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Mixing in three generations

Kobayashi-Maskawa theory
Mixing with >= 3 types can have imaginary components.

In case of 3 generations, one CP phase é.p.

Phase of the wave function evolves oppositely for particle and
antiparticle

— CP phase affect differently for particle and antiparticle

— CP violation
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Mixing in more general framework

e If neutrino is Majorana-type, additional two CP-phase:
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(Cij = COS eij’Sij = Sin QU)

Not accessible by neutrino oscillation measurements, but by (in principle)
neutrinoless double-beta decay

» w/ sterile neutrinos, additional CP-phases = observable by neutrino
oscillation

« For See-Saw model, additional CP-phases : CPV only in high energy scale

- CPVin Leptogenesis can be either low energy (3, a) or high energy
CPV, or combination of them.



Origin of Matter-Antimatter
asymmetry in Universe?

Quark : 8¢5 ~60°~70°
looks large, but cannot explain matter-dominant universe.

Strong CP 8 < 10~1°

Lepton case 651" ~7?

dcp is dependent on definition.
Jarlskog Invariant shows size of CP violation effect.

]CP = Im(UHB U;3 Uez Uﬁz) — lSin 2812 sin 2823 sin 2613 COS 813 sin 5CP
Quark J.EM ~ 3 x 1075
Lepton JEHNS ~ 0.033 sinécp

Leptonic CPV can be much larger than Quark’s

There are a number of theoretical models which explain the matter-
antimatter asymmetry in universe by this CPV.
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The CP phase

de Salas et al, arXiv:2006.11237
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4+ NO: there is a tension between NOvA and T2K and Super-Kamiokande

4+ 10: all experiments prefer § ~ 3n/2

6pr = 1.201 ; 6= 0 disfavored at 3.0c ; 6= m allowed at 1.40

6gr = 1.541m ; 6= 0 disfavored at 3.90 ; 6= m a disfavored at 4.20
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. . J.W. F. Valle, ICHEP2020
I Example predictions o

Generalized Modified TriBiMaximal mixing
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the Acc.-based long
baseline experiment

IOsciIIations peculiar to __ i va

Interference term flight distance

~ o« sin §.p for neutrino
~ & —sin §.p for antineutrino

<<

v, disappearance ~o sin “20,, ~100% at right energy

SO ar and
long baseline reac ‘

X ~C0S “B3 sin 22912 ~0.09%

Short baseline reactor  ~ cos *0,, sin 226,; ~100%
Accelerator

X ~ Sin 2023 Sin 22913
[ N
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Setup of the Long Baseline Neutrino
Experiment

Neutrino beamline

Beam

Near Far
Prot D Vol
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o Ll - |P| e — e
B — - >
Target&Horns U PN UL
L monitor
A few 100m ~ a few km
A few 100km
timing synchronized
Toroidal magnetic field by "horn’ focuses using GPS

Tt - vy beam

or
T >V, beam
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Running Accelerator long baseline experiments

T2K and NOvVA
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v, to v, oscillation probability

at oscnlatlon maximum sinZ20,,=1 in vacuum

P(vu = ve) = sin %265 sin 20,3 — 8J.p sin P,

P(v,—v,)
0-1:— = sin 22913 sin 2923 — sin 2604, sin 26,5 sin 20,3 cos 8,3 sin d sin @,

0.09 — .

- . *sin “26;3 =0.085+0.003 by
0.08— sin®20,3=0.12 observation reactor experiments
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But, Earth is not symmetric about flavor nor CP

[ J { |

Mt. Noguchi-Goro
2924 m

Mt. Ikeno-Yaina
1360 m

water equiv.i 1700 m WV
< ; Neutrino beam . —
3 295 km .
Potential by matter is
Velorv,v) eorporn . Veforwvg

- differentforv,and v,/v,
and v; has less v, component
Z W — different effect depending on
mass ordering, normal (m; <
m, < ms) vs.inverted (m; K my <
m)
_ Veforv g « opposite for v and anti-v
Velorvy,vy) eorporn o « Larger for higher energy

NC interaction CC interaction 14
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to v, oscillation probability at oscillation maximum
220,5,=0.1, sin?20,,=1, w/ matter effect
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v, to v, oscillation probability at oscillation maximum

sin?20,,=0.1, sin%?20,;=1, w/ matter effect
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v, to v, oscillation probability at oscillation maximum
sin?20,,=0.1, sin%?20,;=1, w/ matter effect
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v, to v, oscillation probability at oscillation maximum

sin?20,5=0.1, sin%20,5;=1, w/ matter effect
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v, to v, oscillation probability at oscillation maximum

20,,=0.1, sin?20,5,=1, w/ matter effect
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v, to v, oscillation probability at oscillation maximum
sin?20,,=0.1, sin%?20,;=1, w/ matter effect
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v, to v, oscillation probability at oscillation maximum
sin?20,,=0.1, sin%?20,;=1, w/ matter effect
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I v, to v, oscillation probability at oscillation maximum
sin?20,,=0.1, sin%?20,;=1, w/ matter effect
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I v, to v, oscillation probability at oscillation maximum
sin?20,,=0.1, sin%?20,;=1, w/ matter effect
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Actually, w/ 8,5 uncertainty

P(v—ve) PO —18)=4C5 S Sy —8C5 C,CrsS,9:S:SNGSIND,,
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Running Accelerator long baseline experiments

T2K and NOvVA
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I Data accumulation

Accumulated POT
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Fvent selection

M. Baird, ICHEP2020
.I—ZIK\ V. Takhistov, ICHEP2020

(Super-K real data events from 1998) RECIENG CCv,
Non—shoWering/ M—liké |= . Shawering/e-like - |
) el ey 8
|.1-ro-‘-‘-’-’|'-/-:-:r
"Q::v- -
« Single Cherenkov ring. T T
« Likelihood-based PID by the Rin :
Y 9 « Flavor ID by convolutional neural
pattern.

network
* v, selection, signal eff.= ~80%, S/N=2.2
* 7, selection, signal eff.= ~80%, S/N=1.4
* wrong-sign oscillation as bkg.
» Calorimetric E,, reconstruction

* v, selection, signal eff.= 76%, S/N=4.0
* 7, selection, signal eff.= 72%,
S/N=0.78
« wrong-sign oscillation as bkg.
« E, reconstruction by lepton
kinematics



I Muon neutrino disappearance

T2K\ ®

L. Munteanu, ICHEP2020

N~
T2K Run1-10 T2K Run1-10
X v g o
£ uf Prefinmimeagy < ¢ Pretin M. Baird, ICHEP2020
5 a . F
£ I VvV c s — - —
0 wb H o 120 v beam NOvA Preliminary anti-v beam NOvA Preliminary
L L ] L FT T T T T T T [ T T T . T T T T
6 - QC) 10:~ +FD data _ +FD data
L|>J Lﬁ r | V — 2020 Bestfil }10 — 2020 Bestfi
Bl:— 8 [ “ 1-a sysl. range 8 8 u 1- syst. range
b g' W Background ; [ M Rackground
i P Py
L =) = E '
Ay & | & 9
2k 2
0 PN Y O P PO PP TP (I A1 A A |
0 47 Y E-pm---rs '
9 ﬁg Tk ;H' _J:# : 3
w0 | y 204
Eug \q.* I | I I | m il ‘AI'II#MI‘HIIIIIIIII| LA In' 1 B * 4 r%o.go' 1 ) 3 3 5
0 02 04 06 08 1 12 14 16 18 uﬂ 02 04 06 08 1 12 14 16 18 Reconstructed neulrino energy (GeV) Reconstructed neutrino energy (GeV)
Reconstructed Neutrino Reconstructed Neutrino Observed: 211 events Observed: 105 events
Energy[GeV] Energy[GeV] Prediction: 222 + 23 (8.2 bkg) Prediction: 105 # 10 (2.1 bkg)
318 events 137 events

P

M= U

~1-sn?226, sn2(1.27Am?L/E, )

28




Am? vs. sin %6
23

plot sizes are changed to give same scale

M. Baird, ICHEP2020
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Am? vs. sin %6,
plot sizes are changed to give same scale
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I Electron neutrino appearance
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SCPVS. SIn 2613 Or Sin 2823
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SCPVS. SIn 2613 Or Sin 2823

T2kK\

w/o reactor

constraint

—— Normal ordering
Inverted ordering

+ Best fit

-- 68% C.L.
—90% C.L.

» 99.7% C.L.

[=}
ll\\\|IIII|IIII|IIII|IIII|IIIII_

=3t i e

Ij;l_lll |\|||

i 9

ilJ1J|lI|I|I|II|IIII|III|!I!I|I4

0 0005 0.01 0015 002 0025 003 0.035 004 0045 005
Sin 913

T2K Run 1- 10 Prellmlnary

sin 2023

3% 0t 0f 02 02 00 0@ 0l

\"ll’\“[‘.l \! TTT1 I TTTT]
|
f

IUnGleq ougplud

e (0T

TV
L —cr

SRLL

_}_HI\‘IHI']H.!‘HII

LI B

[ — Jjouws) ogsuud

‘Itlll]ll\-"Hlll]llm&l!’lllllll

N

Llll

i
;
|
I
=

I
[
ﬁ L

"U}-

w/ reactor

constraint

. 2
sin 623

M. Baird, ICHEP2020

NOvVA Preliminary

.SEK

2

e
[3)

0.4f -
O_3;|:|<1o [:|I1-2<s []2 375 | IH—f
0 T T 3 on
2 2

33




SCPVS. SIn 2613 Or Sin 2823
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T2K prefers Normal mass ordering by > 80%.
NOVA slightly prefers Normal mass ordering.
Super-K atmospheric-v disfavors Inverted mass ordering at 71.4-90.3% C.L.

However, the combination may be suggesting either

NOVA-T2K and SK-T2K are
* Normal mass ordering with §cp = 0, working together to conduct
n joint fit.

* Inverted mass ordering with §.p = -3
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I Summary and Prospect

Large mixing in the lepton sector allow large CP violation wh§
can be large enough to produce matter-antimatter asymmet
in the universe.

CPV is accessible by accelerator long-baseline neutrino

oscillation experiments
T2K and NOVA results are exciting, especially when combined.

NOVA and T2K will continue data taking a few years
: e ) N DUNE
- Beam intensity improvement
- T2K will upgrade near detector 7
- NOvVA will have a test beam experiment
We may see an indication of CPV and mass ordering in near
future

Hyper-K and DUNE will explore with > 5¢ sensitivity and

determine the size = the talk after the next



