Latest results from T2K

Shoei Nakayama (ICRR)

for the T2K collaboration

August 24, 2012
@ ICRR seminar




Introduction




Neutrino oscillation

[0 Flavor eigenstate (ve,vwvr) # Mass eigenstate (v,,v,,V;)

Va _[ cos® sinB
14 —sinf cos6

B

a, B = Flavor states

( ] Two-flavor case
Vl
1, 2 = Mass states

V)

0 Probability that a neutrino originally generated as v_ will
later be observed as v after traveling a distance of L :

1.27Am*(eV?)L(km)

P(v,—vgy)= sin”(26)sin’( ) Am?=m,?- m,?

E (GeV)

o , measure the disappearance of v,
v oscillation experiments
measure the appearance of v



Neutrino flavor detection

(in case of interactions with a nucleon)
[0 Charged Current (CC) interaction
ex.) CC quasi-elastic scattering (CCQE)

ve+n9+p Ve\/e'
i
Vv, +n 9@ +p | W
Charged lepton w/ the same flavor d — u

[0 Neutral Current (NC) interaction

ex.) NC elastic scattering

Ve Ve
Ve+p DV Hp i
Vptp 2V, tp § ———

No difference in the visible particles

Identification of the outgoing lepton from CC interactions
- Flavor of the parent neutrino



Three flavor neutrino mixing

Sitya

s; =sinb;, ¢, =cosb,
~id
Ve 1 0 0 C13 0 s,e C S O Vi
v, |=| 0 ¢y Sy 0 1 0 -s, ¢, O v,
o
V. 0 =S8y Cy3 _S13el 0 Ci3 0 0 1 v,
ignoring

6 neutrino oscillation parameters
3 mixing angles (0,,, 6,3, 8,5) + 1 CP phase (0)

: 2 2
+ 2 mass differences (Am+,;, Am?,,)

0,, ~45° 0,,<11° 0,, ~34°

Majorana phases

|Am?,,| ~2.5x 103 (eV?) (sin®26,,<0.15) Am?,; ~8 x 10~ (eV?)

atmospheric/accelerator v reactor/accelerator v solar/reactor v

Only upper limiton 6,5, (0,5,=0? or z0?)
—> Non-zero 0,5 hunting around the world



613 measurements (other than solar-v and atm-v)

0 Reactor neutrino experiments : v, disappearance

1.27Am§1L(m)) pure 0,

P_e%_e zl—'229 in’
(v Ve) sin” (26,;)sin”( E (MeV) measurement

0 Accelerator neutrino experiments : v, appearance
1.27Am, L(km)

P(v,—v,)= sin”(26,,)sin” 6., sin”( ) leading term

E (GeV)
, + 80123312513523(01202 S12513523) cosPsgs - sinds; - sindy; CPC
sub-leading 8C2,C15Cl3 8155155 in<I) sin®s, - sind
terms . 13L1202301201302 - 32 31 21 » CPV
5 .5 + 45%20123 (01220223 + S¥2S§3Sf3 — 2C12053.512523513 COS5) sin“®q solar
25 a - 8C735735%; (1 — 25f305<1>32 sinds;. matter effect

forP(v,>ve) v _appearance : sensitive to 8 and the mass hierarchy

—> Non-zero 0, opens the possibility to probe
the CP violation in the lepton sector !



Breakthrough of non-zero 0., search (2011~)

0 In 2011 June, T2K reported the first indication of 6,20 (2.50)

using the data before the earthquake.

PRL 107 041801 (2011)

sin%0,;,=0.5 -

Best fit to T2K data
68% CL

[ 90% CL

0 In 2012, solid confirmation

by reactor experiments.

10 confidence intervals (before Neutrino2012)

_._ Normal Hierachy
O Inverted Hierachy

We did not know 6, is zero or not.

"""""" O ' " June 15, 2011
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This talk : Updated v, appearance analysis using the full T2K data set



T2K experiment




T2K (Tokai-to-Kamioka) experiment -I—ZR\

Mt.Noguchi-Goro Dake
2,924m

Mt.lkenoyama
1,360m

Near Detector

abbreviations :

SK, Super-K

Main goals
B Discovery of v, appearance (vuéve oscillation)
—> Measure 0,

B Precision measurement of vy, disappearance
= 0(Am?,;)~1x10* eV?, d(sin%20,;)~0.01



T2K Collaboration e I+l I==j | e:

o oS =

International collaboration
(~500 members from 12 countries)
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Muon Monitor Horn Beam monitors

Beam-line i
; 2 ] Super-Conducting
e U ~ Main N8 N Magnets
2 T R @ ML* E=
,,,,, mh N

lueea

(at 280m from target) 4:

N “
A U r
I 50 1 oo m) Decay Volume . \\\‘::\
I I 11 \
Near detector _ DecayVqume Target —T- 7
<

Beam Dump

30GeV ~10% protons extracted every 2.5~3sec. Spill duration ~5Susec.
Proton beam impinges the graphite target ($26mm x 914mm).
Secondary «t* (and K*) focused by 3 magnetic horns (250kA).

96m long decay volume.

® v, mostly from n*%WwM (V. in the beam from w and K decay)

Muon monitors : beam direction and intensity, spill-by-spill.
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N Decay Near detectors .
o J‘E volume off-axis w
O -‘ h‘ _______________________ §§. _______
30Gey ZIOQEETEEEEE 00 0
roton Target EE RV s %_5_
protons & Horns L Muon monitor — on-axis
from | | | 55
(’PARC VIR 0 120m 280m
:@ 3500
Off-axis neutrino beam 5 3000 — Ya=20
(Ref. : BNL-E889 proposal) % 2900
& 2000
Intense, low energy narrow-band £ 1s0 OA 2.5°

E, peak tuned at oscillation
maximum (~0.6GeV)

Small high energy tail, which
creates background events

Prob/sin26

T2K : 15t experiment to use this idea
Important to keep the beam

|‘ @T2K

pu——

Oscillation probability
Am?® = 2.5x10° eV?
L =295 km

VA

0

direction stable (1mrad direction shift > 2% E, shift at peak)




Near neutrino detectors
(@280m downstream) SMRD (magnet york)

Off-axis detector (ND280)

- measures Vv flux/spectrum before

oscillations @2.5° off-axis angle

0.2T dipole magnet

Fine Grained Detectors (FGDs) x2
1.6ton fiducial mass target + tracking

On-axis detector (INGRID) Time Projection Chambers (TPCs) x3

- direct v beam day-by-day monitoring PID by dE/dx in gas, resolution <10%
(direction, intensity and profile) P@D (n° detector)

- 16 cubic modules. Sandwich of iron ECAL (Electromagnetic calorimeters)
plates and scintillator planes SMRD (Side Muon Range Detector)

On-axis




©Scientific American

O O O 3

Far neutrino detector : Super-Kamiokande
(@295km from J-PARC)

sp|III interval ~3sec spill (width ~5usec)
> - > Teps @J-PARC
record all hits in
+500usec +500usec
PMT hit "—’hl h—
| 1 L1l |
> Teps @SK
VTOF (~1msec) VTOF

Water Cherenkov detector, 1000m underground, 22.5kton fiducial mass
Excellent u/e PID using ring-shape & opening angle (mis-ID probability ~1%)
T2K: recording PMT hits within £500usec of beam arrival time using GPS

Atmospheric v samples to study detector performance
14



Recovery after the 3.11 earthquake

0 December9, 2011 : J-PARC LINAC operation restarted.
December 24, 2011 : Neutrino events observed at T2K ND280.

March 8, 2012 : T2K physics run restarted within 1 year after
the earthquake.

15



Data collected and analyzed

300
250
200
150
100

50

Delivered # of protons

Run 1+2 (2010-2011)

x10'®

Delivered POT (Good Spill)
Proton per pulse (Good spill)

Apr/01  Jul/02

Great East Japan
Earthquake
(March 11,2011)

Recovering facility

(acc., beamline etc.)

%1012
100

Yy, ,'.'
> P ‘;

supply

>€

Beam re-commissioning, -
Repairing horn power

Oct/01 Dec/31 Apr/02 Jul/02 Oct/01 Jan/01 Apr/01

M ND280 Runl+2 data is used for oscillation analysis shown today

Run 3 (2012) : 1.58 x 10%° p.o.t.

protons per pulse

: 1.43 x 10%° p.o.t. = data set for the published results

M including 0.21 x 10%° p.o.t. with 200kA horn operation (13% flux reduction @peak)

B ND280 Run3 data is checked and consistent with Run1+2

Data in this talk = 3.01 x 10%° p.o.t. (whole Run1+2+3 data)
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Beam direction shift

(mrad)

KRN LT,
= L

o
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Beam stability

Muon monitor : Beam direction

N
|||||||||| Td
[N EEEEE N
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N
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..............................

— - X center
- Y center

10k -1mrad Run 1 3 Run 2 kS Run 3 ;
) . .,.::.1.11..|..|..:E......,...E
15 02 ll\/iar 02 l(/iay 02Ju 27Nov 27Dec 26Jan 25 Feb 21 Il\/iar 20 fl\pr 20 I{Aay
INGRID : Beam direction INGRID : Neutrino event rate
L L Jao E §1 Si_ : .~ Data with horn250kA
.|. 4~ Horizonital center | = O E .+ Datawith horn200kA
tmrad I eaicenr ©§ G410 e
+ —+—§ .—+——"—*—1oé 8168 btabihal, .H. |
_i_ - T S SRpee gli AR il M*&-"“""m" e ppoes M g R
+—0— _+_§ i {-105 §13§_
1 ] c = oty o
Runl {Run2iRun37®8 2'2E pyn1 Run2 ¥ Run3
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M Y mmmmm oY s <
m [ ] [ ]
™ Very stable during the whole run period 7



T2K v, appearance analysis
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Signal and BG for T2K v, appearance search

[l Signals
Single electron event by CC interaction of v, oscillated from v,
B MainlyCCQE: v, +n—2>e +p e
M Protons mostly have momenta V eV =3
below Cherenkov threshold H © 0
[ Backgrounds

(1) intrinsic v, in the beam (from u, K decays)
(2) NC single xt° events _» Yx

=
’ /

s* overlap of 2 vy rings ) - v
\ . )
** asymmetric decay Y

(one of the y has very low energy) 0 = 2}/

19



Oscillation analysis method

Flux prediction

w/ Hadron production
measurement (CERN NA61)

v int. cross section

model & uncertainties

NEUT + uncertainties set
from external data

Ve candidate events

ND280 v, measurements detector

uncertainties

in CCQE and nonQE samples

Flux & v int. cross section fit
to constrain flux and v int. cross
section uncertainties

fit result (flux & v int. cross section
information) is extrapolated
into oscillation parameter fit

Oscillation parameter fit
to extract sin22643 (dcp is scanned)

A A

Other vint. cross section
uncertainties (uncorrelated

between ND and far detector)

Far detector uncertainties

set from atm.-v & 1® control sample

20



Phys.Rev.C 84,
NECHRCEIER 34604 (2011)

.'l-"'-u -
Sy . 20<6<40 mrad  J
.. ]

0<0<20 mrad ¥ -

Neutrino flux prediction

[1/(GeV/e)]

do

40<6<60 mrad 60<06<100 mrad

Beam simulation based on measurements

[ T2K proton beam profile measured by beam ol

T 70 ;
monitors input into the simulation AL, ~7% syse,

100<6<140 mrad

107 140<6<180Imrad 3
[J 7, K production cross section tuned mainly 107  rLukaxos
; URQMD 1.3.1
by NA61/SHINE(@CERN) measurements ok B veNUs s
with 30GeV protons and a graphite target T e T e
Phys.Rev.C 85
+ V4
NA61/SHINE _  RREEEN 035210 (2012]
EXpe”mentaI setup % 0.015- - 200<140mrad |- = 140<0<240 mrad
Vertex magnets ;Q
| "l“% — FLUKA2008
Target haldse ?ﬁcF - _oa 0‘01-_ B == UrQMD1.3.1
T B -8- 5 ~ -+~ VENUS4.12
0.005}- -1
& /e e [ ~15% stat,,
ot ) - R T R I/ A [

2 4 6 2 4 6
p [GeV/c] p [GeV/c]



Flux (/em?/50MeV/10*'POT)

Fractional Error

1 =
10" J B0 E
-2 | | | | IENETET B [T E -2 | | | | P | | |
057273 4 5 6 7 8 9 10 Y9 1T 2 3 4 5 6 7 8 9 10
E, (GeV) E, (GeV)

0.2

0.1

Predicted neutrino flux

v, flux @SK (w/o osc.)

10°g

|

o 15 E
; all S all .
o T parents | = T parents |3
4 K'parents | 2 K parents |:
u parents |J @ U parents 3

N

z

L

v, flux error LML v, flux error

=
L Total g o Total
L Pion Production &3 L Pion Production
Kaon Production . — Kaon Production .

B —— Secondary Nucleon Production < r —— Secondary Nucleon Production

o ——— Hadronic Interaction Length . S o ——— Hadronic Interaction Length .

L e Proton Beam, Alignment and Off-axis Angle J4 8 o2 Proton Beam, Alignment and Off-axis Angle

R Horn Current & Field 2 i S Horn Current & Field

L i3 L

= o — T4 =

T il S B
i L r——— D 0 PN selelellaiulelelet St I=1-]
10" 1 10 10" 1 10

E, (GeV) E, (GeV)

Total flux error 10~15 %

Ve ﬂUX @SK (W/O OSC') ‘ Flux Energy Bin Correlations |

SK v,
Flux

SK v,

Flux

ND280 v,
Flux

-0.5
ND280v, | SKv, | SKv, -1
Flux Flux Flux
Flux Energy Bins

Ev-dependent errors
with full correlations
among v flavors at
ND280 and SK are
taken into account.
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Neutrino interactions at T2K

o/E (1038cm?/GeV)

Dominant interactions are CCQE

Additional interactions important for analysis
are CC1lx and NC1xt® (single pion production)

Cross sections not yet measured at T2K ND

Cross section model (NEUT) uncertainties

set from fits to MiniBooNE data

M Similar v energy, multiple differential cross-section
M K2K, SciBooNE data sets used as cross check

Final state interaction (FSI)
B Semi-classical cascade model

M Choose several parameter sets to cover data
uncertainties = propagate in analysis

o
(=)

o
a

o
N

—
N
L L

—
T T

AR RN RN RN R

Total (NC+CC)

Ll

Gl by L T

05 1 15

2 25 3 35 4 45

5

v energy (GeV)

e
o
T

v, Flux (Area N°ormallzed)
8
|

e
3
LA B B B B B

LB S L B S B S S S B B S S B B T

T2K
MiniBooNE
K2K

Reactive (Had. Prod. Down)
Reactive (Had. Prod. Up)
Absorbed

Quasi-elastic

Single CX
Double CX

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

P re—

e e T L T,
..............

I ————

1000 1500
n* Initial Momentum (MeV/c)
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Near detector v, measurement (Run 1+2 data)
*

(p, , 6,) distributions of CCQE and CCnonQE enhanced samples
are fit to constrain v flux and cross sections

g CCQE enhanced 3 400t CCQE enhanced Basic selacti

3 - asic selection

- * Data : :

£ 250 . - negative track in FV

2200 — MC w/o tuning
150 --= MC after fit - upstream TPC veto
100 - muon ID by TPC
50F-

O N Y E AU Ve S TS e CCQE selection

R A 53 T A N AN

4

“0~500 1000 1500 2000 2500 3000 3500 4000 ?’50[(:“ ?/(}00 ] " 3000 | “ [MeV] - 1 FGD+TPC track

>200¢ 200 - -e |
21805 CCnonQE enhanced P No deca.uy- einFGD
5128: S 160L - 40% efficiency w/
2] - @ .
20r e Data _ 140 72% purity
21005 — MCw/o tuning | 2120
80 ---- MC after fit 100
60— + 80
by 60
0 ‘2“— TR = | ) 1 40: X
§ 0 fJ:#zﬁl—ﬂFllllJ_l Th AL T |.+| +|.J,| |4|= i =|= 20 feigair T e JRNE
T ol NN TS TR TVES 3 RN NS R e T
X 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 000

P, [MeV] PH [Me 04



Flux and cross section fit output

|
Results of the ND280 v, data fit are extrapolated to the prediction at SK

SK Vy flux norm. & uncertainties

SK v, flux norm. & uncertainties

Q Q

= =

S I Prior to ND280 Fit S I Prior to ND280 Fit

= =

3 8 A fier ND280 Fit 5 R ) fie; ND28O Fit

g g

S S

=W =W

> »

= =

= a Improved
constraint

by ND data fit

E, (GeV)

% 2] . .
% g Cross section param. & uncertainties
§ 5 Prior Value and Fitted Value and
= F © Uncertainty Uncertainty
c. ]
= : E GtJ M, (GeV) 1.21+0.45 1.19+0.19
. 3 M, (GeV) 1.162 + 0.110 1.137 £ 0.095
d -
|k Q CCQE Norm. 0-1.5 GeV 1.000 + 0.110 0.941 + 0.087
S GE" CC1 Norm. 0-2.5 GeV 1.63 +0.43 1.67 +0.28
Q%
gz i © NC11° Norm. 1.19+0.43 1.22 +0.40
(L)
o

v Cross
Section

ND280 v,
Flux

E Prior value and uncertainty from fit to MiniBooNE single pion samples
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ND280 v,CC and NC mt° checks

# of Events

Entries / (100 MeV/c)

S 25 3

50—

45
40
35
30
25
20
15

10
5
0 500 1000 1500 2000 2500 3000

ngh energy v, events (P¢D)

[ | Slgnal

o w/
-ﬁnon0

no w, .

B no W no

Out of POD
—— Data

(Data-MC,,)/MCg,
=0.91+0.26

35 4 4.5 5 55 6
Reconstructed E,, (GeV)

Enhanced v, events (Tracker)

T‘ Oth BCG
~— Misid 1 BCG
v BCG
) Ve

Ve)patame = 0.85+0.18

,IIIl|IIIIIIIII|IIlIIIIII|IIII|IIII|IIII|IIII|IIII

p (MeV/c)

Events / (20 MeV)

NC ° events (P@D)

G L L L S L S LR AN LA
F — signal + bg
20— b -
B --=- D ]
15 =
g Data/MC 1
l — —
oF =0.81+£0.21 -

SE
O:-l l-lll L1 11 l l ll-->ll>l-l-l‘ll 1 llll-ll-lll lb
0 50 100 150 200 250 300 350 400 450 500

Invariant Mass (MeV)

Dominant BG for v, appearance
search are measured at ND280

B Intrinsic beam v_CC
B NCx®

Data consistent with MC

prediction
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Far detector (Super-K) systematics

[ Dominant error coming from the ring-counting, PID, t® mass cuts
« bestfit —Ax’<1 [ Jtotal 1-o error

0 Error for v,CC components : T =an <n= 700<h,

> iof
B Number of events in each (p,, 0.) Lo 5
P20k E
in the atmospheric v control sample 1ol ST
is fit to evaluate the systematic error T Lall §
on efficiency by above cuts 2

jz v, CC single-e v, CC other

0  Error for t° BG components : P SR S i

“Sizs “Wms © s g > Oyga de]

B x° topological control sample combining
one data electron and one simulated y Total SK effi
(hybrid 70) e
R R R T t positign
40; (reject) 0.4
o :

ol tmill[]  hybrid n%data 03

25F = E
fg% i i |‘y'bi' d EOEMC 0.2
1[0 ,J: e ;
st At T o 01
B T S O i .ol DN Seee =
. itinv. mass [MeV] 0 200 400 600 800 1000 1200 97
7© mass (Z,Y assumpl‘lon) Reconst. Energy (MeV)

ciency error
! | T T T

Number of events
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Predicted number of v, candidate events

Predicted # of events w/ 3.01 x 10%° p.o.t.

Category  sin?20,,=0 sin?20,,=0.1
Total 3.22+0.43 10.71+£1.10
Vv, signal 0.18 7.79
v, BG 1.67 1.56
v, BG 1.21 1.21
Vv, +V, BG 0.16 0.16

Systematic uncertainties

Error source sin20;3 =0 sin? 20,5 = 0.1
Beam flux+v int.
in T2K fit 8.7 % 5.7 %
v int. (from other exp.) 5.9 % 7.5 %
Final state interaction 3.1 % 2.4 %
Far detector 71 % 3.1 %
Total 13.4 % 10.3 %
T2K 2011 results ~23 % ~18 %

Predicted # of events w/ sys. error

o
=3
=3
=

arbitrary unit
(V]
(o]
(=}
(=]

4000}

1000

T I T T T T I T T T T I 4
w/o ND280 measurement
B w/ ND280 measurement

sin220,,=0

sin’20,,= 1.0 _
Am?, =2.4x107eV? .
(Normal hierarchy)

dep=0

3010 x 10 p.o.t.

2000~

arbitrary unit
[
o
(=}
(=]

500}

% R N T R S S S R S S|
5 10 15 20
T T L ‘ ]
. 2 — .
sin“20,5=0.1  zwonpso -
B w/ ND280
L sin®20,,=10

—
W
=
=)

| (Normal hierarchy)
=0

T 3.010x10” pot.

A, = 2.4x107 eV? —

Expected number of signal+background events

Uncertainty reduced much by
the ND280 measurement 28



T2K event selection at Super-K

Event timing relative to
the beam arrival timing

FC = Fully-Contained events

Number of events/20usec

2000
il - ] T 27 4
I R
I oo ‘.°.o . ° . !
10007, %o ° o N ¢ i e
/é\ : 0. ° ., 0o ®° ° .. E o &
8/ - o.. c: - ... o © E 4;$ o
N 3 .0.0.~ %o % e®% .?} b
< 05"‘ ° ° .. e o % !
8 . e % % °
S I .. o o
g * e o.. ° ‘e H &
H000F T e e, Y e esd *
B °® .: ° *e
"'.-@’ ---------- .0---.-....%:___5__: ¢ H‘}»{; o
-2000 T R N N T R L
0 1000 2000 3000
x 10°

Vertex R? (cm?)

Vertex X (cm)

104 . . ~
in £500usec LE
L S o B S §
3
10 &
s OD %
21
F [
E -
B o
10 g
i g
=
1 Z
LI fitil
200 400
2000
1000 -
E l
\L-)/ L
b L
5
> |
-1000 -
_2000 L L L L ‘ L L L L ‘ L L L L ‘ L L L L
-2000 -1000 0 1000 2000

30 I RUNI1+2 (1.431x10*POT)
i RUN3  (1.579x10*POT)
Spill structure (8 bung
0 . | L L
is clearly seen at SK'!
10;
0—1000 0 1000 2000 3000 4000 5000

AT, (nsec)

Fiducial volume cut

— Inner detector wall

™\

hes)

FV boundary (2m from wall)
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T2K v, event selection at Super-K

Number of rings =1
88 events

Electron-like PID
22 events

Number of events

Visible energy >100MeV

(rejects low-E NC events end
electron from invisible u, )

21 events

No u decay electron

(rejects events with
invisible u, m)

Number of events

16 events

100

50

T

—+— RUNI1-3 data
(3.010x10°POT)

I Osc.v,CC

v+, CC

1 v +v, CC

I NC

(MC w/ sin’20,,=0.1)

Number of rings

—> 3.
10

1000
Visible energy (MeV)

—+— RUNI1-3 data
(3.010x10°POT)

I Osc.v, CC

vy, CC

O v+, CC

I NC

(MC w/ sin’20,=0.1)

2000

3000

Number of events

Number of events

20}

15

e

I —¢— RUNI-3 data

3 (3.010x10°°POT)
[ Osc.v,CC

I vy, CC

L v+v.CC

L I NC

- (MC w/sin®20,=0.1)

PID parameter

—+— RUNI1-3 data
(3.010x10°POT)

[ Osc.v,CC

vy, CC

O v+, CC

I NC

(MC w/ sin’20,,=0.1)

0 1 2

3 4 =5

Number of decay-e



T2K v, event selection at Super-K (cont’d)

6. Reconstructed Ev <1.25 GeV

Reject intrinsic v, in the beam
(high energy v, mainly from K)

5. 2y invariant mass <105 MeV/c?

Every event is forced to be
reconstructed with the assumption of
two showers to reject events w/ mt°

< — —— RUNI1-3 data < — —— RUNI1-3 data
(3.010x10*POT) (3.010x10™°POT)
10 Il Osc.v, CC I Osc.v, CC
n L ] VM+VH CC n ] VIJ-+VM CC
i) — - —
= CdvA4v, CC = CdvA+v, CC
4 B NC o B NC
) (MC w/ sin*26,,=0.1) ) (MC w/ sin*26,,=0.1)
G G
(@) @)
— S L
3 8
= £ I
=] =]
Z. Z 2
0 I L 1 P
0 100 200 300 0 1000 2000 3000

Reconstructed v energy (MeV)

Invariant mass (MeV/c?)

11 events 11 events after all cuts
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T2K v, event selection summary

True FV
FCFV
1ring
e-like

Evis>100MeV
No decay-e
m° mass
E,"¢<1.25GeV

(efficiency)

MC prediction w/ sin?26,,=0.1

155 8.0 133 295

117
66.4
2.7
1.8
0.3
0.09
0.06
<0.1%

0.06

7.7
4.8
4.8
4.8
3.8
2.6
1.6
20%

1.7

40.5
11.6
8.1
7.0
6.0
1.6
1.3
<1%

1.3

Data
200}

12.9 -
165 12.4 174
82.8 10.4 88
15.6 10.3 22
13.5 10.0 21
10.1 8.6 16
4.3 8.1 11
2.9 7.8 11
1% 61% -
3.0 0.2 11

Un

—

W

(=)
T

[
o
LA L B LB — I

Number of events
—_—
()
()
I

sin?20,,=0.1

sin220,,=0

FCFV 1 ~1]'11g e- Iilfe £ Vig Deca y§§OL ﬁ[EvteC

——¢— RUNI-3 data
(3.010x10POT)

[ Osc.v,CC

v+, CC

[ v+v. CC

I NC

(MC w/ sin’20,=0.1)
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Observed v, candidate events

March 19, 2012

May 30, 2012

Super-Kamiokande IV

T2K Beam Run 410183 Spill 1879360
Run 69582 Sub 584 Event 137638206
12-03-19:01:30:02

T2K beam dt = 1360.3 ns

Inner: 1763 hits, 3934 pe

Outer: 5 hits, 4 pe
Trigger: 0x80000007
D_wall: 930.0 cm
e-like, p = 396.9 MeV/c

Charge (pe)
. >26.7

® 3.3- 4.7
* 2.2- 3.3
* 1.3- 2.2
* 0.7- 1.3
® 0.2- 0.7
. < 0.2

0 mu-e
ws L decays
306
204 -
102
[ ]SSR EFEEY BPR SRR R
0 500 1000 1500 2000

Times (ns)

Super-Kamiokande IV

T2K Beam Run 430013 Spill 4033842
Run 69739 Sub 201 Event 48168772
12-05-30:05:03:02

T2K beam dt = 2463.6 ns

Inner: 2350 hits, 7009 pe

Outer: 1 hits, 0 pe
Trigger: 0x80000007
D_wall: 644.8 cm
e-like, p = 693.4 MeV/c

Charge (pe)
. >26.7
* 3.3- 4.7
* 2.2- 3.3
° 1.3- 2.2
¢ 0.7- 1.3
* 0.2- 0.7
. < 0.2

0 mu-e
decays

354 —
236 —

18 —

0 500 1000 1500 2000

Times (ns)




?‘-e\-\
Significance
|

v, candidate events (3.01x10%° p.o.t.) :
Observed : 11 events
Expected w/ sin220,,=0: 3.22 £ 0.43 events

Under the sin®26,,=0 hypothesis, Number of v, candidate events
the probability to observe 11 or over 1x10° toy MCs w/ 8,=0

more candidate events is 0.08%. ! ]
10 11 events

—
]
o

- 3.20 significance

10

Probability

Evidence of v, appearance !

Number of v, candidate events
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Oscillation parameter fits

e
Y.-Ael) .

A

B Method 1: Maximum likelihood fit w/ Rate + (p, , 0,) shape
B Method 2 : Maximum likelihood fir w/ Rate + reconstructed E,

B Method 3 : Feldman&Cousins for rate only

Likelihood in | £(Nobs.» @305 f) = Lnorm(Nobs.; 05 f) X Lshape(; 0, f) X Layst.(f)

Method-1&2 measurement
variables

oscillation
parameter

systematic parameters
(prior: ND280 results)

0.04

0.03

0.02
50 N

angle (degrees)

0.01

% 500 1000 1500

momentum (MeV/c)

v, background

angle (degrees)

500 1000 1500
momentum (MeV/c)

, Method 1
Vv, signal - v, background

150

100 ...................

50 ...................

angle (degrees)

% 500 1000 1500

momentum (MeV/c)

Shape difference allows
to have a better
discrimination of signal
events from background

arbitrary unit

0.15 T T T T T

i ;in22%13 =0.1 —Osc.v,CC |
cp = _—

B Amgz =24x10" eV? Ve cC T
= —NC 7
0.1— (area normalized) |
0.05— ]

0 i 1 | 1 1 | L

0 500 1000

Reconstructed neutrino energy (MeV)
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Results (Method 2)

Best fit with 10 errors
Normal hierarchy
sin? 2613 = 0.098 9035
Inverted hierarchy

sin? 26,3 = 0.118 79053

for 85=0, sin%0,,=0.5

\.

~

/

5—

—$— T2K Run 1+2+3 data
Best fit spectrum

V777) Background component

Number of v, candidate events /(50 MeV)

1 —o— | —o— —— —— ——
el T -
0 % 7 Az
0 500 1000

Reconstructed neutrino energy (MeV)

6CP

6CP

/2

-1t/2

/2

-1t/2

Normal hierarchy

AmZ, = 2.4x107eV?
sin® 20,,=10

Best fit
68% CL
I 90% CL

------ T2K(2011) Best fit

] T2K(2011) 0% CL

Inverted hierarchy

AmZ, = -2.4x107eV?
in”20,,=1.0

T2K Run 1+2+3
3.01x10% p.o.t.

02

0.3 04 0.5

)
sin 2613

p_

36



-2ty
?(e\'\‘“‘“a

Results (Method 1)

L N e |
Best fit with 10 errors L
Normal hierarchy !
sin® 2615 = 009470030 o =
Inverted hierarchy Runl 243
. 2 normal hierarchy
SlIl2 2913 — 0-116t8823 - IAm2,1=2.4x107 eV?
S 0 ein20. <05 0o 01 02 o3 04
Or O¢p=U, SIN“ U,5=U. sin“20,
\ j e
2_
Results from the 3 methods _
are very consistent I
0F . 50% CL
cf. Daya Bay result (@Neutrino2012) Runi2ss data
sin226,, = 0.089 + 0.010(stat.) + 0.005(sys.) ] b2 et
0 0l 02 03 04

. 2
sin 2613



L —— l?UN1—3 2(gata )
. 151 Vif%(:(lo POT
Other studies . -
= v+, CC
4 I NC
) (MC w/ 2-flavor osc.)
o
. . 2
[] v, disappearance analysis §
B Results w/ Run1+2 data published.
Phys. Rev. D85, 031103(R) (2011)
. . . . 0 1000 2000 3000
M Finalizing an.aly5|s w/ Runl1+2+3 data. Reconstracted v energy (MeV)
Results coming soon. o s

-------- NEUT prediction for SciBooNE T2K-preliminary

w

NUANCE prediction for SciBooNE
---EF--- SciBooNE data based on NEUT
—+&—— SciBooNE data based on NUANCE
——— BNLT7ft

o (108cm?)
w

I
2
N
L]

[ Cross section measurements

N

______________________________

Flux (/10'2cm2/50MeV/10*'POT)

B Preliminary results from the 15 Ty i s
flux averaged v,CC inclusive ‘ y KE‘;;;?;‘;?WWK El
cross section measurement o | PG

%05 S R ST S S—-v L
<E,>=0.84 GeV E, (GeV)

[0 Sterile neutrino search at T2K using NC nuclear de-
excitation y-rays

M Preliminary results w/ Run1+2 data
and more ...



Summary and outlook

0

Updated results from the T2K v, appearance analysis with
3.01 x 10%° p.o.t. data (~4% of the approved T2K exposure)

B 11v,_candidates observed (3.22 + 0.43 events expected under 0,,=0)
p-value is 0.08%, equivalent to 3.20

opens the possibility to probe

. |
Evidence of v, appearance | =2 CP violation in the lepton sector

B For =0, sin20,,=0.5,
sin? 2013 = 0.09410-9%3 (NH), sin? 26,3 = 0.11619:95 (IH)
Will take more data with new high power runs

B 8x10%°p.o.t. (2013) = 12x10%°p.o.t. (2014) = 18x10%°p.o.t. (2015)
B more precise measurement of v, appearance

An updated v, disappearance measurement is coming soon.
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Next ...

0 Non-zero 0, is established (>50)
Vv, appearance is discovered (>30)

- Time to start building the next experiments
to measure the CP violation in the lepton sector
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Hyper-Kamiokande

Photo-Sensors

1Mt Water Cherenkov
Fiducial Volume = 25 x Super-K

ks ) Wv _P‘Il‘ |
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Fraction of & (%)

Sensitivity to CP violation (HK)

Fraction of true O possible to observe CPV with >30

- Sin22013=0.1/0.03 —— MH known
-------- MH unknown

For sin?20,3=0. |

Integ. ~ Mass hierarchy

power

(MW

10’s)  known unknown

375 | 69% | 42%

“ed

7.5 | 74% | 54%

O 1 2 3 4 5 6 7 8 9
Integrated beam power (MW- 107s)

10




* Water Cherenkov detector technology
* Well-proven technology, with excellent performance
* Scalability (can make big one)

* Rich physics topics (discovery potentials)
* Discovery potential of CPV, v mass hierarchy, precise
measurements of V parameters
* World best sensitivity for nucleon decay searches, direct
test of grand unification picture
* Supernova V observatory for astronomy and particle
physics
* Other astronomical objects

* Good reason to do it in Japan
* Existing accelerator |-PARC and its upgrade plan
* Long, good experience of detector construction,
operation, analyses (Super-K)

We had the first open international meeting for this project this week.

~ 100 physicists participated.
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Supplement



