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1. Neutrino oscillation ™ (Normal)
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Zero or non zero



2. Neutrino oscillation parameter 0,5
Use v, to v, oscillation to measure 6,
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For anti neutrinos,
a—-a,0—-0

-—» Finite 6,5 allows us to study

CP violation in lepton sector
In the future experiments.



3. Neutrino properties ~ Remaining issues beyond 0,

 |Is CP in lepton sector violated or not? (6=0or # 0?)

Related to the matter — anti-matter asymmetry?
* Mass Hierarchy problem( relation of m; and m, )

Only absolute Value (za) Normal hierarchy (zb) Inverted hierarchy
(1AmZ| )
has been measured. |™ |1 1
Relate to the lifetime of AM2,,>0 [—
v less double beta decay s |—
Related to

2 v,
nm; 1w —_—

= s —
Amj, ~+7.6x107eV:  y,
||

the origin of v mass ? i §

* 0,5 = /4 ( full mixing) or not ?
If not, 0,5 > /4 or 6,3 < n/4

e Absolute mass of v

e Majorana particle?



4. Tokal to Kamioka long baseline
neutrmo oscnlatlon experlment (T2K)

Search for the v, appearance
- Aim to measure 6,
( ~10 times better sensitivity than previous )
Precision measurements of oscillation parameters
with v, disappearance
-2 8(Am?2,;) ~ 1x104 eV?, 3(sin?20,,) ~ 0.01



5. T2K neutrino beam ~ Off axis beam ~
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Maximize sensitivity in oscillation studies

=P UUse narrow band beam with peak energy

: at the oscillation maximum
-> Off axis beam (ref.. BNL-E889 Proposal)

e Quasi-monochromatic beam ~ suppressed high energy v
* Energy Is tunable ( Change off axis angle )

Important to monitor beam direction!

(1mrad ~ peak E shifts by ~15 MeV ) (cross-section x flux)

Far detector

Target DF?cay

Horns "IP€ -
_}_-- O ( Off axis angle)
= v beam energy can be tuned

(GeV)

by changing the off-axis angle.

DaB 2
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6. T2K ~ Schematic diagram of the experiment

Near Far Detector

target/  Decay volume  Muon SuberK
p Horn T detector DeI»Ee::tor0 o 25 V u (SuperK)
—— e >\ === s
proton g ~onaxis
30GeV protons
from J-PARC MR—— T HV — | |
0m 118 m 280 m 295 km
* Proton beam extracted every ~ 3 sec. r

e Beam spill width ~ 5 us
6 bunches before Summer 2010
8 bunches after Summer 2010
e Neutrino production target
graphite target
( diameter = 26mm, L=90cm )
He air cooled
1 focusing ~ Triple horn system ( operated @ 250KkA )




6. T2K ~ Schematic diagram of the experiment

Near Far Detector

Decay volume
target/ Y Muon Detector V (SuperK)
p Horn T-I'- detector off-axis (2.5%) u
: - P || o ——— -
P @Bﬁ-ﬂxis
30GeV protons
— | | |
from J-PARC MR—1— TT=HUV | | |
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e Muon monitor after the beam dump
Spill by spill monitor
of the neutrino direction
and intensity of muon
* On axis near neutrino detector
INGRID ( Fe + Scintillator )
Day by day monitor
of the neutrino interaction rate e S,
Neutrino beam direction monitor h

INGRID

/ :

10m




6. T2K ~ Schematic diagram of the experiment

Far Detector

Decay volume Near
target/ Y Muon Detector V (SuperK)
p Horn . detector off-axis (25% “
e = e e e oo e - o o o P || - e L
proton ——— =t sI .
on-axis
30GeV protons
—> | | |
from J-PARC MR 4’7 11 “V | | |
0m 118 m 280 m 295 km

o Off axis detectors
neutrino flux measurements
neutrino interaction studies

TPC and 1 N\

POD

various scintillator detectors . oo
In the UA1 magnet (0.2 T)

Fine grained detector ( FGD )
1.6 tons of fiducial mass

Barrel ECAL



7. T2K far detector ~ Super-Kamiokande

 Water Cherenkov detector with
fiducial volume 22.5kton

©Scientific American

lkeno-yama

Kamioka-cho, Gi

Japan

39.3m
1_km

Inner detector (ID)

11,129 20inch PMT

Outer detector (OD)

1,885 8inch PMT
« New DAQ system from 2008

* Realtime recording of all PMT hits
within £=500usec of each v beam
arrival time at SK by with GPS.

spill

interval —3 sec

Spl” (width ~5},I.SGC)

record all hits in
+500usec

L Ll

+500usec
«—>

> Teps @J-PARC

VTOF (~1msec)

—>
VvTOF

> Teps @SK



8. T2K Data taking

10" Delivered proton# - Proton per pulse(for physics run) .
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Date
Run 1 (Jan. 10 - June '10) Run 2 (Nov. 10 - Mar. '11)
-3.23 x 1019 p.o.t. for analysis - 11.08 x 101° p.o.t. for analysis
- 50kW stable beam operation - ~145kW beam operation

1.43 x 10%° POT is used for the current analysis
( ~ 2% of the final goal )



9. T2K ~ stabllity of the neutrino beam
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10. T2K neutrino beam flux prediction

Dedicated neutrino beam simulation program

has been developed.
This simulation program

extensively uses the recent experimental data.

hom focusing, Vi [
EM SK
oo M grapnie T, K ND
(beam monitors meas.)  target
proton beam —bﬁ
Primary beam ( 30 GeV ) + Target ( Carbon ) interactions
« CERN NAG61/SHINE & production data is used.
( > 95% coverage of v parent pions)
» K, m outside of NA61 acceptance,
and other interactions in the target
were simulated using FLUKA

« Secondary interaction cross-sections outside the target
were based on the experimental data.




10. T2K neutrino beam flux prediction

. v, flux at ND k-

—_ kzum purents

<+ Measure v fluxes
at near detectors
to validate the results.
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11. T2K neutrino flux measurement at ND
Inclusive VMCC measurement

1

© 200 =

> C - V},l CcC QE ]

s 180 * B v, CC non QE E A

g 160 B N\C = ! d

. 140F v, CC -

B 120 8 Outside FGD = -

= - .0.t. normalized) 1

& 100 (P ) 1 Select events starting in the
S0E" 1| FGD FV with most energetic
o0 3 negative track compatible
40E = with a muon
20F —

. o (90% purity, 38% efficiency)

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 . _ _
Muon Momentum (MeV/c)  Data is consistent with MC

u, Data 16 based on the NA61 data
Ry p = 1529 events / 2.9 x 10°° p.o.t.  and v interaction simulation

—A D = 1.036 £ 0.028(stat.)t {037 (det. syst.) & 0.038(phys. syst.)
u MO — ___ -



11. T2K neutrino flux measurement at the ND

Entries / (100 MeV/c)

e

Beam v, measurement

» Selecting electrons ~ Use dE/dx in the TPC

* BG from mis-ID p estimated using sand muon data
« BG from y conversion constrained by control sample ( data )

» Likelihood fit on the electron m

50

40

30

20

10

0

10— | T |

B v.FGD
misid n

M v, FGD
Out of FGD

/ ﬁ%ﬁgﬁi N5 Ny, o
/7200 400 600 800 1000 1200 1400 1600 1800 2000

p (MeV/c) N(Ve)MC/N(VM)MC
= 0.6 = 0.4(stat.) = 0.2 (syst.)

omentum to measure N (v,)

R(ve/V,)
= (1.0 £ 0.7(stat.) == 0.3(syst.)) %
<2.0% @ 90%C.L.

C:: —_ 2w B N ] o O

0

200 400 600 800 1000 1200 1400 1600 1800 2000
p MeV/c)

Measured v,/v, ratio is consistent with MC expectation



11. T2K v, appearance search

Charged current guasi-elastic scattering
VetN—e +p N
Observed as single ring e-like event
In SK ‘

Dominant background

1) v, In the beam
Intrinsic background

2) n¥ identified as 1 ring
One v is not identified
small opening angle of 2 rings psess
low momentum faint ring '
= Search for the 1 ring e-like events
No decay electrons

not n0 like ( dedicated =° rejection )
Reconstructed E, is in the oscillation region



11. T2K v, appearance search ~ event selection in SK
 Fully contained event ~ no activity in the outer detector
e Reconstructed in the fiducial volume ( > 200cm from the wall )

Number of events /(100 MeV)

* 1 ring and PID is electron-like

* Visible energy ( electron equiv. energy ) > 100 MeV
* No decay electrons

e Reconstructed candidate n° mass from special tool

Visible energy

>

1000

—— Data

[ Osc v, CC
1 'uF+F cC
= v, cC

[ NC

(MC w/ sin®28,,=0.1)

2000

Visible energy (MeV)

Number of events

3001

# of decay electrons

—
=

o

0

0

1

—4— Data

| D‘SC.".-'.CC
[ Jv+v CC

= v, c¢
I NC

{MC w/ sin®28,,=0.1)

Reject non-CCQE

and invisible
muons

2 3 4
Number of decay-e

MNumber of events /(15 M eWc?')

< 105 MeV/c?
7° mass

< —+— Data

I - Osc. vnDC
i 1 \.-IL+?FCC

4 1 v, CC

I NC

(MC w sin®28,,=0.1)

Reject NCTT°
background

0 100 200 ) 30(
Invariant mass (MeV/c%)



11. T2K v, appearance search ~ event selection in SK

Reconstructed E, < 1250 MeV

v, appearance signal has peak at the oscillation maximum
(~ 600 MeV )

Remove intrinsic beam v, in the high energy region

 Signal efficiency 66 %

e Background rejection
beam v, 77%
NC events 99 %

=P 6 events passed
all the cuts

Number of events /(250 MeV)
\)
¢

0
0

—¢— Data
<7 Osc. v, CC
\*P+Vp CcC
Ve CC
NC
(MC w/
sin22815 = 0.1)
v
7—‘—
7 /// I -I./ i/ fm ]
1000 2000 3000

Reconstructed v energy (MeV)



11. T2K v, appearance search
~ Expected # ofllcalndidate events In SK

ex Data
Nsxk = Ryp X | =

- =
/ (I’Eff(y&) (Eu) ) Posc.(Eu) ) J(Eu) " ESK (Eu) dEu

/ ®,°(E,) o(E,) enp(By,) dE,

Expected # of events estimated by MC

for beam v, v, v, , and
oscillation signal (v, >v, )

Normalization by measured ND v, event rate

Measurement of the number of inclusive v , charged-current events in ND
per p.o.t. using data collected in Run 1 (2.88 x 10%° p.o.t.)

Stability of the beam event rate is confirmed by INGRID measurement
INGRID 2 int. rate stability Run 1+2 /Run1l <1%



11. T2K v, appearance search

- =
/ (I’Eff(y&) (Eu) ) Posc.(Eu) ) J(Eu) " ESK (Eu) dEu

/ ®,°(E,) o(E,) enp(By,) dE,

error Source syst. error
(1) v flux +8.5%
(2) v int. cross section +14.0%
(3) Near detector 5%
(4) Far detector +14.7%
(5) Near det. statistics +2.7%

Total __F%%ﬁ%



11. T2K v, appearance search

~ Expected # of candidate events in SK
for sin?(26,5)=0

The expected number of events with 1.43 x 1020 p.o.t.

No =1.5+0.3(syst.) events

(Am,3% =2.4x1073 eV?, sin?(20,5)=1.0, 5.p=0)

Beam v, CC Beamyv,CC NC Oscillated Total
background background background v, Ve
(solar term)
E ted #
e 0.03 0.76 0.61 0.09 1.49

of events

74% of NC background is due to 17° events

For your reference

sin?2613=0.1:
#sig = 4.1 #bkg = 1.3



11. T2K v, appearance search
~ beam flux systematic uncertainties

—— pion parents

..................... muon..pa.r@nts

N T I T AT IIIILLLI] N1 A N 1T/

QL C . ]

2 6L e — kaon parents J 6

% 10 S —_— — pion parents % 10 g

% 10° 3 = - UGN PATents = 105 E

*8 4 E' S —— 4 g

S0 . ~

S Fa 1 =5

> —_— - o
= 10 E | 5
S ; —_—— I ; E
| | | | | | | | | |
0 1 2 3
E, (GeV)
MC
Error source Rk M€ NME R]X? e
ND

Pion production 5.7% 6.2% 2.5%
Kaon production 10.0% 11.1% 7.6%
Nucleon production 5.9% 6.6% 1.4%
Production x-section 7.7% 6.9% 0.7%
Proton beam position/profile 2.2% 0.0% 2.2%
Beam direction measurement 2.7% 2.0% 0.7%
Target alignment 0.3% 0.0% 0.2%
Horn alignment 0.6% 0.5% 0.1%
Horn abs. current 0.5% 0.7% 0.3%

\

E, (GeV)
1 decay is dominated at low E,
= ,u+vﬂ, U — e v,
—>can accurately be predicted
by NA61 T measurement

J/

v

Total

15.4% 16.1%

Flux uncertainty is significantly
reduced by making the ratio to
the ND expectation



11. T2K v, appearance search

~ neutrino interactions systematic uncertainties

Main v interaction in each event category ~
NC background : NC1x®
Beam v, background : ve CCQE
Signal : ve CCQE
ND CC event : CCQE(50%)

Estimated systematic error

on the expected # of events

. CC1m(23%) in SK

Assign systematic uncertainties Error source syst. error on N

: C T 7

based on the past experiments  ©¢ QF shape 317

CC 1n 2.2%

Cross section uncertainty CC Coherentm 3.1%

Process relative to the CCQE total x-section C'C Other 4.4%

CCQE energy dependent (~ £7% at 500 MeV) NC 179 5.3%

CC 1 30% (E, < 2 GeV) — 20% (E, > 2 GeV) NC Coherentr 2.3%

CC coherent 7° 100% (upper limit from [30]) NC Other .39

CC other 30% (E, < 2 GeV) — 25% (E, > 2 GeV) 3.4%

NC 17° 30% (E, <1 GeV) — 20% (B, > 1 Gev)  O\Ve) o

NC coherent 7 30% FSl 10.1%
NC other 7 30% Total @

Final State Int. energy dependent (~ +10% at 500 MeV)

Uncertainty of o(ve)/ 0(vy) = 6%



11. T2K v, appearance search

~ systematic uncertainties in SK event selection
ONSK v, sig.| ON SK bkg. tot.
pror source N§K v, sig. | NSK bkg. tot.
10 rejection - 3.6%
Ring counting 3.9% 8.3%
Electron PID 3.8% 3.0%
Invariant mass cut 5.1% 8.7%
Fiducial volume cut etc. 1.4% 1.4%
Energy scale 0.4% 1.1%
Decay electron finding 0.1% 0.3%
Muon PID - 1.0%
Total 7.6% 15%



11. T2K v, appearance search
~ Oscillation analysis results

6 events obs. , exp’d 1.5 =£0.3 (syst.) events for sin?(26,;) = 0
p-value = 0.7% and excluding 6,,=0 at 2.50 significance
1-dimensional sin22 0 13 limit for each & cp

Feldman-Cousins method was used
for constructing confidence intervals  ( Amz=2.4x 102 ev?2)

T e S P IS S U T=Tit T R PR i L T
w2 b Am2,>0 - w2 | Am;<0 -
" Normal ] " - Inverted -
O 0 = O 0 ==

o - 7] L
2 i — Best fit to T2K data _: 2 C T2K _:
B —— 1.43%x10” p.o.t.
B 90% CL ]
00102 03 04 05 06 T 01 02 03 04 05 06
sin°20 sin°20
90% C.L. interval and best fit (for 4m?23=2.4 x 103 eV?, J'cp=0)
0.03 <sin?20 13 <0.28 0.04 <sin?2013<0.34

Central value : sin?2 6 13=0.11 Central value : sin?2 68 13 =0.14



12. The MINOS experiment ~ From FNAL to Soudan

On axis neutrino beam

120GeV proton from Main Injector

+— 0.14 _"ﬂ'm T T T T T T T T
 Beam MC —LE
—ME
—HE

= E

..E..

024 g 8 10 12 14 1@ 18 20

5 4kt ( 8m taII) 486 planes‘ '
Near and Far detectors

Tracking sampling calorimeters
Scintillator + Fe sandwich
Magnetized (1.3 T)
Momentum measurements
Use curvature or range
Charge identification

€ 1kt (~4m tall)
.y 282 planes




12. The MINOS experiment ~ v, appearance search

vuvuvuyv “r CC v, event 7
v beam 1 (MC)
— |
s
l l l l : Long u track
Signal event selection cuts 0s

¥

1) No long tracks
2) At least one well-formed shower 06
3) Visible energy 1 ~ 8 GeV

=» NC + signal events remain £,/
=P | ibrary event matching (LEM ) u
Find best matches from a library £,

of MC events. EM
Judge how signal-like an event is
based on those best matches.”

0

6= Ly

Il‘llll{ll\lll\
0 05 1 15 2 25 3 35 4
Depth (m)

N CC vV, event (MC) s

| \
[+°] =y
S

>
Energy deposition

2 - T =} -]

-0.2 0 0.2 0.4 0.6 0.8

Depth {(m})



12. The MINOS experiment ~ v, appearance search

(» Fraction of v, CC matches
How many of the best matches are signal?

 Mean matched charge fraction

How well do the charges overlap
: between the input event and the best match?

* Mean y for v, CC matches
(y = fraction of n energy in the hadronic shower )

How EM-like is the shower
in the best matches?

\ * Reconstructed energy

Far Detector MC - Preselection Level Events

0.15 - MINOS PRELIMINARY
= I — Background
— Feed to a neural net & | —signal

to calculate PID parameter £%'°
)
<

- 3 0.05 -
Background was estimated 3

using the near detector data T T

: - . . 0.00 Ll
with various beam configurations. 00 02 04 06 08 10
LEM Particle ID



12. The MINOS experiment ~ v, appearance search

Expected # of events
for 8.2 x 1020 POT

Component | # Events

Sources
of the systematic uncertainties

Composition of

NC 34 the near detector background
v CC v Far to Near ratio
- » Calibrations
beam v_CC 6 » Relative normalizations
v CC 2 » Hadronization model
Total Bkgd 49 1
5=0 Systematic Uncertainty 5.7%
AmM2 = 2.32%107 e\/? On the background prediction in the signal-

enhanced region (LEM>0.7)
0= n/4

2



12 The MINOS experlment ~ Vg appearance search

Far Detector Predlctlon (LEM > 0 7)
- MINOS PRELIMINARY 2= Signal

(2]
o
|

— FD Data

— Background

sin®(26,,)=0.040, Am2,>0, 5_,=0 |

Merged for Fit

Events / 8.2x10%° PoT
(]
[ =]

-
o
] [

>

Reconstru‘::ted Energy (GgV)
Expected background events:

49.5 + 2.8 (syst) + 7.0 (stat)

Observed events in FD data : 62

Normal : 0 to 0.12
( central

( central

=0.04),
Inverted : 0 to 0.19 (inverted)
=0.08)

Exclude 6,,= 0 at 89% CL

O¢p (1)

O¢p ()

20 —— r—— Tt

AM?> 0

: — MINOS Best Fit
: [ 68% CL
: [l 90% cL
} +e' CHOOZ 90% CL

2sin®0,,=1 for CHOOZ

8.2x10%° POT

MINOS

PRELIMINARY

PR PR
0.1 0.2 0.3

2sin’(20,,)sin°0,,

0.4



13. 6,3 measurements with v, appearance search

6CP

I‘. SCP ".

/2

-T/2

/2

-T/2

~ T2K results comparison

Am§3>0

w— Best fit to T2K data

68% CL

[ 9% cL

CHOOZ 90% CL

o MINOS 2011 90% CL

IIlIIlIllIIIIIIIIIl

IlII|IIlI|IIIl|lIlI

= .0.2. .

T2K
1.43x10% p.o.t.

P

P TR

03
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Sin 2613

04

0.5

.o—lllllllllllllllllll

d¢p (1)

R .'0“
Ocp (“)‘."

2.0

with MINOS results

AM?s>0

: — MINOS Best Fit
: [ 68% CL
: I 90% cL
} e CHOOZ 90% CL

2sin’0,,=1 for CHOOZ

8.2x10%° POT

MINOS
PRELIMINARY

L 1
0.1 0.2 0.3
2sin’(20,,)sin’0,,

0.4



14. Summary and prospects of
0,3 measurements in T2K

1) Currently limited by statistics
Only 2% of POT of final design goal was accumulated.

2) Event counting analysis has been performed
Expected to be improved
using the observed reconstructed E, spectrum

3) Beam systematic error reductions
More extensive use of NA61 data ( Kaon )

4) Neutrino systematic error reductions
More extensive use of the data
from various experiments
iIncluding the T2K-ND280, MINERVA etc.

5) SK-detector related systematic error reductions
Similar method of NC =® with the other control samples
using the atmospheric v data



15. CP parameter measurements
INn the next generation experiments

CP violation term in the oscillation probability o< sin@,,;SInd
( sign of & flips for anti neutrino )

Oscillation probability for v, — v, at 295km

0.1 _
o sin22043=0.1
e Am?2,,=7.6x10-5eV?
Q_ ........ |AmZ2,,|=2.4x103eV?
o )
»w kB /1T~ e sin?0,,=0.31
@)
() sin20,.,=0.5
> THH 1 [/ BN N e 23
T ERY 3 i/ N0 p=2.6g/cm?
= [RIAL S Y TS
> L[NV mnafrrfar attafce s
L1l 1 I I T I T
0 06 1 E, (GeV)

If sin?28,5 is fairly large ( e.g. sin?26,,>0.03).

measurement of dwill be possible
with intense beam and well-designed detectors.
Of course, we must reduce various systematic uncertainties.



