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Overview

e Neutrino oscillations

e Introduction to TRK

e Near detector analysis improvements for 2013
e TR2K cross section measurements

e Far detector analysis improvements for 2013

e A New Reconstruction algorithm for Super-
Kamiokande (iTQun)

e New result (today): ve appearance

e Recent result (winter, 2013): v, disappearance



Neutrino Mixing
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e It may now be possible to put constraints on ocp
(Long-baseline experiments only: TRK & NOvVA)

e However, the large uncertainty on 0z3 is now
limiting the information that can be extracted

from ve appearance measurements

+ (subleading terms)
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e Precise measurements of all the mixing angles Py—e & sin” 20,3 sin” O3 sin 15
will be needed to maximize sensitivity to CP + (CPV term) + (matter term) + ...

violation



The TRK Experiment

Super-K Detector J-PARC Accelerator

R —————
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Matenals and Life Scence Facility
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Transmutation Experimental Faciity

: : Near Detector
e The T2K experiment searches for neutrino

oscillations in a high purity v, beam

e A near detector located 280 m downstream of the
target measures the unoscillated neutrino spectrum

e The neutrinos travel 295 km to the Super-
Kamiokande water Cherenkov detector

e v¢appearance (sensitive to 013 & dcp)

e v, disappearance (sensitive to 023 & Am=zz)
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Previous TRK Results
e 2011 v. appearance '

e (Observed 6 events (background: 1.5

Runl+2+3 data

T2K(2011) Best it

+ 0.3 events) ety
e Firstindication of non-zero 05 at i
2.5¢ significance S —1-L -

e Phys. Rev. Lett. 107, 041801 (2011)
e 2012 v appearance

e (Observed 11 events (background:
3.3+ 0.4 events)

e 3.10 exclusion non-zero 0is

e arXiv:1304.0841 (accepted by PRD)

e 2013 v, disappearance
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Data Taking (Run 1-4)
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Today’s results are possible due to the efforts of J-PARC accelerator division and other
related people.

o (Comnsistent running at 220 kW for much of Run 4 (world record protons per pulse)
6.39* 1020 POT analyzed through April 12th (6.63 * 10=° through May)

Previous ve appearance result: 3.01 * 10=° POT =» Factor of 2.1 increase in statistics
(relative to 2012 analysis)




The Near Detector

Side Muon Range
Detector (SMRD)
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Fine-Grained Detectors
(FGDs)

- Scintillator strips

- Provides neutrino target
- Detailed vertex information - Track momentum from curvature

- Particle ID from dE/dx

CC Interaction in the Tracker

TPCl FGD1 TPC2 FGD& TPC3

Time Projection Chambers
(TPCs)

- Gas ionization chambers



Near Dete ctoff'i" Constraints
Goal: Constrain v-flux and cross section parameters
(used for T2K far d_ete.ctqr MC prediction)

v-Flux Cross Sections

v, and ve fluxes are correlated Main CC interactions relevant to T2K
+ + are CCQE and CCn*
m —=Hd vy

L> e* ve W,
Can use v, measurement to

constrain the v. flux Need to constrain the parameters of
these interactions: VI %%, MA®F5, etc.

BExternal constraints from IWAGL

(see talk later in this session) External constraints from MiniBoolNE

The v, spectrum at the near detector is
fit to extract flux and cross section
constraints at the far detector
g



2012 Event Selection

FGD 1 “ FGD 2 TPC 3

|

e (Charged-Current events were separated into 2 categories:

e CCQE-like sample (1-track events)
e 70% CCQE purity (95% at osc. max)

e CCQE parameters are well constrained

e CCnonQE-like sample (>1-track events)

o 29% CCr* purity

e CCr' parameters are poorly constrained



Limitations of the 2012
Near Detector Analysis

: R Error on T2K v, Candidate Prediction
o DOU.b].lIlg the data statistics (After Near Detector Constraint)

in20,, Using Dat Using Dat
produced CEESN.
0

reduction in the error on
the far detector event rate 0.

5.7% —) 4.7%
6.7% gy 6.1%

e The diagonal error on the

cross section parameters rr o s Seson Partr
were unchanged Parameter Run 1-2 Data Runs 1-3 Data
M,CE (GeV/c?)
(some small M,RES (GeV/c?)

improvement in the CCQE Norm.
correlated error) CC1m Norm.




Analysis Improvements:

e GSeparate the CC sample into three
subsamples: |

! ... CC-Cther
BKG

B Externa
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e (CCOr: no pions in the final state

3000 |

e (CClm': exactly 1 " in the final
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o CCOtheP: >1 m OR >o T OR lr‘uu-; P,
>0 tagged photons | L ccor :
\uci); ._ L‘“\_\‘_\:m.“
1 111 N T e et o e s e T Y POVODOP
° H]_gher pupltles for all 3 sa,mples, b 500 1000 1500 2000 2500 3000 3500 4.l.)....,(\4;{\-.:’ o
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e Much better samples for purities | purities | purities
constraining CCQE and COm
CrOSS section parameters

e See poster by Raquel Castillo Bkg(NC-+anti-v)
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2013 Near Detector Constraint

Error on Far Detector vV, Prediction
(After Near Detector Constraint)

Runs 1-3 | Runs 1-3 ' Runs 1-4
(2012) (2013) (2013)

e Significant reduction sin22013=0.1  4.7% 3.5% 3.0%
in the far detector sin22015=0.0  6.1% 5.2% 4.9%

event Pa,te errors Error on Cross Section Parameters
(After Near Detector Constraint)

) ¢ Parameter Runs 1-3 (2012) @ Runs 1-4 (2013)
g A
Cross section M, RES (GeV/c?)
parameters have been EeSehEll

CC11 Norm.

SK v, Flux |
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I

After ND280 Constraint (2012)

reduced

e Uncertainties on the
flux parameters are
also reduced
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TRK Cross Section Measurements

e The near detector oscillation analysis
can be repurposed for cross section
measurements

; T2K CC-Inclusive Cross Section Measurement
e Hvent selection and detector

systematic uncertainties are the
same

——+=—— SciBooNE data based on NEUT
3+« BNL7ft
NEUT prediction for SciBooNE
NEUT prediction for T2K
—— — - GENIE prediction for T2K

e The T2K CC-Inclusive cross section
measurement has now been published
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e [Uses the same near detector event
selection as the 2012 oscillation
analysis

Flux (/10"2cm?/50MeV/10*'POT

NEUT prediction

o Phys. Rev. D 87, 092003 (2013) st LA GENIE edictio

v, flux
e The CCQE sample from the 2012
oscillation analysis has been used to

measure occor(Ev)

e See poster by David Hadley

e Additional cross section results are
expected later this year




Near Detector Beam ve Measurement

e For ve appearance, the largest background is from the
intrinsic ve contamination in the beam

e The intrinsic ve rate can be measured in the near detector

e Details are given in a poster by Davide Sgalaberna

- Other background - | - Other background ) L i - Other background

CCQE-like i +'w  CCnonQE-like ™y Background Sample
20¢ "—?'+ i =

5000 0 1000 1500 2000 2500 3000 3500 4000 4500 5000
P (MeV/c) P (MeV/c) Momentum (MeV/c)

e Short-baseline ve.’s can also be used to search for sterile neutrinos

e Details about TRK’s sensitivity for such a. measurement are given
in another poster by Davide Sgalaberna



e 50 kton water Cherenkov detector

e udetection

e Less scattering = sharp rings

e edetection

L

MC
event

e To separate from electrons, displays
MUST detect 2nd ring :

e 2 electron rings (M°—=2y)




Far Detector Oscillation
Analysis Improvements

e The strength of TRK thus far has been relying on well-established
event reconstruction tools at Super-K

e After 15 years of operation, is there still room for improvement?
e 2012 T2K Signal/background ratio 8.7 (for sin*2013=0.1)

e Significant gains in ve appearance sensitivity from any additional
background reduction

e 2012 Total background = 3.82 * 0.43 events

e Beam ve background = 1.56 £ 0.20 events (irreducible)

e Neutral current (mnostly m°) = 1.26 * 0.35 events (reducible?)




ATQun: A New Event Reconstruction
Algorithm for Super-K

e For each Super-K event we have, for every hit PMT
e A measured charge

e A measured time

e For a given event topology hypothesis, it is possible to produce
a charge and time PDF for each PMT

e Main challenge is to predict the number of photons at the PMT
(predicted charge, u -- see next slide)

e Based on the algorithm used by MiniBooNE (NIM A608, 206 (2009))
e Framework can handle any number of reconstructed tracks

e Same fit machinery used for all event topologies (e.g. e and 1°)
e FHvent hypotheses are distinguished by comparing best-fit likelihoods

e electron vs muon

e l-ring vs 2-ring vs &-ring ...



PPe diCte d Ch ar ge (H) Cherenkov light emission profile
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udr is the predicted charge due to “direct lisht” only
(scattered light is handled separately)

0

u is an integral over the length of the track R o 1 I
(parameterized by the momentum, p)

Cherenkov light emission is characterized by g(s,cos0)

These functions must be generated separately for each PMT solid angle
particle type

= All particle ID comes from these distributions

(), T, and ¢ depend on the geometry and detector properties

Can be used for all particle hypotheses




One-Ring-Fit Performance

Single-Particle MC Michel Electron Data & MC
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e Significantly better particle ID and momentum reconstruction
than previous Super-K reconstruction (APFit)

e Good data/MC agreement in Michel electron sample




0 Fitter

e Assumes two electron-like rings produced
at a common vertex

e 123 parameters (single track fit had 7)

e Vertex (X,Y, Z, T) /
e Directions (01, ®1, Oz, ®2) V
e Momenta (pi1, P2) e Y ~~~~~~ S

e Conversion lengths (ci, c2)

e All 12 parameters are varied
simultaneously



0 Fit Performance

MC .

: o M a G-
e Previous TRK ve appearance | L Slefllféi:ggg;
cut: 0| |Lca,ndidates_E
Passes
e The n® mass tail is much om0 ot 8
smaller for iTQun 2
En L Googin i
: - ; % %0 100 120 140 160 180 200
e Significant spike at zero 1 Mass (MeV/c)
masss in previous fitting

algorithm (APFit)

MC
 Single-ring
electron
candidates

e Lower plot:
0 rejection efficiency vs
lower photon energy

n” Rejection Efficiency

| — fiTQun
e fiTQun is more sensitive I APF“ |
to lower energy phOtOnS 20 30 40 50 60 70 80 90 100

True Energy of the Less Energetic y (MeV)




Enhanced m° Rejection

Likelihood Ratio vs n° Mass
(TRK Monte Carlo)

e fiTQun can also use the best-
fit likelihood ratio to
distinguish e from m°

=0.008

e 2D cut removes 70% of the _ |
remaining n° background 3 S -
allowed by APFit for the 1 - f-l = 0.002
same signal efficiency ) w0 15 ‘

1 Mass (MeV/c?)

e Beam ve background does
not change significantly

e Total background is reduced
by 7%

e 5.506 events — 4.64 events
(for full Run 1-4 dataset)

100 150 200 2
¥ Mass (MeV/c?)




—4+— RUNI-4 data
(639310 POT)
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Ve Appearance Analysis

e 464 +0.53 background
events

e 20.4 = 1.8 events expected

e TFor sin<20:3=0.1, sin=2023=1, 0cp=0,
and normal mass hierarchy

e 5.50 sensitivity to
exclude 0:5=0

e (QOsgscillation parameters were
extracted in L different ways:

e using the By, distribution

e using the p-0 distribution

Number of v, candidate events /(50 MeV)

— 180
5160
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3120
= 100
= 80
g 60

40

20

0
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ve Appearance Results

e Observed 28 events (expected 20.4 £ 1.8 for sin<2013=0.1)

e Comparing the best p-0 fit likelihood to null hypothesis
gives a '7.850 significance for non-zero 0i3

(For sin*2023z=1, 0cp=0, and normal mass hierarchy)

TRK dcp vs 8in*2013 (Normal Hierarchy) TRK dcp vs sin~2013 (Inverted Hierarchy)

A 3_ ' [ I 5 A 3_ I ' [

68% CL. - 68% CL.
— 90% CL. - - — 90% C.L. ]

— Best fit ] B — Bestfit ]

Runl-4 data (6.393e¢20 POT) | -1 Runl-4 data (6.393e20 POT)
normal hierarchy ] N inverted hierarchy
IAm3,|=2.4x107 eV? ] A IAmZ,1=2.4x107 eV?

sin*20,,=1.0 ] N sin’20,,=1.0

04 | | 0.4 0.6
sin*20 sin’20

First ever observation (>5¢) of an
explicit v appearance channel
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Effect of 02z Uncertainty

Ve appearance probability also
depends on the value of 023

If Ogz is fixed at values near the
edge of the current allowed region,
the fit contours shift

Future improved measurements of
02z Will be important to extract
information about other oscillation
parameters (including ocp) in long-
baseline experiments

e A TR2K combined vetv, analysis
is underway

Note: these are 1D contours for various
values of ocp, not 2D contours

Normal hierarchy

68% C.L.
- sin’0,,=0.4
— sin’0,,=0.5

- sin’0,, = 0.6
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6.39 x10% p.o.t.

02 03 04 05 06
sin20, ,

lnverledlhierarchy'

68% C.L.
- sin’0,,= 0.4
— sin’0,,=0.5

- 5in’0,, = 0.6

PDG2012 (1o)

T2K Run 1+2+3+4
6.39 x10” p.o.t.

02 03 04 05 06

. 2
sin 29l3




Updated v, Disappearance Results

e Preliminary results using Run 1-8 data (3.01 * 10*° POT) were first
shown earlier this year

e Previous contours for sin~202z assumed 023 < /4 (first octant)

e However, octant choice can significantly affect the shape of
the 90% C.L. contour

e (Contours for both octants are now provided (below)

e In the future, results will be reported in sin<0sz rather than sin*202z

— T2K 3v (923 <1/4) 90% CL
T2K 3v (923 > 1/4) 90% CL

T2K 2011 2v 90% CL
— MINOS 2013 2v 90% CL
— SK zenith 2012 3v 90% CL
— SK L/E 2012 2v 90% CL

* T2K data
No oscillation hypothesis
T2K best fit

2l (eV3ch

2

IAm

-~
-~
L]
O
S
~
~
&
=
]
-
(4]

v T2K 3v (6 <7/4) best fit
O T2K 3v (8. >/4) best fit

Ratio to no
oscillations

0.82 084 086 088 09 092 094 096 0.98
sin%(20




summary

e T2K has made an observation of ve appearance from a v, beam
e 013=0 is excluded with a significance of 7.50 (0cp=0, sin®2023=1)

o J-PARC achieved steady operation at 20 kW for much of Run 4

e We have now analyzed 6.39 * 10=° POT accumulated by April 12th, 2013
e Thisis 2.1 times the Run 1-8& data used for the 2012 analysis

e Analysis improvements have significantly enhanced the sensitivity to ve
appearance (from below 56 to 5.50)

e Near detector event selection now contains a CC1ln* sample

e The new fiTQun reconstruction algorithm removes 70% of the n°
background relative to the previous analysis

e More improvement is expected as fiTQun becomes more fully
integrated into TRK analyses

e The v, disappearance contours are sensitive to the octant chosen

e Both contours are now provided
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The fiTQun Likelihood Fit
L(x) = H P(iunhit; x) H P(¢hit; x) f,(qi; x) fe(ti; %)

unhit hit
4
A single track in the detector can be specified m
by a particle type, and 7 kinematic variables
(represented above as the vector x): Charge PDF

e A vertex position (X, ¥, Z, T)

e A track momentum (p) PII;/IT Charge
esponse:

e A track direction (0, ¢)

Property of the
electronics and PMT

e Fora given x, a charge and time probability properties
distribution function (PDF) is produced for
every PMT

Predicted Char

e All 7 track parameters fit simultaneously

- Number of photons that reach

e For particle ID: compare final likelihoods for the PAM

- Depends on detector

different particle hypotheses properties (scat, abs, etc.)




v, disappearance results using 3.01x10%* POT

Fit spectra @ (sin%20,,, Am,,?) = (0.9, 2.44e-3)
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Far Detector ve Vertex Distribution
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RUN1+24+3 RUN4 RUN1+2+3+4
Dwall 34.4% 54.7% 20.9%
F'romwall beam,, 6.04% 85.6% 8.93%
R*+Z 32.4% 98.1% 64.5%

e With increased statistics, the p-values for the
test distributions have increased




Near Detector CCOpi Post-Fit
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e Agreement between data and MC is significantly
improved by the near detector constraint




Near Detector Post-Fit: All Samples
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ND280 Systematic
Errors

- -Charge confusion
-Out-Of-Fiducial-Volume | -Momentum resolution

-Cosmic muons -Momentum scale

-Sand muons . -Bfield distortions

Pion
secondary
interactions

-

Beam -Tracking efficiency -Tracking efficiency
-Michel electron efficiency -Hit efficiency
-Particle ID (PID) -Particle ID (PID)




Matter Effects and Ocp

P(v,—Ve) = 8in~2013 T1 - o 8sin2013 T2 + a sink013 Tz + a* T4

T = sin®02z sin~[ (1-xy)A]/(1-Xy)~

T2 = sino sin2012 sin&02z sinA sin(xvA)/xy sin[(1-xv)A]/(1-Xv)
Tz = cos0 sin012 Sinl023z cosA sin(xvA)/xy sin[(1-xv)A]/(1-xy)
T4 = c0s*023 Sin~R012 SIN~(XyA)/X\*

A = AmRzL/4E, o= AmRs1/Am-?3z; ~1/30, Xy =V GrN.E/Am?z;




