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T2K NEUTRINO EXPERIMENT IN
JAPAN

* Neutrino beam from Tokay to Kamioka across Japan
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T2K (TOKAI-TO-KAMIOKA)
EXPERIMENT

* World-leading neutrino oscillations physics project

 T2K — long-baseline neutrino oscillation accelerator experiment in Japan
* International collaboration:

e ~500 members, 67 institutes, |2 countries
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NEUTRINO OSCILLATIONS IN T2K
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“Disappearance” channel

o Precise measurement off‘atmospheric” parameters 6,; and Am?;, and CPT test via V vs anti-v analysis
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' “Appearance” channel: measuring 0,; and{probing CP-violation (CPV)

« Leading term defines the{octant of 0,;: <, > or =45 *T2K Ieading efforts

§ ¢ Sub-leading term accounts for CPV: enhanced effect when comparing neutrino and antineutrino data
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T2K (TOKAI-TO-KAMIOKA)
“XPERIMENT
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T2K (TOKAI-TO-KAMIOKA)
XPERIMENT

e Collecting data since 2010

 First discovery of VU — Ve oscillations

» Hints for CP-violation in neutrino/lepton sector

« Officially attacked by Godzilla in 2000
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FAR DETECTOR MEASURE
SUPER-KAMIOKANDE (SU

e 50 kton water-Cherenkov tank

Separate e/|-like rings:
* <|% misidentified [ as e
e T rejection

« No magnetic field
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http://www.ps.uci.edu/~tomba/sk/tscan/pictures.html
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e 5 Super-K samples used for analysis

* |-ring 4 and e-like events in V and anti-
V modes + CC| 1T e-like for V mode 8
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Simplified Schematic Diagram of the T2K Expt
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e Neutrinos interact with nuclei!

 All nuclear physics is involved

What is this problem?

Fermi motion

&
Pauli blocking
Nuclear
: re-interactions
From a free nucleon in a ‘
potential well... ,
. Impulse

approximation




RO E O BDIEARCIDELEC IKOR

e Neutrinos interact with nuclei!

 All nuclear physics is involved

Nuclear
Coulomb

potential Fermi motion
Vi 2

,'_'c;;'g"r';;é'e' """" Pauli blocking

correlations e
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Short range Rk
correlations
Nuclear

FSI re-interactions

to a nucleon in a “complex” - ,
potential well with “toppings” . Impulse

approximation




ND280 ANALYSIS

Example samples

 Fit to ND280 samples constrains neutrino
flux and cross-section model

» Reduce systematic uncertainty for oscillation
analysis: = 2% — ~6%

e +Many cross-section results with ND280 data
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12K NEUTRINO INT
MBI

NEUT neutrino generator

Model tuned to external data: MiniBooNE, MINERVA, bubble chambers’

A I IS

CCQE: Relativistic Fermi Gas (weighted from Spectral Function) + relativistic Random Phase
Approximation for nuclear system

Multinucleon processes (2p2h) included based on J.Nieves model, Phys. Lett. B 707,72 (2012)
Pre-(ND280)fit uncertainty for Super-K: ~7.5%
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ND280 ANALYSIS

* |n this course we’ll get acquainted how to select signal events

* Develop our own selection of neutrino interactions in T2K

ND280
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UA1 Magnet Yoke

Downstream

Solenoid Coil

Barrel ECAL

ND280 Detector (down stream det. 280m) at
JPARC in front of the neutrino beam target

Neutrino Pit at
JPARC where the
ND280 Detector
Monitors the
Neutrino beam
sent to Kamioka
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Event number : 1608 Partition : 63 | Run nuniber : 2688 | Spill : 7206 | SubRun number :INVALID | Time : Fri 2010-C2:08 01.57.45 JST ] | R 2 AR 6 S i e 200 S 0 S A ) i o 20 1 0-0 2 e 0 U 1 [ T ior B
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FGD interaction with backward track Cosmic ray muon




ND280 ANALYSIS

* AtT2K energies the dominant process are so-called quasi-
elastic interactions:V + N = N + lepton

e We want to reconstruct kinematics of interactions:
momentum, direction etc

Outer wall

Inner wall and
field cage

*» TPCis a key element!

Downstream : v beam

direction
/ N /

: . \< N
Barrel ECAL 3
5 Central cathode 7&
: i Central

cathode HV ’\/

| Micromegas
detector

| Front end
cards
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N 280 EC

* Argon filled = similar to DUNE - but gaseous argon

19



N 280 EC

* Argon filled = similar to DUNE - but gaseous argon

* But we want also to know a type of the particle: electron,
proton, muon !

* Energy deposit!

* When particle passes through media it looses energy

full quantum mechanical derivation: Bethe-Bloch Formula

—dE »Z 1.1 2m, ¢’ By’ T , & C
——=Kz [—1In —B ———=]
aX Aﬁz 2 12 2 7

4
K=4;Te N ,=031MeVcm’lg

cm
e
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N 280 EC

* When particle passes through media it looses energy
* And the energy loss dE/dX depends on its velocity

* Hence for the same momentum the energy loss can help to
identify the mass — particle type

dE/dx of muons in copper
L I I I I

I I I I
- p*on Cu * By < 3 dE/dX o« 1/B2
> ool * By = 3.5 minimum
A Bethe Radiative dE/dX 1-1.7 MeV cm?/g
= ; A;?:gfe‘;“' ) * By > 3.5 logarithmic rise
it ~1/B dE/dX = 2 MeV cm2/g
210l 25 o f i | «By> 1000 Bremsstrahlung
g Wi o P P losse dominant
a [ P . ] .
2 Nuclear fonizsbiar mresen 1%—_’ /|i-----;-— 71 e very low energy: BB not valid,
W PP s Sy R empirical models
e P a1 15 (= Ly AR B low energies: shell corrections
1 | | | L | 1 1 ot high energies: density corr.
| 0.1 1 10 100, 0 1 10 100 | (1 10 100 |
[MeV/e] [GeV/c] [TeV/e]

Muon momentum

PDG http://pdg.lbl.gov/pdg.html

Minimum: By 3-4 minimum ionising particle (MIP)
looses ~ 1-1.7 MeV/(g/cm?) o



N 280 EC

* And the energy loss dE/dX depends on its velocity

* Hence for the same momentum the energy loss can help to
identify the mass — particle type

* Energy loss in TPC!
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ND2380 FGD

 TPCs are good to measure kinematics
* But neutrinos need a mass to interact
* |In DUNE TPCs are heavy but in T2K not

* Need other detectors as targets

B e WO | SR e 4 | Eenrt v MTN | Sgil $101 | Teme Ty JOVA0B G508 1 12 J6T [Pabian B3 Ve Bewn Bl

TPC - ECAL

ﬁD

T b,
i

Muon-like
track

Example: neutrino candidate in antineutrino mode
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ND2380 FGD

* Made out of plastic scintillator bars ~| cm thick

* Particle crosses a bar — bar emits light — light is collected by

WLS fliers = light reaches photon detectors — signal:a bar
was fired by a crossing particle!

24



ND2380 FGD

e Our target for interactions

e Thin bars — give us ~| cm resolution of neutrino interaction
vertices

[ TPCl | |TPC2 | TPC3 |

FGDI—— FGD2
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ND2380 FGD

* Neutrino interactions can produce many products

* Since various other detectors to fully reconstruction what was
going on

| Event number : 1609 Partition - 63 | Run nuniber : 2683 | Spill: 720 | SubRun number :INVALID | Time : Fri 2010-2.08 01.57:45 JST |
Magnet on (0.188 T) PIT D ek, 2010

POD FGD1 FGD2 DSECAL

TPC1 TRC2 TPC3

Interaction in POD: View from (north) side Sand Muon & FGD interaction
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FGD interaction with backward track Cosmic ray muon
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ND2380 FGD

What we will do?

e The idea is to start with
IS:

e Select neutrino

interactions in ND280
FGDs

 Tracks that start
from FGDs

* |nteractions that have a
muon product

* Using TPC dEdX
information

i A SR | B i 4 | et navhe TN (gl 11801 | Tome T 20146 3508

Muon-like
track

Example: neutrino candidate in antineutrino mode

27
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ND2380 FGD

* What do we have so to do it!

* Files were produced for
ND280

* The have the following info

e Total number of tracks

(¢

* Total number of positive | Muon-like
- ' track
and negative tracks il

e Kinematic + TPC dEdX
information for each track

Example: neutrino candidate in antineutrino mode
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ND2380 FGD

* What do we have so to do it? sel_charge
sel_dir
: sel_mom
* Files were produced for sel pos
ND280 sel_tpc_dedx
sel_tpc_dedx_exp_sigmaele
 The have the following info sel_tpc_dedx_exp_sigmamu

sel_tpc_dedx_exp_sigmap
sel_tpc_dedx_exp_sigmapi

: TOta.I number Of tI’aCkS sel_tpc_dedx_expele
sel_tpc_dedx_expmu
* Total number of positive sel_tpc_dedx_expp

sel_tpc_dedx_exppl
sel_tpc_nnodes
sel_truecharge

and negative tracks

e Kinematic + TPC dEdX sel_truedir
information for each track sel_truemom
sel_truepos
selalltracks
selnnegtracks

selnpostracks



ND2380 FGD

* We start with selecting tracks that start in FGD:s...

XZ Projection
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ND2380 FGD

* We start with selecting tracks that start in FGD:s...

YZ Projection
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-3000

| | |
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-1000
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ND2380 FGD

* We start with selecting tracks that start in FGD:s...

32



RO E OF BNEARIEL G IR

» Understand neutrinos prior to as they travel

and oscillate
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SEARCETEOR OB AL KIS
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SEARCETEOR OB AL KIS

e Calculate observed p-like and electron-like events

* And also profit from the change in the shape of the energy
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SEARCETEOR OB AL KIS

e Calculate observed p-like and electron-like events

* And also profit from the change in the shape of the energy
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| eemmeamenay | RT2K Preliminary
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Vel RAdES

o Largely in line with the prediction for dcp = -TT/2

Predicted Rates | VObsed )

Sample Ocp=-T/2  Ocp=0 Ocp=T1/2 Ocp=Tt Rates
| CCQE 1-Ring e-like FHC 61.5 | 49.9 62.0 74
CCl 1-Ring e-like FHC 6.01 | 4.87 | 5.78 15
PO AR T 793 | 904 | 10.04 | 8.93 7
e SRUPINTN  267.8 | 267.4 | 267.7 | 268.2 240
| CCQE 1-Ring -like RHC IEN 62.9 63.1 63.1 68

* Generally within statistical and systematic uncertainties

e p-value: ~0.42

* More observed e-like CCITT events|5 than maximum expectation 6.92 ;g



S YIRS

e Some nice T2K videos as well

 https://youtu.be/u-UH3EwIEIs

o http://scientify.ch/project/t2k/
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LTSI5 RESULTS:ATMOSPHERIC PARAMETERS

N

D Am 75

- T2K Run 1-9¢ Prelimi ——

zgﬁ.l(??. S —— lTn , ,,Cl - 1m1|nary - | Normal Hierarchy 90% CL ~ NOVA at Neutrino2018 -

S b ---- Normal - 68CL. ] i |

ﬂ-'Q N * Best fit —Nggnngl_ 90CL 7 — NOVA — - MINOS 2014

S 27E %ﬁzgggg:gggi_— 3.0 -e. SK 2017 o lceCube 2017 _

Lt o . — [ —T2Kk201t8 7 -

O 26F ] = e |

- - ] o - 4
2 A eF ] (@)

N — - - = -
2.5 7 -

g E E R 251 ]

g 2.4;— — g I ]

C::c}g 23 - - _

g [ 7 B -

221 i 2.0 | | | _

03 0.7 0.4 05 0.6
sin‘o

* T2K continues to favour maximal mixing

* Interesting tensions with NOVA

Normal Inverted
sin’®,,  (.53670%10.536; 02"

|Am?|  2.434+0.064 2 410 %062
(10-3 evZ) _006.;A

* More data needed to improve the results
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ANALYSIS R

A DGIRE

' T2K Run 1 9c Prehmmarv —

mpEs

d.p (Radians)
(a]
I | | | | rriri | LI I L | L |

3 ] l l Normal 686L ]

* Best fit —Normal 90CL A

PDG 2016 ---- Inverted - 68CL

2 —— Inverted - 90CL —]
! T2K only

IIIIIIIIIIlIllIlIIlIIIII

-2
_3 llllllllllllllllll l 11
: T2K Run 1 9c Prehmmarv
3 Normal 68CL ]
* Best fit —Normal 90CL A
PDG 2016 ---- Inverted - 68CL
2 — Inverted - 90CL —

Reactor constraint:
sin2043=0.0210+0.001 |

d.p (Radians)
(e
| | | | rriri | LI I L | LI

IIIIIIIIIIlIllIlIIlIIIII

e
W

L 1 35

x107

x107

Ao o s 6|3 and SCP
S

Good agreement with reactor experiments

T2K best fit (NH): sin'0,; = 0.0277

+0.0054
-0.0047

« PDG 2016:sin°8,5 = 0.0210+0.001 |

20 exclusion for CP-conservation independent of OA

* Large CPV favoured

-2AIn(L)

25

20

15

10

T2K Runl-9c¢ Preliminary

) L L B B L L N L L B B L B B B B S L L |
o : : e NO : [-2.914, -0.642]
- — Normal L
:_ — Inverted _:
< with reactors X
:I 1 L 1 L l(l L 1 l L 1 1 L l 1 L 1 1 I 1 1 L 1 I:
-3 -2 -1 0 | 2 3

4|

6CP



NEUTRINO OSCILLATIONS IN T2K

Ocpand mass hierarchy (MH) both cause differences in v and anti-v oscillations

Osc. Prob

V>V, V, 2V,

~12.5°Off-axis v flux
u

—— 5,,=0°, NH, v

—— 5,,=270°, NH, v

=== §,,=270°% NH, ¥
Large CPV effect
Small matter

S
~
~
e
-
-
-
----
______

CP PHASE/
CHANNEL

Plog o) Pl )

Ocp=-TT/2  Enhance Suppress

Ocp=T1/2 Suppress Enhance

At T2K baseline (L~295km, E~0.6GeV):
* CPV: = £30% effect

* Mass hierarchy: = +10% effect
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1 (107 eVZ/ch

2
32

IA m

ANALYSIS RESULTS: ATMOSPHERIC PARAMETERS
623 AND Am 73]

-3
3.6 LB BB B R BLRLEL LN LR DU B 5.5>_<1(-)...,..._.|.._..,.... —
- MINOS+ 68%CL - E vV MINOS vbestfit = MINOS v90%CL -
4L NOVA (2016) S K — 90%CL ~ — 5F M- Super-K-v best fit - -Super-K v 90% CL —
e v uper- * T2K best-fit- o - @ T2K V best fit —— T2K v90% CL .
' s T2K /\ - % 4.5 - A T2K vbestfit ~  —— T2Kv90%CL i
3 — o 4F-0- T2K Vbestfit, Sin(B,) > 0.5 . i =
— _ o o EO I 6 I : .;\ N N E
28 = g 547 'Y anafysis NN =
26:_ ______________ _: < g \\ g
C N :5 3
24 —
e N T — ] (g\] % 25
P SEANG TOTTR —~ & ,
F 2016 analysis = <
| gFT2K Runl-7 preliminary Normal Hierarchy 3 1-5EPhysR (201 ]
’ [_I 11 1 I L1 1 1 I 11 1 1 I 11 1 | I 11 1 | I L1 1 1 I L1 1 1 | L1 1 1 l 1 l_ [ 1 | L | L L | L | 1 | L L | L | 1 1 | 1 L L L ] | L 1 ]
03 035 04 045 05 055 06 065 0.7 d.2 0.3 0.4 0.5 0.6 0.7 0.8
. 2 . 2= )
sin” 0,, sin“0,, or sin“0,,

2016 analysis (joint fit of 5 samples with reactor constraint for 0,3):
* Compatible and consistent results with other experiments

* Consistent results for P(vy— v,) and P(v,— v): CPT conserved
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2016 CPT INVARIANC
v, DISAPPEARANCE

» Strategy

=51V AND anti-

 Assign independent oscillation parameters for antineutrinos

* Neutrino samples constrain “wrong-sign” background

e Test CPT: 0,3#0,3and Am 32¢Am 3

» Consistent results for P(v,— v,)) and P(v,— V,)): CPT conserved

-3 -3
3-8?10"'1""!""1""!""!”"- 3-8?0"'! B B B B
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p— 3-2— : : : N’ B : H : :
[o\] :
(o Kag) 5
£ 3f
< o8f
5
o 2.6
I8 24
< 22
1 _I 1 1 1 ] L 1 1 1 ‘ L L 1 1 ‘ 1 1 1 1 I 1 1 L 1 I 1 L L I_ 1 _I L 1 1 | 1 L 1 1 | L L L 1 ! 1 1 1 L I 1 1 L L I 1 1 L I_
82 0.3 0.4 0.5 0.6 0.7 0.8 82 0.3 0.4 0.5 0.6 0.7 0.8

. 2% ) . 2% )
sin 823 or sin 623 sin 623 or sin 823



JZK NEGLERINC PLEX PREIDIC BICIHN

e Simulation: FLUKA, GCALOR and GEANT3

0.1F———

A | fil Phys. Rev. D 87, 012001 (2013
o Tuned to external data: NA6I/SHINE (CERN) | e beampionie &  Five fox @019 Vu
monitors) — ND
* Measurement of pion/kaon production of m, K SK
3|1 GeV/c proton beam with carbon target | Proton |
beam # ngn focusing, decay
2 (30 GeV) Graphite target (simulated by GEANT3)
c . e
* Thin target (4%A) and T2K replica target it drvenhC)
e Reduction of uncertainties: ~30% to ~10% : ;
Replica target results are being
* Intrinsic V. background at ~0.5% level incorporated into analysis
S CUOT MASAAMM A ASSAAASSLASSAAAA RASE AR AR IR S &
: Q E - 3 —— Hadron Interactions —— Material Modeling
:]‘Q-‘ EQ‘ _;P- 'L!_a‘ 0.3F ——— Proton Beam Profile & Off-axis Angle  —— Number of Protons ]
= S 105 4o Y S— - S o Current & Field — 13av1 Error
S S _e f g ~————— Horn & Target Alignment - = - 11bv3.2 Error
ﬁ ﬁ Y | 5 0ol . Ab-Nom. _
Z 2 Antineutrino| * '
; :
E E
a8 -

60 1 2 3 4 5 6 7 8 9 10
E, (GeV)




12K NEUTRINO INT
MBI

NEUT neutrino generator

Model tuned to external data: MiniBooNE, MINERVA, bubble chambers’

A I IS

CCQE: Relativistic Fermi Gas (weighted from Spectral Function) + relativistic Random Phase
Approximation for nuclear system

Multinucleon processes (2p2h) included based on J.Nieves model, Phys. Lett. B 707,72 (2012)
Pre-(ND280)fit uncertainty for Super-K: ~7.5%
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ON-AXIS NEAR DETECTOR INGRID

Near detectors
P T off-axis
N\

T —— | -
30GeV Ta SRRy | R S a‘;

rotons N .
pf H Muon monitor |
rom | ‘

J-PARC MR | i
0 120m

280m

e T2K utilises off-axis neutrino beam:

* Important to monitor beam intensity and direction

* |ron/scintillator detector to
measure beam profile and rate

e Day-by-day monitoring

* Direction stable within | mrad
(~2% shift in peak energy)

[mrad] [events/1e14 POT] f_’

00O —-da=-

o
)

DooaRO®

__;‘:
UE_.
‘,,

.

. Horn250kA

siEventrate | | Homao5KkA |

3 ! — I-!orn-?SOkP\ “ -

' Horizontal beam direction :

et o,

e

§_Vertic:al beam dire¢tion

ro~

:l . £ '—l—"*':_’_.

| T2K Run1 T2K Run2 :TZK Run3 : T2K Rund
Jan.2010-Jun.201 Nov.2010-Mar.2011 | Mar.2012-Jun.2012 Oct.2012-May.2013

“Day




2016 ANA

1515 RESU

5 e
Q e NMINOS, e b ]
& 34F MINOS+ —90%CL
> F NOvVA (2016) Super-K + T2K best-fit-
32 o

= - T2K /\ .
= 3 —
aS 28F =
£ - ]
< 26 -
24 -
22F =

2 —

18 "T2K Runl-7 preliminary Normal Hierarchy -

' | | | Ll R .

.jl

11 11 1 1 IlllIll
035 0. 0.45

05 055 06 065 07

 Joint analysis with reactor constraint:

sin-20,,=0.085+0.05

e T2K data consistent with maximal mixing

e Compatible with other experiments
(intervals for fixed mass hierarchy)

45 623 AN

3.6

) Am232

34
32
3
2.8

— 90%CL

| (107 eVZ/c*

2
32

1 | L | L L I L | | LI |
68%CL  T2K Runl-7 preliminary 3

* T2K best-fit

LI | LI L T
[ [ [ [

Inverted Hierarchy 1

2.6
24
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03 035 04 045 05

I
0.55

06 065

PARAMETER/MASS NORMAL INVERTED
HIERARCHY MASS MASS
HIERARCHY. HIERARCHY.
sin2203, 0.532%0.046 5 50g  0.5347%0.043 4 ;
2
| A3m 3%' 4 2.545%0.081 5 4e4  2.5]%0.081 g3
(x107° eV+/c?)
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AR SRR OIE S IMIPAC )

* Spanish groups provide important and in many ways crucial contributions
to the T2K experiment

e Near Detector:

* Magnet operations (IFAE), TPCs (IFAE and IFIC), near detector
calibration, reconstruction and analysis

* Conveners of the groups responsible of the data-taking coordination,
neutrino interactions modelling, tracking, analysis framework
development, “exotics’ physics searches

 UAM actively participates in the Super-Kamiokande calibrations + work on
Gd addition

* Further work beyond current activities:
* T2K+SK+reactors global fit (IFIC+UAM with T2K-UK/Japan groups)
e T2K ND280 analysis software for DUNE(-SP) analyses
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INEUEFRINGS

e Chargeless and the very tiny pieces of matter, tiniest!

* Neutrinos provide a test-bench to probe physics beyond the Standard
Model and further open horizons of mankind knowledge

* Search for the CP (charge-conjugation and parity) symmetry
violation (CPYV) in the neutrino(lepton) sector

e Considered as a mandatory condition for the matter dominance
(over antimatter) in the Universe

 What is the nature of the neutrino itself? is it its own antiparticle?
* Does neutrino have impact on the dark matter?

* Are there “so far hidden” effects? sterile neutrinos, heavy
neutrinos?

» Beckoning neutrino quest here in |FIC-UV-CSIC Valencia
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INECEFRING QS0 ALIONS

* Neutrinos mix and can change their flavour

e Oscillations - first prove that neutrinos have masses!

interaccion débil

fuente

libre evolucidon

F,, ~sin"20)sm”| —-

aproximacion para dos familias

- Am*r L Vo
A 4E Ve —=

v

interaccion débil

" proporcional a 1/Am2

L

|

1 10

102 10°

10*

L/E (km/GeV)



NEUTRINO OSCILLATIONS - MANY
I EREN T SOURC:

Atmospherlc {7

Neutrino mixing:

Pontecorvo-Maki-
Nakagawa-Sakata s
(PMNS) matrix o Y1)
/1 0O 0 \ | c 0 s e_'écp\ c,, S O\
c; = cosb, v, 13 13 12 12 \Z
.= sino, — .
S = SI Y, VM — O 623 S23 O X 1 O _S12 612 O Vz
V i

Ami=m;—m; T \0 — 83 023/ \_SBQ 0

Oscillations governed by
 three mixing angles:
e 0,,=34°,0,;=9,0,;~45°
¢ two mass squared differences:
« Am’,,~7.6x10"eV’ and |[Am’,,|~2.4x10” eV’

» source-detector baseline and neutrino energy
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NEUTRINOS WITH ACCELERATORS

* Neutrinos interact very rarely

* Need intense sources and big detectors

e Accelerators - a good option!

Neutrinos can be produced in (mostly) mesons decays
Powerful accelerators — intense beams

Does neutrino have impact on the dark matter?

Known energy — place a detector where expect
maximum of oscillations probabilities
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T2K Experiment International Collaboration

Canada
TRIUMF

U. B. Columbia
U. Regina

U. Toronto

U. Victoria

U. Winnipeg
York U.

France
CEA Saclay
IPN Lyon
LLR E. Poly.
LPNHE Paris

Germany
Aachen

~500 members, 67 institutes, |2 countries

Italy
INFN, U. Bari
INFN, U. Napoli
INFN, U. Padova
INFN, U. Roma
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ICRR Kamioka
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Kavli IPMU
KEK

Kobe U.
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Miyagi U. Edu.
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Tokyo Institute of Tech
Tokyo Metropolitan U.

U. Tokyo
Tokyo U. of Science

Yokohama National U.
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NCBJ, Warsaw
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U. Warsaw
Warsaw U. T.
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Russia
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IFAE, Barcelona
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U. Autonoma Madrid

Switzerland
U. Bern

U. Geneva
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Imperial C. London
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Queen Mary U. L.

Royal Holloway U.L.

STFC/Daresbury
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U. Liverpool

U. Sheffield
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USA

Boston U.
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Duke U.
Louisiana State U.
Michigan S.U.
Stony Brook U.
U. C. Irvine
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U. Pittsburgh
U. Rochester
U. Washington
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IFIRSE
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12K IN JAPAN

* Why Japan?

» Neutrinos require large detectors to be detected +
accelerators/reactors/stars/Universe as well

 Significant efforts of engineers, scientists, constructors ...
* Anselmo will explain the new DUNE project tomorrow

* Better utilise multi-purpose detectors — more physics
with less cost!

* And Japan has Super-Kamiokande!
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FAR DETECTOR MEASUREMENTS
SUPER-KAMIOKANDE (SUPER-K)

e Summer 2018 - new era with a well-cleaned and renewed
detector

.,' -~
% 8
-
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FAR DETECTOR MEASUREMENTS
SUPER-KAMIOKANDE (SUPER-K)

e Summer 2018 - new era with a well-cleaned and renewed
detector
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FAR
1651

e

-R-KAM

OKAN

e 50 kton water-Cherenkov tank

Separate e/|-like rings:

* <|% misidentified [ as e

=T rejection

« No magnetic field

R IEASUIRE

E (SU

http://www.ps.uci.edu/~tomba/sk/tscan/pictures.html ' 1 http://www.pé.L\lci.édulftorﬁba/sl&ﬁcan/pictures.htmI

& <%

e 5 Super-K samples used for analysis

* |-ring 4 and e-like events in V and anti-
V modes + CC| 1T e-like for V mode 59



T2K IN JAPAN

» Deficiently some Japanese experiments

 https://bit.ly/2LtrFc9
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T2K (TOKA
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-RIM

AN

* Why near detectors!

“AR

B

TO-KAMIOKA)

“ LIRS on

* We need to understand our neutrino flux before they start to oscillate!

e We need to “tune” our models of neutrinos

Super-Kamiokande

Mt. Ikeno-Yama

1,360 m

Mt. Noguchi-Goro

2,924 m

295 km

|

Neutrino Beam

. ‘ 1,700 m below sea level E i
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