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J-PARC/T2K status 1<K

« J-PARC and surrounding area were affected by the March 11 earthquake

« roads and buildings have suffered visible damage

 The tsunami did not reach the lab
 No T2K collaborators or J-PARC staff were injured

 all foreign collaborators left Tokai area safely within a few days of the
disaster

 The reactors at the JAEA site in Tokai are fine
« Electricity is still limited and no drinking water

* Preliminary inspection has been carried out, but no thorough survey yet
until power is restored
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Outline T2K

* Neutrino oscillation status and goals

« T2K experiment design and concept

o T2K experiment components

* Results from the first physics run: January-June 2010

e Future prospects
6 | ~500 members
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“ﬁ Duke U., Louisiana S.U.,
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Neutrino mixing/oscillation status IZIK\

« 3-flavor mixing describes (almost) all neutrino oscillation phenomena
(3 mixing angles, 2 independent mass splittings, 1 CPV phase)
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TZIR\ Tokai-to-Kamioka experiment

Main objectives:
Far detector: _ o
SK IV (50 kton) « Measure/improve limiton 6__ (vu—>ve appearance)

913 # 0 would allow to explore CPV in leptonic sector

« Improve measurement of Am223 and 923 (vu—>vu disappearance)

Requirements:

* \Very intense v beam
» Massive far detector
« Long baseline (295 km)

* Near detector (v flux and
composition near source)

L LR . Off-axis design

* enhance sensitivity at oscillation
maximum
Neutrino beam originates at

J-PARC, Tokai
30-GeV 750 kW proton beam
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T2K off-axis concept

T2K

« T2K s the first long baseline v experiment using an off-axis beam
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Completed 2007

Completed 2009

- e

FNAi: 03/22/20 11 First T2K result




Neutrino beam line T2

Conventional beam:  Muon monitors: 3 focusing horns Target:

+C>On->v+ lonization chambers (550 KA graphite (26mm x 90cm)
P H + SiPIN diode (250 kA) He gas cooled

Neutrino monitor building MUMON el Target

p transport/bending:
superconducting
combined function
magnets

Near detector Primary proton beam line

(ND280) B e S
o o
HEEM) I * Target station
First beam on target: Decay volume _
April 23 2009 Fast p extraction: 6-8 bunches/spill,

Decay volume (96 m) 581 ns separation, 3.0-3.5 s spill period
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Beam monitors

Proton beam precisely tuned (<2mm) to minimize beam

T2

OTR Light for 5.1x10" Protons on Ti Alloy Targatl

. : =15 53
loss, and control direction of secondary beam H :
. . s 25 %
Horizontal beam orbit | eSS o ik » g
E Before tuning s 2 15
L4 7
‘g O g E e g TS ' o L o £ -5 v
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SR R S A ) e R A B A ala R AR DR G TR S B R0 RO R0 Mg RORNp SR0E 30T G P X (mm)
: N Optical transition radiation detector (OTR)
MR extraction Target — immediately upstream of target:
ionization chambers): % g o : - Y profile cgnter
R LI BT L AP eR T, I P e
 Measure secondary beam 2 1 mrad ' Detdotor i \utioh < 1.5
. . . . -op 7 - - {
direction and mtenSIty 5_9 ) Lelac C-I‘I' in FIHSF resoiution mmj
Spill_by_spill g‘m I 0418 04425 Dﬁﬂﬁ Uﬁﬂl} 0&13 D&27
. . . . . Za::..l i T | M S e e s | p s —— | P ----—z -4“'-' ‘-:q—- e —,
e Direction is well within S .
~ 90 2o} - _ _
Tmrad (A® ~ 2%/mrad at tof RMS/Mean < 1% (whole peribd)
the peak energy) Jan. (stable targeting, focusing) Jun.
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Near detector complex _I_ZJiZ\

Off-Axis (ND280)
suite of fine grain detectors/tracker in

0.2 T magnetic field (UA1/NOMAD magnet)
< measurements of

= OC v, EVEnts (normalization, v, disappearance)

" NC =% CC v, events (backgrounds to v, appearance)

= general neutrino interaction properties

On-axis (INGRID)
scintillator-iron detectors

measurement of beam profile
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INGRID: on-axis near detector 12K

Typical event in one module

E

120-—
100:— ; 1 E
SR E S E
E (NN RN T
o (NINININEES N '
— > | BN ER R
v beam 4o | BN
2of (11|
Jb (LI I
" 1 1 1 1 Lo o o 1 4 5 4
- 1] 20 40 B0 B8O 100 120
Event rate (per 1x10" PoT)
74 I ndf 85.92/76
{ po 1.517 +0.002

2 R R R R R

7+7 horizontal/vertical + 2 off-cross
+ 1 proton (no iron) modules

 alternating scintillator/iron planes
+ veto planes (7 tons/module)

« coverage 10x10 m?

1.4

1.2[t

e T T O R R T R R L T T e R TR I T

# of neutrino event candidates / 1e14 POT

. .
NEoETsatoREEARIANTMTNOREAaNN T NEE ENS r'r: _______ SHnenerog
° 700 InteraCtlonS/day (@ 50kW) SRR R S R S LR S T b S R
date
January June
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INGRID performance T2K

 Measures v-beam direction, profile, intensity using inclusive CC interaction

Beam profile o= " Profile center 2 [ ndf 4138/5
: . . , , , PO 0.2407 + 1.4227

12000 =xfeereanernanes RO frasasians Mhon “LBAT £ 2918
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!

10000} , ............. x ...;....—..':.'.._1.‘..7.-.....“-..; ....................

Beam position is stable
over run period

8000} ...;,i'. ..... , ............. , ............. ..... J Moo
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N
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I
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e —— — ‘f:““‘“"“‘:‘i: :‘1: rofile Y center | x? | ndf 3.4371/5
e : PO -6.63+1.51

5 timrag | R(dat/MO)
T 1.073 + 0.001(stat)
+ 0.040(syst)

10000 e e el

O

-
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ND280: off-axis near detector TZIR\

UA1 Magnet: 0.2 T
SMRD (Side Muon Range Detector)

Scintillator planes in magnet yoke.
Detect muons from inner detector
(neutrino rate, side muon veto, cosmic trigger)
v beam N | cownstream | Momentum measurement

detector)

UA1 Magnet Yoke

POD, Barrel and DownStream ECAL

Scintillator planes with radiator
Measure EM showers from inner detector
(y for NC =°, bremstrahlung in v, measurement)
Sand muon rejection

POD (=’ Detector)

Scintillators planes
interleaved with water
and lead/brass layers

Optimised for y detection

Mass: 13 t + 3 t (water)

Tracker

2 FGDs (Fine Grained Detectors)|3 TPCs (Time Projection Chambers):
Thin, wide scintillator planes Momentum measurement of charged
Provides active target mass particles from FGD and POD

Optimised for p recoil detection PID via dE/dx measurement

FGD1: 1t & FGD2: 0.5 t (scint) + 0.5 t (water)
FNAL 03/22/2011 First T2K result 13




Multi-Pixel Photon Counters T2K
(MPPC)

amplitude (mV)

ey 667 pixels 15
50 um pixel pitch

60-65% active area

Pixel capacitance : 97.5 fF
Passive quenching 150 MQ .
Pixel RC cnst~13 ns

Y PR U VRN SOV VPO WU POV (Y VRO WO WOTE P USPON UK VORY. SOV VO T SR
“40 60 a0 100 120 140

time (ns)

T2K is the first experiment to use MPPCs at a
large scale (~56000 pieces) 3500 -

ADC spectrum | 1x1¢°

» operated in limited Geiger mode (~1V above ¢ 3000 - Dark noise Ly 9

breakdown voltage) a 27 LED on L0 3
« nominal gain: 7.5x10° o 200 -8 ;

. ‘yn . . 1500 —
« insensitive to magnetic field = " 8 O

3 ] — 4
« PDE (500 nm): ~20% 3 [, 3
« thermal noise: 500 MHz (20C) R - S - S
« cross talk and after pulsing: ~15% 140 160 180 200 220 240 260 280 300
ADC units
FNAL 03/22/2011 First T2K result
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Fermilab connection .I_Zfiz\

* Horn-2 development/construction — MiniBooNE experience

« Scintillator extrusion R&D — in particular POD scintillator bars (same as
MINERVA's) were produced in Lab 6 (PPD/Tech Center)

* Fiber mirrors for POD/FGD (PPD/Tech Center)

* Front-end Electronics for POD/ECal/SMRD: Trip-t ASIC based read out (DO,
MINERVA — PPD/EED)

B‘::r Losg);; o gain splitting and bias components

LA

H\rtrnm monitoring

= 5
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ND280 event gallery TZIQ\

DIS candidate in POD v CCQE candidate in FGD1
. I
fﬂ,‘ i
~POD [ —FGDI——FGDZ— DSECAL p
il Lo yd
\'bgam! = T d
& | e |
.‘F: ‘\
3 _ TPCl! TPC2 TEC3 \ _
; - i - L] ”‘ I
]

v, CC11r candidate in FGD2 Cosmic-ray muon
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ND280 performance 12K

POD vertex position (x-y)

—~ " ECAL 22,336 %5 0.16%
Lk . !m DSECAL)  (3,400) (1) (0.32%)
5o e SMRD 4,016 7 0.17%

: POD 10,400 7 0.07%
FGD 8,448 20 0.24 %

INGRID 10,796 18 0.17 %

TPC 124416 160 0.13 %

beam center

FGD cluster timing “ TPC: dEIdx vs p (+ve)

E
: L
[ | . > -
1000 | ‘ | ] g TPC: dE/dx () e ws=
o Prob 4.9440-05
2 3 Constant 191.9: 69
EDD - F Mean 1.333 1 0.003
- = Sigma 0.10414 0.0023
o E
GO0 @ 3
- c =
w =
400 | o = 8%
wl || - £ £ (400-500 MeV)
| | [ SRR IR SR SR SR AP A A SR a &0
| [ 200 400 600 @00 1000 1200 1400 1600 1a0p 2000 @ @ BOF
'. ! | 1 p {(MeV/c) 80 .
?DI}D .‘1-51]!] J-IIH][I 4500 5l:ll:ll'.l EEIH]- B ‘“"f
Signal tlming [ns] 20 .
nlﬂ.E“D.Elli 12I1-| 1.6 *

. Energy Lusa {kewnm}
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Far detector: Super Kamiokande |V

|

¥ f I
» 50 kton (22.5 kton fiducial) water Cherenkov det. } NS < j’

 ID: 11k 20" PMT (40% photo coverage); OD: 2k
8" veto PMT (optically isolated from ID)

» New readout electronics and DAQ (no dead Inner

time) — improved decay-electron tagging ﬁ;ieﬂﬂr

 GPS based event timing — record events within
500 ps around spill

Quter
Detector

» Very efficient e/uy separation (~99% at 0.6 GeV)

e fromve

L from Vy
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2010a data T2K

18 12
o 35_10 x10 -
S [ = Total delivered 1 2
< . 1.8
g 30—~ —— Good spill —lgg @
L 1 B
5 F 1 3
€ ®F —— ND280 off-axis {1 =
- —— Super-K
5 20— n
o - .
3 : -
5 151 —40
o
3 = i
< r i
10— o
C —20
B— :
Dl_ 1 - J. 1 I L | J 1 L |. 1 1 I _U
01/31 03/02 04/01 05/01 05/31 06/30
Date in 2010

« Data collected January — June 2010

 Total Super-K data: 3.23x10" PoT (15.5 kW x 10’s)

6 bunches / spill / 3.54s

e Stable running at 3.8x10" PoT/spill (=54 kW) shots up to 100 kW
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Analysis strategy of 2010a data lnglz\

4 Flux prediction A
P SK measurement
 Proton beam data

mmmp . Event selection (v,and v)

« External hadron production data
o % « Estimate expected events
1 « Correct normalization using ND

4 ND280 measurement A measurement:
« Inclusive v CC selection SN

Iudt MC N =R x N Me
\.\ P = NND280 / NND280 y SK data/MC SK
P I « Evaluate systematics

Cross sections « Extract oscillation parameters

* |nteractions models
External data

AN Current analysis does not use the near
det. spectrum or the near/far extrapolation
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MAGLISHINE

Sispor-cond s sien

Flux constraint =

TiFne Projection
ChpiminErs. - —

NA61/Shine experiment in CERN

Constrain hadron production in target for
beam simulation (FLUKA")

1) G. Battistoni et al., AIP Conf. Proc. 896 (2007) 31

Timi of Flighe
- [DeEREonOns

E-pﬁ:nmr

1 20- 130 ymrel )

a

NAG1
Default in TZK-MC

deidp ]G]

« p+C interaction on thin (2cm) target (2007-
2009) and T2K replica (2010)

o
=]
(e}

" f R0 paracd)

» pion production in MC is corrected based
on preliminary results (Dec 2009)

andp [tickic])
=)
- 1

415
MC{TEK) T prﬂduce v, @ SK  NA61 2007 data: n* ;
'@M i, | [ T thin target prefiminary dam_| R ,
mﬂ_.ﬁ X E '.E o " fal- | 0 e I'r
SE OB 22e =
8§ g ‘ =
EEU h g = 05 1
87 3
®
g ﬁ - T l;l'_|-|'|l|:l murasil
E a1
-
[] ] 16 '5
lJ:‘.-u'.l.EJ — FMomsntum [GeVie) s
7T momentum (GeV) \ r_"'%ﬂ"'ﬂ_
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Applied weight factors

Flux prediction

Tuned neutrino fluxes

j._.m.l ..... - . e El | |

V” at SK pion parents
kaon parents
muon parents

E I_]_ﬁ_lllllllll TTTT TTTT i
5 [V total tuning :
w1k H ,,,,,,,, secondary Ttuning |
E : tertiary 7 tuning i
20 out target int. tuning |7
2 1.05 ] ]
) ﬂ -
E +5% ;
I 1 H

L it At et St il bt b Lo s et j
||||I||||I|I|||II|II|III|II_

|I|II|I|I|I||I|IIII|I|
A T

E, GeV

FquMFOTﬁcmzfﬁﬂMeU]

12 3 4 5 6 7 8 9 10
E, (GeV)

all
pion parents
kaon parents

""'*t:- v " atSK

Bt . 5 TT T 7T TT 17T TTT1 TT 11T 1 - ]
5 - | total tuning :
]
& | ]: : - | secondary mtuning
=T} I ' R . . -
B Ve | tertiary 7w tuning .
0 | .| out target int. tuning ]
S 1.05 - M
= (] ¥
2 +5%
l :
[}_95 '| =" "' L "'i"" L N l' nnmw "" MA.MEEn -...EEE.- 2 R.RERER -J- ---_E
| l I | | ]

=
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Flux uncertainties

0.6

Fractional Error

T T T 1 T
= Tottal Ereon

= Prom Muluplwity
= Kaon Mulupliciy
Interaction Length

Proon Beam
—— OMf-axis Angle

k- | = Horn Current
larget Alignment
Hom Ahgnmeni

SK v, Flux
Uncertainties

]

S 10
E

Fractional Error

0.6

T2K

1= = = Pion Multiplicity
H = = = Koon Multiplicity

0.4

| | === Hom Current

T L 1 1 L
= Tintal Error

Ini. Length
Prowon Beam
— OT-axis Angla

Target Alignment

Hom Alignment

SK V. Fiux

~ Uncertainties |

{y X

« Dominant uncertainty: pion (at low E) and K (at high E)
production (20-40%)

» Flux related uncertainty in the normalization ratio N/ Ny~ is

smaller (~7% for v ‘and 12% for v )

« estimated by changing the systematic parameters by 10 in
the beam simulation

FNAL 03/22/2011
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v interaction uncertainty 172K

| Shape Error on CCQE | Due to nuclear target diff.
b/w near and far detector

« Estimated from parameter variations in

MC models and Comparlsons Wlth data __E 1_|_|_
K2K, MiniBooNE iBooNE, MIN
(K2K, MiniBooNE, SciBooNE, MINOS) ~7% at 500 MeV
For electron appearance analysis: ﬂs S R U S
Category Error [%]
CC QE Depends on true neutrino energy ~ il\‘
CC1m 30 (E,<2 GeV) 20 (E,>2 GeV) ) 05~ 5 R N
CC coherent m 100 True E, [GeV]
CC other 30 (B, <2 GeV) 25 (E,>2 GeV) Uncertainties on the ratio
NC 170 30 (B,<1 GeV) 20 (E,>1 GeV) (" relative to CCQE
NC coherent 30
NC other 30 = — " FSI of pions
S E . .
FSI error Depends on reconst. neutrino energy E s v. Signal  IN NUClei
G(Ve)/c(vu): 6% \ E v. Background
oaf o 1 A
Most errors considered correlated ,
b/w near and far detectors e

Reconstructed E, (MeV)
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ND280 inclusive v CC selection

Event Selection

No track in TPC 1 1

=1 negative charge “4
track in TPC 2 (or 3}

Track starts in FV of ‘4
FGD1 or FGD2

TPC PID

| FGD1

N
-
L
e
FGD2

Before PID cut

After PID cut

- I Eniriza , e [Entriez__
-Uﬂﬂ[ _:ui T T T Exp M . = 20N T \ T T T E:llp M
18008 e ¥ - — Exp ele N 1500 ! — Expele
i = = |
16 - - — Exp pro \ — Exp pro
" : Exp kaon Exp kaon

(i P PRI IR T A
am 0 v BT JiEm L] 1400 [T

L
o

piMeW )

o

p{MeVic)

£ 1000E ovents/(1e17 POT): (5.289 +/- 0,014}, -
& 1a00f- S
B C o ]
g 1200 #_‘#’ e
2 1o00F- P —
o e
R[!]:— .’;.u" =]
600} “,.--i"‘" -
001 /"'
wwf- L Selected events vs POT
r".‘.”.l....l...l...'....I...I.'X|”IH
1 5 10 15 20 25 3
imtegrated POT
FNAL 03/22/2011

Track ionization vs momentum

First T2K result

25




ND280 data vs. MC  .T2K\

Comparison with MC prediction (NEUT normalized to 2.88x10'" PoT)

[ Entries 1529 | Entries 1529
~— [ |||||||||||||||||||||||||-CCQE .n -CCQE |||||||||||||||||||||||||||
g 200:— [ CC Resonance < 500 | BN CC Resonance
o 1800 ll I ccDis < I cCDIS
E C | CC Coherent 1 E‘ﬁ CC Coherent 1

160 I Neutral Current = I Neutral Current
8 - CC Charm = 400 CC Charm
= - I No FGD U N No FGD
= 140c . vV, KA
P C ] -
L 120 = 300—
E 00k = -
5 F E -
80F E 200
60 = -
401 = 100~
20F dgpadd E -
= hs _||||||||||||"H
00" 500 1000 1500 2000 2500 3000 3500 4000 4300 5000 % 01 02 03 04 05 06 07 08 09 1
P(u) (MeV/c) cos 6 (1)

R, ,c=1061%0.028(stat.) oo (det. sys.)£0.039 ( phys. model ) ]

f

Includes:

TPC-FGD matching, dE/dx pull
distributions, TPC tracking efficiency
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Pre-selection:

v selection

E,.. >100 MeV

1 e-like ring

No decay electron

y UPER _
SK Far detector event selectio

~ T2K\

Timing coincidence
with beam (+TOF)
Fully contained

(no OD activity)

Vertex in fiducial vol.
(>2m from wall)

P

V. dppEdarance

v, selection

—

v, disappearance

|
1 u-like Imgi

 Unbiased event selection

Forced 27 ring
(my., < 105 MeV/c?)

e Setin advance from previous

T

E-° <1250 MeV

W

experience with SK detector

FNAL 03/22/2011
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SK event timing T2K

. Q
Dead-timeless DAQ: W%H
« all hits within +/- 500 ps window around & °%°
t?eam spill arrival time to SK recorded 2 LE: Low energy triggered events
« time between SK and JPARC © 400 | OD: Outer detector events
: e (with OD activity)
synchronized by GPS O FC: Fully contained events
_ _ 2200 (no OD activity)
spill spill =
interval < SEC 3
' record all hits in Tosam
i +5IJ'IJLI5E1: i E500usec
PMT hit | —

L Iﬂ Dl g p o @sg - —
— — GRS o ol .. | 8 | 8 ;
1'|_,-|-|:”-; ([~ 1msec) VTOF 2 o No off-bunch FC events RMS 26 ns

2 6 2
5 4 ?
FC events clearly show |5 s ;
the beam spill structure |5 2 ||
U—1UDG 0 1000 2000 3000 4000 0 200 100 O 100 200
AT, (nsec) Residual (nsec)
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P"PKER SK pre-selection: FC/FV _T2K\
w

T2K-SK Oscillation

events No (12p
. . Am?= 2.4 x10? (eV? .
oscillation msinzzgx : 1.:;' ) | window)

Fully-Contained 33 54.5
Fiducial Volume, - e e 00011
E,.. > 30MeV ' ' '

Event vertex distribution (E,>30MeV) 30 ot g

2000 2000
= x -

L3
= ]

pm

g

20 :.. al::‘P\ A S

g

Lo
]
ar

FC events
q;

L. & .

-

~Vertex Y (em)_
~Vertex Z (cm) .

: ; KS test résult
. - ; : a a :
> . J  D=0.221, prob=8.0%

I . .y
2000 -2000 e : : : H
-2000 -1000 i 1000 2000 0 500 1000 1500 0 AP I RPN PN BTN PR B
Vertex X (cm) Vertex R (cm) 0 5 10 15 20 25 30
Accumulated protons ( x 10'® )
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Number of events

SK pre-selection: ring counting and PID

Oscillation

T2K-SK
events

Fully-Contained

Fiducial Volume,

No

54.5

oscillation

Am?= 2.4 x 10* (eV?)
s5in?28,,

=1.0

E._>30MeV 23 36.8 16.7
Single-ring Li-like
(P”>ZUUMEV,’C) 8 24.5+3.9 7.1+13
Single-ring e-like
(P.>100MeV/c) 2 1.5+0.7 1.3 +0.6
Multi-ring 13 10.2 8.0 . ]
single-ring events
15 5
£ | s
5 I
10 a4
"E |
5|
5 £ 2
z | ‘ ‘
0 0 —
1 2 3 4 >5 -15 -10 -5 0 5 10 15
Number of rings PID parameter
First T2K result
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v, CC non-QE
v, (yellow)
v_(black)
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Super-Kamiokande IV
TZE Beam Run 0 Spill 952106
Run 66831 Sub 410 Event 95851432

Charge (pe)
- »26_7

muon-like

Single ring

)

s00 1000 1500 2000

Times (ns)

Super-Kamiokande IV
T2K Beam Run 0 spill 472240
Run €6719 Sub 1%6 Event 44482535

Charge (pe)
- =>26.7

Single ring
muon-like

2000

1500

1000

500

Times (ns)

Super-Kamiokande |V

Super-Kamiokande IV
T2EK Beam Run 0 Spill 16781084

Run & 2 Sub 205 Event 48713749

O_wall:

Charge (pe)
- >26.7

Multi ring
muon-like

O
()

[\

500 1000 1s00 2000

Times (ns)

T2K Besm Run 0 Spill 334139
Run 6§65%2 sub 113 BEwvent 26847061
LOm03-20004 836242

1292 hita, 2301 pa

Charge (pe)
- >26.T
23.3-26.7

Do MMk

Multi ring
e-like

a L 1 I
a 500 100 1EDD 2000

Times (ns)

FNAL U3/22/2011

L 11dL T2.Lx IvouIL
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Slngle ring v, events T2

C
No Oscillation 8|
Am?= 2.4 x 103 (eV?) i
oscillation Sin?20,,= 1.0 a |
C
Fully-Contained 33 54.5 . g °
Fiducial Volume B
’ — . —
Y 23 36.8 16.7 é |
Single-ring p-like Z 2
8 24.5+3.9 7.1+13 -
(P,>200MeV/c)
N(decay e) <2 S » > 3 p) 5
(E.. <10 GeV) 8 22.843.2 6.3 £1.0 Numbor of decay-o
q - 4
> 2 &
o ©
B 5 2
s 0
£ :
= Z 1
0 0 M
-1 0.5 a 0.5 1 a 1000 2000 3000
cos B, P, (MeV/c)

MC.: v, CC QE, v, CC non-QE,vﬂ (yellow), v (black), Vo NC (white)
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v disappearance analysis
u

5 . .
T2K preliminary
=== Mull oscillation
E 4
% — v,-v, oscillation
" P AmiL=24%107" eV’
4 3 - ' Xy i
Q?: ‘ sin” (204, )=1
% + Data
3
(= 2
&
=
e
T 1 1T
I 'L_l
D 'r | S :
0 0.5 1 1.5 2 3
Reconstructed E\r GeV

consistent with earlier MINOS and

SK measurements

FNAL 03/22/2011

T2

Expected # of events as a function of

', I 8 events
0.4 0.8 A 1
| @ MINOS best fit —— Super-K'90% 1
L —— MINOS 90% —— Super-K L/E 90%
o - === MINOS 68%
(Y]
=
:.,.,‘-"3" 2.5
i !
=1 i
21 Preliminary
" results presented
- at Neutrino 2010
L L L I 1 L L P | L P " | L L L 1
0.8 0.85 0.9 0.95 1

sin“2e
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Final v event selection T2
e

T2K-SK Rrmeeman  Additional background rejection:
events SRRl «  no decay electron
Osci”ation 5in?26,,=1.0 .
8,0 e m_ < 105 MeV assuming second

Fully-Contained 33 54.5 24.6 ring exist

23 36.8 16.7 * reconstructed Ev < 1250 MeV
b 65.9% efficiency for signal

Single-ring e-like

Mumber of Evenls

2 1.5+0.7 1.3 +0.6
P >100MeV/c : '
(P /) One candidate v event remains!
e
T2K preliminary
L TN | ..o o . . v . 0. . g s ® T T T T T ==
§ 22F - | iant { o me s LF - e )
e 2§ nvariant mass & 5E — ey
Hesan v ) 1.58 f - . S, E—— f=] o Pzam v,
[ ] |h'u||.'t".‘ E l.ﬁ R . . 3 E i i i i - “?:Lmvl' : —
QLN B E L4 e 3IE 2 . R truct d E
T H — 412 " | Reconstructed
Number of z < 3 [ energy ]
decay e 0.8 S - E
0.4 i —; : =
[ i —— L L % 50 100 150 200 250 300 500 1000 1500 2000 2500 3000 3500 4000
# of decay electron Reconst. inv. mass [MeV] Reconst. v energy [MeV]
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T2K preliminary

vV event candidate

T2K

Super-Kamiokande IV

Charge (pa)
- =26 .7

oD R W
B =0 b B =]

8 F @
i

TZE Beam Run O Spill 222275
Fun &6778 Sulk 585 Event 1342254327

[tem Event

T2K cut

Date (JST) 2010 May 12th 21:3:22
Ring, PID I-Ring electron-like

Momentum 378 MeV
Niey 0
cos(fe ) 0.55 (57 degree)
Mass 0.13 MeV
Eree 496 MeV

P PP | P IR

500 1000 1500

Times (ns)

2000

FNAL 03/22/2011
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Total systematic uncertainty for v

. Estimated combined systematic error on v, events

T2K preliminary

Error source _-"\.-'*;E _-"n.-'*;‘r;? _-"n.-'*;r}b NnbD _-’\.-T;#;f /NND _-"\.-'*;r;(b /NnD
SK Efficiency  + 7.60 + 1581 +9.47 £ 0.0 + 15.81 + 947
Cross section + 0.66 + 1390 + 988 £ 8.37 + 14.17 + 10.61
Beam Flux +21.97 +18.12 +12049 +19.83 +9.17 + 11.88
ND Efficiency ~ £0.00 +0.00 +0.00 2% et T
Overall Norm. +0.00 £0.00 +0.00 =+ 0.00 + 2.70 + 2.70
Total +25.17 +27.77 +24.64  T550 o o
7. =2 4109072 When constrained
M p5=&.A-1U7€ by ND normalization
sin?20,,=1.0
Caon
o 2_953 01 23.9% background only
CP ™~ . .
19.5% background + signal (sin°28,,=0.1)
FNAL 03/22/2011 First T2K result 36



Expected v events T2K\

Source

Estimated number

Beam v, (CC+NC)

0.13

Beam v, (CC+NC)

0.01

Beam v. (CC)

0.16

Total background

0.30 + 0.07 (syst.)

Am?,,=2.4.10-3eV?2
sin?20,,=1.0

Probability of observing
21 events if 0, =0: 29%

FNAL 03/22/2011

Expected background + signal
if sin“28, =0.1:
1.20 £ 0.23 (syst.)

Probability of observing N events
(including systematic uncertainty)

T2K preliminary

Probability

0.6

0.5

LI L L L L IR L LI L L LB BN LB

0.7F

0.4F

S Blue sm(ZE } 0 -
_ ....... Rgd sm[ze ...... } = ,,an ................ ........ E

0‘33_ .............................................. i ............ S — . 5, ............ T
- - i‘l l’ﬂH_ 2 4 ¢ lU \ .
= 1IN SN

0.1 :_. ........... S SO —]

[I':' o | | _L==.| e | |
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v oscillation limits T2K

« Two independent analysis method 90% limits/sensitivity (Am223=2.4x10'3 eV?, 6=0)
to derive limits and sensitivity " Hierarchy Upper Limit  Sensitivity
(confidence interval construction A Normal (Amgy > 0) 0.50 .35
differs) Inverted (Amdy < 0 (.54 (.42

A: Feldman-COUS”']S Hierarchy Upper Limit  Sensitivity
. : . Normal (A3, = 0) 0.44 0.32
B: Classical one-sided limit Inverted (Am2, < 0) 0.53 0.30

T2K preliminary

v = - Analysis A (FC):
X - 90% CL Sensitivity
B nrzf— 90% CL Upper Limit
b o = - Ntf:-rrr@alhie-r rchy
S F ———Am z=24x10%ev: | < °F A
1ook e - Am_*=2.4x10" eV’
H Analysis A (FC): /2 [ T
| 90% CL Sensitivity :_
' 90% CL Upper Limit | Normal hierarchy S R L N | R S R
10°5501 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 T 04 0.5 0.3 0.4 0.5 0.6 0.7 0.8 0.0 1
sin20,, sin"20,,
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Future prospects ,I_Zfla

Delivered protond Proton per pulseifor physics run)

e K]ﬂlﬁ P . . . N '-‘*1':'” o
it lan 'I}'.‘v’.tl'.'.‘i FLn FOHON Pt rbbee(i RITIEY g
-E - - -_ﬂ_ -------- -I ' a0 E
£, 120— Cycle: 3.52[s] /e g
3 | ' o §
b 1007— G bunch / pulse | pE= ﬁ
= | | e &
A Hﬂ|_ w ol . — 50
60— ,1?.. 4 4 "'.,,.l ~=|40
. e 30
sob— 2 Nt =
o e ; Cycle: 3.20(s) = 3.04[s[ 220
1-' - 8 bunch / pulse =1
0 i I L [ I. -
| Mar/10 May/10 Jul/10 Sep/10 Nov/10 Dec/10 Mur.fln]

------------- d

Run 2010b (from Nov 2010 — March 2011):
« 9.3x10™ p/spill (8 bunches/spill/3.04s)
« Max beam power: ~145 kW (MR losses limit beam power)

 Total data collected up to Mar 11: 1.45x10%° PoT (inc. 2010a)

FNAL 03/22/2011 First T2K result 19



Future analysis improvements . IT2K

x10>°

o Red uce flux Systematics: new %‘:g—_ B MiniBooNE data with shape error

results from NA61 (esp_ K meson) NQ ' RFG model (M<"=1.03 GeVx=1.000)
E 145 --- RFG model (M{'=1.35 GeV,x=1.007)

o V SpeCtraI |nf0rmat|0n from ND28O Elﬁ; RFG model (}lirr:l._‘si GeV,x=1.007) x1.08
and near/far extrapolation to g o MiniBooNE
reduce model dependence 3 iniLoo

. - vy CCQE

e Measure NC 7’ and beam e : "

background in ND280 T R
_ 0 02040608 1 1.21.41.6 1.8 22

* |ncorporate new internal/external Q7 (GeV’)
cross section measurements as — 4o
they become available: ND280, T ™
Sci/Mini/MicroBooNE, MINERVA 55 1.5 +F| &= Data NC 7’

E ﬂ_l—l.._. —— Monte Carlo
~ 1.0} |
& —— 14
2 o5t [ —~—
L MiniBooNE
[E =
005002 04 06 08 10 12 14
. p(7’) , GeVlc
FNAL 03/22/2011 First T2K result 40



Future O, sensitivity

90% CL 8,, Sensitivity

B Syaiematia Error Fraciion
s S EyE SOTOr
B = 0% syE arrar
E‘ 1[]_1 _ — 20T EYE STOr .
2 . Mormal Hierarchy |-
-E : H H H =
= BN i 1| 015 0] 114" )
= i i Hi
o :
™ .2
SE10°
0 T e e
I | I i i I I I I I::I |

107
Data collected propo
ala COlI€Clea  protons on Target

1.45x10%° PoT

4.5x 2010a data (2 of target)
FNAL 03/22/2011

-

T2K\

90% CL 6,, Sensitivity

Systematic Error Fraction

— 5% BYS EITOT

— 10 2yS &rTOr

) SYS EITOT

| Normal Hierarchy

nf2

e

\
\

N

10° 107 107 1
sin’ 2 0., sensitivity

»  with 8.8x10% POT (750 kW x 5x10’s)
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Summary T2K

« T2K: first high intensity, off-axis long-baseline neutrino oscillation
experiment to measure v_appearance and improve v disappearance

parameters
« Data taking started in January 2010

o First v Y, oscillation result based on physics run from Jan-June
2010 (3.23x10"™ POT data)

. observe 1v_candidate (expected background is 0.3010.07)

« Observed 8 v candidates — consistent with osc. parameters from
MINOS

* Analysis of the 1.45x10%° PoT collected before March 11 earthquake
IS underway

» expected sensitivity better than the current MINOS/CHOOQOZ limit

FNAL 03/22/2011 First T2K result 4
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Analysis concept

measurement

Far Near extrapolation
» (-D ‘%[{Lm pected)
I-ar Detector (SK)

P ND
p T -. 2.5° JrLLLLLI‘
h. — — o ——————— . W ]'LI__ — — — - - —
Target ;:-—: d ” Comparison kg“

MNear Detector

v oscillation parameters

l
Elil.'-l'ﬂ

L | {4
I [ 27

Om 280m

1/K prod. measurement by NA61 N SK E SK
= Ty 4 v

# of observed events @ SK:
NvesK = P(v, 2v,) x ®3K(v, ) x o(v interaction)
D3K(v,) x o(vint.) = R(SK/ND) x ®"P(v ) x o(v int.)
= R(SK/ND) x Nv NP € ND measurement.

(SK/ND) : Far to Near flux extrapolation.

Targeting condition: Measured by proton beam monitors.
p., 6_distribution: Measured by CERN NAG1 “‘Beam MC”

FNAL 03/22/2011 First T2K result 44
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EV measurement

Charge Current Quasi-elastic interaction

: 2
dominates at the T2K energy H’INE; —m, /2
. E can be reconstructed from the energy 13 v
and angle of the charged lepton mN o E; + p; COS@;

> SK MC
et
w .
— - Cross-sections  |Inelastic BG
= : : >
S 2l Total (NC+CC) ar 0~80MeV
= - : (Fermi motion)
= 11 CC Total .
& ' T
~|os8} -
S I CEC quasi-elastic
gl os| \ . - haN CCQE
2| 04| - .
o . CC single nt ]
. -'--"'-1.... ' [
= 02 “erac
=
IE u ' siiliiaaliiiilaseetiiais =]
= 1
2 05 1 15 2 25 3 35 4 E‘*? sz 01000 —750 —500 —250 0 250 500 750
FNAL vs/22/2011 ’ +irst T2K resu EV,I'EC o Ev,true [MEV]



ND280: off-axis near detector

) Scintillator detectors read out

/' via WLS fiber coupled to

Si MPPC (667 pixel
avalanche photodiode)
Hamamatsu

Pi0O detector (POD): target
40 x-y scintillator planes
(~10k scint. bars)

Middle: scint+H O bags (11t) 85

Front/back: calorimeter
(veto and y catcher)
Pb+Scint (6.4t)

ECal: x-y fine grained
SMRD: y range, veto Pb+Scint. (4x1 cm?)
cosmic trigger e — . __ T ~21k scint. bars (total)
~2k scint. counters OE/E~7.5%/\E
(87x17x0.7 cm3) Time Projection Chambers (TPC):
wireless readout with MicroMegas
(7x10mm? pads) ~124k channels
50 e/u separation, cp/p <10%

3

359 mm (neutrno be
3 32.0m (neutrn h;ani_‘_j

Fine Grained Detectors (FGD): s, | 1726 active pads
x-y scintillator planes a5
(~8.4k scint. bars)
+ H,0O (in FGD2)

FNAL 03/22/2011

¥ DS ECAL

k.
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SK systematics

« SK selection systematic uncertainties — estimated using cosmic-ray,
muons, atmospheric neutrino, and hybrid 0 samples

FNAL 03/22/2011

Error source Signal  Background
Normalization 1.4 % 1.4%
Energy scale 0.3 0.5
Ring counting 3.9 8.4
Muon PID 1.0
Electron PID 3.8 8.1
POLfit mass cut 5.1 8.7
Decay electron finding 0.1 0.3
m rejection 5.9
Total: 7.6% 15.8%
First T2K result

47



Beam systematics

« Uncertainties in the neutrino flux prediction

Uncertainty Change at Peak Max Change(<3GeV)
Pion Multiplicity 20% 16% 22%
Kaon Multiplicity 20-25% 1% 20%
Prod. Cross Sections 10-50% 7% 8%
Proton Beam 0.5mm, 0.3mrad 3% 9%
v Beam Direction 0.44mrad 1% 8%
Target Alignment |.3mrad <1% 1%
Horn Alignment Imm 1% 3%
Horn Current 5kA 2% 2%
Horn Field Asym, 1.25% 0.5% 1%

FNAL 03/22/2011 First T2K result



Neutrino model systematics

» Variations of NEUT MC parameters

FNAL 03/22/2011

sSource Central Value Variations
MG [(GeV/e)?] 1.21 0.2
u‘?ﬁ (GeV/e)? 0.84 0.1
U““ n’x{_}el‘}-’c}?: 1.21 +().2
u““ (GeV/c)?| 0.84 +0.1
ff“f?’H [(GeV/c)?] 1.0 0.5
CCQE pr eV / _ :?._ 225 +25
CCQE Eg %0 [MeV) 26.6 +23.2
CCQE & 1.00 +0.007
DIS Bc}dvk Yang Corr. o1 off
Tm: absorption %
T inelastic tiﬁif
Tm: charge exchange +60%
Tm: 7 production +=50%
A absorption 20% +=20%
7 /A abs. — nN off on
First T2K result
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Expected v events

sin%20,,=1.0
sin?20,5=0.1
dcp =0

— TN R B e R

g i}.|2-— il .!‘iLu_l,x'._ﬁ'L'Id'-l-.

= R

E:E (.1 m . Sig v, CC non-QE

S 0.08F ]

v - | ]

[ 1 : . i

w0061 - Signal N

5 - ] ]

2 0m expectation

z 00 - : =
A SO0 OV FOOOE OO OV POV OOOE OO O:
0 | 2 3 4 5 6 7 & 8 10

Neutrino energy [GeV)
&m223=2.4-10'3e\!2

FNAL 03/22/2011

0.016
0.014
0.012

0,01
(0,008
0.006
(0.004
0.002

Number of events / 50 MeV

First T2K result

0 [ I [— S f— 8 9

' ' "' v+, CC
: e v, +V, NC
V. CC
[ ]v,.NC

- 111
=
'

[ =}

Neutrino energy [GeV
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Number of Events

Probability distributions

« Example distributions generated with toy MC at a specific oscillation point

4500
4000
3500
3000
2500
2000
1500
1000

500

II|I|Illl[ll-lllllllllllllllll II||II|I||III1

h mean all

7 Mean 1.200
_. RMS 0.2381

Entries 100000

=

U||||

25

E"%“m_llllilllli:ll'Iillllillllilllli'lll

Number of expected SK events (signal +
backg) with systematic uncertainties

included

FNAL 03/22/2011

Probability

AR I [T [ [ h pdf all
0.35 - P - {| Entrles 100000
- ‘| Mean 1.21
0.3 7| RMS 1126
0.25 :_ . g ; : : : _:
E - 5111 IZEHI—UI E
E d nl]3 2 4 }{ llI 5
0.05 -
n :| | | | [ [ | | | [ |:
0 i 2 3 4 5 6 7 8 9 10
Mﬁhﬁ
5K

Probability of observing N events at SK
(signal + backg) after statistical fluctuation
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A: Feldman-Cousins

B: Classical one-sided limit -

FNAL 03/22/2011

v oscillation limits
e

1!

Ao PR

= .'|.I1u|:|'.'\.i:- M

J[eV]

— Analysi= B

i,

A

ID.;:_J\IDrmaI hiera_rchy

<

=

T2K preliminary

— :| s ™71 III
= & o, i WL,

- = Mnalysis A

a Sulaliini=

: — Analysi= B
e

—

=

ﬂllﬂ':;_ Inverted hierarchy

107 ' =

||:|"| - pl ul i L ]

10~ 1o 1o 1
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& 3-'.'|II|::.|HI SEEC L TTLTT —1 li u_
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— Analysis A
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0w i il
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1.0

(MW

o
S

=
N

BEAM POWER

FNAL 03/22/2011

Accelerator power

PMR (8-bunch@®30GeV) = 1.6 x PRCS / MRCYCLE
{ ): Beam transfer ratio from RSC to MR

RCS POWERFOR MR * 0.72M
bsec (2.7%)

2.47
(6.5%)

2.23sec (7.2%) E
(maximum cycle with -

existing power supply) 1 psec (1

2008 2009 2010 2011 2012 2013 2014 2015

First T2K result
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Ultimate sensitivity

.V, disappearance:
5(sin’26_)~0.01 & 5(Am’ )<1x10* eV?

. V_appearance:

sin“26,, < 0.008 (90% C.L.)

5x 0.75 MW x 107s (8.3 x 10?! PoT)
90% CL 0,, Sensitivity

Systematic Error Fraction
— 57, SYS EITOT
— 0% 5YE ETOr
é" 1 0.1 —— e SYS EITOT
-.; =] Normal Hierarchy [
E : : i [
=
@
@ ik
e g
~ :
N ]
102 :
w = -
s
I Target: i
T July 2011 s
-
BRI :
10-3 [ R A
10% 10?2

Protons on Target

(Am? =2.4x10° eV2, §_= 0)

FNAL 03/22/2011

3
cﬁ""‘n
>
L 2.5
o
o
e |
<
2_

(90% C.

5x0.75 MW x 10’s (8.3 x 10*' PoT)

| — MINOS 90%
-=-=- MINOS 68%

e MINOS best fit Super-K 90% T

— Super-K L/E 90%

)
L ]

MINOS ans Super-K
preliminary results
at Neutrino2010
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New NA61/Shine results

Pre-print: arXiv:1102.0983 (hep-ex) submitted to Phys. Rev. C

« estimated systematic error ~6%

Not used in analysis

T

= W (<<20 mrad _,ﬁ..‘.llilﬁl-rﬁlﬂwnd E
r;:' oy o
215 100 I'L's;u
H ;{.4 _
4060 mrad <100 mrad
E
-|-.h .
i s
.-'}'l.' r-i«,h |
Y S 3
!."!1 . [ 1, -
100k 140 mrad 1406180 moad _
FLUKAMOE
h URQMD 131 3
My UUVENUS412
10 i5 S R &
p [GeVic] p [GeVic]

Palar anele bing 180-240, 240-300.

'u. published by NAGL

el T

'1.3 10° :_.. Dth<20) mrad "“'H"" 1(:4!:-1(3 mrad 3
=y it My,

= .

Bl o
?|_1; 1&"? Ty if
_t:_-.. .'-

A<t mrad h" G0<B<l00nmad 1
10 "'n..\‘ 4
‘I'.ll_ .

-5 4 —]
10 B E
.1 -
ol # 100<6<140 mrad 140<6<180 mrad  §
E FLUKA2008
1 ﬁ‘) E|
"\,l} 1 URQMD 131 3

10 N, TVENUS412

3 i 15 g 10 15
p [GeVic] p [GeVie]

300-360. 360-420 mrad not shown here
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