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Indication of Electron Neutrino Appearance from an Accelerator-Produced Off-Axis
Muon Neutrino Beam
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The T2K experiment observes indications of », — », appearance in data accumulated with 1.43 X
10%Y 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 1077 eV?, sin?20,; = 1 and sin*26,; = 0, the expected number
of such events is 1.5 = 0.3(syst). Under this hypothesis, the probability to observe six or more candidate
events is 7 X 1072, equivalent to 2.5 sienificance. At 90% C.L.. the data are consistent with
0.03(0.04) < sin?26,3 < 0.28(0.34) for 8¢p = 0 and a normal (inverted) hierarchy.

DOI: 10.1103/PhysRevLett.107.041801 PACS numbers: 14.60.Pq, 13.15.+g, 25.30.Pt, 95.55.V]
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% Neutrinos are one of the most abundant particles
In our universe.
a No. 1: Photons (light) [~400y/cm?]

o No. 2: Neutrinos (~300v/cm?)
although undetectable...

0 Ngaryor=0.000001/c?
5 e \ : ' P *ﬂ '_.., '1_1... ; ,. : ‘.

Not well-studied particles: Mass?, composition?, #species?,
, magnetic moment?, etc..
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Neutrino is special? rs« Generation




e~ S —
NeLtinos

% Only have a week interaction
o Small mass

— Origin in physics beyond the standard
model?

o Mixing
— 3 neutrinos are mixed

— Different mixing patterns from that of quarks @ neutrinos
¢ What symmetry exists?

— No experimental information on the CP ', ‘v f\’
1 @2 4 V3

symmetry

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

T2K
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Nobel Prize in

| Physics, year 2008

Kobayashi-Maskaw matrix

ay The weak neutrinos must be re-defined by a relation

Y,=Y; CcOS 0 — Yy sin 0,
: ’ } (2-18)

Y, =Y sin 0 + Y, cos 0.

The leptonic weak current (2-9) turns out to be of the same form with (2-1).
In the present case, however, weak neutrinos are not stable due to the occur-
rence of a virtual transmutation vy, induced by the interaction (2-10). If
the mass difference between v, and v, ie. [m,,—m,|=m,*" is assumed to be

a few Mev, the transmutation time 7 (».&v,) becomes ~107" sec for fast

neutrinos with a momentum of ~Bev/c. Therefore, a chain of reactions such
10)
as

Tt—=ut+y,, (2-19a)
v,+Z (nucleus) -Z’ + (4~ and/or e7) (2-19b)
is useful to check the two-neutrino hypothesis only when [m,,—m, |<10"°Mev

> V, | = Vﬂ1 2 Vﬂ3 vV,

v \Vrl V,, V., N V3

T
T2K 11
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22?2 LSND anomaly ??? «— |
Atmospheric neutrinos :
v, deficit (v, appearance) 10~

Am,, region

g Am23~2.5>< 10'36V2

—
-l
>
b
[ —"
-l

=100

solar neutrinos
v, deficit (NO NC deficit)
Am,, region
* Am,,~7.9x10eV?
* Sin°26,,~0.82

 All limits are at 95%CL
unless otherwise noted

—12 ! !
10 1074 1072 10° 102

oK tan’0
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Ve Vi s, =sind,, ¢, =cosé,
[ :j/—! }=UPMNS[ l‘jz J . — ¥, X
T 3 1 0 0 ¢y 0 s,e™|||c, s, O
Univs =110 €3 553 0 . 1 0 —s5,, ¢, 0
0 —$); €3 N —spe 0 ¢ N 0 0 1 )
% Neutrino oscillation parameters lgnore majorana phase

3 Mixing Angles (0,,, 0,5, 0,5), CP violating phase (5)

mass square difference (Am?,,, Am?,,)
0y, =34° = 3° 0,3 =43° = 3° 0,3 <11°
Solar v, Reactor v Atmospheric v, accelerator v Accelerator v, Reactor v _

., Ahint of 0,5 from T2K ( §,,~10 degrees)
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AmM?
Oscillation Probabilities when Amf2 << Am223 = Amfs vy m——
Vl Em sun
» 0,5 : v, disappearance
4 ,
P, .« ~1—cos 4913.5 L/ E, )
» 0,50 v, appearan E
P, .. ~Sin 6?23‘S|n 1.22Am5, )L/ Ev)
~0.5

» O : CP violation (T2K-beyond)

P(v, > V,)~ PV — ve)

P:

P(v, —>v,)+ P(v,—>ve)

_ ~0.18 (sin?26,5=0.1)

T2K

~(0.58 (sin220,,=0.01)

14
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2eExperimental Ovenview;

1 Accelerator/Neutrino Beams
I Near Detectors

% Far Detectors
High Resolution Gigantic

Intense beam Near detector Far detector

-

0SC

protons

—>

185 Lipari, Lsigroliiand Sanogo PALT 40 9ac) 4304 195 Lipari, Leigrolliand Sanogo PALT 41 96e) 4304
4 B EE S L) e e B e e 25 T - T
® CCFER [15) & CoFRR [10]
& G O BML 7-feet (18] ) E QBIL 7-feet [16]
8 100 [ AL 12-feet [17] —| S 100 ¥ AL 12-feet [17] —|
NE O ANL 12-feet [18] .E t QANL 12-feet [18]
N C ~
0.75 [— b S = 0.5 |~ o ey - |
@ E Y 2 % S 2 *
- - =~ E o
-v om0 |- Pl = om0 | ¢’ —
a T E Total
S o= {qul)
0.00
10

107 10 = I
Neutrino Energy Neutrino Energy

ition
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DAB 3 degree
II|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII

Super-K. Quasi Monochromatic Beam
N OscProbi@
o6 [ " :'f ~yAm?=3x103eV?
o2 ;::qv::: P
« The v beam energy is tuned at the 53500
oscillation maximum. 3000/
 Higher signal yield. | . 2500
* Lessbackgroundfrom high 2~ ©
energy neutrinos. >
- 1500 -
%tf ; 1000 |-
08 | 500 -
o :
- DAB 2 degre
02 [ CARB 2.5 degree

1 2 a 4 5 B 7 8 a 10
p, (GeV/c)
Off-Axis beam

Intense and high-quality neutrino beam

T2K 17



CERN NA61 Dafta horn focusing, V|J |:|
+ FlukaSimulatio decay is simulated

I by GEANT3
actual beam profile & )
position graphite  TT, K

(beam monitors meas.) target
proton beam —}ﬁ
2 Neutrino Beam Flux is

precisely estimated based on

o Real pion production data
measured by CERN NAG61

o With the uncertainties based on .
the measurement.

10*' POT - 100 MeV)

Flux /(cm

18 T2K Neutrino Energy (GeV)
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ND2B0.0I 4

UA1 Magnet Yoke

B=0.2T
Fine-Grain

Magnet Coils
TPCs Detectors

a 3.5%x3.5x7.0m3
POD: ¥ Detector

FGD+ : Charged
Particle tracking

mmwu
. : Detector

A CCl1 1 interaction in the POD,
with full-bunch background




o SR LN LA [T L LI LU B L R

S 2000 POT normalized -

s 180 H} 7777 v, CC QE

o 160 i A v, CC non QE

S m— _

T 140 JVuCC

ad B NC 3

.‘qé 120 E_ External Backgroundi

5 100 =
80F- =
60— —
40 ZAREY' =
20F gAY E

e T Y ILY)
Theriee —-.\\X\\\\\\\“{’\{ﬁsﬁ‘ﬁi&\isﬁﬁ " Thelusiomnmi il i1 3

1000 1500 2000 2500 3000 3500 4000
P(n) (MeV/c)

{ The ND280 measurement
is consistent with the
1 estimation based on

e Beam simulation with CERN
NA61 data

 Neutrino Interaction
simulation with the world

4500 5000axisting data.

Rk Do — 1529 events / 2.9 x 10'° p.o.t.

@, Data
RND

p, MC
Ry p

21

T2K

= 1.036 % 0.028(stat.) T 057 (det. syst.) & 0.038(phys. syst.)
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% 1km underground

1 Water Cherenkov detector with 50kton
mass (22.5 kton Fiducial volume)
Inner tank:11,129 20inch PMT
Outer tank:1,8854 M 8inch PMT

% Dead-time-less DAQ (2008~ )

% GPS timing information Is recorded real-
time at every accelerator spill

a Record all events with the timing of
=+ 500usec from the neutrino arrival
time as a T2K event.

T2K
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v,CC
simulation
Particle Identification (PID) by the ring
pattern and opening angle
@ S R B R B R LR L I
{,% S 400 elike <> plike E
|| . ks E ° j(/= —_59
- V) s120F } XTI
e-like e —&=— £°F 0 MC :
() Z100F I -
v, B % P |1 i i
80 [ . | y
VHCC B I|| Il | ]
simulation o o E
40 ¥ | ] -
= gl ] | .
20 A o i e
- : : LIPI
(V) 5, i I VUV VI VAN VI R A
-0 8 6 -4 -2 0 2 4 6 8 10
/\ Particle |D parameter
. | ﬁ" Mis-1D probability is ~1%
u-|lke <<

|
H"/f2K 23
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Run 1 (2010 Jan - 2010 Jul) Run 2 (2010 Nov — 2011 Mar)
50kW stable beam operation - reached 145kW beam operation
All data for this analysis is1.43 x 10?° POT
(2% of the proposal) POT = The number of protons on target

24 T2K



T2K results
v, appearance
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4 Signal: v, oscillation from v,
o A main interaction is Charged-Current Quasi-Elastic

(CCQE): v, +n>@©+p v___}v___}(e
a The proton is often not observed "because it is

below the Cherenkov threshold

% Background

(1) v, inthe beam mainly from the decay of the kaons and
muons

(2) Neutral-Current =t® production (n%—yy)

% 2y rings are overlapped to one \<

0 Y
“* Ay energy is too low to be detected. v > 2

26 T2K



e el

1. T2KBeam timing

2. Fully-Contained and the vertex is in
the Fiducioal Volume (FCFV)

3. 1 Cherenkov Ring

4. Electron-like
= 100MeV
6. No additional electron signal caused by the muon decay.

5. Visible energy (E

vis)

27 T2K



Event time distributions relative to the Zoom-up
beam arrival time.
10 4: : ‘ : = RUN-1
' LE : low energy event | 15 L m— RUN-2
'OD : hits in OD LE
10°

FC:no 10 hitin oD

10 |

éOD

N

Number of events / 40nsec

Number of events / 20usec
o

10 | H 1|
wwwwww ” L
11 | | 100004 000 4000 5000
? | = AT, (nsec)
-500 -250 0 250 500

AT, (usec) The accelerator beam
structure is clearly seen.

Two out-of-time events are background > The beam neutrinos

consigtent with atmospheric neutrings,



Number of events

29

# Cherenkov rings (1 ring)

N
o

N
o

|

2

—+— Data

T Osc. v, CC

L v,+v, CC

Jv,CC
B NC

o2
(MC W/ sin"20,5,=0.1)

3

4

Number of rings

41 events

>5

PID parameter (electron-like)

10
- —¢— Data <
- B Osc. v, CC
g | L v+, CC
{2 [ v, CC
c - B NC
% 5 [ (MC W/ sin“20,5=0.1) )|
— ,
o
| -
o
o
=
>
P
-10 0 10
PID parameter
8 events
T2K



Visible energy (>100MeV) # Decay electron (0)

4

9 F —+— Data —4— Data
oo r B Osc. v, CC B Osc. v, CC
= , Jv+v,CC 1 v+v,CC
o 3+ 1 v, CC ® 10 [ v . cC
52 L Bl NC c N NC
= (MC w/ sin’26,,= 0.1) g (MC w/ sin’26,,= 0.1)
%) -
o o
= @
- S 5
1S) =
— =
@ =
O
=
=
= 0
0 1000 2000 3000 o 1 2 3 4 =5
Visible energy (MeV) Number of decay-e
[ events 6 events

30 T2K
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Invariant mass of assumed
two rings (<105MeV/c?) Reconstructed E,, < 1250MeV

— 5 I
N, i < —+— Data 9 | < —+— Data
; L B Osc. v, CC oo L B Osc. v, CC
© 4| 1 v+v,CC = 3L [ v,+v,CC
= L O v, CC fa) H O v, CC
T I BN NC < B NC
N - (MC w/ sin26,,= 0.1) = (MC w/ sin26,,= 0.1)
2 ST 2
2 = 2
S S
QL =
o 2 D
o s 1
(4B
2 1 £
S S
= =
0 0
0 100 200 300 0 1000 2000 3000

Invariant mass (MeV/cz) Reconstructed v energy (MeV)

6 events 6 events observed!

31 T2K
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% Number of SK events by MC
e Beam simulation
e Neutrino interaction simulation
* Detector simulation
 Neutrino oscillation

X

/sin22912:0.8704 A
sin%20,,=1.0
sin?20,,=0 or 0.1
Am,,>=7.6 X 10~eV?

¢ Normalization by measured ND v , rate

The absolute beam flux is normalized by the measurement of the
Charged-Current v, interactions in ND280.

33 T2K
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i

1()2j + Data
» B Osc. v, CC
e T Beam vCC + NC
¢ (MC w/ sin®26,,=0.1)
O
(T
O
610
o
=
S
Z
1 D 0 »w o0
n 2 2 2 2 5 5
O T T W §‘ o U
LL A o D al
)

34 T2K



= S — ——'———T_.——-‘

o The expected # of events with

1.43x10%po.t.: Beam v, CC 0.03
Ng &P = 1.5 ;:2 0.3(syst.) Beanlllge = 3:2
(Am223:2.4x10'3f:\r/: Iszgé;:fo) 8;2;53;? 0.1

Total 1.5
error source Systematic errors
v flux +8.5%

I/ Int. Ccross section

Near detector

+14.0% \Uncertainness of the neutrino

F25% interaction models and the hadron

Far detector

+14.7% propagation in nucleus.

Near det. statistics

1979, Uncertainties of the SK detector

Total
35

CONT: performance (ring-counting, PID and

-22.770 . invariant mass cut)



» #Observed: 6
o #Expected at sin?26,,=0; 1.5 & 0.3

I The probability is 0.7% (~2.5¢ significance) when we
observed 6 or more events with the expectation of
1.5%0.3

- Indication of v, appearance (6,;#0)

36 T2K
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The allowed region was selected based on the three-generation mixing.

Normal Hierarchy Inverted Hierarchy

T B I I ] T i T T T T T ]
L 2 _ - 2 _
n/2_ Am23>0 | “/2_ Am23<0 _
. B i 2. _ i
Zo) 0 N 7 e 0 — -
/2 N Best fit to T2K data ] 2 - T2K 7
i 68% CL ] B 143x10° p.ot.
- P 90% CL - L i
-7 . L L1 T S S S RN ST ST S S R R SR R | -t B P I BT PR T [N T [ N N ]
0 0.1 0.2 0.3 04 0.5 0.6 0 0.1 0.2 0.3 04 0.5 0.6
sin“20 @ Am?,; = 2.4x10°2 eV? $in*20

90%CL interval (assuming Am?,; = 2.4x103 eV?, 8.5 = 0)
0.03<sin?26,,<0.28 0.04 < sin%206,;<0.34
T2

37 K



h *I Far Detector Prediction (LEM>07)
- MINOS PRELIMINARY  zz= g -
ererence i == Signal .

— Background
MINOS confirms the T2K result.

— FD Data i
T
L Far Detector Predlctlon (LEM > 0 7) J

L2
<

sin’(20,,)=0.040, Am,>0, §,,=0

Merged for Fit

Events / 8.2x10°° PoT
[ X}
[—]
T

e A Assuming: oF g
- amt>0 1 5=0,6 =m/4 : :
T normal (inverted) ol .+ . T
E : -90% - _: Reconstructed Energy (GeV)
o . . 2
< T mamacoz]  SIN°(20,3)<0.12(0.19)
- 90% CL
.1 sin’(26,,)=0.04(0.08)
AMZ < 0 ; Best Fit
1 We exclude sin®26_=0 at 89% CL
£ ;
«:& 8.2«<10°° POT _ i # Ve Observed 62
1+ Estimated events at (6,,=0) : 49.5+7.0+2.8
PRELIMINARY .
0.1 O I T —Y

2sin’(26,,)sin’0,, COnSIStent W|th T2K
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T2K results
v, disappearance

T2K 39



Select v, CC quasi-elastic events -
o Beam-timing
o Fully-contained, FV cut
o Single-ring & PID is muonlike
a Rec. £ momentum > 200 MeV/c
o # delayed electrons < 1

31 events selected
o 104 events expected w/o 0sc

a Neutrino energy reconstructed (E,
with P and G,

Times (ns)

) A selected single-ring z+-like event

T2K 40



MC w/ 2-flavor oscillation MC
Data v CC w/o
141 3.2 243

Interaction in FV - 24.0 43.7 : 71.0
FCFV 88 74.1 19.0 338 3.0 183 166
Single-ring 41 38.7 17.9 131 19 57 120
u-like 33 320 176 124 <01 19 112
P.>200 MeV/c 33 31.8 17.5 124 <01 19 111
N(decay-e) <1 31 284 17.3 92 <01 18 104

Efficiency - 20% 72% 21% 04% 3% 43 %

T2K 41



+ Data

| | 1 — |

LL O
O 3
O )
O =
Pl
O «
=5 3
O
1i=

1 1 _ 1 1 1 _ 1

100

-, - o o

O © < QN
S]JuaAe JO JeaQUWINN

42
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2000
10 i
t —$— Data — 30 + - —4— Data
" EEE v,+7, CCQE , B +,+¥, CCQE i
8 | 1 v,+¥, CCnon-RE [ v,+7, CC non-QE 1000 -
J) . 1 v CC [0 @ v, cC = f
c | EENC c | I NC &
E 6 _ (MC w/ 2-flavor osc.) L % 20 7 (MC w/ 2-flavor osc.) >--: . ;
: o 3
3 3 ®
£ E 10 >
3 Elg -1000 +
0 — 200Q L
-10 0 10 0 1 2 3 4 =5 -2000 -1000 0 1000 2000
PID parameter Number of decay-e Vertex X (cm)

§ 10 - —+— Data | —4— Data 2000 I
> BN vV, CCQE BN vV, CCOQE I o o--- .
— [0 v,+V, CC non-QE ' v,+V, CC non-QE o , @

: v, CC O [ == v, cC 10001 ° . o | o
S75! B NC | W NC 10001 |
- rT (MC w/ 2-flavor osc.) | (MC w/ 2-flavor osc.) 3 [ !
—~ —_ [ ]
% N 0 Pe o * ° g o i
o 5T 1 S . .
S | - ° [ ] L] '
o - D ° :
© : g . * e ¢
5 25| -1000 i . . .
2 | !
g IR ® - & ---- ! E
Z gl —_— 0 2000 ————

0 ,, 1000 2000 3000 -1 -0.5 % 0.5 1 0 \}000 =2 2000 3000,

Momentum (MeV/c) co¥ boarm ertex R™ (cm”) x 10
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Oscillation fit performed with 2-flavor oscillation assumption
P(vﬂ > vﬂ) =1-sin’ 20 sin® (1.27Am2 Ej

x* = -2log « is defined with # of events (Ng) and E,'¢ shape

Y=Y x&L xZ£ v =-2log ¥

norm shape Sys

Method A : Un-binned maximum likelihood with systematic error parameter
fitting
Method B : 2 for binned spectrum without systematic parameter fitting

Feldman-Cousins prescription is used for constructing confidence interval
Assigned N, syst.

E 'e¢ shape syst. errors w/ 0sci .
4 pe Sy ° NEE error table
01 (sin20,Am?) = (0.99,2.6x10% Error source sin® 260 = 1.0, Am? = 2.4 | Null Oscillation
oK
= Efficiency +10.3% 10.3% +5.1% -5.1%
> Cross section
§0.05 and FSI +8.3% -8.1% +7.8% -7.3%
g | Beam
1 Flux +4.8% -4.8% +6.9% -5.9%
| k ND Efficiency
ols 5 5 and Overall Norm. +6.2% -5.9% ~1 5%—}-6.2% -5.9%
Reconstructed neutrino energy(GeV) | T2l +15.4% -15.1% +13.2% -12.7% 44




><1.0-.3. - | Ioblselrvgdl31le‘.:'entsl | "

- Reconsfrycted E,

15¢ ----------- No oscillation

Best fit with oscillation
(sin’20, Am?) = (0.99,2.6x10eV?)

Number of events
—
=

g 10
sin?(260) Reconstructed neutrino energy(GeV)

T2K 45



ratio

Oro

lear oscillation pattern pbserved

_“_

. —— data/ nominal MC

— best fit / nominal MC

2 & 6 3
Reconstructed neutrino energy(GeV)

10

——'———T_.——-‘

-3
x10
4 " :
—— T2K 1.43x10”POT (w/ syst. error fitting), 90% cL (FitA)
--------- T2K 1.43x10"’POT (w/o syst. error fitting), 90% CL (Fit B)
| —— MINOS 7.25x10”’POT, 90% CL |
~ Super-K Zenith (preliminary, Neutrino2010}), 90% CL .
- Super-KL/IE  (preliminary, Neutrino2010), 90% CL -
3 —

- Am? (eV?)

a
*y
Yy
by
e =

........

""""
LT
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- Consistent with MINOS/SK results46
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P32 proposal (Lar TPC R&D)
Recommended by J-PARC PAC
(Jan 2010). arXiv:-0804.2111




arXiv:1109.3262v1 [hep-ex] 15 Sep 2011

Letter of Intent:
The Hyper-Kamiokande Experiment
— Detector Design and Physics Potential —

K. Abe,'21 T, Abe,'® H. Athara, % Y. Fukuda,® Y. Hayato,'% 1 K. Huang,*
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Hyper-Kami‘ok_aRVe

(The next generation Water Cherenkov detector)
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J-PARC/T2K status
and near future plan
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J-PARC: Near RCS

Just after earthquake
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¢ By summer 2013: ~0.5 [MW X 107s]

o 5 & significance for sin26,,=0.11 (T2K central

value)

2 Within several years: ~1 [MW X 107s]

o 3 o significance for sin?26,,=0.04 (near the © 14
0.12f |-

T2K 90% Lower limit)

2 Proposal: 3.8 [MW X 107s]
o 3 o significance for sin?26,,=0.02

% Analysis Improvements

o More SK event information (E, "¢, etc..)

o More Near Detector measurements (E
spectrum, v Cross section measurements

etc..) .

o |Improvement of beam simulation (including

NA61 Kaon data, etc..)

o More..
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2 T2K accumulated and analyzed1.43x10%° POT data from January
2010 to March 11t 2011.

o v, appearance
- v, Observation: 6
— Estimation: 1.5%0.3 (for sin?20,,=0)
+ 0.7% probability (2.5c significance)
- Indication of v, = v, appearance
— Published in Phys. Rev. Lett. 107, 041801 (2011)
o v, disappearance

— Observation of large v, disappearance

— Measured the neutrino oscillation parameters with the world-best level
precision.

8 J-PARC will start in Dec. 12th, 2011. T2K is ready to start!
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