
Lecture IV:
Evidences of  Masses and Mixings  - Current Status

“Anyway, in as far as the neutrino masses are negligible  compared to the 
charged lepton masses, the observable  effects  of leptonic mixing angles are 
limited t fairly  exotic effect such as neutrino oscillations.’’
                                                                                                 Froggatt & Nielsen



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]



Solar Neutrinos



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)]
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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

 [show this]

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

 [show this]

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



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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Solar Neutrinos
General Picture of   transitions in the Sunνe



Allows us to Label the Mass Eigentates
Using data results 

⌫e ⌫µ ⌫⌧

using content

most

least

since  SNO we know that 

[sin2 θ12 ≃ 0.3]



What is the neutrino mass Ordering?
We currently have two possibilities 
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Reactor Neutrinos
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[Taken from Y. Meng]

KamLAND, SNO+

fast oscillations

slow oscillation

Baseline L (km)

Reactor  Neutrino Oscillations
Disappearance of  antineutrinos



[Taken from KamLAND Collab. (2016)]

dip

Reactor Neutrinos
Results from KamLAND



[Taken from Daya Bay Collab. (2017)]

Reactor Neutrinos
Results from Daya Bay

Dominates the 
measurement of  sin2 θ13

2.5%
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JUNO’s Concept
A medium baseline reactor neutrino oscillation experiment
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JUNO’s Concept
A medium baseline reactor neutrino oscillation experiment

[H.Minakata+ (2005)]

sin2 2θ12

slow oscillation

cos4 θ13 sin2 2θ12
SADO ≡ 
Several-tens of km Antineutrino DetectOr
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A medium baseline reactor neutrino oscillation experiment
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JUNO’s Concept
A medium baseline reactor neutrino oscillation experiment
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sin2 2✓13

<latexit sha1_base64="XcxWzfRwhB7cH0pg4kJ0CHlcbEI=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSExoCoJCBgrYGAsEn1IbYgc12mt2k5kO0hVlJGFX2FhACFWPoGNv8F9DLTlSFc6Pude+d4TJowq7Tg/1sLi0vLKamGtuL6xubVt7+zWVZxKTGo4ZrFshkgRRgWpaaoZaSaSIB4y0gj710O/8UikorG414OE+Bx1BY0oRtpIgX3QviFMI8gfvCA7dfOTqbeXB3bJKTsjwHniTkgJTFAN7O92J8YpJ0JjhpRquU6i/QxJTTEjebGdKpIg3Edd0jJUIE6Un40OyeGRUTowiqUpoeFI/TuRIa7UgIemkyPdU7PeUPzPa6U6uvQzKpJUE4HHH0UpgzqGw1Rgh0qCNRsYgrCkZleIe0girE12RROCO3vyPKl7Zfe87N2dlSpXkzgKYB8cgmPgggtQAbegCmoAgyfwAt7Au/VsvVof1ue4dcGazOyBKVhfv2gumFE=</latexit>

�m2
31,�m2

32

fast oscillations

[S.T.Petcov, M Piai (2002) 
& 

 S. Choubey+ (2003)]

low and high frequency  
modes  present 



JUNO’s Concept
A medium baseline reactor neutrino oscillation experiment

<latexit sha1_base64="yQwIpurScE2b2ygC2QHZ6CiAhNQ="></latexit>

�21 ⌘ �m2
21L

4E
=

⇡

2

slow oscillation

<latexit sha1_base64="o+LDiCAHhk9fSRuzwQWgOAtGw9Y=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JEUZdFNy4r2Ac0tUymk3boZBJmboQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5AIrsFxvq3C0vLK6lpxvbSxubW9Y+/uNXScKsrqNBaxagVEM8ElqwMHwVqJYiQKBGsGw+uJ33xgSvNY3sEoYZ2I9CUPOSVgpK594Gsu7z3sYR8GDEg3c0/HXbvsVJwp8CJxc1JGOWpd+8vvxTSNmAQqiNZt10mgkxEFnAo2LvmpZgmhQ9JnbUMliZjuZNPrx/jYKD0cxsqUBDxVf09kJNJ6FAWmMyIw0PPeRPzPa6cQXnYyLpMUmKSzRWEqMMR4EgXuccUoiJEhhCpubsV0QBShYAIrmRDc+ZcXScOruOcV7/asXL3K4yiiQ3SETpCLLlAV3aAaqiOKHtEzekVv1pP1Yr1bH7PWgpXP7KM/sD5/AAUClE8=</latexit>

sin2 2✓13

<latexit sha1_base64="XcxWzfRwhB7cH0pg4kJ0CHlcbEI=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSExoCoJCBgrYGAsEn1IbYgc12mt2k5kO0hVlJGFX2FhACFWPoGNv8F9DLTlSFc6Pude+d4TJowq7Tg/1sLi0vLKamGtuL6xubVt7+zWVZxKTGo4ZrFshkgRRgWpaaoZaSaSIB4y0gj710O/8UikorG414OE+Bx1BY0oRtpIgX3QviFMI8gfvCA7dfOTqbeXB3bJKTsjwHniTkgJTFAN7O92J8YpJ0JjhpRquU6i/QxJTTEjebGdKpIg3Edd0jJUIE6Un40OyeGRUTowiqUpoeFI/TuRIa7UgIemkyPdU7PeUPzPa6U6uvQzKpJUE4HHH0UpgzqGw1Rgh0qCNRsYgrCkZleIe0girE12RROCO3vyPKl7Zfe87N2dlSpXkzgKYB8cgmPgggtQAbegCmoAgyfwAt7Au/VsvVof1ue4dcGazOyBKVhfv2gumFE=</latexit>

�m2
31,�m2

32

fast oscillations

effective  atmospheric 

for reactor experiments

Δm2
atm

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

�m2
ee ⌘ cos2 ✓12�m2

31 + sin2 ✓12�m2
32



JUNO’s Concept

in vacuum

v
<latexit sha1_base64="N1rA4QxftkSAN7/PxB5pnMyZz5w=">AAACJ3icbVBdSxtBFJ3V1o+02qiPfRkahD6F3TVYX5SgPvgYoVEhG5fZyU0yZHZmmbkrhGX/jS/+FV+EVsQ++k+cfFBa44GBwznncueeJJPCou//8ZaWP3xcWV1br3z6vLH5pbq1fWF1bji0uZbaXCXMghQK2ihQwlVmgKWJhMtkdDLxL2/AWKHVTxxn0E3ZQIm+4AydFFePWnGkexrpIY2sUNdhGOEQkMVFEJYR1/a68VfYK2eR6BTkRAiDMq7W/Lo/BV0kwZzUyBytuPor6mmep6CQS2ZtJ/Az7BbMoOASykqUW8gYH7EBdBxVLAXbLaZ3lnTXKT3a18Y9hXSq/jtRsNTacZq4ZMpwaN96E/E9r5Nj/6BbCJXlCIrPFvVzSVHTSWm0JwxwlGNHGDfC/ZXyITOMo6u24koI3p68SC7CerBfD88btebxvI418pV8I99JQH6QJjkjLdImnNySe/KbPHp 33oP35D3PokvefGaH/Afv5RUlEKWG</latexit>

P� = sin2 2✓12 cos
4 ✓13 sin

2 �21

solar  term

<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�

Δm2
ee ≡ Δm2

31 cos2 θ12 + Δm2
32 sin2 θ21

Flagship Measurement - The Neutrino Mass Ordering

Δee ≡
Δm2

eeL
4E



JUNO’s Concept

in vacuum

v
<latexit sha1_base64="N1rA4QxftkSAN7/PxB5pnMyZz5w=">AAACJ3icbVBdSxtBFJ3V1o+02qiPfRkahD6F3TVYX5SgPvgYoVEhG5fZyU0yZHZmmbkrhGX/jS/+FV+EVsQ++k+cfFBa44GBwznncueeJJPCou//8ZaWP3xcWV1br3z6vLH5pbq1fWF1bji0uZbaXCXMghQK2ihQwlVmgKWJhMtkdDLxL2/AWKHVTxxn0E3ZQIm+4AydFFePWnGkexrpIY2sUNdhGOEQkMVFEJYR1/a68VfYK2eR6BTkRAiDMq7W/Lo/BV0kwZzUyBytuPor6mmep6CQS2ZtJ/Az7BbMoOASykqUW8gYH7EBdBxVLAXbLaZ3lnTXKT3a18Y9hXSq/jtRsNTacZq4ZMpwaN96E/E9r5Nj/6BbCJXlCIrPFvVzSVHTSWm0JwxwlGNHGDfC/ZXyITOMo6u24koI3p68SC7CerBfD88btebxvI418pV8I99JQH6QJjkjLdImnNySe/KbPHp 33oP35D3PokvefGaH/Afv5RUlEKWG</latexit>

P� = sin2 2✓12 cos
4 ✓13 sin

2 �21

solar  term

<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�

Δm2
ee ≡ Δm2

31 cos2 θ12 + Δm2
32 sin2 θ21

<latexit sha1_base64="fKFcL7LNERW32ytNL1kgLVm8dHQ="></latexit>

�� =arctan (cos 2✓12 tan�21)��21 cos 2✓12
phase

Δij ≡
Δm2

ijL
4E

∼
π
2

Flagship Measurement - The Neutrino Mass Ordering

+ matter effects are negligible 



JUNO’s Concept

in vacuum

v
<latexit sha1_base64="N1rA4QxftkSAN7/PxB5pnMyZz5w=">AAACJ3icbVBdSxtBFJ3V1o+02qiPfRkahD6F3TVYX5SgPvgYoVEhG5fZyU0yZHZmmbkrhGX/jS/+FV+EVsQ++k+cfFBa44GBwznncueeJJPCou//8ZaWP3xcWV1br3z6vLH5pbq1fWF1bji0uZbaXCXMghQK2ihQwlVmgKWJhMtkdDLxL2/AWKHVTxxn0E3ZQIm+4AydFFePWnGkexrpIY2sUNdhGOEQkMVFEJYR1/a68VfYK2eR6BTkRAiDMq7W/Lo/BV0kwZzUyBytuPor6mmep6CQS2ZtJ/Az7BbMoOASykqUW8gYH7EBdBxVLAXbLaZ3lnTXKT3a18Y9hXSq/jtRsNTacZq4ZMpwaN96E/E9r5Nj/6BbCJXlCIrPFvVzSVHTSWm0JwxwlGNHGDfC/ZXyITOMo6u24koI3p68SC7CerBfD88btebxvI418pV8I99JQH6QJjkjLdImnNySe/KbPHp 33oP35D3PokvefGaH/Afv5RUlEKWG</latexit>

P� = sin2 2✓12 cos
4 ✓13 sin

2 �21

solar  term

<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="fKFcL7LNERW32ytNL1kgLVm8dHQ="></latexit>

�� =arctan (cos 2✓12 tan�21)��21 cos 2✓12
phase

retardation/advancement of the phase result in a change  
of the "effective fast oscillation scale" 

advance/retardation phase

|Δm2
ee |IO > |Δm2

ee |NO

Flagship Measurement - The Neutrino Mass Ordering



JUNO’s Concept

in vacuum

v
<latexit sha1_base64="N1rA4QxftkSAN7/PxB5pnMyZz5w=">AAACJ3icbVBdSxtBFJ3V1o+02qiPfRkahD6F3TVYX5SgPvgYoVEhG5fZyU0yZHZmmbkrhGX/jS/+FV+EVsQ++k+cfFBa44GBwznncueeJJPCou//8ZaWP3xcWV1br3z6vLH5pbq1fWF1bji0uZbaXCXMghQK2ihQwlVmgKWJhMtkdDLxL2/AWKHVTxxn0E3ZQIm+4AydFFePWnGkexrpIY2sUNdhGOEQkMVFEJYR1/a68VfYK2eR6BTkRAiDMq7W/Lo/BV0kwZzUyBytuPor6mmep6CQS2ZtJ/Az7BbMoOASykqUW8gYH7EBdBxVLAXbLaZ3lnTXKT3a18Y9hXSq/jtRsNTacZq4ZMpwaN96E/E9r5Nj/6BbCJXlCIrPFvVzSVHTSWm0JwxwlGNHGDfC/ZXyITOMo6u24koI3p68SC7CerBfD88btebxvI418pV8I99JQH6QJjkjLdImnNySe/KbPHp 33oP35D3PokvefGaH/Afv5RUlEKWG</latexit>

P� = sin2 2✓12 cos
4 ✓13 sin

2 �21

solar  term

<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="fKFcL7LNERW32ytNL1kgLVm8dHQ="></latexit>

�� =arctan (cos 2✓12 tan�21)��21 cos 2✓12
phase

retardation/advancement of the phase result in a change  
of the "effective fast oscillation scale" 

advance/retardation phase

|Δm2
ee |NO ≠ |Δm2

ee |IO

Flagship Measurement - The Neutrino Mass Ordering

100 days 6 years
∼ 0.8 % ∼ 0.2 %



JUNO’s Determination of the Ordering
How challenging is this?
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every single effect counts !

single core 
no other systematics 
no background events



EXPERIMENT Dominant Dependence Sub-dominant Dependence

Solar (Cl,Ga,SK,SNO,Borexino)

Reactor LBL (KamLAND, SNO+)

✓12 �m2
21, ✓13

�m2
21 ✓12, ✓13
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MB22m w/o D/N from SK
MB22m
AAG21
KamLAND
SNO+
KL & SNO+

NuFIT 6.0 (2024)

Δm2
21 ∼ 7.5 × 10−5 eV2

Δm2
21 ∼ 7.96 × 10−5 eV2

MB22m = high metallicity
AAG21  = low metallicity

Δm2
21 ∼ 5.6 × 10−5 eV2

Solar Neutrino Parameters
Current status: combined results for the 12-sector



EXPERIMENT Dominant Dependence Sub-dominant Dependence

Solar (Cl,Ga,SK,SNO,Borexino)

Reactor LBL (KamLAND, SNO+)

✓12 �m2
21, ✓13

�m2
21 ✓12, ✓13

tension on �m2
21

Δm2
21 ∼ 7.5 × 10−5 eV2

Δm2
21 ∼ 7.96 × 10−5 eV2

MB22m = high metallicity
AAG21  = low metallicity

Δm2
21 ∼ 5.6 × 10−5 eV2

Solar Neutrino Parameters
Current status: combined results for the 12-sector



Accelerator Neutrinos



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.]

[see Chris Marshall & Matthew Toups]Accelerator  Neutrinos
Disappearance and appearance for neutrinos and antineutrinos



disappearance

appearance

Accelerator  Neutrinos
Disappearance and appearance for neutrinos and antineutrinos



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

�ij ⌘
�m2

ijL

4E

vacuum

Accelerator  Disappearance Probability
Sensitivity to the 32/31-sectors



&

effective  atmospheric for accelerator experiments�m2
atm

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

�ij ⌘
�m2

ijL

4E

vacuum

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



&

effective  atmospheric for accelerator experiments�m2
atm

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

�ij ⌘
�m2

ijL

4E

vacuum

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



&

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

<latexit sha1_base64="LA92UCUUUNFIxiSW5TmOb0wHzjQ="></latexit>

P⌫µ!⌫e ⇡ 4s223s
2
13c

2
13
sin2(�31 � aL)

(�31 � aL)2
�2

31

atmospheric term

<latexit sha1_base64="KIw7cMt9renOBSlWTCnMeBrDR68="></latexit>

+4s212c
2
12c

2
13c

2
23
sin2(aL)

(aL)2
�2

21

solar term

<latexit sha1_base64="BcGd/aKjvV5vjVJv7zJyixVK1ZE="></latexit>

+8
J

sin �

sin(�31 � aL)

(�31 � aL)
�31

sin(aL)

(aL)
�21 cos(�31 + �)

interference term

<latexit sha1_base64="3ZJerunbqH1ld2zZor7rtuqfxb8="></latexit>

a ⌘ GFnep
2

⇡ 1

3500 km

✓
⇢

3 g/cm3

◆
effect of  the matter potential

octant

CP phase
mass ordering

<latexit sha1_base64="vQY7zuu+gNMOfwztqSdcrvU0KA4="></latexit>

P⌫̄µ!⌫̄e = P⌫µ!⌫e(� ! ��, aL ! �aL)



<latexit sha1_base64="ZrFI+DINcd83o+EKiccx9Nc2Ji0=">AAAB8nicdZDLSsNAFIYnXmu9VV26GSyCq5CkF9uFUHTjwkUFe4E0lMl00g6dTMLMRCihj+HGhSJufRp3vo2TNoKK/jDw851zmHN+P2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJwKSDIxaJvo8kYZSTjqKKkX4sCAp9Rnr+9Cqr9+6JkDTid2oWEy9EY04DipHSyEU38AJaplWvwWGpbJnNRrViVzOyUGacSs1pQjsnZZCrPSy9D0YRTkLCFWZISte2YuWlSCiKGZkXB4kkMcJTNCauthyFRHrpYuU5PNVkBINI6McVXNDvEykKpZyFvu4MkZrI37UM/lVzExU0vJTyOFGE4+VHQcKgimB2PxxRQbBiM20QFlTvCvEECYSVTqmoQ/i6FP5vuo5p103ntlpuXeZxFMAxOAFnwAbnoAWuQRt0AAYReABP4NlQxqPxYrwuW1eMfOYI/JDx9glnG49k</latexit>

aL = 0.065
<latexit sha1_base64="ekOXS6QZGAYatr/InydCSGnC1so=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GmamVduFUHTjwkUF+5B2KJk0bUOTzJBkhDL0K9y4UMStn+POvzHTjqCiBwIn59zLvfcEEaNKO86HlVtaXlldy68XNja3tneKu3stFcYSkyYOWSg7AVKEUUGammpGOpEkiAeMtIPJZeq374lUNBS3ehoRn6ORoEOKkTbSHbqG59CxPa9fLDl2rVopuxXzd+ZIiVc+8WrQzZQSyNDoF997gxDHnAiNGVKq6zqR9hMkNcWMzAq9WJEI4Qkaka6hAnGi/GS+8AweGWUAh6E0T2g4V793JIgrNeWBqeRIj9VvLxX/8rqxHlb9hIoo1kTgxaBhzKAOYXo9HFBJsGZTQxCW1OwK8RhJhLXJqGBC+LoU/k9anu2e2t5NpVS/yOLIgwNwCI6BC85AHVyBBmgCDDh4AE/g2ZLWo/VivS5Kc1bWsw9+wHr7BJU3jvk=</latexit>
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Bi-probability plots
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Mass Ordering

NO

IO

T2K NOvA
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T2K NOvA
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T2K NOvA

Bi-probability plots



T2K/Super-Kamiokande

NOvA

Accelerator (& Atmospheric) Neutrinos
How neutrinos are measured? 



T2K NOvA IceCube-DeepCore

Super-Kamiokande

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

Quasi-elastic

Resonant pion

Deep inelastic

QE

RES

DIS

[see Sophie Berkman]

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



normal orderinginverted ordering

http://www.nufit.org

Reactors Combined 

NO

NOIO

IO

LBL
LBL

LBL+Reactors

LBL+Reactors

Δm2
31 |NO

μ > |Δm2
32 |IO

μ

Reactors Combined 
|Δm2

32 |IO
e > Δm2

31 |NO
e

Δm2
ee ≡ cos2 θ12 Δm2

31 + sin2 θ12Δm2
32

Δm2
μμ ≃ sin2 θ12 Δm2

31 + cos2 θ12Δm2
32

Disappearance Experiments Synergy
Neutrino Mass Ordering

http://www.nufit.org
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Disappearance Experiments Synergy
Mass Ordering Sum Rule

(Δm2
31 |NO

μ − Δm2
31 |NO

e ) + ( |Δm2
32 |IO

e − |Δm2
32 |IO

μ ) = (2 cos 2θ12 − 2 sin θ13cos δ) Δm2
21

%few 
@ the moment no disappearance experiment has any sensitivity to the ordering

Δm2
31 |NO

μ = Δm2
31 |NO

e if  NO is true

|Δm2
32 |IO

e = |Δm2
32 |IO

μ if  IO is true

Δm2
31 |NO

T2K+NOvA = (2.516 ± 0.031) × 10−3eV2

|Δm2
32 |IO

T2K+NOvA = (2.485 ± 0.031) × 10−3eV2

if  NO is true

if  IO is true

this will change soon with JUNO

∼ 1.2 %Precision

http://www.nufit.org


Atmospheric Neutrinos



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



Absorption at high energies

Neutrinos propagate 
across the Earth

Detection via Cherenkov light emission from  
secondary particles produced in 

interactions : 

tracks : 
cascades:

South Pole
DeepCore

Atmospheric  Neutrinos
IceCube/DeepCore Observations



[IceCube/DeepCore Collab. (2017)]

up-going up-goingdown-going down-goingmostly

Atmospheric  Neutrinos
IceCube/DeepCore Observations



• 23/13-sector now best determined by  
accelerator experiments + reactors

• consistent �m2
atm

normal ordering

inverted ordering

Atmospheric

Accelerator disappearance 

✓23
�m2

atm

�m2
atm, ✓13, �

Accelerator appearance ✓13 �, ✓23

✓23

Reactor (Daya Bay, RENO, DC) ✓13 �m2
atm

⌫µ ! ⌫e

EXPERIMENT Dominant Dependence Sub-dominant Dependence

Atmospheric  Neutrino Parameters
Current status: combined results for the 32/31-sectors

Δm2
atm = Δm2

31 or Δm2
32



NO/IO

✓23

�

3.9% 2.5%

1%

2.5%

Status of  the Standard Paradigm
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Status of  the Standard Paradigm



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

d�
dT

� |M|2 F (E) p E(Q� T )
�

(Q� T )2 �m2
�̄e

Q = MH �MHe �me = 18.58 keVK(T ) =

�
(Q� T )

�
(Q� T )2 �m2

�̄e

Kurie plot:

3H�3 He + e� + �̄e

[see Elise Novitski]

Effective Neutrino Mass



Tritium 𝛃-decay 
Valid for Dirac or Majorana neutrinos

⇢
m2

0 +�m2
21c

2
13s

2
12 +�m2

31s
2
13

m2
0 +�m2

21c
2
13s

2
12 ��m2

31c
2
13

neutrino mass scale

current bound

normal ordering

inverted ordering

KATRIN future sensitivity

me↵
⌫e

⇠ (0.2� 0.3) eV

[KATRIN Collab., Science 388 (2005) 6743]

meff
νe

< 0.45@90 % CL

[see Elise Novitski]

Effective Neutrino Mass
Absolute Neutrino Mass Scale

model independent
pure kinematics



Tritium 𝛃-decay 

me↵
⌫↵

=

sX

i

m2
i |U⌫2

↵i |2

Valid for Dirac or Majorana neutrinos

⇢
m2

0 +�m2
21c

2
13s

2
12 +�m2

31s
2
13

m2
0 +�m2

21c
2
13s

2
12 ��m2

31c
2
13

neutrino mass scale

current bound

normal ordering

inverted ordering

me↵
⌫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 (2005) 6743]

Effective Neutrino Mass
Absolute Neutrino Mass Scale

model independent
pure kinematics



� �= �̄� = �̄
Majorana Neutrino Dirac Neutrino

Neutrinoless Double 
Beta Decay

[see Benjamin Jones]

Effective  Majorana Neutrino Mass
 - decay0νββ



if  neutrino mass is the only source of   L[T 0⌫
1/2]

�1 = G0⌫ |M0⌫ |2 m2
��

Only occurs for Majorana neutrinos
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nuclear matrix elementhalf-life of  the decay
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Effective  Majorana Neutrino Mass
 - decay0νββ



if  neutrino mass is the only source of   L

current bound

[T 0⌫
1/2]

�1 = G0⌫ |M0⌫ |2 m2
��

[KamLAND-Zen Collab., arXiv:2406.11438]

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 ∝ Q5



Valid for Dirac or Majorana neutrinos

X

i

mi

neutrino masses affect CMB and the growth of  large scale structures

X

i

mi = f(m0, order,�m2
21,�m2

atm)

current bound

COSMOLOGY

[Planck Collab., Astron.Astrophys. 641 (2020)]
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[see Yvonne Wong]

Sum of  Neutrino Masses
Absolute Neutrino Mass Scale



lower bound depends on ordering

KATRIN sensitivity KamLAND-Zen

ruled out 
by cosmology

ruled out 
by cosmology

m
e↵ ⌫
e

m
�
�

Correlation Among Measurements
Absolute Neutrino Mass Scale



SUMMARY OF LECTURE II
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 the neutrino mass ordering  

• 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


