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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
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a 2v example with sin®>260 = 1.
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Oscillation parameters vs.
neutrino oscillations

neutrino oscillation parameters

constrain I 1 predict

neutrino oscillation spectra
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Current, future, and proposed
neutrino Oscillation Experiments

Proposed

Upcoming

SARFORD UNDERGROUND RESEARCH FACILITY
Lead, So_l:m Dakota

Proton driver (15MW, 1.5GeV) % Pion target -

05
NS %

. BN :
Pion collection section //// :
4 / ’

CW superconducting linac (~300m)

Current running

Detector
Bending section(~20m) _\\

TN

Vi / ve or Vu / Ve p decay channel (~600m)
To detector (~150km) (SC solenoids or quads)

Overburden: ~265 mwe
Weighted baseline: ~500 m
s e

-'Guang Zhou
%y Huizhou NPP
Shen Zhen

Jiangmen @
L >

Lufefig NPP

Kaipin;
reactors P g.
el sl o
" Ling Ao
reaetors,

JUNO@ s53km
53 km :

- ‘?han NPP
_‘Yangjiang NPP. - **-




Proposed

Upcoming

SARFORD UNDERGROUND RESEARCH FACILITY
Lead, Socth Dakota

Proton driver (15MW, 1.5GeV) % Pion target

05
NS %

. BN :
Pion collection section //// :
4 / ’

CW superconducting linac (~300m)

Current running

Detector
Bending section(~20m) _\\
\\\\

Vi / ve or Vu / Ve p decay channel (~600m)
To detector (~150km) (SC solenoids or quads)

- Gua ou
Overburden: ~265 mwe G ng Zh A
Weighted baseline: ~500 m 399
o,

/

Huizhou NPP

Shen Zhen

Jiangmen @
L >

Lufefig NPP
reactors Kalplng.
B e

" Ling Ao
reaetors,

JUNO@ s53km
53 km :

- ‘?han NPP
_‘Yangjiang NPP. - **-

Overburden: ~250 mwe
= - Weighted bascline: ~360 m




Pyp—vy(L,E) =605 —4) Re[Usy Upy Uy; Up;] sin®

without SK-atm

with SK-atm

Current understanding on
neutrino oscillations
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Current understanding on
neutrino oscillations
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a 2v example with sin®>260 = 1.
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Rest of unknowns
if sign(Amsz,) >or<0 ?

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

the high neutrino energy.
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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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Mass ordering and Octant
degeneracies vs. DUNE and T2HK

arxXiv:1612.07275

Current global fit i

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

e Mass Ordering and octant degeneracies can be resolved after DUNE and

‘E

06 065 26 25 24 24 25 26
2 3 2 2
Am,, [10"eV'] Am,,

ormal ordering DUNE [ |
nverted ordering ——-—-— o T2HK —— + r
T2HK —— _--~"" DUNE #T2HK —— n

DUNE + T2HK —— T2HK: 2.5+7-5 yr

0.42 0.44 0.46 048 0.5 0.52 0.54 0.56 0.58

True sin?6,,




CP violation vs. DUNE and
T2HK

arxXiv:1612.07275

How good we
can exclude
the CP
conserved
scenarios.

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




——— e e e e g I

The precision of CP phase
with DUNE and T2HK

arxXiv:1612.07275
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DUNE: 5+5 yr For 6 = % -, DUNE is better

DUNE
T2HK /3

T2HK: 2.5+7.5 yr o Ll For 5 — + 7 , T2HK is better.

The synergy can reach the
precision < 13°,

True 6 /m




Experiments
Fiducial mass
Channels

Energy resolution
Runtime
Baseline

Energy range
Normalization
(error on signal)
Normalization
(error on background)

CP phase measurement in
MOMENT

arXiv:1909.01548

P 002/ A®D 20°0/ 71t/ ;0T

MOMENT
Gd-doping Water cherenkov(500 kton)
Ve(Ve) = Ve(Ve), Vu(Pp) — vu(Wp),
Ve(Ve) = Vu(Vu), Vu(P) = ve(Te)
12%/FE
©~ mode 5 yrs+ puT mode 5 yrs
150 km
100 MeV to 800 MeV
appearance channels: 2.5%
disappearance channels: 5%
Neutral current, Atmospheric neutrinos
Charge misidentification

OCp 90°  180°
Running times

10 years 17.3°  9.0°

40 years 9.1° b5.7°

Systematics

2% 17.2° 8.5°

15% 17.9° 18.3°
Beam polarity

50% /50% 17.3°  9.0°

100% /0% 17.0° 11.1°

Oscillation maximum
15t max. 23.1° 13.9°
274 max. 17.3°  9.0°

e MOMENT is compatible to T2HK in the delta

measurement.

e Systematics is an advantage for MOEMENT

for GP conserved values.

e Statistical uncertainty is important for CPV

values.

DUNE+MOMENT

° I'T2HK+MOMENT
o | LBLs+MOMENT

MOMENT ——

180°  270° 360° 0° 90°  180° 270°
dcp (true) dcp (true)
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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




Motivation of flavour
symmetry
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flavour physics in neutrino
oscillations

Flavour physics

constrain I ‘[ predict

neutrino oscillation parameters

constrain I 1 predict

neutrino oscillation spectra
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Tri-direct littlest seesaw

Two sterile neutrinos: for atmospheric and solar masses.

Normal mass ordering and mi=0 are predicted.
6 oscillation parameters -> 4 model parameters.
Explain current neutrino mixing and mass.

30 allowed range:

— 5475 <z < —3.37, 0.455 < n/m < 1.545, "
0.204 < r < 0.606, 3.343 < m,/meV < 4.597.

without SK-atm

Nufit 4.0

_ Normal Ordering (best fit) ‘
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bfp +1o
0.310+9:913
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sin? 023 0-580t8:8%1
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scp/° 215149
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7.3970%%
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0.275 — 0.350
31.61 — 36.27

0.418 — 0.627
40.3 = 52.4

0.0224119:59965  0.02045 — 0.02439

8.22 —+ 8.99

125 — 392

6.79 — 8.01

+2.427 — 4-2.625

=o)

arX1v:1807.07538, arXiv:1811.12340.




Testing flavour symmetry
models with MOMENT

arX1v:1907.01371

i§§ The predicted constraint is similar to DUNE.
o 15 o 128 u The degeneracy is seen.
an exclude this model >5 sigma.
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Neutrino physics in neutrino
oscillations

Nonstandard interactions: new mediators




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.

o il 2t it il ol DAaty T it TSt A o

g+l—-qg+v, | ->1'+v+ 1V :':

detector
ekl ’s +v—->qg+v, l+v->1+0V

matter
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NSIs in matter

U, Vp
Standard matter effects

1 0 0 0 100 €€ € ET
H =2 qU [0Am3 0 UthHA o000 |+ A|en g
0 0 Am?ﬂ 000 TE€ T TT

Oscillation in vacuum NSlIs in matter

fy ][5 Gaﬂ : the ratio between the stregth of NSls to the Fermi constant.
A :matter potential.

We need accelerator neutrino facilities for at least two
reasons: 1)2t6he higher intensity; 2) the higher energy




ey

New particles in neutrino
oscillations

neutrino oscillation parameters| & |Nonstandard interactions(NSIs)
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neutrino oscillation spectra
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Last understanding of NSIs in

X 3 is about the NSIs in matter

OSC

95 % C.L.

LMA

LMA & LMA-D

—0.020, 4+0.456]
—0.005, +0.130]

—0.060, 4+0.049
—0.292, +0.119]
—0.013, 4-0.010]

—1.192, —0.802]
—0.152, 4+0.130]

—0.060, +0.067]
—0.292, +0.336
—0.013,4+0.014

—0.027, +0.474]
—0.005, +-0.095]

—0.061, +0.049]
—0.247, +0.119
—0.012, +0.009]

—1.232, —1.111
—0.013, 4+0.095

—0.061, +0.073
—0.247,+0.119
—0.012, +0.009

—0.041, +1.312
—0.015, +0.426]

—0.178,40.147
—0.954, +0.356]

—3.327,—1.958
—0.424, +0.426]

—0.178,+0.178]
—0.954, +0.949

—0.035, +0.027

—0.035, +0.035

|AmZ|[10-%eV?)

matter

arX1v:1805.04530
arX1v:1905.05203

l6/20/30
oscillation data.

e NSI parameters are not be constrained very well by

® These new parameters affect the measurement of

octant, mass ordering and CPV.
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CERN-PINGU configuration
planet-scale nu oscillations)

arX1v:1909.12674

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

0.04 0.04 0.04
0.03! 003 0.03.

— 5. MaterEfects | %% 7 n ® Good measurements are expected.

5002 & 0.02] 50.02

001 oo 001 { e Most of degeneracies are resolved.
| e [t can be used for searching for CPV in NSIs.

Vaccum
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Neutrino physics in neutrino
oscillations

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




Short baseline reactor
experiments (V,->V,)
Long baseline reactor
experiments (V,->V,)

Solar neutrino
experiments (v ->v,)

Accelerator experiments
(v,->v,)

Accelerator experiments
(V,->V,)

Accelerator experiments
(v,>v.)
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(IEX'(CH(IC\(I _
“"PMNS —
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2 2 2
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1st row
normalisation

15t row
normalisation
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normalisation

25t row
normalisation
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We have good measurement for the “e”
row. For “mu” and “tau” rows, we need

accelerator facilities.
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Invisible neutrino decays in
\Y (0J\Y I D\

arXiv:1811.05623

|
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__T2K

. m3
—1

2F
0 Amgl 3

—11 —10.5 —10
loglo (T3 /m3 [S/GV])

-11 =105 —10

log,, (13/mg[s/eV])

000 2v/2GrN.E 0 0

000 | SUT+ 0
001 0

—11.5 —11 —10.5 —10
loglo (T3 /m3 [S/GV])

—11.5 —11 —10.5 —10
loglo (T3 /m3 [S/GV])

00
00

log,,(73/m3[s/eV]) bound at 3o

® The baseline of MOMENT is proper to constrain tau_3.

e The systemtic error is more important than other factors.

Assuming without v decays

Total runnig time [yr]
Systematic uncertainties o,
Energy resolution o,,, ——

|
—_
p—

2 4 6 8 10 12 14 16 18 20
Total run time [yr]/ o, %]/ 0,., [%]




New strategy for

flavour symmetry




New strategy for flavour
symmetry
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Flavour physics

constrain I l predict constrain I I predict

neutrino oscillation parameters| © |[Non-standard interactions

constrain I 1 predict

neutrino oscillation spectra
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esting A4 symmetry at high
energy for DUN
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200 400 600 800 100012001400160018002000
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=o)

arXi1v:1801.05656

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

in DUNE.

A4 symmetry forbids
the flavour-transition
NSIs.

AXIZ‘L; = 12|a2n=a3,,=0 - X%f’ (64)

where y°|, _, _ois the y* value with the assumption that
@y, = a3, =0(n=1,2,3),and y2, is the y? value for the
best fit. The expression for y? is

-0.2

True «,,,,

Parameter
293 29))
4.80-5.70 4.806-5.5¢6

a3

7.86—-10.2¢0
6.96-9.4¢

3.70-4.606 3.704.4¢




The messages want to be
conveyed today

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

. Neutrino physicists want to know more about neutrino We measure 7, ~v,) to
oscillations. if sign(Am?)>or <07 if 653 > or < 45° resolve some of these

problems.
i1 ot ey 0 OF=

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

Flavour symmetry/ New mediator searching/ New fermion probing

. 10 achieve the above, we need accelerator neutrino
facilities.




Conclusions




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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Thank you for your attention
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The Standard Model

-y

su(2); Xu(l)y

gauge interactions

three generations of matter interactions / force carriers
(fermions) (bosons)

+ (D,®)"(D*®) [~ u* ®'® — X (®7®)? | Higgs potential

- (Y L, ®lhp + Y. 1, o L;L)
o,B=e,u,T

- > Y (VB e+ YR R Qur)

a=1,2,3 B=d,s,b
— Z Z (Yo’fé Qur o qlﬁ% + Y,g* qlglfz P Q;L) -
mass term of fermions
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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!




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.




Neutrino Oscillation
Experiments

neutrino factory

Liquid Argon/lron detector .

—)

accelerator

v
Appearance channel =

Water/Ice/LLS Cherenkov detector .
ater/lcegal i Disappearance channel

O reactor
.
O

e Matter

celestial objects
(e.g. sun, supernovae)

Ve




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




MOMENT

arxXiv:1401.8125

e ataa g I e 7
Experiments MOMENT Iu"' e it L2t D,u
Fiducial mass Gd-doping Water cherenkov(500 kton) e Using muon-decay neutrinos

Channels Ve(Ve) = Ve(Ve), vu(Pu) — vu(Dy), e clean neutrino beam are expected.
Ve(Ue) = v, (D), V(D)) — Ve(Te) —> low systematic errors from beam

Energy resolution 12%/E —> low background

Runtime 1~ mode 5 yrs+ pt mode 5 yrs

Basehne 150 km Proton driver (15MW, 1.5GeV) 0

>,
Energy I'ange ].OO Mev tO 800 Mev CW superconducting linac (~300m) - Hecti //
ion collection section / .

Pion target -

Normalization appearance channels: 2.5% Pion decay section (50, *0444

p+ and p selection section(~2m) /4

(error on signal) disappearance channels: 5% Detector

Normalization Neutral current, Atmospheric neutrinos - B°“‘"“g“°“°“‘~2"“‘
\j < JUOUTOE ”””“ \\

(eI'I'OI' on baCkgI'OUIld) Charge HllSldGIltlﬁC&thIl Vi / Ve Or Vi / Ve u decay channel (~600m)

To detector (~150km) (SC solenoids or quads)




Precision measurement of the
CP phase

[
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Oscillation for DUNE and
T2HK with different CP phases

Normal ordering

1 2 3 4 5 6 0.5 1 1.5 2
E [GeV] E [GeV]




Oscillation for DUNE and
T2HK with different CP phases




Oscillation for DUNE and
T2HK with different CP phases

Mass ordering
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Matter effects resolve the

degeneracy

arxXiv:1612.07275
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T2K[2.5+2.5]

35 40 45 50 55 60 65 70
V app. events

75

True /7

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

® High sensitivity is predicted.
® The degeneracy in T2HK can be resolved
by including DUNE data.




CSD Littlest Seesaw

arxXiv:1612.01999

Two sterile neutrinos: for atmospheric and solar masses.
Normal mass ordering and mi=0 are predicted.
6 oscillation parameters -> 3 model parameters.

Explain current neutrino mixing and mass.
LSA LSB NuFIT 3.0

n free n fixed n free n fixed global fit
27.19 26.74 26.95 26.75
000 2.654 2.682 2.668 2.684
m” =mg [0 11| 4+ mpe” 0.6807 2m/3 —0.6737 —21/3

000
011+ mye™
011

000
011 —I—mbei”
011

0 [°]
Am2, [10~%eV?]
AmZ, [1073eV?]




CSD Littlest Seesaw with future
accelerator and reactor exps.

arxXiv:1612.01999

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

No to exclude LSA No to exclude LSB

LSA — fixed n=2m/3

No to exclude LS

0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.020
L i 23
045 050 055 060 180 90 S U2
True sin®6a3

0.28 0.29 0.30 0.31 0.32 0.33 0.34
sin2912

No to exclude LS

]

0.020 0.021 0.022 0.0 2 74 76 78 X 245 250 255 260
True sin?6;3 True Am3, [10-%eV?] True Am3, [10-3eV?]

n
o
=]

0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.020 0.021  0.022 0l023 . . . . 0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.020 0021 0022 0023
5 2
sin“0y2 sinBy3

sin6;3

N
(42 (2]
o o

Am3, [1073eV?]
N

- £ |
74 76 78 80 P45 250 255 2 2 74 16 18 2 74 76 78 80 245 250 255 2 72 74 16 178
Am3; [10™°eV7] Am3, [107°eV7] Am3, [107°eV7] AmZ, [105eV2] Am2, [103eV?] Am3, [107%V?]




tri-direct littlest seesaw vs.
future experiments

arX1v:1905.12939

NOVA+T2K
DUNE
[~ LBLs+JUNO

0" 55 .50 -45
n/n

0.81.01.214461.82.0

nln

- — ’ /‘\ e
-9 -8 -7-6-5-4-3 0.81.01.21.41.61.82Z
X 17
n=1.84m; m,=3.81 meV 2 _8; m,=3.81 meV 0.81.01.2141.61.82.0 010203040506

7 I

/ 2 o Ji] 2L e e The understanding for this model will be improved.
0.0L.04 ] ' ' ! ‘ 4 : b Bt 4
5876543 o e With the improvement of sensitivity, more degeneracies appear.
. ik e Degeneracies can be resolved by combining different measurements.
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Flavour symmetry predicts
the neutrino mixing




Other new physics

Neutrino decays ..xi:1603.08696: arxiv:1705.03599: arXiv:1805.01848. etc

Nonunitarity of neutrino mixing «xiv:1508.0509s; arXiv:1609.08637, etc

Sterile-active neutrino MiXiNg  .:xiv:1609.08637: ariv: 1906.00045. etc

etc...




NSIs in matter for DUNE

arXiv:1511.06375,
& TC’s PhD thesis

e DUNE can detect the effect of NSIs well, but needs

111)(:251 I:)rlccllz)r(ing | 1 7 C-L- - = = =
5 250 . o/90% /95 % improvement for measuring it because of the degenercies.
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Predict NSIs with flavour
symmetry

=)

1clude a new charged scalar
ight-handed neutrinos

L = (Du)'(D*¢) — (M3)apdids + NiJN — MyasNarNpL
—Kagy RNﬂL¢7 gL HNﬁR+h

UV complete model for
sizeable NSIs
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Predict NSIs with flavour
symmetry

mpose the flavour symmetry

NSI matrix is predicted
in the form of

Y r—2—1w T+ 2z+iw
r—z+i1w xT+2 Y — 1w

r+z—1wmw y+iw r—Z




Predict NSIs with A4/Z2
flavour symmetries

arXi1v:1801.05656

m m m
€Cee Cey Cer
m m m
€pe Cpp Cpr
6n’l m m

TE 67'[1, 67'7'

® Preserving A4 at NSls, flavour-transition NSls are forbidden




Testing Z2 symmetry

arXi1v:1801.05656

e NSI matrix is greatly simplified, and its predictivity is enhanced.

Current constraints

T—z+iw T+2 Yy — 1w 16 bounds of global fit results
T+2zZ—1w  Yt+w Tr—z u [0.188, 0.376] [0.203, 0.384]

eee

. [—0.003, 0.012] [—0.003,0.012]

€, [—0.046, 0.002] [—0.048, 0] -

e [—0.038, 0.065] [—0.036, 0.066] Yy
el ~0.004, 0.003] (~0.004, 0.003] 2

Y rT—2z—1wx+z+iw

Osc. fixed free ————

Current constraints
predict the form

Testing Z> for DUNE

Parameter

€ee €rr €eu €er

M > d—

220470 ~0 3.16-6.16 5.70-9.4c R N | _ o N nE (e

1 16-370 ~0 26-5.16 4758 66 -0.6 -0.5 -04 -0.3 -0.2 —O.;‘ruge 0.1 0.2 03 04 0.5 0.6
- Lap




Low energy mu-tau reflection
symmetry

arxXiv:1911.00213

=o)

- e The parameter space becomes smaller, because of the
COHStralnts reduction of number of d.o.f and the smaller allowed region

for the e-tau component.
w/ mu-tau
0.2

C —DUNE
Ve — Ve Uy . . ----DUNE+4T2HK

mu-tau reflection symmetry

666

Constraints
w/0 mu-tau

Parameters
Eee [—0.13,0.13]
eu 0, 0.1
er 0, 0.1]

- €ur] 0, 0.12]




