T2K\

First Neutrino Oscillation Results
from the T2K Experiment

Mark Hartz
(University of Toronto, York University)
for the T2K Collaboration

12

Results officially released at NEUTEL11: Rencontres de Moriond

http://neutel11.wordpress.com/2011/03/16/a Electroweak Session
-rubbia-results-from-t2k/ March 13-20, 2011

03/19/11

Recontres de Moriond |




T2K (Tokai to Kamioka) Experiment ue=l
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Super-Kamiokande _ J-PARC: 3(_) GeV proton
50 kton water cherenkov [L&&= | beam, design power of
detector at 295 km = 750 kW

 ~500 collaborators from 59 institutions in 12 countries
« Experiment's goals:

« Search for v_appearance In a v beam

« Precise measurement of parameters governing v disappearance
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Aftermath of Earthquake

* The J-PARC facility and surrounding area was affected by the recent
earthquake, but avoided the tsunami

* No T2K collaborators or J-PARC associated employees were injured in
the quake

 The reactors at the JAEA site in Tokai are ok

* A preliminary inspection of the T2K facilities has been carried out, but a
more detailed investigation must wait until power is completely restored
(some time next week)

* To this end, restoration of power, water and gas systems at J-PARC is
the highest priority

» WWe will know more about how T2K will be affected in the ensuing
weeks
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Important neutrino ‘¢ s = — e,
interactions for T2K: w*

n ~p
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T2K Overview

30 GeV Pions decay in  MUMON monitor
proton beam 100 mdecay measures muons

from J-PARC Vvolume / from pion decay

Off-axis far detector at 295
km: Super-Kamiokande (SK)
water cherenkov detector
measures oscillated flux

Om

Beam on 90 cm

P T M-mon ] A
e o ____[poffaxis .« vV i
ol S on-axis  ag
| | | | - << |
| | | W |
120m 280m 295 km
%lé |5| _ Oscillation Prob.
At 280 m, on-axis INGRID o ||/ | _(i&m =2.5x10°)
detector measures neutrino | -
3500 v energy spectrum

graphite target

3 magnetic horns
focus positively
charged hadrons
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rate, beam profile

Off-axis near detector:
ND280 detector measures
spectra for various neutrino
interactions
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ND280 (Near) Detector

« 0.2 T UA1 magnet

UA1 Magnet Yoke

Used in current analysis
* Fine Grain Detectors (FGD)

Downstream

« Scintillator bars (+ water target | "= Pox Down
in FGD2) 2.2 tons v target detecton /l
===

Solenoid Coil
» Time Projection Chambers (TPC)

e Better than 10% dE/dx resolution

Barrel ECAL
* 10% momentum resolution at 1 GeV/c

Important for future analyses
« POD 11° detector

» Barrel and Downstream Electromagnetic Calorimeters

« SMRD muon detector installed in magnet yoke
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SK (Far) Detector

« 50 kton (22.5 kton fiducial volume) water cherenkov detector
* ~11,000 20" PMT for inner detector (ID) (40% photo coverage)

» ~2,000 outward facing 8" PMT for outer detector (OD): veto cosmics,
radioactivity

» Good reconstruction of <GeV events: AE/E ~ 10% for two-body kinematics
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Data Collected and Sensitivity
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» 2010a dataset: collected from Jan. 2010-June 2010

« Data available for SK analysis: 3.23x10"™ POT = 15.5 kWx10’ sec

« Stable running at 3.8x10" protons/pulse at 3.52 sec rep. rate = 54 kW
« 90% C.L. sensitivity for sin*(26, ) ~ 0.35
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From £500 pys Ye

window ground Data o Oscillation (12us
beam spills No oscillation | am?=2.4x10%(ev?) | window)
sin220,,=1.0

Fully-Contained 33 54.5

Clear |nd|Cat|On Fiducial Volume
. . . ‘ X : 0.0011
of oscillation in E,.. > 30MeV £2 obi Lo
the 1-ring muon Single-ring pi-like [ 24.6 7.2 _
like sample (ESINIVEAYOM (8)  (24.5 +3.9) (7.1 £1.3)
Single-ring e-like [Pi 1.9 1.5 )
AV (2) (1.5 +0.7) (1.3 £+0.6)
Multi-ring 13 10.2 8.0 :

Single Ring Samples (similar to samples used in the analyses):
« Eventis fully containted inner detector
 In fiducial volume and visible energy is >30 MeV
« Event contains only 1 ring
* PID identifies ring as muon or electron
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Analysis Flow for 2010a Data

Flux Prediction
* Proton beam measurements
e Hadron production data

'

ND280 Measurement
 Inclusive vp CC measurement

i __ ardata MC

N

J

?

Neutrino Cross Sections ) (will only show v today)
* Interaction models N e /

» External cross section data y
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/ SK Measurement \

. Select v and v_CC
candidate samples

» Simulate expected samples

* Adjust normalization using
ND280 measurement:

exp __ MC
NSK _Rdata/MCXNSK

» Evaluate systematics

» Evaluate convidence intervals
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Simulation of Neutrino Flux T2k
Proton Beam Profile at the Target

e # of Protons: CT monitors with 2%
uncertainty

« Beam Shape: SSEM and OTR with
0.5-1.0 mm uncertainty

199.1% Efficiency

L of

x1 018protons/mm\

1.5f
'1_

0.5¢

i ok 4
x(mm) y(mm) j

Neutrino Flux Simulation

e In target hadron production: FLUKA2008
» Out of target simulation: GEANT3 (GCALOR)

a Hadron Production Tuning i o]\

+ NAG6I data
— FLUKA 2008

NAG61: 31 GeV/c

e
—
\

* Tune hadron production with data

dn/dp (/[Ge

» NA61/Shine: preliminary ©° and 7 data with ~ °0 protons on C
20% uncertainty | s. Murphy at YSF3 | :
e Other external data used for kaons L A T 1'51;(;3;%2)0
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. | — kaon parents

— pionéparen;ts

T TTTm T TTRME Ty T

2,
I l”ﬂ. o JTTT !

o [ VO PArents 5

10

Flux[/10*' POT/cm?/50MeV]

E, (GeV)

 Dominant uncertainties: pion and kaon
production data (~20-40%)

» Other sources: proton beam profile,
neutrino beam direction measurement
(INGRID), hadron interaction lengths
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Neutrino Interactions

W Low energy CCQE Uncertianty J

* NEUT and GENIE used to model neutrino ¢
interactions o :

Relativiéstic Férmi gaés
model VS. effectlve |

* Uncertainties from:

0_5_ .....................................................................................................................
« Parameter variations in models, f’npﬁfl’m'rg“”d'on mOde'
comparisons between models _ | | | | ‘
» Model comparisons to MiniBooNE, 00\\ - )
SciBooNE and SK atmospheric data True E, [GeV]
SK NUCEFF v, Background - Oscillated (sin2(2613) =0.1)
Category Error [%)] 5 1|:||_
CC QE Depends on true neutrino energy ¢ i n
CC 1n 30 (E,<2 GeV) 20 (E,>2 GeV) g 08 Va'r'"a‘t'@”s""'”"'NEUT""""‘% """""""""""""""" E
CC coherent T 100 '§ - mlcroscoplc Cascade ]
CC other 30 (E,<2 GeV) 25 (E,>2 GeV) “ T ’ |
NC 179 30 (E,<1 GeV) 20 (E,>1 GeV) 4f
NC coherent 30 i
NC other 30 0-2r
F'SI error Depends on reconst. neutrino energy N L o
0 7000 5000 3000 4000
Reconstructed E, (MeV)
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Near Detector (ND280) Analysis T2K\

* Analysis using low level reconstructed objects

« Use FGD hits and and tracks reconstructed in single TPC

 High Purity: 90% v, CC and 50% CCQE

« 1529 t
eve n S Event number : 24083 | Partition : 63 | Run number : 4200 | Spill : 0 | SubRun number :6 | Time : Sun 2010-03-21 22:33:25 JST [Trigger: Beam Spill

"
No tracks in first TPC

At least 1 track in second TPC with P
starting point in first FGD fiducial e
volume, p>50 MeV/c f,/'

Select track with highest momentum

TPC dE/dx cuts to select muon G ) —
candidates, exclude electrons

If no tracks in second TPC, apply
selection to third TPC and second
FGD FGD1 J:——— FGD2

I E
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ND280 Data vs. Prediction

Data vs. MC prediction for 2.88x10"™ POT (not fitted: flux pred.+NEUT)

|Entries  1529] - | Entries 1529

— N IllllllIIIIIIIIIIIIIIII"_CCQE -CCQE |||||||||||||||||||||||||||
'E 2m—_ 'C Resonance C "C Resonance
> - H -EEEIS < 500 -EE EIS
g 180F ’ CC Coherent 1t % CC Coherent &
E 160 - | [ Neutral Current . E‘ || Neutral Current
8 - = CC Charm = 400 CC Charm
= 1400 ‘_r:m FGD 3] || ;o FGD
£ op E 3001
5 0o E :

80 = 200

60 = -

40 = 100

20/ — -

e . smus e -.... _|||||||||||| P
00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 00 01 02 03 04 05 06 07 08 09 1
P(n) (MeV/c) cos 0 (W)

[Rdam,MC: 1.061£0.028(stat. )"y o (det. sys.)£0.039 ( phys. model ) }

f

Includes:
TPC-FGD matching, dE/dx pull
distributions, TPC tracking efficiency
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SK Event Selection

* Event selection criteria frozen before data collection to avoid bias

v, Event Selection v Event Selection

Fully containted in inner detector fiducial volume

Visible energy > 100 MeV Visible energy > 30 MeV

Number of rings = 1

PID identifies ring as electron like PID identifies ring as muon like

No decay electrons detected -

° reconstructed mass < 105 MeV/c? -

Reconstructed v energy < 1250 MeV -

- Reconstructed 1 momentum > 200 MeV/c

- v : Light pattern fit of ©° mass assuming 2 y rings, cut removes 75% NC
bgnd.

«V_ efficiency: 66% for signal, 1% for background (after interaction)

-V efficiency error: 7.6% for signal, 15.8% for background
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SK v Expectation T2/K\

Source Expected Events Systematic Error
Beam v_Bgnd. (85% CCQE) 0.16

v Bgnd. (95% NC) 0.13

vu-bar Bgnd. 0.01
Signal v_at sin®(28,)=0.1 + 1.20 19.5%

Total Bgnd.

23.9%

0.7

Probability

0.6

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

b |  Blueisin®(28 )=0 -

PDFs for expected 0abofo....REM: SIN?(20 ) =01 3

number of SKv events TE | AT
c ’ [

os—{ | Amim2dx107 eV

iIncluding statistical and E | .
systematic errors 02p T Qg =Y
oaf N RS SR NS S SO

0
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SK v Candiate Sample

= —— D ' L PID Cut B T Dtz
= 5 MO e B — = M
1] ih ] R
> B Szl v (sir” 29.-.=U-|] = 2 .......................................... : ; Signal v _ i=in"28 =0.1)
% Beam v, E 1.8 RUTTTIUUOTY FEUOO OO SOURUTUTUU SURTRORTY AU Beam v
o : : ' : :
4 Beamvw, [ ] Rt CIILs TP —] o i i Beam v
E | e, i i E O | ..... Beum ¥,
_%' - - O 14N : 5
= ] EII S S — SO ST A _ E g g -
5 B 5 1.7 R B S =
z z =
08 | e ................................................ =
Uﬁ ..................................... ................................................ _;
o) S R DU S — I | .

= o :
T
IIIIIIIIIIIlIIIlI

1400 . /- I 1111 11
0 05 1 15 2 25 3 35 4 45 3
PID parameter # of decay electron

v, Candiate )
Event

 Two candiates survive PID cut

» 1 candidate removed by decay

electron cut ; T
; 6 ——

After all cuts, 1 2

sighal candidate! §;§g:xr- A8

Reconst. v energy [MeV]
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T2K \2 Result

* Two independent analyses give consistent results
e Difference from confidence interval method:

Hierarchy Upper Limit Sensitivity
A) Feldman-Cousins: Normal (Am3, > 0) 0.50 0.35
) . Inverted (Am3, < 0) 0.59 0.42
AmL=2.4x10"eV?, 5.=0
Hierarchy Upper Limit Sensitivity
B) Classical 1-sided limit: | Normal (Am3; > 0) 0.44 0.32
Inverted (Am32, < 0) 0.53 0.39
107 T
- Analysis A (FC):
S """"""" 90% CL Sensitivity
e —_—_— 90% CL Upper Limit
5 UO% 0 ;_ ........ .......................... .......................................
| IS — fo 1 Am_2%=2.4x10° eV?
103§ N 23
1 Analysis A (FC): ) A Y U WO W W
1 90% CL Sensitivity -
1 90% CL Upper Limit g -
10°57011 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 "0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
sin’20,, sin’20,,
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T2K v Result

« 8 v candidate events Osc. Hypothesis Expected Events Syst. Error
observed at SK No oscillation 22 81 3.19

Am_?=2.4x10" eV? 6.34 1.04
° : . 23
Expectation: — sin®(26,,)=1.0

» Parameter fitting is underway, plan to release results in near future

Expected observed

. 35— — _ _ _
events as funCtIon C . t t -th : & MINOS bast fit — :'JIINDSQII]'I}B'E'II}".-E.
< os m of osc. parameters ) 2+ |Lonsistent wi OSSO -~ Suserk 0%
o i ——— o > MINOS, SK sol oo ]
o ENBARREE RIS (T T T ; = = MINOS 68% ween SUper-K LYE '91]‘"-"':-:
E 0.005 i ' il i ’
<] |||||||||||||| 20 > f%‘ I
Ramtoii i T i 18 & i
0.004 i -Illl'l ||II|| HERHT E’ 25 N
..... 16 E '
IIIII 14 :
0.003 20 .
12
0.002 e 'iiiiii i i 10 L
"Ili uuuuuuuuuu i I THCH g 15— — — e ]
(TSSO R RN 0.80 0.85 0.90 0.95 1.00
0001 [ . III=== IIII : : IIT.I:IIITIIII. | T Ein‘?{%]
’ o= 808 08 1 MINOS: arXiv:1103.0340
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Future Prospects

™ Delivered proton# ‘ Proton per pulse(for physics run)
» 10" ) w1 ui?
:Ié : Physics run | Proton per pulse{all runs)
S i I ———————— - - 90
= 120 — Cycle: 3.52[s] ! — 80
2 00 | =70
5 100y— 6 bunch / pulse =
e | —| 60
o 80 =
2 ! e ol 1o = b
f\[]l *}Q -L M v’ '-U-- I 40
I ; o hmm et jE
40 R, l'!; K | =30
20 ' Lo I Cycle: 3.20[s] = 3.04[s] =|2°
' | 8 bunch / pulse =
off —————— 1 L L 1 .2
Mar/10 May/10 Ju/ 10 Sep/10 Nov/10 Dec/10 Mur!lol
U e
Date

* Data collection since Nov. 2010 has
guadrupled data set

* Now 1.45x10%° POT
* Achieved 145 kW continuous running
» Sensitivity already ~0.1

« Given earthquake, data taking schedule is
uncertain
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Summary T2K

« T2K collected 3.23x10" POT for physics analysis during the 2010a
physics run

- Have analyzed both v and v_data samples

. The v sample at SK is consistent with previous v
disappearance measurements

- From v_data, we exclude sin*(28,,)>0.5 (normal hierarchy) at
90% C.L.

« We now have x4 the data on disk, moving sin2(2613) sensitivity
to ~0.1 at 90% C.L.

e Earthquake has made near term data taking uncertain, but T2K
Is committed to bring the experiment back as soon as possible

03/19/11 Recontres de Moriond
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Backup Slides
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Why Off-axis?

 Pion decay kinematics:

E, (GeV)

» Along beam direction, neutrino energy
proportional to pion momentum

10

p. (GeVl/e)

« At finite angles, weak dependence on
pion momentum

g !
) _ | | . 1| / . Oscillation Prob.
» 2.5° off-axis angle gives neutrino Sos | |  (Am*=2.5x10")
spectrum peaked at the oscillation Il
: o |V i
maximum = 3500| v energy spectrum
i (Flux = x-section)
T . . . . 3000
* More statistics in the oscillation region -
» Less feed-down from backgrounds at i |

higher energy e |

03/19/11 Recontres de Moriond 24




Beam Direction Measurements

7% I ndf 10414 Run32 | % { ndf BA4B/ 4

Constant 1.03e+04 1 61.16 Constant 1.064e+04 = 61.76

12000_..«‘. Maan 2.81742.918 12000 e maa 799143117
i : : Sigma 439.2+ 4815 : Sigma 461.425.303

e MUMON: 2D profile of mMUoNs ot 0T o e
from pion decays | EIEE R N, R

EDUO-,,""'% .............. . ............. ............. ............. g..‘.;. 5000:.' ..... ............ ............ '_

* INGRID: neutrino beam __,,
profiles in x and y

4000+~ w4adssasssanas -\ ............. . ............. . ............. é ...... 4000 - ............. ‘ ............ \4 ............ . ......

L T S U N B S e B e

Li i 5 N
-400 -200 O 200 400 -400 -200 0O 200 400

distance from INGRID center[cm] distance from INGRID center[cm]

o

—e&— Muon monitor x
—&=— INGRID x

IS S S

+
B i | + }
-0.4:— | 04t —T— +

1 1 1 1
Ap,. Ax, My . 2. J > 1 1 1 W I

Jan, 5. My - a o L
3 g 1o, 130y, Oy, s dy Jan ». M Apy 5. 4 My Jun
b2 M"“f-a‘{f v,y v 20 n g 26 "'LR%. o8 K m’”ar 25 J'LM"‘J’ i JJ'Q"M"UI. Joylzg'“’ Un, '?qj”"’-i'ﬁ

—e— Muon monitor y
—=— INGRID y

o
-

o o
%] =
| I | 1

=]
L

Beam direction 6, (mrad)

0.2

Beam direction H), (mrad)
o
(]

1 | )

o
.
I

* MUMON and INGRID measurements in good agreement

 Beam direction is stable and within 1 mrad tuning goal
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Particle ID with TPC dE/dx

| Entries 2084 |Entries 1529

~ 2000 2

5 — Expp - — Expu -

= 1800 20 20

~ — Expele e — Expele .

J 1600 — Exp pro e — Exp pro e
1400 — Exp kaon L — Exp kaon L

1 I
1800

I 1
1600

p (MeV/c) p (MeV/c)

Two dE/dx Cuts: | |5, (u)|<2.5, [6,(e)|>2.0 &,=dE/dx Pull

« Cut on TPC dE/dx with muon hypothesis to select muons

e Cut on TPC dE/dx with electron hypothesis to exclude electrons
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INGRID On-axis Detector

%nodules (14 in cross configuration)

* Modules consist of iron and scintillator
layers

» Measures neutrino beam profile and rate

%2 [ ndf 85.92/76 |

# of neutrino event candidates / 1e14 POT
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MUMON Detector

 Located downstream of beam dump : %
(117 m from target) - @
« Silicon PIN photodiodes — i il |
» lonization chamber ool IR __
» Measures secondary muons from pion 1Ny ° = |3
decays 1 \*‘;@? R\\ "
* >5 GeV muons make it through beam L I .
dump (tail of distribution): : F w
Silicon |\ : 1,
E 80 1300
- ig 1200
20 . 1100
0 1000
=20
-40
-60
-80

-80 60 -40 -20 0 20 40 80O 80
x (em)

‘ 2-D Gaussian fit result ‘
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SK Event Sample

P

10 10 LIDFLW 0
o Excess of events o EE :
o at beam time 3 9 See beam timing
=T )| A N SR — LE- S 8 structure
S e I 7
v w)
— — 6
TR e e & -
o S
5 5 4
5 10 S 3
Q e
5 E 2
Z 020 07070707 0% Z 1
SIS oo st L | |
-400 200 0 200 400 -1000 0 1000 2000 3000 4000
AT, (usec) AT, (nsec)
FCFV single-ring u-like FCFV single-ring e-like
P, >200MeV/c P. > 100MeV/c
Systematic Errors:
8.4 % 12.8% 41.2 % 38.8%
Flux 10.0 % 6.6 % 5.7 % 8.0 %
Interaction 8.8 % 10.2 % 143 % 14.8 %

Total 15.7 % 17.6 % 44.0 % 42.3 %
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SK v Reduction

“ ] AR R L == Dua i —— Dan T
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........................................................................................................................... E 0.8
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Number of Events

SKv Event PDF Example

4500
4000
3500
3000
2500
2000
1500
1000

o |eft: distribution of expected number of SK events with systematic

- T L T T T T

h_mean _all

Entries 100000
Mean 1.209

RMS 0.2381

o
w

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

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

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

Probability
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| Entries 100000

 Right: distribution after applying statistical error
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SKv Analysis B Exlcuded Regions [l

Dotted line: sensitivity

Sin2(2913)1 Solid region: excluded
_ at 90% C.L.
5 3
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v_Analysis A Inverted Hierarchy

10-1 e T S D O s PO T

—] Analysis A (FC):

1 90% CL Upper Limit
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SK v Distributions
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SK v Systematic Uncertainties

Systematic uncertainties by source for the v_analysis

Error source

SK Efficiency
(Cross section
Beam Flux
ND Efficiency

"

b

p—
| S

p—
| S

Overall Norm.

Total

-_I- E-J.E + 27.8

Some cancellation of errors is seen due to near detector neutrino

rate constraint
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Detailed systematic uncertainties by source for the v_analysis

Error source N;}% N;‘i;? _-"\-'*;,}}b Nnp j\ﬁ;{g /NnD _-’\7;,;{‘5 /NnD
SK Norm. foKnorm +141 +141 £ 141 + 0.0 + 1.41 + 1.41
SK Energy Scale fEnergy +030 +050 +0.35 + 0.0 + 0.50 + 0.35
SK Ring Counting fNring + 390 +840 £ 5.03 + 0.0 + 8.40 + 5.03
SK PID Muon fEIDK +0.0 +£100 +0.25 + 0.0 + 1.00 + 0.25
SK PID Electron fPIDe + 380 + 810 + 4.88 + 0.0 + 8.10 + 4.88
SK POLfit Mass fPOLfit + 510 +£870 +6.01 + 0.0 + 7.70 + 6.01
SK Decay Electron fNVdey +0.10 +030 +0.15 + 0.0 + 0.30 +0.15
SK 70 Efficiency froeff +0.00 +590 +149  +0.0 + 5.90 + 1.49
CC QE shape fOCQEshape 4+ 401  + 262 + 4.33 + 0.0 + 2.72 + 4.33
CC 17 feelm +4928 +376 +415 +5093 + 2.10 + 1.78
CC Coherentr fCCcoh +032 +023 +030 +329 + 3.06 + 2.09
CC Other fCCother + 007 +035 +014 +4.77 + 4.43 + 4.63
NC 170 fNClx® +0.00 +58 + 148 +0.05 + 5.56 +1.43
NC Coherentm fNCeoh +0.00 +248 +0.63 £ 0.00 + 2.37 + 0.62
NC Other fNCother +0.00 +383 +007 +1.14 + 2.53 + 0.17
o(ve) folve) +6.00 +317 +£520 +0.01 + 3.28 + 5.28
FSI st + 383 +£10.34 +547 +0.00 + 10.32 + 5.47
Beam Norm. fgw_h, 5, +£2197 +1812 +2049 +19.83 + 9.17 + 11.88
ND Efficiency fenD +000 +000 +000 360 Myt 561
Overall Norm. frorm +0.00 +0.00 =+0.00 =+0.00 + 2.70 + 2.70
Total + 2517 £ 2777 +£24.64  TI50% e loaa
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SKv Systematic Uncertainties T2\

Systematic uncertainties by source for the v analysis

SuperK CCnonQE efficiency : :

SuperK nue CC efficiency

CC1m/CCQE cross section ratio +2.7 -2.4 +2.2 -2.0

NC/CCQE cross section ratio +0.7

Total +16.0 -15.5 +15.7 -15.3
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T2K v Spectrum T/

5
Spectrum of the 8 Vu ---- Null oscillation
: o~
candidate events o 4
compared to the o — V.~ Vv, oscillation
expected oscillated and o 3 Am=2.4X107 eV’
unoscillated spectra o sin’ (20,,) =1
E + Data
3 2
=
&
C
Q
T
. — 4‘
O 0.5 1 1.5 2 2.5 3

Reconstructed E,, GeV
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Ring PID at SK

Ring with sharp edges "Fuzzy” ring due to Two e-like rings from
scattering, EM photons
showering
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