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__Indication of Electron Neutrino Appearance from an Accelerator-Produced Off-Axis

Muon Neutrino Beam

K. Abe,* N. Abgrall,'® Y. Ajima,'®" H. Aihara,*® J.B. Albert,'® C. Andreopoulos.*” B. Andrieu,>” S. Aoki,?’

O. Araoka,m"" 1. Argyriades,]6 A. Ariga,3 T. Ariga,3 S. Assylbekov,” D. Autiero,32 A. E‘;adertscher,]5 M. Barbi,40
G.J. E‘;arker,ﬁ‘S G. Barr,:“S M. Bass,” F. Bay,3 S. Bentham,29 V. Brsrardi,22 B.E. Berger,“ 1. Ber‘tram,29 M. Brasnier,“l
J. Beucher,g D. ]:‘ieznosko,34 S. Bhadra,59 F.dM. M. Blaszczyk,8 A. E‘-Iondel,]ﬁ C. Bojechko,53 J. Bouchez,s'* S.B. Boyd,56
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The T2K experiment observes indications of », — v, appearance in data accumulated with 1.43 X

1 - CO n fl rm atl 0 n fr 0 m M I N OS 10 protons on target. Six events pass all selection criteria at the far detector. In a three-flavor neutrino

oscillation scenario with |Am3;| = 2.4 X 107% eV?,sin*26,; = 1 and sin?28,53 = 0, the expected number

1 of such events is 1.5 = 0.3(syst). Under this hypothesis, the probability to observe six or more candidate
2 - Precise measurements by & pothests, the probibity

events is 7 X 1073, equivalent to 2.5¢ significance. At 90% C.L., the data are consistent with

0.03(0.04) < sin?26,3 < 0.28(0.34) for §.p = 0 and a normal (inverted) hierarchy.
Double Chooz

DOIL 10.1103/PhysRevLett.107.041801 PACS numbers: 14.60.Pq, 13.15.+g, 25.30.Pt, 95.55.Vj
Daya Bay
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@” v oscillations and mixing | F2K

Standard Model: neutrinos are massless particles

(Ve\ [Vl\ Uel Ue2 Ue3
3 families LV“J :ULVZJ U= ul Uy2 Uys by Summer 2013
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link between a’rmospher'ic and solar
U parameterization: three mixing angles 6,, 6,; 6,; and CP violating phase &

Am =m? —m?Amf, +Amg +amf, =0 wep [ INRREERITIIEN

AMY, Amso,~7.5x1o “eV?  AmL, = AmZ = Am:  ~2.4x107°eV?
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Physics motivation

Discovery of v, = v,!
- direct detection of neutrino flavor mixing
in “appearance” mode
- fundamental role of v, — v, In measurement
of mass hierarchy and CP violation in lepton sector

Mass Hierarchy CP violation
2 Inverted ‘]CP = Im(UeluuZU*GZU*p,l) = Im(UeZUu3U*e3U*pZ)
™ X 4 = c0s0,,5iN0,,c052%0,3,5iN0,5,C050,55IN0,;5INd
mf (Am )y, (Am)yy
all mixing angles#0 — J#0 if 620
(Amz}m
(Am®)y 5
L ! Quark sector Jgp = 3x10
3_
Lepton sector J-p ~ 0.02xsind
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T2K layout T2R\

Far Detector
(SK)

Magnet
yoke

Magnet
coils

| \‘
v beam &L}
N

Tracker

Pi-zero
Detector
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T2K off-axis v beam T2k

SuperK
1
= ]
. T 5 sin*26,, = 1.0 ]
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:
:
] - 750 (now 235) kW 30 GeV proton beam at JPARC

- Quasi-monochromatic v, (95%) beam

- Peak energy ~700 MeV tuned to oscillation maximum
- ~0.5% v, at peak energy

- Reduced high energy tail - reduces background

0 05 1 15 2 25 3 35 4 45 5
E.(GeV)
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Off-axis near detector T2\

(ND280) Measurement of unoscillated v beam

Composition
Normalization
v beam Cross section measurements

()}.
3y
W' “

| Side mu

INR contribution: SMRD detector

8 S !
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Delivered protons TR\

on T2K target (pot)
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- proton beam power : 235 kW reached (stable operation 220 kW)
- # of protons per pulse > 1.2x104
6.39x10%° pot used for this analysis (~ 8% of all pot expected for T2K)
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Neutrino beam T2\

Muon monitors
 Pulse-by-pulse monitoring of the beam center by muon monitors
« 1 mrad shift of direction = ~2% shift of neutrino peak energy
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T2K events at SK T2/K\

6.39x10%° pot (Run 1-4):

532 Fully Contained (FC) events ot T
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v,/ ve €vents

Signals and Backgrounds

SIGNALS
e Vv Vv >
VM—-»Ve—» K ___u
CCQE D CCQE D
electrons muons
EM shower Low Scattering

Multiple Scattering

— Ring has “fuzzy” edge
electron is relativistic

— Opening angle is maximal

22 July 2013

Yu.Kudenko

— Ring has sharp edge

INR RAS, Moscow

T2K\

BKG
electrons
Beam intrinsic v, (<1%)
— wider energy distrib.

©°’s

.
.
-_— e . . . . - *

EM showers of y's from
n° can fake an electron




@ Monte-Carlo prediction | X2K

Interaction of primary beam in Neutrino-Nucleus interactions in a

the target [ FLUKA2008.3d ] few GeV region [ NEUT ]
n/ K production . _ . )
(Mainly CERN NA61 ) v flux Vv CFOss section

, 7 016 M A
.. s PF
g) Magnetic Horn ' __ P} .x Eb

o8 Target
Near detector
constraints

¥
« Based on v flux X cross
section MC models

Prediction at « Weighted by using as many of

far detector SK external data as input
» Further constrain these
predictions by the near detector

measurements

f

m, Ko
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¢ Hadron production T2R\
measurements

CERN NAG61/SHINE experiment [ Contributing to SK Flux | e
- ~13m . 8 D
~13m WTPC-L ‘ I:I NA61 Coverage 3
oEL 4 = :
Vartex magnets g Phase sSpace
,f'j " ,f) o coverage
L~ - NTPC-1 f_fl“-lf o l > 90%
seam o _——— 1 NI 5 lll 1 ="
i e S . N =
- ! o5
:I —\‘ j’_\ % 5 10 15 20 °
. p_ (GeVic)
| |_D J( } MIFCR e K' Contributing to SK Flux |
A o e ‘____53?-1---"'
« Large acceptance [ ] NA61 Coverage
spectrometer + TOF )
* Measure hadron(t, K) & > 60%
yield distribution in
30 GeV p + C inelastic
interaction 10 15

P (GeV/c)
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v flux prediction

v
NV,

Vi

antl-vlLl
Ve

anti- v,

92.6%
6.2%
1.1%
0.1%

R

Yu.Kudenko

8

\

10

E, (GeV)

v, component in T2K beam: =2.1% (intrinsic BG for v, appearance ) in
neutrino energy interval 100-2000 MeV

INR RAS, Moscow
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Number of entries

Number of entries

ND280 constraints
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Yu.Kudenko

g

5 500 —4— Data
g CC-0n
c';: 400 gg:::ther
-a-é 300 CCch E:ljrnal
2’ Other
200 —
3,936events -
100 _:
g - | e e 2
00 2000 2500 3000 3500 4000 4500 5000
“(MeV/c)
ND280: in total 24,910 events (RUN1-4)
CCOn CCilrn CCother
purities purities purities
CCOn 72.6% 6.4% 5.8%
CClnr 8.6% 49.4% 7.8%
CCother 11.4% 31% 73.8%
Bkg(NC+anti-nu), 2.3% 6.8% 8.7%
Out FGD1 FV 5.1% 6.5% 3.9%

The v, spectrum at the near detector is

fit to extract flux and cross section
constraints at the far detector

INR RAS, Moscow
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ﬁ:" Selection criteria

Analysis of the T2K data accumulated for 6.39x10%° POT (Run 1-4)

» Event time compatible with expected
arrival time

» Fully contained in the fiducial volume
(>2m from the wall)

v, events

Fully-contained events with:

« 1 electron-like ring

* Visible energy > 100 MeV

 No decay electron

* Invariant mass not consistent with =°
100 MeV < Energy < 1250 MeV

22 July 2013 Yu.Kudenko INR RAS, Moscow

Super-K tank

o T . W 3

fa

FV : Fiducial VVolume
> 2m from wall
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v, Selection (1

v, SELECTION CRITERIA 20001 iy — — ——
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Parameters for MC

These parameters are used in MC
simulations of neutrino events at SK

Parameter Value
Am3, 7.6 x 10~ °eV?
Am3, 2.4 x 107 3eV?
sin? 265 0.8495
sin® 2093 1.0

sin? 26,3 0.1 (or 0)
dcp 0

Mass hierarchy Normal

v travel length 295 km
Earth density 2.6g/cm?
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v, SELECTION CRITERIA

1. Event fully contained in
the ID and vertex is
within the fiducial
volume (FCFV)

2. Only one reconstructed

[ rng (1R)
‘3. Ring is electron-like

4. Visible energy
Evis >100MeV

5. No Michel electron

6. Event’sinvariant mass
not consistent with =°
mass

7. Reconstructed v

energy
E ¢ <1,250MeV

22 July 2013
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v, Selection (2)

T2K\

—
o
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Number of events
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Yu.Kudenko
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e
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PID parameter
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v, Selection (3)

(4)
v, SELECTION CRITERIA !
g ey
1. Event fully contained in 201 - Osc.v. CC
the ID and vertex is 5 | I
onM.C . c 5 (MC w/ sin*20,,=0.1)
within the fiducial S
volume (FCFV) 2
=
2.  Only one reconstructed Z
rng (1R) v E
3. Ringis electron-like 0 1000 2000 3000
4. V|S|b|e energy Visible energy (MeV) (5)
Evis >100MeV [
. 80/ <] et
(5. No Michel electron | ; -G
6. Event’s invariant mass \ 5 eof — o
- c (5 i MC w/ sin*20,,=0.1
not consistent with n° s I ( )
mass £ 0k
7. Reconstructed v z
energy
E e¢ <1,250MeV 0 AT
3 4 =5

0 1 2

Number of decay-e

Yu.Kudenko

22 July 2013 INR RAS, Moscow
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v, SELECTION CRITERIA

1. Event fully contained in
the ID and vertex is
within the fiducial
volume (FCFV)

2.  Only one reconstructed
ring (1R)
3. Ringis electron-like

4. Visible energy
Evis >100MeV

5. No Michel electron

6. Event’s invariant mass
not consistent with nt°
mass -2 new 2D cut

7. Reconstructed v
energy
E e¢ <1,250MeV

22 July 2013

v, Selection (4) T2R\

\

n° background reduction (1)

new =o° fitter : .
Assumption two electron rings

produced at a common vertex

. \Photon [12 parameters]
Vertex’ Conversions *Vertex(X,Y,Z,T)
" l Directions(01, @1, 02, ¢2)
el *Momenta (p1, p2)

«Conversion lengths (c1, ¢2)
2D cut : ©® mass and the likelihood ratio In(L /L)

Efficiency: decreased only by 2% _
) _ n® bkg reduction: ~70%

3N B rl.;-:i

In(L_/L,)
b

150 - 0 250
1 Mass (MeV/c?) 70 Mass (MeV/c?)

Yu.Kudenko INR RAS, Moscow 24



v, selection (5) T2k

n° background reduction (2)

v, SELECTION CRITERIA

i 15
1. Event fully contained in 20 RN 4 R
the ID and vertex is e - g =k
within the fiducial 3 O BT B a0
volume (FCFV) 5 | 2 |
2. Only one reconstructed = z
rng (1R)
3. Ringis electron-like 0 e
0 100 200 300 400 fiTQun invariant mass (MeV/c)
4. Visible energy fiTQun In(L /L)
Evis >100MeV * (6)
No Michel electron < g
6. 2D cut: 7% mass and ‘é 10}- S
the likelihood ratio ‘% NG 26,01
In(L,,/L,) 2
7. Reconstructed v z
energy
Evrec <1,250MeV 2100 0 100 200 300

Distance from n® cut line

22 July 2013 Yu.Kudenko INR RAS, Moscow 25
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v, SELECTION CRITERIA

Ve

1. Event fully contained in
the ID and vertex is
within the fiducial
volume (FCFV)

2.  Only one reconstructed
ring (1R)
3. Ringis electron-like

4. Visible energy
Evis >100MeV

5. No Michel electron

6. 2D cut: 19 mass and
the likelihood ratio
In(I—TrO/I-e)

7. Reconstructed v

energy
E ¢ <1,250MeV

22 July 2013

selection (6) T2/KR\

(7)

15 <€ —4— RUN1-4 data

i (6.393x 10™°POT)
I Osc.v, CC
[ v,+v,CC

[ v+v, CC

- I NC

10~ (MC w/ 5in*20, =0.1)

Number of events

S

1000 2000 3000
Reconstructed v energy (MeV)

after all cuts
28

V e
candidates
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RUN1-4
6.393x102°POT

True FV

One-ring

E.is>100MeV
No decay-e
E,"*°<1250MeV
fiTQun n°

Efficiency [%]

22 July 2013

308.01

234.75

134.94

5.32

3.46

0.20

MC and data

MC Expectations w/ sin?2043=

+v, CC
15.48
14.89
9.59
9.52
9.45
7.7
3.78
3.29

21.3

271.56

76.50

21.59

14.86

12.66

10.64

8.04

0.87

0.3

595.05 0.53 -
326.13 0.51 363
166.12 0.46 186
29.70 0.46 58
25.58 0.44 S5
19.01 0.41 43
12.02 0.40 38
4.23 0.38 28
0.7 72.3 -

Beam v, + anti v,

solar term ~sin?0,,

Yu.Kudenko

INR RAS, Moscow
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Timing TR

- 6.393x107'POT) - {6,393 %107 POT)
B All FC events B All FC events
60— v, candidates: 60— v, candidates:
B I RUNI-3 i [ RUNI-3
L Bl RUN4 L Il RUN4
o 50— 50—
L5 - -
g r z [
g = L
@40 £ 40—
= ~ L9 L
o | — |
2 T s T
B30 £ 301
Ea s L
E [ 2
Z 20~ 20~
10 10F-
0_|IIII|IIIl‘Ijlllllllllllll'lllll D_IIllllIllllllulllllllllllll
-1000 0 1000 2000 3000 4000 5000 -200 -100 100 200
A Ty(nsec) Resndual {nsec)

v, events shown in green and red

22 July 2013 Yu.Kudenko INR RAS, Moscow 28



Vertex distributions
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Predicted # of events w/ 6.4 X 1027 POT

Systematic uncertainties

T2k

Event category sin’20,;=00  sin’20,,=0.1
v, signal 0.38 16.42
v, background 3.17 293
v, background (mainly NCa%)  0.89 0.89
v, + v, background 0.20 0.19
Total 4 64 20.44
Systematic uncertainties

Error source sin"28,;=0.0 sin’26,,=0.1

Beam flux + v int.

] 49% 3.0%

in T2K fit

v 1nt. (from other exp.) 6.7 % 7.5%

Far detector 7.3 % 35%

Total 11.1 % 5.5 %

Total (2012) 134 % 103 %

w/o ND280 24% 27%

22 July 2013 Yu.Kudenko

T 1
waND280ﬁ|

500

Expected number of signal+background events

3000 Blw/ ND28O fi
5 B 2 —
g 2000 sin"26,;=0 | 4.64=40.52
= - sin’20,,= 1.0 < o _
= i Am, =2.4x10%ev? [ SIN 2013—0.0
= L (Normal hicrarchy)
1000 — B¢p =
B 64 x 10* pot.
B PR | L L L PR I L |
10 15 2
Expected number of signal+background events
A T I T
S 4 wio ND280 fit -
2000sin"26,,= 0.1 W/ ND28O fit ]
| sin’20,,= 1.0 ]
B 1500 Ami, = 2.4x107 eV? —
= ™ (Nomal hierarchy)
E'-. : 5(“::0 e 20.44i 1.80
=] = -
i \ 2 —
]

INR RAS, Moscow
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Maximum likelihood fit |T2K\

¢

L= Lnorm X Lshape X Lsyst

/A

Nobs 1st method:
P0oisson(Noyps)mean=Nores 1_[ o (i, 0;) Nobserved
=1 (pe 'Be) e

180

0.0 7 180 : -
o Nprea=20.4 % 160f sin220,,=0 V
0.07; Sin22613:0'1 % 140; — - R e —
0.06 g 1200
0.05- 1005
0.04- auf ]
o.oa? suf
0.02; 403.. 2nd method:
0.01- g

E 20f

S T T T 40”74‘5””30 of A Nobserved

0 200 A0 B00 B e (Mevr) Ev reconstructed
shape (1d)

Lorm : Poisson probability with mean = N, to have N=N, events

Lhape - Product of the probabilities that each event has a particular value of (p, 0,).
—  ¢: predicted Probability Density Function (PDF) .

Lyt A multivariate normal distribution of systematic parameters
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Likelihood curves

best fit sin 28, = 0,150 best fit N, =28.94

BE%G 0L 16 = sin '.El:ln-"-'l].IH':]

Q0 Loy -\Z':‘;:irn'-ﬁl:ll1 = 0218

T2k

best fitsin“28, = 0,152 best it N, = 25,75

gEp

r a0 . ﬁn-ﬁu!a 0.142 < sin’28 < 0.22% WP 0119 <sin 24, < 0261
= 50 = sof
4 & £
20E ormal hierarchy oF \ Inverted hierarchy
\ p-8 | F
20 B 2
e o ]
10} __— 10F _—
i H\i'-=_ i 1.-"_'.-.-_-_-'-'- 1 3 IH-‘H'"—: 5 _=.——_-.‘-'_-'|_F
20 0.1 0.2 0.3 0.4 % 01 0.2 03 0.4
. 2
Best fit (1159 S ZB"-" Best fit ().184 . Eﬂm
GO O L 0114 -0198  00% CL. 0.09% - 0,222 . r"'l" 'r'{'_l‘ |“ 143 - rI?I.El’iﬂi'r !1“": F{ r”-I]?'F] - []-I?{I-L
5 Mumbar of avants + E ahapa . i Mumbor of events = E shapo b
: Fumber of swsnts ] i - Mumber of evaents i
B Bep =0 a0 airian, = 1.0
2 Py Brec L
:—_] I { Mormmal haamrachiy) :qn- ﬁ L erhEcl erare g b s
20} Normal hierarchy _ 20 Inverted hierarchy
- Efa ]
o T 5 TR o4 o I T B D
sin’2 sin’2e,
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angle (degrees)

# of events

22 July 2013

Results of the fit

200 400 600  B00 1000 1200 1400

maomentum

Fun | -4 data (639520 POT) filgun: N =28
(fit assuming nosmal hierarchy, Ew—fﬂ =

momentum (MeV/c)

@ angle
1 5 U

= ]
{'18 : 6_ ) _ "'d-“l"“- -

f=) lsl:grml prediction
{]6 3 3' . v . .bu;lcgmum.‘l[wdiﬂinn
0.4 :

3

ﬂ.z 2_ -
0 1

U{] 20 40 60 80 100120140160180
angle (degrees)

12t

+data

[Wsiznal prediction

200 400 600 800 100012001400
momentum (MeV/c)

Yu.Kudenko

ltmclu_:m.lnd prediction

Assuming &.p=0, normal hierarchy,
|Am?,,|=2.4 X 1073 eV?, 5in?26,,=1

Best fit w/ 68% C.L. error:

sin?26,; = 0.1507 9032

90% allowed region:
0.097 < sin?26,, < 0.218

-]

INR RAS, Moscow
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2nd analysis T2RK\

(rate + E, shape)

0.15————————— —

" sin’20,,=0.1 — Osc. ) .

I . e et - Fit data to the reconstructed

i Amy, =24x107eV" Slgnal o NCC i . . .
= ol N e energy distribution
% I nere BG ve ] Eree — mg — (mn — Eb)2 - mg + 2(my, — Ep) Ee
;‘g 0.05_— | 2(mn - Eb — Ee + Pe COS 98)

[ « bestfit w/ 68% C.L. error:

% ll' 560 A 10|00 T . +0.041
Reconstructed neutrino energy (MeV) SIn 29'1 3 - 0' 152—[}[}34

> —
S 8 —— T2K RUN1-4 data ] assuming
= Best fit v_ signal
% - = BachIotiﬁimnponent i |Am232|='2'4 X103 eVv?
% 67 ] SCP:O, S|n22623:1,
s L i Normal hierarchy
s : o |
5 [ ] « Very consistent with p-6 analysis
Z oL i
° b 1 . —_— +0.039
s | sin“260413 = 0.150534
Z 0

500 1000

Reconstructed neutrino energy (MeV)
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ﬁ; Result: 0,; vs& T2R

: ; r NH
allowed region of sin?20,,
for each value of 0 ol oo ..
CP N\\) -

Run1-4 data (6.393e20 POT)
normal hierarchy

Best fit for 8,,=0 2l 210 o
NH 0 02 04 2'2 0.6
- 2 +0.039 sin?20,,
Sln 291320.150_0_034 bo% ‘x
2- IH
IH i
- 2 +0.046 I
SIN 261320.182_0,040 0/ :Eflzt%tt
i 'Run1 -4 da'ta (6.393e20 POT)
A B Llf%;z.ﬁ??‘;v’i
PDG(2012): sin22913: 0.098#0.013 - SiM26,,=1.0
o oz oad T os
sin’20,,
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22 July 2013

I | L | T T | T T | L | L
for §=0 Normal hler?rchy
® Best fit

— 68% CL

-~ e 90% CL

Inverted hierarchy
®  Bestfit

— 68% CL

------ 90% CL

-----------

0

0.05 0.1

0.15 0.2 025 03 035 04
Sin22013
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@b Significance T2k

60z Ay2=56.27 — p=0 |
4 50 for sin220,,=0
g
ﬁ 40 Run1-4 data
1 30 (6.393e20 POT)

best-fit sin*20,, = 0.150
=0, normal hierarchy,

assuming &

Ay?
N
||||||||||o|| TT | TTTT TTT

|Am§2|:2.4><cll)0'3 eV?, sin’20,,=1.0
10
O . M . T R
0 0.1 f 0.2 0.3 0.4
L
Best fit = 0.150 Sin“20, 5
2 Ay? distribution for 1x10% toy MCs
c 4
0 10 : ,._.I ......................
E
g s eel
5 103 .......... xcntlcal-5627
3) |
= , : =
3 10 T 99/(1x1079)
5
:N: 10 : e e e e e e ]
40 45 50 55 60 65 70

sz

significance is calculated as VAx?2

V-2AlnL=V 56.27
="7.5¢

p-value is calculated as follows:

1. Generate 1el5 toy experiments
with sin?26,,=0.0.

2. Fit each toy experiment extract
-2AInL (=Ax?).

3. p-value is the fraction of toy experiments
above AX?yaia

p-value = 9.9 X 10-14
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0,5 issue T2k

Ny o A3, L
P, .. ~ sin 923|sm 2015 sin? B T
e 4 E U Normal hierarchy A
2| j
TP I sindo. = 0.3
OOU 0 smjgi %8;} 7]
« Oscillation probability is _Eiﬁ;gzggg:g
dependent on sin?e,, (octant) L T
. - ‘. PDG2012 (1o) -
— PDG2012: sin?(20,;) > 0.95 mt TSI
T T T
¢ Sln O23 0 50+0 11 """'I{lverted hierarchy_‘
® 923 45+6 5 /2t :
— Reduction of sin0,; error is critical . :
for further improvements w O y
: T2K Run 1+2+3+4 ;
n. 639x10%pot. ]
. STl 0203 04 05 06
PDG(2012) Sin20),,
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0,; uncertainties
dominate in
d - sin%20,, plot

22 July 2013

Normal hierarchy

68% C.L. _

- sin’0,, =04
— sinzﬁ23 =05
- sin’0,,=0.6

PDG2012 (lo) A

TS TN T T,

."|
L |

. Inverted hierarchy 7

T2K Run 142+3+4 —
6.39x10” p.o.t.

Yu.Kudenko

R RN
0.1 0.2 0.3

sin20 {

INR RAS, Moscow

AR S T ST S (R T T
0.4 0.5 0.6
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0,3 measurement T2k

v, disappearance
4 2 2 2 m
ﬁ - -
P(V,u vﬁ) (cos 0., -sin” 20, +sin” 20, - sin
Leading Next-to-leading
3 ""T':]i;'z.'[é'i:'m.-i'éu'r;écL"""""'“ S TR T T
o~ - — v ) - : 3
7 " oK v 02> w4 0% CL g 3fF *  T2Kdata , E
= . T2K 2011 2\-’90“3{* CL ] i 25F No oscillation hypothesis =
"E" 0.0035(— — MINOS 2013 2v 90% CL . < 20f T2K best fit i
= - — SK zenith 2012 3v 90% CL - = 3
- —SK L/E 2012 2v 90% CL (. ] = E
4}_{]33__ ...................................... 0 3
0.0025(— o =z -
C = |
- =3
- = I
0002~ T2K 3v I,"El ?'?m"d} bl’:'«i fit = 2
= o S I :
H o le v v 1o v by e v by o0 By s By oy s e s e K 5 P

082 084 086 088 09 092 09 09 098 I

Gin® (26, Reconstructed v energy (GeV)
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7.8x10%1 pot

100% v running 90% CL

sin?26,; = 0.1 + reactor data

solid: stat only; dashed: stat +current sys

Perspectives: 0,;

T2K\

90% CL

7.8x10%1 pot

50% v - 50% anti-v running
sin?26,, = 0.1 + reactor data
solid: stat only; dashed: stat +current sys

_ -3
- g 2'6 f‘lﬂ 3' 1 ! I ' [ b ! I ' [ L T - g 2'6 ?‘1!)' L L DL L L L B B | '_
g 2ssp P NH = E 2ssp ooy NH A =
< 2.5F _: "'*:; [H .-":::..‘\\'-. E < 25f iR H g ‘ E
245 5 2N E 245 @ FR
RN i | Octant ~3= P
24 B 5 E A P
2350 E 235 3
23[ wo i e 2.3p E
2.25%— R E 2.25% R . =
L T Ty Yy YT 24377035 04 045 05 055 05 065 07
. 2
sinz(-)23 sin0,,
stat
=] 0-15 AL T T T T T T E 0.1: -
T b Sp=0° S o\ ot
E oot N, Opp=90° E SN H current syst
—_006E NS | o 0075 E
[O00SE e ER 923 o 0.06 E
D ] N 0.05F =
] 0.04 = =) E
E ook E L 004t -
“ oot E = 0030 ]
0.01F . ) . g-gi; Y stat only
L R e A BT estimation O
b 1 2 3 4 5 6 7 8 9 10
x10'poT  o(0,,) ~ 2 de
( 23) 9 x 10 POT
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IH 7.8x102% pot 5
100% v running

sin?26,; = 0.1

+ reactor data

— sin®0,,=0.40

Perspectlves.

! H 1
0 0.05 0.1

— smze —o 45
S smze —o 50
— sin 923_0 55

sin’0,,=0.60

1
R
<

g N\

NE
>
%

S = k2w = e

-150  -100  -50 0 50

i&éﬁﬁﬁﬂgw

8

[ I
0.15 0.2 0.25

)
sin"20, ,

A

CPV

T2K\

NH 7.8x102%! pot
50% v - 50% anti-v running
sin?20,, = 0.1 + reactor data

Chance to find an |nd|cat|on for CP violation
If & 1s about w/2 or -n/2

7.8x10%1 pot

sin?20,; = 0.5
0=-90 deg

50% v - 50% anti-nu running
sin?20,, = 0.1 + reactor data
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— sin®0,,=0.40
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T2K and Nova T2R\

Mass Hierarchy and CP violation MH

v S E o Ami
P(v,) vs. P(v) for NOVA P(v,) vs. P(v,) for T2K 5 3.0: :
.?‘ 0.09 NOUA I.:} 0.09 TR _E =
& 1am,;2l = 2.32 10° eV® = I | =2.32 10°% aV? g 25—
0.08 - g (26,,) = 0.095 0.08 | sin 120,,) = 0.095 ° =
sin’(20,,) = 1.00 sin’(26,,) = 1.00 e F .
007 | 0.07 J’:;- 20—
.. = :
E T :_
008 ' 0.06 | " ﬁ L5}
3 o - r i
005 L “‘... 005 [ A < % I
o0l Y £ 1of- -
004 | ~{a oo [ £ F :
O = H
003 [ am? =0 o | 7 0.5 -
002 [o§=0 002 Loseo 0!. ﬂls "o:'r;' !
I; g f ﬂ‘!ﬂ'ﬂ - § =m/2 :
[T = L od=m
= §=3n2 LTI S Sl
%y 0.0 0.8 5.06 o.08 0 L L L L
- - : - 0 0.02 0.04 0.06 0.08 5
Pive) P(vg)

0-95_ 6:range includeci for giv:en
n.si— ; significance of hierarchy
. - = Afd ination (Am2>0 ..
For sin22813=0.1, approximately (at VE ctermination (Bm’>0 case)
90%C.L.): Lo
L
e MH: =50% coverage «— of
3 .
e CPV: ~30-40% coverage o - _—
0.0y~ nii:”s;:ls; 3.
significance of hierarchy resolution (6)
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@ Conclusion T2/K\

e Observation of v,—v, appearance at 7.5 ¢ significance
A new type of transformation among neutrinos has
firmly established”

e Near future: precision measurements of neutrino mixing parameters

e Good prospects for first search for CP violation in lepton sector
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OD events T2RK\

Mumber of Events per 1000 cm

dlt
5 _
a
E
E

No indication of

500 1000 15
Reconstructed Distance from ID Wall (cm) events from

OD interactions

MC expectation

- putside FV: 8.9

- from outside ID: 1.5

- from outside ID wr FWV cat: 3.23e-02

BG events from OD interactions:
0.03%£0.009 events: (0.1%) of FCFV v, candidates
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MC v, events

Data 28
| MC sin%20,,=0 sin?20,,=0.1
oscillation v,—v, 0.38 16.42
v, BG (beam) 3.17 2.93
v, BG(NC n0) 0.89 0.89
v, tv, BG 0.20 0.19
MC Total 4.64 20.44
Sys . err (%) (11.19%0) (8.8%)
Sys. err(number) +0.52 +1.80
Sys. err(%6)-2012 (13.0%) (9.9%)
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2000

22 July 2013

ID wall

Fiducial
volume
boundary

og b
-2000 -1000

0 1000 2000

Vertex X (cm)
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