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The T2K Beam
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The T2K Near Detectors

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. lkeno-Yama
1,360 m

1,700 m below sea level

Muon Neutrino Beam

295 km

—-gm-—------

UA1 Magnet Yoke SMRD

| poD ECal Barrel ECal

\ ToF e
| I/l
i i |
fan . frEb2 DS[
b 852
(@ JI /01 A® 72 27/
il I ‘/, i ’7I7.,/77 §iz ,4

0D -
= HA-TP

HA-TPC

(*E p- SUper-FGD

0.6Gev E,

SIS RN |

Stephen Dolan Nuf hy. 2023, 19/12/23



The T2K Near Detectors
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The T2K Near Detectors
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Osclillations at T2K

Super-Kamiokande

Mt. Noguchi-Goro
2,924m

Mt. lkeno-Yama
1,360 m

1,700 m below sea level

Muon Neutrino Beam

At the near detector
Np,(EV) - O-(Ev)cbv(Ev)e(Evz\

Interaction Detector
cross section Neutrino flux effects

13

Stephen Dolan NuPhys 2023, 19/12/23




The T2K Far Detector

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. lkeno-Yama

1,700 m below sea level

Muon Neutrino Beam

295 km

E,

At the far detector
N/,L(Ev) = P(Vu - V/,L)O-(Ev)cbv(Ev)E(Ev)
Ne(E,) = P(Vu _T) Ve)o (E,) P, (E,)e(E,)

Oscillation probability

Stephen Dolan NuPhys 2023, 19/12/23



The T2K Far Detector
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The T2K FCII’ De’rec’ror
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Qur latest osclllation results

Updated with respect to our latest publication
(Eur. Phys. J. C (2023) 83: 782)

First presented at Neutrino 2022
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Analysis Strategy in a nutshell

At the near detector Ev At the far detector Ev
NP (E,) = a(Ev])¢v<Ev>e(E1)\ NEP(E,) = P(v, = V)0 (E, )0, (B, e(E,)
Interaction / ND Detector Né:D (Ey)) = P(Vﬂ - v, )o(E,) P, (E,)e(E,)
cross section Neutrino flux effects I T

Oscillation probability D Detector

effects
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fit fo N,ﬁ‘”’ to constrain them
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Analysis Strategy in a nutshell

At the near detector

N;ILVD(EV) =,0(E,)®,(E,)e(E,)

Interaction
Ccross section
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effects

Oscillation probability
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fit fo N,f”’ to constrain them
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Analysis Strategy

Neutrino flux |
model

Cross-section
model
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Analysis Strategy

INGRID & Beam & model
monitor data

Cross-section
model

External
cross-section
data
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Analysis Strategy

S B " EEEEEEEEEE eSS -.w

ND280 detector

model
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external data '
) Neutrino flux |

il
INGRID & Beam J - model
monitor data ND280 fit

Cross-section % ND280 data

model

External
cross-section
data
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1 ND280 data

: reduce neutrino flux and

icross-section uncertainties,
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Analysis Strategy

S = "W EEEEEEEEEEEEEEEEEE-E-.-.-.----w

| ND280 detector

model

NAG61/SHINE
external data

Neutrino flux
INGRID & Beam J! 4 model
monitor data ND280 fit

Cross-section % ND280 data

model

External
cross-section

" e e s s see?

| Super-K detector Super-K data
model Oscillation '
fit

1 ND280 data

: reduce neutrino flux and

icross-section uncertainties,

- EEEeEsEessEesEsEeEesEEEEE- Oscillation

parameters
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v-Intferaction model
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https://arxiv.org/abs/2308.01838
https://indico.cern.ch/event/881216/contributions/5048753/

Nec::r Detector Fit
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Nedr Detector Fit
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Near Detector Fit
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Near Detector Fit
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Analysis Strategy

S = "W EEEEEEEEEEEEEEEEEE-E-.-.-.----w

| ND280 detector
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Neutrino flux

INGRID & Beam I model
monitor data ND280 fit

Cross-section % ND280 data
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External
cross-section

" e e s s see?

| Super-K detector Super-K data
model Oscillation '
fit

1 ND280 data

: reduce neutrino flux and

icross-section uncertainties,

- EEEeEsEessEesEsEeEesEEEEE- Oscillation

parameters
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Analysis Strategy

S = "W EEEEEEEEEEEEEEEEEE-E-.-.-.----w
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Far Detector Fit e
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Far Detector Fit
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Far Detector Fit: v, focus

T2K, Super-K, IceCube: Neutrino 2022 Preliminary
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& 23 . ] e T oy, . ¢ SR ]
g C T2K Run 1-10, 2022 preliminary % Bestht ] B ]
[ — Normal ordering -=- 68% C.L. 7 24 — -
221 —9%0%CL.  —] B _
- — I ted ordering .. b CL. i - _
C nverted ordering 99.7% C.L 7] 20l N 90% C.L.
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Sin“0,,

sin2623
« Leading constraints on sin? 8,3 and Am%,

« Weak preference for the upper octant and normal mass ordering
o Bayes factors of ~3 for both

Reactor neutrino constraint on 6,5 always applied: sin*(26,5) = 0.0861 = 0.0027
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Far Detector Fit: v, focus
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CP

« Exclude CP-conserving values of §.p at between 90% and 20

« Exclude CP-conservation (Jarlskog invariant, J=0) at:
o 20 for a flat priorin §.p N

o 90% for a flaf prior in sin §¢p PMNS-parameterisation
independent metric for CPV

Reactor neutrino constraint on 6,5 always applied: sin:(2()13) = 0.0861 £ 0.0027

Stephen Dolan NuPhys 2023, 19/12/23 35




Joint fit with Super-K
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Atmospheric oscillations @ Sk

« SK independently measures atmospheric neutrino oscillations
o Sensitive to the mass ordering, but Nnot to §.p

ﬂtmos heric event sam |Q Comparison of the normalized flux of the selected samples
o 03 % 0.2 ]
Based on [PTEP 2019 (2019) 5, 053F01] % T TRKFHC 1Re g 018 Vi e E
& 0.2 = atm SubGeV elike Odcy @ 0.16 — atm SubGeV musice 0&1dcy _.
3244 days of data taking f %o ;
g 0.2 T2K FHC 1Re E 012 T2K FHC 1R/vl _E,
z z ]

18 samples, split by [\,J o
energy and topology |

0.08
PR / = o1 SK Sub-GeV e-like 0dcy 008
Wider energy [ | l ’ '
— 0.04
range than 172K 04 0o
(PartiaIIyPCS:ntained) (l‘Jp!gJoFi)nrg‘:'nlﬂon) 1 H‘\. .
Q05 195 2 25 35S R N B S R
True E, (GeV) True E, (GeV)
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Atmospheric oscillations @ Sk

« SK independently measures atmospheric neutrino oscillations
o Sensitive to the mass ordering, but Nnot to §.p

« T2K’s §.p constraints are partially degenerate with the mass ordering
o SKinference on the mass ordering helps lift this degeneracy

« Systematic uncertainties can be correlated and reduced
o SK benefits from near detector cross-section model constraints
o Both benefit from shared systematics related to SK detector

0.2

ﬂtmos heric event sam |§ Comparison of the normalized flux of the selected samples
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Joint fit results

Stronger constraints on CPV compared to T2K only
o J=0 excluded at ~20

No appreciable octant preference

Preference for normal mass ordering
o 90% posterior probability

Both ordering SK +T2K prellmlnary, Analy51s 1. _ e SK+’I;2K pre%nlmnary Alnalys1s L
>‘ _ T ] T T T | T T T ] _d: — -
= ©n - _|
s N 1 g - E
% 250 Flatin 6, Flatinsind,, | 3 121 "?‘12<K+ T2K ]
T F mlc ---lo 1T F— ]

- 4 0 .
£ 200l W2 2o 3§ lop T SRCND) E
Q - 30 e 30 I -~ —— Normal ordering _
2 - 4 O ro-e--- Inverted ordering -
@) = - o 8 _
Q_‘ - | (— -

150 - - .

- ] 61~ ]

100 . . - E

1 -
ot T Y NV O3 055 A ous 050 055 060 065 om0

-0.04 -0.02 0.00 0.02 0 .04 : : . . , .

J = 8,5013815C 855,810 sin“0,,
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Prospects for precision
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Event rates and systematics

« T2K remains largely limited by statistical uncertainties
o First priority: more datal

Dominant # events Stat. Total syst.
SK Sample uncertainty  uncertainty
Vy =V 318 5.6% 3.4%
V=V 137 8.5% 3.9%

Vo = V, 94 10% 5.2%

Ve =V, 16 25% 5.8%
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Event rates and systematics

« T2K remains largely limited by statistical uncertainties
o First priority: more datal

« Recently completed beam upgrade
o Expect accelerated data taking!

o Beam power has been stable at >700 kW

1400

T2K Projected POT (Protons-On-Target)

1200—

—_
o
o
o

MR Beam Power [kW]

800—
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200F
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MR RF upgrade

MR Power Supply upgrade

|
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4
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2021 2022 2023 2024 2025 2026 202

Dominant # events Stat. Total syst.
SK Sample uncertainty  uncertainty
Vy =V 318 5.6% 3.4%
V=V 137 8.5% 3.9%

Vo = V, 94 10% 5.2%

Ve =V, 16 25% 5.8%
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Event rates and systematics

« T2K remains largely limited by statistical uncertainties
o First priority: more datal

« Recently completed beam upgrade
o Expect accelerated data taking!
o Beam power has been stable at >700 kW

« Neutrino intferaction systematics are playing an increasingly large role

Dominant # events Stat. Total syst.  v-int. model
SK Sample uncertainty uncertainty uncertainty
vy =V 318 5.6% 3.4% 3.7%*
V=V 137 8.5% 3.9% 3.5%

Ve =V, 94 10% 5.2% 3.8%

Ve =V, 16 25% 5.8% 3.5%

*The v-int. model uncertainty is larger than the total error due to anti-corelations with other sources
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Event rates and systematics

« T2K remains largely limited by statistical uncertainties
o First priority: more datal

« Recently completed beam upgrade
o Expect accelerated data taking!
o Beam power has been stable at >700 kW

« Neutrino intferaction systematics are playing an increasingly large role

o Potential biases from out-of-model alterations contribute significantly
(See backups for details)

Parameter Total Stat. Syst. Extra uncertainty from
uncertainty uncertainty uncertainty mock data studies
Am3, ~2.4% ~1.9% ~0.8% ~1.2%

(Estimated from Asimov fits, not real dataq)
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Event rates and systematics

« T2K remains largely limited by statistical uncertainties
o First priority: more datal

« Recently completed beam upgrade
o Expect accelerated data taking!
o Beam power has been stable at >700 kW

« Neutrino intferaction systematics are playing an increasingly large role
o Potential biases from out-of-model alterations contribute significantly
o Next priority: better interaction modelling and near-detector constraints

(]
New cross-section measurements Upgraded near detector
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Near defector upgrade

2 High Angle TPCs

| Module Frame '
New read-out concept

NIM A 957 163286 (2020)

Stephen Dolan

1 SuperFGD

Novel detector concept

JINST 13, P02006 (2018)
JINST 15 P12003 (2020)

NuPhys 2023, 19/12/23
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ToF

4

NP super-FGD
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HA-TPC

arXiv:1901.03750

150 ps time resolution

JPS Conf. Proc. 27, 011005 (2019)
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arXiv:1901.03750

Near defector upgrade

« 411 angular acceptance s
pihresh~300 MeV /c TSI
« Lower tracking thresholds pthTesh < 100 MeV /c

| / HA-TPC 742 DS!
'\gg’b Super-FGD rPCl’ Tch_l TPC3 7
HA-TPC

2 High Angle TPCs

1 SuperFGD

Drift volume S

MicroMegas

| Module Frame '
New read-out concept

NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)
JINST 15 P12003 (2020)

Novel detector concept

150 ps time resolution
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arXiv:1901.03750

Near defector upgrade

« 411 angular acceptance

pEesn~300 Mev/c [\
» Lower fracking thresholds  presh < 100 mev/c | | EEEE_—_G-
\\ ToF ‘-‘\ —
* Substantially improved resolutions | alb=
Phys. Rev. D 105, 032010 APp/Pp < 5% 7. ':/12 Dsa[
\P(?D SARREEE IPCH TPCQ’ TPC3 )

HA-TPC

%’/

2 High Angle TPCs 6 ToF panels

1 SuperFGD

Drift volume S

MicroMegas

| Module Frame :
New read-out concept

NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)
JINST 15 P12003 (2020)

Pt -

Novel detector concept

150 ps time resolution
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arXiv:1901.03750

Near defector upgrade

« 411 angular acceptance

UAT1 Magnet Yoke SMRD

piresh~300 MeV /c
« Lower tracking thresholds pthresh < 100 MeV /c

POD ECal Barrel ECal

' \ ToF
« Substantially improved resolutions | Al
Phys. Rev. D 105, 032010  APp/Pp < 5% j

2D§!

«§g§D Super-FGD PC3 g

reci l TPCQ’

« Better timing resolution enables neutron 8|\ HaTrC

energy measurements! Ap,/p, <30%

Phys. Rev. D 101, 092003
arXiv:2310.15633

2 High Angle TPCs

1 SuperFGD

Drift volume S

MicroMegas

Module Frame T
New read-out concept Novel detector concept 150 ps time resolution
NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)

JINST 15 P12003 (2020)
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Near defector upgrade

UAT1 Magnet Yoke SMRD
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i —=

8 ERAM g _
| Module Frame ’
New read-out concept Novel detector concept 150 ps time resolution
NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)

JINST 15 P12003 (2020)
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Summary

 Recent T2K and T2K+SK neutrino oscillation analyses are
setting world-leading constraints on oscillation parameters

o CP conservation excluded at 90% (T2K) / 2o (T2K+SK)

o Normal ordering preferred with a Bayes factor of 9 (T2K+SK)

« Both analyses are statistics limited, but more data in a
more powerful beam is being taken right now!

« With more stats, comes a responsibility to improve
treatment of systematic uncertainties

o Dominant source is related to v interactions

o Near detector upgrade provides powerful tools to mitigate them
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Backups
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Analysis Strategy

The idea in a nutshell

 Produce beams of v, and v,

« Measure v, (disappearance) and v, (appearance) event rate at FD
« Parametrise flux, cross-section and detector models

« Constrain the former two at the near detector

« Fit for the oscillation parameters at the far detector

.
e I
At the near detector Ev At the far detector Ev
N,(E)) = G(EV)CDV(EV)E(EVQ\ N,(E,) = P(v, » v, )0 (E,)D,(E,))e(E,)
Interaction Detector Ne(E,) = P(v, - ve)o(E,)®, (E,)e(E,y)
Cross section Neutrino flux effects T

Oscillation probability
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Osclillations at T2K

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. lkeno-Yama
1,360 m

1,700 m below sea level

Muon Neutrino Beam

P(v, — v,)

Am3, =2.24x 10 3eV

- 2 -
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Neuirino Intferactions

(N = Py = o) (B) 0(E,) By () €(E,)

N,(E,) = Event rate ®,,(E,) = Neutrino flux
P(v, = v,)(E,) = Oscillation probability  €(E,) = Detector efficiency
9 o,(E,) = Infteraction cross section
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Mock data study example

q 1 O : L I LI I L I T T 17T L I 1T TT I LI | 1T TT :
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C\Il —  w/ systematics ——— SFtoCRPA (NH) .
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= oy v (IH) 3
6F =
S5E —
gE2oCh \s N =
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Upgrade de’rec’ror performonce

« Dramatically improved angular

acceptance

* Much lower tracking thresholds

« Substantially improved resolutions
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Updated flux prediction

- , : : : SK: Neutrino Mode, Vu T2K Preliminary
* Uses NA61/SHINE 2010 T2K replica target | & [ o T T T
m [T e Hadron Interactions ®xE,, Arb. Norm. ]
. 03+ . . -
data for had ron prOdUCtlon '§ | mm—— Proton Beam Profile & Off-axis Angle —=—=—- Material Modeling _
. g R — Horn Current & Field Number of Protons 7
+ . g [ Hom & Taget Algment 513> Total Flux Error -
« Adds more stat to 7~ production = ool _
) === 2020 Total Flux Error
+ i i
. Also adds K~ and proton data I ]
0.1 —=
« Overall reduction of flux error compared - .
to 2009 replica target data (by ~6%) b ' ]
: . 10™ 1 10
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Accumulated data

This analysis: 3.6 X 10%! POT

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