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Anti-matter

| Quarks and leptons have their anti-matter counterparts
which have almost same characters but opposite charges.

| Electron (e°) & Positron (e+)
I Quark (q) & Anti-quark (q)
I Neutrino (1) & Anti-neutrino (T)

I Pair creation and Annihilation
| Matter and its anti-matter are created/annihilated in pairs from/into

e e



CP symmetry

I CP transformation
Il Charge conjugation + Parity reversal

O=® e

negative charge positive charge left handed right handed

| Matter and its anti-matter are related by CP transformation.

I CP violation means the laws of the physics are not the same for
matter and anti-matter.

electron positron



Mystery of the universe

| The universe started with the Bing Bang (= ).

I Same amount of matters and anti-matters were produced in pair
creation at that time.

l |f enough time has passed, all the matters and the anti-matters are
converted into in annihilation.

Beginning of the universe After enough time

‘ photons

matters anti-matters

X1 billion X 1 billion
X H X H#




Mystery of the universe
| Current universe (13.8 billion years after the Big Bang).

and matters are dominated, but no anti-matter exists.

1 1/1000000000 imbalance between matters and anti-matters (= CP
violation) is required.

l Quarks violate the CP symmetry, but 7 digits short.
I Test the CP symmetry in neutrinos!

Beginning of the universe The current universe

‘ photons

matters anti-matters

X (1 billion +1) X 1 billion
X # X # ® matters X#




Neutrinos

| 3 flavors (I, !, I'¢) and their anti-matters (I, !, !¢
I No charge

| Very light but non-zero mass (< 10°m,)

| Weak interaction only, so it is called ghost particle.

| Flavor eigenstates (!, !, !¢ and mass eigenstates (11, !5, ! 3)
are mixing.
| The universe is full of neutrinos.
I photons ~ 400/cm3

| neutrinos ~300/cm3
| proton/neutron ~ 0.000001/cm3



How to detect neutrinos

l Observe charged particles generated in the weak interactions.



Neutrino oscillation

| Neutrino is produced in one of flavor eigenstates (I, !, !g).

| Then, it travels in superposition of mass eigenstates (11,15, !3).
| 3

L) >= (Ue E

mixing matrix

| Relative phases of the mass eigenstates change due to their mass
differences, and it results different mixture of flavor eigenstates.

Neutrino oscillation!



Neutrino oscillation

Production

Pure ! !

propagation

—

Detection

Mixture of !
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Neutrino oscillation Xing matrix:—
Ui = cos! sin!

| 2 flavor case (for simplicity) | sin! cos!

Appearance probability |
. . l mftL
P(le! Tyit)=P(y! !e;t):smzéDsm2

4E)

I m?! m5" m% :mass difference
measure
| . mixing angle
L(=t : fli
(= t) flight length control
E . heutrino energy
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Cij :COS!ij . Sij = sin !ij

Neutrino oscillation

| 3 flavor case

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix:

Acc./Atmospheric ! & Acc. | Solar !
sin? ! 53 = 0.5120-919 sin? 1,53 = (2.18+ 0.07)! 10 2 sin’!1; =0.307 405
(Normal hierarchy, octant )

3 X 3 unitary matrix > 1 complex phase
lcp : CPviolation phase (!cp !'" !lcp foranti-!)




Long-baseline accelerator neutrino
oscillation experiments

CP transformation
Yep

1. Produce ' H/TH beams with accelerators.
2. Detect the beams at far detectors at distances of ~300-800 km.

3. Compare P(I, I lgt) and P(T, I Tg;t).
| P(!p! lai 1) = P(Tu! Te;t) mp 'cp EO, CP violation
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T 1 travels |
Sut, anot

N vacuum, that

ner effect exist

S 1.



\Vlass hierarchy

| Sign of ! m%z is not know.

normal hierarchy (NH) inverted hierarchy (IH)
m2 4 pm? ! m5, =(7.53+ 0.18)! 10 ~eV?
I I — V2
Amgol
o g normal hierarchy (NH)
- A | m2, = (2.444+ 0.034)! 10 3eV?

o inverted hierarchy (IH)

Amgol |
" e | m3, =(! 253+ 0.05)" 10 *eV?
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Matter effect in neutrino oscillation

muon, tau neutrinos electron neutrinos
W e

by, ! 'y, ! ‘e ' e
T O E W >
e ,p,Nn e ,pP,N ée,p,n e ,p,Nn

I CC interactions occur only 'eand Te.
I Relative masses of te/Te to 't/ Ty change.



Matter effect in neutrino oscillation

normal hierarchy (NH) inverted hierarchy (IH)
m2 A anti-neutgino

—:] V3 v
A771301
V1
Am?

atm

anti-neutrino naytrinol Am?

atm

ATngol v
’lI V1 [0 R I R

Ve Vy Vr

neutrino

Larger matter effect = greater sensitivity to the mass ordering determination.

Matter effect reduce mass of
'e and increase mass of Ve.

Neutrino:

Matter effect increase.! ms,
for normal hierarchy and reduce
I m3, for inverted hierarchy.

Anti-neutrino:
Matter effect reduce ! m2,
for normal hierarchy and increase

I m%; for inverted hierarchy.
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Matter effect in neutrino oscillation
1 l

Effective Hamiltonian: H = o UMU + A
U : PMNS mixing matrix
| Ace O 0 ACC — 2 éEl GF Ne
A=" 0 o0 0b ) B
0 0 O (Acc !'" Acc for 7. )
| m% 0 0  Gpg:Fermicoupling constant
M="0 m3 0% N, : electron density
0 0 mj



Cij :COS!ij . Sij = Sin !ij

Neutrino oscillation in matter 'y =! mf4&

| 3 flavor case 11" 1 and Acc!" Acc for T

P(ly! !et)=4C%S%S2; sin?! 51 Leading (&3)
+8Cf3812813823(C12C23 C@ 812813823) cos! 3o sin! 31 sin! 21 CPC
! 8Cf3C12C23812813823 Sil@Sin! 32 sin! 31 sin! 21 CPV

+4S%2C53(C52C2 + 852833853! 2C12C235125,35,3 cos!) sin? | 21 SOIar
L

_

! 8C%3S%SS%3 T

/]
@
o

'mg,;

(1! 2S%)cos! 3, sin! 3

- Matter

+8 C2,S%,S5, (1! 2S%;) sin®! 3

Acc = 2 QE! Gr N.— Matter effect is proportional to E, (and L).

* Formula from “Letter of Intent: The Hyper-Kamiokande Experiment”, arXiv:1109.3262 [hep-ex] 19



L =295 km

Neutrino oscillation in matter sin220;5 = 0.1
| =2 .6g/cm’

|
. 3 ﬂaVOr Ccase Solid line:  normal mass hierarchy
Dashed line: inverted mass hierarchy
neutrino i i
01 . anti-neutrino
sin22613=0.1 b sin22013=0.1
OXVCT S I — 8=0 0.08 -8 §=0
o = 0=12n | 5 C —_— 5=
% 0.06 +25% S_ o 1= 0.06 T o= ien
L RN N | e = T : ........ (?: T
3 0.04 ........ |>:L 0.04,_ YT b: -1/27‘(
SRR | | (£ /N o
oo2 -l /1 00 TS 0.02f
0 — 0
0 1 2 0 1 2
E, (GeV) Ey (GeV)

* Figures from “Letter of Intent: The Hyper-Kamiokande Experiment”, arXiv:1109.3262 [hep-ex] 20



L =295 km

Neutrino oscillation in matter sin220;5 = 0.1
| =2 .6g/cm’

|
. 3 ﬂaVOr case Solid line:  normal mass hierarchy
T I =1 1/2" and normal mass hierarchy Dashed line: inverted mass hierarchy
01 neutrino . anti-neutrino
$in22013=0.1 K $in22013=0.1
0.08 50% difference @ 0.6 GeV =— 5=0 cos@diyy 0 5=0
;) = 0=12n | & - 0= 1/2n
e ‘ Q@
T;L 006Ny /oo N0 | — O=71 | & “YUIEMHI1 SN e— O=T
>
a 0.04
0.02
0 o 0
0 1 2 0 1 2

* Figures from “Letter of Intent: The Hyper-Kamiokande Experiment”, arXiv:1109.3262 [hep-ex] 21



| | | | L =295 km
Neutrino oscillation in matter sin220,5 = 0.1
| = 2.6g/cm3

|
| 3 tlavor case Normal mass hierarchy

Leading (03)

CPV = - 28% of Leading
Matter = 8% of Leading

@ F, =0.6GeV

| Sin22913=0.1
o 06 1 2
Ey (GeV)

* Figures from “Letter of Intent: The Hyper-Kamiokande Experiment”, arXiv:1109.3262 [hep-ex] 22




Long-baseline accelerator neutrino
oscillation experiments, 12K
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L ong-baseline accelerator neutrino
oscillation experiments, NOI' A
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12K and NO!I' A

| General features of T2K and NO! A
| High-quality 'u ( Tu) beam.
I Small ! e (T e) contamination.
| Intense and narrow-band beam.

| Peak E, tuned for oscillation maximum.
Il Reduce BG from high energy tail.

| Statistical error > Systematic error in CP symmetry test now.
l We need more beam.
| We need larger tfar detector.



12K and NO!I' A

| Comparison of T2K and NO! A
| Peak E1 ~0.6GeV (T2K) and ~ 2GeV (NO!' A)

| Baseline L =295 km (T2K) and 810 km (NO! A)

I NO! A has much larger matter effect than T2K, so it has greater
sensitivity to the mass ordering determination.

I T2K can measure CP violation effect more purely.
| Far detector
| T2K: Water Cherenkov detector (50 kton total mass)

I NO! A: Segmented liquid scintillator bars (14 kton total mass)

I Same physics, but different detection technologies.
I This is a good thing!



The T2K collaboration
B N BT w4 = = x
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12K data

l Jan. 20, 2010 ~ May 31, 2018
| ! beam: 1.49! 1071 POT
| T beam: 1.63! 107 POT
| 40% of the total approved T2K POT (7.8! 10?' POT)

¢
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CP symmetry test in 12K

| Observed events at the far detector, Super-K

Observec

'ein ! beam h 4.4 62.2 50.6 62.7

'ew/ 1! T in ! beam 15 7.0 6.1 4.9 5.9

Tein T beam 15 17.1 19.4 21.7 19.3
T2K data prefer lcp = ! "/2;

maximize ! e appearance and minimize T e appearance.
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CP symmetry test in 12K

T2K data prefer values of 'cp !'" " /2 mostly driven by the large
number of events observed in ! e-like sample in neutrino beam.

T2K Run 1 9 Prellmmary

= LI B BN o
35 — O
55 Prellmmary w/ reactor constraint CP Svmmetrv’ CP — IS
s0f- —Nomml 4 excluded w/ 2!
~ F — Inverted .
= f :
_— 20 3
< ¢ . . .
- CL | N | h hy | Inverted h h
(\l] ISX : - orma ierarcny nverite ierarcny
oF E 68% [-2.51, -1.26] _
- : 90% [-2.80. -0.84] _
13 — 1 E ? [-2.97. -0.63] [-1.78. -0.98]
0:\4 // | | | IVj‘ > R S
-3 ) -1 2 3
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CP symmetry test in NO!' A (recently updated)

.................... 14 June 2019, arXiv: 1906.04907v2 [hep-ex]

§ Data: ~ Feb. 26, 2019

! beam: 0.885! 107 POT
) e e T beam: 1.233! 10** POT
oal 1o --20 —30 -« Best fit NH4

Normal mass hierarchy is preferred
with 1.9 ( significance.

Most values near 'cp = "/2 in the
inverted mass hierarchy are excluded
by more than 3o.
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-uture prospects



AXZ

12K and NO!I' A

| Healthy competition/complementarity between T2K and NO! A.
I Joint analysis plans in the works.

| Sensitivity studies of T2K/NO! A joint analyses
DOI: 10.1093/ptep/ptv031, arXiv preprint: 1409.7469.

Rejecting SINlcp =0 Determining mass hierarchy -
e e v 7777 Normal mass hierarchy

T2K —

6l NOVA — | 2l w2« — | Solid line: Stat. error only
T2K+NOVA — , T2K+NOVA — Dashed line: with Sys. error
st i
al gl T2K
% . I beam: 3.9! 107! POT
il - T beam: 3.9! 10? POT
) )y D NO! A
! [ 2f  =~16 A 4 1 beam: 1.8! 10%* POT
o \ N L b - 1.81 107! pPOT
0 -150 -100 -50 0 50 100 150 9 -150-100 -50 0 50 100 150 -!_ eam. T
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Strategy

| Smaller statistical error
| Larger far detector
| Higher intensity beam

| Smaller systematic error
I Near detector upgrade



Larger far detector
Hyper-K DUNE

Fiducial mass: 190 kton Fiducial mass: 40 kton

— ~10 times of Super-K Under construction!
Construction starts in 2020!
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Hyper-K collaboration
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12K near detector upgrade Plan to install in 2021.

SMRD
UA1 Magnet Yoke

Downstream
ECal

Barrel ECal

| Higher efficiency in the “high angle” region.
l  Lowe threshold for protons.
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Regearch project in Japan With neutrinos,_ our research

integrates particle physics,

Exploration of Particle Physics and Cosmology with Neutrinos nuclear physics, cosmic rays,
2018.7~2023.3 (A01-04, BO1-02, CO1-02) and CosmOlogy.

https://www-he.scphys.kyoto-u.ac.jp/nucosmos/

Particle Physics s - Cosmology

MINISTRY OF [OUCATION,
CULTURE, SPORTS,
SCIENCE AND TECHNOLOGY-JAPAN
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Summary

I T2K

| CP symmetry, 'cp =0," is excluded with 2! significance.
I NOI' A

I Normal mass hierarchy is preferred with 1.9( significance.
| Future

| Smaller statistical error
| Larger far detectors: Hyper-K and DUNE
I Higher intensity beam

I Smaller systematic error
I Near detector upgrade
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Matter effect in neutrino

| 2 flavor case (for simplicity)

P(e! Twit)=P(y! le;t) =sin? 2"y sin’

matter effect

oscillation

I mg L

4E

Gk : Fermi coupling constant

ACC’ — 2\/§EVGFN€ ( ACC I

sin 2!
I mg =111 m? sin2ly = —;
2
. A
£=  sinf20+ cosd! —=%
| m?2

Acc for Te )

Ne :electron density




