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T2K (TOKAI-TO-KAMIOKA)
XPERIMENT

World-leading Iong-baseline accelerator neutrino project
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e Discovery of 013> 0 with accelerator neutrinos
* First hints of CPV in neutrino (lepton) sector, dcp # {0,TT} TH[MIRRUR
e Leading sensitivities to Am?;3, 023 (octant) CRACKD

Anindicationof matter-antimatter
* Rich variety of neutrino cross-section measurements
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Neutrino interaction
Detector model model

Near detectors @ 280 m from target
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* ND measurements constrain flux and v-xsec model params Fg’°5t§"§=it ND .
then propagated to FD jg_ Distribution
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* Systematic uncertainties do not fully cancel with Far/Near \ - Before ND
ratio concept: — After ND
* Flux model different at ND vs. FD due to geometry and oscillation . RUV
* Different detectors — different acceptance and efficiencies o4 . Prediction
: : : . . h 3atFD
e At ND mainly vy(vy) interacting on CH — use model to infer T
2 e
interactions of Vu/Ve(Vu/Ve) on water at FD
Reconstructed Neutrino Energy [GeV] 3
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Side Muon Range Detector SMRD

Original ND280
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FROM ND230 TO ND280-UPGRADE

Data- taklng with T2K-II approved till Hyper-K tlmes ND280 contlnues as a part ofT2K HK

ND280 has supplled T2K phyS|cs with high- quallty measurements but with the

,, increasing statistics its limitations on the flux and the

 Non-isotropic eff|C|ency (wrt 4711 Super—Kamlokande)

J \% mteractlon model uncertalntles are startlng to arise in the analyses

* Hadronic information is essential to improve V-interaction modelling and hence energy

reconstruction for OA inputs

* Relatively high-momentum threshold for protons = 450 MeV/c (~100 MeV Ein)

e No detection of neutrons

Muon detection eff|C|ency at ND280 v_candidates at Super-K Proton detection efficiency
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* proton tracking with CCOTT selection



ND280-UPGRADE CONCEPT

ND280Upgrade design aims for
overall systematics reduction
for T2K OA

* Fully active target
* 41T acceptance for charge products

* Lower proton detection threshold
(~300 MeV/c)

* Electron/gamma separation
POD replaced with  « |mproved veto for backgrounds

_new detectors  « Detection of neut netrons

Downstream

Upstream ECal

N
v beam

WLS fibers

150 ps resolution 6

Original detector concept
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Fully active and highly granular

417 scintillator neutrino detector
e Total volume ~192 x 182 x 56 cm?
2x 10 optically isolated cubes

e Eachcube: | x| x | cm3

* Each cube: 3 orthogonal @ 1.5 mm holes m

Total mass: ~2 tons

One-end |mm Y-11(200) MS WLS fibre
e ~60.000 readout channels™
S13360-1325CS Hamamatsu MPPCs

 [.3.x1.3 mm?, 2668 pixels, ~1% cross-talk,
70 kHz dark-rate = LED calibration system

JINST 13 (2018) 02006
Super-FGD
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* Polysterene doped with PTP
(1.5 %) + POPOP (0.01%)

* Injection moulding @
Uniplast,Vladimir, Russia

* Chemical reflector coating

* Electronics: FEBs based on CITIROC ASIC JPS Conf. Proc. 27(20/9) OI IOI I
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31 SUIPER-FGEY DETECTOIR

> RO O Y _S Detailed SFGD talk by A.Dergacheva @ B2 Neutrino Detectors on Tuesday

e+, B=0.2T

Tests with small prototypes to confirm (.. Fomimme mmom oo )

the SFGD concept — JW\»\'M'\;JVL. = E/

* Check performance: light-yield over detector, — x& 9 N
inter-cubes cross-talk, timing e e\

'. G 2x8x48 stup
1728 Y11 fibers

8x8x32 setup

20I7 mu/e/p beam @ CERN and cosmics

+ SFGD concept INST 13 (2018) 02006 § %3 == l

* Proof of concept NIMA 923 (2019) 134-138 7§ o) - i y
2018: e/W/TT/p beam + 0.2 T field @ CERN N R e Y mH”“H

» Characterisation JINST 15 (2020) 12,P12003  * ;7| j m;—%g;;ig}jg*3}}*,{*}ffffff’ff*m bl
» Timing studies JINST 18 (2023) 01,P01012 “Sos moo o0 g0 s eeon | e

2019-2020: neutron beam @ LANL total x-section One channel timing < Ins,
e N(z)=No" exp(-TOw:z) PLB 840 (2023) 137843 further improved with > | cubes/fibres 9



aerval 3 ““Old”® vertical TPCs 2 new horizontal TPCs
@ vl 90cm
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Ll Front end ’ SuperFEIS ‘ ’ Horizontal TPC ‘

cards

Central cathode

Central
cathode HV

Two new additional “horizontal” TPCs up and down SFGD detector

* High resolution tracking and particle identification. Design requirements
* Op/p < 9% @ 1GeV/c, Ogeax < 10%
* 3D tracking capability of TPCs — excellent pattern recognition,
matching tracks/hits from active targets O(500 pPm) space resolution
* Low material budget walls ~ 5% Xo

* New field cage design to minimize dead space and maximize the tracking volume
* Aim to gain maximum profit from the space available around SFGD
* No CO; filled outer volume wrt vertical TPCs

* Replace the standard bulk-MicroMegas with a new resistive bulk-MicroMegas 10
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“field strips”

[y = = ”
mirror strips
I

Field cage composition

Cu strips & Glue &
Kapton (100pm)

Field cage material budget
“original” vertical TPCs:

1
1 Mesh @ GND

|
1 Mesh @ ~ -360V

Amplification gap: ~128pn DLC @ ~ 360V T E

insulator ~50-200

glue ~75um
. Aramid Fiber 2mm |2 cm — 3 4% XO I
J‘i \ p(T,t)Zf—ge K Y 1 . ,
s new TPCs:4 cm — 2% Xo , , ,
a‘a))))I)J A8 Aramid Honeycomb
0))1) )7 5 “;)r’r) 35mm
CCCO099 :
Electronics (all TPCs): | |
. AFTER 72-channel A A
. Aramid Fiber 2mm
ASIC chip Encapsulated Resistive Anode Micromegas (ERAM) with
Kapton (125pm) i3 - "
Al foil (50m) grounded mesh, anode at a positive amplification voltage
* Pad plane covered by a resistive layer
Parameters HATPC vs VTPC
Overall x x y x z (m) 50x08x18  085x22x18 * Spread the charge over several pads — less and larger
Drift distance (cm) 100 920 g :
Magnetic Field (T) e pads for the same spatial resolution
Electric field (V/ 275 ; a7 P
Sl AC s Iy RN e Insulation of the resistive anode from the pads
Drift Veloci / 7.8 . Sy adis AR .
anevessedifibon ol | 68 e Suppress formation of sparks and limit their intensity
Micromegas gain 1000 . . .
Siicromeges dim: sy Gnni). |  Sicwizi T * Safe operation by a capacitive coupling readout
Pad z x y (mm) 10x 11 7x10 s e i i I
Niak S yaksra * Get rid of the cumbersome anti-spark protection circuitry
el. noise (ENC) 800 . : . . .
s i * Detection plane is fully equipotential = more uniform field,
Sampling frequency (MHz) 25 . . IR F
N hise sl o less track distortions + module flexibility Ll

* field cages by NEXUS company (Barcelona)



TIME-PROJECTION CHAMBERS

PROTOTYPES

2018-2023: 4 prototypes + hundreds of validation tests
* Production readiness in 2023. Bottom TPC to be installed in fall 2023, top TPC in spring 2024
Characterization of charge spreading (RC) and gain of ERAMs using X-ray at CERN

* NIMA 1052 (2023) 168248
* Detailed physical model to simultaneously extract gain and RC information of the ERAMs

Measurements of spatial and dEdX resolution via several test beam campaigns at CERN and DESY
* NIMA 957 (2020) 163286, NIMA 1025 (2022) 166109, NIMA 1052 (2023) 168248
* Achieved spatial resolution better than 800 pm and dE/dx resolutlon better than |0%.
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* Cast EJ-200 plastic scintillator
6 TOF planes fully envelope SFGD&HA-TPCs | * 0-9 ns rise, 2.5 ns decay times, 380 cm La

 Measure crossing time of charged particles * NoWLS = would further degrade timing
e Aim for < 0.5 ns resolution 20 (18 in bottom) 12 x | x 230 cm? bars in each plane
» Separate and veto inward going background * Large area 6x6 mm? SiPM readout from both bar ends
* Provide cosmic trigger for SFGD and TPCs * Hamamatsu S13360-6050PE (SiPM/MPPC)
* Improve PID using timing (if reach < 0.2 ns) * Array of 8 SiPMs at each side, grouped in 4 pairs
* Channels' connection and signal processing
JINST 17 (2022) 01,P01016 optimisation to further avoid timing depletion

13
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Improved ~4TT acceptance — better constraints on the neutrino interaction model

Better reconstruction of outgoing nucleons — access to new observables

* Neutron tagging and TOF-based neutron energy reconstruction in anti-V channel

Increased target mass (x2 current ND280) — more statistics

V interaction measurements beyond py, cosOy = exclusive and multidimensional analyses with
nucleon info, transverse kinematics™

Enhance electron analyses purities

* et/e- vs Y separation

* TOF detectors further suppress external backgrounds

> =
o - . - - o1 . |—— >) l_ T T T l T T T l T T T I T T T I T T T ] T T T I T T T I T
c 09 Muons in TPC or g E .
& E stopping in SuperFGD — 5 o9- % Proton tracking threshold
S 08f - ‘ : = E o8k Work In Progress
R = i Y o I -
TE A : : £ 0.7
06 : - 0.6 - t1
05F : T e 0.5 E_ ....................................... *
- L E ND280 Upgrade
0.4 :_ —— —— 04 =3 '~,.‘ n
E : = 035 Current ND280 ——
0.3~ ——— Muons in TPC — “E 28| N »
: - ;
0.2 _:[__'__’__*__*_ i 0.1 :_ A
: —t— —_——— —_— ] =
0.1 i J—— E.. 48 LTRSS T p
B ), T ,C””fe"t ND2§0 | %7300 400 600 800 1000 1200 1400 \ 1 4
1 08 -06 -04 02 0 02 04 06 08 1 momentum (MeV)

* see Backup Slides for transverse variables details ** proton tracking with CCOTT selection



T2K Projected POT (Protons-On-Target)
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Reduction of systematics

uncertainties crucial to enhance

T2K-ll OA sensitivities

Eaids SRR, R
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Integrated Delivered Protons [10°'POT]

C& N

D230 UPGRA

B

Parameter Current ND280 (%) | Upgrade ND280 (%)
SK flux normalisation 3.1 2.4
(0.6 <E, <0.7 GeV)

MAgE (GeV/c?) 2.6 1.8

v, 2p2h normalisation 9.5 5.9

2p2h shape on Carbon 15.6 9.4

MARgEs (GeV/c?) 1.8 1.2

Final State Interaction (7 absorption) 6.5 3.4

A ¥? to exclude sind_ =0

l L I 1 L I Ll 1 ] I I
il
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— True sin®e,,=0.50
== w/ 2016 sys. errs.
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(-]

o 5 10 15
Protons-on-Target (x10%')

Phys. Rev. D 105,032010 - for sensitivity to V-xsec nuclear model parameters
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SuperFGD at |-PARC.
Electronics installation,
calibration, on surface
tests with cosmics.

Bottom TPC delivered TOF detector at J-PARC.

2 modules installed into
the Near Detector pit.

to J-PARC in August 2023.
“On surface” tests. New gas
system assembled.

.....

The upgraded ND280 is to begin collecting first

neutrino data in November 2023 .
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SUMMARY *"‘2
V,&
e T2K is working steadily on its quest on filling neutrino puzzile

e T2K Phase-ll approved extended run for ~2023-2027 to give
smooth transition to Hyper-Kamiokande era

* Reach 30 exclusion of non-CPV for certain 0., and MH

* Key element: near detector upgrade to further reduce systematic
uncertainties + enhance physics capabilities

e ND280Upgrade features novel detectors

* Super-FGD with 2M plastic scintillator cubes readout by 3 WLS fibres each —
unique tracking capabilities

* 2 Ar gaseous TPCs with improved ERAM readout — better spatial resolution
with less and larger pads + less affected by sparks

* TOF cast scintillator plates readout by large area SiPMs providing < 150 ps timing

* First neutrino data with ND280Upgrade in November 2023
|7
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Thank you for your attention



BACKUP MATERIALS
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* Neutrino energy can be estimated with * Transverse kinematic imbalance —
lepton kinematics only probe nuclear effects: Fermi motion,
FSI, multi-nucleon processes

2
EQE  my—(mu—Ey)"—mj+2(m, —Ey)E, :
Vo= -
2(mn—Ey—E,+p, cos0,) .
pr 3
3 ks o 3
 With a nucleon reconstructed, the visible T g
Pr \ - g
energy can give a better estimation e s ]
Phys Rev. D I05’0320 |0 \\\ / a0 00 o oW 300 A0
\ 77 8pT (MeV/c)
. = .’/
Evis = E,+Tn:  phys Pev.D 101,092003 R o
y : ‘\ i otal
10 o~ — CCQE Carbon -
0.3 7 & r‘ \ 4T = — DT > ]
N —E . ] = e \ % !
- QE . ¢ E,: 1
020 — LowE,,, | ] s 5 4
3 f — High E s
R 0.15 = % 200 400 600 800 1000 1200 1400
- ’ SpT(MeV/c)
0.1 SN =
- ‘::::.“ i - g \ . .’. e
0_ . L L ..:n:::u:'.'.F-'l'fr:.r.r.r..;._ e 0 ¢ e o @ e 0 @ (5]
0.6 ) 04 06 Initi:étN lthIear Extr: Nuclear Fi:al State
Effects Interactions (FSI) 2 I
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MANUFACTURING
@ Uniplast Co. (Vladimir city): Cube production T2iK
Injection molding - Chemical reflector

Hole cleaning

Hole drilling

22
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New simplified gas system designed to
*serve all 5 TPC’s (3 present TPC’'s + 2 new HA-TPC’s)
— total 18.5 m* detector active volume
* mix and closed-loop circulate active volume gas through filters

Main parameters (unchanged wrt present)

« gas mixture unchanged: Ar-CF ,-iC H,  (95:3:2)

* flow rates: up to 1 volume change per 6 hours (~3m?3/h)
— for keeping O, CO, H,O contamination at ppm level

* fresh gas injection: 10% of circulation flow
- flow CO, gas through outer volume of present 3 TPC’s (~1.2m°/h)

* maintain overpressure AP~4mbar wrt atmospheric P and
AP~0.1mbar between inner and outer volumes old TPC’s

Gas system modules design based on CERN standards

* modules: mixers, closed-loop circulation modules, analyzers, ...

* HW PLC control via profibus connection, SW WIinCC-OA SCADAZ2 itf
— simplified operations and maintenance

— fully automate system with high degree of reliability

23
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J-PARC upgrades

Operation at a higher beam
intensity.

Subsequent upgrade of neutrino
beamline to support the beam
intensity.

Horn power supply ramp up for
better focusing.

Expected to be ready for
autumn 2023

ND upgrades

New complex detectors to
replace the old POD detector.

This will improve our constraints
on flux and interaction
uncertainties, and also paves
way for better xsec
measurements.

Expected to start data taking in
2023

FD upgrades

Gadolinium was loaded into SK
in summer 2020 in different
stages with different
concentration

This leads to improved neutron
tagging and hence better v/U
separation.

T2K took its Runi11 data using
SK-Gd, although not yet used in
the analysis.

24
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Jarlskog Invariant, Both Hierarchies
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*g - o (?CP=O ]
o 12— o Ocp=-10/2 ]
k= [ 168% syst err. at best-fit i
b~ — v Bestfit . — =
c 10— ‘ —]
N e T2K Runl-10, 2022 preliminary

B 1 1 1 I 1 1 | I | | 1 I 1 1 1 I | | | | ] i

oy
%0 40 60 80 100 120 -0. 04 -0.03-0.02-0.01 O 0.01 0 02 O 03 O 04

]CP ~ 0033 Sln (OCP)
2
J = $13C]3512C12523C23 SIN O p

Neutrino mode e-like candidates

sin® 03 < 0.5 sin®6y3 > 0.5 Line total

Normal ordering 0.19 0.65 0.83 * Independent of PMNS
Inverted ordering 0.03 0.14 0.17 parametrisation
Column total 0.21 0.79 1.00

Stable CPV-preference for
* Bayesian with reactor constraint different priors 27
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used in oscillation analysis

D

6 Super-K samples currently
i tineLoecivion -

One e-like ring in v mode

1Re CCln+ One e-like ring and Michel
electron in v mode
1Rp One p-like ring in v mode
MRu CClm+ Two rings (M + 1) + ME or
(Multi-Ring) | y-ring + 2 ME
T’ 1Re One e-like ring in v mode
1Rp One p-like ring in vV mode
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12K DATA TAKING

Total Accumulated POT for Physics
2010: v-Mode Accumulated POT for Physics 2021
v-Mode Accumulated POT for Physics :

start ° V- Mode Beam Power % POT Protons On Target stable

operation — e ._ e e operation
- £ P HOYRAH 6005 a¢ ~500 oW

40 T —— ...................................................... ...... . .......... _ ,id/ max 522.6 kW
.............................................. | 11— 1500 %

. ¥ | B %

................................................. A .. 'a. N 400 Q.‘

== W R - - ; ........................................ Wy e f =

d <

[
9
|

FHC
and
RHC
modes

()
S
|

_— NI
N O
|

Accumulated POT (x 10

[ — ........... - x #? .................. ........................................................ . ................... Y S 5 S !w ....................... =1 200
10 E_ ............................................. ﬂ ............. h A— .......... ‘ ; ; o W— j N W—
55 b{ KLU B S . T - | 100
\ - T30 S ‘ .................... oy v .......... ‘ ............ o ............................................................................................ | e — -
% J * Used for the
O S ———— e e / ] O

2010 20112012 2013 2014 2015 2016 2017 2018 2019 2020 2021 EURECDLTRSuICS

Year

23 Jan 2010 — 27 Apr 2021 v-mode: 2.17 X 10%' (56.8%)
POT Total: 3.82 X 1021 v-mode: 1.65 %X 102" (43.2%)
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AR ANALT S S STRALEGYT

EXTERNAL
DATA

Neutrino
interactions

Hadron production:

Neutrino
interactions model

Beam monitors

Neutrino flux

DATA
FITS

SK fit

NA6|/CERN INGRID Hodel
Super-K Super-K
data model
' Frequntist Ilhood fit: | Frequentist lhood fit: ,Wsin-with ; ‘

| ¢ Erec/ O for (anti)Ve | * pg/ By for (anti)ve

{ ® Eec for all samples |
| » Joint ND and FD fit j

Erec for (anti)vy  '

Erec for (anti)vy, !

e



NEUTRINO OSCILLATIONS IN T2K

v, Disappearance v_Appearance
—8 I I I I | _.I ,I, | o I fff | I' I I Ifll I I I I I l I I '-8 0.1_ s l l ' n l I P l I l t l s ] ' I ] l ] —
a: : 7 2.5° Off-axis VM ux : D‘: _ 2.5° Off-axis Vg flux )
g 1+ —— AmZ,=2.5x10° eV?, sin?0,,=0.5 — %" 0.08|- — 93,=0°, NH, v .
I I — 8,,=270° NH, v - EPH::ﬁISEEIf P(v, = ve) P9, — %)
I | ---- 8,=0°, NH, ¥ -
0 5’ Y . "7 8p=270% NHL Y | dcp=-T1/2 Enhance Suppress
.:. ',::v '::vv,‘:j"‘.::‘“.::.."::.. ] —: 6CP='|'|'/2 Suppress Enhance
0 i oy L e 1T NE A, T T T — .-
0.5 | 1.5 2 2.5 3 3
E, (GeV) E, (GeV)
* Test CP symmetry
e Test CPT symmetry e LO dependence on sin?203, sin%03
e LO dependence on sin2203 e can distinguish octant 023>45° from 073<45°
 cannot retrieve octant 023>45° vs 03<45° e Sub-leading dependence on sin(0cp )
e LO dependence on |Am?y33i] * can probe CPV with ~30% effect
® not sensitive to mass ordering e Sub-leading dependence on tAm?;3

e ~|0 % matter effect

*LO - leading oder i
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» Separate e/M-like rings:

* <|% misidentified [ as e

=T rejection

« No magnetic field

I”.

i

O

LR

-R-KAM

e 50 kton water-Cherenkov tank

OKAN

Number of events
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“ASUREM
£ O

e

T T T T T T T T T
—+— T2K Data
v, and v, CC

http://www.ps.uci.edu/~tomba/sk/tscan/pictures:html

T T T T T T T T T
P v, and v, CC

Neutral current

thu :
)m’ ﬁw' md} Mﬁ?" *’M

-1000

0 1000 2000

e/p PID discriminator

http://www.ps.u'ctei‘:Iu/~ ~tomba/sk/tscan/ Pi’ctures.html
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Atmospheric S

8

Neutrino mixing:
Pontecorvo-Maki-

Nakagawa-Sakata
(PMNS) matrix

R

Accelerator s i "

l /f

= / ‘ 7,

NO

/
if{

;"‘!,w‘\ -
T

¢, = cosf V, 0 0 Ci3 0 513 € €12 v,

5y = sin® Vo |~ 0 ¢y Sp 0 1 0 =S, ¢ 0] v,
i

smeni-mi \Ve) |0 =5y enfl=s€" 0 ey [l 0 0 1[IV

Oscillations governed by

*PDG 2022

» three mixing angles:
« 0,,~34",0,;=9°,0,;~48°(41-5| within 30)

e two mass squared differences:

o Am’, =7.4x10"eV’ and [Am’,,|~2.5x10” eV’

» source-detector baseline and neutrino energy

|

4

 Open questions:

'+ CP-violation in lepton sector? O value?

o Octant of 0,;: <,> or = 45

. Dlrac/Ma]orana steriles, Lorentz V|olat|on CPT

e Mass hierarchy(MH),“normal” (NH) or “inverted”(IH): !

m,<m,<mj or m;<m,<m,?

SRIASEAS IR Salndsomint

33



Nobel & Breakthrough

Credit to APS : : illati
The Growing Excitement ol fesmcing O
of Neutrino Physics il
theta 13 at S sigma
K2K confirms
<> 1930: On-paper appearance as “desperate” remedy by W. Pauli e iy
_ . . . KamLAND confirms
< 1956: 7, first experimentally discovered by Reines and Cowan solar oscillations
Nobel Prize for
< 1962: v, existence confirmed by Lederman etal. eer annianiany
<> 1998: Atmospheric neutrino oscillations discovered by Super-K o o
flavor
< 2000: v, first evidence reported by DONUT experiment Super K confims soler
eficit and “images” sun
< 2001: Solar neutrino oscillations detected by SNO (KamLAND 2002) e
< 2011: v, — v, transitions observed by OPERA Nobel Prize for v discovery!
LSND sees possible indication
< 2011-13:v, — Veby T2K, v, — U deficit observed by Daya Bay(2012)N‘;fbfflcg;iffz'rgcf;'covery y

distinct flavors!

<> 2015: Nobel prizes for v oscillations, Breakthrough prize (2016) Kamioka Il and IMB see supemova
neutrinos
Pauli Fermi's Kamioka Il and IMB see atmospheric
predicts theory Reines & 2 distinct neutrino anomaly ‘
the of weak Cowan discover flavors  Davis discovers SAGE and Gallex see the solar deficit
Neutrino interactions (anti)neutrinos identified the solar deficit LEP shows 3 active flavors
Kamioka Il confirms solar deficit >
1930 1955 1980 2015

34



NEUTRINO OSCILLATIONS IN T2K

Ocpand mass hierarchy (MH) both cause differences in v and anti-v oscillations

Osc. Prob

V>V, V, 2V,

~12.5°Off-axis v flux
u

—— 5,,=0°, NH, v

—— 5,,=270°, NH, v

=== §,,=270°% NH, ¥
Large CPV effect
Small matter

S
~
~
e
-
-
-
----
______

CPPHASE!  p(1, 5 1) P(7, — 7,)

CHANNEL

Ocp=-TT/2 Enhance Suppress

Ocp=T1/2 = Suppress Enhance

At T2K baseline (L~295km, E~0.6GeV):
* CPV: = £30% effect

* Mass hierarchy: = +10% effect
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ON-AXIS NEAR DETECTOR INGRID

Near detectors
P T off-axis
N\

T —— | -
30GeV Ta SRRy | R S a‘;

rotons N .
pf H Muon monitor |
rom | ‘

J-PARC MR | i
0 120m

280m

e T2K utilises off-axis neutrino beam:

* Important to monitor beam intensity and direction

* |ron/scintillator detector to
measure beam profile and rate

e Day-by-day monitoring

* Direction stable within | mrad
(~2% shift in peak energy)

[mrad] [events/1e14 POT] f_’

00O —-da=-

o
)

DooaRO®

__;‘:
UE_.
‘,,

.

. Horn250kA

siEventrate | | Homao5KkA |

3 ! — I-!orn-?SOkP\ “ -

' Horizontal beam direction :

et o,

e

§_Vertic:al beam dire¢tion

ro~

:l . £ '—l—"*':_’_.

| T2K Run1 T2K Run2 :TZK Run3 : T2K Rund
Jan.2010-Jun.201 Nov.2010-Mar.2011 | Mar.2012-Jun.2012 Oct.2012-May.2013

“Day




CC-v,(v,) do/dp [x 10°° cm?/nucleon]

ANALYSES WITH 12K ND230

24
22
20
18
16
14
12
10

o N B~ OO @

UA1 Magnet Yoke

Downstream
l ECAL

Barrel ECAL

- T I T T T T
— T2K FHC 11.92 x 10%° POT —— Dala
- T2K RHC 6.29 x 10%° POT — — NEUT 540 (y2=14.634)
GENIE 212,10 (32=16.319
0° <= 0 <= 45° (x )

...... NuWro 19.02 (x?=32.077)
(anti)Ve on C
JHEP10(2020)1 14

'
—_—
'

m

03-16 1.6-32 32-30 03-16 1.6-30 03-1.6 1.6-30
p [GeV/c]

107

1077

NER

107

10—10

Constrain flux and Vv interaction model parameters
prior to oscillations
30 GeV protons on C target, intense V beam from T1/K
+ complex detector —
Rich opportunities for physics measurements:
 Neutrino cross-sections
* New physics signals
e Light-sterile neutrinos with SBL oscillations
 Heavy neutral leptons M ~ O(l GeV)
e Dark-photon/LDM signals

N L K marginalising ~—Ye Ve with T%K ND280 _
— — - T2K, single-channel ] RS E Ph SReV 9 Ims I I% 3
- : : —— PS191 (2-body) . N C = ]
I N - R S —— PS191 (3-body) - % B < = i
F : f E ~ 10 = 3
: | L=
B s S B °
3 E 1
- - c _——
- 3 B S —
= E 10" £ — Gallium allowed EIT2K excluded
- 3 = v.-C excluded
[ 5 5 5 ] [ — Reactors allowed Sun v excluded

i 1 1 1 1 l 1 1 1 1 ' 1 1 1 1 l 1 1 1 1 i 1 1 1 10-2 -2 ! : : : ! — I:\-l ! ; : ! : !
150 200 250 300 350 10 10

1
M, [MeV/c?] 8'3?729ee



Sro T elIAR e UNCESTAINTIES

IR | MR 1Re
Error source (units: %) || FHC RHC FHC CClx™ || FHC RHC FHC CClx* | FHC/RHC
Flux 2.8 2.9 2.8 2.8 3.0 2.8 2.2
Xsec (ND constr) 3.7 3.5 3.0 3.8 3.5 4.1 2.4
Flux+Xsec (ND constr) || 2.7 2.6 2.2 2.8 2.7 3.4 2.3
Xsec (ND unconstr) 0.7 2.4 1.4 2.9 3.3 2.8 3.7
SK+SI+PN 2.0 1.7 4.1 3.1 3.8 13.6 1.2
Total All 3.4 3.9 4.9 5.2 5.8 14.3 4.5

* Numbers quoted are the RMS of the predicted nhumbers of events in the far

detector sample obtained when varying systematic parameters according to their

prior distribution

e Some systematic parameters do not have a prior constraint, and can end up having
larger effect than estimated with this method in a fit
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Flux (/em*/50MeV/10*'POT)

1012

]01[

S
B

- T2K Preliminary -
“Vu TV
=Ve¢ =—Vg¢

.
E ™
=8 ‘l,.
10° -
0

21 INE

w28
AND UNC

RHENES L
-RTAIN

IR

Simulation: FLUKA, GCALOR and GEANT3

1 Eur. Phys. J. C76, 617 (2016)
2 Eur. Phys. J. C79, 100 (2019)

e Tuned to external data: NA6|/SHINE
(CERN)
+ UPDATE: moved frgm 2009 T2K replica
target data to 2010 one
« more statistics for TT production.
+ adds K and p data.

Tunled rlunI'—IOl? ﬂuIX atI ND|280I

Flux (/em*/50MeV/10*'POT)

Intrinsic V. background at ~0.4% level

Tun'ed rI11n5§:—9<i|1 ﬂulx atI ND.ZSO,

102 1%
1011 i

100 &

T2K Preliminary =

8 10
E, (GeV)

Fractional Error

=

C EOIN

Actual beam profile &  Phys. Rev. D 87, 012001 (2013)
position (from beam

Vu

monitors) T
T, K

Proton

beam P>

(30 GeV)

Graphite target
(data-driven MC)

Horn focusing, decay
(simulated by GEANT3)

ND

ND280: Neutrmo Mode, o

T2K Preliminary

l_] T T IIIII

e g Hadron Interactions

03
| e Proton Beam Profile & Off-axis Angle ——=—= Material Modeling
—  meeeeeseeeee Horn Current & Field
B e Horn & Target Alignment

0.2

Replica 1r*

more stats

= == 2020 Total Flux Error

T T T T [} T 1

PxE, , Arb. Norm.

Number of Protons

2022 Total Flux Error

|IIII|I

Replica K*

| I

0.1 —
: B . ‘:._:nj_g_’____)—_—--ztz?—;:fﬂ:__-.. T e ____-_
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107! 1 10
E, (GeV)



12K N
MIE D

el

RINO INT

Sl

AL L N

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

o CCQE dominant @ T2K energies

e Updates: Charge Current Quasi Elastic (CCQE) ,ﬁ.’/@. :

* Expanded parameterization of the spectral function

* Normalization of each nuclear shell for Mean Field (MF)

* Normalization of Short Range Correlations (SRC)

* Added Pauli Blocking to give more freedom in low Q2 region

o Updates: 2p2h/MEC

 Better description of 2p2h pn/nn pairs contribution

e Updates: other

* New tune of bubble chamber data to resonance model

parameters

T2K uses the NEUT nevutrino nucleus
interaction simulation fo model this

The European Physical Journal Special Topics

0.8—

0.6—

6 /E, (10%® cm? GeV™)

c/E, (10% cm? GeV

* New resonance decay uncertaintiesEffective inclusion of binding
energy for Resonant channel

* New Nucleon Final State Interactions (FSI) uncertainty

* New multi-TT uncertainty varying shape of hadronic mass and TT1-

multiplicity

volume 230, pages 44694481 (2021)
See our NuFact 2022 talk on NEUT for details!
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135

3]
T

04—

v-mode

TeK flux

— CC Total

— CCQE

--- MEC

—— CCRES
CC Multi-pi

— CCDIS

0.15F
04F

0051

v-mode

T2K flux
— CC Total
— CCQE
--- MEC
—— CCRES

CC Multi-pi
— CCDIS
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Sensitivity to nuclear model parameters

SEPEOIES MV
OSCIELEAHCN ANALY S
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B L Pion FSI =
30 R e Undetected Pion =
_ EooR o mmea nucleon FSI ]
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