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Lecture II:

Recent Measurements & Perspectives 

"There are more things in heaven and earth, Horatio,  
 Than are dreamt of  in your philosophy."

W. Shakespeare (Hamlet)



WHAT HAVE WE ALREADY 
LEARNED  FROM  

OSCILLATION EXPERIMENTS ?



HOW DO WE CLASSIFY OSCILLATION EXPERIMENTS?
Four Basic Types

disappearance experiments

appearance experiments

we talk about survival probability

we talk about oscillation probability

να → να
να → να
να → νβ
να → νβ



HOW DO WE COMPARE DATA WITH THEORY?
WHAT DO EXPERIMENTS MEASURE?

# of   neutrinos➜

[Experiment]

number of  
targets x time

➜

[Experiment]

x-section➜
[Theory]

detector 
efficiency

[Experiment]

➜

survival probability➜

[Theory]

ν Flux➜

[Type of  Source]
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only electron neutrinos are produced in the Sun

[H. A. Bethe, “Energy production in stars” (1939)]

[J. Bahcall et al. (2001)]

[Vinyoles et al. (2017)]

pp - cycle

CNO - cycle

[@NASA]

Solar Neutrinos
Standard Solar Model



[@Wikipedia]

pp-cycle (99%  of  energy output of  the Sun) CNO-cycle

chains of  thermonuclear  reactions

Solar Neutrinos
Standard Solar Model



[@J.Bahcall]
[Vinyoles et al. (2017)]

WATER
CHLORINE
GALLIUM

BOREXINO

GALLEX/GNO/SAGE
HOMESTAKE
KAMIOKANDE/SuperK/SNO

LIQUID SCINTILLATOR

Production Point Distribution

Energy Distribution

Solar Neutrino Flux
Standard Solar Model



Solar neutrinos undergo matter effects inside the Sun and also when they travel through the Earth (ignored here)
In the Sun the problem reduces to an effective 2 flavor problem

Survival Probability at the surface

Solar Neutrinos
  Survival Probabilityνe



Solar neutrinos undergo matter effects inside the Sun and also when they travel through the Earth (ignored here)
In the Sun the problem reduces to an effective 2 flavor problem

Survival Probability at the surface

Solar Neutrinos
  Survival Probabilityνe

finally we have to take into account the energy distribution and the distribution of  the production point 

averaged over production point and energy distribution

Sensitivity to the 12-sector



Sun’s surface Sun’s core

Sun’s core

Solar neutrinos 

tell us that

Δm2
21 > 0

in our current notation

Solar Neutrinos
Adiabatic Transition



[Taken from SNO Collab. (2003)]

SNO

Solar Neutrinos
SNO Historical Results



[Taken from Borexino Collab. (2018)]
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Vacuum oscillations

transition from vacuum to matter region
matter dominated region 
adiabatic transitions

Acc = 2EVcc

Acc/Δm2
21 ∼ 𝒪(10−2)

Acc/Δm2
21 ∼ 𝒪(1)

Acc/Δm2
21 ∼ 𝒪(10−1)

Solar Neutrinos
General Picture of   transitions in the Sunνe



Δm2
21, sin2 θ12

SNO + SK 



Atmospheric Neutrinos
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produced @ about 15 km 
from Earth’s surface in 
air showers

primary: 
p, He, CNO, Si-Mg, Fe 

prompt flux = charm mesons

unoscillated flux 
averaged over zenith angle

conventional flux

long-lived :  

lose energy through collisions

before decay

prompt: mesons  
decay before losing energyneutrino flux depend on: 

cosmic ray flux, hadron  
interaction, geom. field, 
solar activity etc.

Atmospheric  Neutrinos
Sources of  the Flux



Experiments count & as a function of  the zenith angle

Atmospheric  Neutrinos
Sensitivity to the 32/31-sectors

have to take into account matter effect for neutrinos traveling through the Earth

Pνμ→νμ

Pνe→νe

Pνμ→ντ

Pνe→νμ

Pνμ→νe

Pνe→ντ

+ for antineutrinos disappear

Δm2
31 (or Δm2

32)

θ32



Atmospheric  Neutrinos
SuperKamikande Event Classification



deficit

down-goingup-going

[Super-Kamiokande Collab. (2006)]

up-going

down-going

SK

dip

Atmospheric  Neutrinos
SuperKamikande Observations

|Δ31,32 | ∼
π
2



South Pole

Atmospheric  Neutrinos
IceCube/DeepCore Observations

 appearanceντ

P(νμ →
να )

 disappearanceνμ

assuming NO

matter effect

 appearanceνe

∝ sin2 θ23

Sensitivity from 7 GeV to 300 GeV

Detection via Cherenkov light emission from  
secondary particles produced in 

interactions : 

tracks : 
cascades:



South Pole

Atmospheric  Neutrinos
IceCube/DeepCore Observations

 appearanceντ

P(νμ →
να )

 disappearanceνμ

assuming NO

matter effect

 appearanceνe

∝ sin2 θ23

Sensitivity from 7 GeV to 300 GeV

Detection via Cherenkov light emission from  
secondary particles produced in 

interactions : 

tracks : 
cascades:



[IceCube/DeepCore Collab. (2017)]

up-going up-goingdown-going down-goingmostly

Atmospheric  Neutrinos
IceCube/DeepCore Observations



[IceCube - Neutrino 2026]

Atmospheric  Neutrinos
IceCube/DeepCore Observations

Detection via Cherenkov light emission from  
secondary particles produced in 

interactions : 

tracks : 
cascades:



Atmospheric  Neutrinos
KM3NeT/ORCA

down going

up going



Atmospheric  Neutrinos
KM3NeT/ORCA [KM3NeT - Neutrino 2026]

dip

|Δ31,32 | ∼
π
2



Accelerator Neutrinos
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NuMI neutrino beam @ FNAL

Off-axis : the beam is collimated in energy 

appearance  
modes

disappearance  
modes

neutrino mode

are the main processes 
for the neutrino flux

[taken from NOvA Collab.]

Accelerator  Neutrinos
Disappearance and appearance for neutrinos and antineutrinos



disappearance

appearance

Accelerator  Neutrinos
Disappearance and appearance for neutrinos and antineutrinos
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Accelerator  Disappearance Probability
Sensitivity to the 32/31-sectors
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effective  atmospheric for accelerator experiments�m2
atm
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Accelerator  Disappearance Probability
Sensitivity to the 32/31-sectors

MINOS baseline L = 735 km  

T2K baseline L = 295 km  

NOvA baseline L = 810 km  

negligible

Δ21 ∼ 0.02
Δ21 ∼ 0.05
Δ21 ∼ 0.04
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effective  atmospheric for accelerator experiments�m2
atm
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Accelerator  Disappearance Probability
Sensitivity to the 32/31-sector

+ matter effects are negligible 

so for these experiments to very good approximation we can write

2



Accelerator Neutrinos
Disappearance Results

[Neutrino 2026]

ν − 21 × 1020 POT
ν̄ − 16 × 1020 POT

T2K



&

in vacuum

sensitive to 

matter effects are important because they increase 
the difference between neutrino & antineutrinos

Accelerator  Appearance Probability
Sensitivity to the 32/31-sector: exploring matter effects



Accelerator  Appearance Probability
Sensitivity to the 32/31-sector: exploring matter effects
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T2K NOvA

MORE NEUTRINOS

MORE NEUTRINOS

MORE 
ANTINEUTRINOS

MORE 
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Bi-probability plots



T2K NOvA

octant
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CP Phase

T2K NOvA

Bi-probability plots



T2K/Super-Kamiokande

NOvA

Accelerator (& Atmospheric) Neutrinos
How neutrinos are measured? 



T2K NOvA IceCube-DeepCore/KM3Net(ORCA)

Super-Kamiokande

CC-interaction [based on P. Lipari et al. (1995)]

Quasi-elastic

Resonant pion

Deep inelastic

QE

RES

DIS

Accelerator (& Atmospheric) Neutrinos
x-sections



[Taken from NOvA Collab. (2022)]

Accelerator Neutrinos
Results from NOvA



[Taken from T2K Collab. (2020)]

Accelerator Neutrinos
Results from T2K



Accelerator Neutrinos
Appearance Results



Reactor Neutrinos
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235U(⇠ 50� 60%),239 Pu(⇠ 25� 35%),238 U(. 8%),241 Pu(. 6%)

commercial reactors fuel

Neutrino Flux from commercial  
nuclear reactors 

Liquid Scintillator Detectors 

Reactor 

from neutron rich

fission fragments

cross section

Detected 
Spectrum

Reactor  Neutrinos
Disappearance of  antineutrinos
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Reactor  Neutrino Oscillations
Disappearance of  antineutrinos

[H. Minakata, H. Nunokawa, S. J. Parke, RZF (2007)] 
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since we know

Reactor  Neutrino Oscillations
Disappearance of  antineutrinos

Δm2
ee ∼ 3 × 10−3 eV2

Lee
⊙ ∼ 3 km

Δm2
21 ∼ 7 × 10−5 eV2

L12
⊙ ∼ 140 km

⟨E⟩ ∼ 4 MeV
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averaged out



v

<latexit sha1_base64="VDb9jc/AjjAWt0fA+5C+QhDgZ64="></latexit>

P⌫e!⌫e = 1� 1

2
sin2 2✓13


1�

q
1� sin2 2✓12 sin

2 �21 cos(2|�ee| ± ��)

�
� P�

<latexit sha1_base64="EkeqI/PWK+C9ZhcsMhtpgZWLLYg=">AAACF3icbVDJSgNBEO1xjXGLevTSGARPYSYE9RhcwIOHCGaBzBh6OjVJm57F7p5AGOYvvPgrXjwo4lVv/o2dZA6a+KDg8V4VVfXciDOpTPPbWFhcWl5Zza3l1zc2t7YLO7sNGcaCQp2GPBQtl0jgLIC6YopDKxJAfJdD0x2cj/3mEIRkYXCrRhE4PukFzGOUKC11CiX7ArginYTdp9iGh5gNse0JQpOpgf278sS8TpPKZdopFM2SOQGeJ1ZGiihDrVP4srshjX0IFOVEyrZlRspJiFCMckjzdiwhInRAetDWNCA+SCeZ/JXiQ610sRcKXYHCE/X3REJ8KUe+qzt9ovpy1huL/3ntWHmnTsKCKFYQ0OkiL+ZYhXgcEu4yAVTxkSaECqZvxbRPdCpKR5nXIVizL8+TRrlkHZfKN5Vi9SyLI4f20QE6QhY6QVV0hWqojih6RM/oFb0ZT8aL8W58TFsXjGxmD/2B8fkDK3uf7g==</latexit>

�ij ⌘
�m2

ijL

4E

in vacuum

since we know

Reactor  Neutrino Oscillations
Disappearance of  antineutrinos

Δm2
ee ∼ 3 × 10−3 eV2

Lee
⊙ ∼ 3 km

Δm2
21 ∼ 7 × 10−5 eV2

L12
⊙ ∼ 140 km

⟨E⟩ ∼ 4 MeV

KamLAND  has a baseline about 180 km
SNO+  has a baseline > 240 km

the formula reduces to

KamLAND  has a baseline about 180 km

averaged out



v

<latexit sha1_base64="VDb9jc/AjjAWt0fA+5C+QhDgZ64="></latexit>

P⌫e!⌫e = 1� 1

2
sin2 2✓13


1�

q
1� sin2 2✓12 sin

2 �21 cos(2|�ee| ± ��)

�
� P�

<latexit sha1_base64="EkeqI/PWK+C9ZhcsMhtpgZWLLYg=">AAACF3icbVDJSgNBEO1xjXGLevTSGARPYSYE9RhcwIOHCGaBzBh6OjVJm57F7p5AGOYvvPgrXjwo4lVv/o2dZA6a+KDg8V4VVfXciDOpTPPbWFhcWl5Zza3l1zc2t7YLO7sNGcaCQp2GPBQtl0jgLIC6YopDKxJAfJdD0x2cj/3mEIRkYXCrRhE4PukFzGOUKC11CiX7ArginYTdp9iGh5gNse0JQpOpgf278sS8TpPKZdopFM2SOQGeJ1ZGiihDrVP4srshjX0IFOVEyrZlRspJiFCMckjzdiwhInRAetDWNCA+SCeZ/JXiQ610sRcKXYHCE/X3REJ8KUe+qzt9ovpy1huL/3ntWHmnTsKCKFYQ0OkiL+ZYhXgcEu4yAVTxkSaECqZvxbRPdCpKR5nXIVizL8+TRrlkHZfKN5Vi9SyLI4f20QE6QhY6QVV0hWqojih6RM/oFb0ZT8aL8W58TFsXjGxmD/2B8fkDK3uf7g==</latexit>

�ij ⌘
�m2

ijL

4E

in vacuum

since we know

Reactor  Neutrino Oscillations
Disappearance of  antineutrinos

Δm2
ee ∼ 3 × 10−3 eV2

Lee
⊙ ∼ 3 km

Δm2
21 ∼ 7 × 10−5 eV2

L12
⊙ ∼ 140 km

⟨E⟩ ∼ 4 MeV

Daya Bay/Reno/Double Chooz  have a baseline of  1 km

negligible

negligible

negligible



v

<latexit sha1_base64="VDb9jc/AjjAWt0fA+5C+QhDgZ64="></latexit>

P⌫e!⌫e = 1� 1

2
sin2 2✓13


1�

q
1� sin2 2✓12 sin

2 �21 cos(2|�ee| ± ��)

�
� P�

<latexit sha1_base64="EkeqI/PWK+C9ZhcsMhtpgZWLLYg=">AAACF3icbVDJSgNBEO1xjXGLevTSGARPYSYE9RhcwIOHCGaBzBh6OjVJm57F7p5AGOYvvPgrXjwo4lVv/o2dZA6a+KDg8V4VVfXciDOpTPPbWFhcWl5Zza3l1zc2t7YLO7sNGcaCQp2GPBQtl0jgLIC6YopDKxJAfJdD0x2cj/3mEIRkYXCrRhE4PukFzGOUKC11CiX7ArginYTdp9iGh5gNse0JQpOpgf278sS8TpPKZdopFM2SOQGeJ1ZGiihDrVP4srshjX0IFOVEyrZlRspJiFCMckjzdiwhInRAetDWNCA+SCeZ/JXiQ610sRcKXYHCE/X3REJ8KUe+qzt9ovpy1huL/3ntWHmnTsKCKFYQ0OkiL+ZYhXgcEu4yAVTxkSaECqZvxbRPdCpKR5nXIVizL8+TRrlkHZfKN5Vi9SyLI4f20QE6QhY6QVV0hWqojih6RM/oFb0ZT8aL8W58TFsXjGxmD/2B8fkDK3uf7g==</latexit>

�ij ⌘
�m2

ijL

4E

in vacuum

since we know

Reactor  Neutrino Oscillations
Disappearance of  antineutrinos

Δm2
ee ∼ 3 × 10−3 eV2

Lee
⊙ ∼ 3 km

Δm2
21 ∼ 7 × 10−5 eV2

L12
⊙ ∼ 140 km

⟨E⟩ ∼ 4 MeV

Daya Bay/Reno/Double Chooz  have a baseline of  1 km

negligible

negligible

negligible

the formula reduces to

<latexit sha1_base64="ihJr73ZCpcv2DvBFxUvPWkxd0yg="></latexit>

�m2
ee ⌘ cos2 ✓12�m2

31 + sin2 ✓12�m2
32

effective  atmospheric scale for  disappearance  νe

+ matter effects are negligible 



[Taken from Y. Meng]

KamLAND, SNO+

fast oscillations

slow oscillation

Baseline L (km)

Reactor  Neutrino Oscillations
Disappearance of  antineutrinos



[Taken from Daya Bay Collab. (2017)]

Reactor Neutrinos
Results from Daya Bay

Dominates the 
measurement of  sin2 θ13

2.5%



Reactor Neutrinos
JUNO’s Concept
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Reactor Neutrinos
Results from JUNO

[Neutrino 2026]
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Reactor Neutrinos
Results from JUNO
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WHAT ELSE DO WE KNOW  
ABOUT  

NEUTRINO MASSES?



Absolute Neutrino Mass Scale

Tritium 𝛃-decay 
model independent

Valid for Dirac or Majorana neutrinos pure kinematics
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�̄e

Q = MH �MHe �me = 18.58 keVK(T ) =
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(Q� T )

�
(Q� T )2 �m2

�̄e

Kurie plot:

3H�3 He + e� + �̄e

Effective Neutrino Mass



Tritium 𝛃-decay 
Valid for Dirac or Majorana neutrinos
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neutrino mass scale

current bound

normal ordering

inverted ordering

KATRIN future sensitivity

me↵
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⇠ (0.2� 0.3) eV

[KATRIN Collab., Science 388 (2025) 6743]

meff
νe

< 0.45@90 % CL

Effective Neutrino Mass
Absolute Neutrino Mass Scale

model independent
pure kinematics



Tritium 𝛃-decay 
Valid for Dirac or Majorana neutrinos

⇢
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neutrino mass scale

current bound

normal ordering

inverted ordering
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⌫µ

< 190 keV

⇡� ! µ� + ⌫̄µ

me↵
⌫⌧

< 18.2 MeV

⌧ ! n⇡ + ⌫⌧ n � 3
other limits

meff
νe

> 0.048 eV (IO)

meff
νe

> 0.0085 eV (NO)

meff
νe

< 0.45 eV@90 % CL

[KATRIN Collab., Science 388 (2025) 6743]

Effective Neutrino Mass
Absolute Neutrino Mass Scale

model independent
pure kinematics
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Majorana Neutrino Dirac Neutrino

Neutrinoless Double 
Beta Decay

Effective  Majorana Neutrino Mass
 - decay0νββ



if  neutrino mass is the only source of   L[T 0⌫
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if  neutrino mass is the only source of   L

current bound

[T 0⌫
1/2]

�1 = G0⌫ |M0⌫ |2 m2
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[KamLAND-Zen Collab., Phys.Rev.Lett. 135 (2025) 26, 262501]

Only occurs for Majorana neutrinos

m�� = f(m0, order,Majorana phases)

neutrino mass scale

NO/IO

↵1,↵3

mββ < (28 − 122) meV

T0ν
1/2 > 3.8 × 1026 yr

Effective  Majorana Neutrino Mass
 - decay0νββ



lower bound depends on ordering

KATRIN sensitivity KamLAND-Zen

ruled out 
by cosmology

ruled out 
by cosmology
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Correlation Among Measurements
Absolute Neutrino Mass Scale



WHAT COMES NEXT?



JUNO - Precision Experiment

Δm2
21 ∼ 1.1 % (2.5%) ∼ 0.3 %

sin2 θ12 ∼ 2.1 % (3.9%) ∼ 0.5 %

200 days 6 years

∼ 1.0 % (2.4%) ∼ 0.2 %|Δm2
31 |

+ Atmospheric Neutrinos

+ Solar Neutrinos

+ SN Neutrinos

+ Mass Ordering Sub-percent precision 

on 

Δm2
21, |Δm2

31 |sin2 θ12,

Daya Bay

Oscillation Parameters



IceCube & KM3NeT/ORCA

IceCube-Gen2 - 10x IceCube volume

Oscillation Parameters



IceCube & KM3NeT/ORCA
Oscillation Parameters

KM3NeT/ORCA



DUNE & HYPER-KAMIOKANDE
Oscillation Parameters



DUNE & HYPER-KAMIOKANDE
Oscillation Parameters

Impact of  systematic uncertainty

Hyper-Kamiokande



PROJECT 8, HOLMES, ECHo
Absolute Neutrino Mass Scale

[Neutrino 2026]

New Technologies



KamLAND2-Zen, nEXO, LEGEND … 
 - decay : Dirac or Majorana?0νββ



SUMMARY OF THE LECTURES 
What have we learned?

• We have a theoretical framework for neutrino flavor oscillations based   on 
masses & mixings in vacuum and in matter 

• This framework explains well the available oscillation data   

• We still do not know the neutrino mass ordering (some hits now of  NO) 

• We still do not know if  we have CP violation in the leptonic sector 

• We still do not know the octant of    

• We still do not know the absolute neutrino mass scale 

• We still do not know if  neutrinos are Dirac or Majorana particles 

                           

θ23



SUMMARY OF THE LECTURES
What are the future perspectives?

• High precision experiments era started with JUNO in 2025   (sub-%)  

• KM3Net/ORCA (not yet complete) + IceCube (11 yrs)  IceCubeGen2 

• DUNE & Hyper-Kamiokande (CP-violation) 

• KATRIN  PROJECT X, HOLMES, ECHo (towards absolute mass scale) 

• KamLAND-ZEN KamLAND2-ZEN, nEXO, LEGEND, etc.  

• Many experiments to come - many possible new discoveries ahead… 
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