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-V oscillations

Similar to quarks, flavour and Lorentz eigenstates of massive neutrinos are not identical.

The two eigenbases are related through the
Pontecorvo-Maki-Nakagawa-Sakata matrix (Upnms).

Uel Ue2 UeS
Upnms = U Uy Ugs
U’T]. U’T2 U’T3
. +
W Production Detection "
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-V oscillations

atmospheric solar
1 0 0 cos 013 0 sin 0136_7;5013 cos 091 sinfo; 0
Upnyms = |0 cosfss sinflog 0 1 0 —sinfy; cosfy; 0
0 —sin 923 COS (923 — sin 91367’5013 0 COS 913 0 0 1
4!
(Ve m VT) ~ UPNMS V2
V3

® With 3v, there are 3 angles and | imaginary phase:
® The phase allows for CP violation similar to the quark sector.

® There are also 2 values of Am?: traditionally Am?; & Am?as.
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Particle Data Group neutrino review

Status as of 2012
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V oscillations

What is missing

® Ocpaccessible through:

o : : :
comparison of appearance with reactor disappearance. Vy — Ve
, _ vV, — U
® comparison of Vy—Ve and Vy—Ve b "

® The 053 octant:

® The 0,3 is close to 45°

® The absolute neutrino mass.

® The mass hierarchy:is m3 > m; ! TZ/R\ @ e
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History

1999 Ko Nishikawa and Yoji Totsuka formulate vui— ve experiment at J-PARC.

1999-2004 K2K finds the first evidence of neutrino oscillation in a Long Base Line
experiment.

2000-2004 Letter of Intent; Detailed design; Formation of international collaboration.
2004 Five year construction plan for T2K approved by Japanese government.
February 2008, finished ND280 pit construction.

May 2008, installation ND280 magnet.

April 2009 Commissioning of beamline.

January 2010 First neutrino events for neutrino oscillation studies.
March 201 | Great East Japan earthquake.
June 201 | T2K announces 2.50 “indication” of Vu— Ve

March 2012 T2K resumes data taking after earthquake recovery.
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Beam stability

® Muon monitor downstream the beam dump monitors
beam direction. Stability requirements < Imrad

| mrad change of V beam direction results in 2-3% change of the neutrino energy scale (~16MeV)

| Run 1 (2010 Jan. - 2010 Jun.) | Run 2 (2010 Nov. - 2011 Mar.) | | Run 3 (2012 Mar. - 2012 Jun.) | | Run 4 (2012 Oct. - 2013 May.) |
_~ IS.' v v I Al T v I Al T :: T I T T [ T T I T T I T T i T T I T T T [ T T T I T T T -: T ] Ll T l T T I T T I l-
10 S T T ~+ 1 mrad?

st 3 N B |
F _ 1 . L T, Booriy s ow ]
ok I, L

MUMON X center (cm
-
=

-
-
e~
=
=
=
]
}i
—
|

st | ; -
. I 1 Horns Horn 250kA

TR T, ; 2°°"A”0'“’0“k/\

15 L | L L L | L PR W SR N ST SR SN SR TR NN ST T NN S o oy by oy T | PSS S T RS | 1

02 Mar 02 May 27 Nov 27 Dec 26 Jan 25 Feb 21 Mar  20Apr 20 May 31 Oct 31 Dec 02 Mar 02 May

Date

Run I (2010 Jan. - 2010 Jun.) Run 2 (2010 Nov. - 2011 Mar.) Run 3 (2012 Mar. - 2012 Jun.) Run 4 (2012 Oct. - 2013 May.)

’E ]5-1 T T I T T T | T T I T I I 1 I T I I I T 1 l-- I T T I 1 I 1 I T | I I 1 1 T l T T l T T l T T I |-

7 s S I S A

5 100 1 1 1 +++ 1 mrad

S 0 1 T I :

~ SF T T '. . T ]
z | o i o ]

U . : T Wiy i T ]
= 0! i m“' “M“W W I i VRt w * W# el
2 L W W e I 1
S st VoW W W 2 I I

; - Hom 250kA
-10F + T T Horn 7()51\/\‘
_15:1 | | ) . | | ! 1 PR N TR T T SN TR NN SO ! |:' PR TN TSR T N TR SN SN AN WY N :I | T S (N WY S NN ST | |:

02 Mar 02 May 27 Nov 27 Dec 26 Jan 25 Feb 21 Mar 20 Apr 20 May 31 Oct 31 Dec 02 Mar 02 May

Date

F.Sanchez (IFAE) LPNHE Seminar 5t May 2014




Data sets

used for V= Veanalysis *
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® Total delivered beam: 6.63x10?° protons on target.
® 8.3% of the expected T2K PoT (7.8x102'PoT )

® Vy—Veand Vy—Vy analyses uses 96.3% of acquired Run |-4 PoT.
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‘K. Abe et al. (T2K Collaboration), Phys. Rev. D 87, 012001 (2013).
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- NAG6|: Shine

NAG61/Shine measures for T2K the
production of pions and kaons as
function of the momentum and angle
for protons interacting with carbon.

1.6 gn
=
14
12
1
0.8
| 0.
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absolute production and thick target that
is a copy of T2K target and provides also
the reinteractions.
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When Ev>

| 00MeV the V-Nucleus cross-section dominates.

%1_4:_ arX1v:1305.7513vl [hep-ex] = 0.3p
g :_ % 0.25F e Aachen, PL 125B, 230 (1983), Al
%1'25 = . a GGM, NP B135,45 (1978), C H, CF Br
?c_ 15_ :E 0'2:__NUANCE(MA=1.1GeV)
u\fo-a-_ 330 0.15F
50.6F S .t
50.4F T L
80 of- > 0.05|
s F ; of . o

0 o z 1 10 102

°© E, (GeV)
Charge current Neutral current
CC-QuasiElastic,  vuyn—up NC-Elastic Vu(n,p) = Vu(n,p)
CC-Resonance VyN—p- 119N NC-Resonance  VuN—pu 110N
VuN—=v, X

CC-Deep Inelastic VuN—=pu- X NC-Deep Inelastic

F.Sanchez (IFAE) LPNHE Seminar 5t May 2014




Off-axis concept

T2K runs 2.5° off-axis

1. |/ oscilation Prob.
e,

o I" l,‘. b Am?=2.5x1073eV?
ot LV e e
: o7 Fasool v energy spectrum
® off-axis optimises the flux at the - (Flux x x-section)

maximum of the oscillation. o |
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. Off-axis concept
T2K runs 2.5° off-axis

30 GeV protons

—

® off-axis reduces the high energy contamination (NCTT%and non-
CCQE backgrounds.)

21.4F Fasoo| v energy spectrum
o & . .
<~ F (Flux x x-section)
€1.2[ 3000
(&) - S
3.’33 1 , 2600
0.8 2000
§0.6F 1500
30 ak-
00-4F 1000
(/2] " E
00.2[
5 L 500
e o- | ) -
10" 1 10 10° 96" o5 1 2 26 3 36
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e ND280 is the near detector facility
with two main detectors located
280m from the proton interaction
point:

® On-axis INGRID.
e Off-axis ND280m.
® Three main purposes:
> ‘ ® V beam stability.
| [ 4 ® V cross-sections.

® V beam flux constraint.
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On-axis (INGRID) %

proton-module
for cross-sections

Spili# 222861, Time 1271289317
Module 8

proton-module
for cross-sections

® |NGRID counts V CC events in a cross of |3
identical detectors:

® total rate monitors beam intensity stability
with respect to proton on target counting.

® The relative event counts between modules
monitor the beam direction stability.

Side View

3 3
= ¥3/ndf 7.1/4 = x/ndf 4.0/4
d>) Center 0.05 =+ 2.89 g Center -11.0 % 3.2
Top View o Sigma 433.2 + 4.7 QO Sigma 464.1 =£5.6
e S
o o wn® .
5 10 LT 5 10 et -,
.Q ‘o' .i. -Q ‘0‘ .ﬁ
E ‘.‘ ... E o" ..o
: .' .0. : ‘o' ...
z o.' *e z o. ’.
". \\ " .q
S5 5
-—== Fitted gaussian -—-= Fitted gaussian
- s l L 1 l L
R Bo0 0 500 Boo 0 500

x[cm] from INGRID center y[cm] from INGRID center
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. On-axis: beam stability.
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Beam alignment and flux measured with neutrinos
® Neutrino rate stable within 0.7%.

® Beam direction variation << | mrad.
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® Off-axis ND280 is a detector complex

with tracking calorimeters, time A
projection chambers and Electromagnetic
calorimeters in the UAI/Nomad 0.2T 4
magnet.
Downstream
ECAL

® V interaction target polystyrene (CH)
and water.

Barrel ECAL

® Particle ID by dE/dx and calorimetry.

® Charge sign by curvature.

® Specific TT? detector (POD) made of water,
CH and brass optimised for NC T11°

measurement. g
Magnet @ CERN Prévessin

Ty YT

. - () I ", 25
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® The ND280 constrains flux and cross-section.

® Sample of CC events is selected. Muon as highest momentum negative track in the
event in the target fiducial volume compatible with muon Pid in TPC.

® The sample is divided in 3 categories: OTT", | TT* and others (mainly Deep Inelastic
Scattering) based on the detection of pions in the event.

® Pions are detected as tracks in TPC, FGD or Michel electron signature near
vertex.

TPC1 TPC3
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et Off-axis: Vy analysis

8 E [ [ I I [ [ —4— Data " 500_.||.||1|||||||||||||||||||l|l]l
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Off-axis ND280 analysis
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Off-aX|s Ve analys

et el

2 ) S o &) FTT AR RRRRE T .
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® Select highest momentum negative track starting in FGD to be compatible with
electron according to TPC and ECAL PID.

® Subdivide the sample according to the presence of pions in the event.

® Use the Ve flux prediction after the v flux and cross-section fit.

\ , arXiv:1403.2552
® Use Y—e'*e to constrain main background from TT9—yy
Nrmeas N meas
———— = 1.01 £ 0.06(stat) £ 0.06( fluz © z.sec) & 0.05(det & F'ST) 7 =0.64 £0.10
NPre N%?red
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# of Events

Off-axis: Ve analysis

with 8.6x10!° PoT.
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® V. events at the ND280 POD detector calculated
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Data — Backp; o

Signyic

= 0.91 -

5 O.lS(stat) 3

5 O.lS(det) 3

- 0.13( flux)

In good agreement with the tracker Ve measurement
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=i ND280 other analysis.
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The T2K signal is the CCQE events.The 2 body
kinematics allow to estimate the neutrino
energy. vyn — p p

® Other channels can be seen as backgrounds to
the CCQE signal.

® We need to identify the channel by using the
hadronic component of the interactions.

® At T2K energies there are many channel

thresholds (CCI11*, CCITT% CC Deep Inelatic
Scattering, ...)

® Cross-section models are not precise.

® Final state interactions inside the nucleus alter
the hadronic component.
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g2 = (miy = Ep)? = m2 + Amy = E)E,
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m2/ GeV)
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2(my, — Ey — E, + p, cosb,)

Es is the binding energy
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f"=1  Cross-sections: unknowns [E38

s OCHOA
Lt % B S S R
L] L] L ] !_7)‘11,
Multi-nucleon interactions
Energy Misreconstruction 1040< E?“ecl 1060
F : : : ) G20
60 3 — NEUT CCQE E
S0F —— NEUTPDDx5.0 |3 -
C — NuWro MECx5.0 | 3 % G
40 3 T
; 3
30 — .
: ] uT gqq Spectral function models
20F E define probability to remove a
10g E o nucleon with a given
T ; [l )
oY 05 1 \V+ momentum and energy state
E-E™™ (GeV) N’ 4
840

() 50 100 150 200 250 300
. |pn| (MeV/c)
Charged pion momentum

T2K aPPrOaCh g ;“5 ——-- NEUT nomnal
* add effective parameters (MA, -

. . . 5 o1k —+- MBCCI data
cross section normalisation, ...) L
with uncertainties that span the g % 10
base model and data.

DataMC

DataMC

o effective parameters are
constrained by ND280 fits.
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:;;= FRES

= Flux constraint S

H“

/Neutrino Flux Model: \ /Neutrino Cross Section Model (NEUT): \
« Data-driven: NA61/SHINE, beam . .Data-drive_n: External neutrino, electron,
monitor measurements pion scattering data
» Uncertainties: modeled by variation of * Uncertainties: modeled by variations of
normalisation parameters (b) in bins of model parameters (M,, p;, E,) and ad-hoc

Qeutrino energy and flavour / kparameters /

Constraint from ND280 Data

* Data Samples enhanced in CC interactions with 0, 1 or others (mainly
multiple pions)

« Fit to data constrains flux, b, and cross section, x=(M,, p., E,, ad-hoc, ...),
parameters

* Constrained SK flux parameters and subset of cross section parameters are
Kused to predict SK event rates /
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IFAE"
ND280 input data

CCOr - Data CClr - Data CC Other Data

ﬂﬂ

(R

P—

—~ = : = —~
S % = 14 3
o QO < Q =
x Q % Q *
o 0.9 o 0.9 12 o
> ¢ >
S s | 10 3
S 0.8 S 0.8 3
5 07 5 07 5
@ 6 o m
, B!
0.6 2 0.6 CCother
0'50 1000 2000 3000 4000 0 0.5 0 03
5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
P, (MeV/c) P, (MeV/c) P, (MeV/c)

Data from T2K Runs |-4:5.9x10% protons on target

CCOmr 16912
CC1m 3936
CC Other 4062
CC Inclusive 24910

Data are binned in two dimensions: muon momentum (p) and angle (cos0)
preserving information on neutrino energy and interaction g2
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= Constrained flux

T2K SK vy Flux

LN N B B B | T I LN D B B B B |

- Prior to ND2&80 Constraint

| After ND280 Constraint

Fitted Normalization
('S
llllllllllllllllll

|
0.9
0.8
| | | | 11 1 I | | | | | 11 1 |
| 10
E, (GeV)

Cross-section parameters

Parameter

M, 9E (GeV)

M, RES (GeV)

CCQE Norm.

CC11 Norm.

NC11° Norm.

e T2K v, and v, flux predictions are constrained by the fit.

* The cross-section parameters are also constrained.

e Plots show central values and error bands for normalisation

parameters.
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Fitted Normalization

Prior to ND280 After ND280
Constraint Constraint
1.21 £ 0.45 1.223 £ 0.072
141 +£0.22 0.963 + 0.063
1.00 £ 0.11 0.961 + 0.076
1.15+0.32 1.22 £ 0.16
0.96 + 0.33 1.10 £ 0.25

T2K SK Ve Flux
1.5

After ND280 Constraint

1 4f— - Prior to ND280 Constraint

I|IIII|IIII|IIII

E, (GeV)
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_Covariance matrix

T2K SK flux parameters are constrained through their prior correlations with the
ND280 v, flux parameters

1
% 3 V. and vV, fluxes are correlated
A = through parent hadrons
:: T 0.8 g
» ol S
> +_) +
S 0.6 TRV,
1ln I_) 4 .
> ﬁl’ e V.V,
5 | 0.4
- + +
>:.8 K — U Vu
o ) 0.2 + 0 H
D K —T1T V
% ] Hlv,
' - - + 0 +
S WA A T T .L--— = o 0 K —_ ﬂ- e ve
ND280v, | SKv, SK v,

E,=0-5 GeV| E,=0-5 GeV| E,=0-5 GeV

Subset of cross section parameters are correlated at near and far detectors: M AQE,
M, RE, low energy CCQE normalisation, low energy CCITT normalisation.
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Super-Kamiokande

MR

280m
30 GeV protons TV dump detectors

primary ——— U gt r———> - - - e e -
beamline

Beam ND280 S'itllﬁei*- Ka\h;i'iokande |
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SUPERKAMIOKANDE DETECTOR

i % saes
i j H4
i HEEER
T
(EEEANESEE
(IR EENEN
T
T
jEmaa
I
g
]
jsnan:
Jp -
—
!
Tho ight ic
da1e*19d by
pholo sensors

1hat ine the

lank anwd

frarzlated intc a

dgtal image.

+—t

Electronics
trailers

l’l‘l‘VY
A
VA

7~

f';'r!a

WL LI L I PP P

Catching Neutrinos

About once avery 80 minukes, a neutrino in‘eracts ir the detector
chamber, generatng Chersnkoy radlation. This optical aguivalent of
& sonic boom crestes a cone of light that is stered on the
phctomultipliers that line the tank. Characten: vslpat‘lems tell
physicists what kind of neutrinos inkeracted and in which diraction
ey were headed

125 million gallcn
tark of um&pure
wWaAr

Mountains filter ou: other sgnals
that mask neutrine detection

A few neutrines interact
withn the huge tank ?I Supes
pure waler, generalirg &
cons of ligﬂ”ﬂ .

Mt. Ikena Y

Usivseity of Hawsl | meds 0rani

® 50 kTon water Cherenkov detector. (22.5 KTon fiducial).

~|1 000 20” PMT inner detector.

e ~2000 8” PMT outer detector to veto external background.
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SK: particle ID

o Expected Angular charge distribution
- for 725 MeV muon "

3 wb- ° °
a r
Pt Likelihood PID
o
3
¥ ok
g like < alike
- P = > 8-
o . 100 |-DATA
el }\
= =
Y = o T5F
: LH =
. '-f)
C » 50 -
) S S S [ L &
cosh E 25 I
g | | 1 1 | 1
5oo_ > 0
450/~ Expected Angular charge distribution § 100
- for 525 MeV electron g
4°°_— £ 75
=350 2
P 50
63001
e | 25
%250— -+
gzoo— e 0
o150 PID Parameter
1001~ : 1
50 o 1
,_,.L—z"“'_f‘_'_‘-:_"l 1 ] |
0 0.2 04 08 08 1
cost

® The expected angular distribution of Cherenkov photons along the
primary particle direction is different in electrons and muons:

® The electron is not sharp due to Multiple Scattering & showering.
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H P(iunhit; x) HP (hit;

hit f

X)

L unhit y

® A ssingle track in the detector can be specified by a / Time PDF

particle type,and 7 kinematic variables (X):

Ch PDF
® A vertex position (X,Y, Z, 1) arge
® A track momentum (p) PMT Charge
: : Response:

® A track direction (0, i) '

: . R Property of the
® For a given X, a charge and time probability electronics and PMT
distribution function (PDF) is produced for every Propertes

PMT .
Predicted Charge (J):
® All 7 track parameters fit simultaneously
- Number of photons that reach the
4 q : PMT
® [For particle ID: compare final likelihoods for

different particle hypotheses
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- Depends on detector properties
(scat, abs, etc.)




= super-Kamiokande & 1%

® The misidentification of TT? and electrons happens when one photon is not
identified:

® The two electron-like rings overlap.

® One of the two e-like rings is faint and it is lost in the Cherenkov light of
the other photon.

® Or with 2Y, the invariant mass of the photons has poor resolution.
Y Y
ﬂ----* HEN )

Y Y
€ ) >

Boost
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® New algorithm can also use the best-fit likelihood
ratio to distinguish e- from TT°

0.006

0.004

® Even if 2" photon is identified, it may be on the 100

tail of the T1° mass resolution. 50 0.002

L] IIIJI

0

0 50 100 150 200 250

1 . . . 5 5 0M MeV/ 2)
® |In this case, the 2-ring likelihood will still be T Mass (MeVic
preferred and the event is identified as 10 3 400 .
% 350 .
g 0.14

® 2D cut removes 70% more TT° background than 250 0.12

previous method for the same signal efficiency. 2008 01

0.08
0.06
0.04
0.02

0 50 100 150 200 250 0

7° Mass (MeV/c?)
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vy Selection Cuts )

- Number veto hits < |6

Fiducial Volume=200cm

Fully contained ring.

number of rings = |
Ring is muon-like

Evisible > 100 MeV

< 2 Michel electrons

C Pu > 200 MeV

120 events for
6.4 x102° proton on target
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Number of events

Number of events

100~

| 2

—+— RUNI-3 data
(3.010x10*’POT)

I v, +V, CC QE

v, 9, CC non-QE

v v, CC

B NC

(MC w/ 2-flavor osc.)

4 25

Number of rings

<

—+— RUNI-3 data
(3.010x10™°POT)

B v, +v, CC QE

v, +V, CCnon-QE

v v, CC

B NC

(MC w/ 2-flavor osc.)

2

Number of events

Number of events

15

10

—+— RUNI-3 data
(3.010x10’POT)

B v, +V, CCQE

v, +V, CCnon-QE
vV, CC

B NC

(MC w/ 2-flavor osc.)

T l T T I T | I T T I | T I T T

200

150

[
o
<

wn
o

<
I

10

PID parameter

FCFV  l-ring

u-like P,

—+— RUNI-3 data
(3.010x10™°POT)

I v, v, CC QE

] v, +9, CC non-QE
vV, CC

B NC

(MC w/ 2-flavor osc.)

Decay-e
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- Ve selection

\

Ve Selection Cuts

Number veto hits < |6
Fiducial Volume=200cm
number of rings = |
Ring is electron-like
Evisibile > 100 MeV

no Michel electrons

new analysis TT? cut

- 0 <Ev < 1250 MeV

~

6.4x10%° proton on

F.Sanchez (IFAE) LPNHE Seminar 5t May 2014

28 events for

target

Number of events

Number of events

80

60

1 | 1 T I I I 1 [ | 1 1

40

20

<

—+— RUNI1-4 data
(6.393x10™"POT)

-10

B Osc. v, CC
v+, CC
vV, CC
B NC
(MC w/ sin’20,,=0.1)

!

0 10

Ring-counting likelihood

10

-100 0

—4— RUN1-4 glata
(6.393x10"'POT)

B Osc.v, CC

v+, CC

0 v+, CC

B NC

(MC w/ sin*26,,=0.1)

100 200 300

Distance from i cut line

Number of events

Number of events

30

20

10

400

300

200

100

I I I | I I I I | I I I 1 l I I 1

e

—— RUNI1-4 data
(6.393x10*’POT)

B Osc. v, CC

v, v, CC

[ v,+V, CC

I NC

(MC w/ sin*26,=0.1)

PID parameter

—+— RUNI-4 data
(6.393x10°POT)

B Osc. v, CC

v+, CC

v+, CC

B NC

(MC w/ sin*26,=0.1)




Reconstructed v Energy (GeV)

10 N
9 T Before ND280 Constraint =
o 8 (qv]
o ©
© 6 sin22613 = 0.1, _g 2
% sin22923 =\1 fqo]
U:s. 4 Amgy® = =
()
- 2.4x1073eV? >
Y— el
o , NH o
= 5cp=0 :|:|:
00 : ;

J— 1 1 1

Before |
ND280 - ND280 -
Constraint Constraint 1

" Prediction systematics I

' [
After

|
0.5

1

elative Uncertainty in
# of v, Candidates (%)

Systematic Error Source

Reconstructed v Energy (GeV)

Relative Uncertainty in
# of ve Candidates (%)

2.7

Flux + Xsec. (ND280 constrained)

4.9
3.5
4.4
8.1
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Xsec. (ND280 independent)
1t Hadronic Interactions

SK Detector

2.9
4.7

2.3
2.6
6.8
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\_oscillation analysis

MR

280m
30 GeV protons TV, dump detectors v
off-axis

Beam ND280 Super-Kamiokande
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Vy disappearance

> — -
870 -
g 602— —+— pata —;
550 Best-fit Expectation with Oscilatons @ EXpected number of events in absence
40— — ati !
305_ ] MC Expectation without Oscillations _E Of OSCIIIatIonS' 4460 i 225 (S)’St)
2E ~ @ Observed number of events: 120
10— —]
—Rmﬂ%.*‘ e e a | -
OO I1 3 4 >5
Reconstructed v Energy (GeV)
@ 2.50 | -
i : 6.57 x 1020 PoT
3 N —— DATA B
é E —— MC Best-fit R E
e 15 1 -
g 0 i 1 i Energy
o — e I e . = .
g o - reconstruction
~ 0.5 — .
- + . assuming CCQE
% s s

reconstructed v energy (GeV)
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® In the limit: Am?j; << Am?;3 the disappearance probability is given by:

P(v, — v,) = 1 —4cos® f13sin® O23[1 — cos® 013 sin® O3] sin®(1.27Am3,L/E,)

e [fO3=0
Py, —»v,)~ 1 — 45sin? @o3[1 — sin? o3] sin®(1.27Am3,L/E,)
1 — 2sin® 20,3 sin®(1.27Am3,L/E,)
® |f0i3!=0and 023~45° the v,disappearance is sensitive to the octant
(i.e. Puuovu(023>45°) # Pyyu-ovy(023<45°) )
® The right parameter is sin?023 and not the traditionally used sin2(20,3)

® Uncertainty in 03 needs to be propagated.
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Vy disappearance

P(v, — v,) =~ 1 —4cos” f13sin® fa3[1 — cos® 013 sin® O3] sin®(1.27TAm3,L/E,)

VN _I T T Tl T T | | | | 1T T I I_
N> 4.2:— =
O Yy A A . ] £
% : 85_ 68% (dashed) and 90% (solid) CL Contours _E arXiv:-1403.1532 (201 4) Best-fit + FC 68% CL
- E T T2K [IH] SK I-IV [IH] =
3.6 =
o 3.4 f_ MINOS 3-flavor+atm [IH] _f Sin20,3 0.514%0:055 ;) oc(
325 - N
3 — .51 +0.
2.8 =
>0 E - 0.511 +0.055
2.4 - sin“023
2.2 — IH
:I | | I - I I I L1 1 | | L1 1 | I L1 1 | I L1 | I L1 1 I L1 1 | I | I: 2.48 i O. 10
2 03 035 04 045 05 055 0.6 0.65 0.7 A m?y3 (107 eV?)

Sin2(923)

® T2K already dominates the measurement of mixing angle.
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Vy disappearance

P(v, — v,) =~ 1 —4cos” f13sin® fa3[1 — cos® 013 sin® O3] sin®(1.27TAm3,L/E,)

c\/l-\ :I I—I I_I T l T T 1 I 1T T 1 l 1T T 71 l T 171 I T T 7T I 1T 17T T 171 T I:
> 4.2:— -
o — 68% (dashed) and 90% (solid) CL Contours —] ) Best-fit + FC 68% CL
o AF 08% (dashed) andB0% (sold) " | arXiv:1403.1532 (2014) es ;
2 3.8— — T2K [NH] SKI-IV [NH] —
— — —]
o g 36E MINOS 3-flavor+atm [NH] E Sin2623 0-514+0'055-O.056
3.4__ ]
3.2 = NH ,
- . +
30 E A M3 (103 eV2) .51 +0.10
2.8 > —
~ 7 o 0.511 + 0.055
2.6 — Sin“0;3
2.4 — |H
— ] +
2.2:— —: A m223 (10_3 evz) 2-48 L 0.10
2_1 | I ) I | | I | | I I | | I I | | I I | | L1 | | I_

03 035 04 045 05 055 0.6 065 0.7
sin2(923)

® T2K already dominates the measurement of mixing angle.
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Ve appearance

Electron momentum vs. angle distribution (MC)
: _

Fixed oscillation parameters

- 180 - 5
£, 160} 0.035 2 —5 /2
3 ol | T P e e TOXID eV
g 120 N, .. Ami, 2.4 x 1072 eV
100 i S TR N N 002 sin2 2923 1.0
80 ' . 9
60f | 0.015 sin” 26012 0.8495
40; ---------------------------------- S - 0.01 5CP O degree
20; ................................... 0.005
ol L. ., -
0 200 400 600 8?,(,’0,11%2,%,3,0(2,,2\4,?3) ) 200 400 600 800 1000 1200 1400 °

momentum (MeV/c)

Analysis method

» We scan over sin220; space to find the best fit value of

sin220 3, where the likelihood (£) becomes maximum.

* Likelihood is calculated by comparing the number of
observed events (N_..) and the electron momentum &

angle (p-0) distribution with MC.
» We fix the oscillation parameters other than sin220,;.
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e dppearancey

L= Lyorm X Lshape X Lsyst —

Systematic parameter
constraint term

/ \ Nops
Poisson(N,ps) meanz ‘ | ¢ (pi, 6:)
’\bred \
i=1
Zorm 1s the probability to have N, when the Z ape 18 the product of the probabilities that each
predicted number of events is the Poisson event has (p, 0.). : Predicted p-6 distribution
distribution with mean = N,_. (PDF) .
Poisson distribution (8,;=0.1) 7 i ED
- 13~ V. g 1600 | PDF(913=O.1) |¥=0.035
o.oai— % 1402 B ’ it 0.03
0.07F- g 1201 el 40,025
0.06 z_ 100 : S WU N S 0.02
0.055— 30: ............
u - 0.015
0.04:— 60: ............
0'032_ 40: ............ . 0.01
0021 20k o 0.005
0.01— n A
S % 200 400 600 800 1000 1200 1400 °

momentum (MeV/c)
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Ve appearance

6.4% 1020 PoT

T T T T T
i ‘ w/o ND280 constraint
. . 3000 — 'w/ ND280 constraint
c  Event cath. sin?2013=0  sin?20,3=0.| - :
O - i )
© m— . = | -
ﬁ Ve S|gnal 0,38 16,42 ;_ 2000 sin229|3= 0 .
— g i §in20,, = 1.0 ]
B Ve back. 3,17 2,93 2 | A, =2.4x10% eV :
C > - %NOTI)HI hierarchy) N
1000 cr —
S vyback 0,89 0,89 : T :
C - §
Q Vu+ Ve back. 0,20 0,19 oL N R T L
> 0 10 Is 20
L Total 4,64 20,44 Expected number of signal+background events
T T T T T T T T T
in2 = in2 = L 7} wio ND280 constraint
B Error source sin220,3=0 sin220,3=0.1 200f-5in2, = 0.1 o D280
L B C . ]
eam flux and - Gin20, = 1.0 -
GL) . 4,9% 3,0% g 15m—m§2§2.4x10" eV? -
V INnt = " (Normal hierarchy) ]
U g.' : 8(’l’=0 :
= Far detector 6,7% 7,5% Z 0L 64107 po. E
] B —
£ +FSIH+SI+PN 7,3% 3,5% ok :
ot - -
3 Total 1,1%  8,8% : ;
wm %
Total(2012) 13,0% 9,9%
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103_"""""'«'»'152{&'1"" | ]
—Best fit : i A _
i Ny Background component Best fit with 68% C.L. error:
~ 180 sin” 2613 = 0.140%7 035
§ 150 : | 'k
ol N 10 o Data ]
Y : PRL 112, 061802 (2014)
= - - 0.8 4
"ol X ! NH Mo 6
< - | i .
Z 90 - - ]
60 B 1504
0F i b 1702
L 500 1000 1500’
Momentum (MeV/c)

Assuming 8.p=0, normal hierarchy, |Am?;,|=2.4x10-3 eV2, sin220,5=1
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~___Joint analysis

Likelihood ratio fit W F |
< | —— Normal Hierarchy
to both v, + v, RS
5 % Ax?
event samples o 00 % e (W)
41— 90 % excluded (IH)

Accounting for correlations
in the parameter space

(623 ) e13 ) 6CP ) Amazaz)

|O -
_;1—/

0.5 0 0.5 1
Ocplm)
Including constraint
from reactor experiments 90% CL
Daya Bay, RENO,
Double Chooz NH Ocp € [-1.18,0.15] 1T
sin22013 = 0.095 + 0.010 IH Ocp € [-0.9,-0.08 ] Tt
(PDG 2013) ) )
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oint analysis (Bayes

Markov Chain
Monte Carlo (MCMC)

with both T2K-SK v, + ve
and ND280 samples

Can easily marginalize over
e.g. mass hierarchy (MH)

And compare the probabilities
for each MH and 623 octant
combination
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Assuming flat priors for sin?0,,, |Am?2,, |; P(NH) = P(IH) 0.5

o 003 T T
Q L _
= 0.005E 90% Credible Interval ]
2 I 68% Credible Interval
ey N Marginal Posterior ’
Z 002 -
A : 90% CL -
20bE dcp € [-1.13, 0.14]r
:5 B i
= 001 -
o) L
& - ]
0.005 B
07208 06 04 02 0 0204 0608 1
O, /Tt
NH IH Sum
sin20,3 < 0.5 | 8% 8% 26%
sin2023> 0.5 50% 24% 74%
Sum 68% 32%
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__Upgrade plan

® Planned J-PARC Main Ring (MR) power improvements 220 kW operation in CY2014.
Integrated 6.7x102° PoT to date.

® linac upgrade to be completed within a year. Expect range of steady MR
operation for neutrino between 200-400 kW

® Planned MR upgrade (depends on funding). Up to 750 kW
® Possible staged upgrade scenario:

|.  Double current protons on target.

2. Next-to-next doubling.

3. If MR upgrade, reach full planned statistics (78x10%° PoT).
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7.8x10%2' PoT + 2012 systematics

100% POT v

----slg »;=0.40
e 10 - 8in%0,,=0.45 ~
: 9 - sIn?0 »3=0.50 :
8 R »3=0.55
7 - sin% ,3=0.60
6 True
5
4
3
2
1 o T 2T
0 P i 3 1‘.‘|=13=“
2150 100 50 08 100 150
----sl::g ,=0.40
| 10 ----8l =045 T )
=9 ---slnze”:o,so =
8 ——-slnzez..oss
7E -~ sin0,,=0.60
- True
4
3
2
1
0
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50% POT v + 50% POT o

- 8in%0,,=0.40
O TTT T T '“'3"\29 -045
9 ----slnzem.oso
8 ---- 8In%0,,=0.55
z - sin?0.. »;=0.60
; 3 T2K + reactor
4
3
2
l b :.?.7::::!::.
077150 -100 =50 0 50 100 150
O
----slnze =0.40
----sln“ﬁ,,—045 T T EREES L
---- 8In°0,,=0.50 A
_---,m?em-oss Assumptions
- 8In%0,,=0.60

'''''

SV NE NI OO

Sil’l2 2913 = 0.1
Am2, = 2.4 x 10 3eV?
§(sin® 613) = 0.005
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T2K + Nova + reactor

Region where dcp can be discovered with 90% C.L.

True Normal MH True Inverted MH 50%v + 50%
0.65 \ . 0.65 T .
e S 1 | T2K alone
Joss Foss ) :
c 5 = . -
a 05 z O NoVa alone
Z 045 E 045 - .
0.35 - - 035 Lo 1
-150-100 -50 0 50 100 150 -150-100 -50 0 50 100 150
Tmacp True8cp

SiIl2 2(913 = 0.1
Assumptions  |n,;2, — 2.4 x 10-%v? | © simple normalisation errors.

6(sin® 0;3) = 0.005
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Concluding remarks

® T2K has shown the first evidence (7.4 O significance) of the appearance of V. in
a Vu beam with only 8.3% of the total T2K statistics.

® Also measurement of Vy — Vu which favours maximal mixing. Oscillations at

“atmospheric” baseline are now precision measurements

® This success is the result of a combined effort of JPARC accelerator increasing
the PoT statistics (x2 in one year!) and T2K analysis improvements reducing
the systematic errors.

® T2K will continue to run and benefit from planned J]-PARC Main Ring (MR)
power improvements 220 kWV operation in CY2014.

® T2K horn system designed to easily switch from neutrino to anti-neutrino
beams.

® Proposed a pilot run with antineutrinos in May 2014.
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' |-PARC accident

11:55 on May 23
* An abnormal proton beam was injected to the gold target.
* The target heated up to a extraordinarily high temperature.
* Radioactive material was released from the target.
* The radioactive material was leaked into the HD hall: xWorkers were exposed to radiation.

e The radioactive material was released to the outside of the radiation controlled area and to the environment
outside of the HD hall.
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0.3: other results

15; .'-'( = ’
o oE [/ == Rate+$ E
1 A= 2 Daya-Bay result NuFact’| 3
= : A [ ;= I
N Best Fit : i
— 3 : g:::l(-)snp;ara 1 // sin2 2012 — 0 090+0.008
> T WT%CL | ] Y% 13 = ¥-¥IY_0.009
()] B 5% C.L. 1
% F . gg.g% CL. .10
R N S S 3 |AmZ.| = 2.507 5 - 1073V
‘Eg “MINOS Am,| \
< o : \\ x?/Noor = 162.7/153
b e
sin’(20 ) Ay?

Strong confirmation of oscillation-interpretation of observed v, deficit

Normal MH Am%2 Inverted MH Amg2

[10™eV?] [10~3eV?]
0.19 0.19
From Daya Bay AmZ 2541550 —2.6470 5,
From MINOS Am?, , 2.3712% —2.411012

[Jodo, NuFact2013]

Reactor experiments measure 03 with no degeneracies.
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10*

10°

102

# of toy MC experiments

10

1

bserved events

of

-2 T T
HHH Bl

\” | ||
A

Numbe

40 45 50 55 60 65 70 2% 10 20 30 40 50 60 70 80

i \ |
i i @ K
Ay Ay?
p-value is calculated as followings:
1. Generate 1lel5 toy experiments with sin?28,3=0.0.
2. Fit each toy experiment to extract -2AInL (=Ax?).
3. p-value is the fraction of toy experiments above Ax%yata

For the actual calculation, we use time saving method.
— We only fit the data if N ,.>24.

- We do not throw systematic parameters for 1el5 times.
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=% Sensitivity checks

» OCHOA LA,

We fit the toy MC experiments (true sin?20,3=0.1) to check the sensitivity.
The averaged In L curves | are generated by averaging 4000 toy experiments.

w/ ND280 fit & w/o ND280

Norm only & Norm +

) Shape oy fit
§ 30 _ .............. _ gﬁﬁﬁgf ant e § 30 _ .............. o 5;45]33;01 T
o0 20 .
e Norm+Shape, 8 Norm+Shape,
o | ——— w/ ND280 fit, Runl-4 O w/o ND280 fit. Runl-4 5
5 20 fiTQun® cut | .............................. 5 20 f fiTQunncut | -----------------------------
J | ' | 3
* B : *
o N
N =0):
10 __ \/Ah’lL@eB _ O) 10 ....................... B )
i hape 220 ﬁt 4.70
I : only: 5.10 : :
OO 0.1 0.2 0.3 04 0 0.1 0.2 0.3 . 0.4
Sin22913 Sin 2913
Effect of using shape ND280 fit makes relatively large
information is not significant Improvement.

but important.
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"8 Sensitivity checks

Runl-4 POT & Runl-3

fATQun 1° cut & POLfit 1°

-2*A(averaged In L)

I I T T J-‘l..-F' T T

01

Run1-3 POT:'3.90

03 04

. 2
sin 2613

Significance becomes much
larger by adding Run4.
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POT cut
i Norm+Shape, i Normr+Shape, ; fo
3 O — w/ ND280 fit, Runl-4 [reivmmmfon. RR— w/ ND280 fit, Runl-4 :..
fiTQun nt® cut fiTQun n® cut g
Norm+Shape, Norm+Shape,
= I EEEE w/ ND280 fit, Runl-3 | :/ | A | w ND28O fit, Runl-4
20 .............. ATQuAT cut [ L] e POLfitmcut |

i3 lsuig‘niiﬁcancei(\/ '

old & new BANFF

)

Norm+Shape,
w/ ND280 fit, Runl-4  jees .........,,.’
fiTQun n® cut
Norm+Shape,
------- w  ND280 fit, Runl-4
fiTQun = cut, BANFF v7 |.......... i..‘.'.f ..........................
I N L@e 13— O

“new BANFF

Effect of using fiTQun is
not significantly large but
Important.

0.1 0.2 0.3 0.4
sin22913

Significance is not much
different for toy MC,
because the N, become
smaller with new BANFF

while the errors are
improved.




() EXCELENCIA |
. | SEVERO |
- %, ocHoA

** Fake data fit results =

True values

Data set D E F G
AmZ, (eV?) 76x107° T7.6x107° T7.6x107° 7.6x107° .
5! ( N Sy o 3 5 _» Four different sets of fake data
Am3, (eV?)  —2.5x 10 2.5 x 10 —2.7 x 10 2.4 x 10
S 0.35 0.32 0.32 032 Sets are prepared by Roger. The
sin20y3 0.42 0.62 0.50 050  true values were blinded.
sin®6;3 0.018 0.039 0.010 0.0251
sin%26; 3 0.0707 0.150 0.0396 0.0980
dcp (radians) 4.712 0.0 3.14159 0.0
N obs 18 39 8 27
Fitted values
set Normal hierarchy  Inverted hierarchy ) ‘
best-fit 0.090 0.110 The fitted values were consistent
set D 68% C.L. allowed 0.063 < 2 < 0.121  0.077 < 2 < 0.147 with the true values. p-06 and i
L. 0.048 < z < 0.145 0.060 < z < 0.175 - :
90% C.L. allowed 0048 < = 0.145 0000 === 01T \yare also consistent with each
best-fit 0.174 0.210
set E 68% C.L. allowed 0.139 < 2 < 0.216  0.168 < 2 < 0.259 other.
90% C.L. allowed 0.118 < < 0.247  0.144 < z < 0.294
best-fit 0.026 0.032 (Osc. params other than sin?20;
set ' 68% C.L. allowed 0.010 < 2 < 0.046 0.012 < 2 < 0.057 e I I T
90% C.L. allowed 0.002< z <0.062 0002<z <0077  aF€ NXedin tnent. 1.e.
best-fit 0.140 0.170 sin220,5=1.0,
set G 68% C.L. allowed  0.107 < < 0178 0.132 <2 < 0.216 Am?2;,=2.4%x10-3,5=0)
90% C.L. allowed 0.080 < 2 < 0.206 0.110 < 2 < 0.249
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."T:i;elihood curves for Run|-4 da

W
-

2%n L
N
S
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DN W)
S O

10
o)

Normal hierarchy

Run1-4 data
(6.393e20 POT)
best-fit sin*20,, = 0.150

2*%n L

assuming o »—0, normal hierarchy,
Am3,I=2.4x107 eV?, sin"26,,=1.0

p-6

-)

0.1 0.2 03

0.4

. 2
sin“20,,

Best fit 0.152

60

-AInL

68% C.L. 0.118-0.193  90% C.L. 0.099 - 0.222
L L L

Number of events + E shape

Number of events

Scp =0
sin"20,,= 1.0

2 -3 2
Amiy, =2.4x< 107 eV

EI’EC

(Normal hierarchy)

Normal hierarchy
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-2AIL

60

50
40
30
20
10

Inverted hierarchy

Runl-4 data
(6.393e20 POT)

best-fit sin*20 ;= 0.182
assuming 6.,=0, inverted hierarchy,
Am2,1=2.4x107 eV?, sin*20,,=1.0

-)

0.3 0.4
sin20, ,

0.120 - 0.264

0.1

Best fit ().184

60

68 % C.L. 0.143-0.230 90% C.L.
————

Number of events + E shape

......... Number of events
Scp =0
sin®26,,= 1.0
Am3i, =-2.4x 107 eV?
(Inverted hierarchy)
5c

Inverted hierarchy




-t Best fit distributions (Run|-4, normal

.’,_ - R RN { . he—— bl '
B z gangle Run1-4 data
0 160 1 & 8 g (6.393e20 POT)
8 140 Runl-4 d q>) 7 = 4 data
- t —
> (6.393¢20 POT) 082 6E W signal prediction
E 1 20 best-fit sin“26,, = 0.150 o = lbackground prediction
O 100 assumiln}% SCP:}(I), O 6 H- 5 E_
po— normal nierarcny, =
an &0 AmZ,1=2.4x107 eV? 4 =
S 60 0.4 3E
40 02 2F
20 ' 15
0 0
0 200 400 600 800 100012001400 O() 20 40 60 80 100120140160180
momentum Momentum (MeV/c) R E... angle (degrees)
= 12F > ——
8 - Runl-4 data = 0 4 T2K RUNI-4 data B
Q>) 10 — (6.393e20 POT) % " Best fit spectrum ]
qa 8 :_ 1| +data % : | Background component :
- E . signal prediction % 4— - —
6 n lbackground prediction ..§ - |
4 B ..é B -—o—o— -
n s - T i
B >° 2— -0—0_-'-_0- I—I_|_L-o—o- —
2 o f I N ]
0" 200 400 600 800 100012001400 = qeerlommr b L oras
momentum CV/ C) e Reconstructed neutrino energy (MeV)
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Runl-4 data

(6.393e20 POT)
best-fit sin*20,, = 0.182
assuming 6_,=0
inverted hierarchy,
Am?2,1=2.4x107 eV?

)

> o
.

OO 200 400 600 800 100012001400
momentum (MeV/c)
2/ momentum
Runl-4 data
O (6.393e20 POT)
® 4 data
l signal prediction

D B~ O\ o0

IlIIIIIlIIIlIIIIIIIIII

OO

.background prediction

200 400 600 800 100012001400
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Runl-3 (2013 Runl-3 (2012

3,38E+20

POT 6,39E+20 6,39E+20
Observed
number of 28 28
events

Normal hierarchy
Best fit 0.150 0.152
20%CL  0.097-0.218 0.099 - 0.222

ok 0.116-0.189 0.118-0.193

Inverted
hierarchy

0.182 0.184
Bestfit 5 119-0.261 0.120 - 0.264

68%CL  0.142-0.228 0.143 -0.230
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0.180
0.105 - 0.280
0.131 - 0.237

0.216
0.129 - 0.332
0.160 - 0.283

3,01E+20

0.112
0.050 - 0.204
0.072 - 0.164

0.136
0.062 - 0.244

3,01E+20

0.088
0.030 - 0.175
0.049 - 0.137

0.108
0.038 - 0.212

0.088 - 0.198 0.062 - 0.167




tematic errors for Neg.

(unit: %

Black: 2013 sin” 203 = 0 sin” 2013 = 0.1

Error source Blye: 2012 w/o ND280 fit w/ ND280 fit w/o ND280 fit w/ ND280 fit
Beam only 10.6 10.8 7.3 75 11.611.9 7.5 8.1
MeF 15.6 9.5 2.4 4.0 21.516.3 3.26.7
MEES 7.2 4.5 2.1 3.9 3.3 2.0 0.9 1.8
CCQE norm. (E, < 1.5 GeV) 7.1 4.9 4.8 3.8 9.3 7.9 6.3 6.2
CClzm norm. (E, < 2.5 GeV) 4.9 5.1 24 35 4.2 5.2 2.0 3.5
NC17? norm. 2.7 7.9 1.9 7.3 0.6 2.3 0.4 2.2
CC other shape 0.3 0.2 0.3 0.2 0.1 0.1 0.10.1
Spectral Function 4.7 3.3 4.8 3.3 6.0 5.7 6.0 5.7
PF 0.1 0.3 0.1 0.3 0.1 0.0 0.1 0.0
CC coh. norm. 0.3 0.2 0.3 0.2 0.3 0.2 0.2 0.2
NC coh. norm. 1.1 2.1 1.1 2.0 0.3 0.6 0.2 0.6
NC other norm. 2.3 2.6 2.2 2.6 0.5 0.8 0.5 0.8
Ov. [0, 2.4 1.8 24 138 2.9 26 2.92.6
W shape 1.0 1.9 1.0 1.9 0.2 0.8 0.2 0.8
pion-less A decay 3.3 0.5 3.1 05 3.7 3.2 3.5 3.2
SK detector eff. 5.7 6.8 5.6 6.8 2.4 3.0 2.4 3.0
F'SI 3.0 2.9 3.0 2.9 2.3 2.3 2.3 2.3
PN 3.6 3.5 0.8 0.8
SK momentum scale 1.5 0.0 1.5 0.0 0.6 0.0 0.6 0.0
Total 24.5 21.0 11.113.0 28.1 24.2 8.8 9.9
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Black: 2013 sin” 26,3 = 0 sin® 26,5 = 0.1
Error source Blue: 2012 w/o ND280 fit w/ ND280 fit w/o ND280 fit w/ ND280 fit
Beam only 10.6 10.8 73 75 11.611.9 7.5 8.1
MeF 15.6 9.5 2.4 4.0 21.516.3 3.2 6.7
M S 7.2 4.5 2.1 3.9 3.3 2.0 0.9 1.8
CCQE norm. (E, < 1.5 GeV) 7.1 49 18 38 9.3 7.9 6.3 6.2
CClm norm. (E), < 2.5 GeV) 4.9 5.1 2.4 3.5 4.2 5.2 2.0 3.5

NC17xY : :
A *Photo Nuclear effect is added in SK MC.
oth

SpectrE-SK momentum scale was only implemented as PDF error, but now
PP it is also implemented for N,, error. (It was already implemented

CC colt for Eec.)

1138 fﬁ'E”u 1pi shape error is removed from BANFF.
*SK error is improved thanks to additional atm. nu. data set and

Ove /014 i

W shaj MC improvements.

pion-less A decay 3.3 0.5 3.1 05 3.7 3.2 3.5 3.2
SK detector eff. 5.7 6.8 5.6 6.8 2.4 3.0 2.4 3.0
FSI 3.0 2.9 3.0 2.9 2.3 2.3 2.3 2.3
PN 3.6 3.5 0.8 0.8
SK momentum scale 1.5 0.0 1.5 0.0 0.6 0.0 0.6 0.0
Total 24.5 21.0 11.113.0 28.1 24.2 8.8 9.9
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'Systematic errors for N,

Black: 2013 sin? 2013 = 0 sinZ 20,3 = 0.1 (anit: %)
Error source Bluye: 2012 w/o ND280 fit w/ ND280 fit w/o ND280 fit w/ ND280 fit
Beam only 10.6 10.8 73 75 11.611.9 7.5 8.1
MeF 15.6 9.5 2.4 4.0 21.516.3 3.26.7
MAES 7.2 4.5 2.1 39 3.3 2.0 0.9 1.8
CCQE norm. (E, < 1.5 GeV) 7.1 49 18 38 0.3 7.9 6.3 6.2
CClr norm. (E, < 2.5 GeV) 19 5.1 2.4 35 42 5.2 2.0 3.5
NC17" norm. 2.7 7.9 1.9 7.3 0.6 2.3 0.4 2.2
CC other shape 0.3 0.2 0.3 0.2 0.1 0.1 0.10.1
Spectral Function 4.7 3.3 4.8 3.3 6.0 5.7 6.0 5.7
DF N1 03 N1 02 N1 00 0N100

CC coh. norm. |By using fiTQun, the fraction of v, signal events (i.e.

NC coh. norm. |CCQE events) increased. Therefore, the dominant error
NC other norm. 1\, QE) jncreased and the total error increased.

%&S/Ea”’lge (This is a fractional error. The absolute error is

pion-less A decay decreased.)

SK detector eff. 5.7 6.8 5.6 6.8 2.4 3.0 2.4 3.0
F'SI 3.0 2.9 3.0 2.9 2.3 2.3 2.3 2.3
PN 3.6 3.5 0.8 0.8
SK momentum scale 1.5 0.0 1.5 0.0 0.6 0.0 0.6 0.0
Total 24.5 21.0 11.113.0 28.1 24.2 8.8 9.9
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|. p interaction inside the carbon target with FLUKA2008.3d

2. Tracking through horn fields and decay volume using GEANT3 with GCALOR

Calculate neutrino producing decays
Estimate the flux at the near/far detector
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Yystematic error sources for neutrino,

| proton beam measurement
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4. Horn current & field

|. Measurement error on monitoring
proton beam

2. Hadron production

5. Beam direction

2. Hadron production 3.Alignment error on target/horn

3. Alignment error on the target and the
horn

Vi uncertainty at Super-K_

-~ Total ---- Proton Beam
— Pion Mult. —— Off-Axis Angle
------ Kaon Mult. -====- Horn Current & Field

~— Sec. Nucl. Mult., -~~~ Horn & Target Align.
— — Int. Length  ------ MC Stat.

|

03

4. Horn current & field

Fractional Error

‘IIJTIIIITII
o
' B

| I 1 1 1 1 I 1

5. Neutrino beam direction (Off-axis
angle)

0.1
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Negative Tracks in TPC Positive Tracks in TPC
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. Post-fit v,

* Use beam and cross section parameters
obtained from the constrained fit to the

ND280 v, (p,, cosH,) spectra to re-weight the
MC.

* Improved agreement between the MC

distributions, after post-fit re-weight, and the
data.
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Flux fit
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2

p,cos @ bins

AX*=2 Y NP(b,X,d)—N{"“+N“In[N{"/IN"'(b,%,d)]

E, bins E, bins XSsec pars xsec pars

Y A-b)V,Y,,(-b)+ > D () (V) (K= x)

X

p,cos@ bins p,cos® bins

+ 2 2 (d=d)(v,) ,(d]"=d))

b = flux nuisance parameters

X = Cross section nuisance parameters

d = detector/reconstruction model nuisance parameters
V,,V,,V, = covariance matrices (pre-fit uncertainties)

MC Events
pred (- = 3\ _ norm X (% Pre-calculated weight function for
Ni (b > X d ) o di Z‘; bj Xj Wj (X)/ cross section parameters with non-
J:

linear response
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e Ny _— - - -
L S o e g L) P SO .

et Results from Fit to ND280 Data = IH‘*

S e R e,
i A LAY

Selection Number of Events Number of Events (MC Number of Events (MC after
(Data) before ND280 constraint) ND280 constraint)

CCOTr 16912
CClTr 3936
CC Other 4062
CC Inclusive 24910

Test the data and constrained MC agreement
with toy experiments:

Generated variations of models within prior
uncertainties

Fit toy data in same manner as data
Record Ax? at minimum for each toy fit

Ax?,..=580.7 for data has p-value of 0.57
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Fitted Toy Experiments
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Lo

m° Fit Performance

Previous T2K Ve appearance cut:
mmo < 105 MeV/c?

® The T1° mass tail is much smaller
for fiTQun

® Significant spike at zero mass in

standard fitting algorithm
(POLFit)

® |ower plot:

TV rejection efficiency vs lower
photon energy

® fiTQun is more sensitive to
lower energy photons
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SK systematics and contro
sample
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SK detector error estimation

Hybri d o NC/CC nt® (Main BKG)

| pm
ve CC ,

(ve signal)
Combine errors
for T2K

-

Total SK detector systematic errors

® To evaluated SK detector systematic uncertainties,
employ several control samples:

® Atmospheric Ve samples (errors on Vve’s), “Hybrid-110”

samples (errors on TT10’s), Cosmic-ray muon samples, ...

® The errors evaluated with the control samples are
combined with Toy MC method
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Basic distributions

Ring Counting
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200

100

- Control Samples

® Ve candidate sample (“core” sample) + rejected
samples (three “tail” samples)
® Selections: ring counting, PID, and TT0 rejection
® (cf.ve candidates: |-ring & e-like & none TT10-like)

Ring Counting

Single

Multi-
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Atmospheric Vv fit

® Evaluate errors on ‘Ve selection efficiencies’ by fit the
MC predictions to data by introducing the efficiency

parameters &, that describes event migration between
‘core’ and ‘tail’ samples

event migration
' €ccle

fiTQun m° cut
1—bin 3000

v, CC enriched

*\
E\ -

A

SCC other
Ve

2500 Bl v, CC Single-e
Before fit 2000 = z: gg other

E 1500 NC

% 1000
500

® Evaluate the errors in bins of momentum (p) and scattered angle (0)
p bins: 100, 300, 700, 1250, 2000, 5000 MeV/c v e
e 0 bins: 0,40, 60, 80, 100, 120, 140, 180 deg. g T2K beam-

Monday, July 15, 13
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atm-V fit results

Number of events in p-0 bins and control samples.

(i) ve enriched sample (ii) CCnQE (iii) BG
enriched enriched
350 p,<300 . 300<p, <700 700 <p, fzsofeoos 3500
_ Déta Lo : Poob < 1250 000500 5000
3001 [ v, CC Single-e . 3000
[ v, CC other
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(a) Before atm-v fit (Original MC) (x? = 336.8)
350 <30 350
5 ;Data ) i 5000
300F | gV, CCSingle-e 3000
{ [@@v, CC other
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250F E NG 2500 4000
200 2000
i 3000
Best fit =
2000
100 1000
soy 509,
ot Ll i ’|_| 0 bE gam e s W J , 0
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(b) Best fit (Minimized all parameters) (x? = 165.4) / (d.o.f. = 186bins — 58 = 128) 8
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" SK error w/ atm-V fit

® Errors on number of Ve candidates (nsk) in |9 p-0
bins for ‘ve CC single-electron’ events and | bin for
'Ve CC other’ events

® Correlated error (red point): difference from the ‘best fit’
® Uncorrelated error (blue bar): fit error (stat. error)

* bestfit —Ay’<t Dtotal 1-c error

" 50- ! ! i ! ! ! H ' ' ! ! ' T ' J N ! E
X F Pp,<300 i <p <700 | <p,<1250 i <p,<2000 : <p,<5000 ]
« 1| ] SR T biererssrsaneresnsisiesasens feernereesarsanssisnssoees e fee e _E
C(D o ]
— 30 [ s ...E
¥ o
& b
c
<
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® “Hybrid-110” samples
® Electron track from atm-v
data is combined with Yy

from MC following 110
decay kinematics

® Control samples:

“Hybrid-110” samples

"primary h-m° data”

e data from atm.-v,

v MC

"secondary h-7¥ data”

v MC

0

decay-e data
(from cosmic ray p)

"primary h-m® MC"

e MC from atm.-v,

0
~v MC

"secondary h-m" MC"

~ MC

0

decay-e MC

® Primary: electron from atm-V is used for the higher

energy “Y’, and the lower energy Y from MC

® Secondary: electron of atm-Ve (and decay-e from cosmic-
ray M) is the lower energy “y”, and higher energy Y from

MC
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T fiTQun 11° Fitter =

® Assumes two electron ® Use result of single-track
hypothesis rings produced at a electron fit
common vertex
® Scan over Xarious directions

e |2 parameters (single track with a 59 MeV/c electron and
fit had 7) evaluateTthe likelihood
ve”fﬁ?lc’{:ion Conversions
sVertex X ZD /" A TR e /
® Choobse th®direction that
® Directions (el, @, 0,, (PZ) )’IeldS the best likelihood
® Momenta (pi, p2) ® First, fit while floating only p|
and p2

® Conversion lengths (ci, c2) (PR db¥ it
o fu parameter fi

® Seeding the fit

F.Sanchez (IFAE) LPNHE Seminar 5t May 2014




Error matrices in p-0

® Error matrices for inputs to oscillation analyses

in p-0 bins

Square-root of

diagonal elements of

covariance matrix

Sigv,CC v,CC
<

v,CC  NC

:=14_....|...'|r..
E -

12
1|
0.8|
0.6}
0.4]
0.2}
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0O 10 20 30 40 50

p-6 bin

Correlation matrix

Correlation matrix in p-6 bin
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in EV bins

Square-root of
diagonal elements of
covariance matrix

Sigv,CC v,CC

<

v.CC

NC

>

>< ><¢

><¢

E==1.4_'-

~ 12|
1|
0.8}
0.6}
0.4]
0.2}

%

e

2 4 6 8 10 12
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T ——

L ——

E).. bin

Error matrices in rec Ey

® Error matrices for inputs to oscillation analyses

Correlation matrix

Correlation matrix in E,,, bin
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Cross-sections: FSI

Absorbed

e Q20.6_a00.7_CXD.5
— Qe0.6_a00.7_cx1.5
e Qe0.7_a01.6_cxD.4
— e0.7_aD1.6_cx1.5

Qe1.3_ab0.6_cx0.6

—— Qe1.3_ad0.7_cx1.5
Qe1.5_ab1.5_cx0.4

Nucleus Final State Interactions (FSI)

e Q21.6_a01.6_cX1.5

® |[nteractions of final state hadrons in
nucleus can cause migration from _ ' :
signal to background type events. :

n” Initial Momentum (MeV/c)

200 400 500
=" Initial Momentum (MeV/c)

® Constrain with external pion-nucleus

scattering data in a cascade model.

® Uncertainties assighed to span the
pion-nucleus scattering data.

U - 200 400 bOU U 200 400 H0U
n” Initial Momentum (MeV/c) =" Initial Momentum (MeV/c)
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