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® . appearance at 12K
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Neutrino Oscillation
Signatures

(ca. 2004)

Edahel LU Tl L |
best fit: oscillations

decay
decoherence

Data/Prediction (null osc.
o O QO
L T e ) B

Super-K
(atmospheric)

O,-:?, Q\{)

2.6 MeV prompt

analvsis threshold

® KamLAND data
——  hest-fit oscillation
=+ hest-fit decay

KamLAND

best-it decoherence

— -——

o [

--_-r-_!-'_-.-.-.

solar global fit_ ‘"

[ o LAND

=

(1 80 km “-‘_ mee I.'#lillI = I-IHI = L:'ml]LEJ L lIhiiifll e :
re aC'tO r) Ly/Eg (km/MeV)
Yoshi.Uchida@imperial.ac.uk

http://hitoshi.berkeley.edu/neutrino




Neutrino Oscillation

Signatures
(ca. 2004)

Super-K

(atmospheric)

KamLAND
(180 km

reactor)

Yoshi.Uchida@imperial.ac.uk

)

Data/Prediction (null osc.
© o o el
= h 00 = N A

O
o

best fit:

ALl T R L LU Tl L |
oscillations

decay
¢+ decoherence

10

10°
L/E (km/GeV)

____________

analvsis threshold

2.6 MeV prompi ® KamLAND data

—— best-fit oscillation

FFFFF

-
e — ]

—s
=

e

e —

_____

40 50 Bl il

L/Es (km/MeV)

tanZ0

http://hitoshi.berkeley.edu/neutrino




Short-Baseline
Reactor
Experiments

® Chooz and Palo
Verde experiments

from the late 1990s

Counts (MeV h)™’

® the generation prior
to Daya Bay,

Double Chooz &
RENO

® preceded by many
shorter-baseline

reactor experiments Distlgnce to lItieac:t01‘”:|}f1n]

® did not see any antineutrino deficit S
Yoshi.Uchida@imperial.ac.uk 7 Physics In Collision 2012, Strbské Pleso



Neutrino Oscillation
Signatures

(ca. 2004)

Edahel LU Tl L |
best fit: oscillations

decay
decoherence

Data/Prediction (null osc.
o O QO
L T e ) B

Super-K
(atmospheric)

O,-:?, Q\{)

2.6 MeV prompt

analvsis threshold

® KamLAND data
——  hest-fit oscillation
=+ hest-fit decay

KamLAND

best-it decoherence

— -——

o [

--_-r-_!-'_-.-.-.

solar global fit_ ‘"

[ o LAND

=

(1 80 km “-‘_ mee I.'#lillI = I-IHI = L:'ml]LEJ L lIhiiifll e :
re aC'tO r) Ly/Eg (km/MeV)
Yoshi.Uchida@imperial.ac.uk

http://hitoshi.berkeley.edu/neutrino




<~ CHORUS =<K

.

Neutrino Oscillation :
Slg natu - 10" % NOMAD
(2012) =

-—
e a—

best fit: oscillations

decay 1 0_3

decoherence C| 95%

rrrrrrr

all solar 95%._ [ 4

yKamLAND]
95%

;'Super-K
N~ 95%

Super-K
(atmospheric)

1 | 100 1000 10,000 i
L/E(km/GeV) (Super-K I-1V) Ga 95% @

a
o
=
Q
o v—
o)
O
S
Q.
-
o
s
<
—
o p—
Q
)]
o
—
=
-
S~
9]
—
-
Q
>
O

V. &V e —
LL T =
A ¥ ) KV

e T

_____ — VOV

———
| —
—
—
| —

I

Survival Probability

- All limits are at 90%CL
unless otherwise noted

Kam LAN D = E — ;n best-fit oscillation —— Data - BG - Geo V, 1 0_12 I | I

=

esi-tit oscillation

(1 80 km : Ijl ! I_‘-:]I g I—t:]l B Iﬁ:]l = Iﬁ-l[ll & IF-"I“I = IH:]I * :-j'!f}l i ;[IHI]I | I| 1) 1 0—4 10—2 1 00 1 02
reaC'tO r) Iﬁ,ff"'? (km/MeV) tanze
Yoshi.Uchida@im peria| ac.uk http://hitoshi.berkeley.edu/neutrino




L T T
(I

. iy, N e M e T ST g o by
.‘. ‘.‘.‘._-.._-._.I..‘.__._..-_.H..I.h-. My T S e L S AT = &
k 4 .‘...h..“‘.\ o, Wy iy ko B N r._!_..-.r Sl T ) .J..._J - £ L
Fipwr s ¥ 4@? i .p..,#”.... TR T R R TR L

AT B )
4 o hae i
K ; i
...__.__:_...,____,__m 1 ._*-++.._++..
aa 1 ol [ G il o
: __..__i..f..... 1 ..q....i... il "L O BB 1
...%._A#x__..-._....._.. ......__,.4___....__
;..:.J...—.r......r 3 i
.-_r..m.q-..,,._".._..;.”.._....._......._*..._...
.ﬂ ....H .-....__.- i ._.n .-..‘.-. .-..-..- .-_ ML LR
A ..-.l....-....i-. b i A i @
... #.rn._ ﬂ. J.u..._.-..ll.' L '
.....‘i.ﬂ-._.... T .—..,_. i e i AR i
.n...__.w.h.._..u.....“. “““ sor Cre e eHng
A A »
..."-....pﬂq.._.ﬂ...__.n.p.......q....._
; d . ’ oo A
¥ 4 % igdes 'y SO0 OO0 CES .._
“+ e g - e EFOCOrePOT Cn ‘
R S AN A Fig e e P S O B e D
s ; | . ] 1 [’ 4
& i 4.._.+..i.ﬂ.‘..|_ﬁ. . ..-......-___.- -11.- i .—.. W A .... p &
G o EECC R OO0 O 0O G e
AT ok SRR K BT A i odiri " i
-.u..q._-—-..-._.. o i i s i
T e e i i § i
rroah | . Ll St S B B B TR '
: L s A g g g
e ] b ’ i .
I T e, g T .,.._rm.w__u.-___..._..._,._

ey e 5 Hp I3y @
H e .ﬁ.—.%l.mﬂ.__.f‘.w.__”u.-._ L N B

i ...u.-.a...qn__u-,q_.-_,.i..

il - : -..-u.‘..-..'.u ;s ¥

FF g, L L L
Pl L L i f |
-..u—v.-._“-_..u.u.,..-...-,._ FEH b o g g

e i W s
ey W B : il

- Lo ' s g 4 ¥

b * ..“

L el o & @ "
“_._I_..I...I..I.n.l_i. ‘ul__l.m.l...l_-..l.._. -l..t..._..-in.-_.b..m.l L
.i_.;i..t_ll...i-.l.t-.-_...-...—.t...._.. .._-tt.._-..- - ¥ g .___-u_-.t.__ #
....I...ﬁ. S l..‘- ._..H.“.._.l.._..ll.-.‘ ._.t-.in _...i.l ..t.'.—

o :..“....i ..ﬂ.“.‘nw“ml.hii.liini-.il_l.ii .l.#...l.._“_b..-i.__t-. ol L

il o l.‘. .l... = ‘- i‘. l‘.- I‘ F .f“

P8 S S A A e e L
i el S P i Pl et L e TP
L FH aFigl Wl Fe g ¥ L L
i - . . 5 e 8 o

B i B P AP P S AR PR W

iIck
9

IN

iIn photograph)

146 phototubes
ble

trument 2.5 metre-th

Outer Detector
e First data in 1996

tank of pure water
VISI

Inner Detector

(

1,885 phototubes

INS

Kamiokande
.Uchida@imperial.ac.uk

Super-

* 40m x 40m cylindrical
* 1 km underground

¢ 11

Yosh



Super-
Kamiokande

* 40m x 40m cylindrical
tank of pure water

* 1 km underground
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Particle ID at Super-K

e-like MC event

u-like MC event



Particle ID at Super-K

20 ——
(a) 300e vs. 500mu DATA

® PID capabillities
originally shown In
test beam in 1996
with a 1 kton
model

'I'I'f'l 'I'IT'I I'I"III"I FF‘I'IF'I"I]'I"I Il"l'l' f'['l'l"l'l LI

0 -40 -20 20 40
Lu-Le

Fig. 2. The [ L,—-L,] distribution of (a) data and (b) Monte Carlo
samples for e (300 MeV/¢) and u (500 MeV/c) at the position
S. The two data samples have about the same total-p.e.’s.
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Particle ID at Super-K

® P|D capabilities
originally shown in

test beam in 1996
with a 1 kton model
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® Muon mis-ID now
at sub-percent level
at Super-K

Atmospheric neutrino
data and MC

Particle ID parameter
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Super-K Multi-GeV
Atmospheric v, v, Events

“electron-like “muon-like

T 3

o Data
No Osc.
— Best-fit Osc.

-1 0 1 -1 0 1
cosine of zenith angle

Up Horizontal Down
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Super-K Multi-GeV v, Events

Evidence for neutrino
flavour change,
dependent on distance

“muon-like

= neutrinos must have
Mass

Neutrino “oscillation” is
the simplest model for
neutrino flavour change
N . . . No Osc.
hat is consistent with E

these data — Best-fit Osc.

-1 0 |
cosine of zenith angle

Up Down
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Atmospheric

v Deficits as
Oscillations 4.0

1.0

0.0
0.8

Atmospheric
neutrinos at Super-K
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Neutrino Mass Spectrum and
Flavour Composition

n - I‘?"’l.g
“Normal” “Inverted”
Hierarchy |mm v_ Hierarchy
My ———— M.,
solar~7.6x10eV? "
" . ! ' . . = }?Il._.
Oscillation fits give atmospheric
- ~2.5x10eV?
Am? and MIXiNg atmospheric
ang ‘eS : 2 ~2 5%10-3e V2
o 012 —34°+3° _SO]HI‘N7.6><10_56V2

e o3 =45"+5H"

* consistent with
‘maximal” mixing
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Neutrino Mass Spectrum and
Flavour Composition

m2 m2

“Normal” “Inverted”
Hierarchy |mm v_ Hierarchy

")

M3t s~
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atmospheric

~2.5%105eV?2 |
atmospheric

~2.5x10eV?
solar~7.6x102e V2
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Neutrino Mass Spectrum and
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Neutrino Mass Spectrum and
Flavour Composition

‘ N % . ‘ 4 ‘ A %l ‘

)
_ ‘ A ,__.}__._253‘
® Search for 2. -
oscillations at | solar~7.6x10eV?

Am2=Am24m ‘ atmospheric ]
~2.5%x103eV?2

7
m 1

atmospheric

- ~2.5%10%eV?
® disappearance

® appearance
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Three-Generational Mixing

Detining the mixing matrix such that
V= Uljvj wherel=¢, u, T,

and j =1, 2, 3 for the three mass eigenstates

| 0 O
Uij = 0 costy sinto-
0 —sint: cosih
cosB;, sinB, 0 \ Solar/KamLAND
L oscillations
X —sinBy» cosBi» 0O , 2
0 0 1 1-3 generation m|xm8:
not observed (May 2011)
cos 3 0 sinf; X elocp
. \ 1 0 ocp: LP-
, . violating
—sin 05 X e~ iocr () cos 03 parameter
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KamLANCI? %(311
Hints of 013 >07 A

09.73% C.L.

05% C.L.

.""'Illll

0.03 0.04 0.05 0.06 0.07
.ﬂ..il'l:"El13

) - . . 1) . .
A y--profiles projected onto the sin“f;3 axis for
different combinations of the oscillation data floating the undis-
9. 2
played parameters (tan“6,, Am5,).
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The purpose of T2K Is to probe the

Am? region near 2 to 3 x 103 [eVQ]
with a muon neutrino beam

Yoshi.Uchida@imperial.ac.uk %0 Physics In Collision 2012, Strbské Pleso



The T2K Collaboratlon May 201 1




The T2K Collaboration May 2011

® Over 500 members, from 59 institutions

In 12 countries

® Canada, France, Germany, Italy, Korea, Poland, Russia,
Spain, Switzerland and the United Kingdom, the United

States and Japan, the host nation
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T2K: Tokail-to-Kamioka
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T2K: Tokail-to-Kamioka

Super-KAMIOKANDE

Mt Noguchi-Goro
2,924m

- water equiv. e

' 1,000m

Muickear and Partiche Fiysics Experimssniial Hall
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Neutrino Facility (T2K) ,*’FHSt'

Hadron Physics Facility

3 GaV Proton Synchrotron
(1MW, 25H2)

Transmutation Exper mentaal Facility

Linac

' 1T 1 1

1 |

30 GeV Synchrotron
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[;Neutrinn Facility (T2K) Fast- | ~
' Extraction \{HadienPhysis Faciey

f3 GeV Proton Synchrotron =
(1MW, 25H2) , /4
- \":‘,‘» /

Transmutation Experimentadl Fgcﬂiﬁ]

.~ Linac ' FL M

IIH‘ , 1'-._'.--.
M N

[~ ) A\ | Neutron Spallation Source //

| . [ 1]

Extraction

30 GeV Synchrotron
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T2K Neutrino Beam Production

N

Protbn Beam Target
(pion production)

=1 h
L

30 GeV
proton
\beam

3
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T2K Neutrino Beam Production

N

Protbn Beam Target
(pion production)

30 GeV
proton

it e
- e ’h

B, T bean

£

Pion decay volume .
(100 m long)| e

T+ o ut + vy

280m
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T2K Neutrino Beam Production

N

Beam Du.mp Proton Beam Tar
. get
/Muon Monitor (pion production)

] e 30 GeV

~

W 4~ ﬁﬂ:ﬂ}jeam

£

Pion decay volume .
(100 m long)| e

T+ —>_M++Vp =

280m
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T2K Neutrino Beam Production

N

Near ' .
Detector Beam Dump ' proton Beam Target

Hall | -/Muon Monitor (pion production)

] - 30 GeV

~

W 4~ ﬁﬂ:ﬂ}jeam

£

Pion decay volume .
(100 m long)| e

T+ = ut + vy

280m
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Off-Axis Neutrino Beam

Pion decay
kinematics send

lower energy

trinos to hiah Oscillation
neutrinos to higher Probability

or Am?2 values near 103 eV?2

off-axis angles

Can create a more |
intense low-energy On-axis
beam

[dea originally from Oft-axis angle

Brookhaven, but 3.0°, 2.5°% 2.0°

never |mplemen ed
betore

P VBN 00 05 1.0 15 20 25 30 35 40
angle ngsen for TOK Neutrino Beam Energy [GeV]
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Hadron Production Studies
NA61/SHINE (SPS Heavy lon and Neutrino Experiment) at CERN

Proton beam interactions on T2K replica target & “thin” target

Data since Tracking with TPCs
2007

Vertex magnets

Kinematics of
pions, Kaons i A R el _
and protons

~~__ BPD-1 grD-2 VO BPD-3_—"

.
beamline instrumentation

BRI = input to T2K neutrino beam predictions
Yoshi.Uchida@imperial.ac.uk a8 Physics In Collision 2012, Strbské Pleso



Charged Current Quasi-Elastic
Neutrino-Nucleon Interactions

CCQE:viy+n—£C+p

® Clean final state, can fully reconstruct neutrino energy
and flavour from lepton ID and kinematics alone

® Main signal event category at 12K

® Complicated by nuclear effects (O, C etc)
Yoshi.Uchida@imperial.ac.uk 283 Physics In Collision 2012, Strbské Pleso



non-CCQE Interactions

® CC1m: messy final state,

® NC17*: pion can mimic muons, little information on the neutrino
® NC170: gamma from w0 can be misidentitied as electrons

® More particles produced at higher energies
Yoshi.Uchida@imperial.ac.uk Physics In Collision 2012, Strbské Pleso




Vi Energy Reconstruction at Super-K

inelastic
1/,1 +n - u > p + n

MC

0051152 253354455
E, measured at Super-K [GeV]
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Neutrino Interactions Near 1 GeV

I [‘[[II‘ I I‘[II]‘ l‘l]![‘

2001 0 CCFRR

B BNL 7—feet
O ANL 12—feet
® ANL 12—feet

—emmmememema= g (DIS)

ag(qel)
o(1m)

| ‘ L1 1 ﬁﬁ-ﬂL——J—
£ eV 50.0 100.0
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Neutrino Interactions Near 1 GeV

I I‘[[II‘ I I‘[II]‘ !il]![‘

2001 0 CCFRR

B BNL 7—feet
O ANL 12—feet
® ANL 12—feet

1T T 1

Il[‘[l[l

mefé difficult to reconstruct
Jm Water Cherenkov

eel CC
- g(DIS)

o(qel)
o(1m)

| ‘ L1 1 ﬁﬁ-ﬂL——J—
£ eV 50.0 100.0

l[l‘l[l

* Need to stay below a few GeV 1o reduce backgrounds

e Also need to learn more about neutrino cross sections
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T2K Design Principles

® Large Water Cherenkov

—ar

Detector (Super-Kamiokande)

e proven, well-understood and calibrated detector with
excellent /e discrimination

e [arge diameter: excellent e / 1 energy measurement up to

several GeV

® Sub-GeV peak neutrino energy

® high fraction of clean CCQE events
® High-power neutrino beam of up to 750 kW

® 295 km baseline

e distance between J-PARC laboratory and Kamioka

® Off-axis beam

e much reduced high-energy tail and v. contamination
® “Near Detectors” for Detalled beam characterisation

e dedicated v detector for beam direction and sophisticated
off-axis detector tfor beam spectrum composition and interactions

Yoshi.Uchida@imperial.ac.uk
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T2K Near Detectors
at J-PARC

® 280m from proton beam
target

® High-mass on-axis INGRID
detector

® “cross-hairs” target for
neutrino beam

® Fully-instrumented,

Yoshi.Uchida@imperial.ac.uk 39



The Off-Axis ND280 Detector

UA1 Magnet Yoke

Fine-Grain
TPCs Detectors

PGBI | Downstream
i l ECAL

detector)

Solenoid Coil

e A

Barrel ECAL

Neutrino
Beam
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ND280 Detector
Events

UA1 Magnet Yoke

Fine-Grain
ctors

0.2 Tesla
B-field

Downstream
] ECAL

Yoshi.Uchida@imperial.ac.uk
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Barrel ECAL

A Iy,
"N
\ ul
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Origin of TPC Tracks (MC)

| ocation of v Interaction

e FGD (main “target”)
B TPC hardware

| 7m0 detector

B ECALs
70 detector ECALs

IIIIIII]II

2 3 4

Number of Tracks in TPCs
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TPC dE/dx Particle ID (Positive Tracks)

=
Q
T
>
P
=4,
~
~
it
~
S

200 400 600 800 1000 1200 1400 1600 1800 2000

Track Momentum [MeV/c]
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T2K Beam Performance to March 2011

accumulated # of protons

(1018 Delivered proton# - Proton per pulse(for physics run) 10
b 4
' - PhyHiL‘S run ' l - Proton per pulse(all runs) g
140 Run 1 > € _Run 2 5 b 3
: ﬂ' -
120 o
Xi—e Q8
P D "'.l"
e ‘o o el
=i "r " '.—'60 2
- ol " Ry # of bunch : 6 — 8 ¢~ J .- 7 o3
60 ,"l. El ... rep. rate : 3.64s ,;-" — 40
. A B — 3.25 — 3.04s / ]
‘ o "' . . __.
v § ' 20
20 . / | -
Jan/10 Aug/10 Mar/1 1
Date

Two major runs, increasing beam power
2% of total number of protons for T2K
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15 June 2011 —First T2K . Result
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T2K July 2011: T2K v, Candidates

; —— Data
D ' Backgrounds:
> s Ve appearance CC
,_% : (1-2 mixing only)
3]
S
i | e .| Neutral Current
-
O
>
D
e F
o |
)
E -
=
Z I

0

0 1000 2000 3000

Reconstructed v energy (MeV)



T2K July 2011: T2K v, Candidates

; —— Data
D ' Backgrounds:
> s Ve appearance CC
L(o) : (1-2 mixing only)
QN
:
i | e .| Neutral Current
-
O :
> 6 signal events
— seen
O i
— 1 .
= | 1.5+0.3
= background
= events expected
. | P

0

0 1000 2000 3000
Reconstructed v energy (MeV)



¢— Data

Signal:
Ve appearance CC

(sin“26;3 = 0.1)
Backgrounds:

W
—_—

Neutral Current

T2K 15 June 2011
sin“20;3 = 0.117 o

—h.
I I | | | 1

Number of events /(250 MeV)
N

p-value for no oscillations:
0.007 (2.50)
‘ h for Ocp = 2{.'l, s(iilzggﬂi i_ll;,
0 I%m” — o —o— m:;f*r;lzhi;dlghy)
0 1000 2000 3000

Reconstructed v energy (MeV)



T2K v. Appearance Status
Summer 2012
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J-PARC T2K Beam Performance

51013

300 -Total Protons on Target Protons Per Pulse 100
— 4 %3G
200 _ 5. éﬂ* + "o
- WG . i =160
150— * ot
S =140
100 | : I’t' . + _
sof-¢ " % ¢ 7120
| L |

0 5201620152010 20112011 2012 2012 0
Apr/01 Jull02 Oct/01 Dec/31 Apr/02 Jul/02 Oct/01 Jan/01 Apr/01
Time
* Total 3.01x10%° protons on target (factor 2.1 over March 2011)

e 4% of total T2K dataset

» Peak power: 200 kW
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v, Events at the Near Detector

Event numbear : 24083 | Partition : 63 | Run number : 4200 | Spill : 0 | SubRun nember ;6 | Tima : Sun 2010-03-21 22:33:25 J5 rigger. ceam opill

EPCL ] 3 AP t |

TPCS '

FGDI ! FGD2 l

90% selection efficiencléfor inclusive events,
of which b0% are CCQ
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Beam Prediction Fits to ND280 Data

8
o
o

CCQE

- Data
— Nominal MC
After fit using
ND280
information

(o
(n
o

N
n
o

-
QD
=
-
-
= 300
N
il
-
QD
-
LL]

N
o
o

—
N
o

N
o

|l_|_|_‘hl‘llll‘|

..... -- - - e T T _
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. 4; L ==
e ‘ :
= 1 p
== : —_ : :
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P, [MeV]
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Event Selection Cuts at the Far Detector
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Signal and Background

Signal MC Single CCQE electron ring

Two photons from neutral pions
can mimic single EM shower
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The event selection cuts at T2K were
frozen before data taking commenced
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Single e-like Rings in the Detector

(after pre-selection for timing, containment etc)

3 ve appearance CC
(sin®26;3 = 0.1)

Neutral Current

- .-

Ln
-

wh
-
-
>
—
L
[ TERF
Q
—_
L
=
=
s
Z.

2 3 -

Number of rings

Yoshi.Uchida@imperial.ac.uk
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T2K Runs1-3

0
PID parameter
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Background Reduction

T2K Runs1-3

T ve appearance CC
(sin®26;3 = 0.1)

S
|

Neutral Current

N
Number of events

5
pr—
e
L
>
L
L
-
S
L
o
=
s
Z,

1000 2000 3000 | 2
Visible energy (MeV) Number of decay-e
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“Forced” 2-EM Ring Invariant Mass

105 MeV/c? T2K Runsi-3

Ve appearance CC
(H'i[’]; 2(‘)13 — 0.1 )

Neutral Current

70
N —
=
L
>
3
(-
=
O
S
=
=
Z.

Reduce
neutral pion
backgrounds

200
Invariant mass (MC-V/CE)
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Systematic Uncertainties (T2K 2012)

Error source sin® 2615 = 0

Beam flux+v int.
in T2K fit 8.7 7

v int. (from other exp.) 5.9 %

Final state interaction 3.1 %
Far detector 71 %
Total 13.4 %

(2011 values 23 %

Sin2 2913 = 0l
5.7 %

7.5 7%
2.4 7%
3.1 %
10.3 %

18 %)
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Impact of
ND280

Constraints on
v. Appearance

Predictions
(T2K 2012) %

1500

1000
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w/0 ND280 measurement
B w/ ND280 measurement

o
sin"20,, =0

sin“20,,= 1.0

o T F w52
(Normal hierarchy)
Op =0

3.010 x 10% p.o.t.

sin“20,, = 0.1

sinEEHH -1.0

A[TI%.E =2 4%10 3 eV?2
(Normal hierarchy)
Op =0

3.010 x 10” p.o.t.

.'rr - '...

10 e L
Number of expected T2K ve
candidate events in far detector
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Selection Cuts Summary (T2K 2012)

Event category sin® 26,3 = 0.0 sin® 26;3 = 0.1

Total 3.221+0.43 1O =1 11

Ve signal 0.18 7.79
v, background 1.67 1.56
v,, background 1.21 1.21
v, + V. background 0.16 0.16

® Signal Efficiency
61%
® Background Rejection
80% for intrinsic beam ve

99% for neutral current events
Yoshi.Uchida@imperial.ac.uk 53 Physics In Collision 2012, Strbské Pleso



Final Selection

1950 MeV T2K Runsi-3

Ve appearance CC
(sin“26;3 = 0.1)

Neutral Current

o
s
-
>
>
L
-
(S
—_
b
£
-
7.

1000 2000 3000
Reconstructed v energy (MeV)
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Super-Kamiokande IV

T?K Beam Run 33 Soill 822275
1

Run 66778 Sub 585 Event 134229437

N-N8—-12:21:03:22 .
TAK bheam dt - 30 2 ns

Eal=a | [ 21 175, A8 Bt
Outer: 2 hits, 2 pe

Trigger: CxACOCC0O0T

Charge (pe)
. >20.7

[ ]

=

3

|
OO KN Wk
Nod W N W

|::| II:I-IIII_LIIII IJ_IIII‘
0 500 1000 1500 2000

Times (ns)




Super-Kamiokande IV

T?K Beam Run 33 Soill 822275
1

Run 66778 Sub 585 Event 134229437

N-N8—-12:21:03:22 .
TAK bheam dt - 30 2 ns

Eal=a | [ 21 175, A8 Bt
Outer: 2 hits, 2 pe

Trigger: CxACOCC0O0T

Charge (pe)
. >20.7

[ ]

=

3

|
OO KN Wk
Nod W N W

|::| II:I-IIII_LIIII IJ_IIII‘
0 500 1000 1500 2000

Times (ns)




Super-Kamiokande IV
T'2K Beam Run 36 Spill 261

-
f
Run 687886 Sub 28¢% Fvent 66474118

10-11-21:07:07:21

OQuter: £ hizts, 1 pe

Trigger: CxACOHCTO0T
e-like, p = 283.1 MeV/c

Charge (pe)
" >20.7

]
o o -
e |
I
o O K MO
N oW N W

v i o sal 3 ..I.mk;L!.. L

0 500 1000 1500 2000

Times (ns)




Super-Kamiokande IV
TZK Beam Run 36 Spill 261731
Run 687886 Sub 28¢% Fvent 66474118

1-11-21:07:07:21

TZ2K beam dt - i.2 ns

T = i-&s, 3837 [

Quter: £ hits, 1 pe ¢

Trigger: CxACOHCTO0T

D _walls: 284,272 ¢

ae-like, p = 283,

Charge (pe)
. >20.7

| 1 L 1 I 1 1 1 ] I I'h\I;L ! 1 1 'l L

0 500 1000 1500 2000

Times (ns)




Event Vertex Distributions
T2K v, candidates in Super-K

2_OOOTZK Beam Direction

1000

)

-]

Summer 2011 .
New for 2012

=
o
>
<
3
<

-1000 0 1000 2000
Vertex X (cm) T2K 2012
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Final Selection

1950 MeV T2K Runsi-3

ve appearance CC
(sin®26;3 = 0.1)

Neutral Current

o
e
-
>
>
L
-
(S
—_
b
=
-
Z

1000 2000 3000
Reconstructed v energy (MeV)
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Final Selection

19250 MeV T2K Runs1-3

ve appearance CC
(sin®26;3 = 0.1)

3.99+0.43

expected for
f13=0

Neutral Current
3.2 o significance

o
e
-
>
>
L
-
(S
—_
b
=
-
Z

(90% C.L.)

, (fitting electron
1000 2000 Sl momentum
Reconstructed v energy (MeV) and direction)
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v. Appearance at MINOS (24 June 2011)

| | | | | | | | [ | I |
~ Far Detector Prediction (LEM > 0.7)
- MINOS PRELIMINARY 2. gjgnal

W
o

— BackgrouncF:
— FD Data i

sin®(20,,)=0.040, Am2,>0, 5.,=0

Fermilab

73b km
baseline from
Fermilab to
Soudan

Merged for Fit

Events / 8.2x10%° PoT
N
-

e
FET
e
Hiele

ldentical iron

Stelaglelllgle
: | | | | |
calorimeters 3 4 5 6
near and far Reconstructed Energy (GeV)

Backgrounds (for 813=0): 49.5 + 2.8 + 7.0 — 62 observed
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r

B

MINOSatlCHEP 12

O Coarse detector granularity makes v, CC id challenging

Types of events n IVIINOS

Simulated Events

—
-ul
=
fui ]
! |
|

CC v, Event .'

(=]

i o
T T ] T1

|

N
N
B
¥

‘=
14
-

= =
I 1 I I I I I I

|
I'ransverse Position (m)
-
|
n
‘u
| & y ]
g Si
] K
| |
I'ransverse Position (m)

=

n

[T T 1

|

=

ik

LN I B B B I
|

[ CC,

S | J'll e

Everifente Carlo_

Transverse Position (m)

IIIIII L1 IIIII L1 1 IIIIIII L1
04 02 0 02 04 06 0B 1

Depth (m) Depth (m)

0.5 1

Depth (m)

m Pattern recognition by finding closest matches with a library of MC

events (comparing hit patterns in the two 2D views)

m Discriminating variables from truth information from best-match

ibrary events. Combine into one (LEM) variable.

o Apply selection to ND for background determination
o Vary beam configuration to determine composition (because

13

components extrapolate to FD differently)
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MINO S at lCHEF 12

Recent MINOS ». Results

Neutrino running mode:
If 0,,=0- 69.1 bkgnd events

Observe: 88 Events { f sin?(26,,)=0.1: +26.0 events

Antineutrino running mode:
If 0,;=0: 10.5 bkgnd events

Observe: 12 Events { f sin?(20,5)=0.1: +3.1 events

J J J 1 T T | J
< LEM < 0.8} = MINOS Far Detector Prediction (LEM = 0.8)

[ MINOS PRELIMINARY Cne
30— C_v, CC
- ain’(20,,)=0.10, am =0, 6=, 2t DL EE

: v-mode —=— FIIl Data

T I T [ T J | | |
= LEM = 0.7} = MINOS Far Detector Prediction (0.7

| MINOS PRELIMINARY - i
M | v, G ]
:ﬂlr-li_lmlu_]:l:l.ﬂ}, AP, Bop=0, 26I°{H,, k=1 Eﬂeﬂfn et
. v-mode —=— FD Data
CJv, GG
v, o0

[ T T T T T
= MINOS Far Detector Prediction (0.6

| MINOS PRELIMINARY Cuc 1
30— %, CCE N
L sird |, =010, Amd =0, 6 =0, 2eindli, =1 Enfj . £C
v-mode —=— FD Data

CJv,CC
- = =

Merged for Fa Merged for Fa

—
L=
r—

Events / 10.6 = 107 PoT
4
1Lk'
Events / 10.6 = 10 PoT
4
[
=
: 0
= a

Hﬁiﬁ
+"_

Events / 10.6 x 10° PoT
4
‘ li‘ |

1 2 3 4 5 B 7 a 1 2 3 4 5 B 7 a 1 2 3 4 5 B 7
Reconstructed Energy (GeV) Reconstructed Energy (GeV) Reconstructed Energy (GeV)
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ve Appearance in v, Beams

. Am3
® Three-v oscillation formula, expanded in v = —+ - 0.0
Ams,
5 G R A
| | . sin“ A(1 —A)
P, .. = sin“26;3sin”"26, _
e 13 23 1_AP2
+ (L COS 913 s1n 2912 SIn 2913 S1n 2923
A sinAA sinA(1 — A)
X COS(AL00 ~ _
(Ao ) ===
()
® where . ” B g
A=amd —, A=+076x1042ZE M 2E
4k Amz, |eV~]
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v. Appearance Oscillation Contours

— 7
assuming sin“2823=1

2
preliminary Am=>0
TQ K . = MINOS Best Fit
68% C.L.
B 90% C.L.
68% C.L.

0% C.L.
- Best fit

Runl+2+3 data
(3.01020 POT)

normal

Ii\.m I=2.4x10™

normal

1 1 1 1 1 1 1 1 1
1 ]_ I 1 1 I - || || || || || I || || || I || || || I

AMF <0

10.6x10”" POT v-mode -
3.3x10”° POT v-mode ~

MINOS :
Preliminary-

Inverted -
Fllralt 01 02"03"0.4
0.3 04

sin220 g 2si n2(2El1 3)5 | nzﬂza

68% C.L.
] 90% C.L.
— Best {1t

Runl+243 data
! (3.010e20 POT)

iInvert ed

I"'l.m | 2.4%107

o
5?7
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v. Appearance Oscillation Contours

2.0 N —rr r. 1 r r r r 1 r r r.1

- AmM? >0
preliminary

. = MINOS Best Fit
TQK - -es i

. — |
LE .ow _.L.
- Best fit

al L - h' 5 i
ol %A assuming sin22023=1

unl+. <3 al
(3.010e20 POT)

orreal

VS &A

10.6x10”" POT v-mode -
3.3x10”° POT v-mode ~

MINOS :
Preliminary-

Inverted -
Fisail=s 01 02"03"0.4
0.3 0.4

sin220 " 2si n2(2El1 3)5 | nzﬂzﬂ

68% C.L.
B 90% C.L.
— Best fit

Runl+2+3 data
. (3.010¢20 POT)

iInvert ed

Am? =2 A% 107

o
5?2
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v. Appearance Oscillation Contours

- Am? >0
preliminary
TQK . = MINOS Best Fit
68% C.L.

B 90% C.L.

A assuming sin<2023=1

68% C.L.
0% C.L.
— Best fit

Runl+2+3 data
(3.010e20 POT)

normal

Ifi\.111_;:I:2.-Lx 107 eV~

normal

1 1 1 1 1 1 1 1 1
1 ]_ 1 1 1 1 - || || || || || I || || || I || || || I

AM¢ <0

10.6x10”" POT v-mode -
3.3x10”° POT v-mode ~

MINOS -
Preliminary-

inverted :
B v 01 02 03 04
0.3 04

sin220 1 3- 2si n2(2El1 3)5 | nzﬂza

68% C.L.
] 90% C.L.
- Best {1t

Runl+243 data
= (3.010220 POT)

inverted

Am3,|=2.4x10" eV?

o
5?2

Yoshi.Uchida@imperial.ac.uk Physics In Collision 2012, Strbské Pleso



ve Appearance in v, Beams

® Depends on (in addition to known values)
e 13 : the dominant mixing angle

e #23 : in particular the deviation from 45°
e )C P : CP-violating mixing parameter
o sign(Am231) . the mass hierarchy
and energy, distance, and matter density and v / v choice

® rich experimental phenomenology to explore
e crucial input from our knowledge of #13 from reactors

® degeneracies need to be resolved
e multiple long-baseline beam experiments
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ve Appearance in v, Beams

® Depends on (in addition to known values)
e 13 : the dominant mixing angle (now known)

e #23 : in particular the deviation from 45°
e )C P : CP-violating mixing parameter
o sign(Am231) . the mass hierarchy
and energy, distance, and matter density and v / v choice

® rich experimental phenomenology to explore
e crucial input from our knowledge of #13 from reactors

® degeneracies need to be resolved
e multiple long-baseline beam experiments
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The Discovery of v, Appearance

® T2K has observed v. appearance with a significance of 3.2 o
® (13 must be non-zero to observe v, appearance

® Consistent with 1 km reactor v. disappearance results

CPV

0.8 - IDS—NF 2010/2.0 se——
MIND LE
LBNE
LBNE+Project X
0.6 SEL
BB100
BB100+SPL
2025
0.4

~Neutrino Factory
International
Design Study

%2 "March
2011

GLoBES 2010 | S
107’ 162 - o 107 1073 102 10

e g
True sin“2644

c
o
&
©
o
Q.
O

Comparison of the physics reach of different future
facilities for the discovery of CP violation
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The Discovery of v, Appearance

® T2K has observed v. appearance with a significance of 3.2 o
® (13 must be non-zero to observe v, appearance
® Consistent with 1 km reactor v. disappearance results

® However, these

measurements are sensitive CPV
to dlff_erent properties of 0.8~ IDS-NF 2010/2.0 memms
neutrinos LBNE+Pruj|éEtN>(E
g o BBS‘TEE
e 1 km reactor v.s g BB100+SPL
oL
effectively measure 613 %% Neutrino Factory
directly (see previous talk) Bteirigﬁhgpuacliy
rectly P %<'March
e accelerator v. appearance 201 1
GLoBES 2010

experiments measure a e M oy R N res: (g
combination of neutrino True sin’26:3
parameters

Comparison of the physics reach of different future
facilities for the discovery of CP violation
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v. Appearance In v, Beams
Am%]

® [hree-v oscillation formula, expanded in @ = N2
ms
31

sin” A(1 —A)
(1—-A)?
+ (L COS 913 SIn 2912 SIn 2913 SIN 2923
. sin AA sinﬂ(l —A)
X cOS(A+0, = ~
(ALocp) 2 4

() v D)

P.U—?"f? — Siﬂ22913 Sil‘lz2923

® \where

n L A Elo.cm 2 - GeV
A = Am?, A= 1076 x 10~+PEl& cm > GeV]

A
4E Am3, [eV7]

® Experiment-dependent quantities: L, F, p (matter density)
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Global 3-Neutrino
Oscillation Fits

Several groups demonstrating
increasing ability of
experimental evidence 1o
constrain neutrino parameters

it for ocp including

accelerator (K2K, MINOS,

T2K), solar, KamLAND, 1 km

reactor and Super-K

atmospheric neutrinos 0.00
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The Immediate Future
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T2K Beam Power Plans

T. Koseki, KEK/J-PARC August 2012

12

The medium-term plan of the MR-FX until 2017

We adopt the high repetition rate scheme to achieve the design beam intensity, 750 kW.
Rep. rate will be increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s and RF cauvities.

oy JaounJaeouz J2os  f2oi [2015 {2016 [ 2007

FX power [kW]

Cycle time of main magnet PS
New magnet PS for high rep.

Present RF system
New high gradient rf system

Ring collimators

Injection system
FX system

Li. upgrade
150 200 300 400 750
3.04 s 2.56 s 24 s 13 s

Manufacture
installation/test >

Manufacture
Installation/test

—W

Install. #7.8 Install. #9
R&D

ﬁ

Additional Add.collimators  Add.collimators
shields and shields (3.5kW)
(2kW)
New injEGtiDH 4 Kicker PS improvement., Septum 2 manufacture /test b
kicker

i

q LF septum, PS for HF septa manufacture /test
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V077 WL} EeEy] Far detector projected progress

NuMI Off-Axis v,
Appearance

» Large far detector
(14 ki)

» Optimised
specitically for v
appearance

e Fermilab to As11 Rmer“'ﬁ e P

1+ 830 kmbasellne 6
. 0 8 degrees off- -axis

o 2 GeV energyw peak

* Larger matter
effects (distance &
o energy) than T2K
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NOvA (2013 —)

NuMI Off-Axis v,
Appearance
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Prakash et al hep-ex/1201.6485

Combining T2K and NOvA

@ Several variables True:NH / Test:IH, 90% C.L.

* beam Intensity / detector
construction time profile

® 1/ v running fractions

e true values of oscillation
parameters

L
—
1
-
—
=
o
L]

® Many phenomenological 0 ol ; ;
- - g | NOVA+T2K
studies ongoing - 1L5*NOVA+2*T2K
w7 3*NOVA+4*T2K

0 0.05 0.1 0.15

sin” 20 3(true)

Example: T2K+NOvrA combinations

to test for the mass hierarchy
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The Next Generation(s)

this a very active area—hence no intention
to present a comprehensive survey today
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Design Considerations

Event rate Oscillation phase
CP violation Cross sections
Matter effects Beam composition
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Design Considerations

Event rate Oscillation phase
x Intensity X cross sections x distance + energy

X detector mass = distance

CP violation Cross sections
v and v high for v
matter effects low for v
CCQE/CCn~«/DIS
Matter effects Beam composition
x density X distance , p(ijon decady
stored muon decay
X energy beta decay
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Design Considerations

Event rate Oscillation phase
x Intensity X cross sections x distance + energy

X detector mass = distance

CP violation Cross sections
v and v high for v
matter effects low for v
CCQE/CCn~«/DIS
Matter effects Beam composition
x density X distance , p(ijon decady
stored muon decay
X energy beta decay

...and ot course cost. Many large-scale studies under way and
concrete proposals
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Hyper-Kamiokande

Waté_.r Puriﬁcati_nn
- System

Access Tunnel

e 0.56 Mt (Super-K x 25), 760 kW from J-PARC over 295 km

 Okinoshima island (Sea of Japan) with Liguid Argon also an option
Yoshi.Uchida@imperial.ac.uk g® Physics In Collision 2012, Strbské Pleso




LAGUNA-LBNO

 CERN to Pyhasa nl EHIP"l"-[P'fhaﬁalmll | \ 19
mine (Finland) N 'Lfn“?te'fn“&ﬁu:?f?ﬁ{m“l'wff_ =1

e 9300 km baseline

» Detectors:
* 100 kt Liquid Argon P L
» 50 kt Magnetised Iron &/

e

EHIFH (Fréjus)
f = HP-SPL + accumulator

(5 GeV — 4 MW

. . Beam from SPS [SO0KW)
Mo near detector

possibility
] w; 1 '
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LBNE

e Fermilab to Homestake

e 1300 km baseline

R
= mete bl pnutyiv
b kLT Tl T

Lchg Lo LT AL L TS

CARSRE e A, A A

e CC T
EELte = bt o

e New neutrino beamline

* Recently
settled on 10
kton Liguid
Argon TPC
detector at the
surface

 Potentially up
to 2.2 MW with

Project-X
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Neutrino Beam

N eUtri n 0 . Proton Driver:

Linac option

Fa CtO ry . Rwy X Muon Decay

. Ring
® Neutrino beam from

muon storage beam

® pure muon decay
neutrino products @ — .

Linac to 0.8 GEV 0 8-2.8 GeV RLA
| 2.3—10 GEV RLA

Phase Rotation

e cxcellent beam definition

® Staging plan being C:)
developed '3
* NUSTORM: e e e s aev \

Muon Decay e 5-10 GeV
Ring FFAG

0
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Conclusions

® Neutrino mass is the only well-established observation that lie
Beyond the Standard Model

® With 013, all “standard” mixing angles and Am?2 s observed
® \We |learn by combining reactor and accelerator results

® Rates for oscillation processes now calculable

® [est Tor

e deviation of 623 from maximal, the mass hierarchy, CP-
violation in leptons, and the unexpected

® [he effort to exploit the 63 discovery is under way
e Near future: T2K & NOVA

e Next generation: currently undergoing intense study

Yoshi.Uchida@imperial.ac.uk Physics In Collision 2012, Strbské Pleso



End of Talk—Spare Slides Follow



v, and v,

Oscillations
(2001)

>
Super-Kamiokande
Zenith Angle Spectrum

10_9 Exclusion °

r =3\
"hf,,.\.

| [ 1
rEilEE—" - _— e

| 0- [ _.1.-1-4_-._;.-_.-__;.__j‘..l_‘-_;-__ DR | i
1074 1072 109 104

2
tan<0
YOShi , UCh |da@| m peria| ac.u k http://hitoshi.berkeley.edu/neutrino




The 11 March Earthquake

& LINAC building entrance

-
- E
el L

3 GeV Rin
COndenSer Ban S T e |
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Neutrino
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Rutherford Appleton Laboratory
Proton Beam Targetry

Stainless Steel

Pipes \

Graphite 1G-43

Target
Inner upstream structure
Inner tube

Titanium Ti-6Al-4V

Quter Upstream Structure
Quter tube

Upstream Window
Downstream Window

Temperature (Contour 3)

Temperature contours f Remote handing
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Neutrino Production at J-PARC

Muon Monitor Horn Beam monitors

Si array
+I1C array |

r .. I- d 3 - ‘ -z ?
. _‘ 4 ..' - j e ar
- --I -
F- e
™ - il
L o {
/ "y

intensity, position
profile

to Super-K

Near detector
(at 280m from target)

Helium cooling

broton beam

Graphite, ©26 x
900 mm long

Beam Dump 110m length



off-time event

.......................................

85.92/76

T

| I on-time event
: |:| dead time
| B expected timing

Ll e == d

--------
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time from trigger[nsec]

----------------
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o
o

1

event timing after neutrino event selection
03

1
SJUDAD JO #

iming
utrinos

=
—J

Measurements
at INGRID

Bunch

from ne

[ -] <«
—

1000 2000 3000 4000 5000 6000 7000

x? | ndf
L

S010@suojoid ¢ a|/SJuana Jo #

neutrino events per
number of protons

Daily number ot




TPC dE/dx Particle ID (Negative Tracks)

dE /dx [keV/cm]

I|III|III|III|III|III|III
800 1000 1200 1400 1600 1800 2000

Track Momentum [MeV/c]

1 ] ] ] | ]
200 400

600

11
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T2K Far Detector Beam Event Timing

T2K 2011

. === Run 1

LE: low energy events
OD: hits at Outer Detgctor

FC: No hit at Quter Detector

Number of events / 40nsec

O
O
)
e 4
-
@\
—
A2
C
O
>
)
(-
O
—
()
L&
&
il
=

—L

g fee e “ i | s
= = . 0

500 -250 O 550 500 1000 0 1000 2000 3000 4000 5000

AT, (usec) AT, (nsec)

121 events survive timing cut (between —2 and +10 us)
0.023 estimated background
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Pre-Selection Cuts

® [2K beam timing cut
e data taken with GPS-synchronised threshold-free trigger
® [ully contained event cut

e no activity in the Outer Detector

® NO incoming ac:tivity atmospheric v FC events
= neutrino

® NoO outgoing activity
= NO energy escape

Super-K 762.5 days
FCFV Sub-GeV
30MeV < visible energy < 1330MeV

400 600 800 1000 1200 1400 1600
Distance to Wall (cm)

N
=
(39
©
0
od
o
P~
—
N
il
-
QO
-
w
[ TS
o
=
QO
D
=
=
=

® Fiducial Volume Cut

e Y metres from wall
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Event Selection Summary
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Super-Kamiokande IV
TZK Beam Run 36 Spill 964610
Run 67964 Sub 1/6 Event 4188/402

ﬂ|_ g [ I':| E' =TT =
T2 baam dt 1793.3 ns

Outer: 1 hizse, ( pe

Trigger: CxACOHCTO0T

D wall: 23H.3 om

e-like, p = 312.0 MeV/c

Charge (pe)
” >26.7
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]
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RN |
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Super-Kamiokande IV
TZK Beam Run 36 Spill 964610

Run 687964 Sub 176 Event 4188774072

Th=T =T el 21

TZK basm dt- - 1793.3 ns

Outer: 1 hizts, C pe

Trigger: CxACOHCTO0T

D wall: 23H.3 om

e=like, p = 212.0 MeV/c

Charge (pe)
" >20.7

| ! 1 | | L

0 500 1000 1500 2000

Times (ns)




v, Disappearance at T2K
—published December 2011 —
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v, Events at ND280

[

entries/(0.1 GeV)

¢
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II]|r'r

v, CC non QE
NC

vV, CC
Outside FGD

é’... NEEENEE FNNE RN

=

0.5
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Reconstructed v energy (GeV)
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Far Detector Event Spectrum

20 T
I8
16
14
12

No-disappearance hypothesis

Best-fit oscillation hypothesis

T2K Run 142 data
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Data / Unoscillated Prediction

«— data/ nominal MC

best fit / nominal MC
2 4 | 6 T8 10

Reconstructed neutrino energy(GeV)
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Oscillation Parameter Contours

L L J L j T L J 1 I [ | |
T2K Run 1+2
----@---- T2K Run 1+2 Alternate Analysis

—— MINOS 2011
— - = Super-K Zenith
Super-K L/E

p——
<t
2
)
>
L
p—

2
32

IAm
b
)
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KamLAND should see

36.8 £ 5.6
(0.94 + 0.85 background)

events 1f all antineutrinos travel to
Kam[LAND from reactors without loss

Yoshi.Uchida@ stanford.edu Stanford University Physics Colloquium — 7 January 2003

Yoshi.Uchida@imperial.ac.uk Physics In Collision 2012, Strbské Pleso



KamLAND should see

36.8 £ 5.6
(0.94 + 0.85 background)

events 1f all antineutrinos travel to
Kam[LAND from reactors without loss

54 events seen

Yoshi.Uchida@ stanford.edu Stanford University Physics Colloquium — 7 January 2003
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Solar and 2 F (a) OSCL O3 CL
KamLAND 1.8 - March 2011 zzﬂ(LrL—zziiLCL

TWO_ (-il]; 1.6 ;— O best-fit @ best-fit
. o= 14 — KamLAND+Solar
Generathn e : Bl os%cL
) ] : 12 = L 99% C.L.
Oscillation [EEE—: o
E : est-11t
0.6 ;—
0.4 F O3=0

10 03 04 0.5 0.6 0.7 0.8 0.9
tan’ 612

Am3, ~ 7.5 x 107°eV?

Yoshi.Uchida@imperial.ac.uk Physics In Collision 2012, Strbské Pleso



The MINOS Neutrino Beam

Absorber Muon Monitors

Target

Taroet Hall
e

F L

Horns’ xt

10 m 30 m

Hadron Monitor
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Oscillation Signature In
v,, Deficit at MINOS

Best oscillation fit
- Stats. only decay fit
—  Stats. only decoherence fit

)
-
O
e
O
o
)
O
@
-
=
O
pd
qv)
A

Reconstructed neutrino energy (GeV)
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v, Disapperance

Governed by the quantity

Am?*

i .
pp = Amg

—(cos” 012 — cos Ocp sin 03 sin 26> tan 63)
x Am*21
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CP Violation in
Neutrino /Antineutrino Oscillations

Governed by the quantity

|
JCP — Sin 0 X g ON 913 sin2912 sin2923 sin 2913

CP-violating term o0 accessible to experiment it 613 is not too small
(future T2K, Neutrino Factory etc)
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