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WHY…

[CTEQ Summer School 2011]
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YEARS OF ASKING…
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WE KNOW WE DON’T KNOW…

Is there maximal mixing?
Is CP violated?

How many neutrinos are there?
Which neutrino is the heaviest?

How light is the lightest neutrino?
Are neutrinos and antineutrinos different particles?

Answers may come 
from Neutrino 
Oscillations

[Symmetry Magazine
Artwork by Sandbox Studio, 
Chicago with Corinne Mucha]

All Things Neutrino 
https://neutrinos.fnal.gov/
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https://www.symmetrymagazine.org/sites/default/files/images/hi-res/NeutrinoArePoster_Final_v2.pdf


• What is a neutrino
• The history
• Some neutrino sources (and experiments)
• Phenomenology

- oscillations – 2 and 3 neutrinos

• Open questions
- “Nature”
- Mass (scale and ordering)
- Mixture (octant -atmospheric sector-)

- Number of neutrinos (sterile)

• Summary

Outline
W e ’ l l  b e  t a l k i n g  a b o u t …
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What a Neutrino is

A “definition” and some basic facts
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A neutrino is…
D i f f e r e n t  w a y s  t o  d e f i n e  i t
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Neutrino: Uncharged elementary particle with a
very small mass, that has any of three forms and
that interacts only rarely with othe particles.

“Every particle and every wave in the 
Universe is simply and excitation of a 

quantum field that is defined over all space 
and time”

T. Lancaster, S.J. Blundell

Could be the reason why matter exists in 
the universe
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A neutrino is…
S o m e  f a c t s  a b o u t  n e u t r i n o s

• Most abundant (massive) particle

• Some contribution to Dark Matter

• Effects on the structure formation of the
universe

• Many sources

The Standard Model
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Neutrinos interact
W i t h i n  t h e  S t a n d a r d  M o d e l

NEUTRINO–ELECTRON INTERACTIONS 137
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e− νe

+ Z

νe νe

e− e−

(a) (b)

Fig. 5.1. The two tree-level Feynman diagrams for the elastic scattering process
νe + e− → νe + e−: charged current (a) and neutral current (b).

W

ν̄e e−

e− ν̄e

+ Z

ν̄e ν̄e

e− e−

(a) (b)

Fig. 5.2. The two tree-level Feynman diagrams for the elastic scattering process
ν̄e + e− → ν̄e + e−: charged current (a) and neutral current (b).

low-energy Lagrangian for the elastic scattering processes in eqns (5.6) and (5.7) is
given by

Leff(
(−)
νee

− →(−)
νee

−) = −GF√
2

{[
νe γρ

(
1 − γ5

)
e
] [

e γρ

(
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)
νe

]

+
[
νe γρ

(
1 − γ5

)
νe

] [
e γρ

(
gl

V − gl
Aγ5

)
e
]}

, (5.9)

with the coefficients gl
V and gl

A given in Table 3.6 (page 78). The first term on
the right-hand side is the charged-current contribution. The second term is the
neutral-current contribution. The charged-current contribution can be rearranged
with the Fierz transformation in eqn (2.508), leading to an expression which has the
same form as the neutral-current contribution. This allows us to write the effective
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Z
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e− e−
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Fig. 5.3. (a) Tree-level Feynman diagram for the elastic scattering process
(−)
νµ,τ + e− →(−)

νµ,τ + e−. (b) Tree-level Feynman diagram for the charged-current
process νµ + e− → νe + µ−.

low-energy Lagrangian in eqn (5.9) in the compact form

Leff(
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νee
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νee
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e
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(5.10)
On the other hand, the effective Lagrangian for the process in eqn (5.8) contains
only a neutral-current term:

Leff(
(−)
ναe− →(−)

ναe−) = −GF√
2

[
να γρ

(
1 − γ5

)
να

] [
e γρ

(
gl

V − gl
Aγ5

)
e
]

(α = µ, τ) .

(5.11)
Since the above processes and effective Lagrangians have similar structures,

they share some common important properties. The cross-sections are proportional
to G2

F. Since a cross-section has dimension (length)2 ∼ (energy)−2 and G2
F has

dimension (energy)−4, in order to write a cross-section, a factor with dimension
(energy)2 is needed. Let us consider the general process

νi + e−i → νf + e−f . (5.12)

In the center-of-mass frame the only quantity with dimension of squared energy
which depends only on the initial state is the total squared energy s = (Eνi + Eei)

2.
This is one of the three relativistic invariant Mandelstam variables20:

s = (pνi + pei)
2 = (pνf + pef)

2 , (5.13)

20 In eqn (5.14) we introduced the usual notation q for the four-momentum transfer,
q = pνi − pνf = pef − pei , and Q2 ≡ −q2. The reason for this definition is that q2 is
negative. This can be easily seen by calculating the Lorentz-invariant q2 in the laboratory
frame, where ei is at rest: q2 = −2meTe, where Te ≡ Tef is the kinetic energy of the recoil
electron.

( () )

CC CC

CC

NC NC

NC

The Interactions: neutrino – electron
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W i t h i n  t h e  S t a n d a r d  M o d e l

( () )

142 NEUTRINO INTERACTIONS
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Fig. 5.5. Neutrino–electron cross-sections in eqn (5.32) as functions of the neu-
trino energy Eν . Solid line: νe + e− → νe + e−. Dashed line: ν̄e + e− → ν̄e + e−.
Dotted line: νµ,τ +e− → νµ,τ +e−. Dash-dotted line: ν̄µ,τ +e− → ν̄µ,τ +e−. For
each scattering process the upper curve is the cross-section without a threshold
for the kinetic energy of the recoil electron, whereas the lower curve is obtained
with T th

e = 4.50 MeV, which corresponds to Eth
ν = 4.74 MeV, according to

eqn (5.31).

obtained [1038]
sin2 ϑW = 0.2324± 0.0058± 0.0059 , (5.34)

which is compatible with the Review of Particle Physics value in eqn (A.171),
obtained from measurements at e+e− collider experiments (see section 5.1.3).

5.1.2 Neutrino–electron quasielastic scattering

Muon neutrinos with energy above the µ production threshold can interact with
electrons through the quasielastic charged-current process

νµ + e− → νe + µ− . (5.35)

This process is sometimes called inverse muon decay.
In general, the threshold for a scattering process of type

ν + A →
∑

X

X . (5.36)

[C. Giunti & C.W. Kim, Funds. of Neutrinos Physics and Astrophysics (2007)]

Neutrinos interact

The Cross Section: neutrino – electron
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Neutrinos interact
W i t h i n  t h e  S t a n d a r d  M o d e l
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W+(q)

N(pN)

ν!(pν)

X(pX)

"−(p!)

d(pi)

W+(q)

N(pN )

ν!(pν)

u(pf)

"−(p!)

(a) (b)

Fig. 5.12. (a) Diagram of the ν!(pν)+N(pN ) → "−(p!)+X(pX) charged-current
DIS process at lowest order in the weak interaction perturbation expansion.
(b) Diagram of the same process in the quark–parton model, with elementary
W+(q) + d(pi) → u(pf) transition (see eqn (5.215)).

The neutrino and antineutrino DIS differential cross-sections are given by (see
Refs. [902, 227, 720])

d2σ
(−)
ν N

CC

dxdy
= σ0

CC

[
x y2 FW±N

1 + (1 − y)FW±N
2 ± x y

(
1 − y

2

)
FW±N

3

]
, (5.202)

with

σ0
CC =

G2
F

2π
s

(
1 +

Q2

m2
W

)−2

. (5.203)

The plus and minus signs in eqn (5.202) refer, respectively, to ν! and ν̄! scattering,
in which the vector boson absorbed by the nucleon are, respectively, a W+ and
a W−, as indicated by the superscripts of the structure functions FW±N

i . These
are real functions of two independent kinematical variables which depend on the
four-momentum transfer q. It is common to choose FW±N

i = FW±N
i (x, Q2). Isospin

symmetry implies that (see Ref. [227])

FW+p
i = FW−n

i , FW+n
i = FW−p

i . (5.204)

Many experiments use so-called isoscalar targets, composed of nuclei with an equal
number of protons and neutrons. In this case, the average neutrino and antineutrino
cross-sections are given by

d2σ
(−)
ν

CC

dxdy
=

1

2



d2σ
(−)
ν p

CC

dxdy
+

d2σ
(−)
ν n

CC

dxdy





= σ0
CC

[
x y2 FW±

1 + (1 − y)FW±

2 ± x y
(
1 − y

2

)
FW±

3

]
, (5.205)
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Fig. 5.14. (a) Diagram of the
(−)
ν!(pνi)+N(pN ) →(−)

ν!(pνf)+X(pX) neutral-current
DIS process at lowest order in the weak interaction perturbation expansion.
(b) Diagram of the same process in the quark–parton model, with elementary
Z(q) + u(pi) → u(pf) transition (see eqn (5.255)).

[599, 601] and an experiment at Fermilab [207], together with the observation of ν̄µ+
e− → ν̄µ +e− reactions in the Gargamelle experiment [600], led to the experimental
confirmation of the existence of the neutral-current interactions predicted by the
SM.

The kinematical variables are the same as in the charged-current DIS processes
discussed in section 5.3.3, with the obvious replacements pν → pνi , p! → pνf , where
pνi and pνf are, respectively, the four-momenta of the initial and final neutrinos. The
NC DIS processes are mediated by exchange of a Z-boson, as shown in Fig. 5.14a,
with differential cross-sections given by

d2σ
(−)
ν N

NC

dxdy
= σ0

NC

[
x y2 FZN

1 + (1 − y)FZN
2 ± x y

(
1 − y

2

)
FZN

3

]
, (5.253)

where

σ0
NC =

G2
F

2π
s

(
1 +

Q2

m2
Z

)−2

. (5.254)

The plus and minus signs in eqn (5.253) refer, respectively, to ν! and ν̄! scattering.
For Q2 # m2

Z , we have σ0
NC $ σ0

CC (see eqn (5.203)).
In the quark–parton model, the elementary Z-quark and Z-antiquark processes

which contribute to NC neutrino–nucleon DIS are

Z + q → q , Z + q̄ → q̄ . (5.255)

The elementary Z-u process is illustrated in Fig. 5.14b. The quark and antiquark
contributions to the structure functions are given by

FZN
1,Q =

1

2

[
(gq

V )2 + (gq
A)2

]
fN

q (x) , FZN
1,q̄ =

1

2

[
(gq

V )2 + (gq
A)2

]
fN

q̄ (x) ,

(5.256)
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The Interactions: neutrino – nucleon DIS

Quark-Parton Model

( )( )
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Neutrinos interact
W i t h i n  t h e  S t a n d a r d  M o d e l
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in which the vector boson absorbed by the nucleon are, respectively, a W+ and
a W−, as indicated by the superscripts of the structure functions FW±N
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[J.A. Formaggio & G.P. Zeller, Rev.Mod.Phys. 84 (2012)]

Total CC cross section
• QE: Quasi-Elastic
• RES: Resonance production
• DIS: Deep Inelastic Scattering
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Neutrino History

How we got here…
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A historic review
T h e  i n i t i a l  p r o b l e m

Beta Decay Expectation: two-body decay energy spectrum
Trouble with Beta Decays

James Chadwick
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Pr
ob

ab
ilit

y

0

0.25

0.5

0.75

1

Beta Energy
0 2 4 6 8 10 12 14 16 18 20 22 24 26

Expected beta decay spectrum

E =

"
m2

i �m2
f �m2

e

2m2
i

#
c2

<latexit sha1_base64="CzbQm+ocqvi2pAEDBh5wjb1UIC4="></latexit><latexit sha1_base64="CzbQm+ocqvi2pAEDBh5wjb1UIC4="></latexit><latexit sha1_base64="CzbQm+ocqvi2pAEDBh5wjb1UIC4="></latexit>

! +! +

(A,Z) ! (A,Z + 1) + �
<latexit sha1_base64="/sL9N96YxK9qiXblC131E4ds9pA=">AAACEHicdVBLSgNBEO3x/zcqrtw0BkFRhk78JNn52bhUMComIfR0arSxp2forhHCkFN4Ard6Alfi1ht4AO9h5yOo6IOmH+9VUVUvSJS0yNi7NzQ8Mjo2PjE5NT0zOzefW1g8t3FqBFRFrGJzGXALSmqookQFl4kBHgUKLoLbo65/cQfGylifYTuBRsSvtQyl4OikZm55/WDraqOOcfffLGxs1gNA3szlmV9mRbZToswvVUrblb0+KZZ3acFnPeTJACfN3Ee9FYs0Ao1CcWtrBZZgI+MGpVDQmaqnFhIubvk11BzVPALbyHrrd+iaU1o0jI17GmlP/d6R8cjadhS4yojjjf3tdcW/vFqKYbmRSZ2kCFr0B4WpohjTbha0JQ0IVG1HuDDS7UrFDTdcoEvsx5QQ2jpKOi6Xr+Pp/6Ra9Cs+O93J7x8OApogK2SVrJMCKZF9ckxOSJUIkpEH8kievHvv2XvxXvulQ96gZ4n8gPf2CbqBnBA=</latexit><latexit sha1_base64="/sL9N96YxK9qiXblC131E4ds9pA=">AAACEHicdVBLSgNBEO3x/zcqrtw0BkFRhk78JNn52bhUMComIfR0arSxp2forhHCkFN4Ard6Alfi1ht4AO9h5yOo6IOmH+9VUVUvSJS0yNi7NzQ8Mjo2PjE5NT0zOzefW1g8t3FqBFRFrGJzGXALSmqookQFl4kBHgUKLoLbo65/cQfGylifYTuBRsSvtQyl4OikZm55/WDraqOOcfffLGxs1gNA3szlmV9mRbZToswvVUrblb0+KZZ3acFnPeTJACfN3Ee9FYs0Ao1CcWtrBZZgI+MGpVDQmaqnFhIubvk11BzVPALbyHrrd+iaU1o0jI17GmlP/d6R8cjadhS4yojjjf3tdcW/vFqKYbmRSZ2kCFr0B4WpohjTbha0JQ0IVG1HuDDS7UrFDTdcoEvsx5QQ2jpKOi6Xr+Pp/6Ra9Cs+O93J7x8OApogK2SVrJMCKZF9ckxOSJUIkpEH8kievHvv2XvxXvulQ96gZ4n8gPf2CbqBnBA=</latexit><latexit sha1_base64="/sL9N96YxK9qiXblC131E4ds9pA=">AAACEHicdVBLSgNBEO3x/zcqrtw0BkFRhk78JNn52bhUMComIfR0arSxp2forhHCkFN4Ard6Alfi1ht4AO9h5yOo6IOmH+9VUVUvSJS0yNi7NzQ8Mjo2PjE5NT0zOzefW1g8t3FqBFRFrGJzGXALSmqookQFl4kBHgUKLoLbo65/cQfGylifYTuBRsSvtQyl4OikZm55/WDraqOOcfffLGxs1gNA3szlmV9mRbZToswvVUrblb0+KZZ3acFnPeTJACfN3Ee9FYs0Ao1CcWtrBZZgI+MGpVDQmaqnFhIubvk11BzVPALbyHrrd+iaU1o0jI17GmlP/d6R8cjadhS4yojjjf3tdcW/vFqKYbmRSZ2kCFr0B4WpohjTbha0JQ0IVG1HuDDS7UrFDTdcoEvsx5QQ2jpKOi6Xr+Pp/6Ra9Cs+O93J7x8OApogK2SVrJMCKZF9ckxOSJUIkpEH8kievHvv2XvxXvulQ96gZ4n8gPf2CbqBnBA=</latexit>

c. 1927

[A
.T.M

astbaum
,87th

A
rthur

H
.Com

pton
Lecture

Series
(2018)]

VII UniAndes SPP, 14 M.A. Acero Ortega

https://hep.uchicago.edu/~mastbaum/compton/


A historic review
T h e  i n i t i a l  p r o b l e m

Beta Decay

“Energy is not conserved.”
N. Bohr

Measurement: two-body decay energy spectrum?
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Trouble with Beta Decays

James Chadwick

Ellis Drummond 14

Measurement of beta decay spectrum

! +! +

(A,Z) ! (A,Z + 1) + �
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A historic review
A  p r o p o s a l

“(…), the possibility that in the nuclei there could exist electrically neutral particles, which
I will call neutrons, that have spin 1/2 and obey the exclusion principle and that further
differ from light quanta in that they do not travel with the velocity of light.”

“Dear Radioactive Ladies and Gentlemen”
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A historic review
T h e  s o l u t i o n

Beta Decay

Energy is conserved!

Observation: energy spectrum is continuous!
Trouble with Beta Decays

James Chadwick

Ellis Drummond 14

Measurement of beta decay spectrum

! +! +

(A,Z) ! (A,Z + 1) + �
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c. 1927

Option 1: Energy just disappears. 
Energy isn't conserved in the universe, physics 
goes back to the drawing board.

Option 2: Some invisible participant 
is carrying some energy away. 
We invent an new decay product which shares 
the energy and somehow evades detection.

18

Trouble with Beta Decays
Beta Decay Nucleus emits an electron ("beta")

Neutrinos!

! +! + +

(A,Z) ! (A,Z + 1) + � + ⌫̄e
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T h e o r y  a n d  E x p e r i m e n t
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Enrico Fermi
• Effective theory of week interactions 

(1934)
• Neutrino (little neutral one) got his 

name!

Hans Bethe and Rudolf Peierls
• Cross section calculations (𝝈 < 𝟏𝟎!𝟒𝟒 𝐜𝐦𝟐)

Ettore Majorana
• Neutrinos could be their own 

antiparticles (1937)

Frederick Reines and Clyde Cowan Jr.
• First evidence of neutrinos (1956) –

Savannah River Nuclear Reactor Plant
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Enrico Fermi
• Effective theory of week interactions 

(1934)
• Neutrino (little neutral one) got his 

name!

Hans Bethe and Rudolf Peierls
• Cross section calculations (𝝈 < 𝟏𝟎!𝟒𝟒 𝐜𝐦𝟐)

Ettore Majorana
• Neutrinos could be their own 

antiparticles (1937)

Frederick Reines and Clyde Cowan Jr.
• First evidence of neutrinos (1956) –

From Project Poltergeist to the  
Savannah River Nuclear Reactor Plant

Hunting the Neutrino
Plan A: Project Poltergeist

In 1951, when Fred Reines first contemplated 
an experiment to detect the neutrino, this 
particle was still a poltergeist, a fleeting yet

haunting ghost in the world of physical reality. 
All its properties had been deduced but only 
theoretically. Its role was to carry away the missing
energy and angular momentum in nuclear beta

Number 25  1997  Los Alamos Science  Los Alamos Science Number 25  1997

Detecting the Poltergeist
The Reines-Cowan Experiments

decay, the most familiar and widespread 
manifestation of what is now called the weak
force. The neutrino surely had to exist. But some-
one had to demonstrate its reality. The relentless
quest that led to the detection of the neutrino 
started with an energy crisis in the very young
field of nuclear physics.

Savannah Team 1955

The Hanford Team: (on facing page, left to right, back row) F. Newton Hayes, Captain W. A. Walker, T. J. White, Fred Reines, 
E. C. Anderson, Clyde Cowan, Jr., and Robert Schuch (inset); not all team members are pictured.
The Savannah River Team: (clockwise, from lower left foreground) Clyde Cowan, Jr., F. B. Harrison, Austin McGuire, Fred Reines, 
and Martin Warren; (left to right, front row) Richard Jones, Forrest Rice, and Herald Kruse. 

1953-1956

Hanford Team 1953

Los Alamos Science 25 (1997)
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A historic review
T h e  r e c o g n i t i o n s

1988: "for the
neutrino beam
method and the
demonstration of 
the doublet
structure of the
leptons through
the discovery of 
the muon 
neutrino."

1995: "for the
detection of the

neutrino."

2002: "for
pioneering
contributions to 
astrophysics, in 
particular for the
detection of 
cosmic
neutrinos"

2015: "for the
discovery of 

neutrino 
oscillations, 

which shows 
that neutrinos 

have mass."
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Neutrino Sources

Where do they come from?
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Where they come from

• Many sources

Neutrino Energy (eV)
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[J.L. Hewett et al., arXiv:1401.6077 (2014)] [E. Vitagliano, I. Tamborra, G. Raffelt, Rev.Mod.Phys.92 (2020)]
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Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d

Atmospheric Neutrinos

[T. Kajita, Proc Jpn Acad Ser B Phys Biol Sci. (2010)]

Cosmic rays: protons (other heavy nuclei)

Interactions with the nuclei in the atmosphere

Pions
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Atmospheric Neutrinos – Flux Measurement
ATMOSPHERIC NEUTRINOS 391

ν̄µ

νµ ν̄µ

π+ π−

νµ

e−

ν̄e
νe

µ+

µ−

e+

p

Fig. 11.1. Schematic view of neu-
trino production by cosmic-ray
proton interactions in the atmo-
sphere, with generation of pions
and muons.
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Fig. 11.2. Distributions of neutrino ener-
gies that give rise to four classes of
events [489]. Sub-GeV and multi-GeV
refer to contained events in Kamiokande
and Super-Kamiokande. Stopping and
through-going muons refer to neutrino-in-
duced muons produced outside the detec-
tor.

and in the East Rand Proprietary Gold Mine in South Africa [900]. Both experi-
ments were located very deep underground, with overburdens of about 8000 mwe60.
The detectors were made of scintillator, which recorded the tracks of muons. Deep
underground the residual secondary cosmic-ray muon flux is strongly peaked in the
downward-going vertical direction. On the other hand, the atmospheric neutrino
flux is almost isotropic and can generate upward-going and horizontal muons by
interacting with the rock surrounding the detector. Nowadays detectors can distin-
guish upward-going muons from the downward-going secondary cosmic-ray muons,
but at that time it was only possible to reveal the atmospheric neutrino flux by
measuring horizontal muons. The events reported by the Indian and South-African
experiments were of horizontal type, with a very low probability of being generated
by cosmic-ray muons. In the following years, the observation with scintillator detec-
tors of muons generated in the rock by atmospheric neutrinos continued in India
[704, 705], in South Africa [901, 341], in Utah (USA) [211], and in the Baksan
Laboratory in Russia [260, 261, 65].

In the second half of the 1980s, atmospheric neutrinos began to be observed by
the large underground Kamiokande [614, 840, 621, 474, 603] and IMB [581, 243, 306,
199, 200, 322] water Cherenkov experiments, which have been built for the search
of nucleon decay. These detectors could observe events generated by atmospheric
neutrino interactions in the detector, as well as upward-going muons generated
by atmospheric neutrino interactions in the rock below the detector. Initially, the
interactions of atmospheric neutrinos in the detectors were mainly considered as a

60 For an explanation of mwe units, see footnote 54 on page 367.

Wide range energy spectrum
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Flux is measured by detecting charged leptons

Contained Events: neutrinos inside the detector

Stopping Muons: tracks of muons stop in the detector 
from neutrinos in the rock outside the detector

Through-Going Muons: tracks of muons traverse the 
detector from neutrinos in the rock outside the detector

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d

VII UniAndes SPP, 25 M.A. Acero Ortega



Atmospheric Neutrinos Kamiokande and Super-Kamiokande

[Super-Kamiokande home page]

Observes neutrinos using a huge water tank with 
~13000 PMTs.
When a neutrino enters the detector and 
interacts with water, Cherenkov light is emitted.

[Super-Kam
iokande

hom
e

page]
Sources

W h e r e  n e u t r i n o s  a r e  p r o d u c e d
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Atmospheric Neutrinos Kamiokande and Super-Kamiokande

Observes neutrinos using a huge water tank with ~13000 PMTs.
When a neutrino enters the detector and 
interacts with water, Cherenkov light is emitted.

L’esperimento Super-Kamiokande

50000 tonnellate di acqua in una miniera in Giappone

3(6)THE NOBEL PRIZE IN PHYSICS 2015 ê THE ROYAL SWEDISH ACADEMY OF SCIENCES ê HTTP://KVA.SE

faster than light in vacuum. In the water, the light is slowed down to 75 per cent of its maximum speed, 

and can be “overtaken” by the charged particles. The shape and intensity of the Cherenkov light reveals 

what type of neutrino it is caused by, and from where it comes.

A solution to the enigma

During its first two years of operation, Super-Kamiokande sifted out about 5,000 neutrino signals. This 

was a lot more than in previous experiments, but still fewer than what was expected when scientists esti-

mated the amount of neutrinos created by the cosmic radiation. Cosmic radiation particles come from all 

directions in space and when they collide at full speed with molecules in the Earth’s atmosphere, neutrino 

showers are produced.

Super-Kamiokande caught muon-neutrinos coming straight from the atmosphere above, as well as those 

hitting the detector from below after having traversed the entire globe. There ought to be equal numbers 

of neutrinos coming from the two directions; the Earth does not constitute any considerable obstacle to 

them. But the muon-neutrinos that came straight down to Super-Kamiokande were more numerous than 

those first passing through the globe. 

This indicated that muon-neutrinos that travelled longer had time to undergo an identity change, which 

was not the case for the muon-neutrinos that came straight from above and only had travelled a few dozen 

kilometres. As the number of electron-neutrinos arriving from different directions were in agreement with 

expectations, the muon-neutrinos must have switched into the third type – tau-neutrinos. However, their 

passage could not be observed in the detector.

Muon-neutrinos 
give signals in
the water tank.

COSMIC 
RADIATION

ATMOSPHERE

SUPER-
KAMIOKANDE

Light detectors 
measuring Cherenkov 
radiation

1 000 m

Muon-neutrinos 
arriving directly 
from the 
atmosphere

Muon-neutrinos 
that have travelled 
through the Earth

CHERENKOV 
RADIATION

PROTECTING 
ROCK

40 m

SUPER-
KAMIOKANDE

NEUTRINOS FROM 
COSMIC RADIATION

KAMIOKA, JAPAN

MUON-
NEUTRINO

Super-Kamiokande detects atmospheric neutrinos. When a neutrino collides with a water molecule in the tank, a rapid, electrically 

charged particle is created. This generates Cherenkov radiation that is measured by the light sensors. The shape and intensity of the 

Cherenkov radiation reveals the type of neutrino that caused it and from where it came. The muon-neutrinos that arrived at Super-

Kamiokande from above were more numerous than those that travelled through the entire globe. This indicated that the muon-

neutrinos that travelled longer had time to change into another identity on their way.

C. Giunti � Fisica del Neutrino � Accademia delle Scienze � Torino � 31/1 & 7/2 2019 � 63/120

[C. Giunti, Accademia delle Scienze (2019)]
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Atmospheric Neutrinos IceCube

IceCube (Very) High energy
neutrinos – Source searches
https://icecube.wisc.edu/

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d
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Atmospheric Neutrinos IceCube

IceCube (Very) High energy
neutrinos – Source searches
https://icecube.wisc.edu/

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d
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Solar Neutrinos
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Sun powered by thermonuclear reactions:

pp chain – CNO cycle

The Sun with 
neutrinos

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d
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https://andromedageek.wordpress.com/2015/02/28/how-does-the-sun-shine-part-4-the-solar-neutrino-problem/


[C. Giunti & C.W. Kim, Funds. of Neutrinos Physics and Astrophysics (2007)]

Solar Neutrinos pp chain CNO cycle354 SOLAR NEUTRINOS

(pp) p + p → 2H + e+ + νe

99.6%
!!!!!!!!!!!!

(pep)p + e− + p → 2H + νe

0.4%
""""""""""""

#
2H + p → 3He + γ

""""""""""""""""""85%

#
3He + 3He → 4He + 2 p

ppI

!!!!!!!!!!!!!!!!!! 2 × 10−5%

#
3He + p → 4He + e+ + νe

(hep)#15%

3He + 4He → 7Be + γ

$$$$$$$$$99.87%

#
7Be + e− → 7Li + νe(7Be)

#
7Li + p → 2 4He

ppII

%%%%%%%%% 0.13%

#
7Be + p → 8B + γ

#
8B → 8Be∗ + e+ + νe (8B)

#
8Be∗ → 2 4He

ppIII

Fig. 10.1. The pp chain of stellar thermonuclear reactions. The produced
neutrinos are typed in boldface characters. The traditional names of the neu-
trino-producing reactions and the corresponding neutrino fluxes are given in
parentheses. The underlined labels indicate the three main branches of the pp
chain.

The electron neutrinos produced in the process in eqn (10.2) in the core of
the Sun can be detected on the Earth. They provide a unique direct probe of the
interior of the Sun.

In order to understand the basic principles of energy generation in the core of
the Sun, let us consider a generic nuclear reaction

A + B → anything (10.4)

occurring in a stellar gas where there are NA and NB particles per unit volume of
type A and B, respectively. The cross-section σ of the process in eqn (10.4) depends
only on the relative velocity v and one can consider either A or B as a projectile
and the other as a target. Let us consider A as the projectile, with velocity v, and
B as the target at rest. The rate of reaction for each projectile particle A is given
by the cross-section σ times the number density NB of targets. Since the flux of
projectiles is NAv, the rate of the reaction in eqn (10.4) per unit volume is given

THERMONUCLEAR ENERGY PRODUCTION 355

12C + p → 13N + γ ! 13N → 13C + e+ + νe (13N)

"
13C + p → 14N + γ

"
14N + p → 15O + γ#15O → 15N + e+ + νe(15O)

$

15N + p → 12C + 4He

$

CN!"
#$!

"
#

$

"
15N + p → 16O + γ

"
16O + p → 17F + γ ! 17F → 17O + e+ + νe (17F)

$

17O + p → 14N + 4He

$

99.9%

0.1%

Fig. 10.2. The CNO cycle of stellar thermonuclear reactions. The produced
neutrinos are typed in boldface characters. The traditional names of the neu-
trino-producing reactions and the corresponding neutrino fluxes are given in
parentheses.

by

RAB =
NA NB 〈σv〉AB

1 + δAB
, (10.5)

where 〈σv〉AB is the average of the product σv over the thermal distribution of
velocities in the hot gas and the Kronecker delta prevents double counting of iden-
tical particles. Using a Maxwell–Boltzmann velocity distribution, one obtains (see
Refs. [909])

〈σv〉AB =

√
8

πµ (kBT )3

∫ ∞

0
dE σ(E)E exp

(
− E

kBT

)
, (10.6)

where T is the temperature, kB = 8.617× 10−5 eVK−1 is the Boltzmann constant,
E = 1

2 µ v2 is the center-of-mass kinetic energy, and µ = mAmB/(mA + mB) is
the reduced mass of the system of interacting particles. The energy distribution
is proportional to E for E & kBT , reaches a peak at E = kBT , and decreases
proportionally to exp(−E/kBT ) for E ' kBT .

In the formation of a star, the gas is initially heated by the contraction of the
proto-stellar cloud under the force of gravity until it reaches a temperature sufficient
for the onset of thermonuclear reactions. The central temperature of the Sun is
about 1.5 × 107 K and the gas is in the form of plasma, with ionized atoms that
carry positive charges. In particular, protons (1H nuclei) are stripped of electrons.
In order to ignite the nuclear reaction, the positive A and B ions must overcome
the repulsive Coulomb force, whose potential energy is given by

VC(r) =
ZA ZB α

r
, (10.7)

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d
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[A. Gallo Rosso et al., Eur.Phys.J. Plus 133 (2018)]

Solar Neutrinos Fluxes according to the SSM The experiments

(c
m
-2
s-1
M
eV

-1
)

Borexino

GALLEX
GNO
SAGE

Homestake
Kamiokande
Super-Kamiokande
SNO – SNO+

Liquid Scintillator Detector

Radioactive Experiment

Water Cherenkov Detector

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d
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Solar Neutrinos Borexino

Stainless Steel SphereExternal water tank

Nylon Inner Vessel

Nylon Outer Vessel

Fiducial volume

Internal
PMTs

Scintillator

Buffer

Water
Ropes

Steel plates
for extra
shielding

Borexino Detector

Muon
PMTs

[The Borexino Coll., NIMA 600 (2009)]
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A decisive piece of the puzzle fell in place when Sudbury Neutrino Observatory, SNO, performed their measure-

ments of neutrinos arriving from the Sun, where the nuclear processes only give rise to electron-neutrinos. Two 

kilometres below the Earth’s surface the rushing electron-neutrinos were monitored by 9,500 light detectors in 

a tank filled with 1,000 tonnes of heavy water. It is different from ordinary water in that each hydrogen atom in 

the water molecules has an extra neutron in its nucleus, creating the hydrogen isotope deuterium. 

The deuterium nucleus offers additional possibilities for the neutrinos to collide in the detector. For some 

reactions only the amount of electron-neutrinos could be determined, while others allowed scientists to 

measure the amount of all three types of neutrinos together, without distinguishing them from each other.

Since only electron-neutrinos were supposed to arrive from the Sun, both ways of measuring the number 

of neutrinos should yield the same result. Hence, if the detected electron-neutrinos were fewer in number 

than all three neutrino types together, this would indicate that something had happened to the electron-

neutrinos during their 150 million kilometre long journey from the Sun. 

Out of the over 60 billion neutrinos per square centimetre that every second reach the Earth on their 

way from the Sun, the Sudbury Neutrino Observatory captured only three per day during its first two 

years of operation. This corresponded to a third of the expected number of electron-neutrinos that should 

have been caught in the detector. Two thirds had disappeared. The sum however, if counting all three types 

together, corresponded to the expected number of neutrinos. The conclusion was that the electron-neutrinos 

must have changed identities on the way. 

SUDBURY NEUTRINO OBSERVATORY (SNO)

SNO

ONTARIO, CANADA

Electron-neutrinos 
are produced in the 
solar core. 

2 100 m

18 m

CHERENKOV 
RADIATION

NEUTRINOS FROM
THE SUN

PROTECTING ROCK

HEAVY
WATER

Both electron neutrinos 
alone and all three types of 
neutrinos together give sig-
nals in the heavy water tank.

Sudbury Neutrino Observatory detects neutrinos from the Sun, where only electron-neutrinos are produced. The reactions between 

neutrinos and the heavy water in the tank yielded the possibility to measure both electron-neutrinos and all three types of neutrinos 

combined. It was discovered that the electron-neutrinos were fewer than expected, while the total number of all three types of neutrinos 

combined still corresponded to expectations. The conclusion was that some of the electron-neutrinos had changed into another identity.

C. Giunti � Fisica del Neutrino � Accademia delle Scienze � Torino � 31/1 & 7/2 2019 � 83/120

[C. Giunti, Accademia delle Scienze (2019)]
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Solar Neutrinos Borexino
[The Borexino Coll., Nature 587 (2020)]

Stainless Steel SphereExternal water tank

Nylon Inner Vessel

Nylon Outer Vessel

Fiducial volume

Internal
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Scintillator
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Water
Ropes

Steel plates
for extra
shielding

Borexino Detector

Muon
PMTs

[The Borexino Coll., NIMA 600 (2009)]
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Reactor Neutrinos Electron antineutrinos: beta-decay chain of the fission products
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Reactor Neutrinos Electron antineutrinos detection: inverse neutron decay

Visible Energy 𝐸! +𝑚!, and the positron annihilates
with a surrounding electron.

Events vs. Background: Coincidence
Ø Prompt positron signal
Ø Neutron nuclear capture (delayed)

Neutrino – Positron energy relation

Threshold energy

[S. Cebrián, Science in School 19 (2011)]

Sources
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Reactor Neutrinos Some experiments

Flux measurements compared to expectation
o ILL
o Gosgen
o Rovno
o Krasnoyarsk 
o Bugey
o Savanah River

o CHOOZ
o Palo Verde

o KamLAND

Electron Antineutrino disappearance!

[Kam
LA

N
D

Collaboration,PRL
90

(2003)]
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Fig. 12.3. The ratio of measured to expected ν̄e flux of different reactor neutrino
experiments as a function of their source–detector distance. The shaded region
indicates the range of flux predictions corresponding to the 95% CL LMA region
found in a global analysis of the solar neutrino data [450]. The dotted curve
corresponds to the best-fit values ∆m2

sol = 5.5× 10−5 eV2 and sin2 2ϑsol = 0.83.
Figure from Ref. [398].

− Reactors require shutdowns for refueling every 12–24 months. The temporal
flux modulation due to these shutdowns can be used to check the background
subtraction methods.

− The intensity of the ν̄e flux is proportional to the thermal power of the reactor,
which is monitored with accuracy better than 1% by the power plant opera-
tors. Also the initial isotope composition of the nuclear fuel is known with high
accuracy.

− Several SBL reactor neutrino oscillation experiments (see section 12.2.1) mea-
sured antineutrino fluxes and energy spectra in agreement with the calculations.
Since these measurements have been done at several different source–detector
distances, it is safe to assume that they represent direct determinations of the
antineutrino spectrum produced in a reactor. These measurements have been
used to reduce the uncertainty of the calculated antineutrino spectrum for LBL
experiments.

Figure 12.3 shows the ratio of measured to expected ν̄e flux of different reac-
tor neutrino experiments as a function of their source–detector distance L. The
experiments with L ∼ 10–100 m are short-baseline (SBL) experiments, the two
experiments (CHOOZ and Palo Verde) with L ∼ 1 km are long-baseline (LBL)
experiments, and the experiment (KamLAND) with L ∼ 200 km is the only very-
long-baseline (VLBL) experiment. These types of reactor experiments are discussed,
respectively, in the following subsections 12.2.1, 12.2.2, and 12.2.3. From Fig. 12.3,
one can see that SBL and LBL reactor experiments, which did not have a suffi-
cient source–detector distance, were not sensitive to the disappearance of ν̄e due to
the small solar ∆m2. As explained in section 12.1, the sensitivity to small values

Short Baseline

Long Baseline

Very Long Baseline

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d
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Reactor Neutrinos Some experiments

Flux measurements compared to expectation
o KamLAND

Electron Antineutrino disappearance!

[Kam
LA

N
D

Collaboration,PRL
90

(2003)]
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Fig. 12.3. The ratio of measured to expected ν̄e flux of different reactor neutrino
experiments as a function of their source–detector distance. The shaded region
indicates the range of flux predictions corresponding to the 95% CL LMA region
found in a global analysis of the solar neutrino data [450]. The dotted curve
corresponds to the best-fit values ∆m2

sol = 5.5× 10−5 eV2 and sin2 2ϑsol = 0.83.
Figure from Ref. [398].

− Reactors require shutdowns for refueling every 12–24 months. The temporal
flux modulation due to these shutdowns can be used to check the background
subtraction methods.

− The intensity of the ν̄e flux is proportional to the thermal power of the reactor,
which is monitored with accuracy better than 1% by the power plant opera-
tors. Also the initial isotope composition of the nuclear fuel is known with high
accuracy.

− Several SBL reactor neutrino oscillation experiments (see section 12.2.1) mea-
sured antineutrino fluxes and energy spectra in agreement with the calculations.
Since these measurements have been done at several different source–detector
distances, it is safe to assume that they represent direct determinations of the
antineutrino spectrum produced in a reactor. These measurements have been
used to reduce the uncertainty of the calculated antineutrino spectrum for LBL
experiments.

Figure 12.3 shows the ratio of measured to expected ν̄e flux of different reac-
tor neutrino experiments as a function of their source–detector distance L. The
experiments with L ∼ 10–100 m are short-baseline (SBL) experiments, the two
experiments (CHOOZ and Palo Verde) with L ∼ 1 km are long-baseline (LBL)
experiments, and the experiment (KamLAND) with L ∼ 200 km is the only very-
long-baseline (VLBL) experiment. These types of reactor experiments are discussed,
respectively, in the following subsections 12.2.1, 12.2.2, and 12.2.3. From Fig. 12.3,
one can see that SBL and LBL reactor experiments, which did not have a suffi-
cient source–detector distance, were not sensitive to the disappearance of ν̄e due to
the small solar ∆m2. As explained in section 12.1, the sensitivity to small values
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Reactor Neutrinos Some experiments

Flux measurements compared to expectation
o Daya Bay

Electron Antineutrino disappearance!

[A
llThings

N
eutrino,ReactorN

eutrinos]

[Daya Bay Collaboration, arxiv:2211.14988 (2022)]

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d

[M.A.A., A. Aguilar-Arevalo,
D.J. Polo-Toledo, AHEP2020 (2020)]

VII UniAndes SPP, 39 M.A. Acero Ortega

http://neutrinos.fnal.gov/sources/reactor-neutrinos/
https://arxiv.org/abs/2211.14988


Reactor Neutrinos Flux around the World

An important tool for the control of
Nuclear Proliferation

(Inter)National Security

[S.M. Usman et al., Scientific Reports (2015)]

[Science and Global Security (2018)]

[Review of Modern Physics (2020)]

[Nu Tools Executive Group, 2112.12593 (2021)]

Sources
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Accelerator Neutrinos Different ways to produce neutrinos

Pion Decay In Flight (DIF) Typical Energy: ~1 GeV

Muon Decay at Rest (DAR) Typical Energy: O(101) MeV

Beam Dump Typical Energy: O(102) GeV

Short Baseline (SBL)

<latexit sha1_base64="sb/0Yqjgno4Qx7rRSA7O/itaq5Q="></latexit>

<latexit sha1_base64="U5YJQqg6oVMzIXT53ZFOpjjl8VA="></latexit>

CDHSW, CHARM, LSND, NuTeV

LSND, KARMEN

CDHSW, CHARM

O(101 – 103) m

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d
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Accelerator Neutrinos Different ways to produce neutrinos

Pion Decay In Flight (DIF) Typical Energy: ~1 GeV

Long Baseline (LBL)

<latexit sha1_base64="sb/0Yqjgno4Qx7rRSA7O/itaq5Q="></latexit>

<latexit sha1_base64="U5YJQqg6oVMzIXT53ZFOpjjl8VA="></latexit>

O(102 – 103) km

T2K

OPERA

NOvA

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d
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Accelerator Neutrinos Producing a neutrino Beam

[M. Strassler, Of Particular Significance (2011)]

Sources
H o w  n e u t r i n o s  a r e  p r o d u c e d
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https://profmattstrassler.com/2011/09/23/how-to-make-a-neutrino-beam/


Accelerator Neutrinos Producing a neutrino Beam (in NOvA)

<latexit sha1_base64="sb/0Yqjgno4Qx7rRSA7O/itaq5Q="></latexit>
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Accelerator Neutrinos NOvA

Off-axis position (beam peaks at ~2 GeV)
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CONNIE CEνNS from reactor neutrinos
Phys.Rev.D 100 (2019) 9, 092005

A long list of experiments studying neutrinos and related physics

• Atmospheric
• Solar
• Reactor (SBL and LBL)
• Accelerator (SBL and LBL)
• 0𝜈𝛽𝛽-Decay
• Astrophysics
• Supernova

http://www.nu.to.infn.it/exp

COHERENT CEvNS
Science 357 (2017) 6356, 1123-1126

More Experiments
C u r r e n t l y  t a k i n g  d a t a
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A long list of experiments studying neutrinos and related physics

• Atmospheric
• Solar
• Reactor (SBL and LBL)
• Accelerator (SBL and LBL)
• 0𝜈𝛽𝛽-Decay
• Astrophysics
• Supernova

http://www.nu.to.infn.it/exp

BEST Sterile neutrino Ga Anomaly
Phys. Rev. C 105, 065502 (2022)

Neutrino-4 Sterile neutrino RAA
A Serebrov et al 2017 J. Phys.: Conf. Ser. 934 012010

More Experiments
C u r r e n t l y  t a k i n g  d a t a
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A long list of experiments studying neutrinos and related physics

• Atmospheric
• Solar
• Reactor (SBL and LBL)
• Accelerator (SBL and LBL)
• 0𝜈𝛽𝛽-Decay
• Astrophysics
• Supernova

http://www.nu.to.infn.it/exp

CUORE 0𝜈𝛽𝛽-Decay
Nature 604, 53 (2022)
https://cuore.lngs.infn.it/en/

KATRIN Absolute mass scale of neutrinos
https://www.katrin.kit.edu

More Experiments
C u r r e n t l y  t a k i n g  d a t a
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http://www.nu.to.infn.it/exp
https://cuore.lngs.infn.it/en/
https://www.katrin.kit.edu/


SBN @ Fermilab Neutrino properties
https://sbn.fnal.gov/sbn-about.html

DUNE Mass hierarchy – Oscillations – Supernova – Atmospheric – Solar –
Exotic searches – Proton decay studies
https://www.dunescience.org

JUNO Mass hierarchy – Oscillations – Supernova –
Atmospheric – Solar – Geo – Exotic searches
PoS NuFact2021 (2022) 005

Hyper-K CP violation – Solar – Supernova
https://www.hyperk.org

More Experiments
T h e  F u t u r eSee Deywis Talk

VII UniAndes SPP, 49 M.A. Acero Ortega
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Neutrino 
Phenomenology

Some aspects…

VII UniAndes SPP, 50 M.A. Acero Ortega



Neutrino Oscillations
T h e  2 - n e u t r i n o  a p p r o x i m a t i o n  ( v a c u u m )

Flavor states Mass states
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Neutrino Oscillations
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TYPES OF NEUTRINO OSCILLATION EXPERIMENTS 263

Table 7.1. Types of neutrino oscillation experiments with their typical
source–detector distance, energy, and sensitivity to ∆m2, which is given by
E[MeV]/L[m] = E[GeV]/L[km] (see eqn (7.79)).

Type of experiment L E
∆m2

sensitivity

Reactor SBL ∼ 10 m ∼ 1 MeV ∼ 0.1 eV2

Accelerator SBL (Pion DIF) ∼ 1 km ! 1 GeV ! 1 eV2

Accelerator SBL (Muon DAR) ∼ 10 m ∼ 10 MeV ∼ 1 eV2

Accelerator SBL (Beam Dump) ∼ 1 km ∼ 102 GeV ∼ 102 eV2

Reactor LBL ∼ 1 km ∼ 1 MeV ∼ 10−3 eV2

Accelerator LBL ∼ 103 km ! 1 GeV ! 10−3 eV2

ATM 20–104 km 0.5–102 GeV ∼ 10−4 eV2

Reactor VLB ∼ 102 km ∼ 1 MeV ∼ 10−5 eV2

Accelerator VLB ∼ 104 km ! 1 GeV ! 10−4 eV2

SOL ∼ 1011 km 0.2–15 MeV ∼ 10−12 eV2

Reactor SBL. These are experiments that utilize large isotropic fluxes of elec-
tron antineutrinos produced in nuclear reactors by β−-decays of heavy nuclei
(mainly fission fragments of 235U, 238U, 239Pu, 241Pu). A typical energy of
reactor νe’s is of the order of a few MeV and the source–detector distance
in the reactor SBL experiments is several tens of meters. The range of L/E
covered by the reactor SBL experiments and their sensitivity to ∆m2 are

L

E
" 10 m/MeV =⇒ ∆m2 ! 0.1 eV2 . (7.80)

Since the antineutrino energy is too low to produce µ’s or τ ’s, only the sur-
vival probability of ν̄e’s can be measured by detecting, in a liquid scintillator,
the inverse β-decay reaction

ν̄e + p → n + e+ , (7.81)

with a threshold Eth = 1.8 MeV. Experiments of this type which have been
performed in the past are: ILL [710], Gosgen [1082], Rovno [32], Krasnoyarsk
[1037], Bugey [363], Savannah River [563].

Accelerator SBL. These are experiments with beams of neutrinos produced
by decay of pions, kaons, and muons created by a proton beam hitting a
target. They can be divided as:
Pion Decay In Flight (DIF). These are the experiments with a neutrino

beam composed mainly of muon neutrinos produced by the decay of pions
and kaons initially produced by a proton beam hitting a target. The pions
and kaons are allowed to decay in a decay tunnel of length of the order of
100 m. The beam is composed of νµ’s or ν̄µ’s, depending on the polarity
of the horn which focalizes the pions and kaons. In the case of a νµ beam

[C. Giunti, C.W. Kim, Fundamental of neutrino Physics and Astrophysics (2007)]
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Neutrino Oscillations
T h e  e x p e r i m e n t a l  r e s u l t s

The experimental results

• Solar (SNO, Borexino, Super-K, GALLEX/GNO, SAGE, 
Kamiokande)

• Reactors (KamLAND, Daya Bay, RENO, Double
Chooz)

• Atmorpheric (Super-K, Kamiokande, IMB, MACRO, 
Soudan-2, IceCube)

• Accelerators (K2K, MINOS, T2K, NOvA, Opera)

[NuFIT 5.1 (2021)]
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Neutrino Oscillations
T h e  o t h e r  e x p e r i m e n t a l  r e s u l t s
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Figure 1.13: Measurements of the hadron production cross-section around the Z resonance.
The curves indicate the predicted cross-section for two, three and four neutrino species with
SM couplings and negligible mass.

Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can
be expected to exhibit a net polarisation along the beam axis even when the colliding electrons
and positrons which produce them are unpolarised. Similarly, when such a polarised Z decays,
parity non-conservation implies not only that the resulting fermions will have net helicity, but
that their angular distribution will also be forward-backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between
the Z and the purely vector coupling of the photon must also be taken into account. This
interference leads to an additional asymmetry component which changes sign across the Z-
pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion,
2As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary

parts of couplings, are taken into account in the analysis. They, as well as the small differences between helicity
and chirality, are neglected here to allow a clearer view of the helicity structure. It is likewise assumed that the
magnitude of the beam polarisation is equal in the two helicity states.

36

[S.Shaeletal.,Phys.Rept427
(2006)]

The (real-life) 3-neutrino model

Only 3 neutrinos contribute to the Z width

Ø 3 neutirno families are connected to 
the weak interaction

Number of light neutrino species:
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Neutrino Oscillations
T h e  3 - n e u t r i n o  m i x i n g

The (real-life) 3-neutrino model
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Neutrino Oscillations
T h e  3 - n e u t r i n o  m i x i n g

The (real-life) 3-neutrino model

<latexit sha1_base64="qLX784OZdsh+OicFWJkAFlP2coY="></latexit>

[I. Esteban et al.,  JHEP 09 178 (2020)]
[NuFIT 5.0 (2021), http://www.nu-fit.org/]
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Neutrino Oscillations
T h e  3 - n e u t r i n o  m i x i n g

All this comes from the neutrino evolution:

Vacuum Hamiltonian

But neutrinos intecact with matter

Effective potential
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Neutrino Oscillations
T h e  3 - n e u t r i n o  o s c i l l a t i o n s  i n  m a t t e r

Evolution in matter is governed by an effective Hamiltonian

Leading to the well-known Mikheev-Smirnov-Wolfenstein (MSW) effect
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Open questions

We don’t know it all, yet
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Open questions

We don’t know it all, yet

[D. Aristizabal, 
VII COMHEP

(2022)]
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Neutrino Oscillations
P a r a m e t e r  v a l u e s

The (real-life) 3-neutrino model – Not all is well known, though.
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The (real-life) 3-neutrino model – Not all is well known, though.
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Neutrino Oscillations
P a r a m e t e r  v a l u e s

Maximal Mixing? CP violation

FNAL JETP Seminar / Sept. 18, 2020 J. Wolcott / Tufts University

16

Questions

[ cos(θ12) sin (θ12) 0

−sin(θ12) cos(θ12) 0

0 0 1 ][ cos(θ13) 0 sin(θ13)e
−iδ

0 1 0

−sin(θ13)e
iδ
0 cos(θ13)

][1 0 0

0 cos(θ23) sin(θ23)
0 −sin(θ23) cos(θ23)]

U =

=

ν
e

ν
μ

ν
τ

ν
3
= ?

②
Is there a symmetry governing the ν

μ
/ν

τ
 

mixing into the 2nd and 3rd mass states?
i.e.: is θ

23
 “maximal” = 45º?

Most poorly known parameters:
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[J. Wolcott, Fermilab W&C (2020)]
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The (real-life) 3-neutrino model – Not all is well known, though.

Neutrino Oscillations
P a r a m e t e r  v a l u e s
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Maximal Mixing? CP violation

Mass ordering
(Hierarchy)

FNAL JETP Seminar / Sept. 18, 2020 J. Wolcott / Tufts University
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Is there a symmetry governing
the ordering of the lepton mass states?

Is the most electron-like state the lightest one, 
like with the charged leptons?

①

[J. Wolcott, Fermilab W&C (2020)]
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Not all is well known.
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Maximal Mixing? CP violation

[J. Wolcott, Fermilab W&C (2020)]

Absolute
neutrino 
mass?

Neutrino Mass
I t ’ s  l i g h t  b u t ,  h o w  m u c h ?
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Not all is well known.

Neutrino Mass
I t ’ s  l i g h t  b u t ,  h o w  m u c h ?

[J. Wolcott, Fermilab W&C (2020)]

Absolute
neutrino 
mass?

Beta Spectrum
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Not all is well known.

Neutrino Mass
I t ’ s  l i g h t  b u t ,  h o w  m u c h ?

Absolute
neutrino 
mass? [KA

TRIN
, N

ature 18 (2022)]
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Number of neutrinos
A r e  t h e r e  m o r e  f l a v o r  n e u t r i n o s ?

Not all is well known

Absolute neutrino 
mass?
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Figure 1.13: Measurements of the hadron production cross-section around the Z resonance.
The curves indicate the predicted cross-section for two, three and four neutrino species with
SM couplings and negligible mass.

Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can
be expected to exhibit a net polarisation along the beam axis even when the colliding electrons
and positrons which produce them are unpolarised. Similarly, when such a polarised Z decays,
parity non-conservation implies not only that the resulting fermions will have net helicity, but
that their angular distribution will also be forward-backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between
the Z and the purely vector coupling of the photon must also be taken into account. This
interference leads to an additional asymmetry component which changes sign across the Z-
pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion,
2As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary

parts of couplings, are taken into account in the analysis. They, as well as the small differences between helicity
and chirality, are neglected here to allow a clearer view of the helicity structure. It is likewise assumed that the
magnitude of the beam polarisation is equal in the two helicity states.
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Couple to the Z 
boson.

Only 3
flavors?
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Maximal Mixing? CP violation
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Number of neutrinos
A r e  t h e r e  m o r e  f l a v o r  n e u t r i n o s ?

Not all is well known

Only 3
flavors?
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existence of
(a) sterile
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mass?

Maximal Mixing? CP violation
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Number of neutrinos
A r e  t h e r e  m o r e  f l a v o r  n e u t r i n o s ?

Not all is well known

Only 3
flavors?
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Number of neutrinos
A r e  t h e r e  m o r e  f l a v o r  n e u t r i n o s ?

Not all is well known

Only 3
flavors?
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Signals of the
existence of
(a) sterile
neutrinos?

More interesting results
which don’t fit in a 3𝜈

framework:

• Reactor Antineutrino 
Anomaly

• Gallium Anomaly

White paper: 2203.07323

Absolute neutrino 
mass?

Maximal Mixing? CP violation
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Not all is well known

Nature of neutrinos
D i r a c  o r  M a j o r a n a ?

Are neutrinos 
their own
antiparticle?

Only 3 
Flavors?

Dirac
How do we know?

Majorana
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Absolute neutrino 
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Maximal Mixing? CP violation
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Nature of neutrinos
D i r a c  o r  M a j o r a n a ?

Not all is well known

Are neutrinos 
their own
antiparticle?

Dirac
How do we know?

Majorana

Double beta 
Decay with
and without
neutrinos
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Nature of neutrinos
D i r a c  o r  M a j o r a n a ?

Not all is well known

Double beta 
Decay with
and without
neutrinos

Are neutrinos 
their own
antiparticle?

Dirac
How do we know?

Majorana

Doppio decadimento � con neutrini

Esempio: 76
32Ge ! 76

34Se + 2 e� + 2 ⌫̄e

76
32Ge

76
33As

76
34Se

Germanium

Arsenic

Selenium

β−

β−β−

32 protoni + 42 neutroni

n p

n p

e
−

e
−

76
32Ge

76
34Se

44n
32 p 34 p

42n

ν̄e

ν̄e

I È un processo molto raro previsto dalla teoria delle interazioni deboli
di Fermi e dal Modello Standard delle interazioni elettrodeboli.

I In processo è stato osservato con un tempo di decadimento enorme:

T1/2(
76Ge) = 1.8⇥ 1021 y

C. Giunti � Fisica del Neutrino � Accademia delle Scienze � Torino � 31/1 & 7/2 2019 � 94/120

[C. Giunti, Accademia delle Scienze (2019)]
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Nature of neutrinos
D i r a c  o r  M a j o r a n a ?

Not all is well known

Double beta 
Decay with
and without
neutrinos

Are neutrinos 
their own
antiparticle?

Dirac
How do we know?

Majorana

[C. Giunti (2019)]

Doppio decadimento � senza neutrini

Esempio: 76
32Ge ! 76

34Se + 2 e�

76
32Ge

76
33As

76
34Se

Germanium

Arsenic

Selenium

β−

β−β−

32 protoni + 42 neutroni

n p

n p

e
−

e
−

76
32Ge

76
34Se

44n
32 p 34 p

42n

ν̄e

νe

Possibile solo se ⌫̄e = ⌫e () Neutrini di Majorana!

Massa E�cace del Neutrino: m�� = cos2#m1 + sin2#m2

C. Giunti � Fisica del Neutrino � Accademia delle Scienze � Torino � 31/1 & 7/2 2019 � 95/120

[C. Giunti, Accademia delle Scienze (2019)]
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Nature of neutrinos
D i r a c  o r  M a j o r a n a ?

Not all is well known

Are neutrinos 
their own
antiparticle?

Dirac

Majorana

Double beta 
Decay with
and without
neutrinos

[C.G
iunti,A

ccadem
ia

delle
Scienze

(2019)]
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Nature of neutrinos
D i r a c  o r  M a j o r a n a ?

Not all is well known

Are neutrinos 
their own
antiparticle?

[KamLAND 2203.02139 (2022)]
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https://arxiv.org/abs/2203.02139


As a summary…
FACTS:
• Neutrinos exist and are massive! 
• Neutrinos oscillate (and we understand the 

phenomenon rather well).
• There are many neutrinos and sources: we can 

study them with several beautiful experiments!

Exciting questions! Important implications!
• Are there symmetries?
• How many flavors?
• What is the mass, and which is the lightest?
• Dirac or Majorana?
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THANKS!

¡GRACIAS!



Backup
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Reactor Neutrinos Electron antineutrinos detection: inverse neutron decay

Visible Energy 𝐸! +𝑚!, and the positron annihilates
with a surrounding electron.

Events vs. Background: Coincidence
Ø Prompt positron signal
Ø Neutron nuclear capture (delayed)

Neutrino – Positron energy relation

Threshold energy

434 TERRESTRIAL NEUTRINO OSCILLATION EXPERIMENTS
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Fig. 12.2. Reactor ν̄e flux, inverse neutron decay cross-section, and ν̄e interaction
spectrum at a detector based on such a reaction: (a) and (b) refer to a 12 ton
fiducial mass detector located 0.8 km from a 12 GWth power reactor [205].

where gV ! 1 and gA ! 1.27 (see eqn (5.143)). The cross-section can be conveniently
written in terms of the neutron lifetime in eqn (5.140) as

σν̄ep
CC =

2π2

τn m5
e f

Ee pe ! 9.56 × 10−44

(
Ee pe

MeV2

) ( τn

886 s

)−1
cm2 , (12.17)

where f is the phase space integral in eqns (5.141) and (5.142). This form has the
advantage of expressing the cross-section in terms of the well-measured quantities
me and τn (see eqns (A.150) and (A.158)), eliminating the need to know the values
of |Vud|, gV , and gA.

The threshold of about 1.8 MeV implies that only about 25% of the antineutrinos
produced in a reactor can be detected, since the others are below threshold. The
response of a detector to a reactor ν̄e flux is illustrated by the (a) curve in Fig. 12.2,
which is proportional to the product of the antineutrino spectrum represented by
the (b) curve and the detection cross-section represented by the (c) curve. One can
see that the peak of the antineutrino detection is at the energy of about 3.6 MeV.

The calculation of a reactor antineutrino spectrum is a difficult task, since
the decay of each isotope produces a different neutrino spectrum. The qualitative
features of the existing calculations are reviewed in Refs. [205, 800]. Here we only
mention the following interesting points:

− The threshold of about 1.8 MeV implies that only antineutrinos produced by
β-decays with a relatively large Q-value are detected. Since these β-decays are
relatively fast, the intensity of the ν̄e flux is closely correlated in time with the
thermal power of the reactor.

[C.G
iunti&

C.W
.Kim

,Funds.ofN
eutrinos

Physics
and

A
strophysics

(2007)]

~3.6 MeV

Sources
W h e r e  n e u t r i n o s  a r e  p r o d u c e d
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Neutrino Oscillations
P h e n o m e n o l o g y

!!

ℓ! ℓ!

!!
The neutrino of 
flavor 𝛼 is the one 
created in W boson 
decay together 
with the charged 
lepton of flavor 𝛼.

And creates a 
charged lepton of 
flavor 𝛼 when it 
undergoes a 
charged-current 
interaction.

[A
dapted

from
D

.Schm
itz,CTEQ

Sum
m

erSchool2011]
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Neutrino Oscillations
P h e n o m e n o l o g y

!!

ℓ! ℓ!

!!

!!

ℓ! ℓ"

!"

Flavor may change…

… if neutrinos have mass and mix

[A
dapted

from
D

.Schm
itz,CTEQ

Sum
m

erSchool2011]
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Neutrino Oscillations
T h e  2 - n e u t r i n o  a p p r o x i m a t i o n  ( v a c u u m )
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