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The messages want to be 
conveyed today

1. Neutrino oscillations are the only evidence for the physics 
beyond the standard model (BSM) by far. 

2. Neutrino physicists want to know more about neutrino 
oscillations. 

3. Particle physicists want to know if there is any other BSM 
phenomenology. 

4. To achieve the above, we need accelerator neutrino 
facilities.
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Neutrinos in the standard 
model

Its existence was proposed by Pauli in 1930, and was confirmed in 
1956. 

They are predicted to be  
1. massless 
2. only weak interactions 
3. three flavours- electron neutrinos, muon neutrinos, and talon 
neutrinos. 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Current understanding on 
neutrino oscillations

a 2ν example with sin2 2θ = 1.

neutrino mixing

neutrino mass-square differences Am
plitudeFrequency 

DUNE T2HK νμ → νe
νμ → νe
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Oscillation parameters vs. 
neutrino oscillations

neutrino oscillation spectra

neutrino oscillation parameters

constrain predict
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Current, future, and proposed 
neutrino Oscillation Experiments
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Current, future, and proposed 
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Accelerator Neutrino Projects

!7



Current understanding on 
neutrino oscillations

?

a 2ν example with sin2 2θ = 1.

δ = ?

if δ = ± π/2

if θ23 > or < 45∘ ?
?

if sign(Δm2
31) > or < 0

Rest of unknowns
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Current understanding on 
neutrino oscillations

?

a 2ν example with sin2 2θ = 1.

δ = ?

if δ = ± π/2

if θ23 > or < 45∘ ?
?

if sign(Δm2
31) > or < 0

Rest of unknowns

We want to resolve it by measuring the appearance 
channel                            , which needs the accelerator 
neutrino facilities, because of the neutrino flavour and 

the high neutrino energy. 

P(νμ → νe)
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The messages want to be 
conveyed today

1. Neutrino oscillations are the only evidence for the physics 
beyond the standard model (BSM) by far. 

2. Neutrino physicists want to know more about neutrino 
oscillations. 
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P(νμ → νe)We measure                   to 
resolve some of these 
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The messages want to be 
conveyed today

1. Neutrino oscillations are the only evidence for the physics 
beyond the standard model (BSM) by far. 

2. Neutrino physicists want to know more about neutrino 
oscillations. 

3. Particle physicists want to know if there is any other BSM 
phenomenology. 

4. To achieve the above, we need accelerator neutrino 
facilities.

if sign(Δm2
31) > or < 0

δ =if δ = ± π/2
if θ23 > or < 45∘?

?
?
?

P(νμ → νe)We measure                   to 
resolve some of these 
problems. HOW?
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Mass ordering and Octant 
degeneracies vs. DUNE and T2HK

Current global fit

DUNE and T2HK

• High sensitivity for mass ordering and octant degeneracies  
Is expected. 

• Mass Ordering and octant degeneracies can be resolved after DUNE and  
T2HK.

∼ 2σ ∼ 2σ

DUNE: 5+5 yr 
T2HK: 2.5+7.5 yr

arXiv:1612.07275
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CP violation vs. DUNE and 
T2HK

DUNE: 5+5 yr 
T2HK: 2.5+7.5 yr

arXiv:1612.07275

How good we 
can exclude 

the CP 
conserved 
scenarios.

∼ 1σ
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The precision of CP phase 
with DUNE and T2HK

DUNE: 5+5 yr 
T2HK: 2.5+7.5 yr

For               , DUNE is better.δ = ± π
2

δ = ± πFor               , T2HK is better.
The synergy can reach the  

precision          . < 13∘

arXiv:1612.07275

1σ

∼ 2 × 35∘
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CP phase measurement in 
MOMENT

arXiv:1909.01548

• MOMENT is compatible to T2HK in the delta 
measurement.  

• Systematics is an advantage for MOEMENT 
for CP conserved values. 

• Statistical uncertainty is important for CPV  
values.
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conveyed today
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 Precision measurements offer 
an opportunity for searching 

for the new BSM physics.
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Neutrino physics in neutrino 
oscillations

Flavour symmetry: high-energy symmetries 

Nonstandard interactions: new mediators 

Nonunitarity, neutrino decays, and sterile-active mixing: 
new fermions
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Neutrino physics in neutrino 
oscillations

Flavour symmetry: high-energy symmetries 

Nonstandard interactions: new mediators 

Nonunitarity, neutrino decays, and sterile-active mixing: 
new fermions
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Motivation of flavour 
symmetry

The Neutrino oscillation

~1/3

~1/2

~0

UPMNS

~2/3

 S. F. King. 2015

5

Observe the pattern of neutrino mixing
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flavour physics in neutrino 
oscillations

neutrino oscillation spectra

neutrino oscillation parameters

constrain predict

Flavour physics

constrain predict
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Tri-direct littlest seesaw

ei2π/3

Nufit 4.0

6
! ! !

JUNO JUNOLBLs LBLs

arXiv:1807.07538, arXiv:1811.12340. 

allowed range:3σ

r ≡ ms /ma

• Two sterile  neutrinos: for atmospheric and solar masses. 
• Normal mass ordering and m1=0 are predicted. 
• 6 oscillation parameters -> 4 model parameters. 
• Explain current neutrino mixing and mass.
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Testing flavour symmetry 
models with MOMENT

• The predicted constraint is similar to DUNE. 
• The degeneracy is seen. 
• Can exclude this model >5 sigma. 
• Good          and        measurements are 

useful to confirm the sum rule, and need 
accelerator  neutrino facilities.
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arXiv:1907.01371

θ23 δ
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Neutrino physics in neutrino 
oscillations

Flavour symmetry: high-energy symmetries 

Nonstandard interactions: new mediators 

Nonunitarity and neutrino decays: new fermions
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Nonstandard Interactions

The interactions involve at-least one neutrinos and SM fermions via a 
BSM mediator, eg. Z’… 

It may take place at the source, at the detector, and in matter of 
neutrino oscillations. 
 
 
 
 
 
 
 source

detector

matter

q + l → q′� + ν; l → l′� + ν + ν′�

q + ν → q + ν′�; l + ν → l + ν′�

q + ν → q′� + l; l + ν → l′� + ν′�
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NSIs in matter

να νβ

fγ fδ

Oscillation in vacuum

Standard matter effects

NSIs in matter

: the ratio between the stregth of NSIs to the Fermi constant.ϵαβ

We need accelerator neutrino facilities for at least two 
reasons: 1) the higher intensity; 2) the higher energy

: matter potential.A
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New particles in neutrino 
oscillations

neutrino oscillation spectra

neutrino oscillation parameters

constrain predict

Nonstandard interactions(NSIs)⊕
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Last understanding of NSIs in 
matter arXiv:1805.04530

arXiv:1905.05203

• NSI parameters are not be constrained very well by  
oscillation data. 

• These new parameters affect the measurement of 
octant, mass ordering and CPV.

x 3 is about the NSIs in matter

1σ/2σ/3σ95 % C.L.
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CERN-PINGU configuration 
(planet-scale nu oscillations)

Shooting a neutrino beam from CERN to PINGU 
baseline~10000km; large matter effects

arXiv:1909.12674

• Good measurements are expected.  
• Most of degeneracies are resolved. 
• It can be used for searching for CPV in NSIs. 

1σ/90 % /95 % C . L .
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Neutrino physics in neutrino 
oscillations

Flavour symmetry: high-energy symmetries 

Nonstandard interactions: new mediators 

Nonunitarity, neutrino decays, and sterile-active mixing: 
new fermions

!30



3-neutrino unitarity

Preliminarily 

Preliminarily 

Preliminarily 

We have good measurement for the “e” 
row. For “mu” and “tau” rows, we need 
accelerator facilities.

Only 5 events by far !31



Invisible neutrino decays in 
MOMENT

arXiv:1811.05623

• The baseline of MOMENT is proper to constrain tau_3. 
• It can greatly improve the current knowledge of inversive 

neutrino decays from NOvA and T2K. 
• The systemtic error is more important than other factors.
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New strategy for 
flavour symmetry
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New strategy for flavour 
symmetry

neutrino oscillation spectra

neutrino oscillation parameters

constrain predict

Flavour physics

constrain predict

Non-standard interactions⊕

constrain predict
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Testing A4 symmetry at high 
energy for DUN

A4 symmetry forbids 
the flavour-transition  

NSIs.

arXiv:1801.05656

• High precision to test A4 at NSIs are expected. 
• A4 conserved at NSI can explain null-NSI measurement 

in DUNE.
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The messages want to be 
conveyed today

1. Neutrino oscillations are the only evidence for the physics 
beyond the standard model (BSM) by far. 

2. Neutrino physicists want to know more about neutrino 
oscillations. 

3. Particle physicists want to know if there is any other BSM 
phenomenology. 

4. To achieve the above, we need accelerator neutrino 
facilities.

if sign(Δm2
31) > or < 0

δ =if δ = ± π/2
if θ23 > or < 45∘?

?
?
?

P(νμ → νe)We measure                   to 
resolve some of these 
problems. 

Flavour symmetry/ New mediator searching/ New fermion probing
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Conclusions
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Thank you for your attention 
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2019/07/28 
 

Jian Tang 

PostDoc advertisement in SYSU 

14 

Postdoc openings in our group: ~2K euros/month + bonus + on-campus housing + 
Postdoc funding supported by local province. 
Email: tangjian5@mail.sysu.edu.cn  

2019/07/28 
 

Jian Tang 

R&D of a muon tracking detector 

11 

Attenuation length of 
each plastic scintillator 

2019/07/28 
 

Jian Tang 

探测器prototype 

12 

stacking crystals opened up calorimeter 

SiPM Plastic scintillator Electronics readout 

Pre-assembly 

 40



Back-up
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The Standard Model 

su(2)L × u(1)Y gauge interactions

self-interaction
Higgs potential

mass term of fermions
!42



BEYOND The standard model 
of particle physics

The neutrino oscillation: neutrinos are massive!  

The dark matter: dark sector is predicted!  

The dark energy: it is inconsistent with Higgs vacuum!
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BEHIND neutrino oscillations

Neutrino oscillations are the effects caused by the neutrino 
mass differences and neutrino mixing.  

The neutrino oscillation: neutrinos have mass.  
Time dilation does not apply. Otherwise, any variation of 
neutrino would not be allowed. 

Neutrino mixing is allowed in SM.
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Neutrino Oscillation 
Experiments

p

νμ

p

νμ

νe
reactor

Water/Ice/LS Cherenkov detector

Liquid Argon/Iron detector

Matter

L

celestial objects  
(e.g. sun, supernovae)

νe

μ

neutrino factory

accelerator
cosmic rays

νμ atmosphere

Appearance channel
Disappearance channel

!45



Upcoming LBL accelerator 
Experiments

Deep Underground Neutrino Experiment (DUNE):  
1. 1300 km  
2. 40 kton LArTPC  
3. non-negligible matter effects  
4. Superbeam facility 

Tokai to Hyper-Kamiokanda(T2HK): 
1. 295 km 
2. 500 kton Water Cherenkov detector  
3. almost no matter effects 
4. Superbeam facility

νμ → νμ/νe

ν̄μ → ν̄μ/ν̄e
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MOMENT
arXiv:1401.8125

• Using muon-decay neutrinos 
• clean neutrino beam are expected.  

—> low systematic errors from beam 
—> low background

μ− → e− + νμ + ν̄e
μ+ → e+ + νe + ν̄μ
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Precision measurement of the 
CP phase

P(νμ → νe; E, L) = P1 + P3/2 + 𝒪(ϵ2)

P1 =
4

(1 − rA)2
sin2 θ23 sin2 θ13 sin2 ( (1 − rA)ΔL

2 )
P3/2 = 8Jr

ϵ
rA(1 − rA)

cos (δ +
ΔL
2 ) sin ( rAΔL

2 ) × sin ( (1 − rA)ΔL
2 )

Jr = cos θ12 sin θ12 cos θ23 sin θ23 sin θ13

rA = 2 2GFNeE/Δm2
31; Δ = Δm2

31/2E

π/2 for the 1st max.

= sin δ
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Oscillation for DUNE and 
T2HK with different CP phases

Normal ordering
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Oscillation for DUNE and 
T2HK with different CP phases

Matter effects

Matter effects
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Oscillation for DUNE and 
T2HK with different CP phases

Mass ordering
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DUNE: 5+5 yr 
T2HK: 2.5+7.5 yr

The degeneracy  
between  

delta and MO

Matter effects resolve the 
degeneracy

arXiv:1612.07275

• High sensitivity is predicted. 
• The degeneracy in T2HK can be resolved 

by including DUNE data.
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CSD Littlest Seesaw
arXiv:1612.01999

• Two sterile  neutrinos: for atmospheric and solar masses. 
• Normal mass ordering and m1=0 are predicted. 
• 6 oscillation parameters -> 3 model parameters. 
• Explain current neutrino mixing and mass.

∝ (1,n, n − 2)T

θ13 ∼ (n − 1)
2

3
m2

m3

!53



CSD Littlest Seesaw with future 
accelerator and reactor exps.

High exclusion ability for DUNE + T2HK + JUNO + RENO-50  
 
 
 
 
 
 
 
 
 

arXiv:1612.01999

!54



tri-direct littlest seesaw vs. 
future experiments

arXiv:1905.12939

• The understanding for this model will be improved. 
• With the improvement of sensitivity, more degeneracies appear. 
• Degeneracies can be resolved by combining different measurements.!55



Flavour symmetry predicts 
the neutrino mixing

The possible form for mass matrix, i.e. mixing matrix 
(e.g. TBM…etc) and mass-square splittings.

Seesaw I Seesaw II Seesaw III

Higher-energy Symmetry, e.g. A4 or S4…etc
Break the symmetry by flavoron Depend on how it 

breaks, we have direct 
approach,…etc. 

Currently, tri-direct 
approach is  
proposed. 
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Other new physics

Neutrino decays 

Nonunitarity of neutrino mixing 

Sterile-active neutrino mixing 

etc…

arXiv:1603.08696; arXiv:1705.03599; arXiv:1805.01848, etc

arXiv:1508.05095; arXiv:1609.08637, etc

arXiv:1609.08637; arXiv: 1906.00045, etc
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NSIs in matter for DUNE

σ2
NSI ≡ min

ΘPMNS
{χ2 |ϵαβ=0 − χ2

b.f.}

arXiv:1511.06375,
& TC’s PhD thesis

• DUNE can detect the effect of NSIs well, but needs  
improvement for measuring it because of the degenercies.1σ/90 % /95 % C.L.
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Predict NSIs with flavour 
symmetry

UV complete model for 
sizeable NSIs 

Include a new charged scalar  
and right-handed neutrinos
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Predict NSIs with flavour 
symmetry

Impose the flavour symmetry

NSI matrix is predicted  
in the form of
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Predict NSIs with A4/Z2 
flavour symmetries

Nmn is the normalisation factor.

arXiv:1801.05656

• Preserving A4 at NSIs, flavour-transition NSIs are forbidden.
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Testing Z2 symmetry

Current constraints

Current constraints 
predict the form

Testing Z2 for DUNE

arXiv:1801.05656

• NSI matrix is greatly simplified, and its predictivity is enhanced.
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Low energy mu-tau reflection 
symmetry

arXiv:1911.00213

• The parameter space becomes smaller, because of the  
reduction of number of d.o.f and the smaller allowed region 
for the e-tau component.mu-tau reflection symmetry

Constraints 
w/o mu-tau

Constraints 
w/ mu-tau
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