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Why neutrinos are so interesting?

Neutrinos play a key role in several physics sectors:

➢ Particle physics: neutrino oscillations are the only (up to 
now) experimental hint pointing towards physics beyond the 
Standard Model (SM)

First steps beyond EW scale, new particles? …

➢ Cosmology: important role during the Big Bang, could they 
explain the matter/antimatter asymmetry? 

Leptogenesis, Large Scale Structure…

➢ Astrophysics: they are the most abundant particles in the 
Universe, and they rule the life and death of the stars. They 
can be carriers of information from very far away!

Neutrino astronomy, direct test of stellar evolution…



Why neutrinos are so interesting?



The “desperate remedy”

n → p + e-

Visible decay products:

Violation of energy conservation (Bohr!) ?!? 

NO!

Pauli postulates the right reaction: 

Beta-particle 

energy

N

The neutrino was postulated by Wolfgang Pauli in 1930 as a 

“desperate remedy” to explain the continuous b-ray spectrum 

via a 3-body decay, rather than the expected 2-body decay  

2-body decay 

→ monochromatic 

electrons!

BUT 

experimentally:

continuous spectrum!

n → p + e- + ne



Neutrino properties
The neutrino from the b-decay: 

• must be very light, possibly massless:
(sometimes, the electron takes all the energy in the decay)

• must be electrically neutral:
(charge conservation in beta decay)

• is produced along with an electron:
(they can’t be made on their own...)

• must interact very rarely:
(it always escapes the detector without being seen)

1933 Fermi: theory of weak 

interactions (point-like)

→ neutrino created together 

with the charged lepton 

Fermi’s theory still stands! (Parity violation added in the 50’s)

GF

Properties 

still valid!



Neutrino’s detectability

➢ Luckily they were wrong… we can observe neutrinos e.g.
via the inverse b-decay (Fermi theory): same reaction as the 
production one, but “reversed” (Pontecorvo, 1955)

➢ Cowan & Reines (1956): (anti) neutrino observation!  

ne + p → n + e+

“I have done a terrible thing today by proposing a particle that cannot be detected; 

it is something that no theorist should ever do.” (Pauli)

After the calculation of n interaction length ~ some light years of lead! 

“[…] one obviously would never be able to see a neutrino” (Bethe & Peierls, 1934)



Neutrinos in the Standard Model

• Only weak interactions: that’s why they are so “elusive” 
→ to detect them we need a very large and massive detector 

and a powerful source of neutrinos!

• Neutrinos are produced in weak interactions together 
with their charged lepton: 

From LEP: Nn = 2.984 ± 0.008

only 3 “light” neutrinos (mn < MZ/2)

couple with the Z 

→ 3 n flavors, i.e. 3 lepton families

Before direct detection of nt! (DONUT, 2000)



(ne,m,t) (e,m,t) (ne,m,t)(ne,m,t)



Dirac Mass



Simplest SM extension: Dirac n mass



Simplest SM extension: Dirac n mass



3 generations Dirac n masses



3 generations Dirac n masses



Massive chiral lepton fields



Massive chiral lepton fields





Mixing



Mixing Matrix



Standard parametrization of PMNS



n oscillations in vacuum
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Two-n approximation





Two-n approximation



where













Neutrino oscillations: observation modes

Neutrino source:  na

Measure na flux at distance  L from source




−=
ab

abaa PP 1Disappearance probability 

n source 

Near detector:

measure n flux

Far detector : 

measure  Paa

n beam

Disappearance Mode 

Neutrino source:  na

Detect nb (b  a) at distance  L from  source

Appearance Mode 

  

 

Pab
Appearance probability 





The FASER experiment at CERN

(... fresh news from Moriond

• 1% of the pions with 
E > 10 GeV produced
at h > 9.2

• Deigned for DP and ALPs
• But also neutrinos!



... fresh news from Moriond ...



... fresh news from Moriond ...



... fresh news from Moriond)



n source Flavour Distance L Energy Min.  accessible Dm2

Sun ne ~1.5x108 km 0.2-15 MeV ~10−11 eV2

Cosmic rays
nm nm

ne ne

10 – 13000 

km

0.2 – 100 

GeV
~10−4 eV2

Nuclear 

reactors
ne 20m – 250 km <E> ≈ 3 MeV ~10−6 eV2

Accelerators
nm nm

ne ne

15m – 730 km
20 MeV –

100 GeV
~10−3 eV2

Searches for neutrino oscillations:
experimental parameters





… but some experimental facts came unexpected: 

the “solar neutrino problem”

Studying the “solar neutrinos” produced in the nuclear fusion in the Sun, 

predicted by the Standard Solar Model (SSM, Bahcall):

The Homestake Chlorine 
experiment

(Ray Davis, 600 ton chlorine tank)

37Cl + ne → 37Ar + e

•(1968, Davis and Bahcall experiment)

•Measured flux was only one third the predicted value !

•R = Data/SSM = 0.33 ± 0.01

The “neutrino puzzle”: beginning

Neutrino deficit!



Solar neutrino flux



Experimental summary





(Sign of the particles 

are neglected in this 

figure.)

Production of atmospheric neutrinos





Zenith angle 

distribution
SK:1289 days (79.3 kty)

m /e

DATA

m /e M C
= 0.638 

0.017  0.050 

Data

• Electron neutrinos = 

DATA and MC 

(almost) OK!

• Muon neutrinos = 

Large deficit of  DATA 

w.r.t.  MC !

Zenith angle distributions for e-like and µ-like contained atmospheric

neutrino events in SK. The lines show the best fits with (red) and without (blue) 

oscillations; the best-fit is Dm2 = 2.0 × 10−3 eV2 and sin2 2θ = 1.00.
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Under the hypothesis of two – neutrino mixing:

▪ Observation of an oscillation signal              allowed parameter region

in the [Dm2 , sin2(2)] plane consistent with the observed signal

▪ No evidence for oscillation         upper limit Pab <  P exclusion region

Very large Dm2 → very short oscillation length  l
→ average over source and detector dimensions:
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“Allowed” parameters region

90% C. L. allowed regions for νm → νt oscillations of  atmospheric 

neutrinos for Kamiokande, SuperK, Soudan-2 and MACRO.











 D
−=

n

nn 
mm E

Lm
P

2

22 27.1sin2sin1



Why not νμ→νe ?

Apollonio et al., CHOOZ Coll.,
Phys.Lett.B466,415



How to make a conventional neutrino beam



• Most of the neutrinos come from 

• Beam contamination comes from subsequent

– Estimate of the contamination: since muons and pions are relativistic, 

the ratio of muon to pion decays follows their lifetimes:

– Additional contribution from                         (at 10-4 level) 

– Also K+ are produced at the source (10% of +). But 5% of the decays 

are                . This increases the ne component of 0.1×0.05=0.005 

Beam composition



Off-axis beam

How to obtain a well 

focused neutrino beam

→Indirect “cleaning” of 

the intrinsic high 

energy ne component



K2K/Minos: confirm atmospheric

oscillations with a nm beam

EK2K ~1GeV=> L~250 km

ENumi ~3GeV => L~750 km



K2K (2006)

Atmospheric Oscillations confirmed

MINOS final result (2013, arXiv:hep-ex/1304.6335)

nm disappearance

nm disappearance

|Dm2| = 2.41 +0.009
–0.10 × 10-3 eV2

sin2(2) = 0.950 +0.035 
-0.036

sin2(2) > 0.890 (90% C.L.) 

Precise atmospheric oscillation parameter determination!

MINOS (2013)

http://arxiv.org/abs/1304.6335


GPS

Tflight = 2.44 msec

CERN

LNGS

< E    > 17.7 GeV

L 730 km

( ne + ne) / nm 0.87 %

nm / nm 2.1 %

nt prompt Negligible

nm

CNGS beam: tuned for

nt-appearance at LNGS

Appearance →

Maximize the number of

nt CC interactions at LNGS



First nt candidate

t → r (→ 0 -)  candidate



KamLAND results

64Maximiliano Sioli - Flavour Physics in the lepton sector

• Rate 

• Energy spectrum

• L/E plot



Oscillation parameters
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Matter effects (MSW)
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Matter effects (MSW)
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sng(Dm2
12) → Mass hierarchy
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Mass hierarchy
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CPV in the lepton sector
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CPV in the lepton sector
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Global analysis of the three-flavor 

neutrino oscillations
arXiv:2111.03086v2 [hep-ph]



(Fresh news from Moriond)
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Majorana mass in the EFT approach

79Maximiliano Sioli - Flavour Physics in the lepton sector



Majorana mass in the EFT approach
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NOvA on 23





The NOvA detectors

















T2K on dCP

















With such a huge dCP, can BAU be explained by early lepton 

imbalance “transported” in baryon imbalance by sphalerons?

(Fukugita and Yanagida, 1986)



• DUNE
– Near Detector at Fermilab

– Far Detector at SURF in South Dakota (USA)

– Baseline ~1300 km

– M ~40 kton of LAr

– Astrophysical neutrinos and proton decay

– Beam in 2026

• Hyper-Kamiokande
– Kamioka mine (near SK location)

– 1 Mton of ultra-pure water

– Similar physics program of DUNE (complementarity)

Future long-baseline programs

101



DUNE

102

17 kton (10 kton fiducial volume) for each module



DUNE



Single Phase

104



105



Dual Phase

Double-phase for charge readout to achieve electron amplification: 
long drift distances, low energy detection thresholds, improved S/N ratio





Hyper-Kamiokande





3n mixing paradigm



Absolute neutrino masses



Approaches to the neutrino mass scale





Predictions in the 3n framework



• Main requirements:

– Large enough number of 

electrons close to the endpoint

– Excellent energy resolution

– Small energy loss in the (thin) 

target

Working principle
• Ideal choice: gaseous Tritium

– Endpoint at 18.547 keV

– No molecular excitations above 

18.547 keV

– Ideally large sources

MAC-E spectrometer
(DE/E ~ 0.03%)



Upper limit on nm mass

mnm < 190 keV (90 % CL)

Phys. Rev. D 53 (1996) 6065



Upper limit on nt mass

118Maximiliano Sioli - Flavour Physics in the lepton sector

Two body decay:

Energy of the hadronic system in the lab:

for

where

depends on the neutrino mass

mnt < 18.2 MeV (95 % CL)

Eur. Phys. J. C 2 (1998) 395



Majorana fermions



Majorana fermions

Proof:



Majorana fermions

















0nbb decay

129
Maximiliano Sioli - Flavour Physics in the 

lepton sector



0nbb decay

130
Maximiliano Sioli - Flavour Physics in the 

lepton sector



Maximiliano Sioli - Flavour Physics in the 

lepton sector
131

0nbb decay for 3n mixing



Effective Majorana n mass
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0nbb decay predictions
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Experimental requirements
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90% C.L. experimental bounds
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Moore’s law of DBD

137Maximiliano Sioli - Flavour Physics in the lepton sector



Sterile neutrinos and 

Heavy Neutral Leptons



The quest for RH neutrinos



The see-saw mechanism

• If we diagonalize the mass matrix, we obtain two Majorana neutrinos with masses

mD
2/mR and mR. If the last is at the GUT scale, the first is in the ballpark of the active 

neutrino mass scale.

• Seesaw models called type I, type II, and type III introduce heavy states 

of mass mR that involve, respectively, weak-isospin singlets, scalar triplets, and 

fermion triplets.



Seesaw mechanisms

M. Sioli - ICHEP 2018 14107/07/2018

►The simplest parametrization to obtain n mass in the SM is through dim-5 operator:

“Open up” of dim-5 
operator in all 

minimal tree-level 
ways

Type-I: Fermion singlet Type-II: Scalar triplet Type-III: Fermion triplet

𝑚𝜈 = 𝑌𝑁
𝑇
1

𝑀𝑁
𝑌𝑁𝑣

2 𝑚𝜈 = 𝑌Δ
𝜇Δ

𝑀Δ
2 𝑣

2 𝑚𝜈 = 𝑌Σ
𝑇
1

𝑀Σ
𝑌Σ𝑣

2

(1 RH neutrino) (no RH neutrinos) (1 RH neutrino + 2 charged heavy leptons)

(1,1,0) (1,3,2) (1,3,0)Transform as:



Searches at colliders

Clean signature provided by same-sign

leptons pairs

• Good sensitivity to “high” mass scales

• Poor sensitivity to small mixing angles

• Enhance the sensitivity by looking for

“displaced” vertices (in the same 

detector of outside?)



Heavy n searches in minimal Type-I seesaw

M. Sioli - ICHEP 2018 14407/07/2018

JHEP07 (2015) 162

Run 1 searches at 𝑠 = 8 TeV (20.3 fb-1)
• Only SS lepton pairs considered in lljj final states
• Background from prompt SS leptons (diboson) and

prompt OS leptons (e.g. ttbar + charge-flip) 
• mjj as discriminant variable
• Limits in the mixing-mN plane

high-mass
short-lived

low-mass
long-lived

energy / intensity frontier complementarity







Gallium anomaly



Reactor anomaly



Appearance vs disappearance



Appearance vs disappearance
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