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Neutrinos in the SM and beyond1
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Energy maybe conserved 
in a statistical sense

Why it is a 
continuous 
spectrum?

N. Bohr

A bit of history
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Dec. 4, 1930: A desperate remedy
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1932 Chadwick discovers the neutron 

Neutron ≠ Pauli's neutron = Neutrino (Fermi)

Little neutron

1956       detected by Reines and Cowan (Nobel prize 1995)

1962       discovered at Brookhaven by Ledermann, 
Schwartz and Steinberger (Nobel prize 1988)

1995 LEP measurement of decay width found 3 active 
neutrino flavors:      = 3.00±0.06  

2000 detection of by the DONUT experiment (Fermilab)
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Neutrinos in the SM are:

Electrically neutral

Spin ½ (fermion)

Massless

Stable

Left-handed
spin

Associate with 
charged lepton
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Two possible mass ordering
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Dirac neutrino: Higgs mechanism

to have 

Majorana neutrino: Weinberg operator
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Seesaw mechanism (type I, II, III)

Type I seesaw

Type I Type II
Type III
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e

Flavor eigenstate Mass eigenstate

Flavor 
sate ≠ Mass 

eigenstate

Flavor：characteristic

of interactions
characteristic

of 
propagations

Mixing matrix: 

is a unitary matrix
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Neutrino oscillations and CP 
asymmetries in vacuum

2
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propagation

L

Oscillation: periodic transformation of neutrino 
flasvors during the propagation

B. Pontecorvo mentioned a 
possibility of neutrino mixing
and oscillation

“Mesonium and antimesonium”
Zh. Eksp. Teor. Fiz. 33, 549 (1957)
[Sov. Phys. JETP 6, 429 (1957)] 
translation
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Exampel:2 flavor oscillations

Mixing matrix

Evolution equation
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Transition amplitude

Oscillation probability

Taking approximations
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Specifically,

In natural unit,

Oscillation length:

Amplitude
frequency
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3 neutrino oscillation probabilities

Survival probability,

Unitarity,

What is the form of mixing matrix U?

Unlike 2 flavors,                                            if

if                                   or no mixing
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Standard parametrization

Atmospheric Reactor Solar Majorana phases

3 mixing angles and 1 Dierac phase

If              , then 

is a CP violating phase
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Different neutrino sources and oscillation properties
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CP asymmetries

CPT transformations:

Oscillation probability transform as

CPT 

CP  If they are equal

Since we define mesure of CP 
aymmetry

CP is conserved 
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If               , then U is real, thus              , so   is Dirac CP 
violating phase. 

No CP violation in survival probability 

CP violation is contained in

Jarlskog invariant.
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Properties: 1 Rephasing invariant

2

3

4 Only one is idependent for three fanilies

if
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Matter effects3
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propagation

L

Neutrino interacts with matter

CC NC



Yakefu Reyimuaji (XJU)                            Pre-SUSY 2021                                      24        

Aain 2 neutrino case

Effective Hamiltonian

Masses and mixing angle are effected
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Masses and mixing angle are effected

Resonance condition:

Amplitude is maximum, independent
of vacuum mixing angle

Minimum value between the two eigenvalues 
of effective Hamiltonian H
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Summary: neutrino parameters 
relevant for oscillations

Nuber of flavors Number of parameters Total

2 1 , 1 angle, 0 phase 2

3 2          , 3 angles, 1 phase 6

4 3          , 6 angles, 3 phases 12

n n-1          ,
𝑛 𝑛−1

2
angles, 

𝑛−1 𝑛−2

2
phases 𝑛 𝑛 − 1
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Determination of neutrino 
oscillation parameters

Ivan Esteban et. al JHEP 09 (2020) 178

Relative 1𝜎 uncetainity 
≤ 10%

https://link.springer.com/article/10.1007/JHEP09(2020)178#auth-Ivan-Esteban
http://dx.doi.org/10.1007/JHEP09(2020)178
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Ivan Esteban et. al JHEP 09 (2020) 178

20 years ago Now Future

https://link.springer.com/article/10.1007/JHEP09(2020)178#auth-Ivan-Esteban
http://dx.doi.org/10.1007/JHEP09(2020)178
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The Nobel Prize in Physics 2015 for the discovery 
of neutrino oscillations

Takaaki Kajita Arthur B. 
McDonald

SK SNO
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Introduction to eV-mass 
sterile neutrino

4
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Sterile neutrino

Sterile neutrinos (or inert neutrinos) is a neutrino 
without the SM interactions

1968 proposed by Bruno Pontecorvo

Only attend gravitational interaction

Mixes with active neutrinos

Why eV-mass sterile neutrino?

Sterile Neutrinos: the Ghost Particle's Ghost!

Currently, no  strict bound on the sterile neutrino mass.
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M o t iva t io ns three experimental anomaly

1 Short baseline exp.

LSND (a):

excess at  

MiniBooNE (b):

excess at  

Combined (c):

excess at  
LSND Collaboration(Phys.Rev.D 64 (2001) 112007); MiniBooNE Collaboration (Phys.Rev.Lett. 121 (2018))

Phys. Rev. Lett. 121 (2018) 221801 [arXiv:1805.12028].
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2 Gallium anomaly

rate deficit

significance

S. Gariazzo et. al., (J.Phys.G 43 (2016) 033001)
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3 Reactor anomaly

rate deficit

significance

S. Gariazzo, C. Giunti, M. Laveder and Y. F. Li (JHEP 06 (2017) 135)
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Exper imental  h ints
LSND MiniBooNE

S. Böser et al, Prog.Part.Nucl.Phys. 111 (2020) 103736  
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RAA
GA

S. Böser et al, Prog.Part.Nucl.Phys. 111 (2020) 103736  

All of these results imply a sterile neutrino with a mass about 1 
eV and mixing with active neutrino is about 0.1 might exist.
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Based on the work with prof. Chun Liu

5

Based on: JHEP 06 (2020) 094 
[arXiv:1911.12524]
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Neutrino masses
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Neutrino mixing
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Effects on masses

Effective Hamiltonian

Weak charged current and neutral current potentials

Effective mass squares satisfy
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Effects mixing matrix
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Effects on neutrino oscillation probabilities

Effects on CP asymmetries
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Independent asymmetry variables

With 3 neutrinos, there is only one          and      .

With 4 neutrinos, there are 3           and 9       .
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LArTPC,           Kt modules, baseline is 1300 Km. 
Mass ordering, CP-violating phase,       octant, new physics search,…



Yakefu Reyimuaji (XJU)                            Pre-SUSY 2021                                      48        

14 Kt liquid scintillator 
detector

Mass ordering

CP-violating phase

Octent of 
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1 Mt Cherenkov 
detector (20 x SuperK)

CP asymmetry
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channel
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channel
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channel
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1 Neutrinos are massive, neutrino flavors mix, and
they oscillate during the propagation

2 During the oscillation CP asymmetries may appear, 
and rephasing invariants quantify the asymmetry

3 Matter affects neutrino masses and mixing parameters
and enhances the oscillation probabilities

4 There are some hints of the sterile neutrino and 
discription of 3+1 neutrino scheme
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5 Matter affects on 3+1 neutrino oscillations in long
baseline experiments

6 The most probable channels to search for the 
sterile neutrino signal in DUNE, NOvA and T2HK 
are 

Thank you!


