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Neutrinos

*Week interactions only
*Small mass

* Origin in physics beyond the standard
model?

* Mixing
* 3 neutrinos are mixed

* Different mixing patterns from that of quarks
: ‘neutrinos
*What symmetry exists?

*No experimental information on the CP
symmetry (between a particle and the anti- Vi 1V, | V3
particle)

Much exciting to study neutrinos after the
discovery of neutrino oscillation in 1998




Abundant particles in our universe
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Our world is Uavisible

. Dark Energy NN
- Dark Matter %}'tlier
- Neutrinos
- Cosmic Neutrino Background (0.03%) roDAY

Credit: NASA/WMAP Science Team

(Relic) Supernova Neutrinos
- Solar Neutrinos
- Atmospheric Neutrinos

- (Geo-neutrinos

- + We can make neutrinos by reactors
and accelerators.




Imaqge of our universe

Matter
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CP Violation

* |n the Big-Bang, particles and anti-
particles were produced in same amounts.

o Later, they would annihilate.
°* et + e- — photons

®* P + pPbar — photons

* Violation of the symmetry between #*
particle and the anti-particle.

* CP violation

CP violation is necessary for particles only to
survive and to form our universe.
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Probing Neutrino CPV

- Neutrino Oscillations with CP violation [Mainly Experimental study]
. Weak (flavor) state # Mass state

. 3 generations = Imaginary Phase in a mixing matrix

- [Neutrino] PMNS matrix ~ [Quark] CKM matrix
- Example: P(vu—=ve) # P(vu—vVe)
- Heavy Majorana Neutrino (N) If exists [Theoretical study]

- NOT easy to access (very very difficult)

- The decay of N
. PIN=IL+¢) # P(N—=IL+¢)

. Or, the oscillations of N



Leptogenesis and Neutrino CPV
- Saharov conditions for Baryon Asymmetry

- [B] Baryon Number Violation

. [CP] C and CP violation

- [T] Interactions out of thermal equilibrium

- Leptogenesis and Low Energy CP violation in Neutrinos

- [B] Sphaleron process for A (B+L)#0

- [CP] Heavy Majorana Neutrino decay and/or Neutrino oscillations

[Phys. Rev. D75, 083511 (2007)] |sin@13sind |>0.09 is a
necessary condition for a successful “flavoured” leptogenesis
with hierarchical heavy Majorana neutrinos when the CP
violation required for the generation of the matter-antimatter
asymmetry of the Universe is provided entirely by the Dirac CP
violating phase in the neutrino mixing matrix.

sin613~0.15 = |sin0 |>0.6
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How Fko measure neubrine CPV?

. Measure P(v u—=ve)/P(vu—ve) ]

- or P(vu—=v<)/P(vu—v )1 because of P(vu—v )/
P(Vu—=vu) =1

- Or, precisely measure P(v u— ve) with the assumption of 3 light
neutrinos. Within the framework of 3 neutrinos, CP violation will be
governed by the imaginary phase 0O cr in the neutrino mixing matrix.

- Matter effect can mimic the genuine CP violation. The measurement
of the matter effect is equally important to study neutrino CP
violation. The matter effect determine the neutrino mass ordering.

~7.6x10%eV?

1
T
m i ) Iy
2
————
~2.4x10-3eV? R
m 2’ — ~2.4x103eV?
2 ~7.6x10-5eV? m.2
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Formula of Oscillation Probability with CP violation

P(v, — ve) = 4C};51;53, - sin® Ag Leading _.- CP violating (flips sign for V)
+SCf3512513523(C’12C’23 COS 0 j8f5513523) « COS A32 - Sin A31 . sin A21
—8C33C1202351251352 @ sin A32 sin A31 sin A21

+48%,C%,(C3, 033 + 8%2,55557s — 2C12C23512523513 cos §) - sin? Ay

2 w2 o2 Solar
—8C7553,553 4 (1—2.5’ 3) + cos Az - sin Agy

2 o2 o2 o\ . o Matter effect
Amig
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. ) ) (AL | Leading(013)
Leading |sin®6,,sin®26,,sin 42 0.04 Total
CPV

----------------- o 2

SN 22812 SIHn 265 sin” 26, , sin A’:;L sin A’:;L sind

sin@,, ... AE :

~0.03
w[Am; )sin26,,sin26,, E, leads S

“ il oo <mp > [eadmg]sm

M) sin” 6,;8in 6,

; Elstmax :

~ .27 x|leading [x == xsing Ev (GeV)

=== oFnergy dependence is important.



K?K & T2K Experiments




Accelerator Neubkrino Expemmemﬁ
ND(EV)

vSK(Ev) High Resolution _
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Neutrino oscillation experiments in Japan

D% study

Intense Neutrino Beam for (77)u—>

of: r—K 2026~)

. 1( -.4.._..

500 kW (today)
h ~1TMW (2022)
1 3 MW (2026)

22.5 kton (Super-K, ~2026)
- 190 kton (Hyper-K, 2027~)




T2K v beam

- 30 GeV ~2x 1014 protons extracted every 2.5/1.3

sec. directed to the carbon target.

-Secondary m*(and K#) focused by three

electromagnetic horns (£250kA/320kA)

* ¥V u beam from mainly m+—>u++v u T2K Run 1-7c preliminary
* Ve (1~2%) in the beam come from K and u — No oscillation
decays " pestit
- Reversing the current of horns, Anti-neutrino

beam (v u) can be produced




ND280

Near Detector @ 280m
from the target

UA1 Magnet Yoke

Fine-Grain
TPCs Detectors

- ¥ beam monitor [rate, direction, and
stability]

Solenoid Coil - ND280 @ 2.5 degree off-axis
.+ Normalization of Neutrino Flux
.+ Measurement of neutrino cross sections.
. *Dipole magnet w/ 0.2T

+ POD: 7m0 Detector

- FGD+TPC: Target + Particle tracking
- EM calorimeter

- Side-Muon-Range Detector

Barrel ECAL



T2K-Far Detector: Super-Kamiokande

- Water Cherenkov detector with 50 kton mass (22.5 kton
Fiducial volume) located at 1km underground

Good performance (momentum and position resolution, PID,
charged particle counting) for sub-GeV neutrinos.

[Typical] 61% efficiency for T2K signal ve with 95% NC-1 70
rejection
« Inner tank (32 kton) :11,129 20inch PMT

» Quter tank:1,885 8inch PMT

e-like <——> p-like
i Atmospheric v
e Data

-
S
o

Number of events
—
N

-
o
o

- MC

r KN '
e j-“ Particle ID parameter




Neutrino Detection at SK Far Detector

Signal (v,) Signal (v,,) A Background




A door to Neutrino CP violation is opened

» YV u—Ve o0scillation w/ Amatm? discovered by the T2K experiment
Indication in 2011 [PRL 107, 041801 (2011)]
Observation in 2013 [PRL 112, 061802 (2014)]
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PhYSICS ABOUT BROWSE PRESS COLLECTIONS CELEBRATING 10 YEARS

Synopsis: Inching Closer to CP Violation
In Neutrinos

October 24,2018

More data and improved analysis methods lead to better confidence that neutrinos and antineutrinos behave

slightly differently.

Kamioka Observatory, ICRR (Institute for Cosmic Ray Research), University of Tokyo

Nature must treat matter and antimatter differently, otherwise the early Universe would have created both in equal
amounts. However, most particles obey “CP symmetry,” which states that the laws of physics are the same if a
particle is swapped with a mirror reflection of its antiparticle. Quarks violate this symmetry but not by enough to
explain matter’s dominance over antimatter. Now, researchers with the T2K Collaboration report with improved

statistical confidence that CP symmetry is violated in neutrinos.




New T2K CPV Results
in 2018

Ref. T2K 2017 CPV result is just published in PRL

PHYSICAL REVIEW LETTERS 121, 171802 (2018)

Search for CP Violation in Neutrino and Antineutrino Oscillations by the T2K Experiment

with 2.2 x 10*! Protons on Target

K. Abe,48 R. Akutsu,49 A. Ali,20 J. Amey,17 C. Andreopoulos,%’27 L. Anthony,27 M. Antonova,16 S. Aoki,24 A. Ariga,2
Y. Ashida,25 Y. Azuma,34 S. Ban,25 M. Balrbi,39 G.J. Balrker,58 G. Banr,35 C. Barry,27 M. Batkiewicz,13 F. Bench,27
V. Berardi,18 S. Berkman,4’54 R. M. Berner,2 L. Berns,so S. Bhadra,62 S. Bienstock,36 A. Blondel,lz"{' S. Bolognesi,6
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New T2K Data (3.16 E21 POT <« 2.2E21 POT)

Total Accumulated POT for Physics.
v-Mode Accumulated POT for Physics
V-Mode Accumulated POT for Physics
v-Mode Beam Power

V-Mode Beam Power
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1200
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2010 '( 2011 2017 2098
Year

23 Jan. 2010 - 31 May 2018 v-mode 1.51 x 1021 (47.83%)
POT total: 3.16 x 1041 v-mode 1.65 x 1021 (52.17%)

- J-PARC Accelerator has achieved stable operation with ~500 kW beam power




Oscillation Analysis: Step 1

Neutrino-nucleus Interaction Model Neutrino Flux Model

Neutrino Mode Flux at ND280
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Fit to ND280 data constrains neutrino flux
ND280 Data parameters and interaction model parameters
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Challenges

- Systematic uncertainties from
neutrino-nucleus cross sections -
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WAGASCI Collaboration'l ImmiEd

Institute for Nuclear Research of the Russian Academy of Science.
M. Antonova, A. Izmaylov, M. Khabibullin, A. Khotjantsev, A. Kostin, Y. Kudenko,

A. Mefodiev, O. Mineev, T. Ovsjannikova, S. Suvorov, N. Yershov
A0l KEK

T. Ishida, T. Kobayashi

e Kyoto University
rO] ec S. V. Cao, T. Hayashino, A. Hiramoto, A. K. Ichikawa, A. Minamino, K. Nakamura,

T. Nakaya, K. Yoshida
Laboratorie Leprince-Ringuet, Ecole Polytechnique

. . A. Bonnemaison, R. Cornat, O. Draper, O. Ferreira, F. Gastaldi, M. Gonin, J. Imber,
Osaka Clty Univ. M. Licciardi, T. Mueller, B. Quilain, O. Volcy

K n'i hl Kln Osaka City University
Sl y Y. Azuma, T. Inoue, J. Harada, K. Kin, Y. Seiya, K. Wakamatsu, K. Yamamoto
on behalf of the WAGASCI Collaboration

University of Geneva
A. Blondel, F. Cadoux, K. Karadzhov, Y. Favre, E. N. Messomo, L. Nicola, S. Parsa,

Neutrino Frontier Workshop 2016 M. Rayner
University of Tokyo

N. Chikuma, F. Hosomi, T. Koga, R. Tamura, M. Yokoyama

‘ e n t r al d e t e c t O r Institute of Cosmic-Ray Research, University of Tokyo 8 Institute
Y. Hayato 53 Collaborators

Goal of WAGASCI experiment

Measure neutrino cross sections of H,O and CH with 10% accuracy.
Measure the neutrino cross section ratio btw. H,O and CH within 3% accuracy

e I




WAGASCI Construction

Layer & module assembly work

Four scintillator layers
— One sub-module




Oscillation Analysis: Step 2

Prediction at Super-K Oscillation Probability Constrained by near detector

E, bins flavors

N(Pk:ek:ezza:Amn’écp Z Z Pv—»v vz’623’Am32’6CP (Djf'ar(Ev,i)Ok(Ev,i:pk’gk)e(Pk’ek)Mdex
j

i

Fit to SK data to extract
oscillation parameter intervals

T2K Run1-9c¢ Preliminar

'T 2K Prelzmmary

T2K Super-K Data

Super- Kamlokande v
T2K S 1

0 (degrees)
Number of Events

visible energy : 1049 MeV
# of decay-e :0
2y Inv. mass :0.04 MeV/c?

recon. energy : 1120.9 MeV
0.4 0.6 0.8 1 1.2

v Reconstructed Energy (GeV)

v Mode ve Candidates




Observation at Super-K

Neutrino 1 u-like ring

—&@— Runl-9 Data

Antineutrino 1 u-like

—&— Run5-9 Data

T2K Preliminary
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Predictions and Observation

____Predicted Rates
Sample f Ocp=-T /2] Ocp=0 Ocp=m/2 Ocp=T | Rates |
e-like FHC 73.8 |
e-like+m FHC RN
e-like RHC IR
u-ike FHC LR
u-ike RHC  EECER

- The number of observed events are largely in line with the predictions
after oscillations

- The e-like samples have rates most consistent with the O cp=-m /2
hypothesis

- The observed u-like rate in neutrino mode is lower than prediction

. consistent within statistical and systematic errors



(Simulation) Oscillation Parameter Sensitivities
Without the reactor experiment constraint on sin22 613

T2K Run 1-9¢ Preliminary
.
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(Data) 613 and Ocrp

T2K Run 1-9¢ Preliminar

Normal - 68CL

» Best fit —— Normal - 90CL
PDG 2016 ----- Inverted - 68CL
—— Inverted - 90OCL

Fit without the reactor
constraint: closed contours In

6Cp at 90% CL

The T2K value for sin20 13 1s
consistent with the PDG 2016

T2K Preliminary

~~
72}
a
=
g
<
a7
—’

[a W

O
Ze

Adding the reactor constraint

T2K Run 1-9¢ Preliminar

Improves the constraint on : L Komal - il
" PDG 2016 ~— Inverted - 68CL
6 Cp ave ra g e: —— Inverted - 90CL

With Reactor Constraint




Measurement of 6 with reactor 613

T2K Runl-9¢ Preliminary
20 CL Intervals

—— Normal

— Inverted

Best fit point: -1.82 radians in Normal Hierarchy
The 10 CL confidence interval: Normal hierarchy: [-2.44, -1.23] radians

Normal hierarchy: [-2.91, -0.85] radians

The 20 CL confidence interval:
f Inverted hierarchy: [-1.57, -1.16] radians

- CP conserving values (0, ) fall outside of the 20 CL intervals



BvA ol Fermilab

Precise measurement of P(v u—ve) and P(v u— v e)

NOVA Preliminary

NH Lower octant
NOvVA FD

9.48x10%° POT (v)
6.91x10%° POT (¥)

Sin%zs&l

IH

sin“20,,=0.082 NH Upper octant

N
(%)

- -- |H Lower octant
— IH Upper octant

AJeu!uJ!ieJd VAON

°
)
O
-
Qv
O

=
=

o)

7))

Am2,=-2.55x10"%eV?

-
o

Total events - antineutrino beam
o

I ST talk at NEUTRINO 2018
Total events - neutrino beam
- Neutrino: 58 events observed with 15 background expected

- Anti-neutrino: 18 events observed with 5.3 background expected

(>4 o observation)
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SupermK wikh aémaspkeﬂ@ V.

- In addition to CP violation, it is also sensitive to mass hierarchy.

SK only SK+T2K

CP violation parameter o

—e— Normal Hierarchy

—— Inverted Hierarchy

A x 2= x2NH- X 21H=-4.3 A x 2= x2NH- X 2IH=-5.2
talk at NEUTRINO 2018
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NUFIT 3.2 (2018)
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Comparison between different global fits

Nufit[1]

Capozzi et al.,[2]

Salas et al.,[3]

Sin2 012
Sin2 923
Sin2 013

dcp

2
Amsq
10— 5eV?2

2
Am31
10— 3eV?2

0.30710 015
0.53815-:033
0.02206+9 00075
234733

4+0.21
7‘4—0.20

2.49410 053

0.30470:914
0.55175-015
0.0214719-9099
234742
7341517

2.45570 053

0.32015-22
0.54770-25
0.0216 55006
218732
7.5519520

2.50+0:93

[1] NuFIT 3.2 (2018), www.nu-fit.org

[2] F. Capozzi, E. Lisi, A. Marrone, and A. Palazzo, Prog.Part.Nucl.Phys. 102

(2018) 48-72

[3] P.F. de Salas, D.V. Forero, C.A. Ternes, M. Tortola, J.W.F. Valle, Phys.Lett.

B782 (2018) 633-640







T2K-11

3 o sensitivity to CP violation for favorable parameters based on

20x 102! Protons on Target with the upgrade of J-PARC to
1.3MW (~10 year long run) before year 2026.

50 % more events with improvements of the beam line and event
reconstructions.

~2/3 smaller systematic uncertainties.

T2K-11I: PHYSICS POTENTIAL

T2K Preliminary T2K Preliminary T2K Preliminary
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Proton Decay

* Keep looking for GUT with neutrinos.

- Example: p-e*m® 1n Hyper-K
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Exploration of Particle Physics and Cosmology with Neutrinos
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Sum Mary

. A hint of CP violation in neutrinos.

- 95% CL (2 o) indication from T2K today
- Ocp ~-1/2 (CP violation) is preferable in the global fit

- T2K-ll Is proposed to reach 3 o discovery sensitivity with
1.3 MW beam.

- Hyper-K will be realized and will study neutrino CP violation
with >5 o discovery.

S%Qj Tuned!
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Systematic Errors

% Errors on Predicted Event Rates (Osc. Para. A)

1R u-like

1R e-like

Error Source

FHC

RHC

FHC

RHC

FHC CCl =

FHC/RHC

SK Detector

SK FSI+SI+PN

ND280 const. flux & xsec

Eb

o(ve)/a(vu), o(ve)/a(vu)

NC1r

NC Other

Total Systematic Error

2.40
2.20
2.88
2.43
0.00
0.00
0.25
491

2.01

1.98
2.68
1.73
0.00
0.00
0.25
4.28

2.83
3.02
3.02
7.26
2.63
1.07
0.14
9.60

3.79
2.31

2.86
3.66
1.46
2.58
0.33
71.87

13.16
11.44

3.82
3.01
2.62
0.33
0.99

18.65

1.47
1.58
2.31

3.74
3.03
1.49
0.18
5.93

- Total error is in the 4-10% range. ~6% error on the relative
rate for neutrino mode and antineutrino mode samples




NOVA Preliminary T2K Runl-9¢ Preliminary
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- It Is a very Interesting situation, and we need
more data.
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atmospheric neutrino oscillation

inner core
d(v,)

outer core

— 1= Py(r-cos®Bo3 — 1) Solar term
(I)O(Ve)

—r . sinfys - cos? By - sin 2053(cosd - Ry —sind - 1)
Interference term (6%?) e
0,5 resonance term &L Bl Crust
B Mantle

r we flux ratio (~2 at low energy) —

- 92 A - 9
+2sin” O13(r - sin” fp3 — 1)

Core

P2 = |Acul?: 2V transition probability Ve = v, in matter
R2 - Re(A*—eeAeM)
L, = IM(A eAey)

Ace 1 survival amplitude of the 2v system

.0.5

04

Aey : transition amplitude of the 2v system

Cosine Zenith Angle

Ve appearance (and Vy disappearance) is
expected with the matter effect in the Earth. _
- effect for neutrinos in the case of normal 0o
mass ordering
- effect for anti-neutrinos in the inverted
mass ordering

0.3

10°
Energy [GeV]




T2K Beam mOnltOrlng
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Expansion of the Fiducial Volume

ve CCQE
=350

old selection

2 Bl

New
selection

Wall Cut [cm
w
o
?

N
(3]
o

<, 200/
) -
"60‘_ 150
100
50—

% 50 100 150 200 250 300 350
Towall Cut [cm]

Sample Towall Cut Wall Cut
CCQE 1-Ring e-like FHC 170 cm 80 cm
CCQE 1-Ring u-like FHC 250 cm 50 cm
CC1m 1-Ring e-like FHC 270 cm 50 cm
CCQE 1-Ring e-like RHC 170 cm 80 cm
CCQE 1-Ring u-like RHC 250 cm 50 cm
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Fitting ND280 Data

—4— Data

B v CCQE

v CC 2p-2h
v CCRes In
B v CC Coh In
v CC Other
v NC modes

- VvV modes

Events/(100 MeV/c)

£
09
~~
<
=
<
-

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Reconstructed muon momentum (MeV/c)

Example fitted FGDZ2 (water) CC-0m muon momentum
- The fit reproduces the data well with a p-value of 0.47
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-1t the normal and inverted
nierarchies separately

Results with the reactor
constraint on sin22 6 13

Constraint on sinZ2 0 23 is slightly
stronger than the sensitivity
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6 23 octant and mass hierarchy

- Bayesian analysis: natural way to infer data preference for 023 octant or
mass hierarchy

- Assume equal prior probability for both octant and hierarchy hypotheses

- Fraction of steps from Markov Chain in each octant/hierarchy is
posterior probability for the octant/hierarchy hypothesis

- T2K data prefers the normal hierarchy and upper octant

Posterior probabilities (with reactor constraint)

sin203< 0.5 sin2023 > 0.5 Sum
NH (Am23;>0) 0.204 0.684 0.888
IH (AmZ3; <0) 0.023 0.089 0.112

Sum 0.227 0.773



