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T2K (Tokai to Kamioka) LBL v experiment

ol : . 3GeV Synchrotron

~ Running experiment =
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Searches for v — v, oscillation (v, appearance)

Precise measurement of v — v, (v, disappearance)
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Main Physics Goal

Searches for v — v, oscillation (v, appearance)

v, 1 0 0 cos 0 sind, L2 cos@, sing, 0)| v,
Flavor : : Mass
: v, |=|l0 cosf, sinb,, 0 1 0 —sinf,, cosf, O]V ,
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Main Physics Goal

P (v, v,) includes the CP violation term

P(v, —>v,) ~sin’ 26, sin’ 0, sin® (Am’, L /AE)

sindsin(Am’,L/2E )sin® (Am*, L/4E )+...
&

_fo r/\: \ (Approximation @ Am?;,L/4E ~ /2, Am? ;,~Am?;))
+ for v J. =cosb,sin b, cos B, sin,, cos” O, sin 6,5

If P (v,— V,) is measureable size, it can be a
probe to search the CP violation in lepton sector
in future experiments.
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Experimental setup of T2K
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Concept of T2K

measurement Far ear extrapolatlon

K t
2 5O CDVND (D SK(expected) Far Detector (SK)

Comparison

Near Detector v oscillation parameters

b E :Gev:

l (¢

Om

2 detectors: Near Detector and Far detector

J 27

280m

measurement

Generate the high intensity v, beam

Measure the neutrino flux by Near Detector : N NP = x ®NB(v ) x o(v interaction)
% 8ND

Extrapolate the flux to Far detector position: ®5(v,) = R(SK/ND) x ®NP(v )
Calculate the expected the number of event as a function of oscillation
probability:

NveSK(expected) = P(y —v ) x ®3K(v ) x o(v interaction)x NP

Determine oscillation probability by comparing the expected # of events and # of
observed events.
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vp’  J-FPfF/TL : Accelerator

S

T2K

photo in July. 2009 &
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Off axis beam

Pseudo-Monochromatic beam
by Off-Axis method (ref. BNL E899)

vu beam direction is different from Far

detector direction.

Current Off axis angle is 2.504°

Set peak of ( flux x ¢ ) @ oscillation max.

Minimize the high energy neutrino flux to
reduce the background events.

o O
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Oscillation Prob. -
@ L=295km
Am?=2.5%1073,
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J-PARC v beam line :Primary-line

Beam monitors are install along the proton beam transport
Profile (19) Position (21) ity (5) Beam loss (50

] %

Primary proton
transport line

‘ *

) 0

Super-conducting

combined-function magnets
q: oy WA

Extractio

Target :graphite rod points — T
$26mm,L=900mm Optical Transition Radiation (OTR) Normal-conducting magnets
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J-PARC v beam line: secondary line
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— Decay volume (He gas fillgé) P

Muon monitor -
g V4
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Near Detectors

Off-Axis (=SK dir.)
Neutrino Detector

On-Axis Neutrino
Monitor (INGRID)

measure:
- v flux/spectrum
- Cross sections

Monitor:
v beam direction

KEK Physics Seminar 2011/4/21 14



o Far Detector: SK-IV

OBSERVATORY

90kt Water Cherenkov detector (Fiducial 22.5kt)
@ underground (2700 m water equivalent)

20" ID PMTx11,129: 40% Photo coverage
+ 8 OD PMTx1885 :

Dead-time less DAQ system (2008~)

Good performance for sub-GeV v detection
1st oscillation maximum : Ev ~0.6GeV at SK position.

Charged current quasi-elastic (CC QE) interaction is
dominant process.

Good e / u separation

Energy reconstruction: AE/E ~10% (<2-body kinematics)

E
;
g
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s
!
P
I#
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GPS: Event synchronization

Baseline measurement (Survey)

L=295335+ 0.7m
— ToF of v=985.132 + 0.002 usec (= vTOF)

Expected event timing @ SK (=Tgk)
= Spill timing @ Tokai (=T;.,m) + VTIOF.

DAQ synchronization

SK signals in £500us timing window are
recorded as “T2K beam events”.

Stability of GPS is checked by comparing
2 GPS hardware and atomic clock.
— Require |GPS1-GPS2| < 200nsec

spill spill (width ~3pusec)
|’ interval ~3sec
- . > Tepe @J-PARC

record all hits in Tb(;am
. £500usec | £500psec
PMT hit | . |Iu_" R
|| I
> — > Tgps @SK
L VTOF (~1msec) L VTOF
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Event timing @ Far detector

Candidate of Fully contained events is localized in £100ns from the
corresponding bunch timing.

Fully contained events ... Neutrino interact with water in the inner detector and
all produced particles stop in the inner detector. (No Outer detector signal)

2010 Jan~Jun(6 bunch beam)

1 0 UDFLW 0. 8 E;‘?Lw 25.5{»37.
8 9 ) OVFLW 0.
c 8
o
T 7 6
%)
£ © 2
2 5 S 4,
- 2
5 4
o 3
3 >
£ 2
5
< L | |
0 = 0 : :
-1000 0 1000 2000 3000 4000 -200 '109 0 100 200
AT, (nsec) Residual (nsec)

KEK Physics Seminar 2011/4/21



KEK Physics Seminar

Running status of T2K

2011/4/21

18



Accumulated # of protons so far

I8 Delivered proton# Proton per pulse(for physics run) i
;‘Fé - w Proton per pulse(all runs) )%1&]
% 14“;“Cy_c|;'3__52?5] _______ I Cycle: 3.20[s] > 3.04[s] °
_g" 200 6 bunch / pulse o : 8 bunch/ pulse _: %0
5 100" — ' ]
= : : —60
5 s " I‘ ' : R ; ]
60'— a}i -‘ \ ¢ ll!g | —40
| . ' (LT IERLY ]
40I— ‘ -. :l‘ ll - ! _ED
| L ' .
20 - . Coa g 2ol |
!. — :_—’:/J:_/_'__/_ | | | | L |
0 Mar/10 May/10 Jul/10 Sep/10 Nov/10 Dec/10 Mar/1 P
_ Date
T2K physics run: 2010, Jan~
— Now: ~9.3x10"3[p/pulse], 3.04[s] cycle
— Beam power = 145kW
Integrated POT reaches 1.45 x1020.
Physics results shown in this report
Analysis of the data taken from Jan. 2010 to Jun. 2010.
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Targeting efficiency of proton beam ~99%.

Quality of neutrino beam

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

Horizontal:+0.01 £0.05(stat.)+=0.33(syst.) mrad
: -0. 24+O 05(stat. )+O 37(svst ) mrad

Vertical
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Oscillation analysis for 15t data set

KEK Physics Seminar 2011/4/21
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Outline of analysis v, appearance search

Calculate expected # of event as a function of oscillation
parameters: 0,;, Am?
NgME= JdE Dy (E) x o5 (E) % g5k (E) x P(Vp_)ve;E; 0,5, Am? 3)
Ny M'¢ also should be estimated.
ND280  — Rpurumc= Nap™*' Ny
= Neg P = Rp e X (NsgM©+ Ny ')

Select events v, candidate from data.
Select the “good beam spill”

T2K event selection
Select Fully Contained events in Fiducial Volume
Ring counting - Select CC-QE candidate
PID : separate v, from v events
Background rejection cut — N %

Estimate the oscillation parameter from N, »ccted and N, °bs.
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1. Estimation of Expected # of event

KEK Physics Seminar 2011/4/21
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Background events for T2K

Background for v, appearance search. NC 7° production

0 from NC events

Intrinsic v, contaminated in v, beam
«— Dominant sources are u decay
and K* decay

Estimate from =, K production at target.
Measure the flux by Near Detector.
Background for v, disappearance
CC non-QE events w/ missing particle
.. Ev reconstruction is not correct.
Interaction cross section for background events
become Iarge as the neutrlno energy become
large. =1° T |

Total (CC+NC)

CC total

Mipemie o ] Y e
Ev (GeV) IIGU,UN pI'OtOIl
— Reducing high energy v flux is important to keep T, ete

S/N ratio enough high.
KEK Physics Seminar 2011/4/21 24




T2K: Flux prediction (Beam MC)

(1) Hadron production by
p+C interaction and
secondary interaction in
target is simulated using
FULKA framework.

* Pion production cross
section is corrected using
NAG1 data — next page.

* Measured proton
parameters is assumed.

KEK Physics Seminar
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(2) Propagation of produces hadrons ~ (3) v producing decay is simulated.

(r, K, etc) including Horn focusingis ~ Geometrical acceptance is calculated.
simulated using GEANTS3 framework. — v flux obtained at ND & SK, reSpeCtively

* Secondary interaction cross section
is corrected using existing data by
other experiments.

e
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SHINE / NAG1

SHINE experiment (CERN NAG1)
Data was taken in 2007 and 2009.
p (30GeV) + C (target thin:2cm / thick: 90cm)

n* production model in T2K-MC is corrected by NAG61
preliminary results which was released in Dec. 2009.

Systematic uncertainty
10% : Inelastic p + C cross section
20%: Pion multiplicity

MC(T2K):n* produce v, @ SK NAG61 2007 data: =*

5 04 A ! [ NAG&1 thin target preliminary data |
2 A \ (mbarn/GeV)
: 038 e go.m:
=] Lo.22F
g 03 A ' e s 02"
2 . T N o =
& Bl o, 5000 § 0187
502 LI - 5 067

L ," 4000 & o_m%

':.‘ﬁl;.t e f E]
b T

£ 31 iy {3000

o

g

Z

8 7 8 2] 10
Momentum (GeV/c)

Momeantum (GeV/c)
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NAG61/SHINE

Detector

Time Projection
Chambers —

Projectile

Spectator \.

Super-conduction
magnets

dn/dp (/[GeVic]) dn/dp (/[GeVIe])

dn'dp ([GeVic))

dn/dp ([GeVic])

0.05

0.05

0.05

0.1

0.05

(120180 mrad)

NAG1
Default in T2K-MC

t (180-240 mrad)

|||||

' (60-120 mrad)

L
T (0-60 mrad)

10 15 ~ 20
p (GeV/c)




Uncertainties of v interaction

NSKeXpected — ( NNDDATA / NNDMC )X ( NSKMC + kagMC)

~20% @ 400 MeV
~15% @ 600 MeV

Category Error [%] /
CC QE Depends on true neutrino energy
CC 1m 30 (E,<2 GeV) 20 (E,>2 GeV) )
CC coherent m 100
CC other 30 (E,<2 GeV) 25 (E,>2 GeV) . :
NG 170 30 (E.<1 GeV) 20 (E.~1 GeV) > Uncertainty of the ratio to CCQE
NC coherent 30
NC other 30 J g T e
FSI error Depends on reconst. neutrino energy » £ 0 = ELL' | ~
uncertainty of o(ve) / o(vu) = 0.06 B :
2 1 ——
( 5“0 Reconstru(l.‘:};):: E, (MeV)
Total uncertainty for Ny./Nyp: +14.2% for background , 2
+10.2% for (signal + bkg) @ Amy® =2.4x10~ eV
sin?20,; = 1.0
S¢cp=0
sin?0,; = 0.1 for v, signal

KEK Physics Seminar
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Effect of systematic uncertainty of v flux

# of events at SK (MC) / # of events at ND

Ny el = (MDA N e ( NgiME + Ny MO)

@ AmM,32=2.4x10-3 eV?, sin?20,; = 1.0,6.p=0
sin?6,5=0.1 for v, signal

Source ~|(veSig)/IND |(veBkg)/IND |(ve Tot.)/ND

Pion Multiplicity 10.7% 5.6% 9.1%
Kaon Multiplicity 9.6% 7.2% 7.9%
Prod. Cross Sections 4.0% 0.7% 2.8%
Proton Beam 1.1% 2.1% 1.4%
v Beam Direction 0.6% 0.6% 0.6%
Target Alignment 0.3% 0.2% 0.3%
Horn Alignment 0.2% 0.1% 0.2%
Horn Current 0.8% 0.2% 0.6%
Total 15.0% 9.4% 12.5%
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Systematic error of SK efficiency

Parameter Error source Signal Background
fofnorm Normalization 1.4 [%] 1.4 [%]
frmergy Energy scale 0.3 0.5
fNring Ring counting 3.9 8.4
FEID Muon PID 0.0 1.0
fPIDe Electron PID 3.8 8.1
fPOLft POLfit mass cut 5.1 R.7
fNdey Decay electron finding 0.1 0.3
f"'{]f‘ff 7Y rejection 0.0 5.9

|

Total uncertainty: +5.2% for signal

KEK Physics Seminar

+12.3% for back ground

2011/4/21

2.4x103 eV?
1.0

= 0.1 for v, signal
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Ry romc -ND280: OFF axis detector

UA1 Magnet Yoke

L
l Downstream

Solenoid Coil

Barrel ECAL | B=02T

TPC PID for particles from neutrino interactions

i T « [==MCmuons | - = [=—MCmuons
h . MC electrons 102 o MC clectrons
1 1y = == MC prolons 'j of b MC protons
5 1= MC plons J
-~ - - 2|
4 .

=l

\
energy loss (keV/cm)
energy loss (keV/em)

.......

~9500 2000 2500 3000 3500 4000

p (MeV/c)
negative positive

p (MeVvrc)

Event display of CC-candidate
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ND280: Normalization DATA/MC

200
180
160
140
120
100
80
60
40
20

entries/(100 MeV/c)

Entries 1529 I

Entries 1529 I

500 1000 1500 2000 2500 3000 o0t oot
P(n) (MeV/c)

" | I CCQE

CC Resonance
I CCDIS

CC Coherent
N Neutral Current

CC Charm
I No FGD

Vu

I CCQE

CC Resonance
I CCDIS

CC Coherent
N Neutral Current

CC Charm
I No FGD

vI.l

500

entries/0.05

400

300

200

100

06 07 08 09
cos 0 (n)

5000 0

o
o
P
=)
)

# of CC inclusive u events

Ry rame = 1.061£0.028 (stat)

—0.038

0.044 (det. syst) £0.039 (phys. model)

NogEXPS6 = (NypPATA/ NypMC ) ( NggMC + Ny MC)

Total uncertainty for Nq/Nyp:

KEK Physics Seminar

+5.6 o

"5 % for background = @am,? =2.4x10° eV?
. sin“20,; = 1.0
98 % for (signal + bkg)  8ce=0
o sin?9,5 = 0.1 for v, signal
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Expected # of events at SK

""""""""""""""""""""" —
S : : : : |V, +v, CC

o} : 5 i :; . CC

. Sigv, CC QE

Sigv, CCnon-QE

3 z

p= =

= R

- : _ P

] B = C ? s i ]

2 oofll ] Am2,,=2.4x103%eVv2 | B 0008 E

5 006 ) 23 < | 8 0.006F =

5 . B I = ] = .

é 0.0+ Sin 2913 0.1 — E 0.004f =

5 B |6, = - 0.002F — =

> 0.02 o] ZCP - ob T S T R -
N : : : 4 0 1 2 3 4 5 6 7 8 9 10

EEIIlIilIIliIIlIiIIIIEEIJllilllll;llllilllj_ Neutl'inoenel‘gylc}e\/j
3 4 5 6 7 & 9 10

Neutrino energy [GeV]
expected — MC MC
Ngg &P Rparamc X (Ngg'™ + Nikg )

VU 0.13
# of expected -
Background for | Anti-vp 0.01
3.23x10"POT | beamve |[0.16

Bkg total |0.30 = 0.07 (syst.)

. AM,2 =2.4x1073 eV?
Sig + Bkg : 1.20 + 0.22 (svst. @ Amy;
9T B (syst.) $iN220,, = 1.0
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2.5elect events v, candidate from data.

KEK Physics Seminar 2011/4/21
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Analysis of 2010 Jan ~ Jun data

Accumulated # of protons

x10" x10"
o 35F -
& | —— Total delivered 19 4 0
g E 3.35x10 1 &
5 30 —— Good spill 3.26x1019 _|go @
5 F ' 1 3
6 C N S
£ ®F  — ND280 off-axis {1 =
2 b 19 —60 @
8 20:_ - Super'K 3.23)(10 .
s [ |
- — -
5 151 —40
Q
O — -
< r £
10— -
n —20
5 i
0:I 1 --! i l 1 | | 1 | 1 | | 1 1 I _IO
0131 03/02  04/01 0501  05/31  06/30
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Number of events

T2K event selection

Fiducial cut (Fully contained events E, ,,>30MeV)
6
% B N SE——
-Ig -
T VO (N N— S 15 4 . 0 O ] ] R SN DO I
e Ed = _?_l -~
B T | £ 0 U R e 10| 2 W W S I
£ 2 5
=z = 4 L]
-2000 -1000 vertgxﬂz - 1000 201 a 1m‘?ertex H? (cmzz)mo 3000
# of ring PID: e/u separation
15 s
fa e
&
10 5 4
0 0 JRRSSES =
1 2 3 4 >5 -18 -10 5 a 5 10 18
Number of rings PID parameter
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s aHistogram = MC

w/ v oscillation
Am? = 2.4 x 103 (eV?)
sin226,5, = 1.0
sin226,, = 0.0,

POT normalized

CC-QE(red)
CC non-QE
Anti-vpu (yellow)
v, (black)

NC (white) 35



T2K event selection

“good beam spill” accepted by SK =3.23x10%° POT

Fully-Contained

Fiducial Volume, E,; >

30MeV

Single-ring u-like
(P,>200MeV/c)

Single-ring e-like
(P.>100MeV/c)

Multi-ring

KEK Physics Seminar

Oscillation

No oscillation

24.5 £3.9

2011/4/21

54.5
36.8

Am? =24 x 103 (eV?)
sin220,;=1.0
sin226,,=0.0

16.7

7.1 +£13

1.3 0.6

8.0
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Background rejection for v, app

# of decay electron (u>e+v,) =0

Reject vu contamination : 1 event rejected.
Reconstructed invariant mass assuming

2y rings exist <105MeV

Reject nt!

Reconstructed v energy < 1250 MeV

Oscillation maximum at ~600 MeV

Super-Kamiokande IV
TZK Beam Run 0 sSpil 822275

* D.2- 0.7

1 candidate exist!
bs —
NSKO S = 1
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3.Estimate the oscillation parameter.
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Estimation of oscillation parameter

Upper bound of 6,5 are
evaluated by 2 independent
method.

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

Systematic uncertainties are
took into account for both
analysis.

90% CL upper limit at
AM?,,=2.4x103eV?, 5.5 = 0

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

KEK Physics Seminar

|—|]_0-1 . ) c’-1_|10-1 Ami<0 00%C L
ol Ami=0 90%C L mi0 90%
E — Feldman-Cousins %) — Feldman-Cousins
: — Classical one-sided Poissor j‘_ — Classical one-sided Poisson/
]E::i : 1 Em .
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Prospects in 2011

Analyze all the available data: 90% CL 6,, Sensitivity 750kW
1.45x10%0 POT
The statistics is ~1/2 of the target by s |
2011 june which is planned in last X ke |
summer: 3x1020 POT=150kW x107s ~ $10":  Normal Hierarchy |
— Data size become about x4. § [ >~ Full proposal
@ TN
Possible analysis improvements & '
Y . P . 102 \‘-"“—.
New NAG61 results is available. @ Eege | \ﬁ\;;
- Systematic uncertainty from hadron )
production can be reduced. -
Spectrum measurement in ND PO B R
107 1 [1.6x102'POT,30GeV]
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v, disappearance analysis
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Reconstructed E|, Gav

8 v, events observed.

# of events agree with MINOS / SK
measurements.
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Summary

T2K searches for v,— v, oscillation and determines
v oscillation parameter: 6,5.

T2K start physics run from Jan. 2010. Integrated
POT so far is 1.45x102°,

v,— Vv, oscillation analysis using 3.23x10"% (2010 Jan.
~ Jun) Is reported.

# of expected background is 0.30 + 0.07.

# of observed events is 1.

Observed v, events are consistent with the neutrino
oscillation measured by SK, K2K and MINOS.
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