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Neutrino oscillations

 Mixing between distinct flavour eigenstates (interacting states) and mass eigenstates
(propagating states), as governed by the Pontecorvo-Maki-Nakagawa-Sakata matrix
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Open questions iIn neutrino oscillation physics

"o Upper (sin? 05, > 0.5) or lower (sin? 6, < 0.5)
+ 0,, =45° would indicate an underlying u — 7

symmetry of the PMNS matrix

T SR——— —— ———— 7___1

» CP violation in neutrino sector?|
. Would like to measure with the same

precision as CP violation in hadronic weak

interactions
* Ocp # 0, z would indicate

P(v, — vy # P(¥, — Up) In vacuum

 T2K is well positioned to answer all three
questions!
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Figure from here

- PMNS framework validity?|
e Sterile neutrlnos non standard
neutrino interactions etc.
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v, (v,) survival probability at T2K
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4FE

2Am

PTZK((D,M) —>(Eﬂ)) ~ 1 — 4 cos® 0,5 sin” 0,, (1 — cos® 0,5 sin” 6’23) sin

T2K uses a 2.5 degrees off-axis beam for

more “monochromatic-like” neutrinos,
peaking at the right energy for an oscillation

maximum at the position of Super-K
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v, (U,) appearance probability at T2K

* Electron (anti)neutrino appearance probability o 01— Ivlufvlej”ﬁ,ve, e
In vacuum: CP-conserving term & | ~125°Off-axis v flux -
Amz L Q—j S w 1
PTZK((D”> —'v,) = sin? 20,5 sin® 0,5 sin’ = 2 0.08| %7 Ocp=0", NH, v -
4L O | /%g — 0,,=270° NH, v _
006l I~ mm- 8,,=0°, NH, ¥ ~

+J cos (

- === §,,=270°, NH, ¥

CP-violating term for 8op # 0, 7 0.04 7 -
* The appearance probability gets modified M o R _
0020k [ 77
because of charged current v, coherent N 7 NI i
scattering from electrons in the Earth’s crust W% T T ——
0 LV S S L VA S o A O v i e -
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v, (U,) appearance probability at T2K

%Ve

 The appearance probability gets modified

because of charged current v, coherent

scattering from electrons in the Earth’s crust

 Mikheyev-Smirnov-Wolfenstein effect

V] V] Ve e

Only v, engage

Neubral 7 o 4
scattering for ¢ 20 . - arg: W=
both v and D cuTTen
scattering
e e e Ve
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12K datasets

Total Accumulated POT for Physics
v-Mode Accumulated POT for Physics
V-Mode Accumulated POT for Physics
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Reached maxium beam power
of 522.6 kW

For today’s result (Runs 1-10),
collected 3.6x10?' POT, split
into 1.96x10%! POT (54.61%) in

U-mode and 1.63x10%! POT
(45.39%) in -mode

Today’s result includes ~33%

more POT in v-mode
compared to our previous
measurement

Stay tuned for new results with
the inclusion of Run 11, with

1.78x10?! POT in v-mode, the
very first T2K data with a Gd-
doped Super-K
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12K beamline

Proton Beam

N%

30 GeV protons strike the 90 cm
long T2K graphite target

e QCD theory is non-perturbative
at these energies, thus not easily
calculable

T2K Target
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T2K be

amline

® |
Proton Beam S
N S 1000- — SKv, Flux,250 kA
S@_@_’ 9 - SK v, Flux, 205 kA
,u, Y i SK v, Flux, 0 kA
Graphite Target > _ " i
R 500 Horis are crucial -
) - . i
= : for a sizeable
Q B [ ]
< i neutrine fux
§ O : AT g e et A
i 0 1 2 3

E, (GeV)

e Hadronic cascade Is initiated
within the target

* 3 magnetic horns used to bend
and (de)focus the pions and
kaons leaving the target
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12K beamline

Proton Beam i,
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Backqground neutrinos
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12K beamline

Proton Beam

—

WAGASCI +

BabyMIND
By changing the horn current , Tt S Pk AN Antineutrino Mode Flux at SK
polarity, we can focus either a a§‘1065 ............................................................ _\,M ....................... _\, ......................... 10°F
neutrino or an anti-neutrino N%ms ......................................... 2.30/;?_’:&0.;0;% ........ o
enhanced beam towards the S (for E,~0.6GeV) | '

T2K detectors

103

10% ¢
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SMRD

UA1T Magnet Yoke

R NINJA
Wall MRD
Downstream

INGRID detector

| Barrel ECAL
- Babvy MIND
(on-axis) .-

Wall MRD
Proton Module WAGASCI

. Consists of 16 identical modules, WAGASCI and BabyMIND detectors ND280 detector

each made of alternating iron and (1.5 degrees off-axis) yj.,,,' (2.5 degrees off-axis)

plastic scintillator layers

* Water filled plastic scintillator lattice (WAGASCI) * Main constraint of flux and cross

* In the oscillation analysis, used to and magnetised tracking (BabyMIND) detectors section model parameters in the

constrain neutrino beam | o | oscillation analysis

systematics (e.g. off-axis angle) * Plans to use in the oscillation analysis

» Takes sophisticated cross section

 Also measures cross sections for » First WAGASCI cross section paper: measurements for neutrino

neutrino interaction models Phys. Rev. D 97, 012001 interaction models (e.g. recently

Phys. Rev. D 103, 112009)
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For more details on Gd loading,
see the talk from Neutrino 2020
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50 kt water Cherenkov detector,
sensitive to beam, atmospheric,
solar, supernova neutrinos

e 11k 20” inner and 1.8k 8” outer
veto) tank PMTs

e Now Gd loaded for enhanced

neutron detection, with the
potential to separate between v
and U interactions

I - 5 % S T - B 5 - ~
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The Super-Kamiokande detector
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PID based on “fuzziness” of
Cherenkov rings
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NA&L/SHINE data

gp nger Thes
i gOrr anding Ph.D, Research

The addition of NA61 replica-
target data reduces the T2K
flux prediction uncertainty
from ~10% to ~6% In the
latest analysis

I (click here for more details)

i * Thin- target data Replica—target data:

i
|
| |
| 18 cm 5T ;
| <«—>
X Proton > > > \
‘ beam ,4 141 2 |‘| 3 L' 4 y 5 EL

+ p+ 0 |
-, K-, K¢, p
;“ ;
[ | ]
| | > Z6 {
I h 90 cm |
i previous omad.:jsus I |
L e ——— current om.od.vsc,s

NAG61 2009 thin-target data:
Eur. Phys. J. C 76, 84 (2016)

NAG61 2009 replica-target data:

Eur. Phys. J. C 76, 617 (2016)
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T2K beam monikor
and INGRID daka

ND280: Neutrino Mode v,

T2K Preliminary

— Flux error reduction
from ~10% ko V5% for
Ehis otsr\attvsi,s!

—( | | | I | | I | | | | | | I
O —

[ 03 — Hadron Interactions Material Modeling

ﬁ ¢ B . . T
g L Proton Beam Profile & Off-axis Angle Number of Protons |
9 — — Horn Current & Field _ —
13} | — 2020 flux (replica target) |
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i B ®xE,, Arb. Norm. = = = = 2018 flux (thin target) 7
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i ] —
I
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E, (GeV)
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Analysis strategy: cross section model

Neubrino cross-section model [ CG—_—_ « Some of the most useful data for
| our model is still bubble chamber
. At ~0.6 G.eV peak beam energy, ne_utrlnos_ data from the 1980s!
interact via charged current quasi-elastic » 1042

(CCQE) scattering, with subdominant
contributions from multi-nucleon “2p2h” and

resonant CC1 scattering

©

>

=
U — U — U — T
l\/l l\/l l\/l ,_%E) 0.5

=

Q

S

)

Z

+— T2K Result
NEUT RFG, 72 =10.8

tot

--------- GENIE BRRFG+hA, y2 =2.9

tot

GENIE LFG+hN, ;(tot_13 2
--------- GiBUU, ;(tot_1 7

o I

CCQE W~ 2p2h W‘ @ CC-Res W 0ab.] We indirectly use T2K’s
° 'p/® ' ’/AJF% C gt own cross section data
p .p ® 0.3F | as well, as it feeds back
@ : p ‘ ; p - | into model building (fig.
P s P b‘ = 021 . from Phys. Rev. D 103,
. . SIS B 112009)
 Main update for our latest oscillation result: L s ] X5
using the Spectral Function CCQE initial 00500200200 =00 1000 12001200

state nuclear model (strongly favoured by

. Initial Nucleon Moment (MeV/c)
electron scattering data) nitial Nucleon Momentum P,
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ND280 Analysis Samples

« 18 =3 X(1+2)X2 classes of neutrino interactions defined at ND280, split by:
e 3 Interaction Modes, based on pion content: CCOr, CClzn, CCOther (CCNr, N > 1)

No Pions P L One Pion
FGD1v,CCOz| |1 | [~ FGD1y,CClx

Multiple Pions
FGD1 Uy CCOther -

FGDI vy, CCOn FGDI vy, CCln FGDI v, CCother

~~ I A B B LR ' L B L LA B R LR ~~ A S B ' L L L ~~ = L A L L T L B L B B
& - —E—Data Bl v CCQE - = 800 — —E—Data Bl CCQE — >~ = —E—Data Bl CCQE =
> 5000 — @l CC2p2h [@@VvCCReslt ] > 700 E- @BV CC2p2h  [@vCCReslt = > 600 — @l CC2p2h [@@VvCCReslt —
o Z v CC Coh 1z [_]v CC Other _ o - ﬁ v CC Coh 1x [_]v CC Other 3 Q - v CC Coh Ix [_]v CC Other -

2 4000 — [Jv NC modes [_]V modes — E 600 — 1§ [ Jv NC modes [_]V modes — 2 500 — [ Jv NCmodes []V modes =
& . - & = v I~ = & — -
S - Y [~ 3 S 500 3 I——" = S 400 [ ) —
— 3000 — \/ - — = - > — - .
s CCQE 1 a0 & CCRes ./W%—: < a0 E % E
L) u ] L] = #,@0% A7 = L] = [P iy S, =

"EZ()()() = enriched p .//® - E 300 B= enriched b o p.’ = E = ¢ B =
g [ . p o _ g 200 = .D ® ] g 200 = ==

= 1000 p ® ERL I ! E = 100 =1 =
4 T Ll e

Sl o lea [ ] Sl o la [ ] S|l o la [ -

ZS ZE })g Z". ----- ®..0-0p0ge0o0gey t Ry . 0. 0.0, 5. 8. . E ZS ZE (1)(8) Z---0------!!--r--.---!-E-!-i--!--!---!--i ------  ILEEEEEEEELEE L RLLEEL E ZS ZE %)g Z"J-"""!"-!"-!"i-i!-!":"!"j"-; ------ “LELEELEE LA 5
06 - | | MC has been fitted to data - 06 — | | MC has been fitted to data - 06 - | | MC has been fitted to data -

0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
T2K Preliminary u (MEV/ C) T2K Preliminary M (MEV/ C) T2K Preliminary u (MEV/ C)
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ND280 Analysis Samples

« 18 =3 X (1 +2)X?2classes of neutrino interactions defined at ND280, split by:
« 1+2 Modes of Operation: Neutrino (yﬂ sighal) and Anti-neutrino (’7/4 signal and v, background)

 Separation of anti-neutrino mode samples by pion content is a new feature of this analysis!

: _ _ U-Mode Wrong-Sign
v-Mode Signal . //t_ U-Mode Signal /4_

: _ + Background
v, in v-Mode | |- U, in r-Mode . 1 in -Mode

M

FGDl v, CCOn FGDl anti- v, CCOn FGDl v Bkg CCOr in AntiNu Mode
~~ AL B BN ' L LI I L EL AL L ~~ — I L AL B T | UL L L L L B L L ~~ =T 1 LA T L B T
Q — —E— Data B v CCQE = Q — —I— Data - v CCQE . 8 300 — —E— Data - v CCQE —
> 5000 — @l CC2p2h [@@vCCReslt — > 1400 — @BV CC2p2h [@@VCCReslt > - @l CC2p2h [@vCCReslt -
o n @V CC Coh1x [Jv CC Other . & 1200 - @7V CC Coh In []V CC Other - Q 250 @l CCCohlx [JvCCOther 3
2 4000 — [Jv NCmodes []V modes — - ]V NC modes [_]v modes = 2 — [ Jv NCmodes []V modes -
& - = S 1000 — — S 200 [ —]
= 3000 [ - = - - = = [ - t .
SN E 4 =80 g 150 e =
B oo F 1 & 600 4 = F : -
= 2000 — ] o — ] o 100 — —
o - . QP 400 E = o : =
2 1000 - > - . = > =
= 1000 £ 7 F 200 b a 4 = osE
14 — 14 — 14 —
3 12 — —] s 12 — —] 8 1.2 — —
ZS Z§ 1.0 S...0..0.090ge0o0ge Ry g0 R..g.. 8. -2.. Q... ZS ZE 1.0 p----0--u-- '.'"0'1"v'!'!'i"!'"!"'!"'!' """ .'"""'"""-. ------- - ZS ZE 1.0 '_“""i -------- g i----g--f ------- FEREEEEELE & &-..... -
82 - MC has been fitted to data 868 - | MC has been fitted to data 3§ - MC has been fitted to data
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
T2K Preliminary (MeV/ C) T2K Preliminary (MEV/ C) T2K Preliminary (MEV/ C)
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ND280 Analysis Samples

« 18 =3 X (1+2)Xx?2 classes of neutrino interactions defined at ND280, split by:
e 2 Detectors (Target Materials): FGD1 (C) and FGD2 (C+0O)

Polystyrene Scintillator Polystyrene Scintillator
(CcHs;CHCH,), Target (CcH;CHCH,), + Water Target |
FGDL FGDR
v, CCOr in FGD1 ] v, CCOrx in FGD2
FGD1v, CCOn FGD2 v, CCOr
/5\ I L L L L L e ': 6\5000 I L L L DL DL L L UL L L L
< - —$-Data Bl v CCQE . > . % Data B CCQE _
> 5000 — @BvCC2p2h [@AvCCResln > u @l CC2p2h [@@vCCReslt
— - @l CC Coh In [Jv CC Other ] D 4000 — @l CCCohlx [JvCCOther  —
2 4000 — [ Jv NC modes [_]V modes _ E B [Jv NC modes []V modes _
2 - . = n .
e _ ] < 3000 — —
i 3000 — —] \mm B ]
e’ e’ | —
I . & 2000 - -
= 2000 — — = - -
g — 7 g — i
& 1000 — = 2 1000 — -
14 — —] 14 —
glel2 = . 3 — slel2 | . -
ZQ ZE 10 -----0..o.gg0geto0 e 00y . c..0.0..0..,.. 8. .0 0. ZQ ZS 10 ~-o----2..8.000000¢;00¢ B¥-0..0..5..0..5-F--F---¢-
82 - | | | | - MC has been fitted to data - 82 - | | | | - MC has been fitted to data E
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
T2K Preliminary P, (MeV/c) T2K Preliminary P, (MeV/c)

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 21



mailto:tomislav.vladisavljevic@stfc.ac.uk

CCOx muon-like:
1 muon-like ring

)
-
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CCOr electron-like:
1 electron-like ring
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Super-K data samples: neutrino mode
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Super-K data samples: anti-neutrino mode

CCOm muon-like: CCOrx electron-like:

1 muon-like ring 1 electron-like ring
% —@— Run5-9 Data % —&@— Run5-9 Data
2 (16.35x10* POT) 2 - (16.35x10% POT)

v. CCQE - SC.V

§ 20 - - v: CcC SE § 5 - - gsc.v: gg
« v, Vv, CC non-QE E v, /¥, CC
% v +v, CC Qg) [ | Beamv /¥, CC
- d B NC > 6 —¢o— [ NC
C MC w/ T2K+DB bestfit W + estfit . .
S (a7 , s T No CC1r electron-like sample in
2 events o | : :
= L g L 16 events| anti-neutrino mode, because of
Z. Z I

the high absorption of 7~ Iin water

| I I H 51—
°0 1000 2000 3000 % 500 1000
Reconstructed v energy (MeV) Reconstructed v energy (MeV)
Direct probe of muon neutrino survival Direct probe of

electron neutrino appearance
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near detector fit

NDR¥O deteckor model

Analysis strategy:

NA&L/SHINE data

: Neubrino flux model
Beam mwmoniktor

and INGRID daka

L Near detector fit A mume ND2¥©o data
Cross—section dobo e d Neubrino cross—section model [ SNIEIECICE LR ILEIDEEEEE
| | | | | | | | | | | | | | | | | | | | | | | | | |

£ 2 | —
i% i - S Pre-ND |
S 201 7 ZPostND ~ —
D) - . . -
* Fits to near detector data dramatically improve 2 Z§§% Tighter constraint on -
our predictive capabilities at Super-K (e.g. from g §“§V the CLO7 event rate -
13.0% to 4.7% systematic uncertainty on the 5 00 \§ panerthe ND-it - -
. . o B N NN~ ~
pre-fit CCOx electron neutrino event rate) 5 n @s§§§ﬁ N -
s P NE
Z T -
O_ I km o e i

0 0.2 0.4 0.6 0.8 1 1.2 1.4
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Analysis strategy: full overview

o deleck del
NA&L/ASHINE daka NDR¥ 0 detector mode

: Neubrino flux model
Beam moniktor
and INGRID daka

Near detector fik ND2¥ 0o data

Cross-section dato L d Neubrino cross-section model g4

’Su,per“!( daka

- BB O-cillation fit
| A&mc?spkemc Su,per“l( debtector wmodel
neukrinoe daka

T2K oscillation result!

* Frequentist oscillation analyses: first fit to near Am3,, sin* 0,5, Scp
detector data, then fit to Super-K data For a recent published result
check out: Nature 580, 339-
344 (2020)
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Analysis strategy: full overview

NDR¥O deteckor model

NA&L/SHINE data

: Neubrino flux model
Beam mwmoniktor

and INGRID daka
NDR¥ O data

Cross—seckion dabo Bmes d Neubrino cross—section model Kl Oscillation fik

Sugmr“!( daka

A&mospkerw

neukrinoe daka SU’F@“MK detector model

 MaCh3 (Bayesian) oscillation analysis: T2K oscillation result!
simultaneous fit to near and far detector data Ams3,, sin* 03, Scp

¢ T2K produces consistently converging results from For a recent published result
the simultaneous and sequential fitting approaches check out: Nature 580, 339~

344 (2020)
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O.p constraint, and external inputs from reactor neutrino

experiments
é‘j 3 | | | | | | | | | | | | | | | | __

» We measure o-p both withand o - T2K Run 1-10 Preliminary -
without the constraint on 6, from 2 1 PDG 0,5 Constramt— —
reactor neutrino experiments - T2K only 90% -
(2019 PDG Constraint) e 50 T2K only 68% -

ok T2K only Best Fit -
 The tightest 0, constraint from B T2K+Reactor 90% -
T2K incorporates the 0,; -1r T2K+Reactor 68% =
measurement from combined - TIK+Reactor Best Fit
reactor data, which will be —2 e
assumed in all subsequent plots - 1 . 3
—3| .I....I....I—XIO

10 50 60 70

)
SIn“0
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O p constraint

Confidence level Interval (NH) Interval (IH)
lo [—2.66, —0.97]
_ 90% —3.00, —0.49 —1.79, —1.09
 CP conservation excluded at 90% ) LT
confidence level, with a preference for 30 —7,0.32[ U [2.63, —2.82,—0.14
maXimaI CP ViOIation (5CP —_ ]Z./2) NX _| | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
< 25

 Ocp = 7 not quite excluded at 2¢ —— Normalordering

Inverted ordering

0 _

 Marginalised over both mass hierarchies, i fo CL ]
35% of op values excluded at 30 | 5:_ oL -

— 30 CL _

e Largest A)(Z change from a series of 103 _

robustness studies (cross section

modelling bias) would cause the left
(right) edge of the 90% CL region to 5
move by 0.073 (0.080)

S
T T T T

24
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Result in atmospheric (Am322, sin“ 0,,) sector

e Fitting to all 5 samples at Super-K

° Upper OCtant (nOrmal Ordering) S 2,7XI1Q_? I | I T L L o o L L o o
preferred with Bayes factor 3.4 (4.2) > - -
— 2.65— —
L . o -
* No definitive conclusions can be = 26 —
drawn yet: Bayes factors within E 5 s5F -
1 . : < 7L =
(102,10) are classified as either - - -
“substantial” (Jeffreys scale) or > . -
“positive” (Kass and Raferty scale) = 241 __. B
E B ] + Best fit ]
sin” A3 < 0.5 | sin®fy3 > 0.5 | Sum < 2 4:_ —— Normal ordering - 88%CL T
NH (Am2, > 0) 0.195 0.613 0.808 n G ST 0%CL
IH (Am3, < 0) 0.035 0.157 0.192 2350 nvertedordering. ..~ R 99.7% CL. -
Sum 1000 2 : L 1 1 1 | I | 1 1 1 | 1 |- IIII IIIIII I P [ 1 1 1 [ 1 [ 1 :

03 035 04 045 05 055 06 065 07

sin? 03 Am2,(x1073)eV? $in20

oD best fit 0.488 2.46 23

68% C.L (10) range | 0.470 — 0.550 | 2.416 — 2.544 & —2.568 — —2.496
90% C.L range | 0.447 — 0.580 | 2.376 — 2.584 & —2.616 — —2.436

29 Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)



https://global.oup.com/academic/product/the-theory-of-probability-9780198503682?cc=gb&lang=en&
https://www.tandfonline.com/doi/abs/10.1080/01621459.1995.10476572
mailto:tomislav.vladisavljevic@stfc.ac.uk

Ongoing joint fits

« T2K-NOvVA and T2K-SuperK joint fits are ongoing (agreements have been signed, and
working groups formed)

« Combining different detector/baseline/energy configurations resolves degeneracies

Expect an improved measurement sensitivity beyond a simple increase in statistics

l/—
g

l”!lllmm | n n' !:h i r

|
|

T2K-NOVA meeting in J-PARC, Japan
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Future of 12K

* T2K data taking has been extended until

9
the start of Hyper-K, as per KEK’s s T 40 = 40
. =1400— - O .
statement from 6 July 2020: BT MR RF upgrade 1. & 3.,
g _: --------------------------------------------------- _— C\Jo — .
< 1200 | %S¢ =
(E) ® KEK recognizes the importance of T2K operation with the upgraded near g - —30 ¢ —3.0
detector (ND280) for further advancement of CPV measurements. This C% . MR Power Supply upgrade I g o
KEK will also strengthen international collaboration on T2K and HK, contribute o 1000[— B & O
to the success of the neutrino program 1n Japan, and enhance the physics - s B g
program of HK with an upgraded beam intensity from the start of its - 2 .
j 800 20x 102POT H.. S S
operation. ... &YX .. . \'/ ................................................................................. -om20 .= —2.0
p— — m o
- , m 0 B
® In light of the above, KEK will make its best effort to provide 600 | 30 CPV for sin8,:=0.53.=-7 -
approximately four months of T2K beam operations per year until the start - i 1° % —1
of HK. s = S -
400 o € o
- - - B I S S S .. B
* More statistics expected with beam power N, .
increase from ~500 kW towards 1.3 MW W — e e e = = = = :
0 i 1 ‘ 40 —Jo.0
2016 2018 2020 2022 2024 2026 2028 2030
Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan.

 Reduced systematic uncertainties
expected with the upgraded ND280
detector
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12K Upgrade

o SuperFGD: novel active

POD sub-detector to be replaced SuperFGD Design:
targgt deteCtOr’_ Surrouhdeld with SuperFGD, HTPCs and ToFs — et om®
by high angle time projection Scintillator cube
chambers (HTPCs) and a1 Magnet Yoke

T L -
pe = N g ’
e e e S

enclosed with time of flight
(ToF) detectors

Downstream

 Improved detector
acceptance, efficiency, PID,
timing resolution etc., SMRD
feeding into reduction of
cross section systematics

Upstream ECal Drift volume

MicroMegas

. ToFs Ready:

* |nstallation at J-PARC
planned for the second half
of 2022 (this includes a delay
estimate due to Covid-19)

I == 8 ,/"«3@ 2 LS
. = 1Pzl

8 ERAMs

Module frame

156 ps tiing resoluig
| — For more details refer to the ND280 Upgrade Technical
Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 32 Design Report, at arXiv:1901.03750
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T2K Upgrade: SuperFGD Preparation

All 2.1 milliqn cubes have been INR SuperFGD Assembly Team:
assembled into 56 x-y layers at S

the Institute for Nuclear
Research, Russia

11 X y Su perFG D Iaye rs e
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Conclusions

e Presented T2K’s oscillation result for Runs 1-10
(data up to Feb 2020, 3.6x10°' POT), with 33%

more POT in v-mode compared to earlier — Best Fit .
2
- 1o
* O-p conserving values excluded at 90% B 26

confidence level, with o-p = & not quite 30
excluded at 20 A

JT
 Preference for maximum CP violation, normal

mass ordering and upper @,, octant Run 1-10,

J PP 23 wRC and
marginalised
 Ambitious upgrade of near detector planned for across mass
second half of 2022 hierarchies

!
2

* Future T2K data-taking has been approved until
the start of Hyper-K
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Hi, Super-

Thank you!
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Oscillation! ’
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Neutrino oscillations, general expression

* Neutrino oscillations occur because of different flavour eigenstates (interacting
states) and mass eigenstates (propagating states)

0y, = 48° 0, ~ 8§ 0,, ~ 34°

| Am3, | ~ |Am3 | = 2.5 %107 eV? Scp =1 Am? ~ 7.5 % 1075 ¢V $ij = sin 0
c;; = cos 0
I/e 1 0 0 C13 0 S13€_i5CP C12 319 0 1 0 0 U1
Ll =10 3 $p 0 1 0 —s15 ¢, 0|0 e 0 ||v
I/T O _S23 C23 —S13ei5CP O 613 O O 1 O O eMBl U3
* Three flavour (anti)neutrino oscillation formula in vacuum:
Am,gjL
P((y)—nzﬁ)— aﬁ—4ZRe{ U*U*Uﬁ]}sm +221m{ U*U*Uﬁ]}sm2 7
k>j k>j

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 37



mailto:tomislav.vladisavljevic@stfc.ac.uk

The T2K Off-Axis Neutrino Flux
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v, (U,) appearance probability at T2K

* Electron (anti)neutrino appearance probability:

2
) AmgzL CP-conserving terms

PTQK((D; — v, ) = sin® 20,5 sin* O, sin

= Con be neglected ot L/E of Llong

+8 l.I’l2 2913 Sl.I’l2 (923 . ¥ baseline accelerator experiments
AmgzL vLoL&E&Mg term for 6.p #0, 7

Plus sigh for neubrinos

. . . AmpL  AmyL
where J = sin 20,, sin 20,5 sin 20,5, cos 0,5 sin T Sin T
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Appearance probability at T2K including matter
effect

» Electron (anti)neutrino appearance probability around oscillation maximum:
_MW\%S sigi %or anti-~neutrinos

_ ~ Am3, L Paloy
IR 12 2 2 32 2
Pry(v, = v, ) =R sin® 20,5 sin” 05 sin 1 =2 sin" 0
2k 7 » 13 23 E ( = Am?, ( 13))

, Ami, L  Am3 L
Sin
4E 4E

(Tisin 20,, sin 205, sin 20,5 cos 0,5 sin 5yp sin

Plus sigh for anti-neubrinos

where a = 2\/5 G n, E depends on the electron density in Earth’s crust n,, and
Fermi’s constant G
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';? - J-PARC facility

VIRLNY—=2E03 (280

* 400 MeV Linac (H") to 3 GeV Rapid
Cycling Synchrotron (p) to
to 600 MeV Neutrino
beam (V)

 Low duty cycle for neutrino beam,
SO beam induced events are
selected based on event timing

g 200;_ I Run1-9 (31.28x10% POT)
42 180;— I Runi0 (4.73x10* POT)
J % 160;_
- ' 140F
8 bunches per spill, with a g 120-
spill repetition cycle of 2.48 s z %
80—
| 60
80 ns bunch width, and 580 sk
ns bunch separation 20
|
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Number of events

Particle identification at Super-K

80 - —¢— T2K data

N and v, charged current

v, and v_ charged current

Neutral current

: 1 * + L] +HH+ | 12 R
0 w{#ﬁvﬂt f#ﬂ‘ . +. ﬁ#ﬁﬂ?qﬁw o*.o.i

Electron or muon PID discriminator

Electrons undergo more scattering, hence
produce “fuzzy” Cherenkov rings

Good PID achieved using times, charge and
position of all hit PMTs

unhit PMTs hit PMTs
LT.0)= || P @nhitit,0) [] {1-P (unhit|T".0)}

] [

X f, (q;|11,0) f, (1|1, 0)

Lmax
PID = ln( - )
Lg”ldx
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Cross section model updates

 Updates for our latest oscillation measurement (with the new
NEUT 5.4.0 interaction model):

Ul \/ l_
_— . .. .. CCQE w-
1. CCAQE initial state nuclear model migrated from Relativistic ./®
Fermi Gas plus Random Phase Approximation to Spectral p:P :
- - p
Function (strongly favoured by electron scattering data) LI
p

2. Better (shell-dependent) treatment of removal energy comes
with the SF CCQE model

3. More sophisticated treatments of the energy dependent 2p2h
uncertainty, deep inelastic scattering uncertainty and final state
interaction correlations between near and far detectors
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Systematic uncertainties before/after ND fit

Before Near detector fit:
IR u IRe

Error source (units: %) || FHC RHC || FHC RHC FHC CClzx* | FHC/RHC
Flux 5.1 4.7 4.7 4.9 2.7
Cross-section (all) 10.1  10.1 10.3 12.0 10.4
SK+SI4+PN 2.9 2.9 4.4 13.4 1.4
Total 1.1 11.3 12.1 18.7 10.7

After Near detector fit:

IR w IRe
Error source (units: %) FHC RHC || FHC RHC FHC CClx* | FHC/RHC
Flux 2.9 2.8 2.8 2.9 2.8 1.4
Xsec (ND constr) 3.1 3.0 3.2 3.1 4.2 1.5
Flux+Xsec (ND constr) 2.1 2.3 2.3 4.1 1.7
Xsec (ND unconstrained) || 0.6 2.5 3.6 2.8 3.8
SK+SI4+PN 2.1 1.9 3.9 13.4 1.2
Total 3.0 4.0 5.9 14.3 4.3

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 14
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More on the near detector fit

Flux and Xsec Prefit Correlation Matrix

XSec

AN ENE TN T TTTTTT L

Flux

Rl BNOE (SN
Flux XSec

Many more detector systematics enter the
fit, which are nore shown here for clarity
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Flux and Xsec Postfit Correlation Matrix

EE Bl BRI S BEE I =l T ER T T EF =L T T3

< oy A

2 = L&

M ; - E :

Near = T
detector fit - .
= me
e . m

= : o

o # 3

||l-'L£"F|ﬁ|||.||||||:

Flux XSec

Anti-correlations between flux and
cross section parameters after ND-fit
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Frequentist vs. Bayesian: Conceptual differences

Frequentist results produce Ay?
distributions

2
|

—— Normal ordering

Inverted ordering

10 CL
90% CL
15 [757] 26 CL
[ ]socCL

20

10

-3 -2 | 0 1 2 3
0

CP

Areas with a lower A)(z are more likely to
contain the “true” value
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Posterior probability density

Bayesian results produce posterior
probability density distributions
3

X
[
1O

I I I I I I I I I I I I I I I I I I I I
99% Credible Interval

mEm 90% Credible Interval
Em 68% Credible Interval

T2K Run 1-10 Preliminary

Marginalised over both mass hierarchies

160
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30
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At T2K, we use the
Markov Chain Monte
Carlo technique

40
20 i
O L . ' R T | . I:
-3 -2 -1 0 1 2 3
Op (rad.)

Areas with a larger probabillity density are
more likely to contain the “true” value
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Markov Chain Monte Carlo

« MCMC algorithm presents an efficient
solution for sampling from a complex to 0,
multivariate posterior likelihood distribution

ty ¥Z, Accept 0, =12z,
_— >
. . . - t; Z2% Accept 0, = Z;
* The algorithm provides a recipe for building — ® —
: {3 N Z3 Reject 0, = 6,
the Markov chain —o—————
t4 {24 Accept 64 = Za
_._—
te Zs o Reject O = 0,
* At each step, an ensemble of model T
te Z e\ Accept O, = Zg

parameters is either accepted or rejected
based on a comparison with a metric : :

* Parameters in the resulting Markov Chain ty
have a distribution density proportional to the
posterior likelihood

Figure from Adaptive Markov chain Monte Carlo algorithms for
Bayesian inference: recent advances and comparative study
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Bayesian framework

Full inference In

2 B L L I
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2z | 0.0024 0.0026
e B e ———
‘'~ 0015 =
3 - -
L - :
S 001 -
=¥ N :
S N :
= 0005 — —
3 - ]
8 0 B N U W S T NN S S T S A T S S SR N S SR S N N _
A —-0.003 J] -0.002 -0.001 0) 0.001 0.002 0.003
2 2
A m3, (eV7)
sin? fy3 < 0.5 | sin®#y3 > 0.5 | Sum
NH (Am§2 > O) 0.195 0.613 0.808
IH (Am?)2 < O) 0.035 0.157 0.192
|00 0094 Sum 0.230 0.770 1.000
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Posterior probability density

Posterior probability density
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T2K Run 1-10 Prellmlnary with Reactor Constralnt “

Bias studies for oscillation ¥ L
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* No significant biases have been observed for

0,5, and 0,3

 Slight bias observed for Amgzz, which has IO e e e S
been aCCOunted for by add|ng a compensating < g e P et ol Al e
uncertainty of 1.4 X 107> ¢V?

» The slight bias on op is accounted for by 6
reporting the maximum observed shift on the 5

O.p contour boundary (here the contour is
completely statistics dominated)

. Normal mass
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Bayesian vs. Frequentist T2K Analyses Strategies

MaCh3 P-Theta ~ “MaCh3-like” P-Theta
Kinematic variables for (ETec, 97¢) (plec, 97¢c) (ETec, 97¢)
_______________________________ CCOm AR, o S
Likelihood Blnned Poisson |Ike|lh00d . Binned Poisson . Blnned Poisson likelihood
ratlollkellhoodratlo _________________________________________ ratio ..
~ Grid search and gradlent Grid search and gradient

Likelihood optimization | Markov chain Monte Carlo |
descent | descent

.....................................................................................................................................................................................................................................................................................................................................................................................................

Resulting contours/ Bayesian credible Frequentist confidence @ Frequentist confidence

limits Ntervals iIntervals with Feldman iIntervals with Feldman | o
Cousins Cousins ~g, Feldman
Mass hierarchy Bayes factor from fraction Bayes factor from Frequentlsts p-value from L.ot;g,sms "‘f‘@:‘w‘"’ a
inference of points in each hlerarchy likelihood integration generated PDF glves critical

| | | 2 ;
Inputs from near ~ Simultaneous near+far ~ Constrained covariance = Constrained covariance Ay~ values for
detector detector joint fit matrix matrix the ﬂowfidemte

""""""""""""""""""""""""""""" inkervals
Systematics handling = Maginalisation after fit I\/Iarglnallsatlon during flt I\/Iarglnallsatlon during fit

R T always employs marginalisation rather than prwf;thg
because of inherently bebbter non-CGraussian systematics treabtment
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A m§2 (eVz)

Cross-checks between T2K oscillation analyses
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0,, octant preference

Without Reactor Constraint
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Evolution of T2K’s 0 result

* Can sequentially add improvements to

the OA2018 analysis (Nature publication),

and examine the measurement
sensitivity:
A: Nature result
B: Improved cross section and flux
models mentioned earlier
C: Using the updated reactor constraint

on 6, (from 2019 Particle Data Group)

D: New Super-K calibration, causing
some events to drop in and out from
samples

 Greatest change in our measurement
(slightly weaker constraint) is driven by
the addition of new data
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Antineutrino mode e-like candidates
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Antineutrino mode 1Re candidates

Neutrino mode e-like candidates
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* Change in electron neutrino

event rate ~0(45%) between

e Latest result is slightly closer

to the PMNS prediction than
last year
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Combined oscillation parameter knowledge:
current landscape
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NOVA 2020: results from here
Super-K 2020: preliminary results from here
lceCube 2017: results from here
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Fits to near detector FGD1 U, sighal data in v-mode
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FGD1 v, CCother
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Fi

ts to near detector FGD2 U, sighal data in v-mode

FGD2 v, CCOr
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Fits to near detector FGD1 Dﬂ sighal data in -mode
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Fits to near detector FGD2 Dﬂ sighal data in -mode
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Before ND fit

After ND £it
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Fits to near detector FGD1 v, wrong-sign bkg. in -mode

FGD1 v, Bkg CCOr in AntiNu Mode
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Fits to near detector FGD2 v, wrong-sign bkg. in -mode

FGD2 v Bkg CCOx in AntiNu Mode
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Joint fit to near and far detector data: muon-like
samples at Super-K
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Joint fit to near and far detector data: electron-like
samples at Super-K
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