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To R, T2K Overview p— A

Physics Goals

T2K - Long Baseline Accelerator based Neutrino Experiment

* Observe v, appearance and measure 6,

* Observe v disappearance and measure 0,
* Measure v cross sections

* Search for exotic neutrinos
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T2K Overview
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T2 Charge Current LANCASTER)
"'—k\ Quasi-Elastic /\

What we’d like: What we have:
[muor] ,

Nucleon changes but doesn’t break up. “Final State Interactions”

confuse the picture
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Super Kamiokande LANCASTER
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T 2K\ Super Kamiokande events

Super-Kamiokande |
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ND280 Events

Event number : 1184 | Partition : 63 | Run number : 4173 | Spill : 54560 | SubRun number :0 |°

2er: 4200 | Spill H10/] SubRun number :6/| Time : Sun2010-08-21 22:35:25 JST [Trigger: Beam Spill
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T 2 K T2K Data — Run Periods LANCASTER
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Neutrino Oscillations
TZIE \ N )&

PMNS=>Pontecorvo-Maki-Nakagawa-Sakata

Neutrino mixing (PMNS) matrix is: *Plotted for U, + +/0.05i
1 V; I |
Ve Uel Uez UeS V1
Vu = U U V2 8,
Vv, U U, | V3 é Am,,
0 1/ A VZT |

-

Normal Hierarchy

Am?,, = Am?, =7.6x107° eV?

| Am?3;| = |Am?3, | = Am?, =2.4x1073 eV? mv.
0,5=9° V
Q,,=34° Y.
Q,; = 45° V-

Slide from P. Litchfield



Tzk\ Angle parameterisation  (ancsie A

The mixing matrix is commonly parameterised as the
product of two rotations and a unitary tfransformation.
erflng Sij = sinHU, and Cij = COSQUI

C12 S12 0 i3 0 sze9\ /1 0 0
—S12 C12 0 0 1 0 U C23 S23
0 0 1/ \—sq3 e 10 C13 0 —Sz3 C23

The choice of parameterisation is convenient as the solar
and atmospheric disappearance amplitudes can be
approximated as functions of 84, and 6,3, respectively.

This approximation only works to the extent that the third

angle 643 is small.
2 FPCP s rom b Litchgierd




INn the standard parameterisation, it turns out that
U€3 = Sin 913 e_ié‘, Ond fherefore Sin 913 — |U€3|.

The value of sin 6,5 particularly significant because a zero
elementin the mixing matrix would have eliminated the
possibility of (KM-mechanism) leptonic CP violation.

The future program of nevutrino physics is strongly
dependent on the size of 645.

To study, need channels involving (v.|v;). The most
accessible are v, -» v, (reactor) and v, - v, (accelerator)
at first ‘atmospheric’ maximum (L/km ~ 0.5 x E/MeV)

y
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T2K Oscillation Analysis
TZ/R\ Y LANCASTER A

Overview

—

Sy

NEUT and GENIE MCs -

Constraints from k/

MiniBOONE etc.

N CRCD Use event reweighting to model effect of varying parameters.
[0 FPCP
s, Riv. Brusil 2013
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T 2 NA61 / SHINE LANCASTER \

NA61 is a large acceptance hadron
spectometer with excellent capabilities for
momentum, charge and mass
measurements. The experimental facility
consists of Time Projection Chambers, Time
of Flight and Projectile Spectator Detectors.
Physics goals
... Hadron production reference
measurements for neutrino (T2K) and
Fine ot Eilai cosmic-ray (Pierre Auger Observatory,
e KASCADE-Grande and KASCADE)
experiments. ...

NA61/SHINE
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T2K Oscillation Analysis
TZ/R\ Y LANCASTER A

Overview

NEUT and GENIE MCs -
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Constraints from x/.

MiniBOONE etc.

N CRCD Use event reweighting to model effect of varying parameters.
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T2K

What are ND280 Inputs?

,FPCP
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T2K Oscillation Analysis
TZ/R\ Y LANCASTER A
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T2 @ Muon neutrino disappearance LANCASTE‘?)K\

Overview

 Observe muon neutrinos from J-PARC in Super Kamiokande

* Predict number using beam MC constrained by ND280
measurements

* Fit reconstructed neutrino energy spectrum and thus
* Measure sin“26,; and Am,
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Muon Neutrino Disappearance )\

T2
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Count number of muon neutrino events in Super Kamiokande

MC Expectations w/ oscillation

- m-ss 49-57

RUN1+2+3
3.010x102°POT

m 109.50 8.62 131.56
m 174 168.86 37.60 82.80 8.24 40.23
- 88 85.65 35.27 33.67 5.28 11.43
e BT T TR
65 69.25 34.34 31.54 0.04 3.33
m 58 59.86 33.90 22.73 0.04 3.19

o o1

) FPCP 95% CC — of which 64% CCQE



Muon Neutrino
12 Disappearance LWAS‘TER/ K

Plot spectrum as a function of reconstructed v energy.
Fit for oscillation parameters.
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- Oscillation Fitting e\

. . Results
90% Confidence Level allowed region:
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5in?26,,>0.957
viaﬂ.m38-_'- L -+
o 0.0036 = T2K Likelihood ratio 3v 90% CL =
g . > U M ]
Best fit values: > ~ ——— T2KMax likelitood 3v 90% CL .
_ -3 2 : 0.0034— MINOS 2012 2v 909 CL ]
|Ams, | =2.44 x10 ev?/c’ e 0.0032F- Superk 2012 L/E 2v 90% CL ~
sm22923 =1.0 EJ ' = Superk 2012 zenith 3v 90% CL .
= 0.003 3
0.0028 —
Y A D.(H'JE{’);— —;
I 37.88 kton-years Atmospheric b N
i 3.36 x 10°° POT V,-enhanced beam 7 sz-'ll-_— ]
| 10.71x10% POT v,-dominated beam | ~ .
<~ 30 T — 0.0022—
> L . ]
o - 0.002 =
e | : . ]
c:|£ 2.5_ ‘\\\‘ B D-ml 8 -I—I 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 I_'_
E | eI 082 084 086 0.88 09 092 094 096 098 1
= | —MINOS 90% EETE— . 2
FSuperk LB NU T sin“(26.,,)
2.0 —Super-K Zenith 90% =
[ == T2K90% * MINOS Best Fit ] \
080 085 090 095 100
sin’(26) New MINQS result: combined fit of
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Tzk\Electron Neutrino Appearance LANCASTEV\

Recent history

e 2011 result
— Observed 6 events
* (Run 1 and 2 data — before earthquake 11 March 2011)
— 0.03 <sin%26,,< 0.28
e for 6CP=0 and normal hierarchy.
* Reactor results
— 29 Dec 2011 Double Chooz 0.017 < sin®28,;, < 0.16. ( 90% CL)
— 8 March 2012 Daya Bay announces 5.26 measurement of 6,
sin20,5=0.092 + 0.016 (stat) + 0.005 (syst)
Confirmed 1 month later by RENO
See talk by Kwong Lau
* Our new result
— Runl+ Run2 +Run 3

Havor Physics & L1* Ziolatio
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Electron Neutrino
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T2\

Electron Neutrino
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TZ’E \ Effect of ND280 Constraint LANCAST[R/Q
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angle (degrees)

# of events

Electron Neutrino

T2

Runl+2+3 data {3.010e20 POT): I\'I =11

(fit assuming normal hierarchy, & =0}
140
120
100
80
60

200 400 600 800 1000 1200 14I[}0

momentum (MeV/c)

,
6
5
4
3
>
I
% 000 1205 140

momentum (MeV/c)

0.35
0.3
0.25
02
0.15
0.1
0.05

# of events

2*InL

LANCASTER /&
Summary

200 40 60 B0
angle (degrees)

best fit sin’26,, = 0.088 best fit N, = 10.19
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Electron Neutrino

LANCASTER \

Fit results
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0.038 < sin228,,< 0.212 ( 90%CL )




— _Z/K\ CC Inclusive Cross Section p——— /\
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Main backgrounds:
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Good Data Quality
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Convert to differential cross section
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To @ Future Prospects p— A

Current Run / Near Term

* More data

—Plan is to collect sufficient data before
long shutdown for a 506 measurement of

0,5
* Improved reconstruction
* More ND280 cross section measurements

 Which will all help to produce more
accurate measurement.

\ Havor Physics & L1* /ioation
\
!
) 2013



To R, Future Prospects p— A

Future Runs / Long Term

* More of the above and..

* Anti neutrino running?

* Synergies with NOVA...

* Possible sensitivity to CP violation.

NOVA:
Long baseline experiment Fermilab -> Ash River (810 km)

=> Larger matter effects than T2K
Off Axis

Sy




TZR’ Summary LANCASTE{BA

« T2K is well on the way to achieving its original Physics Goals
— Electron neutrino appearance
— Muon neutrino disappearance

— Neutrino cross sections

* Lots more to come in the next few years

Havor Physics & L1* Ziolatio

) FPCP

2013
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T 2 K P(V I —> Ve) and P(\7ﬂ — ‘79) LANCASTE

with matter effects
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sin%(26,,) = 0.87
sin?(2813) = 0.1
sin2(283) = 1.0

Ami? = 7.6x107 eV?
|Ams22| = 2.32x1073 eV2

Havor Physics & UP Ziolation

Earth crust density = 2.6 g/cm?
MNH = normal mass hierarchy
IH = inverted mass hierarchy
T2K energy = 0.6 GeV

NOvA energy = 2.0 GeV

T2K might be able to measure
Ocpif it is close to 311/2 (normal
hierarchy) or 11/2 (inverted
hierarchy). However for most
values of dcp, its effects are
entangled with those of the
mass hierarchy.

NOvA might be able to measure
Ocpif it is between TT-2TT
(normal hierarchy) or 0-T1
(inverted hierarchy).

Note that, for dcp = 0, P(Vy—Ve)
* P(vybar—vcbar).This is due
to matter effects.
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T2 Results in 2012: veflux LANCASTER \
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CC Inclusive

TZ Unfold to find true bins of "'"**°"

, | | y muon momentum and angle
Differential cross section definition:

# of interactions

in true bin
320 Niot 2D binning: (k|
< > kl g
kKl —
dp,0cos b, TlpAp,, A cost,
# of target flux
nucleons
Method
Unfolding un-smearing
. background
n;}trlx in lfgc.bin
. ~~ k - . . .
Nllcnt ~ N, = - J (N;el-_ Bj) | D binning: k
) k| #of sel
efficiency  events

unfolding based on Bayes’ theorem

P(j|E)P(k) Ug= probability to

(i have an interaction in bin k,
E : (-7|a) when having reconstructed the event in bin j
&

Uwj = P(k|j) =

j*nn h 4 |
2013
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