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Outline

* Review of Neutrino Mixings & Oscillations
The T2K Experiment

- motivation

- beamline
- far detector

- near detector

e (Oscillation Results

* Present status and conclusions

Scott Oser (UBC) Colloquium at Toronto
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The Building Blocks of Matter

o

Up and down
quarks are
Inside protons
and neutrons

Leptons Quarks

e neutrino™ p neutrino™ t

I I I

The Generations of Matter

Scott Oser (UBC) Colloquium at Toronto
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The Building Blocks of Matter

Nucleus Qﬁ

e N

*

Electrons

Electrons orbit
atoms, flow
through wires,
and are
responsible for

1 1II 1l chemistry

The Generations of Matter

Leptons Quarks

Scott Oser (UBC) Colloquium at Toronto
October 20, 2011 4



The Building Blocks of Matter

Heavier versions
of quarks and
electrons

This stuff is here
because nature
likes things to
vl el come in threes.

I I I | wish | knew

The GGenerations of Matter w h y I

Leptons Quarks

Scott Oser (UBC) Colloquium at Toronto
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The Building Blocks of Matter

What's this?!?

Leptons Quarks

W

T neutrino

e neutnm P neutrino

The Generations of Matter

Scott Oser (UBC) Colloquium at Toronto
October 20, 2011 6



What is a neutrino?

A particle with an
“You are experiencing a identity crisis ...
profound sense of loss
from the removal of your :
charge and mass. Now, In 1997 I might have
tell me about your told you that a neutrino
mother.” : '

1s what's left after you

s remove an electron's

Colloquium at Toronto
October 20, 2011 7




The particle that is barely
there

If you have no mass and no charge, what's left?
Very little 1t turns out ...

Neutrinos still have energy and carry momentum.
They carry angular momentum (spin) as well.

WEIRD fact: neutrinos always spin the same direction,
which is different from other particles!

(spins clockwise when viewed head-
on)

And they have interactions ...

Scott Oser (UBC) Colloquium at Toronto
October 20, 2011 8



Neutrino interactions:
extremely weak!

D e n \Y)
" Z
Vv
N
n V
(44
Charg,e,d “Neutral current”:
current: convert a the neutrino
neutrino into an survives. but
. b
electron, with a W some energy and
particle carrying momentum 1s
charge & transferred by a Z
momentum away particle

Neutrinos can pass through 1000's of km of solid
matter without stopping!



Three flavors of neutrinos

Like quarks and electrons, neutrinos come in 3's. The
distinction is what kind of charged lepton they couple to:

e W LN W TN W

\Y Vv \Y

e W T

The result is as if there's something like “electron-ness” or
“mu-ness” or “tau-ness” that gets carried by the
neutrino.

If for example a particle decays to make a pand av, then

that neutrino later on should only ever be capable of
making a u. CONSERVATION OF FLAVOUR.

Scott Oser (UBC) Colloquium at Toronto
October 20, 2011 10



Neutrino Mixing

One way this picture could be modified is if flavour
eigenstates are not identical to mass eigenstates.
What if what we call v, and v_are really just different

combinations of two different states we'll call |v,) and
V.)?

v.) cos 0 |v )+ sin 6 |v,)
v) = -sinB]|v,) + cosB|v)

Think of |v,) and |v,) as the particle states with definite

mass, while |v ) and |v ) are the states that couple to weak
interactions.

Scott Oser (UBC) Colloquium at Toronto
October 20,2011 11



A timely analogy

Imagine each neutrino as a pair of clocks

DB DO

DD

If both clocks
read the same
time, the
neutrino acts
like an electron
neutrino.

If the red clock
IS 6 hours
ahead, the
neutrino acts
like an muon
neutrino.

If the red clock
IS 4 hours
ahead or four
hours behind,
then % of the
time it acts like
av, and 5 of

the time like a
V

e

12



Neutrinos are created as
either v,or v,

At the start, the
clocks each
read 9:05---in
sync, so acts
like electron
neutrino

After a while,
the clocks both
read 10:17---
still
synchronized,
still an electron
neutrino

At a later time
the situation is
the same---
clocks stay iIn
sync!

13



What if the clocks get out of

Sync?

v/v mix = 2:1

DD OO

At the start, the After a while,

clocks each the red clock is
read 9:05---in 2 hours ahead:
sync, so acts a mix of v_and
like electron v
neutrino "

Later still the
clocks are the
maximum of 6
hours apart---
this neutrino
acts like a v,

What started out as an electron neutrino can then

act like a muon neutrino!

14



What makes clocks get out of sync?

—i(Et—px)/h —i(\ p’+m’x—
QM Phase: e /(1= px) =e (p*+m’x—px)

What controls the rates of the clocks are the masses
and energies of the two mass eigenstates |v,) and |v,).

But if masses = 0, everything moves at v=c¢, and time
dilation is infinite.

". Observable oscillation @ non-zero mass. 15



Aside: Can the clock run backwards?

CERN Neutrinos
to Gran Sasso facility

OPERA experiment measured transit time of neutrinos
from CERN to Gran Sasso. They report that the beam
arrived 60ns faster than the speed of light.

Implies that (v-c)/c = 2.5 x 10>

16



Aside: Can the clock run backwards?

i CERN Neutrinos
'5_:5 to Gran Sasso facility

T2K plans to upgrade its clocks and check this result
within the next few years.

If we confirm the result, we will publish it yesterday.

17



Flavour Oscillation

Because a flavour eigenstate produced by a weak
interaction is a mix of mass eigenstates which, if
m,#m,, propagate with different kinematics,

oscillation can occur.

v(t=0))=

ve>=cosﬁ‘vl>+sin6‘\/2>

2
Pl’Ob(\/e—>\/e):1_Sin2(2 G)Sinz 1.27Am"™ L

Units: [L] = km; [E] = GeV; 5
Am? = [eV?] 0

Scott Oser (UBC) Colloquium at Toronto
October 20, 2011 18



Super-K atmospheric
vV results

Zenith

Al

0 20 SwbGevelke |0 SubGeV ke
E P = 400 MeV/c 200 P = 400 MeV/c
[ 200
© ;ﬁgﬁg 200 * | F
o 4
& 100 =
= 100
=
Z

0 0

1 05 0 0.5 1 -1 05 0 0.5 1
150 Multi-GeV e-like 150 Multi-GeV p-like

100 + 100 4
T
50 50
+

11

0 0
-1 05 0 0.5 1 -1

cosh

PRL 93:101801, 2004
PRD 71:112005, 2005

Isotropic flux of
COSMic rays

Deficit of upward-going
v relative to downward-going.

No deficit for V..

Seems like v, — v_

Scott Oser (UBQC)

Colloquium at Toronto
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B |

soc'lj

2

Neutrino Flux (x 10° em’”
e

SSM Prediction (BPB 2000

N

(o))
=]

Events / 0.425 MeV
N
()

[\
=

NC

—— no-oscillation
— best-fit oscillation
[ accidentals

—e— KamLAND data

Fraction of SSM

—0.5

0.0

E  (MeV)

prompt

Scott Oser (UBQC)

SNO & KamLAND

reactorv

« Appearance of non-v_ in solar ®B flux
* Suppression and spectral distortion of

* Consistent set of mixing parameters

3, (eV?)

Am

104 —

2v Model

e KamLAND
B 95.00% CL

99.00% CL
B 99.73% CL

Solar

---------- 95.00% CL
----- 99.00% CL
— 99.73% CL

10t

Colloquium at Toronto
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The T2K Experiment
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16

14

events/0.2[GeV]

12

10

181

K2K

0.5

Ratio to null hypothesis

MINOS data
Best oscillation fit i

L
l

—— Best decay fit iy

s Best decoherence fit |

K2K &

MINOS

4_0|||||||

3.5

Lo

|f.
./.
.ir-

— 8
[ e MINOS best oscillation fit wnq"“":f-"-‘m'.'r"-w. = .
- Ll Sk i - -=- Super-K 90%'+ _ i
= MINOS 68%  wwuwsen Super-K LE 90%
i MINOS 2006 90% =--- K2K 90% -
1.0 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0.6 0.7 0.8 0.9 1

sin%(26)

Consistency between
atmospheric and long-
baseline v oscillation results.

5 10 15 20 30 50
Reconstructed neutrino energy (GeV)

Colloquium at Toronto
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The ftull v 3x3 mixing matrix

Different L/E values pick up different Am? pairs, probing
different parts of mixing matrix.

(1 0 0\ [ o 0 ¢®s;5 \ [ ez sz 0

0 Co9 599 U 1 0 —S12 (€12 0
\ 0 —s923 23 / \ e~ S13 0 13 / \ 0 0 1 /
Atmospheric V's: Short baseline reactor v's: Solar V's:
Oo3 =~ 7 /4 13 < /20 010 ~ /6
Maximal mixing! (?) Small, quark-like mixing Large, non-maximal mixing

Compare to identical parameterization of CKM matrix ...

Oog ~ /76 H13 ~ /870 O10 ~ /14
Scott Oser (UBC) Colloquium at Toronto

October 20, 2011 27



0,, and v_ Appearance

The observed oscillations of atmospheric and long-baseline v's
seemtobev, — v. What aboutv — v.?

For oscillations involving v, and v, (atmospheric, long baseline), the
limiting factor for v, — v_is how much v couples to electrons in

CC weak interactions. To first order, in the absence of matter
effects, at oscillation maximum this probability is:

P(v,—v,) = sin’20,,sin’0,,

|
~ Esm22613

This is the main goal of T2K.

Scott Oser (UBC) Colloquium at Toronto
October 20, 2011 28



CP Violation and v_ Appearance

CP symmetry requires P(VM—> Ve)ZP(\TM—W )

e

2
For v_appearance at Am~_:

P(v,-v,)-P(v,—>V,) Am;,Lsin20,, .
‘ — , SIN O p
P(v,—»v,)+P(v,»V,) 4E, sinf,

This may be a big asymmetry!

Aep=

SO WHAT?

Our universe is made of matter but not anti-matter.
CP violation is a requirement for producing a cosmological
asymmetry.

Regular quark CP violation not enough---is this the missing
piece?

Scott Oser (UBC) Colloquium at Toronto
October 20, 2011 29



T2K v_ Appearance

« Measure v - V_appearance:
H e

will give 6.

 Based on observation of CCQE
interactions at Super-K:

v.+tn—-e+p

« Flux of v_will be much smaller
thanv,. Understanding and

controlling all possible
backgrounds is important T2K

challenge.

90% CL 6., Sensitivity

10 —

1072

5 (eV?)

2
2

Am

1073

e 20% SYS €rror : i E B HHE
[ cHOOZ Excluded ]
I I I 1 il

107
10°° 102 107
sin’ 2 0,, sensitivity

90%CL Sensitivity
to v_ appearance

(5 years at full 750kW power)

Factor of ~20 improvement in

sensitivity over CHOOZ.

Scott Oser (UBQC)

Colloquium at Toronto
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I'2K v Disappearance

« Measure v disappearance:
1 ,
will give Am?,,and 6,,

 Comparison of near/far spectra
allows for extraction of v,

disappearance parameters.

* Use kinematically clean
Charged-Current Quasi Elastic
(CCQE) interaction to measure
v flux and spectrum:

v +Tn—-up+p

* High JPARC proton flux will

allow for precise measurement.

V)
)
o

T

3 sin20=1.0
O [ 1] Am? =2.25 x 10eV2
3100 ) 5o
S — AM? =250 x 1073V
@ | -] — Am? =2.75 x 10°eV2
o 80r (dashed lines:
0 i non-CCQE B.G.)
. 60 =N
Simulated |
Spectrumaot
at SK i
20}
[ f TR ST
oL 1 1 1 [ e
0 02040608 1 12141618 2

EV°(GeV)

(5 years at full 750kW power)

N

© @ w
| T ]
|

N
co
|
|

Am? (x107 eV?)

Achievablez‘? _ ----- _

Precision 2@ —68%C.L| ., ... .. .. .
| — 90%C.L. : : ]
I 99%C.L. : : )
2.5 5= S
098 099 1 1.01_1.02

sin®20

Scott Oser (UBQC)
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0, : the CHOOZ limit

| L 127Am}, L | L 1.27Am, L
P(v,—-V,)=1-sin’20,,sin’ Z 2~ |—cos*0,;sin°20,,sin’ Z =
14F R _
sensitive eactor v exp.erlm.en.ts
L2 to 8, at short baseline limits
1.0 —._+.ﬂjr_ %"‘“‘#‘"‘"‘“ _ _l_ _ 613-
5 081 " ) o
z L sensitive Best current limit from
S 0.6 x SavannahRiver LO 913 3 +") CHOOZ:
Z O Bugey v
04 o Goesgen L
A Krasr%oyarsk SII’]Z 29 < 015 (90%
02 O léfllllo Verde 13
o [T | 00z
e KamlLAND C. L)
00 | l l l l .
10" 10 10° 10* 10° Reactor experiments

Distance to Reactor (m)

sensitive to 6 , but not
CP violation.

Scott Oser (UBQC)
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4 Materlals and Llfe Sclence
Experimental Facility

! Nuclear_
Transmutation

o b
) -.."."‘i‘

5 | ' > \Lk .
: k] SR o
3 GeV Rapid-Cycling - —
Linac Synchrotron, RCS ALEE DT !
(33[:"_") 15 Hz, 1MW) Synchrotron (0.73 MW)

‘ J-PARC = Japan Proton Accelerator Research Cumplex

Neutrino to
{ Kamiokande g "
A

30 GeV proton beam in Tokal, Japan

Scott Oser (UBC) Colloquium at Toronto
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How To Make A Neutrino Beam

Year Detectar g, Deam dumg gecay volume target s1afion

- gt | 3 . _Im Haom 4 | pratan
# o | o | e p— A = primary beam line
= = ; — — _ T— 5
) -~ — — .
__../'J O - /! -H:\

muon monitor -

< FH

30 GeV protons hit graphite target

3 magnetic horns focus 1T, defocus 1T.

T — U+ v“in 110m long decay pipe

L monitor at far end of beam dump:

fluence: 108 wWem?spill at full power T2K's 90cm graphite
target
Scott Oser (UBC) Colloquium at Toronto

October 20, 2011 34



Optical Transition Radiation Monitor

(OTR): Toronto/York
® OTR detector is directly upstream of T2K -

target. S .

o S

I

® Measures the proton beam width and
position just before impact.

® Cannot place conventional beam /

monitors in this position; wouldn't

survive radiation. OTRCamera
T2K Target ‘a
- o 35

Area I
lll Ili -

Collimator

ADC counts/pixel

o O

Protons “""":'*"*- seanns,

OTR Foil Homm 1 + Target

~Hom 2




Inside the decay
volume

— The 274 focusing
horn




Off-Axis Beam Principle

=
E Ir--f- <"ttt mmmmmmm--- e TTTTTT T
P Oscillation Prob.
£, @ Am? = 3.0 x10-3
Medium energy setting i
~0.06 0.4
% = B
8 i 02
1004 = 07"‘ - . T S Y N S NI W I L L
o = 3500 - Vv energy spectrum
S - (Flux x x-section)
()]
£0.02 3000
g 2500
0 I
A 2000
—-0.02 i
- 1500
—0.04} — 1000
— 7\ L1 I | | I I | ‘ | 1 1 500
0'060 1 2 K} 4 S 6 7 L
p,(longitudinal) (GeV) 0 -1 -
0O 05 1 1.6 2 25 3 35 4
GeV

Off-axis beam: more flux near peak oscillation energy, less
flux at higher energies where v_ backgrounds are produced.

Scott Oser (UBC) Colloquium at Toronto
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Super-Kamiokande

“le f super-KIN

Large water Cherenkov
detector

22.5ktonne water fiducial mass

~11,000 phototubes

Scott Oser (UBC) Colloquium at Toronto
October 20, 2011 38



Super-Kamiokande Event Selectlon

Super-K will measure
CCQE v orv, events

for key T2K .
measurements.

* Some challenges:

electron-like (v)

- Understanding the = muon-like (v,)
irreducible background
from beam

- Understanding background v interactions that might
mimic signal v or v, interactions, such as
v+n->u+p+nt : CClpi (vu background)
v+n->v +n+ m®  : NC1pi0 (v, background)

Scott Oser (UBC) Colloquium at Toronto
October 20, 2011 39



Backgrounds to v, Appearance

Intrinsic beam v : Do you see
© the

- reduce with E cut 2nd ring?
- measure at ND

Charge(pe)
T production, with one y

from event not detected
at Super-K: .
- better ID algorithms : :7 i
- measure at ND '
- measure 1 in SK

V+p = V+p+ T

Estimated bkgd (5 years):
INtrinsic V.. 17 events’

T production: 10 events

signal: 20 events for sin* 26, = 0.01

Scott Oser (UBC) Colloquium at Toronto
October 20, 2011 40



Off Axis Near Detector
Side Muon Range

Detectors (in yoke)

UA1 Magnet Yoke

UA1 Tracker = 3 TPC modules
magnet:

0188 T + 2 FGD modules
field

Downstream
l ECAL

Solenoid Coil

neutrino
beam

Barrel ECAL

41



T Fine-grained scintillator
detector (long thin bars---active
target mass)

« Large Time Projection Chamber
(3D gas tracker)

Scott Oser (UBQC)

Colloquium at Toronto
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Sample ND280 Measurements

* Charged-Current Quasi- * Neutral-Current n®:
Elastic: v+ N->v + N+
v, +N—>uyu+p . ‘
* Interaction mode is an
* Super-K oscillation analysis important background to
uses this interaction mode; Super-K v_ appearance.
accurate/precise ©
measurement before « POD has large target
oscillation is essential. mass and lead radiators:
o IrackerReconstruction-YZprojection| POD + EC AL Optimized
anl A a for measurement of
i, oo TPC 2 TRC gammas from m°.
- am—"
0:_\)“ ) ci",\,\#
p \p Both POD and FGD have water
1000 targets; allows for cleaner
0B e e 3508 e 000 extrapolation to water-based
Fpeston o Super-K.
Scott Oser (UBC) Colloquium at Toronto
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Oscillation Analysis

1. Predict number of neutrinos produced
In beam

2. Verify & normalize prediction using
near detector

3. Extrapolate to Super-K

4. Compare number of events seen at
Super-K to number predicted

First results on v_ appearance released in June:

- 1.43 x 102° protons on target
- included all T2K data to date
- PRL 107, 041801, 2011
August: new results on v disappearance

- paper in preparation

44



T2K: Flux prediction (Beam MC)

I!rllnrn

—@mﬁ

Simulate hadron  Model pion

production on propagation and decay
target using through horns and
FLUKA simulation beamline

Particle
production cross
sections tuned to
external data
from NA61 and
others.

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

1072 ND280
Ea '._- —_— VH at

i3 ND MC [=vumwm

— — v, at ND280

1010 o, LY e — V. at ND280

—
(=]
o

107

Get flux predictions at near
detector and SK




Ry e :ND280: OFF axis detector

TPC PID for particles from neutrino interactions

energy loss (keV/cm)
energy loss (keV/cm)

- - - %
“"7500 1000 1500 2000 2500 3000 3500 4

000 | 00 1800 1800 2000
p (MeVic) p (MeVic)

negative positive

Inclusive CC v, analysis:

Select long negatively curving tracks in the ND280
tracker. These are candidate muons

Require that they have deposited ionization energy per
path length consistent with being muons.

Estimate few percent background from other processes



ND280: Normalization DATA/MC

Entries 1529 I

: :
L I L I T T 17T I T T 17T I |||||||| T CC E
200 =y

N CCQE

o - V)
~ - O_ esonance
S 20 e S S0 g
2 180 - CC Coherent 8 CC Coherent
- I Neutral Current ‘= I Neutral Current
o 160: CC Charm e 400 CC Charm
S = I No FGD o B No FGD
< 140: v, v
S 1205 E 3001~
£ 100 E -
o c - B
80 = = 200—
60F- = -
40 = 100
20F= = -
e d d h— _|||||||||||| L - i — e
00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 00 0.1 02 . . 05 06 07 0 8§ 09
P(u) (MeV/c) cos 0 (n)

# of CC inclusive U events:

Ry e = 1.03620.028 (stat) 70037 (det. syst) £0.038 (phys. model)

NSKexpected — ( NNDDATA / NNDMC )x ( NSKMC + kagMC)

Total uncertainty for N /N,,: +2.7% 0 25 % for background
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Event Selection

; < —+4— Data
Look for events with: = 3
= 9
. . . LO
* A single electron-like ring d wow *
) sin“2842 = 0.1
: T 27
* No following decay electron o "
@
* Energy in expected range: S ot
g )
100 <Ev <1250 MeV E | O
* No evidence for 2™ ring with that 00 1000 2000 3000
could reconstruct to give T mass Reconstructed v energy (MeV)
(. I
Signal Efficiency = 66%
Background Rejection:
77% for beam ve
, | 99% forNC y
6 candidate events seen

Selection criteria & cut values are fixed before analysis. Unbiased
A O



Backgrounds

Three significant sources of background:

1.v_in beam 0.8
2. mis-reconstructed 1° 0.6
3. v,-v, from subdominant 6,, effect 0.1
TOTAL: 1.5+0.3

If only known backgrounds produce v_in Super-K,

the probability of seeing 6 or more candidate
events is 0.7%.

Significance of excess: 2.50

49



Vertex distribution

Vertex distribution of ve candidate events

50 2000 peam direction 2000
1000 | 1000 |
£ ﬁ S [ * i
< S e
> [ N [ |
< Of < Of 5
@ : @ L
= - = g :
-1000 | -1000 ;
- . . i
e e T
22000 Lo 2000 b
-2000 -1000 0 1000 2000 0 1000 2009 3000,
Vertex X (cm) Vertex R™ (cm”) x 10
These events are clustered at large R o Event outside FV

— Perform several checks. for example

* Check distribution of events outside FV — no indication of BG contamination
* Check distribution of OD events — no indication of BG contamination

" K.S. test on the R2 distribution yields a p-value of 0.03

Colloquium at Toronto
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913 measurements

107 Sin2205=1 1 S
- Scp=0 i y
i A 11133} 0 I Am23>0 ]
— ) -
?,,. 10% Chooz experiment [ !
2 F 90% CL limit. _
e i B v 0 ]
el é-« I i o) i
<] 10°F - — Bestfitto T2K data -
= - 0l 68% CL b
N . B B %0% CL
4 - ' L L L L = . ' | -
L Y B ¥ E— T0 01 02 03 04 05 06
. . 2
sm32913 sin°20,,
(Am, 2>0) (Am, 2<0)

0.03 <sin22613<0.28 90%CLrange (.04 < sin22013 <0.34

sin22013=0.11 Central value sin22013=0.14

assuming Amz2zs=2.4 x 103 eV2, sin220z3=1, dcp=0 C°g‘§‘§g‘t',‘grr“2%t Tz%rf 1n 0



Muon neutrino disappearance

If neutrinos didn't
oscillate, expect to
see 103.7 = 13.5

events at Super-K

Actual number seen:
31

Number of events

20

150

10 |

o

—— Data

----------- No oscillation

Best fit with oscillation

(sin?20, Am?) = (0.99,2.6x107eV?)

Reconstructed neutrino energy(GeV)

10

52



Muon Neutrino Disappearance

-3
4 x10
—— T2K 1.43x10°°POT (w/ syst. error fitting), 90% CL
--------- T2K 1.43x10°°POT (w/o syst. error fitting), 90% CL
[ ——— MINOS 7.25x10?°POT, 90% CL |
— ——— Super-K Zenith (preliminary, Neutrino2010), 90% CL N
— ———— Super-KL/E  (preliminary, Neutrino2010}, 30% CL —
—
™
> 3
@ o
]
<] o
2 |
o | | _

08 09 1
sin?(26)

Oscillation contours already competitive
with only 2% of T2K's final data set!



March 11 Earthquake

Areas affected by the quake

JAPAN

Massive earthquake affected puars
J-PARC directly. "
* Tsunami did not reach lab!
* Most buildings sustained little
damage

* Beam shut down automatically iaarit

and normally

* T2K near detectors continued , srosmE
to read out data on battery backup )

Source: USGS_

MNAGID Kosennuma

O Tokyo.O
Sendai

Pacific

FUKUSHIMA

Marita

Overall, minimal damage. Most work needed on realigning beam
and reconnecting services severed by shifting ground.

Plan to restart accelerator in December.

Scott Oser (UBC) Colloquium at Toronto
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90% CL 913 Sensmwty 750kW

I .......... ....... ...... ..... sygtematicEnanraclinn

DL L | e 5% SY'S EFTOT

A — 10% sys error

—
<
|

§| m—20% sys efror

e e e

13 sensitivity

—
<
%]
[

sin’20

S TP

-

N -

ot e 1 1

10" 1
Exposure/(22.5kt x 1year)

Ultimate
Sensitivity

Ultimately we aim for
750kW x 5x10” s, which
should push down to

sin® 20, =.006 (90% CL)

This would be 5 years of
running at full power.

Intermediate target (20137)
is sin® 20, =0.013

Beam power is very difficult
to forecast at this stage ...
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Conclusions and Outlook

 T2K has the seen first indication of v - v,
oscillations in long baseline beam

- 2.50: Not yet statistically compelling, but
exciting!

- More data coming soon

* Muon neutrino disappearance compatible with
previous measurements, already becoming
competitive even with low statistics.

« The search for 0,, is on!

Scott Oser (UBC) Colloquium at Toronto
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Oscillation Analysis

I8 Delivered p]’ﬂtﬂn# Proton per pulse(for physics run)
=10 1&;2
:"F:t E— Ph}"‘sll:‘s rn ———— Proton per pulse(all runs) ><‘|
= 140 — )
g e
2. 120 — > /—180
g o1 —
L i —
5 100 — ; : -
= ) ., —160
© - . . _
A 80 . o . 4 ~
60 — A R S 40
' 1 r’. g i :
40— (] .;. "‘; ' i l ’ o —
4 ¥ Il'l'll: a_zn
20p* -+ ‘ / : ]
[ - il : | | L | | |
N IS _ 19
Mar/10 May/10 Jul/10 Sep/10 Nov/10 Dec/10 Mar/1
Date

First results on v_ appearance released in June:

- 1.43 x 102° protons on target
- included all T2K data to date
- PRL 107, 041801, 2011
August: new results on v, disappearance

- paper in preparation

Proton per pulse



Outline of analysis v, appearance search

1. Calculate expected # of event as a function of oscillation
parameters: 0, ,, Am? ,

» NgM= [dE By (E) X g (E) % g (E) % P(VUQVE;E; 0,;, Am? )
N, ' also should be estimated.
ND28O 9 RDATA/MC = N NDDATA/ N NDMC
2N, SKeXpeCted - RDATA/MC x (N, SKMC + M bkgMC)

2. 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 °

3. Estimate the oscillation parameter from N  ©reted and N, °%.
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Analogy of Neutrino and Quark Mixings

d’ Vo
.......... «1°
e
w ?ovf— w
u c
W couplings mix quark For neutrinos the rotation is
generations through a between the weak flavour
rotation between weak eigenstates and the mass
and strong flavour eigenstates.
eigenstates.
d’ Vud VuS Vub d Ve Uel UeZ UeS Vl
S, - Vcd Vcs Vcb A) VM B UMI UMZ UM3 V2
b’ th Vts th b V'c U‘[l U‘EZ U‘E3 V3
Scott Oser (UBQC) Colloquium at Toronto
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Dependence on o,

The electron appearance
probability depends on the
matter effect & CP-violating
phase in addition to 6_.

The community will need
data from DoubleCHOO/Z,
Daya Bay, NOVA, or LBNE
(FNAL—DUSEL) to
disentangle.

90% CL 6,, Sensitivity

LA Ny %

32

ni2f

i Systematic Error Fraction

: Y & : oo b
ANy ¥ P
L1 i i Lol

10;2 10" 1
sin” 2 0,, sensitivity

Scott Oser (UBQC)
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Event selection

Sinele i m = | Visible energy > 100 4
7 o v - —+ Dala
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> wew | g e background and c 0
! RO | ) e | 8 W
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0 il 0 t .
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2y : decay ; g
e ° %
Z i | !\ \ g 1 | 1} Z
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NS NN it z i s i L
23 b 0 7 events remained 00 - : 0 1 2 3 4 35
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HMOerorings Visible energy (MeV) Number of decay-¢
PID 1s e-like " n No decay-e 4
“ 70 Ose v 0 q Moy - ™ +
4 Enhance v_CC Ei | B (delayed ) : P N
: 40% o |20 o 4 Suppress 0 3l =i |
0 0 . . e i t
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i il 2 Q
T 3 | L L . E
e H 6 events remained :
bed 4 ! " ‘1 IR P RERTR
Number of ings PID parameter

Visible energy (MeV) Number of decay-¢

r<e)



Event Selection

57
CEIQ_ I < —4— Data
>
) a
Invariant mass of already found 1 e-like ring + additional E * l
forced-reconstructed e-like ring Minv < 105MeV/c2 T, 3 (MC w/
* :': 5in22643 = 0.1)
4+ Reject remaining T background 5 7
o 27
S
g 7 - o
: E | |
6 events remained s WS =

100 200 , 300
Invariant mass (MeV/c")

Reconstructed neutrino energy < 1250 MeV

; —$— Data
- Reject higher energy intrinsic beam g i <
background from kaon decays 3 31
o ° % (MC w/
6 final candidate events remained! 2 ,[ 1 si°2613=0.1)
c <
(. N & |
Signal Efficiency = 66% 5 | Expected BG
Background Rejection: s "I 77 1.5evts
77% for beam ve cE | 7
| 99% forNC y z2 & s =
0 1000 2000 3000

Selection criteria & cut values are fixed before analysis. Unbiased HReconstructed v energy (MeV)



—— kaon parents_

NAG61 Results of pion production from
2007 thin (~2cm) target data

pion parents

Results of pion production from thin target (2007 data)

, . . . N.Abgrall et al,, arXiv:1102.0983 [hep-ex_
Differential cross section for TT* production submitted to Phys Rev.C (2011

in 30GeV P+C Error bars = stat. + syst. in quadrature

no normalization error is shown

5 oot - }I ' ' . T
> ] O P, S L— I
Y | . . i 11

% 001- T {;}i}#ﬂ f#fii 1 Systemallc uncenalnty was —— kaon parents
e il raamd g % Jaimad | evaluated in each (p,6) bin pion parents
- E S 4 ", . ) 5L Lo e e .. -pare

) e typically 5-10% 10 Intrinsic ve ~1% of — oo Parens

006 4 _
ool ﬁ% | The normalization

i e<aom: 1 UNcertainty is 2.3% on the

i i _
"”2_‘/"”"-‘-_“ o | overall (p.8)

0l ‘ '

1 - Propagate the systematic
‘”’57& 1008140 rad [ 140<8<180 mrad. | inf i ;
\, "&3 uncertainty in each (p,8) bin
3

Flux[/10*' POT/cm750MeV] Flux[/10* POT/cm’/S0MeV]

into the expected number of

bl TV L L L .
R 10 b 10 b events in T2K
p[GeVle] p [GeVie]

Error from beam
uncertainty

= Input to T2K neutrino beam simulation

¢ Cancellation 1n ratio prediction
thanks to near&far correlation




Event selection (1) timing

relative event timir Event timing @ SK Clear beam structure !
8 EElow-energy - event ) e o - t : : : : : : : R
L OD: hite. at. Quier. Detector D
§'103 EC..No I?t atuff:ref efeqior .| & | | | | | | +|FTUFI 2
(o]
Near detector (INGRID) P = 121 FC events detected!
Event t1m1ng dlStI‘lbutIOIl S 10 “ S B L &
nt timing after ent selection | overs | > >
‘-. 3 nff-limneevat E E
%10‘*; ' % 10 e 5 5
— 3 o) e
s f E =
10°F = > I
: = i 5 = b I a
10 500 250 0 250 500 © 3000 0 10002000 3000 4000 5000
101 AT, (usec) AT, (nsec)
1k ATo = Tgps@8SK - Ters@J-PARC - TOF(~985usec)

17 R A g1l iz 14 i
2000 3000 2000 50004 6000 7000 8000
time from trigger[nsec]

ATo =Taps@SK - Teps@J-PARC - TOF(~985usec)

¢ Clear bunch timing structure of J-PARC!! ———

¢ 121 Fully Contained(FC) events g gk OD
detected (FC: hits in ID only, no OD TR -
hitS) ( t-v-__:__'




Error source sin® 2013 = 0 sin® 2073 = 0.1
(1) Beam flux +8.5% +8.5%
(2) v int. cross section +14.0% +10.5%
(3) Near detector 289 5%
(4) Far detector +14.7% +9.4%
(5) Near det. statistics £2.7% +£2.7%
Total oo D17

NA61 Kaon results, etc

NeXPsr10r = 1.5 + ().3 events

for sin?2013=0 (w/ 1.43 x 10" p.o.t.)




Total Beam NC VLK Ve
(sol term)

Expected 1 5403 0.8 0.6 0.1

B sin?26,5 = 0

Observed 6

Y<a i



A candidate

Super-Kamiokande IV

T2K Beam Run 33 Spill 822275

Run 66778 Sub 585 Event 134229437
10-05-12:21:03:22

T2K beam dt = 1902.2 ns

1600 hits, 3681 pe

2 hits, 2 pe
Trigger: O0x80000007

D wall: 614.4 cm
e-like, p = 32B81.8 MeV/c

Inner:

Outer:

Charge(pe)

. >26.7
* 1.3- 2.2
. 0.7- 1.3
* 0.2- 0.7
. < 0.2
0 mu-e
208 | decays
156 —
104
52
CI 11 1 1 I 1.1 L1 I 11 1 IJ 11 1
0 500 1000 1500 2000
Times (ns)
| [ —— Rimg—couartir e =11 i PO At T asSs Bre<
(xEn ) lilkkelikrer ool IDararriaeter { T e ) (L™ ==y (T =™
L5 I S S -5 .7 -1 .= 3581.3 2O D AR5 O
284 > 5.2 -1 .22 58300 T O 1 B542_ 5
33S .5 — GO — 1A .5 S A2 O .1 220
pn s B — 1O -—=2_.3 1 O S Oy [ o = S 1120 .9
239 < —E3.D —-3.1 2E3 G GO SO 3
DTS4 —5 . A -2 5 BEG3E3 .3 s e ¢ 1 DS

Talle G: Reconstriactecd imforrmatiorn for the fimnal oy candidate

£ O

L= =h u'k eF 1N



JPARC Power Ramp-Up

b
4" Expected Power vs. Actual Power
J-PARC
I D D D N O Em e won
* Plots shows RCS - November of 2003
power. - | .
. . Expected Beam Power at 3 GeV T
* Main ring power — | S
is factor of 1.3-3 7/ 100 Mat faspaston
lower than RCS 0% iﬁ%’iﬁ‘iﬁ P =1
power (factor of 3 0.4 18 years—
I]'OWI faCtor Of ]' * 3 0.2 I Actual i. ]'hTﬁE?l?r?]LﬂﬂTfﬂ \
- 1 - - 500 MeV
]-ater) i ; = on-Day 1
0.0 =y /
T - " JFva007 + JEV2008 + JEY2009 JFY2010 JFY2011 JFY2012
L Completion of Completion ; :
ol of T2K 5 Power at KEK-Booster = 3 kW
S. Nagamiya @ICFA seminar
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An on-axis array of iron/scintillator neutrino
detectors measures the beam profile and

Beam Pointing Check

direction 280m from the production point.

Horizontal:+0.01+0.05(stat)+0.33(sys) mrad

Vertical

: -0.24x£0.05(stat)=0.37(sys) mrad

111111

ta + 04 =
12000 _..-.-.. Mean BT
= gma
: -t
10000_.,...§ .' \ ~ g
8000 _ - H ‘.5‘
6000 - .

| I S B B
-400 -200 0 200 400

distance from INGRID center[cm]

Scott Oser (UBQC)

Run32 I 7 I ndf
nstant 1

Co tan 064e+
12000 1 . ......... Me- 7.99
SSSSS A461.
= : *_ :
10000 s @I e i
_ -
8OO0 se ot O Tas PO SR
r'. £
- : Y
LT ] e SRRTISRRS S PRTORES SN
4000 dnmreeee e SRS S
- i i i i i
-400 -200 0 200 400

distance from INGRID center[cm]

v beam width
~4.5m @ 280m
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15 KT liquid scintillator
= 0.8 deg off axis
== Ready January 2014

Near 200

Detector IPND

#Michigan:

, 5y 4 R e T upgrade NuMI from
: T e L 0 “F;oogle 400 kW to 700 kW

¢ Image © 2
| Wii g Apve

/ ;
! - i A . e i b
Pointer 43°34'32.84" N 89°04'55.60" W elev 271 m Streaming, |||]1]1]] 100% Eye alt 545.86 km ? 1
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Mass Hierarchy

" sin0
v, S v,
T 77 N }Am sol
v\
Currently unknown: . $
atm
9 ISR o AInzatm
° 13
“Ocp v, W//Amnnmmm -
SO .
*sign of the mass AN ; AN\
hierarchy sin’f) 5
Normal Inverted
2 — -3
Am?s = 2.4 x 10
eV? v, [1U,,12 NSv[1U,2 v, [1U, 12
Am?2_ = 7.6 x 10
~\ /2
TV
Scott Oser (UBC) Colloquium at Toronto

October 20, 2011 72



Matter Effects and v_ Appearance

Matter effects modify the oscillation formula. Because the Earth is
made of electrons and not heavier leptons, the effective “index
of refraction” for v_ is different than that for v, At the oscillation

maximum, the v_ appearance probability changes to:

P(vy=v )| 1422 P (v, > v,)
ER
where
Am§2
E,=—F =+11GeV
2V2G,N,

The sign of the matter effect is opposite for neutrinos and anti-
neutrinos, and depends on the sign of Am? as well.

Scott Oser (UBC) Colloquium at Toronto
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0,,: MINOS & solar limits

Feldman-Cousins C.L. contours for ANN

Far Detector MINOS PRELIMINARY
20 . v v T T - r r r T - T T :" T T T T T T T T
B 3.14x1 020 POT ANN Selected i : S 3.14x1 020 POT :
B === Data 7] = i i
W === NC Prediction 3 s sin“(20,,) =31 |
S I —— == CC Prediction 1.5 A m2,] =2.43x10° eV?
r: B Tou Prediction - [ — BestFitA m2>0 |
E wes= BNue Prediction = siis Best FitAm2 <0 -
g-’ - I B o i —g0% CLAM?>0 |
i | 1w 1 ——90% CLA m?<0 |
} —— CHOOZ 90% CL _|
L1 :
Iim'l - == [Data Excess _ 0_5 —
3 5 we= Bost Fit Signal ] -
= i
8 ofl ] ‘
L] - -
- D - -1
m + l 0 | 1 : I | 1 1 1 1 1
o - ]
0 2 i 6 8 0 0.2 0.4 0.6
PRELIMINARY

Reconstructed Energy (GeV) Sin2(2813)

MINOS v, — v saw 35 events, expected background 27 + 5 +

2
sin”20,,=0.078 00w
Setart—KamtAND-iintfit
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Leptogenesis

CP violation in quark sector not enough to explain observed
matter-antimatter asymmetry in universe.

Neutrino mixing provides another possible source of CPV.
» Standard Leptogenesis: decays of RH neutrinos (CPV in decay)

Quantum interference of tree diagram and one-loop diagram
) H' _ H '

-"'.-. J._ I| .r#’
.-_.-'f. I.J’FE_H l'.l'l'r

Ny
I S Nx -
! 4 N; . ; N
\.\ . K
. H ™. -
\'\ H
l; L, 1.

Usual scenario: decay of heavy Majorana neutrinos Phys.Lett B 174, 45
(1986)

Many alternates, eg. leptogenesis with only Dirac v's  PRL 89:271601
(2002)

Relation of o_, to leptogenesis is model-dependent, but observation of

leptonic CP violation is an Important milestone.
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Atmospheric Neutrinos

p T—uUu+ YV
Incident proton strikes |_>
atmosphere, making pion c + VM + V.

Two muon neutrinos
produced for each
electron neutrino!

\Y

Super—Kamiokande
detector

Scott Oser (UBC) Colloquium at Toronto
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Neutrino Beamline

* T2K group responsible for construction of neutrino
beamline at JPARC; huge amount of work.

ARC sect.
14 doublets of
superconducting
Combined Functlon Z

magnets /\‘ -

"Prep. Sect.
11 Normal conducting

i f ' ?"--'}?' | magnets
/-"' |‘\_. ) & Utility building #1
...._]:, i| §| (Power supplies, Cryogenic System)
L[] s
Final Focus Sect. Ultra High Vacuum system
- 219 Normal | |

conductlng magnets

-5 @ z_'lr: {’ - Py
g | = =
83 = J_ Utlht\,f bundlng #2
§ |__L (Pow er supplies, Air Conditioner, Cooling Water)
= I ’ [
_13 nur _]
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The T2K Collaboration

* ~400 people, (290 PhD physicists)
* Japan (85)

» ICRR, Hiroshima U,-KEK; Kobe U, Kyoto U, Miyagi U :

of Education, Osaka City U, U of Tokyo

|||||||

» Oxford, Imperial College London, Lancaster U, Queen
Mary U of London, Sheffield U, STFC!RAUDar‘esbury
Lab, U of leerpoel U of Warwick > o

*US.A. (66)

U, Loumlana State U, Stcc:un)r Brook U,ucC Ir'wne, U of
Colorado, U of Plttsburgh U of Rochester' U of
Washington % il

~eCanada (65)

» U of British Columbla U-of Regina, TRIUMF, U of
Toronto, U ofV|ctor'|a York U Ao

* France (51)

» CEA/DAPNIA Saclay, IPN Lyon, LLR Ecole
Polytechnique, LPNHE-Paris

* Switzerland (38) —

p Bern, ETHZ, U of Geneva

* Poland(29)

» IF) PAN Cracow, IP] Warsaw, Technical University
WWarsaw, U of Silesia, Warsaw U, Wroclaw U

- e Russia (1.3)

“ UK (83) | .,_".Spam(l [y

~% f‘«"-::-_ > IFICVaIencm B:ircelonafIFAE

% .-_Italy (10)

» INR

~ » INFN-Bari, INFN Rome Napoll Padova, Rome

;..' Korea (9)

». Chonnam National U Dongshln U, Sqong U, Seoul
National U, Sungkyunkwan U ;

o GermanY(3)

» RWTH Aachen U
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Monitoring the Beam Location

Optical Transition e
Radiation foil monitor just
upstream of target

Foil

OTR History Images OTR Current Event I Position H|mW| Signa H'*mﬂ"l

Forward Light

Protons

Backward Light

Reflection Axis
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Nuclear Effects

w

121

o
|

o
o
R !

Counts / 0.05GeV?
N a W

%0 0204 06 0.8

‘ Entries

1726

q
2 track non-QE

o Data

1 NC

EE CCmultiw
CC coherent «

] CC1m

B CC QE

P OO0
s ) S aWa
R TS oo == s et

.,

Data from K2K Scibar
detector shows poor
agreement in g
distribution for events
selected as being not

CCQE

1214 1.6 1.8 2

GeV

The neutrino world's version of a
QCD background ... are there ain't
no such thing as asymptotic
freedom at these energies!

Nuclear effects quite important in
modelling neutrino interactions:
binding energy, Fermi motion,
Pauli blocking, coherent scattering
off of entire nucleus ...

Data anomalies abound!

May be different for different
nuclei.
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Anti-v, appearance

Appearance probabilities at T2K (E=0.7 GeV, L=295 km)
0.08

0.07

0.04

0.03 |

0.02

0.01

0 0 0.01 0.02 003 0.04 005 0.06 0.07 0.08
Vv, appearance probability

CP Violation and Matter Effects

Appearance probabilities at NuMI (E=1.5 GeV, L=732 km)

. 2
E sm 20,;=0.1

\ \ - 'sin” 20, = 0.05

N\

sin’20,, = 0.03

0.07

0.06

Anti-v, appearance probability

0.08

i Inverted

. 2
| sin 2913 =0.1
‘ N E B ﬁ\

: L Normal Hierarchy
- \\\ . : :
N .
B in® 20,, = 0.05
Y % | sin” 26, = 0.
%{ ~sin® 26, = 0.03
'_?"\"'j | ‘ Il L L L ‘ L L L ‘ L L L L ‘ L Il L ‘ - L L ‘ L L L ‘ L L L L
0 001 0.02 0.03 0.04 005 0.06 0.07 0.08

V. appearance probability

Significant parameter degeneracies will require multiple

experiments to disentangle.

Scott Oser (UBQC)
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v, disappearance analysis

2.5
- MNull oscillation
l_
) =
O — v o - w_ oscillation
Ly} m T
LIJ P =2
(=in~2e,.Aam-i=(1.0, 0.0024)
ﬁ_ 1.5 - (
L]
ﬁ + Data
[a k)
= 1 HIA
o
L)
Fo
—
a»
=
W 0.5 .
:'_|"'L_I_I_L -."'_._
"—'——-_':;_—__,;.____u__‘_‘_‘________________-_______‘r_
O
O .5 1 1.5 =2 2.5 3
Reconstructed E GeV

8 vV, events observed.

# of events agree with MINOS / SK
measurements.
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Flux[/10*' POT/50 MeV]

Flux[/10*' POT/50 MeV]

X

Nux at SK
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Flux[/10%' POT/50 MeV/cm?)

Flux predictions by flavor

ND280
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Far/Near ratio
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Beam direction: INGRID

7+7 array of the scintillator trackers with iron target.

Distance from target = 279m (V) / 283m (H)
- 10cm center shift = 0.04mrad

Beam direction from 2010 Jan. ~ Jun.
Horizontal:+0.01+0.05(stat.)+0.33(syst.) mrad
Vertical :-0.24+0.05(stat.)x0.37(syst.) mrad
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Profile for 7.7x10¥POT(Apr. ‘10) _
Center: Honzontal =R 3(stat) cmy, Vertlcal -8 + 3(stat) cm e © o e
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