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Neutrino Physics 
Introduction



Neutrino Physics Post-1998

1998: evidence for neutrino mass from SuperK (νμ→ντ)

2002: evidence for neutrino mass from SNO (νe→νμ,τ)

2003: KamLand confirmed Large Mixing Angle solution to solar ν 

          problem

2011: hints for non-zero θ13 from T2K, MINOS, and Double Chooz 

2012: evidences of non-zero θ13 from Daya Bay and RENO
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first solid evidence of beyond the Standard Model Physics

for some parameters: discovery phase into precision phase;


and yet, many great discoveries to come

Massive 
Neutrinos



Neutrino Oscillation ⇒ Massive Neutrinos

• Neutrino Masses are non-degenerate (at least two are non-zero)

• mass eigenstates ≠ weak eigenstates


• Accidental symmetries in SM


• Broken lepton flavor numbers: Le, Lμ, Lτ

• Processes cross family lines in lepton sector now possible


• As a result

• neutrino oscillation

• lepton flavor violation decays?


• total lepton number?  L = Le + Lμ + Lτ
3

μ e?

7/5/2018 Fermi National Accelerator Laboratory - Home

https://www.facebook.com/Fermilab/photos/pcb.10156642551968969/10156642549958969/?type=3&theater 1/1
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Overview by 
Masato 
Yamanaka

MEG II: Toshiyuki Iwamoto

Mu2e: Tamasi Eameshchandra Kar

COMET: Truong Nguyen



What if Neutrinos Have Mass?
• Similar to the quark sector, there can be a mismatch between mass 

eigenstates and weak eigenstates

• weak interactions eigenstates: νe, νμ, ντ

• mass eigenstates: ν1, ν2, ν3

• Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix

4

Maki, Nakagawa, Sakata,  1962 ;  Pontecorvo, 1967

PMNS

3 mixing angles 

+ 1 (3) phase(s) for 

Dirac (Majorana) 
neutrinos



Leptonic Mixing Matrix
• Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix


• three neutrinos case: 


• Three mass eigenvalues  ⇒ two 


• three mixing angles:

• three CP phases (if Majorana):


• 1 CP phase (if Dirac):  

• Oscillation experiments: sensitive only to 

• Neutrinoless double beta decay: sensitive only to Majorana 

phases: 

m1, m2, m3 Δm2
ij ≡ m2

i − m2
j

δ
δ

ϕ12, ϕ13
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Leptonic Mixing Matrix

Two mass differences:

Three families mixing:

                    atm                      reactor                         solar                 Majorana phases

          3 mixing angles:

        3 complex phases:

       CP violation in neutrino oscillations sensitive to

       Neutrinoless double-beta decay sensitive to
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Neutrino Oscillation: Macroscopic Quantum Mechanics

• production: neutrinos of a definite flavor produced by weak 
interaction

• propagation: neutrinos evolve according to their masses

• detection: neutrinos of a different flavor composition detected
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P(να → νβ)

2 flavor 
approximation



Neutrino Oscillation: General
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P(να → νβ)

Leptonic Jarlskog invariant



8

Oscillation Experiments: 

Atmospheric, solar, reactor, 
accelerator neutrinos

- mass ordering, CP phases, 

precision measurements

- Searches for BSM physics 

Classes of Experiments

Neutrino cross sections, CE NS: 

- Interpretation of data

- BSM 

ν

Neutrinoless Double Beta Decay: 

- Majorana vs Dirac

Weak Decay Kinematics: 

- Absolute mass scale

- Precision cosmology
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Neutrino Physics in Vietnam

IFIRSE, ICISE: 


T2K, Super-K 

beam monitor

flux simulation

cross-section measurement

neutrino oscillation analysis


VAST, IOP: T2K
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Oscillation Experiments: 

Atmospheric, solar, reactor, 
accelerator neutrinos

- mass ordering, CP phases, 

precision measurements

- Searches for BSM physics 

Classes of Experiments

Astrophysical Neutrinos: 

SN, GRBs, AGNs, mergers

- Possible BSM physics 

Neutrino cross sections, CE NS: 

- Interpretation of data

- BSM 

ν

Neutrinoless Double Beta Decay: 

- Majorana vs Dirac

Weak Decay Kinematics: 

- Absolute mass scale

- Precision cosmology



[Slide from: Kate Scholberg, Snowmass CSS 2022]



Neutrinos as 
messengers

[Photo credit: Astroparticle Physics - DESY]

KM3NeT: Talk by  
Gogita Papalashvili 



Where Do We Stand?
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NuFit-6.0 (2024)



Neutrino Mass Measurements
• search for absolute mass scale:


• end point kinematic of tritium beta decays


• neutrinoless double beta decay


• Cosmology  ∑(mνi) < 0.12 eV **
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Tritium→ He3 + e− + νe

KATRIN: current** limit  eV

Future sensitivity  eV

∼ 0.8
∼ 0.2

sin 2β = 0.672+0.069
−0.07

γ (deg) = 71+46
−45

α (deg) = 89+21
−13

τ(p → e+π0) > 8.2× 1033 years (90% CL, SuperK 2009) (1)

τ(p → νK+) > 2.3× 1033 years (90% CL, SuperK 2005) (2)

V †
e,RMeVe,L = diag(me,mµ,mτ )

V T
ν,LMνVν,L = diag(m1,m2,m3)

V †
u,RMuVu,L = diag(mu,mc,mt)

V †
d,RMνVd,L = diag(md,ms,mb)

current bound: | �m� | ≡
����
�

i=1,2,3

miU
2
ie

���� (3)

1

   < (0.061-0.165) eV  (Kamland-Zen, 2016)    

 Neff = 3.0440 ± 0.0002 [2008.01074; 2012.02726]  

⇒ fully thermalized sterile neutrino disfavored                                     

LEGEND: Talk by David 
Hervas Aguilar

KATRIN: Talk by Jakkapat 
Seeyangnok

** Vietnam Flavour Physics Conference 2022

∑(mνi) < 0.072 eV 

(DESI BAO + CMB, 2024)

(0.025 - 0.122) eV (KamLAND-Zen, 2024)



The known knowns:
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How are masses ordered?

~2 x 10-3 eV2

~2 x 10-3 eV2

~7 x 10-5 
eV2

~7 x 10-5 eV2



The Known Knowns
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10/30/13 4:55 PMangles.png 434×236 pixels

Page 1 of 1http://inspirehep.net/record/1209723/files/angles.png

[θlep23 ~ 42°] [θlep12 ~ 33°] [θlep13 ~ 9°]

NuFIT (2022)
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☞ CP violation in lepton sector? 


☞ Mass ordering: sign of (Δm132)?


☞ Precision: θ23 > π/4, θ23 < π/4, θ23 = π/4 ?


Open Questions - Neutrino Properties



CP Violation in Neutrino Oscillation
• With leptonic Dirac CP phase δ ≠ 0 ➜ leptonic CP 

violation

• Predict different transition probabilities for 

neutrinos and antineutrinos


• One of the major scientific goals at current and 
planned neutrino experiments 
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10/31/13 12:14 AMt2k_logo_small.png 320×160 pixels

Page 1 of 1http://www.t2k.org/news/logo/t2k_logo_small.png

10/31/13 12:15 AMPage5FirstT2KResults2.png 1,040×406 pixels

Page 1 of 1https://lh5.googleusercontent.com/-NWonNYngL8E/TYs3ChTjxmI/AAAAAAAAAGs/132jtO4QiEQ/s1600/Page5FirstT2KResults2.png

10/31/13 12:17 AMlbne-beam-map.png 1,630×623 pixels

Page 1 of 1http://lbne.fnal.gov/images2/lbne-beam-map.png

DUNE

P(να → νβ) ≠ P(να → νβ)



Experimental Precision: Oscillation Parameters
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JUNO: Talk by  
Achim Stahl

Super-K: Talk by  
Seungho Han 

NOvA: Talk by  
Anastasiia Kalitkina 

Complementarity 
among experiments

T2K: Talks by  
Joanna Zalipska

Figure Curtesy of Shirley Li (2022), updated from 
Song, Li, Argüelles, Bustamante, Vincent (2020)

DUNE: Talk by  
Ioana Caracas

Hyper-K: Talk by  
Nick Prouse
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Leptonic Unitarity Triangle
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Neutrino Interactions

MicroBooNE: Talk 
by Patrick Green

@GeV: Needed 
to understand 
oscillation data

(TeV) Neutrinos 
at LHC

CCQE

CC RES

CC DIS

Neutrino-Nucleus 
Interactions: Talk by Minoo 
Kabirmezhad



Some Anomalies are 
more anomalous 

than others.
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Neutrino Anomalies

(Science)
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Neutrino Anomalies
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Neutrino Anomalies

(Science)
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Neutrino Anomalies
Measurements at < km 
disagree with state-of-

the-art neutrino 
predictions



27

Neutrino Anomalies

[Slide Curtesy: 
Joachim Kopp @ 
Neutrino 2022]

?

?

?

?
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Neutrino Anomalies

[Slide Curtesy: 
Joachim Kopp @ 
Neutrino 2022]

?

?

?

?

Not much 
progress 

since Vietnam 
Flavour 

Conference 
2022
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Are there sterile neutrinos?

[Slide Curtesy: 
Joachim Kopp @ 
Neutrino 2022]

?

?

?

?

New neutrino 
mass states (eV)?

Sterile neutrinos

SBND: Talk by Supraja 
Balasubramanian

NOvA: Talk by  
Anastasiia Kalitkina 

ICAUS: Talk by  
Alice Campani



Are Neutrinos their Own Antiparticles?

30

Two-neutrino double-  decayβ

Neutrinoless double-  decayβ

(A, Z) → (A, Z + 2) + e− + e− + νe + νe

LN conserved

ΔL = 2 (A, Z) → (A, Z + 2) + e− + e−

First observed in 1987

Required massive Majorana neutrinos;  
Not yet observed

Maria Goeppert-Mayer, 1935

Wendell Furry, 1939



Neutrinoless Double Beta Decay
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(T0ν
1/2)−1 = G0ν ⋅ |M0ν |2 ⋅ m2

ee

phase space 
dependence

Nuclear matrix 
element

effective 
Majorana mass



Neutrinoless Double Beta Decay
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(T0ν
1/2)−1 = G0ν ⋅ |M0ν |2 ⋅ m2

ee

Nuclear Matrix 
Element: 

• Large 
uncertainty: 
variation about 
factor of 3


• Recent Lattice 
efforts 

Review by Agostini, Benato, 
Detwiler, Menéndez, Vissani 

(2202.01787) 



Neutrinoless Double Beta Decay
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Neutrinoless Double-β Decay

0
2

4
6

8
10

mββ
(4)    [eV]

∆
χ2

10−3 10−2 10−1 1

GERDA, EXO, KLZ, CUOR
90% CL

68.27%

90%

95.45%

99%

99.73%

SBL

[Giunti, Laveder, Li, Long, 2014]

Pragmatic 3+1 Fit

|mββ| =

∣∣∣∣∣

4∑

k=1

U2
ek mk

∣∣∣∣∣

m
(4)
ββ = |Ue4|2

√
∆m2

41

caveat:
possible cancellation

with m
(3ν−IH)
ββ

[Barry et al, JHEP 07 (2011) 091]

[Li, Liu, PLB 706 (2012) 406]

[Rodejohann, JPG 39 (2012) 124008]

[Girardi, Meroni, Petcov, JHEP 1311 (2013) 146]

C. Giunti − Phenomenology of Light Sterile Neutrinos − Massive Neutrinos − 11 February 2015 − 25

3 : IO fully covered by 2035ν

C. Giunti, T. Lasserre (2019)

4 : NO can be probedν



Neutrinoless Double Beta Decay

[From Snowmass White Paper 2212.11099]
LEGEND: Talk by  
David Hervas Aguilar
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☞ Majorana vs Dirac? 


☞ CP violation in lepton sector? 


☞ Absolute mass scale of neutrinos?


☞ Mass ordering: sign of (Δm132)?


☞ Sterile neutrino(s)?


☞ Precision: θ23 > π/4, θ23 < π/4, θ23 = π/4 ?

☞ Additional Neutrino Interactions?

Open Questions - Neutrino Properties

a suite of current and upcoming 
experiments to address these puzzles

To understand 
some of these 

properties 
⇒ BSM Physics
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weak interaction eigenstates
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weak interaction eigenstates
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  ☞ Smallness of neutrino mass:

Open Questions - Theoretical

mν ≪ me, u, d

  ☞ Flavor structure:
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  ☞ Smallness of neutrino mass:

Open Questions - Theoretical

mν ≪ me, u, d

  ☞ Flavor structure:

quark mixing leptonic mixing

[ [] ]
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  ☞ Smallness of neutrino mass:

Open Questions - Theoretical

mν ≪ me, u, d

  ☞ Flavor structure:

quark mixing leptonic mixing

[ [] ]
Fermion mass and hierarchy problem ➟ 

Many free parameters in the Yukawa 
sector of SM
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  ☞ Smallness of neutrino mass:

Open Questions - Theoretical

mν ≪ me, u, d

  ☞ Flavor structure:
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  ☞ Smallness of neutrino mass:

Open Questions - Theoretical
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  ☞ Flavor structure:

quark mixing leptonic mixing
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  ☞ Smallness of neutrino mass:

Open Questions - Theoretical

mν ≪ me, u, d

  ☞ Flavor structure:

quark mixing leptonic mixing

[ [] ]
Fermion mass and hierarchy problem ➟ 

Many free parameters in the Yukawa 
sector of SM

  ☞ Flavor structure:

Open Questions - Theoretical

weak interaction eigenstates

m
as

s 
eig

en
st

at
es
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  ☞ Smallness of neutrino mass:

Open Questions - Theoretical

mν ≪ me, u, d

  ☞ Flavor structure:
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  ☞ Smallness of neutrino mass:
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  ☞ Flavor structure:

quark mixing leptonic mixing

[ [] ]
Fermion mass and hierarchy 

problem ➟ Many free parameters in 
the Yukawa sector of SM



Why Should We Care?
• Understanding a wealth of data, fundamentally

• SM flavor sector: no understanding of significant fraction (22/28) 

of SM parameters; (c.f. SM gauge sector)

• Neutrinos as window into BSM physics


• neutrino mass generation unknown (suppression mechanism, scale)

• Uniqueness of neutrino masses ➜ connections w/ NP frameworks    

• New insights on origin of flavor


• Connection to B/L violation, Dark Sector

• Baryogenesis (through Leptogenesis)

• Dark Matter

• …..
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Talk by  
Yurika Sekikawa
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