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T2K neutrino experiment

,IZR\ = Measure 013and 0¢pthrough ve and veappearance

= Estimate the 025and Am2s;through v, and v, appearance

goals
Y o - VUt n— i +p T2K upgrade — 30 sensitivity on Ocp
4\\ Vel " J# [« S . — -+ :
“ \\\(/@ Vy+p—p+n
A T — | Super K
KAMloon@o TOKAI 30GeV decay volume Off-axisND
Tokyg proton beam - V
osaka. — A ‘—--;—-__-- B e Y = " R W “—
O

target & 3horns L 2 e T QR Off-axis angle 2.5 deg.
o — beam dump Q-Eﬁ'\ TR, beam axis
muon monitor s  memaa.

On-axis ND (INGRID)

T2K Fall 2022 upgrade:
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» Thebeam from 500 kW to > 750 kW (final ND280

beam power 1.3 MW)
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ND280 upgrade

ference on Instrumentation, 2019

Proposed ND280 tj[;grécgem

Motivation: Current ND280

= ND280 has limited acceptance for IF h
. . AL
tracks with high angle . | D
— lower efficiency = s |
. . Good acceptance only for BEWinipiaceoithe PODTY v-TPC1 & v-TPC2 M v-TPC3 S
- LOW efﬁClenCy to reconstruct the forward tracks + 6 TOF planes surrounding the new tracker

hadronic part of the interactions,

therefore, only muon .ki“‘?matics are The upgraded configuration of ND280 is
asgessedl o T2 osellaom el expected to reduce the overall systematic

uncertainty to 4%

» The highly segmented target for

. : Effici to select CCOpi t
Super-FGD » improve the reconstruction Iciency to seiee prevents

Muon angular acceptance

. > i z I 7 T3
of hadronic part and low momentum £ of  Muonsin TPCor = g ook Proton fracking threshold -
- B stopping in SLI[)CI‘FGD_ — | é 3 Work In Progress -
leptons Sy st ~ £ os :
P o7t A 4 4 = 0.7 3
osf : P 0.61 3
»2 new HA-TPC » improve the : e L ::j ND280 Upgrade -
reconstruction of high angle leptons wE L~ Trcony 03 Gl g2
P —"Current Q2E
- .~ efficiency 0.1 |
» 6 ToF planes » reduce background from R e e e e WE e o w0
the outside of SuperFGD

installation of the upgrade is expected in the first half of 2023
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» Fully active plastic scintillator ' «\
detector (200x180x60 cm®) S | B W,
o Reflector m.:u;l;\; Plastic Y’Crosslalk Photons "g:ﬂcr;tcd photon
» 2 million cubes 1x1x1 cm3  \"" AT pneten - iaton proces

b 2.2 tons target mass

» WLS three orthogonal directions read out » cover full
solid angle

» 3D reconstruction
» Low energy threshold, short track detection

» High spatial resolution

» Neutron detection PhysRevD.101.092003 (2020)

Prototypes tests:

>

Main components:
CERN (2017, 2018) NIMA 936 (2018),

JINST 15, 12 (2020) » 125 and 9216 Scintillator cubes Mechanical box Optical parts
cubes

Electronics

Neutron test beam in LANL
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https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12003
https://www.sciencedirect.com/science/article/pii/S0168900218311926
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092003

Super-FGD performance

CERN Test Beam (2017, 2018) NIMA 936 (2018), JINST 15. 12 (2020)

s 500 — ; 0.08 F
»  CERN-PS T9 beamline provided charged s | Eitvas " oorf -~ proton
particles of various types in the momentum  § “°f 3 — wn
range +400 MeV/c to +8 GeV/c Ll F H
»  Time resolution 1.14 ns for a single § 200 - oosf- ’ %
channel : ' oosf-
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Access to neutron kinematics is crucial to >
understanding better anti-neutrino CCQE and 2p2h

interactions g

3
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Neutron test beam in LANL:

2 prototypes (Super-FGD and US-Japan) were tested in 2019 and
2020 in the LANL LANSCE facility.

Neutron beam energy ranges from 0 to 800 MeV

Neutron kinetic energy was measured with 2% uncertainty using
ToF

Total cross-section as a function of neutron energy was measured
by fitting an exponential function to the event rate depletion

Sources of uncertainties: time resolution, invisible scattering,
detector effect, light yield, geometric acceptance, collimator-
induced energy

N (z) = Nge~ Totor.2
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https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12003
https://www.sciencedirect.com/science/article/pii/S0168900218311926

High-Angle TPCs

What is new: = Inherit the design of the existing TPCs

= New field cage

4 Minimize the dead space and maximize the tracking UA| Magnet

volume

MicroMegas -

Module Frame~~

= New resistive Micromegas module:

+ Bu@k Micrqmegas readout module replaced by new ) » High-resolution tracking (3D reconstruction) of
resistive Migcromegas Modules (ERAM) » spread the M ain g od | . charged particles
charge over multiple pads » improving the spatial » Particle identification (charge and momentum
resolution and reducing the number of readout pads, no measurements)
need in sparks protection
_,‘ l uparade arxiv:2106.12634 .

bulk MicroMegas m resistive anode MicroMegas H A-T PC req u I re m e n tS :

' : Mesh @ GND

| Mesh@-gev - CCTToSmTomooos . = To distinguish between muons and electrons at 3¢ level » energy

Amplification gap: ~128un .
iualor 30 S0 — resolution < 10%.

= Momentum resolution < 10% at 1 GeV/c » spatial resolution< 0.8 mm
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HA-TPCs performance

dE/dx resolution  Spatial resolution

HA_TPCS teSt beO m : E----- --------- ‘ --------------------- -----' ----------- Eé "1.3-;.-].."l."].".Y".:"-Y"-""l"""g ----- E; -..5‘;;—-..:..-I..-.r.-.:-..:..-r..-.[.-.:-.;-.i
. 5 R I B I L i
= CERN 2018 (10.1016/j.nima.2019.163286) __ : | JE R f
% 1.5m drift distance; 7, e, p trigger; : ' ; " : EE
2018 MMO-DLCI1 't E m-§ e -
7[).“m“mmm..“;“.Som,m.,70;);;:(;',w;).{c[;:;)0 T e e D‘::_’ﬁdi’:mm:’[cm‘;"é
= DESY 2019 (arXiv:2106.12634) R~ ] Ewe
*4 GeV e- 0.15m drift distance; 2019 P EI R
MM1-DLCI1 (larger pads) Lt L g0
= DESY 2021 (ongoing analysis, : B AT o mi |
results are later in the talk) PPN 1 O, & .|
*4ﬁGeV e-; 1 m drift distance ' = CERN May 2022 (rescheduled)
(Inal detector drift distancel); *Test of the one-half of HA TPC (final design)
*2020 ERAM#01 ol e IS __~FRW Trackers ‘

(better charge spreading, {1 RC)

= CERN November2021 —

*u beam; the same TPC
as for DESY 2021 +
TRK; no mag. field.
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https://cds.cern.ch/record/2687703/files/1907.07060.pdf?version=1
https://arxiv.org/abs/2106.12634

DESY 2021 test beam results

MM1+ARC electronics Guide rails

In order to ensure that setup satisfies the ND280
upgrade requirements the test beam intended to: 70

»  test the setup stability

»  characterize the charge spreading and
study resistive foil uniformity.

»  measure spatial and energy resolution;

Horizontal track

Inclined track

Horizontal tracks with varying peaking time
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Fullfill the requirements: dE/dx resolution < 10%
and spatial resolution < 0.8mm
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Time of Flight detectors

» 6 TokF planes will fully cover 2 HA-
TPC and Super-FGD

» Each plane 2.2 x 2.4 mm? consists
of 20 scintillator bars

» Readout of 16 MPPC at both ends
of each bar

3 0.3f
N Godls:
g 0.25[- O G S .
o [
2 o2 . .
. oL = Provide a time stamp for each track »
S ng le bar test: N SO M identify the direction of the tracks »
. ol _ reduce the background
= Performed for cosmic rays . . One-sidoby amayt o o
005 o = The cosmic trigger for the calibration
= 140 ns time resolution : v Weighed two-side 182 of Super-FGD and HA-TPCs
S T T |-
X [em]

arXiv: 2109.03078
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https://arxiv.org/pdf/2109.03078.pdf

ND280 upgrade physics studies

Fluxmodel  Doector e odel ) R
scillation . ,
NiVD(EU) — (I)iVD(Ey) X|€ND(EV) X GiVD(Ey) Probability Upg rade 9|VeS access : ﬁ'f’1
NID(E,) =\ OFP(E)| x| P(E ) X ol P(E)X P, , (B, | | 00O partorihe ]
Ju— \ € 0 . ) ]
L v w177 V7w |k final state » new, more |

Nuclear effects are the main source of E, uncertainty:

"
o @
P 4 i o
o e -
- o + > ¢, +
vy, " [ Y ,
)
Free Initial Nuclear
Nucleon State
X ) o e
o -
: N ® : '.‘ ®
+[ 7 e + .
L 0 ° o o ©
] o
Extra Nuclear Final State
Effects Interactions (FSI)
N 2 T T T T T T ]
D 45— —
HRS = — Total E
R —— CCQE Carbon E
. > 351 —— CCQE Hydrogen =
. § 302 — - 2p2h 3
R E Pion Absorption
H 'E ----- Undetected Pion
-
<)

800 1000 1200 1400
dp, (MeV/c)

= kermi motion

Removal energy

Final State Interactions (FSI)
Non quasi-elastic event
without pion in the final state
(2p2h, pion absorption,
undetected pion)

1113

arXiv:2108.11779

powerful variables:  §
dpr, 8, Evis §

@ Opr = |prt-prP™| missing momentum

@ Transverse boosting angle 8a

@ Visible energy Evis- E, + Tpm), where Tpm) kinetic
energy

Future OA for ND280 upgrade » multidimensional fit p +hadron kinematics

* 8prsensitive to Fermi motion and 2p2h, separate CCQE and

— Total
—— CCQE Carbon
—— CCQE Hydrogen
— - 2p2h

Pion Absorption
- - Undetected Pion

600

800 1000 1200 1400
8pT (MeV/e)

non-CCQE
* 8a shape sensitive to FSI

* Eyissensitive to nuclear removal energy
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https://arxiv.org/abs/2108.11779

ND280 upgrade physics studies

Constraints on parameters Simple fitter study
using new transverse shows much better model constrain
kinematics: opT, 80, Evis needed for future LBL analyses
arXiv:2108.11779 Current and future studies:
T GUNDAM
£ E Generic fitter for Upgraded Near Detector Constrain ND280 model using transverse
g i """" anti-neutrino E Analysis Methods kinematic parameters
% i — Use of Super-FGD samples
- 3 | Study the ND280 upgrade performance on
2~ . ve selection and ve cross-section
e ED measurements.
T S TR N R Improve the neutrino interaction model
Protons on et
fonson tare Study nucleon FSI (arXiv:2202.10402)
. S e e B L B
:‘:’, 35%- _ —— neutrino =
EOE G E
g 30;— ------- anti-neutrino
g ;5)_ : =  Developed for cross-section and
= 155— 3 sensitivity studies for ND280
105_ E upgrade
o E =  Fast and user-friendly
ob oo aa0* = intended to find the best parameters
0 5 10 15 20 25 .
Protons on target values of ND280 model, introduced
= CCOmdatabinnedin dprand E: by flux, detector, and cross-section
@  1pth (CCQE) » contrain uncertainty parameters sets and propagate the
~1.5% (~2%) for v (¥) uncertainties of the parameters,

@  npnh (CCQE+SRCs) » < 5% (10%) for v (¥) compare to data
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https://arxiv.org/abs/2108.11779
https://arxiv.org/abs/2202.10402

Conclusions

= T2K upgrade goal is 30 significance to CP violation
= Beam power is expected to increase from 0.5 W to 1.3 W
= ND280 upgrade intended to reduce total systematics

= ND280 upgrade is in the preparation stage, and an installation is expected in the first
half of 2023

= The tested performance of Super-FGD, HA-TPC and ToF planes fully meets the
requirements of the ND280 upgrade.

= ND280 upgrade program shows the impressive ability to constrain key systematic
uncertainties.
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THANK YOU!

T2K collaboration meeting, 9-13th May, 2022
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The T2K Collaboration (2022)

— N L7
Iv0 P ] o = L

~528 members, 76 Institutes, 14 countries

Japan 103 Canada 24
. USA 60
Vietnam 6
Hungary
o 0%
France 55 Japan 1400
22%
France
Germany 9 --all (total accumulated)
1200
Hungary 1 ~-all (current)
1000
|ta|y 30 ) Vietnam students(current)
Switzerlan, .
6% 1% 800
Poland 23 Canada -—authors (current)
5%
600
. Russi ---postdocs (current
Russia 27 uesta P ( )
400
Spain 17 Spain
4%
200
Switzerland 26
Poland
5%
0
UK 91 88553833338 588558888380 500003 N85 LSR228]35S
UK 535363636353 5383536823563538353582363538383838363 5§

19%
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T2K detectors

ND280

Fine Grained
Detectors (FGDs)

Side Muon Range Detector
UA1 Magnet

POD ECol Electromagnetic

Calorimeter (ECal)

Time Projection
Chambers (TPCs)

» Magnetized detector off-axis detector

» CH (FGD1) and CH/Water(FGD?2)
targets

» Mesure v rate before oscillations (p, and
0u)

» Constraining neutrino flux and cross-
section 0

INGRID

~]10m

» On-axis scintillating detector 4

» 'To monitor the beam position >
and stability

4

4

SK

Cherenkov detector

50 kton of pure water and 22.5
kton fiducial volume

Equipped with PMTs to detect
Cherenkov light

Reconstruct muon and electrons
based on Cherenkov ring patterns
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Neutrino oscillation parameters

~i8
C12€13 $12C13 _ s13€

_ is 5
UpMnNs = | —s12c23 — c12s13523€'®  c12€23 — 125135238 13523
i5 i5
$12523 — C12513C23€'°  —C12523 —S12513C23€°  C13C23

where cjx = cosBjy, sjk = sinbjk, O;x - mixing angles, 8 — CP-violation phase

if 8cp # 0(m) — CP violation |

Neutrino sources:

Solar Atmospheric Measured oscillation parameters

‘” ‘;‘\ \ — Am3; = AmZym ~
NN ﬂ (2. 56+(;)b03)x10"3eV2
' Am21 S Am

sol
Reactor  Accelerator (7.501'(?_2202)x10‘agev2

e o S
sin® 013/1072 ~ 0.093 =+ 0.008,
sin®015/107! ~ 3.18 + 0.16
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ND280 upgrade

U. Yevarouskaya ICHEP, 6-14 July 2022, Bologna, Italy




DESY Test Beam area T24/1

ERAM module (design for future HA-TPC) was tested at DESY |l test
beam facility:

— electron beam from 0.5 to 5 GeV/c in a short chamber of 1m drift distance

— 0.2 T PCMAG magnet and 360 V

~— AFTER chip: sampling time = 40 ns, peaking time of 200 ns and 412 ns, gain of
120 fC

— gas mixture: argon 95 %, 3% (CF4), 2% (iC4H10)

— oxygen contamination of 30 ppm at gas flow rate of 30 I/h

~— the chamber operated under atmospheric pressure

— PCMAG
/ 5 GeV
-
el
"’, e a
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ERAMs performance

= Cosmic ray test bench
* Tested DLC voltages (from 330 Vto 370 V)

Characteristics of the ERAM module:

= Dimensions (zxy): 340x420 (mm)

= Micromegas gain 1000 * Single vertical track per event

= Pad size (zxy): 10x11 (mm)

= N pads: 36864 (152 per module) —‘ = X-ray ray test bench

* Fe3 source to scan detector pad by pad, centered at each pad

e * 3 cmdrift distance
_—y Each ERAM module is glued to
supporting stiffener and mounted on the Accepted nonuniformity up to 20%
3 module frame. Then various modules such Gain maps /
I as Front-End cards (FEC), FEC cooling
' plates, the Front-End Mezzanine (FEM),
Power Distribution Cards (PDC) and FEM
W e o water cooling plates are connected to
W R complete the design.

e N * Energy resolution of ~9%

« 3632 = 1152 pags

* 2 x 576 charnel FEC

* 8 vertical FX23 Hirose
floslag conneclors

" FEMMI cooling plate
Irfu

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

In order to characterize and validate the ERAMs production,

identify dead pads and check the detector response uniformity “F el -
. = 1600
» various tests are performed . -
% -
L . - N L. -

g =

£

€ "t

'Té_ E

< IR -H_M
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