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NU_10 program overview

(\)

Assembly, commissioning, and installation of upgrade ND280 detectors
Data analysis with the new upgrade detectors

Neutrino cross-section analyses with current/upgrade detectors
a. ND280

b. INGRID

c. WAGASCI-BabyMIND

Members:

a. 25H(FR)

b. 23(JP)

c. Pls: Guillaume EURIN, Tsunayuki MATSUBARA
Goal:

a. Reduce the systematics related to the neutrino-nucleus interaction at the near
detector in order to maximize the sensitivity of T2K (and eventually
Hyper-Kamiokande)



Neutrino oscillations

Flavor states are a linear superposition of the
mass states via the PMNS matrix

Vo >= 2 Ug;ilvi >

Flavor states produced and detected and mass
states propagate
For T2K muon neutrino oscillations take

place: ,
P(v, — v,) = 1 — sin?(20q3) sin2(AT§72L)

Py, = ve) &= sin?(2613) sin?(fa3) Sin2(AT§2L) F O(sindcp)
if Op 7+ 0 and o ., == T, neutrino and
antineutrino oscillate differently, implications
on matter/anti-matter asymmelry in the
Observable Universe

Neutrino Source

Flavor
state
produced

\ESS
NEIES
propagate
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Neutrino oscillations

e Flavor states are a linear superposition of the
mass states via the PMNS matrix
Vo >= 2 Ug;ilvi > 1
o [lavor states produced and detected and mass %
states propagate =202
e For T2K muon neutrino oscillations take =1
place: 01
P(v, — vy,) & 1 —sin?(%fa3) sin2( ) ?
~0.05
P(v, — ve) = sin’ (2613) sin? (fa3)) sin” -— ) F O(Sln/ =
o |f Op 7+ 0 and o ., == T, neutrino and

antineutrino oscillate differently, implications
on matter/anti-matter asymmelry in the
Observable Universe
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Neutrino interaction

e C(Charged current interactions

e Neutrino interactions identified by
outgoing lepton (muon/electron)

e Reliance on muons, missing
hadronic part — Near detector
upgrade will help with this
limitation



T2K Kxperiment

e Long baseline neutrino oscillation experiment in Japan

e Neutrino ((anti-)numu) beam produced in J-PARC

e [irst detected at near detector complex (ND280) then a second time in the
Super-Kamiokande (SK) detector 295 km away

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama
1,360 m
1,700 m below sea level

Neutrino Beam

295 km
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Near Detector

Vi
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Near detector complex

% ND280: direction aligned with SK, cross-section measurements

% INGRID: beam monitor

* WAGASCI-BabyMIND: Water targets, cross-section measurements
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1 S Far detector oscillations
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Oscillation
Analy51s

7

ND Data

//

/ Near Detector Fit

/

FDttFt

{ Detector

Model

(x) o(E,,X)QD(E, )®Df“r(x)® P _(E,)

o(E,,x)®D(E,)® D™ (X)

Oscillation
Parameters

e Near detector fit used to constrain cross-section, flux and detector models by tuning a

series of parameters that describe these models

e Tuned flux and detector models used to predict the spectra at Far Detector
e [ar detector fit used to extract the oscillation parameters




Recent Results: SK 4 T2K joint oscillation analysis

e Joint measurement of neutrino s yETTTTT R MVCAREE S
oscillation parameters from R —SK+T2K -
(SK) atmospheric and (T2K) 2 _§§I§+ND) e
beam neutrino data with i — lo B
overlapping neutrino energy : el .

e DPhys. Rev. Lett. 134. 011801 Ul E
— results show an exclusion of B ‘ W =
the CP-conserving value of - .
the Jarlskog invariant and an -2F L .
exclusion of the inverted mass _35_ | .’.:QI.:.::[”H’f'l"r-, ~zZAAE _5
ordering 035 040 045 050 055 060 065 070 075

5 D)
sin“0,,

10


https://doi.org/10.1103/PhysRevLett.134.011801%20Article%20has%20an%20altmetric%20score%20of%2044

T2K-11 : Future sensitivity

e Still very limited by statistical C”° IIIIIIII IIIIII.I
uncertainties in oscillation analysis & Set A22, Normal Ordering
e T2K will take data with greater S L - *- Stat. only -
beam power — increased statistics, 'i 6L 0A2022 model C
but systematic uncertainties become E
more relevant %
e To counteract this upgraded near o
detectors used to constraint e 4 L
cross-section and flux systematic <
uncertainties
I AR RN RN NN SN NN SRS SRR
3

T2K Preliminary POT [x 1021]



Near Detector Upgrade

e Upgrade to address certain limitations of the
Near Detectors (ND280)

o  Short track reconstruction (low momentum
pion/protons/neutrons)

o  Low acceptance for reconstructed particles, mostly
forward tracks

e Upstream detector replaced by:
o SuperFGD : interaction target and tracking
o 2 HA-TPC : tracking and covering large (4pi)
acceptance
o 6 ToF : PID, veto, cosmic trigger

p.d.f

0.4

0.3

0.2

0.1

—— E% FaD1+2
N i
—— EX* sFaD+FaD142]

“ E,, SFGD+FGD1+2 -




SFGD: Super Fine Grained Detector

e Target detector filled with around 2 million

scintillator cubes (approx. 2 tonnes active volume)
e 4t tracking of protons tracks down to 300 MeV/c
e Probe interactions with nuclear effects

SuperFGD readout structure SuperFGD scintillator and fiber SuperFGD scintillator cubes under assembly

g Hit MPPC

O Q] Hit
% MPPC

Hit MPPC




HAT

e SFGD sandwiched between these two modules

e Installation:
o  bottom HAT (spring 2023)
o  Top HAT (spring 2024)
e ERAM (Encapsulated Resistive Anode Micromegas)

technology allows for improved spatial resolution

e (Great amount of contributions from the French group:

o  MicroMegas
o  Front-end/back-end electronics
o  Power supplies

HA-TPC schematic view

Drift volume

Standard bulk-MicroMegas

1 Mesh @ ~ -360V

Amplification gap: ~128ur

FR4 PCB
v
A\

Encapsulated Resistive Anode
MicroMegas (ERAM)
¥

i
5 Mesh @ GND

Amplification gap: ~128pr DLC @ ~ 3¢sovT E

insulator ~ 50 [Ty
glue ~ 75-200_ 4
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(SFGD) assembly and installation

Front end board (FEB) Production and testing in France
Testing of the of FEBs joint french and japanese effort!
Cable management at J-PARC

Cooling plates for FEBs produced in France (LLR)

TOF installation HA-TPC installation SuperFGDnsi
(July 2023) (Sep. 2023) (Oct. 2023)




Final installation

; & ¥ e [inalized installation of upgrade detectors in May
' : 2024 with the installation of the top HAT

New physics data taking started with ND upgrade!
o  From May 2024 to July 2024
o  From Nov 2024 to Dec 2024
o In Feb 2025

Run number : 16946 | SubRun number :9 | Event number : 172366 | Spill : 20376 | Time : Fri 2024-06-21 15:50:07 JST | Partition : 61 [Trigger: Beam Spill

top-HATPC

Super-FGD
Proton???

bottom-HATPC
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Upgrade selection

e New selections currently being made for new

upgraded detectors — joint japanese -+ french effort
e [xploiting proton reconstruction efficiency:
o SFGD, out of 102904 selected events 54407
are with protons, proportion is: 52.87%
o FGD, out of 52743 selected events 16715 are
with protons, proportion is: 31.69%
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e Access to more backward
tracks, more phase space!
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GUNDAM: Fitter for Upgrade Analyses

o GUNDAM developed in the context of physics sensitivity studies meant to quantify the
improvement in the constraint of systematic uncertainties with the Near Detector
Upgrade

e Provide user friendly workflow to accommodate a variety of complex analyses with the
use of configuration files that can be easily defined and modified

Pre-fit/Post-fit comparison for Flux Systematics ° Addresses challen oes that m ay

P come with future analyses such

as:
L/ \‘A | o Increasing number of samples
* o  Additional complex systematic
parameters
o Among other things!

U
(:)R m e Already used for ND upgrade

’l"
,9\‘ N and WAGASCI-BabyMIND
? || sensitivity studies and will be

T TR N TR B0 SR B R TR R R R BT TN R R RV R RT3 T R B T oo R RGN A E SR ST U 5 TSR E A RS

used for many more analyses!



https://github.com/gundam-organization/gundam

WAGARSCI-BabyMIND cross-section analysis esus pubiic, awaiting

publication)

Number of events (/3.3 x 10* POT)

Number of events (/3.3 x 10°” POT)
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Different off-axis, different energy spectrum

First full analysis with current detector setup
Same target and acceptance as SK
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Events (Normalized to 2.95x10 % POT)

Events (Normalized to 2.95x10 ° POT)

WAGARSCI-BabyMIND for joint analyses

e Integration of software into common analysis framework,
facilitate future analyses

o Sensitivity studies realized to see potential effect of the
addition of WAGASCI-BabyMIND detectors

e Validation of said integration with previous mentioned
cross-section analysis and creation of new analysis samples

FHC UWG-BM CC 07* Op [ oo A FHC UWG-BM CC 1t ME

% 200 400 600 800 1000 1200 1400 1600 1800 2000
p, (MeVc

-------- - P, Shell MF Norm O
wooaemee Py, Shell MF Norm O
w8 Shell MF Norm O

Gl\II|\IIl‘IIH|H]I|HII|IIH|IHI|HI

o 1 2 3 4 5 6 7
x10*' POT
NOW 2027
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Conclusion

Huge achievement — completion of near detector upgrade with a
significant participation on the French 4 Japanese side along with
other members of the T2K collaboration

Recent analyses:

o Eur.PHys.J.C, 2023, 83, (782) , Phys. Rev. Lett. 134, 011801,
10.1103/PhysRevD.108.112009
o And soon many more!

With the recent runs an additional ¥4 of current statistics, more beam

power!
Now that upgrade detectors installed and running, many analyses are in

the works which will lead to many new publications
Expect major updates for Neutrino 2026 and FJPPN 2026!
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https://doi.org/10.1140/epjc/s10052-023-11819-x
https://doi.org/10.1103/PhysRevLett.134.011801%20Article%20has%20an%20altmetric%20score%20of%2044
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112009

Thank you for
your attention!
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Neutrino Interaction

— 1
) Neutrinos rarely interact via weak interaction >
R
e Charged Current(CC) 5 08 T2K flux
3 L —— CC Total
o [ — CCQE
® Neutral Current(NC) S el - - - MEC
L » ~——— CC RES
- B CC Multi-pi
S e e L —=CEDIS
) Interaction in range of T2K beam flux A
® CC Quasi-elastic (QE) _
0.2—
—|epton, proton(anti-neutrino:neutron) B
® CC Resonance scattering (RES) %" o5 1 15 2 ‘/ -
5 . B, /€
Slepton, proton(neutron)+z, 1, K, Muon neutrino cross sections
Quasi-elastic Resonance scattering Deep inelastic scattering

® CC Deep inelastic scattering (DIS)

v, 1_

—|epton+multiple hadrons

/
. b

hadrons

® CC coherent pion production (coh)

—|epton+charged pion
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SK
= 50kt water Cherenkov detector having ~11,000 20-inch PMTs.

= Good separation of electrons and muons. — Separate v, and v, CC interactions.

= Gd loaded for enhanced neutron
detection in 2020.

v, candidate event v, candidate event
(fuzzy Cherenkov ring) (sharp Cherenkov ring)

QOuter
detector

25



Recent Results: T2K oscillation analysis (was shown

lastyear) ocp,bij, Am,?j

e Hur.PHys.J.C, 2023, 83. (782) — Exclude CP-conserving values of [],

Nx : I T T T T | T T T | | T T T 13 I T T T T | T Ir’//l1 T | T T T T | :
< o5 / _
[ — Normal ordering y / 2

20 :_ — Inverted ordering / \\ _:

L o CL / \\ 4

C 90% CL / \

15 — EE2ecL / \\—_

- [ ]3ccL AN

N 2

10 =

5 ]

-3 -2 -1 0 1 2 3

Parameter With reactor constraint
Normal ordering Inverted ordering
Scp (rad.) —1.97J_r8:25 —1.44f8i§8
sin? 0y3/1073 - -
sin? 63 056100 05631003

Am3,/1073 (eV?)
|Am2,1/1073 (eV?)

+0.041
2.4947 5 058

+0.042
2.4637 ) osc
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https://doi.org/10.1140/epjc/s10052-023-11819-x
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Joint INGRID 4 ND280 cross-section analysis

(10.1103/PhysRevD.108.112009)

e (orrelated neutrino flux spectra reduce flux uncertainty

(]
On-axis .-

o o 0.50 < cos(6) < 0.82 o o 0.82 < cos(6) < 0.94
s F 2 12f
El 2 |
g 6F Ug 101 | i
ER 3 RS T
5 e | —'— % of
<. 8 £
s s,

04 05 06 0.7 08 09 04 05 06 0.7 0.8 0.9

Muon Momentum (GeVi/c) Muon Momentum (GeVi/c)

10
e F 0.94 < cos(6) < 1.00 + Data
g 12F
S o _*_ NuWro 21.09 LFG+Martini
o %% =155.68
2
% © NuWro 21.09 LFG+Nieves
2. 4 %2 =141.04
S
© 2 NuWro 21.09 LFG+SuSA

ol 2
054 nfs ofe of7 nfa o.ls x*=13538

Muon Momentum (GeV/c)

o _dc cm?.
p,dcost, nucleon Gevie

&o

p,deosB, nucieon Gevic

o

E.

0.98 < cos(6) < 1.0

(I B TR T B R 3
Muon Momentum (GeVic)

: 0.90 < cos(6) < 0. o s 0.94 < cos(6) < 0.98
2
7 @ 7
5 5|8 6
|12
5 g 5
4 54
3| % 3|
0|3
2 0[S, 2|
IS
1 o q
02040608 1 121416 1.8 0 0.5 1 15 E 25
Muon Momentum (GeV/c) Muon Momentum (GeV/c)
10

Data

NuWro 21.09 LFG+Martini
%% =155.68

NuWro 21.09 LFG+Nieves
22 = 141.04

NuWro 21.09 LFG+SuSA
%2 = 13538

27



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112009

X position [cm]

Upgrade reconstruction (remove?

Run = 16946, Subrun = 9, Event = 172366

=TT

D asionlor

Work in progre

ZX projection

8 ZX

L. L L L L "
-125 -120 -115 -110 -105 -100
Z position [cm]

YR EEE]

o

2000 8
18003
- —{1600
1400
1200
1000

Y position [em]

Y position [cm]

XY projection

o

-15

£ XY

4 6 8 10 12
SS
YZ projection

14 16
X position [cm]

G

=)

YZ

& *_‘-

—15k1 L L L
-125 -120 -115 -110

-105 -100
Z position [cm]

SR F ¥ 3

i otz
folpe.

&

]

o

28



Neutrino oscillations

5
C12C13 $12C13 513€°°CF

_ X0) 1)
U = | —s12C23 — €12523513€"°CP  C19Ca3 — S12523513€"°CF 523C13

100 p dcp

§12823 — €12€23513€ —C12523 — 3120235136z C€23C13
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Commissioning

Probably move to back up, or put few plots
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Joint fit atmos detailed

31



Old detectors

e Plastic scintillator (FGD1 and 2)

FGD1 FGD?2 v'U target (~2t)

(1t CH) (1t CH+H20) v'Forward tracking, PID
e UA1 magnet (0.2T) instrumented

with scintillator detectors (SMRD)
vCharged ID = vvs U
¢ Time Projection Chambers (TPC)
* EM Calorimeter (ECAL)
o 7° detector (scintillator + water)

g Tracker
Pi-zero

Since 2010 Detector




SFGD assembly

Installation of soft EPDM foam Closure of the bc3x - Transfer to new support frame
— i - S & / . I’ A i =

W

Fishig Iis removal : :
and WLS fiber insertion MPPC-PCBs installation Installation LED calibration

e ' S — ’:'!E

§ - - P

E = e =
Arrangement of MPPC cables
<;/ k_\_,.‘:\’ S— -

= ~6 months
&y since the start
I of cube layer

Apr.12! installation 33




HAT

Resistive layer enables charge spreading
m space resolution below 500 um with cm size pads
m less FEE channels (lower cost)

m improved resolution at small drift distance (where transverse
diffusion cannot help)

Resistive layer prevents sparks
m enables operation at higher gain

m no need for spark protection circuits for ASICs
- compact FEE - max active volume

Resistive layer encapsulated and properly insulated from
Ground

m Mesh at ground and Resistive layer at +HV
m improved field homogeneity < reduced track distortions

Standard bulk-MicroMegas

Amplification gap: ~128pr

FR4 PCB

i
"

Mesh @ ~ -360V

Encapsulated Resistive Anode
MicroMegas (ERAM)
1

Mesh @ GND

Amplification gap: ~128un

insulator ~ 50 [
glue ~ 75-200 L

DLC @ ~ 360v1A E
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ToF

) 6 Time Of Flight(TOF) detectors consist scintillator bars , and surround SuperFGD&HA-TPC
) All TOFs are shipped in summer 2023 after assembly at CERN

) Raw data time resolution of 0.63 ns for twice modules in ND280 pit

Row data hit timing
D e B B e as
[ 1 =-0.009 +- 0.012 ns i
0 =0.63 +- 0.002 ns

£

Preliminary B

At - d/c (ns)
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Calibration and stability

Pedestal stability MPPC gain stability

= Ratio of bad channels is small. TEPEEEEEF A T THdeli] fodukihd R g
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N
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= Pedestal and gain are stable.
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= |nter-calibration of high-gain
ADC, low-gain ADC and time
over threshold.
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Accumulated POT

accumulated POT for physics analysis (total)
accumulated POT for physics analysis (v-mode)
accumulated POT for physics analysis (V-mode)
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Jarlskog
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