Indication of Electron Neutrino Appearance
in the T2K Experiment
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Types of neutrino experiments

N

Direct Mass * Double Beta Decay
Reactor Experiments * Atmospheric and Solar Neutrinos
Accelerator Based Oscillation Experiments
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TODAY: OSCILLATION EXPERIMENTS

How do they oscillate?

“Flavor” states are mixture of mass states.
v, = Vacosf + v3sinf A cost)  sin0 %
V. = —Ussinf + v3 cosf Vr —sinfl cosd V3

-

v, (1)) = e |11(0)) cos 6 + 72" [15(0)) sin 6
, 1.27TAm?L

. 9 :
P, = sin” 20 sin
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Current information on neutrino

oscillations”
Atmos Oscillations
1 0 0 C13
U= 0 C23 5923 0
0 —S23 o3 —513€%

Results come from a set of solar, atmospheric,

accelerator and reactor experiments
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*ignoring some recent very new odd results from MiniBooNE/Miros-



To address in oscillation experiments:

* What is the pattern of neutrino masses?

* Is there CP violation in the neutrino
sector? Is it big enough to drive lepto-
genesis and is it related to the quark
sector?

* What is the value of the final unmeasured

mixing angle, and is the atmospheric angle +8°
maximal? = 45 _g°
o+1.2°
0, = 339 1>
sin0 5 013 < 13
v }Amzsol
Am?,, | . .
(Mass)? or Am2, The third angle has only an upper limit.
‘ Unless all of the angles are finite we can't
v, Am . . . .
| s v S measure CP violation in neutrinos.
sin0 5
In a beam experiment, the signal for non-zero
“Normal” “Inverted” 0,3 is v, appearance in a pure v, beam.
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How do we measure 0,

> AmZ L :
P(v,—v,)=sin *0,,sin” 20, sin” —2= + sub-leading terms
4F

" AN UL ILLE I I I I I UL IR
I Schematic figure -

- N =, §
20:_ f 77 anti-v, _:
K ## background v, -
15 : — signalv, 7
1o |\ =
B : Measure the electron appearance :

- '1 probability on top of a background -
L Al i
i R P PRETY PR PPETY I T

% 500 1ooo1soo 2000 2500 3000 3500 4000 4500 5000
Reconstructed v Energy

For appearance three main types of background:
intrinsic v,, misidentified 7%, mis-identified charged u

We need a very high intensity beam and a large target. Make a pure
neutrino beam and look for electrons to appear.
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SuperK

Detect_q L.

How do you build a long-baseline experiment?
(15t example: K2K -> MINOS -> T2K)

Vi

N/

GPS Satellite
(br'oadcas’rs time)

250 km

Neutrinos

Pions

Near detectors

Decay Pipe

Magnetic Horns

Proton
Synchrotro

Protons

Always the same pattern:
Accelerator -> Target -> Horns -> Decay Pipe -> Near detector -> Far Detector

09/05/11
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Main Backgrounds in WC detectors

. . S 0 —
Intrinsic v, Tt >u|:v“ Kr—>ne'v,  K/-—>m'e v,
contamination >eV Vv, ek

Confuse n%—yy
with v

Confuse v
. . ELECTRON
: H HEBTENG NEUTRINO
Wlth \/e w—muon  sssssssss '@S dlectron
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T2K Collaboration

.
\

v ge i “.
« %30 GeV Tunnel

~500 Collaborators / 59 Institutions / 12 Countries

(Canada / France / Germany / Italy / Japan / Poland / Russia / S. Korea / Spain / Switzerland / UK / USA)
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Expected sensitivities after 5 year run.
90% CL 9,, Sensitivity

90% CL 6., Sensitivity 750kW
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Exposure/(22.5kt x 1year) sin” 2 ,, sensitivity

T2K’s current exposure is about 70 kw x 107 seconds of integrated proton

power on target approximately 2% of the final goal.
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The T2K Experiment

Super-K water Cherenkov Detector as far detector.
Uses the new JPARC accelerator complex

Far detector: Super-K =
On and off-axis —_—
hybrid near
detectors

. Tracker
Pi-zero

Detector

» 50 Kton Water Cherenkov
Detector

» >11,000 PMTs read out by QTCs

» Image processing for
reconstruction
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3 GeV Synchrotron(PS) 50 GeV Synchrotron(PS)
(~300m Cricumference) (~1500m Cricumference ) Nuclear & Particle
Physics Facility

Accelerator-driven
Transmutation System

tal Facility \g

Experiment
I
Linac (~450m Length)

Materials & Life
Science Facility
Neutrino To
Super-Kamiokande 0 500m
e

High Intensity Proton Accelerator Project

O ok ]

% > - J 181 MeV LINAC ¥

B i}
Py (6) ) : : ; I
14 By 2, . GeV RCS
/) |

(1) Preparation section
(2) Arc section

(3) Final focusing section
(4) Target station

(5) Decay volume

(6) Beam dump

MR design: 750kw
150kw before quake

| B9 S B/ D 12 g
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Off-Axis Beams

Super-Kamiokande

Neutrino SOurce Off AX'S (250)
off-axis
e = SR S T oneaxi | Newtring Beam
Tt monitor = "7 '/\' - (_)D:a_X_IS
I - >
: : : 2 |
Om 120m 280m 295 km
J-PARCnu Neutrino Spectrum
f>\ 3 N R A R 400
& [ The kinematics of pion decay allow | 350 i at 295 km
.75 5 [.us to make a narrower neutrino .. = Peak flux is higher
[ be ‘ > All
, be?am £ 300 0o and energy band
2| 2 250 1] is narrower.
[ o Ql
3=1.0 =
I //——_“\\ % i
1.5 = 200 |-
= 150 + High Energy
. 28 100 tail causes
T : Backgrounds
] 50
e R B e e
E.(GeV)
n /
E. (GeV)
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NA61 Experiment at CERN

NAG61 is used to tune our neutrino flux
“30GeV proton cross-sec on C'2

- z13m > (measure differential production multiplicity)

E X ‘ T v T L B T T T

MIPCL Z 10°F 0<0<20mrad  F gbiimngy . 20<0<40 mrud
ToF- 0 P Ny, Ty
R ) LT
Vertex magnets ol . RSN ST
3 L e

Tof-F —lol R, ’\Nﬂ\\
Seam Target | | 40<0<60 mrad 60<0<100 mrad
10° "}'\_'\ \ I
\ 3

+ b’\ - . 8 +
10'E, 100<8<140 mrad 140<0<180 mrad

ToF- — N
MTPC R 102 : | FLUKA2008 I,
%W  URQMD13.]
10° \\ """ VENUS4.12
) N
A R A 2 N .
5 10 15 5 10 15
p [GeVic] p [GeVic]

» Large acceptance spectrometer with dE/dx and TOF counters

= 30 GeV proton beam matches T2K.
= Both a “thin” .04 A target and a replica of the T2K target

= Can measure pion and kaon production

Today: Pions with thin
09/05/11 Chris Walter SLAC-LBL Seminars
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280m Complex

Downstream

ND280 Off-axis detector:
« Off-axis

* 0.2 Tesla UA1 Magnet

« FGDs with scintillator and H,O targets

Barrel ECAL

for mass.
* Followed by TPCs for tracking and dE/

dX. E‘” ST S
+ Ecal for shower measurement { JOfn =l - “
» Scintillator/Water POD 7° detector |~ = == 1.

b
o]

INGRID:

* On-axis
* 16 Modules of Iron and Scintillator
» Measures the beam profile and rate
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INGRID: Beam is stable/well pointed

a 2
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Off-axis detector used
for beam normalization

Downstream
ECAL

Barrel ECAL

First neutrino interaction in ND280 off axis detector
December 19, 2009
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Super Kamiokande Detector: 50,000 Ton Water Cherenkov Detector

_ . i s Sl ~ Inner Detector:
= L7 - 11,146 _50 cm PMTs
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Cherenkov Radiation o =]

pyo.

Cherenkov light is emitted when a charged particle, like
a muon or an electron goes faster than the speed of light

in some medium. The Cherenkov light is emitted like a

Tlaypeam Hodenesckon npemuu
. A. Yepenkos 1904-1990

shockwave, in a cone along the direction of particle motion. el

VT UV YTV T T T T TR UYY
ABBBD L DD BOBADDDOE D

Hypersonic Jet Reactor Core Super-K

Moving faster than the speed Electrons moving Particles moving

of sound in air makes a sonic boom. faster than c/nin faster than ¢/n make
water make light. cones of light.
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Telling Electrons from Muons

ELECTRON
HEUTRINO
sssmmmmms electron
v shower MUON 3
NEUTRINO 3
EEEEEE e 0N :.
Compare 'u“'aﬂ:ﬂ:':"., . s | "uwx.:-lliu':u‘. | ,-:-\ ()
profile of ring | ] G
against a ' - ~ \ , (.
shape 0 .
likelihood. A !
Electrons bremstrahlung Thickness gives momentum
and pair produce making many Muons move forward
particles each making light. producing a single cone

of light.



E. Reconstruction (assuming QE)

mNE,L — mi/Q

my — E, +p, cos(d,)
In Water Cherenkov detectors not every
particle is above Cherenkov threshold. Luckily, mpy = Neutron Mass
in @ Quasi-Elastic reaction, even if only the muon is visible E,, = Muon Energy

we can reconstruct the neutrino energy!
[ Case for most events in T2K Energies ]

m,, = Muon mass
pp = Muon momentum

. .. ) ) 6,, = Muon angle wrt beam
If the interaction is non Quasi-Elastic then the H &

reconstructed energy will be incorrect.
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Pattern of Light Fitter

Optimized to find weak 2" ring from asymmetric decay

Start from single e-like T * Super Komiakande %
ring with no decay (-. > e NUM : 099552
g PR N SUBRU
electrons. e e — / POLfit .\ Evenrs & ~e3
BV 7] ¢\ RmE CisheE
Assume there is a 2" il LT WK PR, . .2374"°
ring from a pizero decay ( - > ATt #4334
: "y ANT-MX: 4.7
somewhere in the event. S NMHITA: | 57
v::' '..E.'b.) - '0.0 -4 .':.-: .. : .:;v'c 9-..
_h - - .‘-- - ‘o LA o ' - .
Make a? e-like pattern TR &% standard 1-7
(including scattered : Py B .. fitter ce N
. . ~ ot '.. g
light) and move it | ¥ oeggrel , : N RN A
. o~ .. - e ba . Ju - [} WA . . e E ‘: ) ® . -
around until you get the i = o ¥ o Cen et .". Sl
bestﬁt. .\o°.. Lot .:. ° .‘-- .Oo. .P
: . L - ° - L .. - c
. . E— . RunMODE: MonteCarl
Check the invariant mass ex.) 500MeV/c n° TRG ID ;08083011 *
true Py, = 55.5MeV/c - b s us
of the recoqstrgcted rec.Mnd =140.4MeV/c? FEVSK ;80000003
pizero and likelihood and . 7727 82 0'8 SUB EV : 0/ 0
AND © RTOT. . ANOM. . MS Dec-e 0( 0/ 0/ 0)
. 3 | —as
decide whether there 20 2660 des. -1.9 *NO KEKGPS RED*
i 12.0 "0 0. 0.0
was a ring or not. P o 11

[ .
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Delivered proton#

Analysis Data Set

10'8 —— Physics run I Proton per pulse(for physics run) 1012
%
Delivered proton# - Proton per pulse(all runs)
—100
“= RUN 1 RUN2 iy
120 — 6 bunches / pulse 8 bunches / pulse *;, " a0
spill / 3.64 sec Vot spill / 3.04 sec whemgm il
100 |— . . ay ;s
80 |— ' o' e [
o | : ] » S 8 7
60 — k ot ) 7 . —
AY - J 40
S L et y i
40 B L] -. "I. l' ) S /-/ ' ) ..
=7 o o — 20
0D~ =~ // POT 1.8% of final design goal |
. D — 2 : N | 1 f 1
Je(l)n/lO Aug/10 Mar?ll
Date

09/05/11

Run-1 and Run-2 data set contain 1.43 x 102° POT

Run 1 instantaneous power reached 50 kW

=>» Increased # bunches/pulse, protons/bunch, repetition rate
Run 2 stable power reached 145 kW

Chris Walter SLAC-LBL Seminars
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entries/(100 MeV/c)

Off-axis normalization measurement

v, inclusive charged current measurement. Select nue candidates in TPC using
compares data with normalized MC. PID for electron neutrino cross-check.
__Illlllllllllll|||||||||l|||]l|||||||||||||IIII_A Illlllllllllllllllllllllllllllllllllll_
200 =4 2 W ]
180 B v, CC QE 3% B v. FGD i
160 - I NC 3 8
10E- B, CC 12 1 WV, FGD
120 :_ Qutside FGD _: ; OUt Of FGD 3
- 1 .9 7
100;— —; S <’> i
0 E
60 —
40 - FGD Vertex + TPC track - 1 -
20 " —;
O 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Muon Momentum (MeV/c) p (MeV/c)
Normalization factor NObs
from inclusive CC ND _1036+0028 1004 +0.038
. . : c - e tat —0.037 detector — interacti
ana.IyS|.s will be uged in le\‘fD s elector o
oscillation analysis:
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Expected flux at Super-K

SK Flux with Systematic Errors

=V
=V,

Flux /(cm”- 107! POT - 100 MeV)
=

0 1 2 3
T Neutrino Energy (GeV)

Bkg dominated
by pions

09/05/11

1

Bkg dominated
by kaons

m?/50MeV]
s 2 =2 2

[S—

Flux[/10°! POT/c
)
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E. ) — kaon parents E V
% "'=_._ — pion parents § “
E —— . | L palN ]tb %
E - 3
B, T
e :
: Minasayt E
;
E N 3
E | ]
1 2 3 4 5 6 7 8 9 10

E, (GeV)
S —ll
c . — kaon parents | v
B . — pion parents |3 e
[ —— .
i —— muon parents |
= ol .
7 -+ 3

1
E 1 E
1 2 3 4 5 6 7 8 9 10
E, (GeV)
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Far detector events!

Super-Kamiokande IV

T2K Beam Run 0 Spill 472240

Run 66719 Sub 196 Event 44482935
10-04-27:00:56:21

Charge (pe)
>26.7

680

1 mu-e

544 | decay
408 |-
272 -
136 |-

0 1 )| ]

0 500 1000 1500 2000

Times (ns)

Charge (pe)
. >26.7

pieen

L
0 500 1000 1500 2000

Times (ns)

Pu = 1025 MeV/c 1 decay-e

Pu = 1061 MeV/c

1 decay-e
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Super-Kamiokande IV

Charge (pe)
. 267

* 0-1.3
* 0.2-0.7
<o0.2

Times (ns)

70 candidate. M., =104 MeV/c?
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Arrival Distributig

Number of events / 20usec

09/05/11

0
AT, (usec)

250 500

Chris Walter SLAC-LBL Seminars

Number of events / 100nsec

NS

RUN-1
mm RUN-2
20
10
o‘\u““x.—l‘l“l‘u‘lj‘
-1000 0 1000 2000 3000 4000 5000
AT, (nsec)
100
2]
2 75 ¢
O
>
(o
O 50
s
: KS test
2 -
5 D,y = 0.086
p-value = 31%

0.‘.

0 2 4 6 8 10 12 14
Accumulated protons ( x 10 9 )
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Number of Super-K events observed in the T2K 1.431x10%° POT data

BG
Data 2- ﬂavor 0scC. (12us
No oscillation | Am?=2.4x103(eV?) | window)
sin220,; =1.0

Fully-Contained 121

Fiducial Volume,

: 0.0028
£ >30MeV 88 166 74.1
Single-ring u-like JEEE] 112 32.0 )
(P. >200MeV/c) MEE)] (111 + 16) (31.8 £5.3)
Single-ring e-like [R: 8.5 6.7 )
(VAN (7) (6.8 +3.0) (5.8 +2.2)

a7 453 35.4 :
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Vertex distributions for FC events

2000 2000 -
i — | Y ¥ 4
o o o ° ¢ ]
1000 | 1000}, 5% et e i e®
\CE)_/ g - o‘. ... S ) ‘.
>- i ~—" o o 0#
O N .r. e o* ° | ®
GLJ T I ®e ° :
> g | '.00 % o ¥
-1000 -1000 ° °, o ® . oo | T
) ° ...:: o o #ﬁ
i ¥ $mC ; s !
-200Q ——m—rt— 2 e
-2000 -1000 0 1000 2000 -2000 ] 1000 2000 3000
Vertex X (cm) Vertex R2 (sz) 10 3

Next we need to select the electron neutrino candidates.

=» These cuts were set before data taking.
(Need single ring e-like events with no-evidence of other particles)
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Number of events

Start with the FV contained events in the time window.
Require no OD activity.

single multi
< —4— Data g <€ —¢— Data
i B Osc.v,CC i B Osc.v,CC
vV, CC 151 T v+v,CC
— v, CC - i v, CC
40 B NC i B NC
(MC w/ sin°26,,=0.1) : (MC w/ sin®26,,=0.1)
10 |

N
o
— .

1 2 3 4
Number of rings

Number of events

(&)

25 -10 0
Ring-counting

Then select single ring events.

09/05/11
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Now choose electron like events

E-like Mu-like

10 |+ Data < fﬂo_ C clike et—> wlike _
- I Osc.v,CC 3 ™ E
3 — £ 100 -
8 | v+, CC 2 b E
-SB - ,:I Ve CC 60 =
C . I NC 3 E
“>’ ~ (MC w/ sin“28,,=0.1) . -' Ty
O 6°F + - Fiat,
— i % -8 6 4 2 0 2 16 8 10
o _._“ Particle ID parameter
S i
S 4} L + SK-IV atmospheric
E | 4  neutrino data.
Z mis-id <~ 1%

-10 0 10
PID parameter
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Number of events /(100 MeV)

Remove low energy and decay-e events

Decay in flight and NC events

= very low energy

4 - —> —4— Data
i B Osc. v, CC
i ] v,+V,CC
3 | ] v, CC
i B NC

0 0 1000
Visible energy (MeV)

09/05/11

(MC w/ sin°26,,=0.1)

2000

3000

Number of events
(@) ]

Sub-threshold pions still have

decay electrons.

—
o

0

Chris Walter SLAC-LBL Seminars

1 4
Number of decay-e

—4— Data

B Osc.v,CC
B v+, CcC
1 v,CC

B NC

(MC w/ sin®26,4=0.1)

\ g

2

A d

3 >5
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Remove events with likely rt°

sin22613 Sensitivity at 90% CL

g

&
3

2
8

@
S

-
N

=
—

Maximum Recon. Neutrino Energy Cut (MeV)

hlllll]lllllllll]IlllIIlll

.0.105

0.104
0.103
0.102
0.101
0.1

0.099
0.098
0.097

0.096

100%~""95 100 105 110 '11|5'F;0L;1“2=‘);I vse 122 et
e POLfit mass .
cut optimized The_ p.olflt cut was
at~105MeV | optimized for
e Energy our current low-
Window high | gtatistics run.
cut optimized
at ~1250 MeV

09/05/11

Number of events /(15 MeV/c?)

0

< —4— Data
B Osc.v, CC
i L] v+, CC
1 v,CC
B NC
(MC w/ sin°26,,=0.1)
e e &
0 100 200 ) 300
Invariant mass (MeV/c%)
33
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Choose energy window for final sample

sample.

(error due to systematics)

~ | Signal £ =66% —4— Data Expected background
D i B Osc.v, CC
s 3t ) e cC Source Number
= ‘ v, CC NC bkg 0.6
Al NC2 Beam v, bkg 0.8
Nl (MC w/ sin“26,,=0.1)
Solar Term 0.1

2 ol
= v, CC misid 0.03
S .
0 _ Six events Total 1.5+ 0.3
) ! remain in
“— i i
S The final

1 b
) i
O
&
-
Z

0
0 1000 2000 3000
Reconstructed v energy (MeV)

09/05/11 Chris Walter SLAC-LBL Seminars 34



Number of events at each cut step (MC w/ sin?20., =0.1)

BG expectation vV, Ve 102} { Data
Data expect % = Osc. v, CC
Total | v,CC | v.CC | NC ~ "5 Beam vCC + NC
: . 2 - (MC W/ sin°28,,=0.1)
[0 |
. w13 &2 31 70 62 o
=10 |
88 736 524 23 183 60 & |
41 383 308 18 57 52 2
8 66 10 18 37 52 1
> o o v o =
7 s7 o7 18 32 51 AN
vis 8 x @ w 8 8
6 44 o1 15 28 46 g
6 19 o0 11 oz 42 Note:thisisonlya
. . 0.03 T e countmg_exper/ment. But,
the candidate samples
) 1%  <01% 23% 1%  66% look like good events.

See next slides
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v, candidate event displays

Candidate #1 Candidate #4

Super-Kamiokande IV Super-Kamiokande IV

Charge (pe)
. >26.7

''''''''''''''

.

500 1000 1500 2000

Times (ns) Times (ns)

P, =318 MeV/c P, = 1049 MeV/c
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Candidate properties

Residual time Arrival distribution Angular distribution

Number of events

—_
o
T T

(6]

= AIFCevents | s 2700 6 4+ paa
| == y_candidates i o | W Osc.v, CC
) 3 v+y,CC
b= » [2] - 0 v, CC
o 4l c - N NC
G>J g | (MC w/sin26,4=0.1)
0} I o |
3 IS
5 | o)
c o
@ 2 =
| (&)
J o KS test e
> Dyax = 018
I p-value = 97%
M JHHhII]H” Hl O'""“\“'J"""'“"J""
200 -100 0 100 200 0 2 4 6 8 10 12 14
Residual (nsec) Accumulated protons (x 10" )
S MC w/ sin®26,,=0.1
150 F . .
2. Kinematics
6 [ I |
o =E = -
S 100F -
=) = .
£ sE@le
§ o 7( .L
fan) | (] ; e[ o -
50 | |—.\L O@ o
o[ [ Do
I m 1 [ B I m
: B @ O 8 I ] ] @
0 mm e e
09/05/11 0 500 1000 1500 37
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Candidate Vertex Distributions

2000 2000
1000 | 1000 |
S £ ’ =
S S
> N |
< OFf < OF :
2 2 e
O @ *
> > :
-1000 | -1000 |- |
¢« o
200 —m—m———m———————— 200 0—-r0—m™m ——
-2000 -1000 0 1000 2000 0 1000 2000 3000
Vertex X (cm) Vertex R* (cm®) x10°

Is this reasonable? LOTS of checks!
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Use atmospheric events to check FV boundary

[ T L L T ] T L\l T T I' L) L) A T I T T T L ‘l’ T A T T I' T L) L L) |

X Fiducial i
50— 1 volume ]

- T |1 T+ : boundary i
aofL |1 JoHHL, 1 -
30f -
20| * -
of 1 SK-IVatmospheric neutrina data -

- — SK-IV atmospheric neutrinoiMC

| PR EU I B BRI BRSSPI B W oy [
0 500 1000 1500 2000 2500 3000
R2 [cn??]

Notes about the last bin- closest to the PMT wall:
* The binisonly 18 cm wide in R.
e The SK vertex fitter is constrained to inside the PMT wall.

e Visual scan shows events with electronic noise that is not modeled in the MC.
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Use KS test to check several distributions

Fromwall |l to Beam of FC Events

Beam Direction

3.5 —+ Data
i , Signal v,
_ 3: KS test is used to Eafar::wz,
SK — P : []Beamyv,
Jﬂfdmm : arc‘count for distribution S12eemy.
: o5 | Shapes.
Direction F Origin y<:"3§i‘$“t"s i
7 2_—-0—
1.5
-
0.5
The “natural” variables we usually 0
Check are R2 and and dwall. We 0 500 1000 1500 2000 2500 3000

undertook a systematic check of
many others. But note: be careful of bias!
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Use toy MC to study probability

Wide range of values. Seems to be a 1-3% effect

M

1

0.5

ax K-S distance

KS prob of max distance

4000

2000~

>

% of events

I with P or
: /FC Fromwall | | beam
% 02 04 08 08 1 T
KS Toy MC Probabilities 7 FC events 6 Events in FV
"~ Dwall 20.2% 3.7%
Towall 7.1% 2.0%
USE7 == Towall | | beam 5.3% 1.2%
Fromwall 20.5% 4.9%
~ Fromwall || beam 1.3% 0.1%
USE R squared 9.5% 3.1%

09/05/11
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MC int

Entering background

eractions including the rock was used to evaluate background from outside.

g 50 g I ' I I I ' _._I I i)ATIA ' ‘ g % L T T _I.'_ i)AT'A T T ]
3 40— F C MC w/ oscillations = S & V . R B
(3] - \Q()Q MC: true vertex outside ID . 8 : :i/ ] MC: true vertex outside ID :
300 |, = i ]
- ] 4— —
20+ 3 C -
10 E— _E 2/ .
¢ ¢ : 9 ! .
022 R ST ¢ . =s . : , _
0 500 1000 1500 2000 00 500 1000 1500 2000
distance from vertex to ID wall (cm) distance from vertex to ID wall (cm)
[72] 106 = ! RYE expectation ] [7)] 5[ T T T ™MC tati ]
- expectation
c L - outside FV: 28.8 - c 10 4l - outside FV: 3.1 i
=2 4 __ - from outside ID: 3.8 __ = 10° — - from outsiy 'c I : 0. B
8 1 0 ; F C - from outside ID w/ FV cut: 8.8¢-02 ; Q F v e - :irom ou:sijc ;g \3/3FV cut: 3.2¢-03 |
20 . © 102 — B
10° - = I ]
12 . e =
10? - 10 -
10 B il . 3 10° ; e o -
0 500 1000 1500 2000 0 500 1000 1500 2000
distance from vertex to ID wall (cm) distance from vertex to ID wall (cm)
Sources of beam-induced background with True Vertex outside the ID
Expected Source of track, from MC truth”
sample true ver?ex outside ID  mis-id muon pi0 photon n;utron K-long K-short
Nue Analysis Sampl
ue(“?,aFv'Zu:)mp € 3.16E-03 9% 78% 11% 0.01% <0.01%
Nue Analysis Sample 030 4% 75% 3% <0.01%  <0.01%
(w/o FV cut)
*percentages do not total to 100% because list here is not exhaustive
09/05/1 1 Expectation assumes sin” 6,5 = 0.1, Am* = 2.4 x 107% eV?
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0,5 and the expected number of events

Line is drawn at six events. This should be the “best fit” of our analysis.

i (B 102

sin? 2015 = 0.8704

sin? 26,3 = 1.0

Am?2, = 7.6 x 1075 eV?
Am32; = 2.4 x 1073 eV?

09/05/11

06

0.8

0.8

1 1
sin?(26, ) sin’(26,,)

How likely a point is consistent
with six events is given by the
statistics and systematic errors.

There are errors associated with
Super-K /ND280 /v interactions / flux uncertainties

Chris Walter SLAC-LBL Seminars 43



Expected Nobs Distribution (cartoon)

Nexp: § @Cutsxf)/norm(x) 16000?”“”‘“‘H‘m‘m‘m‘m‘m‘mﬁ

all MC evts 140001~ Nexp (central value) 3

) . 12000/ Nobs no sys =

Ocuts = 1 if v, cuts are passed, 0 otherwise. vo000F- Nobs W/ sys 1

Ynorm Scales MC to expected data based on SK true FV. e E

T =V, Ve, Uy, V,, — Ve (V species 8000~ E

wy Ves Viy Vy e( p ) ool E

5 " 2000/ E

rue C 7

Nexp — E (®cuts X Ynorm X Posc (9133Am 750P7EV ,CU)) L B R S N I P ‘;l‘s“‘zo
all MC evts

NNBSAL 3

n

Nexp = N— (@cuts X WSKMC) Central Value
NDOAl1w /' all MC evts

Ndata
Noxp = <M> Z Ocuts X Wskme X H (1 +6; (EZrue’ B, m, x))

NM
NDOA1lw /' all MC evts 1=Sys error

d t MC t
Nexp = | NDOA 1L Z (NNDoa1y (M, EL)) E Ocuts Wskme X H (1+6;)
m,x,Efrue all MC evts 1=Sys error
d t MC
Nexp = | NXDOA1L E NNDOA1L H (1+4;) Z Ocuts Wsknmc H (1+05)
m,x,Etrue Jj=sys error all MC evts i=SyS error

sonewalsAs 3unesodaoou

N\BBA1
Nex = (1 5near ar & ch S W, 1 51
P~ )<NNDOAMH<1+@> 2 o Waex [ G0

all MC evts 1=Sys error
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Example v cross-sections (a topic of their own!)
More energy: More Particles!

muon

u 26 Lipari, Lusignoliiand Sarbge  PRLT4(1995)4 304
proton " B 1 T 1 LI 1 1 1 LI L I| 1 ;!d;?RIItI[IiI I]l 1 ]
iu ’ a -
- i O BNL 7-tuet [168] ] VeV oV eMN,T
™ 1.0 — B ANL 1B—feet [17] —
a - OANL 12-feet [1B] ]
5 : .
w D75 \ - = 7] .
i ' TN LY LT .
s | ' ; Uk
0.60 | % — .
Error Source NSK(exp) 53? %{, i,, ———— Total & ]
. 1| B o | 3 %_*E.%u S S nucleon
QE Shape An | . I% " > - == o{lm} q
- ™ _ . .
CC1in 2.2% 0p r‘**‘fﬁ““'lﬂ L ,,"7-,,-1;..._.,__!____#;%___‘_*— CCinteraction
- 1 1 1
CC Coherent 1t 3.1% i ] “
CC Other 1.4% Neutrino Energy o
. muorn
NC 1r° 5.3% yion
£ muon B
NC Coherent 1t 2.3% vV H
_______ hadrons:
NC Other 2.3% u { >
pnrK...
o(v, ) 3.4% proton
FSI 10.1%
Total 14%
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Far detector uncertainty

Example: detection efficiency of NC 1x" background

SNEIEy, sig| ONEE kg tor.
Frorsource N3Ev. vie.| NeCokg. o
70 rejection - 3.6%
- Ring counting 3.9% 8.3%
Electron PID 3.8% 8.0%
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%

ouaydsouwse

Data or MC electron

MC gamma . |—# Primary h-’Data

T T T T - }
3000 =i é ...................................... [:]Prlmaryhn"h_ﬂc

D500 [ o Compare D/|\/|

) . with M/M
g T

2000

1500

1000:_§ ....................................... i ................. Q ........................................................... _:
i E

" . E
Merged event 0 B0 100 T80 200 250500

POLfit inv. mass [MeV]

Normalized by number of events



Systematic errors in the analysis

S and B have different errors

Sin2 2013=0 Sin2 2913=0.1
Error source NND NSK NSK/NND NSK NSK/NND

SK Efficiency + 0.0 +14.7 + 14.7 + 904 + 904
Cross section + 83 + 135 + 14.0 + 0.8 + 10.5
Beam Flux + 15.4 + 16.1 + 8.5 + 14.9 + 8.5

ND Efficiency  *3$  +00 3§ +to0  *36

Overall Norm. + 0.0 + 0.0 + 2.7 + 0.0 + 2.7

Total + 184 + 256 e + 90.2 Tk
N,,. PDF

osﬂ Backgmund only — The probability to observe
= el > 6 events is 0.66% which

0.25

corresponds to a 2.50
significance.

sin?20,,=0.1

P I PRI B RTEE i IR B .
0 2 4 6 8 10 12 14 16 18 20 22
Nobs
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Produce allowed region with Feldman-Cousins
Values fixed: sin?2 8 ,,=1.0 and Am?,;=2.4x10-3 eV?

L L T
Am2 >0 - w2
23 - B
o
Jwo  OF
Best fit to T2K data __ /2 [
68% CL B
[ 90% CL
1 1 1 1 l L 1 L L l 1 1 L 1 -TCO
0.4 0.5 0.€

. 2
sin 2(-)13

01 02 03
sin’20

At these values the 90% CL éontours enclose:

Normal Hierarchy: 0.03 <sin?2 6 ,,< 0.28 (best fit = 0.11)
Inverted Hierarchy: 0.04 < sin?2 6 ,,< 0.34 (best fit = 0.14)
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New MINQOS results

FNAL Wine & Cheese June 24th
Lisa Whitehead

Neutrino Mixing Angle - sin? 20,,
Normal Neutrino Mass Hierarchy

I rrrrrrrruri rrrrrrirr I rrrrrrre I 1
0 | 0.1 | 0.2 03
0.04 on

Neutrino Mixing Angle - sin? 20,,
Inverted Neutrino Mass Hierarchy

I o

I Trrrrriru171 ] T rrrrinia TrrTrrrrriru1ra I L
0 | 0.1 | 02 03
0.08 0.14

Results are consistent!

a0

MINOS PRELIMINARY

w
-]
T

Events / 8.2x10%° PoT
5
T

a
=
T

' ol o
| Far Detector Prediction (LEM > 0.7)

ZZ Signal
— Background |
— FD Data

sin*(20,,)=0.040, Am%,>0, 5,,=0 _|

Merged for Fit

1 2

3 4 ‘ 5 l 6
Reconstructed Energy (GeV)

i AM?>0

i = MINOS Best Fit
E-WOCL

¢ I 90% cL

§ *** CHOOZ 90% CL

Scp (1)

2sin’A,,=1 for CHOOZ

dcp (1)

8.2x10% POT

MINOS
PRELIMINARY

0.1 02 o3
2sin?(20,,)sin’0,,
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Number of events

New T2K vV, results

-3
20 4319 o
I — T2K 1.43x10°°POT (w/ syst. error fitting), 90% CL
...... Data i serneenns T2K 1.43x10°°POT (w/o syst. error fitting), 90% CL
MINOS 7.25x10?°POT, 90% CL
1 5 B . . - ——— Super-K Zenith (preliminary, Neutrino2010), 90% CL
----------- No oscillation - ——— Super-KL/E (preliminary, Neutrino2010), 90% CL
Best fit with oscillation < 3
10- (sin®20, Am?) = (0.99,2.6x107eV?) o | _
< L
5+ -
2—
0 4 L 1 | ] 1 | I | | ]
_ 0.8 0.9
Reconstructed neutrino energy(GeV) sin2(26)
400 J-PARCnu Neutrino Spectrum
350 | at 295 km
=300 | . Al
L
g 250 |-
=
2 200 |
8
= 150 |-
_$100 |-
50 |-
00 - B B
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Our Strategy for the future

If sin?(20,,) is found to be >~ 0.01 in the next generation of
accelerator and reactor experiments we can try to:

— Measure the phase of 0 and observe CP violation
— Determine the mass hierarchy [if not already done]

— Make precision measurements of the atmospheric mixing angles.

To do this we need to both increase the intensity of our
Super-beam sources, and increase the mass of our detectors.

J-PARC 0.75 MW (T2K) 1.7 MW (JPARC I1)

FNAL 0.3 MW (NuMl) 2.1 MW (Project-X)
—

Water Cherenkov 22.5 kton (SK) 200-500 kton

Fine Grained 15 kton (NOvVA) 20-100 kton (LAr)
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Project-X to DUSEL (LBNE)

a
£180r7 Q @ V4T, AM,>0
- 30430 10 % PoT
120

i £ 9
N 5 & 3
: 8 5 |
o mEN Igl ﬁ % true value
i — 68%CL
1000_] — 95%CL
& 60
2000_| b r
. l x
£ o . ~ v o @

Homestake

DUSEL
Soudan
wee

T

Canfranc
FrejusiModane
Kamioka

INO

T

4000_| L Asia { -60; m
l : )
5000_| N
E ’
N urope 4 -1200 LET’S MEASURE CP
E S . VIOLATION!

‘ CA Wy [T A = o) N PR A
North America '1800 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

sin? 26,

Deep Underground Science

and Engineering Laboratory at Homestake, SD

DUSEL

Yates Shaft

Engineering

Existing Drifts

6 Y2 Empire State

Geoscience

Shallow
Lab

Mid-level

'» "\ R
Neutrino Detectors &= /
New Drifts

Neutrino Detector
Access Drifts sl
10m x 5m

Deep |
Campus

Ross Shaft

WC AND/OR LAR AT 4850FT.

Biology “\ G50 1B Seminars 22

Astrophysics




Earthquake

ZO'I 'IE 35118

tenki.ip

* All collaborators safe, and the tsunami was stopped by sea wall.
* Lots of road damage but no major equipment damage.
* Recovery is underway

* Planning on beam operation at the end of 2011.
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Conclusion

10,000,000,001 10,000,000,000

e After 2% of our planned running we observed 6 electron neutrino
candidates.

* Inthe sin?26,,=0 scenario we only expected 1.5+0.3 events. This
chances of a fluctuation to explain this effect are 0.66% or 2.50.

* At 90% CL we measure an allowed region of 0.03 < sin?20,,< 0.28 for
the normal hierarchy.

 We are working to decrease the systematic errors in the flux,
interactions, near detector and far detector.

* We hope to start running again in December, so far no major
equipment damage has been found. At least 98% of the data yet to

come!
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