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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…

Unexpected particle still surprising us 

A bottom-up story! From phenomenology to theory

Starting from the neutrino particle itself…



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 history

 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)



Experimentally: weak interactions are not mirror-symmetric (P maximally violated) 

(Wu, 1957): 

• In the SM, neutrinos are created in chiral interactions (maximal parity violating in V-A 
chiral structure)

• The weak gauge bosons W± act on left-handed doublets (CC interactions)

n is left-handed (LH) (1957-58, Helicity of neutrinos = -1)

anti-n is right-handed (RH)

In the SM, only LH fields couple with W and Z bosons

SU(2)L x U(1) theory

RH fields are idle

 RH neutrinos cannot be created in weak interactions (as LH anti-neutrinos)

 So n do not participate in the Higgs mechanism: 

in the SM neutrinos are massless!

The two component explanation (Lee &Yang, ’50s) was so convincing that created a prejudice…

Drell: “[…] The success of the Standard Model was too dear to give up. ”

b-decay

Neutrinos in the SM

















… 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!



Deficit confirmed by other experiments, with different techniques:

Radiochemical experiments: Gallex/GNO and SAGE

R = Data/SSM = 0.56 ± 0.05

Water Cherenkov: Kamiokande

R = Data/SSM = 0.46 ± 0.13

“solar neutrino problem”: three possible explanations: 

 Solar neutrino flux is wrong? NO! Helioseismology independently confirmed the SSM

 Experimental errors? NO! All the following experiments confirmed the deficit

 Something happens to neutrinos along their travel… YES!

71Ga + ne  71Ge + e-

The “neutrino puzzle”

Already in 1969: neutrino flavor oscillation proposed by Pontecorvo & Gribov!

But very few physicists took the idea seriously at that time…



• In the  ‘70s, GUT theories predicted the proton decay with measurable livetime

 tp=1030±2 years

• Proton could decay in (for instance) pe+p0ne

• Underground Detectors: 103 m3, and mass 1kt (=1031 p)

• Main background : Atmospheric neutrinos interacting inside the experiment
 Water Cherenkov Experiments (IMB, Kamiokande)

 Tracking calorimeters (NUSEX, Fréjus, KGF)

 Result: NO p decay ! But some anomalies on the 
neutrino measurement!

Kamiokande

(Japan) 

1000ton

Neutrino anomaly complicate the “neutrino puzzle”

IMB 

(USA) 

3300ton



The recipes for the evaluation of the 

atmospheric neutrino flux

ee nnm

nmp

m

m









Experiments 

identify the n flavor

through the lepton 

produced in n-CC 

interaction



At higher energies most muons reach 
the Earth before decaying:

(increasing with E )        

Main sources of atmospheric neutrinos: 

p, K   m  + nm( nm)

 e  + ne( ne) + nm(nm)

2
nn

nn mm

ee

2
nn

nn mm

ee

“Atmospheric” neutrinos

For energies E < 2 GeV most pions and 
muons decay before reaching the Earth:

p, He, Fe …

Experiment examine the ratio-of ratios
(the production systematics cancels)

Water Cherenkov

Actually they measure

Tracking Detectors



Summary of results since the mid 1980's:

m /e D a ta

m /e MC

R’=

Water 

Cherenkov
Calorimeters

Double ratio between the number of 
detected and expected νμ and νe

Atmospheric neutrino anomaly

Later on…



First result on the m/e ratio (1988)

Kamiokande

(3000ton Water Ch.～1000ton fid. Vol.)

2.87 kton・year

Data MC 
prediction

e-like (～CC νe) 93 88.5

μ-like (～CC νμ) 85 144.0

“We are unable to explain the data as the 
result of systematic detector effects or 
uncertainties in the atmospheric neutrino 
fluxes. Some as-yet-unaccounted-for physics 
such as neutrino oscillations might explain 
the data.”   

Phys.Lett.B 205 (1988) 416.

Neutrino deficit in solar and atmospheric sectors: 

where are the missing neutrinos?



•The origin of the personality disorder is a quantum mechanical process called 

neutrino oscillations

•The weak interaction state is a coherent superposition of three mass eigenstates

 constructive interference between wave packets

•Typical quantum mechanical phenomenon: deal with a probability

n mass ≠ n weak

|ne , |nm , |nt =Weak Interactions (WI)  eigenstates

|n1 , |n2 , |n3 =Mass (Hamiltonian) eigenstates

Neutrinos propagate as a superposition of mass eigenstates

Neutrinos are created or annihilated as W.I. eigenstates

Neutrino oscillations
“Neutrinos have a multiple personality disorder” (Bahcall)





where



Why, if neutrinos and quarks are so similar, 

we do not study “quark oscillations”?

A question for you






i

iiU nn 

 

n i  Vi n





  e, m, t (flavour index)

i  1, 2, 3   (mass index )

Ui : unitary mixing matrix 

*)( ii UV  

Weak eigenstates ne, nm, nt are not mass eigenstates
The weak state does not have a definite mass, otherwise there would be no oscillation

They are linear superpositions of mass eigenstates n1, n2,n3 with masses m1, m2, m3

(CKM-like)

Neutrino mixing

Even if  the idea was old (Pontecorvo, 1957; Maki, Nakagawa, Sakata, 1962 ), the prediction 

came from proposal of neutrino oscillation to explain the experimental deficits



Neutrino oscillations: observation modes

Neutrino source:  n

Measure n flux at distance  L from source




-
b

b PP 1Disappearance probability 

n source 

Near detector:

measure n flux

Far detector : 

measure  P

n beam

Disappearance Mode 

Neutrino source:  n

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

Appearance Mode 

  

 

Pb
Appearance probability 



The problem of “missing neutrinos” can be resolved if neutrinos have mass: 

The interference pattern varies along the travelling path with different ratio of 

the flavors at any particular point. 
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Phenomenon described by:

3 angles + 1 CP phase + 2 (signed) m2 (+ 2 Majorana phases)

(Majorana

phase)

×diag(ei1/2, ei2/2 , 1)

Three neutrino mixing

The complex three neutrino mixture can be resolved in two sectors: 

atmospheric and solar neutrino oscillations are nearly decoupled 

(q13 is small and two of the mass states are very close compared to the third

Atmospheric Reactor Solar



Historical note:

Once the prejudice on massless

neutrinos was undermined, another 

theoretical prejudice (due to analogy 

with quark mixing):

small mixing angles!
(Experiments looking to large m2-small q, 

instead of small m2-large q)

Two flavor approximation: 

P(nl  nl’) = f(q, m2, L/En)





Super-Kamiokade detector

50,000 ton water Cherenkov detector
(22,500 ton fiducial volume)

１０００ｍ underground

11200 PMT(Inner detector)

1900 PMT(Outer detector)

３９ｍ

４
２
ｍ



Atmospheric neutrino events in SK

FC (fully contained)

n

・Both CC ne and nm (+NC)

・Need particle identification to separate 
ne and nm

Single Cherenkov 
ring electron-like 
event

Single 
Cherenkov 
ring muon-
like event

Color: timing

Size: pulse height

Outer detector 
(no signal)

nm,e



Zenith angle 

dependence is 

the smoking gun: 

different path L 

 different 

oscillation phase



Super-K 

@Neutrino98

SK concluded that the observed 
zenith angle dependent deficit (and 
the other supporting data) gave 
evidence for neutrino oscillations.

Fully-Contained, 1-ring events 

with Evisible > 1.33GeV 

+ Partially-Contained events



Super-K atmospheric neutrino data now

＋ DATA
― MC (no osc.)
― MC (best-fit)

Super-K-I+II+III (2806 days (173kton・yr) for FC+PC, 3109 days for up-m)

e
n
e
rg

y

e-like m-like

Best Fit:
m2 = 2.5 x 10-3 eV2

sin2 2q = 1.00



Main features of Macro as n detector

• Large acceptance (~10000 m2sr for an isotropic 

 flux) 

• Low downgoing m rate (~10-6 of the surface rate ) 

• ~600 tons of liquid scintillator to measure  T.O.F. 

(time resolution ~500psec) 

• ~20000 m2 of streamer tubes (3cm cells) for 

tracking (angular resolution < 1° )

More details in Nucl. Inst. and Meth. A324 (1993) 337.

MACRO At the Gran Sasso underground Lab, under 3600 m.w.e.



MACRO

upward 

through-

going m

Upward-

going PC

Upward stopping m

+ down-going PC

Down-going 
cosmic ray m

Upward 
through-
going m



MACRO: Zenith Angle Distributions

MACRO : L/En distribution

1.9 x 10-3 eV2 < m2 < 3.1 x 10-3 eV2

sin2 2q > 0.93  (90% CL) 



NO OSCILLATION HYPOTHESIS RULED OUT BY ~ 5 s

nm  nt best fit parameters

SOUDAN2  m2 = 5.2 10-3 eV2 ;  sin2 2q =1

MACRO      m2 = 2.3 10-3 eV2 ;  sin2 2q =1

SuperK m2 = 2.5 10-3 eV2 ;  sin2 2q =1

The 1998 revolution

q





Why not nm  ne?
Apollonio et al., CHOOZ Coll.,

Phys.Lett.B466,415
SK

The CHOOZ experiment excluded this area in the parameter plot

 nm  ne oscillations are not responsible of the atmospheric neutrino deficit



Long Baseline Accelerator Experiments

K2K (KEK to Kamioka beam ) Baseline 250 km
Near Detector and Far Detector (SuperK) <Eν> ~ 1 GeV
Ratio=measured/expected <1   ∆m23

2=2.8 10-3 eV2

MINOS on NuMI beam  from Fnal to Soudan Baseline 735 km

<Eν> ~ 3 GeV (L.E)
Near Detector (1kt) , Far Detector (5.5kt)
Ratio=measured/expected < 1    ∆m23

2=2.41 10-3 eV2

nm disappearance θ23, m23
2

Disappearance experiments

CNGS beam from CERN to Gran Sasso Baseline  732 km
Opera, Icarus-T600 at LNGS                                              <Eν> ~ 17 GeV

Appearance of nt in nm beam

Appearance experiments

i) confirm atmospheric neutrino oscillation

ii) precision measurements of  oscillation parameters

T2K (Tokai To Kamioka) Baseline 295 km
<Eν> ~ 0.6 GeV
“Off axis”  Super-beam , O(MW)
νe appearanceDetermine θ13   



How to make a conventional neutrino beam



K2K/Minos: confirm atmospheric

oscillations with a nm beam

EK2K ~1GeV=> L~250 km

ENumi ~3GeV => L~750 km



K2K
Two different
technologies:
Water & Iron

Far detector 5400 t Near detector 920t

MINOS

Identical
magnetized-iron -

scintillator calorimeters

Near  Far detector concept



K2K (2006)

Atmospheric Oscillations confirmed

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

nm disappearance

nm disappearance

|m2| = 2.41 +0.009
–0.10 × 10-3 eV2

sin2(2q) = 0.950 +0.035 
-0.036

sin2(2q) > 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 ( p0 p-)  candidate











Fresh results from Moriond 2017

NOvA on q23



























Fresh results from Moriond 2017

T2K on CP



















Fresh results from Moriond 2017

Double Chooz on q13















Fresh results from Moriond 2017

Global fits













Sterile neutrinos



























Fresh results from Moriond 2017

MINOS+ on sterile ns

























Fresh results from Moriond 2017

IceCube one sterile vs

















Fresh results from Moriond 2017

VSB reactors on sterile vs









Note on confidence regions



Confidence interval from the confidence belt

Find points where observed 

estimate intersects the 

confidence belt.  

The region between u(q) and vb(q) is called the confidence belt.

This gives the confidence interval [a, b]

Confidence level = 1 -  - b = probability for the interval to

cover true value of the parameter (holds for any possible true q).



Confidence intervals in practice

The recipe to find the interval [a, b] boils down to solving

→ a is hypothetical value of q such that 

→ b is hypothetical value of q such that



Confidence intervals by inverting a test

Confidence intervals for a parameter q can be found by 

defining a test of the hypothesized value q (do this for all q): 

Specify values of the data that are ‘disfavoured’ by q

(critical region) such that P(data in critical region) ≤ g

for a prespecified g, e.g., 0.05 or 0.1.

If data observed in the critical region, reject the value q .

Now invert the test to define a confidence interval as:

set of q values that would not be rejected in a test of

size g (confidence level is 1 - g ).

The interval will cover the true value of q with probability ≥ 1 - g.

Equivalent to confidence belt construction; confidence belt is 

acceptance region of a test.



Approximate confidence intervals/regions 
from the likelihood function

Suppose we test parameter value(s) θ = (θ1, ..., θn)  using the ratio

Lower λ(θ) means worse agreement between data and 

hypothesized θ.  Equivalently, usually define

so higher tθ means worse agreement between θ and the data.

p-value of θ therefore 

need pdf



Confidence region from Wilks’ theorem

Wilks’ theorem says (in large-sample limit and providing 

certain conditions hold...)

chi-square dist. with # d.o.f. = 

# of components in θ = (θ1, ..., θn).

Assuming this holds, the p-value is

To find boundary of confidence region set pθ= α and solve for tθ:

Recall also 



Statistical tests for a non-established signal 

(i.e. a “search”)

Consider a parameter m proportional to the rate of a signal

process whose existence is not yet established.

Suppose the model for the data includes both m and a set of

nuisance parameters θ.

To test hypothetical values of m , use profile likelihood ratio:

maximizes L for

specified m

maximize L



mtrue = F ( )



The acceptance zone for no oscillations (Hypothesis)

if the experiment
falls here, we
can reject the
hypothesis with 
90% CL





• Most of the slides have been freely stolen from the web. 
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– C. Giunti

– F. Jediný

– E. Lisi

– N. Mauri
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– A. Meregaglia

– T. Nakadaira

– T. Schwetz-Mangold
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