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Mixing of three neutrinos
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Mixing of three neutrinos
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Oscillations at T2K

v, Disappearance v_Appearance
'g T | T T T T | T T | T \- T T ‘ T T 'g 0.1 | I T T | T T T T ‘ T T T T I T T T T
& I 2.5° Off-axis V. flux | & | 2.5° Off-axis v flux
O 2 B /2 aip? < 0.08] — 8,,=0°% NH, v —
] 1 — AmM:,=2.5x10" eV~, sin“0,,=0.5 — 7 P ]
O i % 2 O — 8,,=270° NH, v
- === 8,,=0° NH, ¥ .

==t 9,,=270°% NH, v

e Tests CPT symmetry Tests CP symmetry

. LO" dependence on sin?20,_ LO dependence on sin“26 ., sin®0,,

»hard to distinguish 6,,>45° from 0,,<45° * can separate 0,,>45% from 0,,<45°

Sub-leading dependence on sin(s,, )

» can detect CP violation (~27% effect)

. LO dependence on |[AmZ_|

*doesn't depend on sign of mass splitting
(* Leading Order)

Sub-leading dependence on £Am?_,

» ~10% matter effect
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The T2K beam
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dump L monitor
118 m ' "280 m

Primarily VM beam POT=Protons On Target

— Total A lated POT for Ph

frOm T[+ —> “+ + Vv I v—ol\/zllodech%lg&ln?u?ated Poorfor %;glcs
u _ V- Moge féccumulated POT for Physics

(forward horn current, gl i

FHC, or neutrino mode) Run5 R Run7 R

200

400

Reverse polarity for

300

Accumulated POT
Beam Power (kW)

3“ beam:

200

T— Wt vu

100

(reverse horn current, N eews T AT BN K W
RHC. or antineutrino- 2010 ' 2011 2013 ' 2014 ' 2015 ' 2016 20?8
mode) Year

23 Jan. 2010 - 31 May 2018 v-mode 1.51 x 1021 (47.83%)
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Near detectors

SMRD

UA1 Magnet Yoke

NGRIE
« |dentical modules in cross
* |ron and plastic scintillator
tracking calorimeter
e Monitors v, v beam
direction and stability

POD
Downstream

(no-
W ECAL

Solenoid Coil

Barrel ECAL

ND280

« Off-axis (2.5°) detector

« 0.2 T magnet

 Trackers, calorimeters, muon
range detectors

 Water, carbon, lead, targets.

- Beamyv_, flux, cross sections,
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Excellent e/p separation, 11° rejection
Select 1-ring, CCQE-enriched sample
Select CC1m* sample (v, appearance )

v kinematics derived from lepton
e ,,V;.'r J

b s

1
d U “q
Qm-mm

* Charged-current quasi-elastic
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T2K oscillation analysis overview

« Compare events observed at near and far detectors

« Extract oscillation probability ()

Mt. Noguchi-Goro
2,924 m

Near Detectors

1 1,700 m below sea level

¢ NND~ CDND. Ow * &wo

Observable Flux Cross section Detector response

° NFD~(DFD * O * &p ° POsc
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T2K oscillation analysis overview

External Hadron
Production Measurements

Flux Model

INGRID/Beam
Monitor Data

—
N
/ -
Near Detector

Model

External Cross-section
Measurements

> Cross-section
Model

N

— Near Detector

Fit

Near Detector

Data

Model

External Oscillation
Parameter Constraints

[ Far Detector

Far Detector

Fit

Far Detector
Data

Oscillation Parameter
Constraint
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Cross-section model

v-mode
1

T2K flux
— CC Total
— CCQE
--- MEC

CC RES

CC Multi-pi
— CCDIS

External Cross-section Cross-section
Measurements ‘ Model

« NEUT generator tuned to external
data from MiniBooNE, MINERVA,
bubble chambers, etc

o /E, (10 cm? GeV™)

« Examples: ool T A

» CCQE:

» Relativistic Fermi Gas
€)

» Random Phase
Approximation (RPA)

» CC-RES:

* pion reinteractions inside
the nucleus e

o
w
a

T2K flux
— CC Total
— CCQE
--- MEC

CC RES

CC Multi-pi
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ND280 data fitting and constraints

FSI parameters

18 % | Prior to ND280 constraint I . _ v-mode _
L 2500 — —
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= - J
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PRELIMINARY

Vv-mode

2500

—¢— Data

Il v CCQE
[Jv cc2p-2h
v CCRes In
B v cC Coh In
[ v cC Other
[ v NC modes

2000

« Showing only 1 (CCO1r) of 14 ND280
data samples: 6 samples in v-mode
and 8 in v-mode

1500

Events/(100 MeV/c)

-Vmodes
» Fit tunes ~780 parameters (showing g g T "
Only FSl Cross_seCtion parameters) § 83 O: :60 ’ l()IOO 1560 20I00 25I()O 3060 35I00 40;00 4560 5:000

Reconstructed muon momentum (MeV/c)

PRELIMINARY
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T2K

Joint analysis withv ,v ,v and v
n’ ‘p’ e e

Analysis frameworks v-mode y CCQE 27234 27197 27230 27274

 Frequentist with likelihood fit to
» B /6, for v,/ v,

. EreC for vu/ v,

v-mode e CCQE 446 6226 5059 62.78

v-mode e CCQE 1715 1957 2175 1933

e F tist with likelihood fit t
requemntst With fRelinood it 10 Events observed at SK vs ND data-tuned

: pIep/elep for ve/ Ve T . . .
LB e i predictions under oscillation hypothesis
rec Won using NH, 2018 PDG 6., and 6,,= 45°.
) BayeES Ianf(\;\:.ltglll\/;aarrknO\/leCshaln HIE 15 events observed in CC11* sample, with
" “rec P prediction of 7.02 max. p-value for fluctuation
» simultaneous fit with near this significant in any one of the five samples is
detector et
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Number of Events

Number of Events

v and v disappearance:
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Precision era of 923 and Am?
atm

‘ T2K Runl 9 Prehmmary

o T v, —ve 3 T2K Run 1-9 Preliminary
30? E L:\/ 2 8 X Il(l) T T 1T T T 1T T T T T 1T 1T T 1 T T 1 | T 1T T 1 | T T T T
255 [ v¢/¥, intrinsic o i I l l - Normal - 68CL E
— [ v, intrinsic ] B —N 1-90CL 4
C H v, intrinsic (\lo = * Best fit —--- In(\)fl;BTtid -968CCL ]
20 = > 271 — Inverted - 90CL
C ] L N ]
3 E T 26f -
10- E NN :
= : : < C ]
C AR RN W1, 11 SR T O " - 1
% 0.5 1 1.5 2 25 3 T 24— -]
v Reconstructed Energy (GeV) zZ B 7
T2K Runl 9 Preliminary a2 3—_ ]
24; ‘ i Vp—Ve g - ]
ol == I v,—V, : :
20 i 5 \'Jq?\_] in‘rinsic 2.2 ‘I—I 11 1 I 111 1 | 111 1 | 111 | L1 11 | L1 11 | | I | 111 I—"
185— =1 v, intrinsic 03 035 04 045 05 055 06 065 07
= v, intrinsic
- i . 2
16F- = sin“(0,,)
e E 23
125 =
10 E
8 E
61— E
e E +0.071 +0.069
2E | ‘ ‘ 3 |Am?| (x 10°eV?) 2.452 570 2.432 o071
00 0.5 1 1.5 2 2.5 3
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v_appearance search

V, 2V, intrinsic v,

intrinsic v_
(exp bkgd)

Compare consistency with PMNS v_
appearance (B=1) and no v,
appearance (3=0)

Angle(degree)
Angle(degree)

» if B=0 expect 7.7 events

200 400 600 800 1000 1200 1400 ’ 200 400 600 800 1000 1200 1400

» |f B:’l expect 17 .1 events Momentum(MeV) Momentum(MeV)

» Data =15 events

Use rate+shape analyses:

PMNS appearance p=0.261

P IR IR B
40 60 80 100

* B=0 excluded at 2c ===p NO
appearance is excluded at 20. A X2 = 22(B=0)°(B=1)

|
o
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v_and v_sample: 6,

. T2K Run 1-9 preliminary T2K Run 1-9 Preliminary
) [T T | T LI | LI I T 17T | L | LI ] [ | T T T | T T LI | T T T T | T T LI _|
Z up n — 35E- s
= - 7 C .
"g 22— —] 30 — Normal —
3 20 - = - — Inverted .
Q - . 25 -
= . - ] - - ]
3 F ] T 20 =
S 16 — sin® 8,,= 0.50, 0.45, 0.55 — 4 C .
g - —— Am3, = 2.45x107 evic’ —_— . al |5k
8 14— Amj =-2.43x10"7 eVic — ™ 7
E - O B,=m n - .
S 12F m 5=+ - 101 ]
E E O 3,=0 ] - .
E 10 — ® 5. =-12 -] ]
4: . & Data (stat. errors only) - ]
8 n 1 | | I I 111 1 | 111 1 | 111 1 | 1111 I 1111 | | | | 111 I_ | | | L L | L | =
30 40 50 60 70 80 90 100 110 0 0 1 ) 3
Neutrino mode 1Re candidates S

With reactor 6 : : e
b 5., With Feldman-Cousins 2o critical

, : values and reactor 6,
« T2K result with reactor constraint:

0.p = [-2.509, -1.260] NH (no IH at 10)

CP conservation (6., =0, 1) disfavoured at 20 for both mass hierarchies.
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v_appearance: 0_,

—— 2K Run 1.9 Preliminary ____
! N Normal - 68CL
¥ Bestfit ~—— Normal - 90CL
PDG 2018 ----- Inverted - 68CL -
— Inverted - 90CL —]

_—
<1
=}

s

=
=1

=4

~—
S

2]

Bayesian posterior probabilities (with reactor)

. TZIK Rup ll-9 IPrellirpinlar\{ e
el Normal - 68CL ]

x Best fit — Normal - 90CL 4
PDG 2018 ----- Inverted - 68CL

— Inverted - 90CL —

IH (Am?,, < 0) 0.021 0.090 0.111

Bayes factor for NH/IH is 8.0

Ocp (Radians)

r“h—]ll\llllll‘\III|II\I|III\|IIII|—
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T2K-ll: upgrade beam and detectors

T2K-Il Target POT (Protons-On-Target)
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|15 =
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]
()

i %

MR RF upgrade

MR Power Supply upgrade l

2.0x 10°°POT

LMW

1200
3.0

1000

MR Beam Power [kW

systematlcs to ~4% and mstall upgraded
ND280 in 2021.

800

l\:mé
m\lll\} || ‘ L1111 [
Integrated Delivered Protons [10°'POT]

306 CPV for sin“0,,=0.5,5
600

- n
o W
Delivered Protons / Period [10*'POT]

SK upgrade: add new data selection
topologies to analysis and add Gd to
detector to improve neutron and low-

energy v_ detection. alk by
e Alex Goldsack was

Tuesday

400

=y
o

200

o
el

IIIliIIIIlIIIIlIIII
=k
o

‘IIII‘\I\\‘\IIWIIIIIlIIIIl!III‘I\\I'\I\I'
n
o

o
o

0 | | I | i
2016 2018 2020 2022 2024 2026 2028 2030
Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan.

Near future: Aiming for 750 kW
beam power (currently 485 kW) o\

/

T2K-Il extends T2K run to 20 x 102 o, @&

POT (stops ~ 2027 when HK starts) &37 A
-

Long term: beamline upgrade to _ % MeV
reach 1.3 MW AT-30ps, Vertices within 50cm
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« Precise measurement of 6 Am232

237
» First suggestions of CPV in the lepton sector

« Hints of direct Gu—> v_observation

« First (mild) indications of neutrino mass hierarchy
« Competitive (sometimes the only) neutrino cross-section measurements
« Constraints on neutrino interaction models, nuclear models

- Limits on v_, Lorentz Violation, etc are in progress or published (not
covered)

« T2K-II: beam, ND280, SK upgrades — until HK!
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Oscillations at T2K

r—| Appearance \

1+ 2a (1_ 2 ) ,
N S13 < Leading term
31

+8c3, S12513523(C12C23COSS —S,,5,35,3) COS Ay,sin Ay, sinA,, < 1 CP Conserving

- 2 2 2 . 2
P(vuéve) = 4C7357355351n° A5, X

V VS. Vv _ aL
sign F8C7,57,55,C08 A, sin A314 B (1—2s7,) < Matter effect
change _ : . . . 4 - -
g F8C25C15Cr3S12S13S238i0 Osin A 5,sin A5 sin Ay, -~ CP Violating
2 2 2 2 2 . 2
"'4512C13(C'12C23+512513523_2C12 023512513523C055)5m Ay Solar term
c;=cosB; , s,;=sing, 456,-,-=A1'?‘!,-2,-L a=22G:n,E

0, dependence  Octant sensitivity CP-odd phase

Disappearance

2Am32 L

4E. (Leading order terms only)

P(vu->v“) S 1—[c05 0,,-sin’20,, +sin®20_,-sin 823) -sin

0,, dependence  Octant sensitivity P, (v =V )=P, (v =V ) Test of CPT
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Off-axis technique

d . U
n) d_ ( ) d (
( Uy, > p> J-PARC Super-K
30GeV decay volume Off-axis ND
Enhanced oscillation — beam iy s N I [ _----@

energy tuned to oscillation max  [e—GgG_G":

-
-
-

beamdump = = = @€y Tt veao__

Enhanced CCQE fraction muon monitor U

On-axis ND (INGRID)
|

Less intrinsic Vv, contamination

Less Neutral Current background

sin®20,,= 1.0
sin’20,,=0.1
Am?2, =24 x 107 eV?

—NH,3,,=0 —-IH,5,,=0
—NH, 8, =n/2 —-IH, 8, =n/2

T2K flux
—— CC Total
— CCQE

-- MEC
—— CCRES

CC Multi-pi

—— CCDIS

T2K flux
—— CC Total
— CCQE

-- MEC
—— CCRES

CC Multi-pi

—— CCDIS

>
®
(0]
o
IS
o
8
o
=
w
©

o/ E, (10% cm? GeV)
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Flux prediction and uncertainties

External Hadron

Production Measurements Flux Model ]

INGRID/Beam
Monitor Data

 Flux simulation
(FLUKA/GEANT3/
GCALOR)

Tuned using external
data (NA61/SHINE

ND280: Neutrino Mode, V.

T T T T T
— Material Modeling

H [ I T T I- T T T I
o Hadron Interactions
5 0.3 = Proton Beam Profile & Off-axis Angle
'?& =™ Horn Current & Field
g |- Horn & Target Alignment -=--
g [ ] ®xE,,Arb. Norm.
< -
S 02
A~ ~

Number of Protons

13av2 Error

11bv3.2 Error

hadron production
measurements)

Intrinsic v_. component
~0.5% at flux peak
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Neutrino Mode Flux at ND280

Antineutrino Mode Flux at ND280

2 0.)

—
=)
S

.1012 E

Flux (/em*/50MeV/10%'p.0.t)
= 3

Flux (/em%/50MeV/10
)

1010 =

—
=]
©
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hadrons

TPC2 TPC3

(]

FGD1 FGD2 ECA

quasi-elastic candidate

single pion candidate DIS candidate
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Flux uncertainties

Proton beam parameters
Focusing horns

Component alignment

bepens, }

|+ Horn250KA |
' —+ Horn205kA E

OO0 —bedadad
?h'm'm.;i\:'hb'm

; —— Horn-250kA

o

o
(=)
o
=
-
[}
2
]
E
T
g
E

i.nc:i.n

New NAG61

| data has

reduced

uncertainty

'
Oct2014-June.2015 1 Feb.2015-
PR
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NA61/SHINE uncerts

Re-interactions, Secondary
production

SK: Neutrino Mode, v

Hadron Interactions = Material Modeling
FProton Beam Profile & Off-axi: Number of Protons
Horn Current & Field 13av1 Error

Horn & Target Alignment === 11bwv3.2 Error
xE,, Arb. Norm,

SK: Antlneutnno Mode Vv,

Hadron Interactions Material Modeling
Proton Beam Profile & Off-axis Angle
Horn Current & Field

Mumber of Protons

- Horn & Target Alignment 13av1 Emor
x<E,_, Arb. Norm.
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ND280 samples, v-mode (FGD1)
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v-mode
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T2K _
ND280 samples, v-mode (FGD1)
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Flux predictions at SK
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T2K hancosterl

from Mark Hartz, KEK Aug 2017
Tz

FITQUN RECONSTRUCTION ALGORITHM

» Previous T2K analyses have used the event reconstruction algorithm APFit

» For this result, event reconstruction at Super-K updated to use the fiTQun
algorithm

» fiTQun uses a charge and time likelihood for a given ring(s) hypotheses
» Maximizes likelihood for each event

» Complete charge and time information in the likelihood leads to
improved event reconstruction

» fiTQun previously used in T2K analyses for the rejection of i’ from
electron neutrino candidates

PASCOS July 1-5, 2019 Dr Laura Kormos, Lancaster University
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from Mark Hartz, KEK Aug 2017

THE FIVE SAMPLES TZIEZ\

Neutrino Mode (forward horn current FHC): vu(V,)+N —‘M(P«
(CCQE) 1 Muon-like Ring, <1 decay electron/
(CCQE) 1 Electron-like Ring, O decay electrons
(CCl1m) 1 Electron-like Ring, 1 decay electron v (v,)+ N—>e(e+)+ X

|
Antineutrino Mode (reverse horn current RHC): w+v,
CCQE) 1 Muon-like Ring, <1 decay elect b
(CCQE) uon-like Ring, ecay electron v+,
(CCQE) 1 Electron-like Ring, O decay electrons ”
No antineutrino mode CCln sampleduetom = detected particles

absorption
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