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eutrino mixing (reminder)

v'Neutrinos of 3 flavors take part in the weak
interactions: v (v.), v, (v)), v, (v,); no definite mass;

v' 3 flavor fields are linear combinations of 3 fields of
massive neutrinos vy, v,, v (Dirac or Majorana),

v'The mixing can be described by the PMNS matrix
(Dirac case) :

Ve cosB;, sinB;, 0 cosBy;3 0 sinB;;e7%\ /1 0 0 v,

<VM) = (—sinelz cosB;, O)( 0 1 0 )(0 cos0,3 sin823> <V2>

v, 0 0 1/ \—sinB;5€% 0  cosB;; 0 —sinB,; cosB,3/ \v3

\ “solar” “reactor” “atmospheric”

!

PMNS (= Pontecorvo-Maki-Nakagawa-Sakata) matrix

@ .
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Neutrino oscillations

(for Dirac neutrinos)

C. Patrignani et al. (PDG), Chin. Phys. C, 40, 100001 (2016) and 2017 update:

Appearance” probability Sin0,. = 0.51 £ 0.04 (NH)
P(v,—v,) depends on |26 = 0.0210 + 0.0011
v' 3 mixing angles 0 sin%0,, = 0.307 + 0.013
v' 1 CPV phase Ocp; AmZ; = m2 — m2, | # J
v’ 2 mass differences Am?;; |Am?s; = (2.45 £ 0.05) 10~ eV* (NH)
v, mass hierarchy Am221 ) e e e i KON I 9 eV?
(ordering); Currently unknown:
¥ neutrino energy E and path - CP-violation: O¢p = ?

« Mass Hierarchy (Ordering):
ms;>m,>m, (NH) or
m>>m,;>m; (IH)?

« 0,3 octant: >45° or <45°?

[NH/IH = normal/inverted hierarchyl]
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T2K Experiment

N385-30- -+

Su O@[FDK@mf}@k@@@@amm an ,“{H ¥ # % ‘0 ‘ 'i;, .".0 ochigi
{[&RR; Univ. Tolko) - Y /e o ore 8 J-PARS

e 0 (KEK-JA SRSEE]

E140 1307 1) 3¢ ~up -

T2K = Tokai-to-Kamioka
long-baseline accelerator neutrino experiment
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= T2K history and QUARKS

? Sergiev Posad, QUARKS-2008; Yu. Kudenko:
commissioning of J-PARC, construction of the near
detectors;

== Kolomna, QUARKS-2010; J. Kameda: start of data

ﬂ taking, first neutrinos;

=~ Yaroslavl, QUARKS-2012; M. Khabibullin: indication of

Vy—Ve oscillations (320'), 2.6x1020 POT (protons-on-target),

B S zdal, QUARKS-2014; Yu. Kudenko: observation of
v~V (7.30); 6.5%x102° POT; first constraints of Jcp;
start running in v-mode;

Pushkin, QUARKS-2016; M. Lawe: first results in v-
mode; 13.8x102° POT (v:51.5%; v:48.5%)
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T2K Setup

Off-axis ND

J-PARC
30GeV
proton beam

decay volume

target & 3horns

beam dump
muon monitor

L | On-axis ND (INGRID) |

| _ "
280m 295km

1
om 118m

Protons hit the target: graphite rod (26 mm x 914 mm long, 1.8 g/cm?3)
p+Conrt/—+X
Three horns (+/—250 kA): collect and focus positive/negative pions
Decay Volume (96 m long, He ~1 atm.): n* > p* + v,; i > B~ + v,
Beam Dump: stops all the hadrons and muons with p , < 5 GeV/c
Muon Monitors (ion. chambers and Si PIN diodes): measure the intensity
and profile of the muons (p , > 5 GeV/c) on the bunch-by-bunch basis
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2K Setup: off-axis beam

J-PARC Super-K
30GeV decay volume Off-axis ND ~—
proton beam T e vV o ——
target&3horns 1L B ek~ -t DOff-axis angle 2.5 deg.
beam dump L T beam axis
muon monitor n B A —
l ! On-axis ;\JD (INGRID) ; 0s Siﬁié? 7
Om 118m 280m i o " OAm;:z: ;O : .
Off-axis idea: at small angles neutrinos have ;?0'05
almost mono-energetic spectra r wonos
Off-axis angle can be tuned to get the maximal <IN« . a2
oscillation: o | i
+ 2.5 is best for L= 295 km and E, = 600 MeV |¥ [ 4 |1 mmmm ;
- suppression of the high energy tail X 153 |||||||||IIII|||||||||
E, (GeV)
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2K near detectors: on-axis @

J-PARC Super-K
30GeV

proton beam

decay volume

......... )"“’ - “@
beam dump . %& e 1 TS beam axis
muon monitor

| |

Oom 11:"}[“

On-axis near detector INGRID
(Interactive Neutrino GRID):

plastic scintillators and iron (+ water
module since 2017).

Measures neutrino beam rate,
direction and cross sections.

target & 3horns

) ~10m
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T2K near detectors: off-axis @

proton beam

Moo V. . .

target&3horns I B ek~ S

beam dump
muon monitor SMRD -

UA1 Magnet Yoke v
l | On-axis ND (IN

. l
[')”, 1 l\"‘.nlll

0N .
.'") tuj( “1 |

Off-axis near detector ND280 measures N & B
neutrino beam properties before oscillations; _
constrains flux and cross-section parameters
 Tracker: Magnet (0.2 T)+3TPCs+2 FGDs SerelEEAE
 FGD1: plastic scintillator; FGD2: +water
« POD; ECaL; SMRD

Solenoid Coil

[7PC = Time Projection Chamber; FGD = fine-grained detecfor;
POD = 0 detector; ECal = E/M Calorimeter; SMRD = Side
Muon Range Defecfor ]
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~ T2K far detector: Super-K

J-PARC
30GeV
proton beam

©
target & 3horns ‘ 2 ? )
beam dump L T beAm axis
O ,

decay volume

] muonmonitor = Femesao_
Super-Kamiokande:
v 50 kT water Cherenkov Gerenkov

radiation
cone

detector @ 295 km;

v' >99% u/e separation;

v" GPS synchronization Muon
with the J-PARC beam  newi

Inner Detector (ID):

v/ >11000 PMTs (50 cm) Ve .

v" 40% photo-coverage Electron Electron

Outer Detector (OD): neutrine shower

v' ~2000 PMTs (20 cm)

T T pe——

Muon

Detector (ID) 1
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T2K data (2010 2018)

Total Accumulated POT for Physics
v-Mode Accumulated POQT for Physics
V-Mode Accumulated POT for Physics

20 . v-Mode Beam Power
g x 10 . V-Mode Beam Power
Runl Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 <
2 “F 1500 E
I Sl
— — .} G -
g 25E | ,‘,’ f /_/ ] 400 2
= = 4 " ) ]
g 20 P A T =
< 15 £ & f. . / ] 8
= | 1 » } ?
= ; poo Y = _, /]
SE .":.' RIL % VL . I _// | —100
0 l-_."p 1 1L 1 ._:-I/I_I./- 1 1 L 1 ./I_l_/ 1 1 L 1 1 L 1 1 1 I_l
2010 ' 2011 " 2012 " 2013 ' 2014 " 2015 " 2016 ' 2017 20018
Year

Current T2K statistics (end of May 2018): ~31.2x102° protons-on-target (POT)
This talk: 22.3x102° POT
14.7x102° POT in neutrino mode

7.6x1020 POT in antineutrino mode
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: T2K data (2010-2018)

Total Accumulated POT for Physics

° v-Mode Beam Power
% 10%° . V-Mode Beam Power
8 35 Ingnl Run2 Run3 Run4 Run5 Run6 Run7 Run$ Run9| g
a¥ - 3
go! 30: ) ':_!!'500 =
L — *’*‘! o )
= 25E Lo i =
< = i . - 4400 B
- W S0 5
£ 20F e o
5 T F oo s §
< 15F & : : D
C . f."a ! ) : ] (a1)]
oF ? i :‘ 18 ﬁ/ ? ~ —{200
= 3 nor — : |
SE-. 5 L _'/_/ ' —100
0 2010 " 2011 " 2012 ° 2013 ° 2014 " 2015 ' 2016 ° 2017 2818

Current T2K statistics (end of May 2018): ~30.0 x102° protons-on-target (POT)
This talk: 14.7x102° POT in neutrino mode
7.6x102° POT in antineutrino mode
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: T2K oscillation analysis

Multi-step analysis:
v' Prediction of neutrino flux at Super-K

v' Near detector constraint of the flux and neutrino
interaction parameters

v" Selection and reconstruction of the Super-K data (new
algorithm)

v' Comparison of the observed Super-K data to predictions
and retrieving oscillation parameters
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: T2K oscillation analysis

Multi-step analysis:
v' Prediction of neutrino flux at Super-K

v' Near detector constraint of the flux and neutrino
interaction parameters

v" Selection and reconstruction of the Super-K data (new
algorithm)

v' Comparison of the observed Super-K data to predictions
and retrieving oscillation parameters
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IR neutrfno flux prediction

Neutrino flux calculations are based on
v Input from the proton beam monitors (beam profiles and current)
v FLUKA2011 simulation: hadron production in the graphite target
v this is tuned with NA61/SHINE {//in (2 cm) target data
v GEANT3: propagation through magnetic horns and decay into neutrinos

1. Proton beam measurement >

5. Beam direction

3. Horn and beam alignment

M.-Khabibullin,-QUARKS-2018,
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Flux (/cm?*/50MeV/10*'p.o.t)
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Neutrino flux predictions

(without oscillation)

Neutrino Mode Flux at ND280

_X!J« -V
_\;M

e
_Ve

esiad i

10
v (GeV)

Neutrino Mode Flux a@

Flux (/cm?/50MeV/10*'p.o.1)
2 3
1 T TTTTT Ii

—
)
SN

p—
S
w

- 10%/cm?/50 MeV/102! POT

-V, —V,

1 | 1
8
E

, (GeV)
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" Uncertainties of the neutrino flux

SK: Neutrino Mode, vy,

v Flux prediction uncertainty is s 8 a
0 = - ——— Hadron Interactions ~— Material Modeling
8-12 /0 'Uc_j 03 — Proton Beam Profile & Off-axis Angle Number of Protons
v Uncertainties on hadronic g | —— HomCurentarieu — 1302 Eror
interaction modeling are g — it v Erer
-
[L‘ .

largest

v NA61/SHINE data taken
with replica T2K target is 0.1
being incorporated for future
analyses -> reduce flux
uncertainty 107!
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Neutrino interactions

Charged-current (CC) /nclusive v /v, cross sections
C. Patrignani et al. (PDG), Chin. Phys. C, 40, 100001 (2016) and 2017 update:

CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 104B, 235 (1981)
GGM-PS, PL 84B (1979)
IHEP-ITEP, SUNP 30, 527 (1979)
IHEP-JINR, ZP C70, 39 (1996)
MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)

MINERVA, PRD 95, 072009 (2017)
T2K, PRD 93, 072002 (2016)
: PRD 90, 052010 (2014)

—_
(=)

T2K (CH) PRD 90, 052010 (2014)
T2K (C)JPRD 87, 092003 (2013)
ArgoNeyT PRD 89, 112003 (2014)
ArgoNedT, PRL 108, 161802 (2012)
ANL, PARD 19, 2521 (1979)

BEBC, 4P C2, 187 (1979)

BNL, PHD 25, 617 (1982)

—
.
=
LI

> O% 0D Xdongp
X¥XSreoe«aamnpc

SKAT, PL 81B, 255 (1979)

—
>

Q

O

\ o
5 1.2
3

o

Z

w’

10-38 cmZ/Gey £
s
0.8 VuN—=wX
------------- daseget ot Vg N
I ~, 0.6F H
PEr nucieon 3) "
Soaf £ 5 R0 2t b S
) } - P
39 5 0.2 Rl V,N—=u*X V|~| N
10-3° cm?/GeV
> 0 ! ! T IR EE NN NS AN RS FE NN NN
1 10 100 150 200 250 300 350

T2K region E, (GeV)
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~ Neutrino interaction modeling

Interactions at T2K energies:  * CCQE £
v Dominant contribution: CCQE
(charged-current quasi-elastic) w
v’ Interactions with 1 or more pions in d u

the final state (n\ e {) ~d /p>
v Nuclear effects can mimic CCQE
interactions: o ncom

102 [ —-CORESm:,n’  []SKV, (NoOsc)3 10’
E— - CC Coh., multi-m, DIS =

a) neutrino scatters on a correlated pair of
nucleons ("2p2h” = "2 particle-2 hole”,
“multi-nucleon”);

b) produced pion is re-absorbed in the
nucleus,

c) produced pion is absorbed in the detector

—410°

o, / Nucleon (fb)

.
(==
[

2
Flux/(cm? - 10> POT - 50 MeV)

M.-Khabibullin,-QUARKS-2018,
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Interaction model improvements

Modifications of the main T2K & [ =
neutrino generator (NEUT): =~ «

T a— 0.6 0.8
[ Erre = 600 MeV
20 — Total

v A model for multi-nucleon

scattering processes (Valencia 2p-2h L G
model) was included in NEUT e reconstructed eneray [GeV]
v' CCQE model was improved by E - :
including the RPA correction RS '
factor (RPA = random phase SN _
apprOXImatlon) & 08_ RPA correction factor (black) _

\ : oA Error range (dashed)
v Pion production model was tuned to o T :
- [ Error band for T2K parameters (gray) ]
data on hydrogen and deuterium e
Q’[GeV’]

M.-Khabibullin,-.QUARKS-2018,w
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Near Detector constraint

e Neutrino flux parameters (f) and neutrino interaction model
parameters (x) for the SK can be constrained by ND280

e A binned likelihood L(f, X, d) is maximized for 14 ND280 data
Samples (6 fOI‘ V“'mOde and 8 fOI‘ V”'mOdE) [d=detector systematic parameters]

e MAX{L(f, X, d)} -> get central values and systematic
uncertainties of parameters (f, x) for the oscillation analysis

FGD TPC FGD TPC

M.-Khabibullin,-QUARKS-2018,
28.05.2018 Valday, Russia 22
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Near detector constraint: pre-fit

FGD1: CCOmr sample

vV-mode

§ 2500 —4- Data .

S - 2 v CCQE .

S ™E [Jvccaep2n

&l oo | vcCResin T

Z _ ]

2 - Blvcccohin 3

= o E v ccother

- ] v NC modes a

500 = - V modes ]

= 12 —

a 1.1 —0—o& S —

I 10—t be—0 & *

s 09 * —

5 08 = e —
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Reconstructed muon momentum (MeV/c)

PRELIMINARY
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Near detector constraint: post-fit

v-mode

L 2500 —
> —
q) -
= —
o 2000 —
< n
2 1500 —
= —
0 —
88 —

1000 {—

500
= 12
& LI
~ 1.0
g 09

08 — .
- 0 500

PRELIMINARY
28.05.2018

FGD1: CCOmr sample

—4— Data

B v CCQE
[]vcC2p-2h
v cCRes In
B v cC Coh In
[ v cc other
] v NC modes

- V modes

L Wb brrea b brraa I

1000

1500 2000 2500 3000 3500 4000 4500 5000

Reconstructed muon momentum (MeV/c)
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Fitted flux parameters

Super-K neutrino-mode flux Super-K antineutrino-mode flux
13 :

1.2

0.8 0.8 -

- Prior to ND280 constraint - Prior to ND280 constraint
0.7 0.7

- —f— After ND280 constraint - + After ND280 constraint
0.6~ 06—
0.5:IIIIII 1 l IIII\\l Il 1 1 IIIIII 1 O.S:IIIIII 1 1 IIIIII| | 1 1 IIIIII

10 1 10 10" 1 10
Neutrino Energy (GeV) Neutrino Energy (GeV)

v’ Fitted flux parameters are near their nominal values (Post/Pre-fit ~1)
v" Most of the fitted flux parameters are within 10 prior uncertainty
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Fitted interaction

) N

Cross Section Parameters

2
1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

& »

model param

- | Prefit

S R S I S [ [ S [ [ U S S O S Yl DU Bt B

MAQE

pF_C

pF_O

2p2h_norm_nu

norm_nubar

2p2h

2p2h_normCtoO

2p2h_shape_C
2p2h_shape_O

BeRPA_A

BeRPA_B

BeRPA_D

BeRPA_U

BeRPA_E
CA5
MARES
ISO_BKG

nue_numu

—~+ Postfit

I

8§ 2006 L& S
S0 c O g g
£ 9 G I's [ @
S800Q 355 <
C,Oololz'_l'cs
5 00 09¢
g 292
: z
c

T2K\

eters

The cross-section parameters include normalizations and Fermi
momenta for C and O, parameters of nuclear effects (2p-2h, RPA), etc.

28.05.2018

M. Khabibullin, QUARKS-2018,

Valday, Russia
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Fitted interaction model parameters

Cross Section Parameters = Prefit

2 —+ Postfit
1.8 :
1.6 i
I
1.2 s 1 |- |
0.8 : o
0.6 0 0 i
0.4 :
0.2 ,
0 -_L--L--L--l_-L_O_L-_Lé_l&_l_-l__1--1.3.1--1--1--1--]--](.}5]__J-_J_-J.mJ-_J_-J
woo:2g O mn QA w LG 3 5POO L 55
| < L T < £ [ QE -
Tuu (88 dessdsaddacd 58550 E LT
= 5§ I ESSrrracr 2o 58080852
clg‘éwﬁ&ggmgg mgcoololz,-lgg
c O < .CI I @ - € hl O 0O &) 8 (
NS /SE @ )
o N aa Q Z20z2
NS adN N [} >
[ >
&° .

The fit enhanced some of cross-section parameters
(related to 2p-2h and RPA)
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T2K oscillation analysis

Multi-step analysis:
v' Prediction of neutrino flux at Super-K

v' Near detector constraint of the flux and neutrino
interaction parameters

v" Selection and reconstruction of the Super-K data (new
algorithm)

v' Comparison of the observed Super-K data to predictions
and retrieving oscillation parameters

M.-Khabibullin,-QUARKS-2018,
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Super-K event reconstruction

v" New reconstruction algorithm: fiTQun (uses a charge and time likelihood)
instead of previous algorithm APFit

v" Re-optimizing fiducial volume (FV) cut: expansion of the FV by =20-30%
leads to ~30% increase in effective statistics

Cherenkov
rings

Maximize Figure of merit,

TTTT

Smaller Towall

Old cut

TAPF]t Analysis Cut
e R LR LR

Wall Ctg [cm]
8

&

‘5°;” Optimal
ool fiTQUN i New cut
t Cut
X 50(-
PMTs :
% 50 100 150 200 250 300 350

Towall Cut [cm]

Larger Towall

Two variables to constrain Fiducial Volume in the fitQun:
« wall = distance of vertex from wall (to exclude external background)
« towall = distance to the wall along the particle trajectory
« Larger towall = better reconstruction (finer sampling of ring)

M.-Khabibullin,-.QUARKS-2018 -
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Super-K spectra: disappearance

Neutrino mode (14.7x102° POT)

T2K Runl 8 Prellmlnary

Final systematics pending
T T

Antineutrino mode (7.6x102° POT)

F lyemdl pedg
| I

lT2K Runl 8 Prellmlnary

é B R B T v, Ve g = THI v, >V,
o 30— [ v —V, 5) B (R v —V,
é E Ey:/:\_/e ir_ltripsic é 12:_ 68 v -Ilke Eye(/:ve iptripsic
c »E 240 v -like |Emvmmnse o 10— . intrinsic
E 20__ ] E oy ]
= m - = - -
Z. C ] Z - .
15— —] 6 ]
o B s E
i % E 3 E
- W : ; + { ] F .
oL .||....|....+|....+|..T. oL P IR NI I |
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2.5 3
v Reconstructed Energy (GeV) v Reconstructed Energy (GeV)
Data Expected Data Expected
v,-like v,-like
Or==a T O =S O G2 O =T OT= ST/ 2.0 =200 B8=ng/ 2t ="
240 | 267.8 267.4 | 267.7 |268.2| |68 |[63.1 62.9 |63.1 63.1
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Super-K spectra: appearan

| .

L g

| 'II‘2II( .len.l'rg l?reliminary

E E
q | -
= 1
Lu -
o ¢
o 10
8 T
E s
Z L
6~
4-
21~
%

Neutrino mode (14.7x1020

—_d Ve/}_’e ir'mtri_nsic
[ v, intrinsic
Il v, intrinsic

II\\IJ\II\\'I\\'J

v Reconstructed Energy (GeV)

—

HH‘HIIlIII\‘H\\‘\H[IIIII'HH‘

0.5

OO

ics pending
T T | T T T

15 v -li

—_ Ve/_Ve iptripsic
[ v, intrinsic
v, intrinsic

ke

HH‘HII'IIIJ‘HH‘\H

/,'gl:_

777
NN
0077007

0.4

i
0.6 0.8 1 1.2
v Reconstructed Energy (GeV)

CClnt sample in neutrino mode:

POT) 1 e-like ring + 1 decay electron

Data Expected
ke = 0= |0= |0=
-17/2 0 /2 T
Vi BN S e 61.549.9 |62.0
28.05.2018

2t Expected

ke |5 = = RO
cCt | -m/2 |0 /2 |m
15 |69 (6.0 |49 |5.8

T2K\

CE

&
&~ W

[ 3]
W
HHlHH‘IHI‘HH‘HH‘H\\lHII‘HHlHH‘IIH

Number of Events

ics pending
LA s

v-like

T2K Run1-8 Preliminary
R R [ KN
= v,—v,
I NC
[ ve/V, intrinsic
[ v, intrinsic
Il v, intrinsic

IHIIHI\‘I\\I‘\IH‘IHI‘\IH'HI

e
v Reconstructed Energy (GeV)

Antineutrino mode (7.6x102° POT)
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- Systematic errors at SK (%)

1-Ring g-like 1-Ring e-like

Error source V- V- V- V- v-mode | v-/v-

mode | mode mode | mode |CClz* modes
SK Detector 1.86 ol =08 4.22 16.69 1.60
SK FSI + SI + PN 2.20 1.98 Dl 2=l 11.43 1.57
Flux+Cross sect. constrained | 3.22 2.72 3.22 2.88 4.05 2.50
o(ve)/o(ve) 0.00 0.00 2.63 1.46 2.62 3.03
NC1ly 0.00 0.00 1.08 2.59 0.33 1.49
NC Other 0.25 0.25 0.14 0.33 0.98 0.18
Total Systematic error 440 |3.76 0:10== 16151 20.94 4.77
FSI = Final State Interaction
SI = Secondary interactions Total error is in 4-7% range (except for v-mode
PN = Photo-nuclear interactions CClm sample)
NC = Neutral Current

M.-Khabibullin,-QUARKS-2018,
28.05.2018 Valday, Russia 32




A F

@ RS = — ol

Systematic errors at SK (%)

1-Ring p-like 1-Ring e-like

Error source V- V- V- V- v-mode | v-/v-

mode | mode mode | mode |CClrm modes
SK Detector IS5 e s 3.03 [4.22 16.69 1.60
SK FSI + SI + PN 2.20 [1.98 3.01 (231 11.43 1.57
Flux+Cross sect. constrained | 3.22 | 2.72 3.22 |2.88 |4.05 2.50
o(ve)/o(ve) 0.00 |0.00 2,63 e w62 3.03
NC1ly 0.00 |0.00 0832059 S Pa3 1.49
NC Other G325 55205 0.14 [0.33 |[0.98 0.18
Total Systematic error 440 |3.76 0:10== 16151 20.94 4.77
E L, e S LI e Errors for ratio of v-/v-modes e-like
SI = Secondary interactions :
PR h e e Ba et e HOTe (appearance) samples are relevant for extraction
NC = Neutral Current of CP violation effect
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@ 5 ‘ T2R\
Joint fit of (v + v)-data

v' 5 SK data samples in neutrino and antineutrino modes

v A binned likelihood L(0, p) is built for these data samples
(0 — oscillation; p — other parameters)

v' Marginalize the likelihood (integrate over p and some of o
parameters) and find a maximum (minimum of -2InL)

v 3 analyses: Frequentist and Bayesian approaches ->
confidence intervals and credible intervals of the oscillation

arameters

-like neutrino mode Ve I|ke CClm* neutrlno mode Ve I|ke antineutrino mode

e 180 o FtaLssimaticspening T2K Runl-8 Preliminar v~ 180 es T2K Runl-8 Prelimin: - — 180 matic T2K Runl-8 Preliminar "
50 160: LE gﬂ 160 LE =8 160: LE
S 1407 5 T 140 5 3 400 -
S F 5 @ b5 fa=) C -
120F 2 2 120F 2

5 £ E

z. z. >

100 100"

‘I\\‘H\[\I\l\\\‘\\\‘l\l‘l\\‘
x©
(=]
I

o
S
[ R R R RN R

I"i:'

0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1
v Reconstructed Energy (GeV) v Reconstructed Energy (GeV)
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Atmospheric parameter constraint

Finalsysematis pending T2K Runl-8 Preliminary

xlO‘
27 T e Normal - 68CL
= . ——Normal - 90CL 3
2.65— ¥ Bestfit ... Inverted - 68CL —
< 4 - —— Inverted - 90CL 2
Fit the normal and inverted . 26f E
hierarchies separately ~;’ 2556 =
645 is reactor constrained = 25F =
Final systematics pending  “g24sE =
== -
2.4:— =
235F =
2.31:—.|.I....I....I....I....I....I....I...—:t
03 035 04 045 05 055 06 065 07

sin2(623)

M.-Khabibullin,-.QUARKS-2018,w
28.05.2018 Valday, Russia 35



dcp (Radians)

| .

T2K (845, 5C'P) constraints

Final systematics pending T2K Runl 8 Prellmmarv

3= \K b L Normal - 68CL
- ¥ Bestfit —— Normal - 90CL -
= PDG 2016 ----- Inverted - 68CL
2 —— Inverted - 90CL ]
£ T2K only E
o —
-1 —
-2 —
-3 ! Ll TIx107

10150 2530 35 4045 50
sin*(0,,)

T2K only (without reactor constraints):

sin?0,5 is compatible with results of the

reactor experiments.

Preferable values of d,p around -r/2
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T2K (045, Ocp) constraints

Final systematics pending _ T2K Runl-8 Prellmmarv iespending T2K Runl-8 Prellmlnarv

3 T2K best fit \ R L Normal - 68CL —
. 2 00054 ¥ Bestfit ~—— Normal - 90CL - ¥ Best fit —— Normal - 90CL
sin"0,,=0.0277 ) 5, (NH) PDG 2016 ----- Inverted - 68CL estiit ... Inverted - 68CL ]

2 PDG 2016 — Inverted - 90CL —— Inverted - 90CL

sin®0,;=0.0210+0.0011 TZK only TZK + reaCtOI‘

dcp (Radians)
o
| ITTT | TTTT | TTTT | TTTT | ITTTT | ITTT |

-|IIII|IIII|IIII|IIII|III
—|IIII|IIII|IIII|IIII|I[I

-2
| i DR DR L S P Wi werwrifh YRR PR L L =Ix107
10 15 20 25 30 35 40 45 50 30 35
sin*(0,,)
« T2K only (without reactor constraints): « T2K + reactor constraints: clear
i : :
sin<0,5 is compatible with results of the preference of d.p around -1/2

reactor experiments.
« Preferable values of d.p around -r/2
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Best fit point: -1.83 radians in
Normal Hierarchy

20 CL intervals:

« MNormalHierarchy: [-2.98, -0.60]
radians

« Inverted Hierarchy: [-1.54, -1.19]
radians

« CP conserving values 0, m both
fall outside 20 CL intervals

28.05.2018

T2K &.p results

== T2K\

Final systematics pending T2K Run 1‘8 Pl'elimlnary

[ rrrryrrrrrrr o rrrorr 11| 1111 ]
301 —
- — Normal -
25 - — Inverted B
N 7, -
3 “F E
= F .
g 15 i y
10H —
O : /( [ L é/ | I 1 | 1 | :

-3 -2 -1 0 1 2 3

Ocp (rad)
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The Future (2021-2026): T2K-I
« T2K's primary goal (7.8x10%1 POT) could be reached by 2021
« Next proposal: to reach 20x1021 POT by 2026

» Search for CPV: if 0 is near current best fit, then 30 discovery
of CP violation is possible in T2K-II (need to improve

systematic uncertainties) arXiv:1609.04111
— o20_|""|""|'"'|""|_
CI:I) 15 — T [ 20x10?' POT w/ eff. stat. improvements (no sys. errors)
o - — w/ eff. stat. improvements (no sys. errors) % - e 20x10%' POT w/ eff. stat. improvements & 2016 sys. errors
O o - - 21
. . 7 [ —— 7.8x10°" POT (no sys. errors) a
E I W/ eff stat. & sys. improvements i L 15 L - 7.8x10*' POT w/ 2016 sys. errors.
wn B w/ eff. stat. improvements & 2016 sys. errors ‘_—“‘ w -
Qo Orser o PTL AN R S
s - e e = 10
= wer Il e ) N
‘>‘<> - -99 é 9-L --------------- g r:' :: ----------------- P4 o
o 5 e {59 f
e i e 5
NX 0% L el e mcmmmmeemcoaoT C\l?‘< E
< 1 < | £ ]
]S K N I —— OLL— SUT R | B S
0 5 10 15 20 —200 -100 0 100 200
Protons-on-Target (x10?) True 3.5(°)
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Scintillator target (Super-FGD):

over 2 million cubes

28.05.2018

' T2K-II: Near Detector upgrade

Barrel ECal

POD ECal

Horizontal TPC
Scintillator target

Horizontal TPC

1 cm3 cubes

3 fibers per cube

T2K\

Current POD will be replaced by

 a fully active scintillator neutrino
target (Super-FGD) and

« 2 Horizontal TPCs

CC incl selection efficiency VS cos6é

--t--current, FGD1 --t-- current, FGD 2
—— upgrade, FGD 1 —— upgrade, FGD 2
L L B s e

= T

Preliminary
—— upgrade, Horiz.Target
LB e s B

—

efficiency
T
LAl

o
%0
l

]

s Super-FGD___:”_----ﬁ E
- ~ FGD1
042?_%"‘2:‘: _;f_ FGD2 ?

LR e |
ol O T e e e L
-1 -08 -06 -04 -02 O 02 04 06 038 1
true cos 6

Muon angle (True cosO)

04—

- R

M. Khabibullin, QUARKS-2018,

Valday, Russia
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RN = T2K\
Summary
Since summer 2016 T2K has doubled neutrino- and
antineutrino-mode data (current total ~3.1x10%1 POT)
Updates to the T2K oscillation analysis:
« Improvements to neutrino interaction model (added
nuclear effects)
« New reconstruction and event selection at Super-K:
effective improvement in statistics by ~30%
T2K oscillation study results (for 14.7x102° POT in
neutrino mode and 7.6x102° POT in antineutrino mode):
 CP conserving values of 0 are excluded at 20

Proposal of T2K-II: to collect 20x1021 POT in 2021-2026
« R&D for Upgrade of the Near Detector is ongoing
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Backup slides
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T2K Collaboration
B0 N e+ =

Italy  ~500 members, 64 Institutes, 12 countries

Canada Py ; Poland Switzerland USA
TRIUMF IS IFJ PAN, Cracow  ETH Zurich Boston U.
U. B. Columbia T L NCBJ, Warsaw U. Bern Colorado S. U.
U. Regina N U sRoma U. Silesia, Katowice U. Geneva Duke U.
U. Toronto Jafal . U. Warsaw Louisiana State U.
U. Victoria ICRR RO Warsaw U. T. United Kingdom Michigan S.U.
U. Winnipeg ;(C;/i Iiifl? Wroclaw U. Imperial C. London  Stony Brook U.
York U. Lancaster U. U. C. Irvine

s Oxford U. U. Colorado
France EOE::O% Russia Queen Mary U. L. U. Pittsburgh
CEA Saclay M)i/ 2 iI.J Edu INR Royal Holloway U.L. U. Rochester
LLR E. Poly. Ok};yima.U ' STFC/Daresbury U. Washington
LPNHE Paris -t Spain STFC/RAL

Osaka City U. . .

S T IFAE, Barcel.ona U. Liverpool Vietnam
Germany : IFIC, Valencia U. Sheffield IFIRSE
Aachen U. TokxoMampalibust: U. Autonoma Madrid U. Warwick IOP, VAST

U. Tokyo

Tokyo U of Science

Yokohama National U.
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Probability of v ,—v, (appearance)
with 1t order matter effect

matter effect

P(vu = ve) = 4c,,’s,, s, sin A31£1+ 2 (1 2s13)j Leading term including

g
ASI

CP

2 : .
+8C1551,813523(C,C3 COS O — 51,8,35,;) COS Ay, SIN A, sIn A, conserving

2 ] ! : ; - -
—8C;3 €15Cx3 81,5353 [S1N é]sm A, smmA, sinA, | CP violating

% ) 2 2, ) 2 ) N,
+45,7 5 (€1, € +81, 85, 813 —2C,C38,5,38,, COSO)sIn” A, | Solar

alL :
SR L[ =0 ) o COSA,, sinA;,

Matter effect (small)

c; =cosb;,s, =sin6,
E
Sl a=22G,n E=756x10"eV> —L—
A; = Amy gem™ GeV
4F,
replace 6 by =5 and a by —a for P(v,, - v;)
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V[V, appearance': data and prediction

—f=2K Runl-§ Prelmipany

—0p =0
v-mode | % l } = Data

(§®)
o

IlII|IIII|I]II|IIII|I]

i

S
i

Compared to 0cp = 0
prediction:

e data excess in v-mode
« data deficit in v-mode

—_
=

Number of Events
7

N

III|IIII|IIII|IIII|II

T T
m <

-mode }

L I

| | 1 | | | | | | | 1 1 | 1
0.4 0.6 0.8 1 1.2
v Reconstructed Energy (GeV)

o
O
b
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Vv JV, appearance.: data and prediction

Final systematics pending T2K Run l ‘8 Preliminary
o 12 AL I | L | L I | L I L I | L I | L I L
S 11F .
= - ... Z
= m ‘ Z
cc — l“; —
O 10 : W\:“. :
L - _
(2 oF —
— - — sin” 0,,=0.50 Z
= i sin” 8,, = 0.45 =
g — —sin’ 0,,=0.55 -
C — Amj, = 2.46x107 eV/c* 1 7
8 7 oo Am3, = -2.44x107 e Ve 1 N
E ¢F S 7T T2K|data 3
3 - m 5., =+1/2 =
o= - O 3,=0 ]
P — —]
E 5 — ® 5, =-72 _
< — ¢ Data (stat. errors only) 7
4 ._I 1 I 11 | | I | 1 1 I 1 1 | I | | | | I 1 1 | I | | 11 I 1 | | | ]

(o8]
-

40 50 60 70 80 90 100

Neutrino mode 1Re candidates
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Far future (2026-2036):
Hyper-Kamiokande

« J-PARC MR power: ~1.3 MW
« 2.7x1022 POT (10 years)

« Upgraded Near Detector

« New Far Detector in Tochibora mine
« same baseline, 295 km,
« same off-axis angle, 2.5°
« 60 m (height), 74 m (diameter)
 total volume 258 kton
* 40% photocoverage

« Better sensitivity (3-50 of CPV

discovery)
» Rich (astro)physics program
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