
LECTURE III

• Experimental evidence for neutrino masses & mixings

• The standard 3n scenario and its unknowns: status and 
prospects



Stars shine neutrinos 
1939 Bethe  

Stablishes the theory of stelar nucleosynthesis

Nobel 1967



¿How many neutrinos from the Sun ?

Bahcall



Nobel 2002
R. Davis    

1966 detects for the first time
solar neutrinos in a tank of 

400k liters 1280m underground
(Homestake mine)  

The hero of the caves

Did not convince because he saw 0.4 of the expected….

Problem in detector ? In solar model  ? In  neutrinos ?

37Cl + �e !37 Ar + e�



Koshiba (Nobel 2002) 

Underground cathedrals of light

Allows to reconstruct velocity and direction, e/µ particle identification
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SuperKamiokande (22.5 kton)
SNO

Neutrinography of the 
sun



Flavour of solar neutrinos

Can be tested in the Earth with 
Reines&Cowen experiment !
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KamLAND: solar oscillation 
Reines&Cowan experiment ½ century later 
at 170 km from Japonese reactors …

�m2
solar ' 8⇥ 10�5 eV 2

Large mixing angle



Solar neutrinos and MSW
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FIG. 84. Electron neutrino survival probability as a function
of neutrino energy according to MSW–LMA model. The band
is the same as in Fig. 83, calculated for the production region
of 8B solar neutrinos which represents well also other species
of solar neutrinos. The points represent the solar neutrino
experimental data for 7Be and pep mono–energetic neutrinos
(Borexino data), for 8B neutrinos detected above 5000 keV
of scattered-electron energy T (SNO and Super-Kamiokande
data) and for T > 3000 keV (SNO LETA + Borexino data),
and for pp neutrinos considering all solar neutrino data, in-
cluding radiochemical experiments.

including both the experimental and theoretical (solar
model) uncertainties and P 3⌫

ee
(E⌫ = 1440 keV) = 0.62 ±

0.17. A combined analysis of the Borexino data together
with those of other solar experiments allows to obtain
also the values of survival probability for the pp and 8B
neutrinos. Figure 84 reports the results.

XXVIII. CONCLUSIONS AND PERSPECTIVES

The rich scientific harvest of the Borexino Phase-I was
made possible by the extreme radio–purity of the detec-
tor and of its liquid scintillator core in particular. Chal-
lenging design purity levels have been mostly met, and,

in some cases, surpassed by a few orders of magnitude.
The central physics goal was achieved with the 5%

measurement of the 7Be solar neutrino rate. Three more
measurements beyond the scope of the original proposal
were made as well: the first observation of the solar pep
neutrinos, the most stringent experimental constraint on
the flux of CNO neutrinos, and the low-threshold mea-
surement of the 8B solar neutrino interaction rate. The
latter measurement was possible thanks to the extremely
low background rate above natural radioactivity, while
the first two exploited the superior particle identifica-
tion capability of the scintillator and an e�cient cosmo-
genic background subtraction. All measurements benefit
from an extensive calibration campaign with radioactive
sources that preserved scintillator radio–purity.
In this paper we have described the sources of back-

ground and the data analysis methods that led to the
published solar neutrinos results. We also reported, for
the first time, the detection of the annual modulation of
the 7Be solar neutrino rate, consistent with their solar
origin. The implications of Borexino solar neutrino re-
sults for neutrino and solar physics were also discussed,
both stand–alone and in combination with other solar
neutrino data.
Additional important scientific results (not discussed

in this paper) were the detection of geo–neutrinos [56]
and state-of-the art upper limits on many rare and exotic
processes [99].
Borexino has performed several purification cycles in

2010 and 2011 by means of water extraction [26] in batch
mode, reducing even further several background com-
ponents, among which 85Kr, 210Bi, and the 238U and
232Th chains. After these purification cycles, the Borex-
ino Phase-II has started at the beginning of 2012, with
the goal of improving all solar neutrino measurements.
Borexino is also an ideal apparatus to look for short base-
line neutrino oscillations into sterile species using strong
artificial neutrino and anti–neutrino sources [100]. An
experimental program, called SOX (Source Oscillation
eXperiment), was approved and it is now in progress.
The Borexino program is made possible by funding

from INFN (Italy), NSF (USA), BMBF, DFG and MPG
(Germany), NRC Kurchatov Institute (Russia) and NCN
(Poland). We acknowledge the generous support of the
Laboratory Nazionali del Gran Sasso (Italy).
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FIG. 84. Electron neutrino survival probability as a function
of neutrino energy according to MSW–LMA model. The band
is the same as in Fig. 83, calculated for the production region
of 8B solar neutrinos which represents well also other species
of solar neutrinos. The points represent the solar neutrino
experimental data for 7Be and pep mono–energetic neutrinos
(Borexino data), for 8B neutrinos detected above 5000 keV
of scattered-electron energy T (SNO and Super-Kamiokande
data) and for T > 3000 keV (SNO LETA + Borexino data),
and for pp neutrinos considering all solar neutrino data, in-
cluding radiochemical experiments.
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Atmospheric Neutrinos



Atmospheric Neutrinos

Produced in the atmosphere when primary cosmic rays collide with it, 
producing p, K

⌫µ/⌫e ⇠ 2



Atmospheric Neutrinos

Measuring the energy dependence and the zenith angle E/L spans many orders
of magnitude



Oscillation of Atmospheric Neutrinos



Atmospheric Oscillation

Reines&Cowan experiment at 1km!

Lederman&co experiment  at 1000km!
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atm = 2.5⇥ 10�3eV 2
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Accelerator Neutrinos oscillate with the 
atmospheric wavelength

Pulsed neutrino beams to 700 km baselines

OPERA

MINOS

|�m2
atmos| ⇥ 2.5� 10�3 eV 2

⌫µ ! ⌫⌧

sin2 2✓atmos ' 1



Accelerator Neutrinos oscillate with the 
atmospheric wavelength

Pulsed neutrino beams to 700 km baselines

OPERA

⌫µ ! ⌫⌧



Reactor neutrinos oscillate with atmospheric 
wavelength

Double Chooz, Daya Bay, RENO 

10% effect 

Modern copies of the influential experiment Chooz that barely missed 
the effect and set a limit 



T2K

⌫µ ! ⌫e

Using the SuperKamiokande detector! 

@L=300km



NOnA
@ L=810km



3n scenario

Solar and atmospheric osc. decouple as 2x2 mixing phenomena:

• hierarchy

• small

0
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Reactor Neutrinos



Accelerator Neutrinos



Experiments in the atmospheric range are described approximately by 2x2 
mixing with 

0

0



Reactor Neutrinos



Experiments in the solar range are described approximately by 2x2 mixing with 

The measurement of                     implies that corrections to these approximations 
are  sizeable and need to be included in all analyses 

✓13 ⇠ 9�



Esteban, et al ’20; see also Salas et al, ‘20

SM+3 massive neutrinos: Global Fits

0.2 0.25 0.3 0.35 0.4

sin
2

!
12

0

5

10

15

"
#

2

6.5 7 7.5 8 8.5

"m
2

21
 [10

-5
 eV

2
]

0.4 0.45 0.5 0.55 0.6 0.65

sin
2

!
23

0

5

10

15

"
#

2

-2.6 -2.5 -2.4

"m
2

32
   [10

-3
 eV

2
]   "m

2

31

2.4 2.5 2.6

0.018 0.02 0.022 0.024 0.026

sin
2

!
13

0

5

10

15

"
#

2

0 90 180 270 360

$
CP

NO, IO (w/o SK-atm)
NO, IO (with SK-atm)

NuFIT 5.0 (2020)

�m2
13 > 0 �m2

13 < 0



The big open questions 

What is the neutrino ordering normal or inverted ?

Is there leptonic CP violation ? 

Absolute mass scale:  minimum mn

Are neutrinos Majorana and if so, what new physics lies 
behind this fact ?



Neutrino ordering from MSW

Solar resonance
Atmospheric resonance

�m2
12 cos 2✓12 = 2

p
2GFENe

�m2
23 cos 2✓13 = ±2

p
2GFENe

Ne

mé iHNeL

mé m'

mé t'

mé e

Ne

mé iHNeL

mé m'

mé t'

mé e

NH IH
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Spectacular MSW effect at O(6GeV) and very long baselines: no need for 
spectral info nor two channels 

Hierarchy through MSW @Earth

1

0

Mikheev, Smirnov; Wolfenstein
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 !



Hierarchy from atmospherics ? the hard way…

�e, �̄e, �µ, �̄µ

Atmospheric data contain the golden signal but hard to dig…
neutrino telescopes (PINGU, ORCA) or improved atmospheric detectors
(HyperK, INO)



Hierarchy from reactor n’s
Petcov, Piai; Choubey et al; Learned et al 

L = 50 km

JUNO experiment is planning to do this measurement



Leptonic CP violation
CP violation shows up in a difference between

Golden channel:

P (⌫↵ ! ⌫�) 6= P (⌫̄↵ ! ⌫̄�)

simultaneous sensitivity to both splittings is needed 



Hierarchy + CP in one go…
superbeams+superdectectors

USA DUNE: 1300km

Japan Hyper-Kamiokande: 295km

19

FIG. 1. Illustration of the Hyper-Kamiokande first cylindrical tank in Japan.

and flux. The WAGASCI detector is a new concept under development that would have a larger

angular acceptance and a larger mass ratio of water (and thus making the properties more similar

to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, would measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 70 participating institutions

from Armenia, Brazil, Canada, France, Italy, Korea, Poland, Russia, Spain, Sweden, Switzerland,

Ukraine, the United Kingdom and the United States, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles and mass

squared di↵erence parameters and will aim to make the first observation of asymmetries in neutrino

and antineutrino oscillations arising from a CP-violating phase, shedding light on one of the most

promising explanations for the matter-antimatter asymmetry in the Universe. The search for



Hyper Kamiokande

Hierarchy

DUNE28

Fig. 18 Asimov sensitivity to the neutrino mass ordering, as
a function of the true value of �CP, for ten years of exposure.
Curves are shown for variations in the true values of ✓23 (top),
✓13 (middle) and �m2

32
(bottom), which correspond to their

3� NuFIT 4.0 range of values, as well as the NuFIT 4.0 central
value. and maximal mixing.

Fig. 19 Significance of the DUNE determination of the neu-
trino mass ordering for the case when �CP =�⇡/2, and for
100% of possible true �CP values, as a function of exposure
in kt-MW-years. Top: The width of the band shows the im-
pact of applying an external constraint on ✓13. Bottom: The
width of the band shows the impact of varying the true value
of sin2 ✓23 within the NuFIT 4.0 90% C.L. region.

eters that govern neutrino oscillations, including �CP,
sin2 2✓13, �m2

31
, and sin2 ✓23.

Figure 21 shows the resolution, in degrees, of
DUNE’s measurement of �CP, as a function of the true
value of �CP, for true NH. The resolution on a parame-
ter is produced from the central 68% of post-fit param-
eter values using many throws of the systematic and re-
maining oscillation parameters, and statistical throws.
The resolution of this measurement is significantly bet-
ter near CP-conserving values of �CP, compared to max-
imally CP-violating values. For fifteen years of expo-
sure, resolutions between 5�–15� are possible, depend-

230 III.1 NEUTRINO OSCILLATION
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FIG. 149. Neutrino mass hierarchy sensitivity (left) and octant sensitivity (right) as a function of the true

value of sin2✓23 for a single detector after 10 years. (a 1.9 Mton·year exposure). In both figures the blue

(red) band denotes the normal (inverted) hierarchy and the uncertainty from �CP is shown by the width of

the band.

ability to resolve the ✓23 octant improves with the combination as shown in Figure 151. While

atmospheric neutrinos alone can resolve the octant at 3 � if |✓23�45| > 4�, in the combined analysis

it can be resolved when this di↵erence is only 2.3� in ten years.
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FIG. 150. Expected sensitivity to the mass hierarchy as a function of time assuming sin2 ✓23 = 0.4

(triangle), 0.5 (circle), and 0.6 (square) from a combined analysis of atmospheric and accelerator neutrinos

data at Hyper-K. Blue (red) colors denote the normal (inverted) hierarchy.

However, it is not just the atmospheric neutrinos that benefit from combined measurements.



T2K-NOVA
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Fig. 19: Expected significance to exclude sin �CP = 0. Top: normal hierarchy case. Bottom:

inverted hierarchy case.
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Hyper Kamiokande (10y)

CP violation

26

Fig. 15 Asimov sensitivity to CP violation, as a function
of the true value of �CP, for ten years of exposure. Curves
are shown for variations in the true values of ✓23 (top), ✓13
(middle) and �m2

32
(bottom), which correspond to their 3�

NuFIT 4.0 range of values, as well as the NuFIT 4.0 central
value, and maximal mixing.

Fig. 16 Significance of the DUNE determination of CP-
violation (�CP 6= [0,⇡]) for the case when �CP =�⇡/2, and
for 50% and 75% of possible true �CP values, as a function of
exposure in kt-MW-years. Top: The width of the band shows
the impact of applying an external constraint on ✓13. Bottom:
The width of the band shows the impact of varying the true
value of sin2 ✓23 within the NuFIT 4.0 90% C.L. region.

�CP = �⇡/2, as a function of exposure in kt-MW-years,
which can be converted to years using the staging sce-
nario described in Section 6. The width of the bands
show the impact of applying an external constraint on
✓13. CP violation can be observed with 5� significance
after about seven years (336 kt-MW-years) if �CP =
�⇡/2 and after about ten years (624 kt-MW-years) for
50% of �CP values. CP violation can be observed with
3� significance for 75% of �CP values after about 13
years of running. In the bottom plot of Figure 16, the
width of the bands shows the impact of applying an
external constraint on ✓13, while in the bottom plot,

DUNE(10y)


