table 1.1: The expected number of neutrino events for 5 × 1021 POT for νµ disappearance analysis
without oscillation. CC-QE refers to charged current quasi-elastic events and CC-nonQE to other
charged current events, while NC refers to neutral current events.

∆m2 (eV2) CC-QE CC-nonQE NC All νµ

No oscillation 3,620 1,089 96 4,805
2.0 × 10−3 933 607 96 1,636
2.3 × 10−3 723 525 96 1,344
2.7 × 10−3 681 446 96 1,223
3.0 × 10−3 800 414 96 1,310

Table 1.2: The expected number of neutrino events for 5 × 1021 POT for νµ disappearance analysis
with neutrino oscillation for different values of ∆m2

23 with sin2 2θ23 = 1.0 and sin2 2θ13 = 0.0.
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Figure 1.5: (Left) The reconstructed neutrino energy distribution with predicted for the best-fit os-
cillation parameters (sin2 2θ23, ∆m2
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component. (Right) The ratio of the reconstructed neutrino energy distribution with oscillation to one
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How to do a neutrino beam
• Accelerate protons in a particle accelerator and 

strike a target 


• A system of magnetic horns focus adn select in 
charge the hadrons 


• The pions enter a decay tunnel of ~100 m length 
in which they decay 


• What happens if you focus ?


• A beam dump stops all particles that are not 
neutrinos!

p + N → π+, π−, π0, K, . . .

π+ or π−

π+ → μ+ + νμ

π−
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𝜈μ beam
• Most of neutrinos produced by 


• Some negative pions manage to enter the 
decay tunnels producing 


• Some Kaons are produced and decay into 
 but also 


• The muons can also decay into 



• In the end we produce a beam with >90% of 
𝜈μ but some contamination from 𝜈̅μ and 𝜈e 

π+ → μ+ + νμ

π− → μ− + ν̄μ

K+ → μ+ + νμ K+ → π0 + e+ + νe

μ+ → e+ + νe + ν̄μ
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K2K experiment

• 


• 


• K2K used Super-Kamiokande as far detector with beam 
produced at KEK (250 km distance)


• Measured spectrum at the near detector, compare with the 
one at the far detector to extract oscillation parameters


• Compatible with SK results and observe 𝜈μ disappearance 
at ~[0.5-1] GeV

P(νμ → νμ) = 1 − sin2 2θ23 sin2( 1.27 ⋅ Δm2
23 ⋅ L[km]

E[GeV] )
sin2( 1.27 ⋅ Δm2

23L
E ) ∼ 1 → L/E =

π/2
1.27 ⋅ Δm2

23
∼ 500 km * GeV−1
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MINOS experiment

• Observe 𝜈μ disappearance at larger energies than K2K 
(longer baseline!)


• Data consistent with 3-flavour neutrino oscillation → rule 
out many alternative scenarios 
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OPERA experiment
• SK, K2K and MINOS experiments all 

observed 𝜈μ disappearance


• No indication of 𝜈e appearance 


• In a 3-𝜈 framework 


• Why they didn’t observe 𝜈τ 
appearance?

νμ → ντ
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OPERA results

• 10 neutrino candidates observed with an expected background of 2.0±0.4


• 6.1σ significance of 𝜈τ appearance


• As we will see tomorrow this is not the first observation of 𝜈 appearance!
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Second generation of LBL experiments
• With the precise measurements of the “atmospheric” squared mass difference  it was possible to 

design experiments optimized for the precise measurement of neutrino oscillations


• 


• Probability maximal for 


• First generation experiments (K2K and MINOS) used wide-band beam to span large ranges of 


• Second generation experiments (T2K and NOvA) use narrow band beam

Δm2 ≃ 2.5 × 10−3eV2

P(νμ → νμ) = sin2(2θ)sin2(1.27 ⋅ Δm2[eV2]L[km]/E[GeV])

1.27 ⋅ Δm2[eV2]L[km]/E[GeV] = π/2

Δm2
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E L 1.27Δm2L/E

MINOS ~3 GeV 750 km ~0.7

T2K 0.6 GeV 295 km ~1.5

NO𝜈A 2 GeV 810 km ~1.2



T2K experiment
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Tokai Kamioka

J-PARC ND280 Super-Kamiokande

295 km

Mt. Ikeno 
1,360 m

νμ νμ νe



T2K Near/Far detector
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INGRID: on-axis detector 
Monitoring 𝜈 beam profile 

day-by-day 
Cross-section measurements 

In operation since 2009

WAGASCI/BabyMIND 
Installed  in 2019 

Cross-sections on water 

Off-Axis ND280 
Constrain systematics in 
T2K oscillation analyses 
Measure neutrino cross-

sections 

E𝜈~2.2 GeV

E𝜈~1.1 GeV

E 𝜈
~0

.6 
GeV

e-like μ-like

Far Detector: Super-Kamiokande



NOvA experiment

• Identical near and far detector
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NOvA neutrino interaction
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𝜈μ disappearance






• In order to measure precisely Δm2 a good reconstruction of the neutrino energy is crucial → 
good resolution and no biases!

P(να → να) = P(ν̄α → ν̄α) = 1 − 4∑
i<j

|UαiUαj |
2 sin2( Δm2

ijL
4E )

P(νμ → νμ) = 1 − (c4
13 sin2 2θ23+s2

23 sin2 2θ13)sin2( Δm2
31L

4E )
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sin2(2θ23)

Δm2



CPT invariance

• In disappearance channel 𝜈μ 
and 𝜈̅μ have same oscillation 
probabilities


• A difference in the mixing angles 
would mean CPT violation!

85

𝜈̅-mode 1R μ-like 

𝜈-mode 1R μ-like 

• Small sensitivity to the octant from 
disappearance alone (  is small)  sin2 2θ13

P(νμ → νμ) = 1 − (c4
13 sin2 2θ23+s2

23 sin2 2θ13)sin2( Δm2
31L

4E )



Global Picture Atmospheric sector

• Long-Baseline experiments dominate precision for Δm2 and θ23


• Results in good agreement and fully consistent with an 
interpretation in the 3𝜈 framework
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𝜈e appearance
• At first order (neglecting matter effects and CP violation!) 


• 


• Observation of 𝜈e appearance → θ13 different from zero


• 2012: measurement of θ13 from Daya Bay 

P(νμ → νe) ∼ s2
23 sin2 2θ13 sin2( Δm2

31L
4E )
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𝜈e and 𝜈̅e appearance
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P((−)νμ → (−)ν e) ≃ sin2θ23
sin2 2θ13

(A − 1)2
sin2[(A − 1)Δ31

( ∓ )α
J0 sin δCP

A(1 − A)
sin Δ31 sin(AΔ31)sin[(1 − A)Δ31]

+α
J0 cos δCP

A(1 − A)
cos Δ31 sin(AΔ31)sin[(1 − A)Δ31] + O(α2)

sin
2 θ23

sin
2 (2θ

13
)

— Normal ordering 
… Inverted ordering

δCP

α = Δm2
21/Δm2

31 ∼ 1/30
J0 = sin 2θ12 sin 2θ13 sin 2θ23 cos θ13

A = ( ∓ )2 2GFneE/Δm2
31

Sensitivity to δCP, to the mass 
ordering and to the octant of θ23



Increasing baselines (and energy!)
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T2K almost no MH —>
 ~ clean measurement of CPV 

NOVA sensitive to MH and CPV 
but with some degeneracies

DUNE breaks the degeneracy 
between MH and CPV

L/E → increasing baseline and energy → larger matter effects



Asymmetry and CP violation
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ACP =
P(νμ → νe) − P(ν̄μ → ν̄e)
P(νμ → νe) + P(ν̄μ → ν̄e)

∼ −
cos θ23 sin 2θ12

sin θ23 sin θ13
sin( Δm2

21L
4E )sin δCP



Steps towards oscillation 
analyses
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T2K oscillation analysis
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Flux prediction: 
 Proton beam measurement 

 Hadron production (NA61 2009 
replica target data)

ND280 measurements: 
 νμ and 𝜈̅μ selections to constrain 

flux and cross-sections

Neutrino interactions: 
 Cross-section models 

 External data

SK measurements: 
 Select CC νμ, 𝜈̅μ, νe, 𝜈̅e candidates 

after the oscillations

Prediction at the Far Detector: 
 Combine flux, cross section and 
ND280 to predict the expected 

events at SK

Extract oscillation 
parameters!

𝜈μ 

μ



Neutrino beam
• In order to collect statistics we need to produce enough 

neutrinos


• The number of neutrinos is given by the beam power


• Not easy to increase → T2K took > 10y to go from 50 kW to 
800 kW


• Hyper-K and DUNE plan to run at more than 1 MW!
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P(kW) ∝ POT(1020) × Ep (GeV)/T (107s)



Neutrino cross-sections
• Model for 𝜈 (and 𝜈̅) cross-sections → each type of 

interaction has different models / processes


• Compare with what we observe in the detector → not the 
same, particle below thresholds, not reconstructed, not 
emitted from nuclei, …


• Work to try to unfold from observed topology to the 
underlying model!
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Generator
Observables



Off-axis ND280
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TPC1 TPC2 TPC3

FGD1 FGD2

• Measure beam spectrum and flavor composition before the oscillations


• Detector installed inside the UA1/NOMAD magnet (0.2 T)


• An electromagnetic calorimeter to distinguish tracks from showers


• Upgraded in 2023 but for the analyses shown here the original tracker system is used: 


• 2 Fine Grained Detectors (target for 𝜈 interactions). FGD1 is pure scintillator, FGD2 has water layers 
interleaved with scintillator


• 3 Time Projection Chambers: reconstruct momentum and charge of particles, PID based on measurement of 
ionization



𝜈μ selections at ND280

• ND280 is a magnetized detector


• Select neutrino and anti-neutrinos interactions by reconstructing muon 
charge


• 𝜈μ + n → μ- + p while 𝜈̅μ + p → μ+ + n


• TPC PID (dE/dx vs P) is also used to select muons 


• Reconstruct momentum and angle of the leptons in the TPCs
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TPC 1 TPC 2 TPC 3FGD 1 FGD 2
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ND280 selections

• ND280 magnetized detector


• Select interactions on CH (FGD1) and CH/Water (FGD2)


• Precise measurement of Pμ and θμ  with the TPCs


• Distinguish 𝜈 from 𝜈̅ interactions thanks to the 
reconstruction of the charge of the lepton


• Separate samples based on number of reconstructed 
pions (CC0π, CC1π, CCNπ), protons, photons, etc → 
22 samples in total are used in the fit
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After the ND280 fit 
Constraint flux and cross-section model 

𝜈μ CC0π0p

Before the fit

𝜈μ CC0π0p

𝜈̅μ CC0π

𝜈̅μ CC0π

TPC1 TPC2 TPC3

FGD1 FGD2



ND280 samples
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Oscillation analyses
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RND = ∫ ϕν(Eν)ND dσν

dEν
dEν

RFD = ∫ ϕν(Eν)FDPν→ν′￼

osc (Eν)
dσν

dEν
dEν

RND = ϕν(Eν)
dσν

dEν
dEν = F(pμ, cos θμ; αND, αmodel)

 are the observables at the Near Detector

 are the syst. uncertainties on the detector

 are the syst. uncertainties on flux and x-sec 

pμ, θμ
αND

αmodel

Distributions are the far detector are fitted with the model obtained by ND fit +  to extract the 
oscillation parametres

Posc

ϕFD ∼ ϕND/L2
FD has to be much larger than the ND 


to compensate for the reduction in the flux!


ND280 ~ 2 ton active mass

SK ~ 50 kton of active mass



ND280 fit

• More events than predicted → 
increase flux parameters


• Changes also for the cross-section 
parameters → correlated between 
flux and cross-section
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Flux - cross-section correlation
• Anti-correlation between flux and cross-section parameters


NND = ϕν ⋅ σν ⋅ ϵND
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Impact on FD predictions
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SK selections
• Single ring (mostly CCQE)


• PID to distinguish e from μ and e from π0


• Reconstruct momentum and angle of 
the lepton → neutrino energy through 
QE formula
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𝜈-mode 1 Rμ 𝜈-mode 1 Re 𝜈̅-mode 1 Rμ 𝜈̅-mode 1 Re 



Oscillation analysis results

• Preference for δCP~-π/2 but 
CP conserving values are 
within the 2σ interval 
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Sample δCP=-π/2 δCP=0 δCP=π/2 δCP=π Data
𝜈-mode 1Rμ 417.2 416.3 417.1 418.2 357

𝜈-mode MR 123.9 123.3 123.9 124.4 140

𝜈̅-mode 1Rμ 146.6 146.3 146.6 147.0 137

𝜈-mode 1Re 113.2 95.5 78.3 96.0 102

𝜈̅-mode 1Re+d.e. 10.0 8.8 7.2 8.4 15

𝜈̅-mode 1Re 17.6 20.0 22.2 19.7 16



Mass ordering and θ23 octant

• Slight preference for normal ordering and 
upper octant but none of them is significant 
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sin2θ23

Δχ
2



NOvA experiment

• Identical near (300 ton) and far detector (14 kTon)
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NOvA ND samples
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Extrapolation Near/Far
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Far Detector 𝜈μ and 𝜈̅μ samples
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Far Detector 𝜈e and 𝜈̅e samples
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Mass Ordering and CPV

• Mass Ordering and CP violation heavily 
entangled 


• Answer on δCP change completelychange if the 
ordering is swapped
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NOvA and T2K
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What’s next?
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Next generation LBL
• On-going experiments (T2K and NOvA) proved that systematic 

uncertainties in LBL experiments can be reduced to <5%


• Unfortunately these experiments are still limited by statistics 
(~300 appearance events in 𝜈+𝜈̅ mode combining T2K and 
NOvA)


• Luckily two new experiments will come online soon 


• Hyper-Kamiokande → Water Cherenkov detector 8 times 
larger than SK (will collect 4000 appearance events in 𝜈+𝜈̅ 
mode) using same beam and ND complex as T2K


• DUNE → 40 kton Liquid Argon detector with great tracking 
capabilities


• These larger detectors require even better understanding of the 
systematic uncertainties
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ND280 Upgrade for T2K and HK

• Improve angular acceptance 𝜈 


• But also better reconstruction and usage of the hadronic part of the interactions!


• Currently samples are selected according to their topology (0π, 1π, 1p, Nπ, …) but the kinematics 
of the hadrons is not used in any way in the constraint on flux and x-sec systematics → plenty of 
additional information to be exploited


• This is due to both, a low efficiency from ND280 to reconstruct hadrons and the diffucties in 
modeling the x-sec systematics for the hadronic part


• With the upgrade we plan to improve the efficiency to reconstruct hadronic part

ND280 acceptance SK acceptance
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The Near Detector upgrade
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Super-FGD

• 2 millions plastic scintillator cubes 
made of polystyrene and doped with 
1.5% of paraterphenyl (PTP) and 
0.01% of POPOP.  

• Each cube is optically independent 

• Cubes production was done at 
UNIPLAST (Russia)
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Super-FGD

• 2 millions plastic scintillator cubes 
made of polystyrene and doped with 
1.5% of paraterphenyl (PTP) and 
0.01% of POPOP.  

• Each cube is optically independent 

• Cubes production was done at 
UNIPLAST (Russia)

Produce cubes by  
injection molding

Etched in a chemical  
to deposit a reflective layer

3 orthogonal  
holes are drilled

Assembled in 56 X-Y layers with fishing lines before shipment to Japan
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SuperFGD assembly at J-PARC

119



High-Angle TPCs

• Reconstruct leptons emitted at 
high angle with respect to the 
beam


• TPC instrumented with resistive 
MicroMegas modules


• Chambers have been assembled 
and tested at CERN before 
shipment
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HATPC performances

• 3 test beam campaigns to characterise 
ERAM detectors


• Spatial resolution between 200 and 600 
μm (w.r.t. 600 to 1000 for vertical TPCs)


• dE/dx resolution below 10% 121
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Time-Of-Flight
• Reconstruct track direction to reject tracks 

entering the new tracker region


• All 6 TOF modules assembled and tested at 
CERN and shipped to J-PARC


• Time resolution ~ 150 ps observed during tests 
at CERN


• 8 bunches neutrino beam structure clearly visible
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Installation at J-PARC
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June 2024: Full upgrade

124



ND280 Upgrade event displays

125



Hyper-Kamiokande
• Extremely well established Water Cherenkov technology


• 190 kton FV (SK 22.5), instrumented with up to 40k PMTs 


• HK will be the most sensitive observatory for rare events (proton 
decay, SN neutrinos, …)


• Search for CP violation in lepton sector


• Upgrade of J-PARC neutrino beam (1.3 MW)


• Near and Intermediate detector complex


• Construction started in April 2020 → start operation in 2027
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Hyper-Kamiokande collaboration

127

18 countries, 82 institutes, ~390 people



Physics case

128

  14

Physics caseSolar neutrinos

Supernovae neutrinos

Proton decay

JPARC accelerator neutrinos

● MSW eNect in the Sun
● Non-standard interactions 
in the Sun.

● Direct SNO2: Constrains SN models.
● Relic SNO2: Constrains cosmic star 
formation history

● Observe CP violation for 
leptons at 5P

● Precise measurement of QCP .
● High sensitivity to O mass 
ordering.

Probe Grand UniCed 
Theories through p-decay 
(world best sensitivity)

Atmospheric 
neutrinos



HK construction status

• Excavation on-going → expect to complete by the end of 
the year


• 20’’ PMTs being produced by Hamamatsu


• Assembly of the electronics modules on-going at CERN 
(next slide)


• Goal to start HK operation in 2027
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Excavating world largest human-made cavern



LBL physics at HK
• ~2000 𝜈e and 2000 𝜈̅e interactions selected at HK after 10 years of data taking → to be compared with ~100 𝜈e and ~20 𝜈̅e in T2K


• Also ~20000 𝜈μ and 𝜈̅μ interactions will be selected


• Plan to re-use ND280 to constraint flux and x-sec systematics 


• Intermediate Water Cherenkov detector will be built for HK → only sensitive to lepton kinematics + off-axis spanning


• Do we need more from ND280? → ND280++
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• Wideband beam with >2 MW intensity


• 4 modules of Liquid Argon (2 in the first phase) with more than 20 kton Fiducial mass


• Brand new near detector complex to be built at Fermilab


• Very long baseline and higher beam energy → no degeneracies between mass ordering and CPV
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Liquid Argon TPC
• Cool argon down to 87 K to obtain liquid Argon


• High granularity in dense material


• Excellent calorimetric properties


• Particle Identification through dE/dx vs range


• Scalable to kTon scale
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MicroBooNE example
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ProtoDUNE at CERN

• 2 prototypes built at CERN → each ~600 ton Liquid 
Argon


• 2 technologies: vertical and horizontal drifts


• Allow to prove the technologies need to built 10 
kton detectors 
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DUNE prospects
• The different unknown parameters (mass 

ordering, δCP and θ23) affect the spectra 
with different shapes


• This allow to solve the degeneracies 
between these parameters


• Thanks to its high energy beam DUNE can 
quickly determine mass ordering


• Expect to have 2 Far Detectors installed in 
2029 and start operations with beam in 2031
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DUNE sensitivity
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Beyond PMNS measurements
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Prospects
• Long-Baseline experiments are the only proposed 

experiments able to measure δCP → HK and DUNE will 
discover CPV in the leptonic sector for 80% of the values of 
δCP


• Of course if δCP=0 there is no CPV!


• DUNE will be able to quickly measure mass ordering once it 
starts data taking (say before 2035)


• HK will be able to quickly measure CPV for large values of 
CPV if MO is known or not degenerate with CPV


• If MO is unknown and degenerate Hyper-K can still 
measure CP by combining beam and atmospheric 
neutrinos


• But can we measure MO before next generation LBL?
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JUNO
• 20 kTon Liquid Scintillator detector


• Detect 𝜈̅e from reactors at 53 km distance via inverse 
beta decay


• Construction almost completed → start data taking in 
2025!
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JUNO physics potential

• Observe two oscillation modes : slow oscillations (like 
KamLAND) driven by  and a fast oscillation driven by 




• NO both  are positive while in IO they are both negative 




• This difference allow to distinguish the two cases if the 
oscillation can be measured with enough precision → critical 
parameter for JUNO is the energy resolution

Δm2
21

Δm2
31

Δm2

|Δm2
31 | = |Δm2

32 | + |Δm2
21 | ∼ 2.5 × 10−3eV2

|Δm2
31 | = |Δm2

32 | − |Δm2
21 | ∼ 2.4 × 10−3eV2
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P(ν̄e → ν̄e) = 1 − cos4 θ13 sin2 2θ12 sin2 Δ21

−sin2 2θ13(cos2 θ12 sin2 Δ31 + sin2θ12 sin2 Δ32)



Energy resolution in JUNO

• Assuming energy resolution of 



• Statistics is 100k interactions in 6 y 
(60 evts/day)

3 % / E
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IceCUBE

142

• Neutrino telescope installed in the 
ice in Antarctica


• Huge volumes (km3 size) optimized 
for astrophysics


• But if the telescope is dense 
enough one can also detect 
atmospheric neutrinos and 
measure them well enough to 
measure oscillations!


• Separate 𝜈e from 𝜈μ from the shape 
of the Cherenkov track/shower



Atmospheric neutrinos
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Most recent results
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Can we do more? MSW!
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MSW effect in the Earth
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ORCA experiment

147

104
~225 m

~200 m

Inter-DU:
~20 m 

Water-Cherenkov
Neutrino telescope

in the deep sea

Digital Optical Module:
uniform angular coverage
+ digital photon counting

17”
Inter-DOM:~9 m

Depth = 2435 m
Light absorption length ~ 60 m

31 x 3” 
PMTs

Bottom view
of a DOM

~6 Mt instrumented volume
115 strings (detection units, DUs)
18 DOMs / DU       (~50 kt ~ 2 × SK)
31 PMTs / DOM     (~3 kt ~ MINOS)
Total: 64k x 3” PMTs 
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Other future experiments: atmospheric neutrinos

v KM3NeT/ORCA



The sterile  
neutrino saga
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Sterile neutrinos
• Number of light active neutrinos is 3


• Light means M𝜈 < MZ/2


• And what about non-active (sterile) Neutrinos?


• What is a sterile neutrino: neutrino that do not 
couple with Z so do not interact via weak 
interactions


• But affect the 𝜈 mixing through their coupling 
with active neutrinos
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Final LEP average N𝜈 = 2.984 ± 0.008



3+1 phenomenology

• In the simpler scenario we can add one sterile neutrino family : 3+1 model


• 


• One additional mass eigenstate.


• In the simplest scenario  and we can use a 2-𝜈 framework approach


•

Ue4 = s14, Uμ4 = c14s24, Uτ4 = c14c24s34

m4 ≫ m1,2,3

Δm2
SBL = Δm2

41 ∼ Δm2
42 ∼ Δm2

43 ≫ |Δm2
31 |

150



Sterile Neutrinos oscillations

• A sterile neutrino means 
that one should observe 2 
disappearance signals when 
looking at  and  and 1 
appearance signal 

νμ νe
νμ → νe
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P(να → να) = 1 − sin2 2θSBL sin2( Δm2
41L

4E )
P(να → νβ) = sin2 2θSBL sin2( Δm2

41L
4E )

sin2 2θSBL
ee = 4 |Ue4 |2 (1 − |Ue4 |2 ) = sin2 2θ14

sin2 2θSBL
μμ = 4 |Uμ4 |2 (1 − |Uμ4 |2 ) = cos2 θ14 sin2 2θ24 + sin4 θ24 sin2 2θ14

sin2 2θSBL
μe = 4 |Uμ4U34 |2 = sin2 θ24 sin2 2θ14

sin2 2θSBL
μe =

1
4

sin2 2θSBL
ee sin2 2θSBL

μμ



2018 MiniBooNE results
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Anomalies can be everywhere

• Atmospheric anomaly → Neutrino oscillations


• Solar Anomaly → Neutrino flavor transition

155

2011 reactor anomaly → sterile neutrinos?
• All experiments close to reactors observed a deficit of 𝜈̅e 

neutrinos


• This would be compatible with  on a very 
short baseline → 


• Or with some systematics effects

P(ν̄e → ν̄e)
Δm2 ≥ 1eV2



𝜈̅ fluxes and reactor anomaly

• Reactor anomaly : deficit of 𝜈̅ flux with respect to expectation → sterile neutrinos?


• Neutrino emitted from reactors come from a combination of fission from different isotopes


• The modeling is not simple → bump in the spectrum of neutrinos


• Measurements from STEREO (very close to the reactor so no sterile neutrinos) confirm the 
deficit


• There are no exciting anomalies (new physics) → we just need more precise 
measurements of neutrinos emitted from reactors
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The LSND results (1995)

• Short baseline and small 𝜈 energy (𝜈̅μ produced by 
pion decay at rest)


• Search for Inverse Beta Decay only possible for 𝜈̅e so 
need 𝜈̅μ to oscillate to 𝜈̅e

157

• Excess of signal induced by 𝜈̅e ?


• Excess is quite significant 


• But events are selected after removing huge 
accidental backgrounds

87.9 ± 22.4 ± 6.0



MiniBooNE
• Distance L = 500 m


• Neutrino energy E𝜈 = 600 MeV


• L/E same as LSND


• Possibility of producing 𝜈μ and 𝜈̅μ 


• Test LSND anomaly with different 
baseline, neutrino energy and 𝜈 vs 𝜈̅


• One limitation.. no near detector!  
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First MiniBooNe results (2007)

• Blind analysis


• Energy range from 475 MeV to 3 GeV (where LSND 
signal is expected)


• No excess observed → set limit that exclude LSND


• But low energy excess…
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MiniBooNE 2013 results
• Added data in antineutrino 

mode


• Also in this channel they 
observed an excess below 
475 MeV


• Include in the fit all data 
from 200 MeV


• Excess at the level of 2.8σ 
for 𝜈̅ and 3.4σ for 𝜈!


• Compatible with LSND
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MiniBooNE 2018 results
• Double stat in 𝜈 mode


• Excess in the low energy region confirmed → but this region is dominated by 
background!


• To explain it with sterile neutrino a very large mixing angle is needed (and still 
the oscillation do not fit the excess even at the best fit


• 6.1 σ excess … is it a discovery of sterile neutrinos?? No!! 
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New MicroBooNE results (2024)
• Liquid Argon detector


• Same baseline and beam as 
MiniBooNE


• Better performances to distinguish 
electron from gamma


• ICARUS and  SBND currently 
taking data at FNAL
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Sterile neutrinos → 𝜈e disappearance

• 2 sources of possible 𝜈e 
disappearance


• Reactor anomaly → solved by 
more recent calculations of 
reactor fluxes and by the 
STEREO measurement


• Gallium anomaly → new 
measurements from BEST 
confirm this anomaly
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Pick your favorite talk
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The mass of neutrinos
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How to measure neutrino mass?
• Neutrino oscillations provides measurement of mass differences between mass eigenstates

• Lower limit on the neutrino masses:


• Normal Ordering:  


• Inverted Ordering:  


• The sum of the neutrino masses is different in the two cases → total mass content of neutrinos in the 
Universe change

m1 = 0 → m2 = 8 × 10−3 eV( Δm2
21) → m3 = 0.058 eV2 ( Δm2

32 + m1)

m3 = 0 → m2 = 0.05 eV → m3 = 0.058 eV
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Cosmology

• Neutrinos masses have impact on the structure 
formation in the Universe


• Experiments measuring cosmological properties are 
sensitive to neutrino masses


• Their limits are valid in the ΛCDM model 


• No detection yet but limits start to be in mild contrast 
with the Inverted Ordering scenario
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Direct measurements of 𝜈 mass
• Two possible methods of measuring neutrino masses “in laboratory”

168

0𝜈ββ → can only happen if 
Neutrinos are Majorana particles


mββ~100 meV

kinematics of the β spectrum → 
me~50-200 meV



End-point of the β decay spectrum
• Measurement of the mass based on kinematic parameters and energy conservation


• Look for Tritium decay 3H(n, n, p) →3 He(n, p, p) + e− + ν̄e
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• Spectrometer with high 
resolution (1 eV)


• 2-3 hour scan for each 
energy
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• Best fit 


• 


• Upper limit: 

m2
ν = − 0.14+0.13

−0.15 eV2

Q − value : (18575.0 ± 0.3)eV

mν < 0.45 eV2 (90 % CL)
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Coherent elastic scattering

• σ ∝ N2
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Signals
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Neutrinos from Spallation Neutron Source
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Several small-scale experiments
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Germanium detector
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Coherent scattering in DM experiments
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