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T2K (Tokai to Kamioka)

(22.5 kt fiducial)

m Long baseline neutrino oscillation experiment

e Intense v, beam at J-PARC

e Measure neutrino oscillation at Super-K (295 km away)
m Goals

e Discovery for v, = v, (v, appearance)
o Precise measurement of v, - v, (v, disappearance)
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Neutrino Oscillation

flavor states # mass states . | «om— v c—
. . - x . - mY. W )
v mixing ~ 3 X 3 unitary matrix Upyng 27 —
g Al _
VE 1l'J'l h An
V| =Upyns| Va " [ A
v, v,
VI_ VE Mormal Hierarchy Inverted Hierarchy
Upns: 3 mixing angles (845, 6,3, 843) + 1 CP phase (8)
2 mass differences (Amj; 2= my? - m?) Cjj=C0s8j;, S;;=sinb;
. —ié
10 0 +c; 0 +s5e +c, +5,, 0
T — d ' —
Upips =1 0 +c,5 +55, 0 1 0 5, +c¢, 0
atm + accelerator (923 0,5 & solar + reactor (0,,)

What we know so far (90 % C.L.)
*(1,2):0,,=34.4""2 " Am,2=7.59 7.7 x 105 eV2 (solar + reactor)
*(2,3):0,5=37" ~ 45", Amy32=2.43 013X 103 eV2 (atmospheric + accelerator)
* (1,3): only upper limit, 645< 11" (reactor(CHOOZ) + accelerator)

* & Isign of Am_,.2 : no information 4 .



Goal of T2K
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Off-Axis Neutrino Beam

Near detectors
off-axis V“ %_ -
== @- i i SR/ sEEREE >
J-PARC 30 GeV - - ,
Proton beam Decay volume Muon on-axis ~ = - _1_2’_5_> Supe pkande
- rr|10nitor « |
' ' ' /) —
Om 120m 280m 295 km

m T2K v, beam
e Oscillation maximum: L=295km, Am,;?~2.4 X 103 eV2 - E,~ 0.6 GeV
e Signal: Charged Current Quasi Elastic events

@ 3500 — 05, = 0.0°
< _ — O, = 2.0°
m E, spectrum vs angle 3 2000 iy
. . . g 00r — 8, =3.0°
e On-axis: large tail at high energy £ 2000
. ?:: 1500
e Off-axis: narrow spectrum g 50 GeV protortHeam
m Our choice: off-axis angle = 2.5° 500 | (T2K:30 GeV)
e Increase flux at the oscillation maximum % Oscillation probability
. 7] 2 _ 3 _y2
e Reduce high energy v background from 3 ﬁ"‘ 2;52':"” eV
= m
non-CCQE events -

= Small v, fraction (~1%)

4
E, (GeV) 6



T2K Qverview

Near detectors

== @-_— oL SRR LR R LR Sl
J-PARC 30 GeV - _ 2 50
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Supe kande

Proton beam Decay volume Muon on-axis ~ = ——-—--Y___,
- rr|10nitor &« |
. ' // .
Om 120m 280m 295 km

B Beam monitoring

— Primary proton beam monitors (intensity, position, profile)

— Muon monitor (MUMON) just after decay pipe: b
B Near detector @ 280m

— on-axis (INGRID): v beam direction/intensity

eam direction/intensity

— off-axis (ND280): v flavor/flux/spectrum/”cross section” measurement

m Off-axis far detector @ 295km

— Super-Kamiokande: v flavor/flux/spectrum measurement



The J-PARC facility
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Beam Line

Secondary beam monitors Beam dump Fast extracted beam
= muon profile after beam dump: Hadron absorber = 8 bunches/spill (6<Fall 2010)
ionisation chambers and SiPIN (MUMON) graphite modules = SCFM for proton transport

= Emulsion exposures (low intensity) Primary beam monitors

Decay pipe | Intensity (CT), position (ESM),
110 m long profile (SSEM), beam loss (IC),
Helium filled beam profile at target (OTR)

“‘“hj_

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

.....

l
To Super K

direction given by GPS k

,.»‘ J - Q
\~

e A \ f ‘ .-\".‘
Hx= i 4 -

' —1 i ‘“E'Hhr .
. T Helium-coolec ;
Neutrino near 3 horns @ 250 kA graphite target ‘
detector complex (D=2.6 x L=90 cm) m




Near Detector: INGRID and ND280

e . Off-Axis (=SK dir.)
On-Axis Neutrino Neutrino Detector

Monitor (INGRID)

measure:
- v flux/spectrum
- Cross sections

Monitor:
v beam direction
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Far detector: Super-Kamiokande

50 kT Water Cherenkov detector (22.5 kT fiducial mass)
Inner detector: 11,129 PMTs (20 inch)

Outer detector: 1,885 PMTs (8 inch)

New electronics/DAQ (since 2008)

* Stably running
« Deadtime-less DAQ
— Improve e-tagging (from u decay) efficiency

Good e-like/u-like separation:
mis-PID probability ~ 1%  =° background rejection

Event displays
(MC events)

11




EXPERIMENT PERFORMANCE



Delivered proton#

Delivered Protons

I[IIH Delivered p]’(}tﬂn# Proton per pulse(for physics run) 1072
a B— Ph}"‘sll:‘s run 1 Proton per pulse(all runs) xﬂ?u
140 < )i :
120 — 1 —80
Results discussed today | summer shutdown 1 e o/t
- PR | T . —
100 o :”. | e *Jeo
80 — TRER : I B
o ol r _
60 — 1‘4. A LA : —|40
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: ! 0 ‘ —120
20 p=- - I x ' ~
- i I
0 | : I | L ]
Mar/10 May/ Jul/10 Sep/10 Nov/10 Ded/'10 Mar/1 P
Date
T2K run 1 (Jan.to Jun. 2010) T2K run 2 (from Nov. 2010)
* 6 bunches/spill, 3.5 s spill period * 8 bunches, 3.2 s spill period
« 3.23 x 10*° POT for T2K analysis « 1.45 x 10%° POT delivered
* ~50 kW operation * reachesto ~145 kW 13

Proton per pulse



Beam Monitor Measurements

Prlmary proton beam monitoring Proton beam hits
« Beam orbit: tuned within 2mm from design orbit. center of target
(Critical for controlling beam loss)
. SSEM B s <
| Horlzontal +1mm Before tuning | 20
After tuning OTR x =-0.5mmsg
_l *nﬂﬂrﬂ—rﬁ ﬁuﬁ%ﬂnﬂma&mumnsnmn;;&n&n&nuﬁrbl ol
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MR extraction’ Target Il
- Beam position on target: ~ E 100 4 taget  SSEM £
=26 -
Succeeded to control < 1mm | $226meg -. :
during long term operation RMS 0.4mm
17 a/12 55 6/28 25 EE s
S S E I\/I . date suo;cud sjoys
e e 'E
Segmented Secondary Emission Monitor target .-
(|)i26m“r2 e -—ﬁ;
OTR: : 5
Optical Transition Radiation detector S S R MSO4mm T
3/12 5/5 6/28 ¢ §:¢E5§4

ADC counts/pixel



Beam Monitoring (MUMON)

= Secondary p beam monltorlng by MUMON
15
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* Beam direction is controlled well within 1 mrad. (1 mrad corresponds to

2% change in the SK flux at the peak energy,

E,=0.5-0.7 GeV)

®* Secondary beam intensity (normalized by proton intensity)
IS stable within 1% — reflects stability of targeting, horn focussing, etc
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Neutrino Beam Monitoring (INGRID)

* Targeting efficiency of proton beam ~99%.

v Beam direction measured by INGRID
from 2010 Jan. ~ Jun.

— Horizontal:+0.01 +0.05(stat.) *=0.33(syst.) mrad
- Vertical :-0.24%0.05(stat.)*=0.37(syst.) mrad
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Super-K Performance
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Reconstruction performance:,

Energy scale:

cosmic p/e, atm v «°

t:

c

Evel

Ring-counting, PID, vertex :

cosmic p, atm v data
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Energy scale stability is
checked using cosmic
muon / decay-e

RMS/Mean ~ 0.4% for
both samples during SK4
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Observed Events at SK

A ™ e

Runl LE

oD
FC
(stacked)

[o2]
o
o

N
o
o

Number of events / 20usec
B
o
o

-400 -200.70 ™~200 400
AT, (usec)

oooo

No off-bunc

ldentify beam-induced events with GPS

 Transfer beam spill information in real time
« Compare GPS time stamps of beam/SK trigger

N

. : FC:
LE: Low energy triggered events all particle contained in ID
OD: Outer detector events a0 activity in OD

FC: Fully contained events

(T2K Runl: 3.23x10°PQOT)

FC evemts

Number of events / 40nsec
O = N W O OO N 00 © O

-1000 0 1000 2000 3000 4000
AT, (nsec)

AT,=SK trigger time

events

RMS 26 ns Cuts Observed Expected
- L events BG
. Fully
Contained 33 ~0.01
|l FC
D ey ™ + FV ot 23 | ~0.001
+ E,;.> 30 MeV

- beam trigger time 5 20



RUN1 OSCILLATION ANALYSIS
(Mainly v, appearance)



Analysis Strategy

Flux Prediction:
» Proton beam measurements
» Hadron production data

SK Measurements

« Select v, and v CcC

candidate samples

» Simulate expected samples

» Adjust normalization using

ND280 measurement:
N?g:Rdmﬂ!MCXNﬁc

» Evaluate confidence
intervals

ND280 (Near) Detector Measurement
* Inclusive measurement

- . _  rdata MC
Measure: RdameC _ N}'-E}ESEJ‘;NMQSG

Neutrino Cross Sections:
« Interaction models
« External cross section data

20



Flux Prediction (Beam MC)

(1) Hadron production by (2) Propagation of produces hadrons  (3) v producing decay is simulated.
p+C interaction and (n, K, etc) including Horn focusing is ~ Geometrical acceptance is calculated.
secondary interaction in simulated using GEANT3 framework. = Vv flux obtained at ND & SK, respectively
target is simulated using  « Secondary interaction cross section
FULKA framework. is corrected using existing data by
* Pion production cross other experiments.
section is corrected using A e
R A — v, at ND280 =
NAG1 data. = 10,:;' k% ND MC —Vua:NDZSO % g
* Measured proton z e el 1 ©
. = 1p0' Ewlay - __—_ — V.2 = —
parameters is assumed. 5 F o — — = %
% 10° & ___::_f==lz|€ =
= E =
TS ey s T
; —
106 1 [P A Lo by




NA61/SHINE

Super-conduction
magnets

SHINE / NA61 -—

* SHINE experiment (CERN NA61)

— Data was taken in 2007 and 2009.
* p(30GeV) + C (target thin:2cm / thick: 90cm)

Time of Flight

Projectile —— Detectors
Spectator - —
Detector

— 1* production model in T2K-MC is corrected by NA61 = —
preliminary results which was released in Dec. 2009. g o NAGL
— Systematic uncertainty = | Default in T2K-MC
* 10% : Inelastic p + C cross section !
® 20%: Plon mUItlphClty 5% ” I (18(‘)—240mrad)
é 0_177
MC(T2K):n* produce v, @ SK NAG61 2007 data: n* s
§ 0.4 'F'&:.Ilu;l . ' | NAS61 thin target preliminary data |
:035 "f||:'|.." . \ 024 (mbarn/GeV) 4
£ ’ e , ={6000 %0-22 = 7 T 60-120 rrad
§ 03 U R 2 o2 = 7 (60-120 mrad)
g EL Y. ., |-f5000 5018 =)
5025 LY — 5016 =
et a0.14 = 3
02 4z qﬁ';',ll..,: ' e oz 0.051.
0.15 e o o1 -
0.08
04 ‘ ] 000 0.06 R 4, .
0.05 1000 zz: § 0.1 T e
i %1 2 3 4 5 6 AN %’:
Momentum (GeV/c) mentum iGeve) = o.05
% E 10 15 20
p (GeV/ic)




ND280 Analysis

Use inclusive events with low level reconstruction
e Track start from FGD, and dE/dx cut in TPC
e 90% v, purity, 50% CCQE

Event number : 240831 | Partition : 63 | Run numben:42001| Spilll: 0/ SUbRUnInUmber:6 [ Time :$ Sun 2010-03-21 22:33:25 IS [[rigger: Beam Spill

Event Selection
No tracks in first TPC
At least 1 track in second TPC with
starting point in first FGD fiducial
volume, p>50 MeV/c
Select track with highest momentum
TPC dE/dx cuts to select muon 1l
candidates, exclude electrons
If no tracks in second TPC, apply
selection to third TPC and second |

FGD




ND280: Normalization DATA/MC

) . _[Entes  T520) ., e Evies7E29)
S 200p | | | | = ((:E E:; nnnnnn g 500 | B cC Resonance
% E I CcDIs = I CCDIS
s 180 € Co b5 CC Coherent
2 :— I Neuotral Current = I Neutral Curr
8 160: CC Char = 400 CC Charm
= H No FGD & I o FGD
5 M0p — —1A
.g 120 = 300:_
5 100 _E E
80 = 200—
40E = 100/~
20E Sy gdd — 5 e
= - 0|\|||\\|||||‘-H
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 01 02 03 04 05 06 07 08 09 1
P(n) (MeV/c) cos 8 (W)

# of CC inclusive p events

Rpaime =1.061+0.028(stat.) "2 aas(Syst.) =0.039( phys.)

Uncertainty on Ng,,:

N \D +2.7% by data statistics
N SK _ ¥ Data < N SK
exp N |\|>|Ic[:) MC tg:g % by ND efficiency & phys.
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v, Analysis: Signal and BGK

Signal : v, 2 v,

®m Main events: ve CCQE

B Event selection
— Single-ring e-like PID
— No delayed signal from m, u
— Ev~ 600 MeV

BKG : Beam M CC

B Dominant fraction in beam
m Powerful rejection by:
— Muon PID

— Tag delayed electron signal

BKG : Beam v, CC

Small fraction (~1%) in beam
But significant after reduction
No pattern difference with signal
Higher energy than signal

— reduced by energy cut

BKG : NC t° production

02> 7+y

mis-reconst. of 2nd y could be BKG
Special 0 fitter to find 2nd gamma
Reduced by ©° mass peak cut
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v, Analysis: Selection Criteria

Basic neutrino selection

Fully contained events in inner detector
Visible energy > 30 MeV

Reconstructed vertex >2m from wall

—

ve selection

Single Cherenkov Ring Single Cherenkov Ring
Electron-like PID Muon-like PID
Visible energy >100 MeV Muon momentum > 200 MeV

No delayed electron signal
7% invariant mass < 105 MeV

Reconst. v energy < 1250 MeV  Cut criteria fixed

before data open .



v, Analysis: Event Selection

Number of Rings Particle ID Decay electrons

Z R0 0 8 S @ —— T T 4 N e
£ 1} T I ! A e ! : ! = 2.; 2 -
B Signal v_(sin" = - - . Signal v_ (sin” 6, =i
L‘E Ub-:" |- ;fam]v';[ i m . |- :::famlup[ Bty
b 5 4 Beam v, b . Bean v,
b B b - Beam V. b - Beam :up
pel B - :
5 ) Signal
- gna
“ ,b Electron Bearh
...... _ - —Beam v
17 F P |
FMC % —
SRS P I I S — I T N R
15 -10 05 1 15 2 25 3 35 4 45 5
Number of Rings # of decay electron
42 24 y | —e— Duta 4:':3 I T—— Dus R R
I . M -
L‘% 2'3 B sicnal v_isin“28) =0.1) L% | I sigoal v, (sin"28 =01 Rej eCt lon:
| Beam v | Beam v
L.a 18 Beam ur LS — :::n:am ir 99% for VM
= 160 E .“HWF
2 2 S S S — 79% for ve
E ............ E
__________________________________________________________ Acceptance:

68% for signal

500 1000 1500 2000 2500 3000 3500 4000
Reconst. v energy [MeV]

100 150

Reconst. inv. mass [MeV]
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v, Analysis: Candidate Event

Super-Kamiokande IV
T2¥ Beam Run 0 3Spill 522275
Fun &6778 Sub 525 Event 134225437

Charge (pe)
- =267

®* 0.2-0.7

One electron candidate
remains after selection

Clean electron-like Cherenkov ring

Times (ns)
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Analysis: MC Expectation and Syst. Error

®

TR e

. Sig v, CC QE
0.1 ----------- ----- .SigveCCnon—QE

0.08 ,,,,, : N ........ |

0.06F-ft nal.. T —

oos TN N N -

Number of events / 50 MeV
Number of events / 50 MeV

0.02 [k

‘ ‘48 L9 - II_O
Neutrino energy [GeV] Neutrino energy [GeV]

Expected background Error source N;E? /NnD N;}E' Nnyp

Vu 0.13 NC 95% SK Efﬁcierflcy + 15.8 + 9.5
Cross section + 14.3 + 10.6

anti-vp 0.01 Beam Flux + 8.9 + 11.9
ND Efficiency f?;% fg:g

Ve 0.16 Overall Norm. L 97 + 9.7
Total 0.30 = 0.07 (syst) Total i o4

Syst. error ~24% (bkg only)
Total 1.20 == 0.22 (syst) ~20% (sig+bkg)



events

v, Analysis: Muon PID systematics

Understanding BKG error is important for v, analysis

v, rejection by PID is studied with two method:
1)
200¢ £10? =y CCQE | LT 0{%1),_(3
180 - Data e v. CC non-QE . -
160 COS”“C'M MG % - Ev:Cc non .
1s0. (0.6-1.2GeV/c) § 10 |mmINC i
120 E L "
100" i [h 2 T e-like é
: e-like <— m e 3
sor - v, enriched
o g ¥ wrLatmdata. |
20" b g - (w/o PID)
Q5320 45 10 5 o0 5 10 15 20 35 10-2_| T
; ] -15 -10 -5 0 5 10 15
PID likelihood parameter PID Likelihood

~99% rejection efficiency verified



Single ring selection :

220
200
180
160
140
120
100

v, Analysis: v, Acceptance

Sin

gle-ring

. -

L_INC

I v CC single- ¢
— ] ve CC other

fi-ring

¢))

o

|1u| 11

35

Ring- counting likelihood

m v, enhanced atm. v sample
requiring no decay electrons

m Compare selected /
rejected ratio btwn Data-MC

m Efficiency and syst. error
are confirmed
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v, Analysis: nt° Rejection Efficiency

nY is crucial background
for v, search

0
T =y HX > electron-like

m Develop composite n°
sample using:

electron data + gamma MC
m Estimate n® BKG error: 18%

Now we understand detector
uncertainties for v, analysis |
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v, Analysis: Upper Limit on sin?20,,

Oscillation analysis performed
using # of candidates

Calc probability to observe 1 ev
considering systematic error

Give 6,5 upper limit by two
statistical method:

A. Feldman-Cousins
B. Classical one-sided limit

Hierarchy Upper Limit Sensitivity
A Normal (Am2, > 0) 0.50 0.35
Inverted (Am3y < 0) 0.59 0.42
Hierarchy Upper Limit  Sensitivity
Normal (Am3, > 0) 0.44 0.32
Inverted (Am3, < 0) 0.53 0.39

at (AM,z2, SiN%20,,3,3,, )=(2.4x10-%eV2 1.0, 0.0)

Contours by statistical method B:
—10"E B o Ee S

C{,—'lo'l T

| [eV?

<)
3

2
23

A m
S
[3%)

10°

10°

Ocp [MT]

L 2
[ Am;

02

sin*(260,,)

04 06 08 I b2

sin*(20,,)
33



v, Analysis: Selection Criteria

Basic neutrino selection

Fully contained events in inner detector

Visible energy > 30 MeV

Reconstructed vertex >2m from wall

Single Cherenkov Ring
Electron-like PID

Visible energy >100 MeV

No delayed electron signal
n? invariant mass < 105 MeV

Reconst. v energy < 1250 MeV

Single Cherenkov Ring
Muon-like PID

Muon momentum > 200 MeV

Cut criteria fixed
before data open
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v, Analysis: Result

- Null oscillation

—_— v -V, oscillation
Tsin28,Am?)=(1.0, 0.0024)

+ Data

(AT s I N

i |

0 0.5 1 1.5 2 2.5 3
Reconstructed E GeV

m Consistent with oscillated _m

expectation Data
Expected w/ osc. 6.3 = 0.1 (syst)

Events/100MeV/3.23E19 POT

m Oscillation analysis is on-going
. . —+
including Run2 data Expected w/o osc. 22.8 &= 3.2 (syst)

(Am,32, Sin?20,5 )=(2.4x10%eV?,1.0)
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. 2 agn  m
sin“2 0,, Sensitivity

Prospects in 2011

90% CL 6,, Sensitivity m Collected 1.45 x 10?°POT until

—r
=
N

Mar. 2011

N e Data x 4.5 statistics increased

Systematic Error Fraction

5% sys error

| m Possible analysis improvement:

20% sys error

Normal Hierarchy

e e Syst. error reduction of beam flux using
o : ' external hadron data

N Hi N _ | e CCQE, spectrum measurements in

PN N

Collected data
-~ until Mar 2011 e Vv, spectrum analysis in oscillation
S —————— analysis

—— = m Will go into unexplored 0., region

10%

Protons on Target
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Summary

T2K experiment aims precision measurement for:
e vu disappearance (Am,;2, 0,,)
e ve appearance (0,;)

Analysis with first half year data (3.23 x 10°POT) :
e 8 vu events observed (consistent with oscillation)

e One ve candidate event observed for expected
background 0.302%0.07 (syst) events

e Give upper limit on sin?20,,

1.45 x 102° POT data collected until Mar. 2011

e Analysis is ready, and still improving for maximum
sensitivity



