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Neutrino mixing and oscillations

Neutrino production and detection
is determined by flavor eigenstates

They propagate in mass
eigenstates so flavor can change
with time and position

Neutrinos can therefore oscillate
between flavor eigenstates

?—0
@

Flavor
eigenstates

1

Mass

eigenstates

U PMNS

l

Pontecorvo-Maki-
Nakagawa-Sakawa matrix
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Neutrino oscillation parameters

The PMNS (Cij = COSQI-j,Sij = Sin@ij)

matrix
Solar/
Upns = Reactor
0,,=34°%1°
Atmospheric/ Reactor/
Accelerator Accelerator e — ()" (m,)* =
(Am—)wl
0,,=45°%6° 0,,=9.1°%0.6° (mfI
(T2K) (T2K)
o1 Three mixing angles ©,,,0,; and O, (amd),,, "
0 0,3=45° (maximal mixing)? = (Am?),
o One CP violation phase 6.,
= Non-zero 6,2 I (my*
(Am7)
(m,)* () m— —

o Two mass splittings (Am?;, and AmZ2,,)
7 Mass hierarchy? normal hierarchy inverted hierarchy
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The T2K (Tokai to Kamioka) experiment

-

)\ J-PARC
(KEK-JAEA, Tokai)

\ Far Detector (SK) J

K Near Detectors /

Mt.Noguchi-Goro Dake

5 S J-PARC
Mt.ll:egggama Near Detector
! m ea leve \‘
NN // 1,000m 5
Neutrino Beam
Kamioka |« 295km ~ | Tokai

7 Long-baseline neutrino oscillation experiment using a v, beam produced
at J-PARC

1 Designed to measure v, appearance and v, disappearance
©,5 , O3, Am?;, and sensitivity to Op
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Neutrino production & off-axis beam

J-PARC Super-K i
Off-axisND -

30GeV decay volume 2 [ ]
proton beam vV 1 - sin’26,,= 1.0 7
L1 | R R e = i W “w— 4 05_ -, 23 -
- — 5 B sin"26,,=0.1 7
o ool - Am},=24x107eV? -
target&3horns I P Hemo - 2 Off-axisangle 2.5 deg. 01 _
oo ~ f ]
beam dump . g% T TTeeeall beam axis ? - |
muon monitor a4 Tm=ea 2005 ]
| | On-axis ND (INGRID) | = i

I I I I _ . —

om 118m 280m 295km i ' T

1 Proton beam on graphite target produces
hadrons (mostly %)

o1 Positive (negative) 1s are focused by 3 magnetic
horns and decay to produce v, (\_’u)

1 T2K uses a 2.5° off-axis angle beam
Narrow band beam

Matches oscillation maximum by design Energy peak at
Reduces high energy background ~0.6 GeV
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Near detectors at 280 m

TPC: Time Projection
SMRD Chamber

ND280 (off-axis)
Several sub-detectors in 0.2 T magnetic field
2 FGDs: Scintillator (C) and water (O) targets

3 TPCs: Particle identification (p/e
misidentification < 0.2%)

Neutrino interaction rates before oscillations

UA1 Magnet Yoke

FGD: Fine Grained
Detector

Downstream

Solenoid Coil

Intrinsic Ve, contamination in beam
Neutrino cross sections

1 INGRID (on-axis)

0 16 iron/scintillator modules as
tracking calorimeters

1 scintillator-only module as active target

Barrel ECAL

= Nlom . . . . L3 .
) Monitors beam intensity, direction, profile and

stability
o1 Neutrino cross sections
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Far detector: Super-Kamiokande (SK)

1 50 kton water Cherenkov detector
22.5 kton fiducial mass

1 ~11k 20-inches PMTs in inner
< ' detector

AN Pl 1 ~2k 8-inches PMTs outer detector

Veto entering background (cosmic
rays, radioactivity) and rejects exiting

. events
k‘ il
‘-k-‘t. - a
L 3 B o |
o s
3 3
i : DTc
Dete P
DU
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SK detection principle

Super-Kamiokande IV
Run 0 Event 18

SK uses Cherenkov ring
shape to identify charged
current vV, or V, interactions

Evis: 262.3 e Y
molike, p - 429.9 Nev/e
eeeeeeeeee
. 267 V
-, H
R Biiie.
- 8 )

E Shc"pl :“95 /e misidentification is < 1%
u_l e

(MC)

-h
&
o

Super-Kamiokande IV
Run 999939 Sub 0 Event 99

Number of events
o
(=)

o
o

o
o

e

+ b - 550.9 Mev
aaaaaaaaaa
. >26.7 ~ V E

2]
o

777777
~~~~~~

“fuzzy” rings 40}
e-like 20

Particle ID parameter
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Accumulated # of Protons

Beam delivered to T2K

Total Accumulated POT for Physics

L v-Mode Beam Power
« 102 ®  V-Mode Beam Power S T2K goal is 78x102° PoT
12?1m1 Run2 Run3 Run4 Run5 unéb 4005
- 43503
105 /_7.‘4300; Maximum beam power
“ Ay
8; £ 46_? —2502 achieved so far 371 kW
g 27 10
4r 3 i b1 {1508
C £o .! . - R H . | Q
2:_....# = - = | . _;80;; T2K started to take
O?:- R . 0 & V-mode beam data in
2010 2012 2012 2013 2014 Z
Dec/31  Jan/01  Dec/31  Dec/31  Dec/31 summer 2014
Time
Accumulated Proton on target (PoT) up to June 1% 2015: Results presented in this

11.0x10%° (total) = 7.0x102%° (v) + 4.0x102° (v)

talk use data up to

Data analyzed so far: "
ND280: 5.8x102° (v) + 4.3x10'? (V) March 127, 2015
SK: 5.8x102° (v) + 2.3x102° (V)
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Accumulated # of Protons

Released T2K oscillation results

Total Accumulated POT for Physics

e v-Mode Beam Power
10 ®  vMode Beam Power ~  T2K goal is 7.8x10% PoT
lz?un] mn2 Run3 Run4 Run5 un6 40()?
g 43503
105 /.7.‘4300;3 Maximum beam power
8_ ! | Q: .
i | ‘. 46—?' 338;?; achieved so far 371 kW
aF 5 1 =/ {1 1508
- x o 7 t g B 3
2:_""{(& ar -] ' ;8@; T2K started to take
O?:,- e I, SO . B 0 g v-mode beam data in
2010 2012 2012 2013 2014 Z
Dec/3lL Jan/01 i Dec/3li Dec/31 Dec/.31 summer 2014
v, app. | [ Ve AP ] [ V. app. ] Tupe
. 2:50 / 3.10 , /.30 [ v, disapp. Results presented in this
v, disapp. v, disapp. first release talk use data up to
| first release | | highest O,; precision | (NEW) March 12™ 2015
I

4 . R )
Jointv, / v analysis
First hints on 6., |

.
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v-mode analyses results

(2010-2013 data)
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V, appearance meadsurement

i 4 Data '

10} +Daia
Phys.ReV.Le"'. ] ]2, 061 802 (20] 4) st ggﬁ(gﬁoundcomponent_
180 e
28 v, events were detected at SK ;150 | | 1
C o Data
4.910.6 expected without oscillation S 0k M Best fit 0.8
Maximum likelihood fit in (p_,0,) to 2 oo 00
obtain the oscillation parameters 60 04
. . . . 301 0.2
Result is consistent with the independent o CWEmSE.
analysis using reconstructed neutrino 500 1000 1500
energy Momentum (MeV/c)
g . —“bwa
Best fit ]

sin” 219, =0.1407) 55, (NH)
68% C.L.
sin” 2%, =0.1707)0%  (IH) i

7.30 significance for non-zero 0,

Discovery of v, appearance!

Number of v, candidate events
N

0
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vV, disappearance measurement

> F .
§ ol 4 oa E Phys.Rev.Lett. 112, 181801 (2014)
5 B Best-fit Expectation with Oscillations i .
£ 40 MG Expectation without Osclators | Disappearance of v, events was observed
5 40¢ ] PP n
& 201_ B 120 candidates
- ] 446.0122.5 expected without oscillation
C ] P
0 : ; :
2 £1.5F —MCBesit | E Fit to the reconstructed energy spectrum to
R o L E determine oscillation parameters
. | P
5%05; + T I:
% i 2 3 i >
Reconstructed v Energy (GeV) Sin2 9. =051 4+0-05Z
23 0 ~0.05
(\’]\4.2;‘1"“\‘“'\""\“"[““\"“\““\‘“‘\E (NH)
m% 4 68% (dashed) and 90% (solid) CL Contours = Am§2 = (251 + 010) X 10_3 €V2/C4
9 3.8;* T2K [NH] SK I-IV [NH] i
~ 3.6 MINOS 3-flavor+atm [NH] -
e - ) 0.055
£ 34 = S1n 19‘23 =0.51 14:0'055
<32 E (1H)
£ E 2 3 xs2/ 4
5 E Am’, =(2.48+0.10)x107 eV?/c
2.6~ =
245 = 68% C.L.
22— =
2’HIHuMul\\uw\Huw\HHM.H\HH\HH\H’
03 035 04 045 05 055 0.6 065 0.7 o H )
Sin(6,.) Most precise measurement of sin“0,; !
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Joint v /v, analysis

Sep

N T
PRELIMINARY -

Phys.Rev.D 91, 072010 (2014) - ]
2 ]
Simultaneous fit to vV, and v, spectra b E
in far detector o E
Correlations between oscillation * v 9, Credie Fogon
parameters properly taken into ; "G
qccoun_l_ -2; i Reactor 1o range E
Included constraint from reactor 0505 0.0 04503 02503 035 0.4 0.45 0.5
L[] 1 2

experiments S 20

T 7

6 | E

dp €[0.15,0.83]7  NH S iy E

r FC 90 % critical Ay? (TH) ]

L 4F =

5CP e [—008,1 09].717 IH 7 X g ;

Excluded at 90% C.L. 2\\7 —

1 ;~\ excluded at 90% CL i

Hints to a value of &, of —T1/2 T T

Bcp(m)
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First v-mode analysis result

(NEW)
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Oscillation analysis overview

Flux model

*  Hadron production and
propagation in beam target

*  NA61/SHINE data

* INGRID & beam monitor data

Neutrino interaction model
* NEUT
* External data (MiniBooNE &

ND280 systematic uncertainties
* Evaluated using control
samples as much as possible

MINERVA)

ND280 Near detector fit
data (reduces flux and cross section uncertainties)
. . SK systematic uncertainties
SK > OSCI”.Cﬂ'Ion S| * Evaluated using atmospheric V
data fit and cosmic M
Oscillation
parameters
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Beam simulation is tuned
with NA61 /SHINE
hadron production data

Flux is predicted at
ND280 and SK in
VvV and V modes

“Wrong sign”
background is much
higher in v mode

Small intrinsic v,
background

FLASY2015 @ Colima, Mexico

Flux (/em?/50MeV/10%p.o.t)

_
A
)

_
‘2
O

Flux (/cm?/50MeV/10%'p.0.t)

v-mode beam

(A
w L{\ @ND28O
E

—_
(=]
©

5
_l_'_'_‘ .
|
<
=
|
<
o

/-
S
(2]
AN

/G

10°

N ) H

E, (GeV)

July 1, 2015



Near detector fit (v-mode beam)

Select CC v, events and classify them based on 1t content

TPC "TPC | Each sample is sensitive to different V energy ranges and
] s | interactions

Fit the reconstructed (p,, cos® ) distributions

Flux and cross section model parameters are adjusted and
uncertainties reduced

T + Data

/a :I TTT
~
V > 500 - MC, Prior to ND280 Constraint
=
l‘“l' S w0l - MC, After ND280 Constrai_nt
52500 ARLARRRR RARRR AR % 200 r PRELIMINARY 7
> C o TVE .
() B > E + .
o~ - 200— -
S - ]
Z 1500 I 100 _J =
= C E 7
s - occom ¢ _
”“1000— I 3| N U I WIS N W 4
- 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
- | Muon momentum (MeV/c)
500
g
-
L 1 |

v b b by by by O
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Muon momentum (MeV/c)
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Events/(100 MeV/c)

Near detector fit (v-mode beam)

o Select v, and v, candidates and classify them based on number of
tracks

Large V,, contamination
Statistics is lower than V-mode beam

S

S 8:._...,....|..1.|1..—+—Data S 12,..............4+—Dala
> E = C
E 7E I v, prior to ND280 Constraint s oF I vc, Prior to ND280 Constraint
- c ) = b
V S oF I vc. Atter ND280 Constraint V s I vc. Atter ND280 Constraint
: c — 8 =
< 5 ~ -
u 2 E PRELIMINARY u T F PRELIMINARY
5 4 =} C 7
LE E g 6_— -
3E >1track @ F >T1track
I i - af- ]
2F g 2 B ! i
: : o : *J'r"'iﬁh _
r 1= 5 E 2— 7
L E 1 60 r ]
[ Coovvv b b b b b b a b by a by _

o 09 ™300 1000 1500 2000 2500 3000 3500 4000 4500 % = P N E DN P DETE BT D S
- Muon momentum (MeV/c) ; 50:— 0 500 1000 1500 2000 2500 3000 3500 4000 4500
C Z = Muon momentum (MeV/c)

6 5 40F

- C 7

aE 1track : 1track i
. 20 # =

2+ o 3
C 10 =

) S A EPEPN U I AL PPN B 0_:#,,,1,,.,1‘...1....[.._._... =
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500

Muon momentum (MeV/c) Muon momentum (MeV/c)

Arturo Fiorentini - FLASY2015 @ Colima, Mexico  July 1, 2015



SK expectation and uncertainties
(V-mode beam)

Expected spectrum at SK Fractional uncertainties
T T T L T T |72 F L L L L DL L UL L L L LR
% e | | ' __Total ] ‘g 1.4l B rrefit [P Postfit
g B [JV,CCQE R ]
2 o IV, MEC - =z -
QH) 0.6~ - VH EC 7] . 1_ :
a" i B VesVe CC ] ks i -
g ™ Bl NC g o 0.8 -
> [ ] < T 1
B 7 B b b b b b e b b s |
00_ n 5 3 . > _6 O 05 1 15 2 25 3 35 4 4.
E... (GeV) E eco (GEV)
I P
SK prediction assuming neutrino measurement | measurement
.” 1_. 1_ v flux and flux 7.1% 35%
oscliarion pq ramerers Cross section 455 section cmn to ND280 5.8% 1.4%
19.9 v events with oscillation (flux) x 9.2% 34%
91 (cross section cmn to ND280
59.8 \7Ll events without oscillation cross section (SK specific) 10.0 %
o total 13.0% 10.1%
The ND28O ConSTI‘CIIni' reduces Final or Secondary Hadronic Interaction 2.1%
systematics uncertainties in Super-K detector 3.8%
total 14.4% 11.6%

expected events at SK
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Events/GeV

Ratio to unosc

vV disappearance measurement

O — Vit posterior -1 Data shows clear evidence for
= —— No oscillations . .
B0 e TOK data oscillation
3 E 17 \7Ll events detected in SK
60 =
WF 3 59.8 expected without oscillation
e 3 o1 This analysis is statistically dominated
30F- =
205— —f
o = — 90% Credible Interval
10F" E R §
0 4o % 0.0034 ;— """""" 68% Credible Interval
“E I E IE  0.003F =
L e = S B — =5 < - ]
().sw { % _z 0.0()28:— =
T HN: R X S S S 0.0026 E
Reconstructed Energy (GeV) 0.0024 -
— 0.0022 =
.2 +0.085 - ]
sin” U3 =0.5157 0 000k E
—2 C _
0.27 3 ys2/ 4 0.0018 - -
Am32=(2.33t023)>(10 €V/C N T S SR SR S I B B
: 0.3 035 04 045 05 055 06 065 0.7

sin°0,,
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Comparison to other results

7 No difference between v, and
v, oscillation parameters

o The v has much larger
contours than v analysis due
to current limited statistics

— Vvfit:90% v fit: 68%

0.0036 T T
0.0034
0.0032

+ v fit: Best fit v fit: 68%

— v fit: 90% + v fit: Best fit

0.003
0.0028
0.0026
0.0024
0.0022

0.002
0.0018

A T, (eV?)

_I||III|II||I|I|I|I|I|I|I|I|l|||[||||||

II|III|III|III|III|III|III|I

lIII]IIIIIIlIIlllllllllllllllllllllll

L

0.35 04 045 05 055 0.6 0.65 0.7
. 2 . 28
sin“0,, / sin"0,,

Wl

0 T2K and MINOS are
compatible

1 T2K contour already
smaller than MINOS in
sin%0,,

— MINOS 90%  * MINOS best fit
& 00036 —TIK90%  --- T2K 68%

% 0.0034 + T2K best fit

~, 00032
€ 0003
< 0.0028
0.0026
0.0024
0.0022
0.002
0.0018

PRELIMINARY

_llIIIIIII[III]IIIIIIIIIIIIIIIIIII[III

I|III|III[I[IIIIIlIIIlIIIlIIIl

N I R R B R
03 04 0.5 0.6 0.7

sin’0

23

MINOS data is beam and cosmic combined
P. Adamson et al., Phys. Rev. Lett. 110 (2013) 25, 251801
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T2K future prospects

Expected precision on sin%6,; as a
function of accumulated statistics

: 21 0.1 e

0 T2K goal is 7.8x10<" POT =Ry R . _80%% oy ”
. = ENe, = (°(stat. + syst.

14% already achieved 2 005 i, — G = only)

O 50% V qnd 50% \-/ gives bes-l- Sensifivi-‘-y for qa v—mgggé ............... E

wider region of oscillation parameter space & 004 Runl-4 —3

‘7 0.03: statistics E

0.02 T2K goal =

0.01E statistics =

K R T B R S S A R

21
100 % v 100% 50% v + 50% ¥ <107 POT

P Baansaass e . e e P St \iae A b B s S

150 [ z 90% C. L = ] f 90% C.L. . 150 | o -
- ", Sensitivities 1 Sensitiviti ] § 70% C.L

100 3\ bith final T2K ensifiviies 100 E Sensitivities ]
- : 1 1 i ] b . R
- ; w PN with final T2K g with final T2K ]
50 ataset 3 dataset 3 50 |- dataset .
s'N - h — I 4
> 1 ] o~ ]
g 0 e E & ofF B
ot ] ] © | 1
-50 3 — NH, no Sys. Err.’} s — NH, no Sys. Err.] -50 3 — NH, no Sys. Err.}
0 ] 1 PR ] [ NH, w/ Sys. Err. ] F L e NH, w/Sys.Err. 4 b L TET NH, w/ Sys. Err. ]
e i; { i — IH, w/o Sys. Err.] { — IH, w/o Sys. Er. ] -100¢ — IH, w/o Sys. Err. ]
150 F ------ H, w/ Sys. Err. 3 i i IH, w/ Sys. Err. ] 150 \SNAd H, w/ Sys. Err. ]
S PR P T TS PETE PR P S FEETE PR N l“l....l....l““l....' ....I..:'.l....I:....I....I....I....I....'

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.00 0.05 0.10 0.15 0220 0.25 0.30 0.35 0.40 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

sin’20,, sin“20,, sin’20,,
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T2K near-future prospects

T2K will continue to collect more data in V- mode
and it already has twice the data presented in this
talk

\_/udisqppeqrqnce will be updated

V_ appearance analysis is underway

Stay tuned for these results to come soon at 2015
summer conferences
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The Hyper-Kamiokande
experiment
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Letter of Intent

H y p er- KCI miO kq n d e arXiv:1412.467 3v2[hep-ex]

1 Next generation Mega-ton water Cherenkov detector

o1 Proposed successor to Super-Kamiokande

o x25 larger fiducial volume than Super-K

PNUPER
3K

(199‘6-)

50 (22.5) kton total (fiducial) volume 990 (560) kton total (fiducial) volume
1Tk 20-inch PMTs 99k 20-inch photosensors
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Physics potential of Hyper-K

Proton Dgcay Supernouas
Hyper-K has various physics objectives: S/ -

X é‘fi ‘v *

Long-baseline neutrino oscillation
76% coverage of &, at 30
Atmospheric neutrino oscillation

Opportunity to resolve mass hierarchy and
©,5 octant

Proton decay sensitivity extended by a W Y=
factor 10 e ;
p =2 e'+mnl:57x103 years (30)
p =2 v+K':1.2x1034 years (30)
Astrophysics observations
Supernova bursts, supernova relic neutrinos,
indirect dark matter

Focus of this talk is on long-baseline
neutrino oscillation
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Tokai to Hyper-Kamiokande

Super-K

‘ "(Mgzuml Mine)

Hyper-K
(Tochibora Mine)

J-PARC Main Ring
B Neutrino beamline
{  (KEK — JAEA)

- Takayama "-FAGANO
O
8km south of Super-K
O
(2.5°) as Super-K
O

Hyper-K candidate site is Tochibora mine in Kamioka

Hyper-K will operate with same beam (J-PARC) and same off-axis angle

Current J-PARC beam power is ~350 kW (May 2015) but it will be
upgraded to 750 kW in a few years

Arturo Fiorentini - FLASY2015 @ Colima, Mexico
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Hyper-Kamiokande detector

CONCEPT
Doad Area) ced o) (Oead Area (Dcad Area .
nnnnnnn (e Water Tank)  (Intermedlste Cross Wall)  (Imer Water Tark)  (Internediate Crass Wall)  (Iner Water Tank)  (Intermediate Cross Wall)  (Imer Nater Tank)  (Internediate Cross all)  (Inner Water Tank AT
i3 ) 190 vy i 8155 i gy "t o
P! 7% w5120 F | ) %0 700 || 7000 1% P | ) S50 % | ey 5% I
FiducialVolume TFiducTalVoTume) TFiducialVolume) FTducialVolume FiducialVolune

1 compartment

~50m
.
>
) I _
. 50490 Bedrock l sa0 | sus 50490

5649500(Pitch of Interemediate Cross Walls}=252450

Detector composed of 2 separated tanks

2x5 optically separated compartments
GEANT4 event displays comparable with Super-K
B — = p— v, CoQE inracion Detector performance of Hyper-K should
be effectively the same as Super-K
Uses well proven water Cherenkov
detector technology

Many years of experience from Super-K
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Number of events/50 MeV

Oscillation measurements with Hyper-K

Appearance v mode Appearance V mode

—— —— T
— Total

~— Signal X, _)X"
—— Signal v, Ve
— Beam V,+V,
—— Beam: V,*V_

S T e R L S e S S R B |

o 0 Assumed 7.5MWx107s
oo (1.56x1022 PoT)

—— Beam: V, AV,

350 —

300[

250

200

Number of events/50 MeV

i - exposure
oo "k o1 Equivalent to10 years
= E 50— .
o : E ‘ = = with 750 kW beam
0 0.2 04 0.6 0.8 1 1.2 0 0.2 04 1.2
Reconstructed Energy E'™ (GeV) Reconstructed Energy Ei_“ (GeV)
High statistics of neutrino events
thanks to:
Iqrge fiducial mass Uncertainty on the expected number of events at Hyper-K (%)
high power J-PARC neutrino beam V mode anti-v mode Lasauy
. Ve VU Ve VU Ve VU
Systematics errors are already well [TFoeand | 30 78 56 42 3 27
understood based on Super-K and  |XSEC model| 1.2 1.5 2.0 1.4 47 50
T2K Far Det. +FSI| 0.7 1.0 1.7 1.1 37 50
Total 33 33 6.2 45 68 76

Hyper-K will be one of the most
sensitive experiment to probe
neutrino CP violation
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Hyper-K sensitivity to O

__s-0 1 Ocp resolution at 7.5MWx1 07 sec (10 year exposure):
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Sensitivity to O,,

o Huge improvements in O,

measurements with nominal 10 year

exposure

o For non-maximal ©,, reactor

constraint breaks octant degeneracy
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Conclusions

T2K results in neutrino mode has been presented

7.3 0 discovery of v, appearance
most precise measurement of O,;through v, disappearance

Hints of 6, =-1/2 through the joint v, v analysis with reactor constraint

Also, T2K’s first analysis of v, disappearance

Limited by statistics
T2K already has more anti-neutrino data that will be released during
the summer — stay tuned

Hyper-Kamiokande is the proposed successor of Super-Kamiokande

Together with the expected upgrade of the J-PARC neutrino beam
can make world-leading measurements of CP violation and other

neutrino oscillation parameters
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Backups
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ol
4s%smrmc Japan Proton Accelerator Research Complex

g 3 Accelerators International User Facility
& 3(+ 1) User facilities

-

| Hadron Facility

Materials & Life Facility
neutron*muon
PR SEAY

Linac
(400MeV)

30 GeV synchrotron

= Neutrinofacility
(12K) p MR(0.75 MW)
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Flux model uncertainties

1. Proton beam measurement

Super-K

-

INGRID
E

5. Beam direction

3. Horn and beam alignment

ND280: Positive Focussing Mode, v,
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E, (GeV)

Fractional Error

Total uncertainty on T2K flux is ~10%

Main component comes from hadron
interactions model

SK and ND280 fluxes are highly
correlated

ND280 analysis can reduce systematic
errors in SK
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Interaction models

T2K uses NEUT to generate neutrino interactions in ND280 and SK

H o CC-QE

graf NS

r£1_2; W Vu_ + n = H= + p

g 1 /\ Dominant at T2K energies

50-8; n P Neutrino energy reconstruction from

50.6f muon kinematics only
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> o E
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£ 0.2 Wi CCQE-like but different kinematics
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3 i Model d
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e external data
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Hyper-K timeline

( Construction J
2]32 2013|2014 [2015]2016]2017 (2018|2019 |2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026
I R bl st [Operation
Sufvey, Ddtailed dpsign cess funnels Tank constriction
Photo-sensor dpveloprjent " Phothsensol produdtion >

sengor in
Prototype detector

240k

J{PARC Ppwer Ufgragle [ wiaccumplace

app PQT
750KkW and beyond

2025: Operation

2018: Construction begins
2015: Design report
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T2K + Nova

o1 Ability to measure delta CP is greatly enhanced by incorporating data

from Nova
Mainly because Nova’s greater sensitivity to the mass hierarchy through matter
effects
Normal hierarchy Inverted hierarchy
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SK prediction systematics (V-mode)

| v, events [voevents

Neutrino flux and without ND280 comparison 21.8% 26.0%
SR SEE with ND280 comparison 2.7% 3.1%
Difference of target material between near and far 5.0% 4.7%
Final or Secondary Hadronic Interaction 3.0% 2.4%
Super-Kamiokande detector 4.0% 2.7%
total without ND280 extrapolation 23.5% 26.8%
with ND280 extrapolation 7.7% 6.8%
s w —
% 85 Before ND280 Constraint % ] Egg;% [ Qgezrs 0
T | g ,[  Constraint Constraint |
-g 6 c ¢
S S | AY
>1 4: - iw 1;
24 2
e I R B S e

Reconstructed v Energy (GeV) Reconstructed v Energy (GeV)
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V, appearance formula

_ 2 o2 @2 _:.2 2a
P(UM —> ve) = 4C13513523 S1n (1)31 1 -+ 1 — 2S
Am3l

+ 8C‘123S12513523 (C12C23 cosdcp — S12513523) cos P3p sin P31 sin Py

— 8C%3C12C23512513 523 sin ‘SCP sin (D32 sin (1)31 sin (1)21

+ 45122(:‘12 (C C23 e 5125235 — 2C12C>23812823513 cos 5cp) sin? (O

— 8C2, 82 523(1—2513) iE

where @ j; = Am%iL /4E,. The terms that include

a = 2\/§GFneEU = 7.56 X 10_5 [CVZ] ([g C]fl_:;]) ([GEevV])
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Near detector fit (v-mode beam)

Events/(100 MeV/c)

Events/(100 MeV/c)

o Select v, candidates and classify them based on 1t content

o Fit the reconstructed (p,, cos@ ) distributions
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Each sample is sensitive to different V energy ranges and interactions

Flux and cross section model parameters are adjusted and uncertainties reduced
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Events/(100 MeV/c)

Events/(100 MeV/c)

Near detector fit (v-mode beam)

0 Select v, and v, candidates and classify them based on number of tracks
Large V,, contamination

Statistics is lower than V-mode beam

o Fit the reconstructed (p,, cos@ ) distribution
Flux and cross section model parameters are adjusted and uncertainties reduced
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