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The Upgrade of the ND280 near detector of T2K's overview

e Whatis T2K (and a Long Baseline Neutrino experiment)

e 12K goals and status
e Neutrino oscillations

e Neutrinos interactions

o Whatis the ND280 Near Detector
o What's its impact on the oscillation analysis

o Why we needed an upgrade? Limitations and improvements on its physics potential

e The ND280 Upgrade
o INnstallation, integration and commissioning

e First performances
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Tokal - 2 - Kamioka (T2K) experiment

| Super
Kamiokande

v_oscillation
00,0

®
V_ oscillation

Long
e High intensity ~600 MeV v, or ¥, beam produced at J-PARC (Tokai)

Baseline (LBL) Neutrino

V. contamination

-~ 295km
Neutrino beam

-xperiment, studying Neutrino Oscillations

« Neutrinos detected at the and at the Far Detector
(Super-Kamiokande)
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Neutrino Oscillation

e Quantum interference phenomenon

o 3 flavour eigenstate (ve, vy, ¥ ) and 3 mass eigenstate

(v, v2, ¥3 )

Ve Uel Ue2 Ue3 Vi
Vi Ur] Ur.?l U‘c3 V3
Flavour PMNS matrix Mass
eigenstate (Pontecorvo- eigenstate
Maki-
Nakagawa -
Sakata)
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Neutrino Oscillation
/— PMNS matrix ﬁ

v, 1 0 0 cos 0,3 0 sinfpe | ( cos@,, sinO, O0) (v,
V| =0 cosbh; sinOy 0 I 0 —sinf,, cos@;, 0][%2
Ve 0 —sin 923 COS 623 —s1n @136i5CP 0 COS 913 () (0 1 V3

Atmospherics and LBL Reactors Solar and reactors
023 ~ 45° B13~ 10° 012 ~ 35°
|AmZ232| ~ 2.5x10-3 eV?2 Am?2o ~ 7.5x10-5 eV?

Neutrino oscillation can be described knowing 5 parameters:

e 3angles: B2, 623, B13

. 2 mass differences: Am2i, Am?2s» Quite precise measurements on

. 1phase: 8cp almost all parameters BUT ..
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Neutrino Oscillation
/— PMNS matrix ﬁ

v, 1 0 0 cos 0,3 0 sinfpe | ( cos@,, sinO, O0) (v,
V| =0 cosbh; sinOy 0 I 0 —sinf,, cos@;, 0][%2
Ve 0 —sin 923 COS 623 —s1n @136i5CP 0 COS 913 () (0 1 V3

Atmospherics and LBL Reactors Solar and reactors

Bo3 ~ 45° 013~ 10° B2 ~ 35°
Am21 ~ 7.5x10-5 eV?

|Am23| ~ 2.5x10-3 eV/2

Still unanswered questions:

e IS Ocp=0 oris CP symmetry broken? — &cpvalue

Symmetry maqgazine
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https://neutrinos.fnal.gov/mysteries/cp-violation/

Neutrino Oscillation
/— PMNS matrix ﬁ

v, 1 0 0 cos 0,3 0 sin@e | ( cos@,, sin@;, 0) (v
V| =10 costy;  sinby; 0 1 0 —sinf,, cos@, Of|v
2 0 —sinby; cosOy;) | —sin@e®r 0 cosO, 0 0 1)\"3

Solar and reactors

Atmospherics and LBL Reactors

B0 ~ 35°
Am2y ~ 7.5x10-5 eV/2

013~ 10°
| BL 813 and &c¢p

D23~ 45°
|Am23| ~ 2.5x10-3 eV/?2

Still unanswered questions: Normal Hierarchy Inverted Hierarchy
e IS Ocp=0 oris CP symmetry broken? — &cpvalue e ” 2—1:
« What is the sign of Am?232? = Neutrino Ordering/Hierarchy L v Ao ¥ —
: » V1 I— 1: Am2,
Vs _I e P —
-
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Neutrino Oscillation
/— PMNS matrix ﬁ

v, 1 0 0 cos 0,3 0 sinfpe | ( cos@,, sinO, O0) (v,
V| =0 cosbh; sinOy 0 I 0 —sinf,, cos@;, 0][%2
Ve 0 —sin 923 COS 623 —s1n @136i5CP 0 COS 913 () (0 1 V3

Atmospherics and LBL Reactors Solar and reactors
023 ~ 45° B13~ 10° 012 ~ 35°
|AmZ232| ~ 2.5x10-3 eV?2 Am?2o ~ 7.5x10-5 eV?

Still unanswered questions:
e IS Ocp=0 oris CP symmetry broken? — &cpvalue
« What is the sign of AmZ327 = Neutrino mass ordering/hierarchy

e 023 islarger or smaller of 4597 = Determination of 823 octant
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Neutrino Oscillation

v, 1 0 0 cos 0,3 0 sin@e | ( cos@,, sin@;, 0) (v
V| =10 costy;  sinby; 0 1 0 —sinf,, cos@, Of|v
2 0 —sinby; cosOy;) | —sin@e®r 0 cosO, 0 0 1)\"3

Solar and reactors

Atmospherics and LBL Reactors

023 ~ 45° 013~ 10°
|AmZ232| ~ 2.5x10-3 eV/2 LBL 813 and Ocp

B0 ~ 35°
Am2y ~ 7.5x10-5 eV/2

Long Baseline (LBL) experiments sensitive to 5 of the PMNS parameters:
o 023, |[AMZ32| = LBL provides the most precise measurements of these parameters
« Ocp and sign of AmZ32 (Normal or Inverted ordering) — still unknown BUT accessible to LBL

« 013 @ dominated by reactor experiments

S. Bordoni — DPNC Seminar, September 24th 2025



T2K physics goals

- - — — ) ) AmzL
vu and v, disappearance Pw,—v,)=Pw, - 1,)=1-sm"(20,5)sin"( 1.27 >
e Same oscillation probability for v and »
o Sensitive to |[Am?232| and to sin?(2623) — T2K's world leading measurements
e NO sensitivity to mass ordering and &cp
VoV, = V5V,
;é L[] 25 Offaxis vlulfllljxl R v, spectrum at the far detector
[ 2 _ P
% 1_”Am2 — Am§2=2.5x10'3 eV2, sin2023=0.5 | g 140’; T2K Run 1-10, 2022 Preliminary
T % L "—' 120 ; Oscillated
sin?(2023) 4 100 ; Unoscillated
N il 80:"—
0.5" 7N — E
7N _ 60:_
(@) - 0¢-
XA ‘ 20~
O ;;::[:::,;: "l,;I:::l:;;:. N N B ._ 0> . F: il . ] — A11 e —p—————— ]
0.5 1 1.5 2 2.5 3 v - 1 = Regonstructed 2E"rjwergy ( Gevi3
E, (GeV)
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T2K physics goals

d 7 — o sin*20,; , a = Am%/Am2 ~ 1/30
Ve an Ve appearance P(U,u — I/e) = Sin 923 (A B 1)2 S11I [(A — 1)A31 Jy = sin 26, sin 26,5 sin 26,5 cos 0,
JoSIn o p . .
(F)a sin Ay SIN(AA5)sin[(1 — A)A;]
A(l — A)
Jy COS Ocp , | ,
o coS Ay sin(AA5)sin[(1 —A)A5;] + O(a”)
A(l — A)
LI — Normal ordering Ocp
Sensitivity to dcp, to the and 023 octant - Inverted ordering

Vu%\/e’ Vuﬁve 68% syst err. at best-fit —— sin2623= 0.45,0.50, 0.55, 0.60 2 N =:t_n/2

0 0.1 T [ T T T T [ T T T T [ T T T [ T T T T [ T T 11 v Best-fit —Am§2=2.49X10_3eV2(NO) 0 6CP=O
Q% | 2.5° Off-axis Vu flux _ —o— Data (68% stat err.) ---- Am?, = —2.46x10" eV? (10) ° 5211:= —7/2

3 0.08 — 5,0 NHv - g T B

— 0,,=270° NH, v 7 '.g 0k E

0.06 -=== 0,,=0° NH, V — S - -

| v 1 5 200 -

=== 0,,=270° NH, Vv . ) 18: -

_ = - -

0.04 - g 16 =

1 ] e N ]

0.0} [l 5 b) - S :

bl TSNS : 2 nf -

O- ; ; i e e S S I-;L-.:_;;-I '- beolo o é 10_._. v o v v v by by v by by by | |—|:

0.5 1 1.5 2 2.5 3 50 60 70 8 90 100 110 120
Ev (GGV) Neutrino mode e-like candidates
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The T2K neutrino beam line and the off-axis technique

— — — — — — — — — — — — — — — — — — — — — — — — — — —

J-PARC Beam o detect
accelerator:

Far detector

|
_________________________ (Super-K)
I - |
295km = 1_ 5
- e
T o5 sin’20,,= 1.0
o 30 GeV proton beam from J-PARC Main Ring extracted onto a z ok | P i O
0.1 ' ' i ¢ t i i i i i } } =
. : : : : — NH, ., =0 —-IH,3,=0
e P+C interactions producing hadrons (mainly pions and kaons) NI =2 o~ DO =2

1 lid

e Hadrons are focused and selected in charge by 3 electromagnetic horns

e vy are produced by focussing Tt = u* + vy, (Forward Horn Current, FHC) T NP suicee

:2 I ?é‘?ﬂ/' T : -:;- OA 25" &

e Reversing the horn current (RHC) vy are produced from 1t = u- + vy = | T ~
& 0oL f The A

Ne‘f B 4‘;:5 ~ i

o Off-axis technique — detectors intercept a narrow-band beam. Off axis tuned W | :
to maximise the flux at maximum of the oscillation probability % o E ——- 3
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Super-Kamiokande

e 50 kton water Cherenkov detector

e ~11k 20" PMTs for the inner detector, ~2000 8’ PMTs for the
outer detector, used as veto

e ~1000 meters underground in Kamioka, operated since 1996
o Different shape of Cherenkov ring = discrimination e/u

e Added 0.03% Gd in 2022 = improve neutron tagging _

80
efficiency |
QGO_
OC) -
Signature of a neutron capture by Gadolinium > T
n 240
,'. ﬁ-S'H Gd .g -
| @ 5 |
3 |
j & 20
total 8MeV 0 ] TN g
-2,000 -1,000 0 1,000 2,000

Nature 580, 339-344 (2020) e/u PID discriminator
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https://www.nature.com/articles/s41586-020-2177-0

Near Detector complex

e At 280 m from the target

e Several detectors installed: N
B

§U p- Super—FGD

e Monitor the beam, )

Baby MIND
positioned here

Wagasci

WAGASCI/BabyMIND
Cross-sections on water

e Measure v and v cross
Installed in 2019

Side MRDs

INGRID: on-axis detector
Monitoring v beam profile day-by-day

/e
PN

> P

s Cross-section measurements
E,~2.2 GeV

In operation since 2009

S. Bordoni — DPNC Seminar, September 24th 2025 14



Neutrino Interactions at T2K

Neutrino mode

o At T2K energies dominated by CC QuasiElastic channel - -
e Significant and Resonant contributions W
n p
—_— OO Inclusive s NC Inclusive Charged Current (CC) interaction reveals the
—— OC Quasi-clagtic o= CC 2p2h flavor from the outgoing charged lepton
———  (CC Resonant 17 —  CC Multi-7 + DIS
E ik x PO Detected muon
E‘ b neutrinos at FD v _survival probability
T N.(E,)|x [P(v, — v, o(E,)®,, (E,)
:5 Cross section, from ND and v flux, from ND and beam
=X R it ........ e other measurements vazslliz s
@i 0 ' Tl l \ I R T T T T — ”1 ..... _— 11 .....
2 0.5 1 1.5 2
S E, (GeV) Same formula used for V_appearance
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o o —— CC Quasi-elastic = CC 2p2h
| I\ | —— CC Resonant 1r ~ —— CC Multi-7 + DIS
e u r 1n O n e r a C 1 O n S a < ' Dl x PO
g 1F

Observables

CC-GE CC-2p2h [ T~

(Quasi-elastic) (Two-Particle-Two-Hole)

Y H Y iz CCO"
(CCQE-like)
Charge Exchange o ; .
" Elastic . n PN~ s - I I i I I ——
7 Scattering 7 '}- g 25— =
;] w B = S Pre-ND i
- o " cCim | : 7 PostND -
. wi  (CCRES-like) | i Nz :
CC-Resonant 1 CC-DIS P~ B - 2
(Deep Inelastic Scattering) 10— -
Absorption \\/ | - NN
‘s ! v, W S SN
W P - : : ! ,‘ L
y A e 3 ol CCOm+Np ,‘_ :
. It P > L MR R 0 W T B R T T M N VY R S W TS M Y S T AL M VR N T M
o °< X Pion Production ‘ /@// (N>0) % 0.2 04 06 08 l 1.2 1.4
n p I~ Reconstructed v-energy [GeV]

SK 1 Ring v, sample energy spectrum before and after ND fit

« Many Final States having protons (neutrons) = Important to be able to detect them

« Mis-modelling of these contribution might bias the neutrino energy reconstruction — important to have
a correct model with Near detector data

e Fits to Near Detector data help to reduce the uncertainty on the reconstructed neutrino energy (e.g.
from 17% to 3% for CC-Om event rate)
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T2K data-taking

-------------------- accumulatec POT f()r b ']ySiCS ana

accumulated POT for physics anal

accumulated POT for physics ana

ysis (total)
ysis (v-mode)

ysis (V-mode)

June 2024

Beam power
upgrade

g;\ 50 ___________ Run1 Run2 Run3 Run4 Run5 Runé6 Run7 Run8 Run9 Run10 Run1i1 Run12 Runi13 |Runi4 900
P‘ i
W beam power (v-mode, +205 kA) . lf 00
: 40 b— beam power (v-mode, +250 kA) j{" - ,
Qo)o beam power (v-mode, +320kA) } gpccrmmm—— : 1 700
= beam power (V-mode, =250 kA) /I T 600
- 30 b— beam power (V-mode, -320kA) |  fUUTTTTTT . .
= N | & 2 Y 500
o o 4 . :
% 0 f 4 1 |
8 20 b— . UJ i 3 s ' . . 400
= s ' # | |
é R i ———300
AAAAAAAAAA 10 — 200
10 ! A W :
. r ' ‘ | 100
B | s z z z z z
O N LSS SO, s N P I N NN B~ S N SN N SN SN S N S S SN S S SN S S S S S R —— O

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
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First hints of 6cp = O

T2K latest results

e Preference for dcp~-m/2 but CP conserving values are within the 2o interval

e Slight preference for Normal Ordering and upper octant but none of them is significant

% O T T T T ok Runt-11 2023, Preliminary || N b SR BN | M T ) M I IS
- _ . F .

- — Normal ordering N = — Normal ordering =
*F Inverted ordering E e Inverted ordering E
20:_ A 1eCL E 14;— 77116 CL _;
N 90% CL. . 12 " J90% CL =
oF  Ewa E e TascL E
: : - =
a = o 3

: : - =
2 o 3

1 ! | B3 T

Sin2023

Ocp

How we can extend the physics potential?
e Combine results with other experiment (SK, NOvA)

e Make an upgrade..
S. Bordoni — DPNC Seminar, September 24th 2025 18



T2K current limitations: beam power

e Limited statistics available

e June 2024 = Beam power increased to 800 kW! (~500 kW before upgrades)

o Steady imp
increase 12

‘ovements

0 reach 1.3 MW by 2027 —

< statistics

Larger statistics

l

oy a factor of 3 by 2027

Better control of systematic
uncertainties

l

ND280 Upgrade

S. Bordoni — DPNC Seminar, September 24th 2025
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[kV

V]

MR Beam Power

T2K Projected POT (Protons-On-Target)

1400

M
-
-

1000

800

600 |

400

200

0

MA Power Supply upgrade

MR RF upgrade

!

T2K Work in Progress

"y
O

Integrated Delivered Protons [10°'POT]

vl g biaa gyl _uﬂul

| llllllﬂllllll‘lll

2020

2021

2022

2023

2024

2025

2026

2027
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[°]

T2K current limitations: ND constrains

e Limited angular acceptance of ND280 wrt SK — Limited constrains on systematics

e Proton reconstruction threshold at 400 MeV/c — Limited event topology and neutrino

reconstruction

e Blind to neutrons — Limited Identification and reconstruction of anti-y, events

e Limited track direction determination — Limited rejection of Out-Of-Fiducial-Volume

(OOFV) interactions

ND280
LS B L B L B

= T II-III
[
160 - = - -
140
.

120

Angle [deq]

Illllllllllllllllll

100

80

60

40

20

800

1000 1200 1400

P, [MeV/c]
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180
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SK
B B o Data
Best fit
| : | 5
] . T2K Runi-11, 2023 Preliminary
B —+ | [
1
_ — 1
| | O
[ o - o
— B (@]
I 1 1 1 1 | 1 | 1 T | IO I 1 1 1 I 1 1 | | 1 1 1 I 1 1 1 I 1 1 1 I 1 — O
20 10 00 200 400 600 800 1000 1200

Reconstructed momentum [MeV]

Efficiency

0.6 B ' ! ]
05 [ — NEUT =
—GENIE =

04 =
True Proton Momentum -

0.2 - S
Oi) iL44.*;‘.¢qu4- PR S N TR S R S SN .i L1 i. i .i l:
O 200 400 600 800 1000 1200 1400

pg“e (MeV)
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T2K current limitations: SK..

The Hyper-Kamiokande detector

e /TM heigh x 68m diameter cylindric tank
o 260kton of water

e ~X10 fiducial mass of SK

o 40k PMTs

The New generation of LBL experiments is getting closer!
e HK Cavern excavation completed in July!

e Data taking expected in 2028

But this is another story.. g

- W - - .
» . i B, S

5'1
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[2009 - 2024]

The ND280 "classic"..

2 Fine-Grained Detectors (FGDs)
e Active targets (2.2 tons)

Downstream
ECal

e Plastic scintillator bars & water bags (FGD2)

e Short-range hadrons tracking

+ ECAL
3 Time Projection Chambers (V-TPCs)

. Volume: 2.5x2.5x1 mé each + SMRD ZEllRes
o 12K gas mixture: Ar-CF4-iC4H10 (95-3-2)
e /2 MicroMegas readouts

+ B Field (0.2 T)

12 Detector (POD)

e Layers of scintillators, metal, H20 + ECal

e Yy TV DYy —ete

e One of the largest ve-like backgrouna
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... And its upgrade 2024 ..

Three new sub-detector types [arXiv:1901.03/50]:

Super Fine Grained Detector (SEGD): ~ \l——‘
* 2 tons active target and tracker A e
* 2M 1-cm3 scintillator cubes e - Solenoi N

. . Nefitrino beam e
* |sotropic hadron reconstruction at low momentum /

PZD Bai el ECal |
=07:] |
J

2 High-Angle TPCs (HATs):

* Innovative E field cage design

* New resistive MicroMegas (ERAMs)

* High-angle scattering particle reconstruction

i

@y i

HA-TPC

:

- -
Oy
T

6 Time-of-Flight (ToF) panels:

* Plastic scintillator bars
* Track orientation ~ 4rtangular coverage Super-FGD electronics

* Improvement of OOFV events rejection & PID

w SURs
'A iy 'A ,"A’A

/\

Super-FGD

'y rF r il L A e

LN
Tl 17

'

k
’A u

7

¥

i,
i

ToF
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https://arxiv.org/abs/1901.03750

ND280 Upgrade goals

1.0
E:‘ 1:‘ UL UL =L [ [ LT OO T | [ [
S 09F =
0.8 7 [ ‘—5_'_'_'_,_’_,_,7 !"é ()85_ . === protons _E
= TE ,,':'“E,‘ . = MuUOons =
- 0.6 . - ND280 Classic = Pl ----neutroni . ",..ft_j
2 — ND280 Upgrade 0°6§ T }..-;_. ..... - ...J»..J"'""'"‘" _5
&E’ 0.4 - 0.5F =
SN 0.4F =
0.3 | = protons, legacy ND280'" ™
0.2 - 02§§ -’-"‘*_ o= é
,_,—'_'_’_J_" . EE s ¢-+_-#-+E
L ) 0.1 true proton distribution =
0.0 +=—= | I | | = - T 3
-1.0 -0.5 0.0 0.5 1.0 O 200 400 600 800 1000 1200 1400
True momentum (MeV/¢)
True cos0,,
o Achieve 4m acceptance e Lower proton tracking threshold
e Double the neutrino target fiducial mass e Neutron detection via sFGD Time of Flight

e Reduction of OOFV events
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The Super Fine Grain Detector (SFGD)

e 2 tons of fiducial mass (2m x O.6m x 2m)

n
Q
0
-
O
O
D

e High granularity and 3D tracking: 2M cubes (1cms3 each)
and each cube is crossed by 3 orthogonal fibres

e 50k WLS fibres doubled with SiPMs

e Reconstruction of fully contained (high angle) tracks

Charged pariicie
Converted photon travelling through cube Wavelength shifting fiber  Fiber conneclor x
blue o green \ |
\ «
Fine Grained S \ ‘
uperFGD ~ | I "
Detector (FGD) 0 (] S AVASTY. T N N> VaVas
<
. ‘ “» "
Particles.at high T \ ,
angles are not | v Shaiiee s
reconstructed q }| . - p
\ A "
k A \ X 4 Sw) af
\ ) NS0 ’
o = / | | A Photosensor PCB
y \ \ \
Q \ \ ~ Rellected photon
Hefleclor coating Plastic ‘Crosstalk Bhotons from

- m intillator e
(50 um) SGinuRato photon scintillation process
in plastic
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The SFGD track reconstruction

Three projections with
time, charge and 2D

position information Build 3D hits:

- e Light attenuation

5l - e Charge sharing

s - e Cube time reconstruction
ZZ

4 6 8 10 12 14 16
X position [cm]

Y position [cm]

YZ projection

o
I
—
o
S
S

Y position [cm]
o
I T 1 T
]
o
#

i 600
-5
- 400
|
_1 0 -
200
—1 5 ; |||||||||||||||||||||||||||| 0
-125 -120 -115 -110 -105 -100
Z position [cm] -125 120
ZX projection
E - 2000 ¢
5 e =
E 1800
= q4F 1600
g g 1400
x 12
- 1200
10 - 1000
8- 800
6 :_ 600
5 400
4 3 200

—125 -120 -115 -110 -105 -100
Z position [cm]
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=800

=700

500

400

300

200

100

Improved track,
cluster and vertex

resolution

Proton threshold + purity
FGD1, TPCu+FGDp

:

Number of events [bin]

0

5 &8 8 8

{FeD coor

oY

0.2 04 06 08

B v, CCQE (60.21%)
B «, 2p2n (12.08%)
B . RES (2229%)
v, OIS 235%) |
[ v, COM (0.10%)
v, NC (1.12%)
B v, 003%)
v e, 001%) |
OOFV (1.87%)
B Over 000%) |

1 12 14
[GeVIc]

: Lower proton n threshold
. Better CCQE purity

: TPC p + SFGD p

'E'“oo—"—'*"—"é'—**‘**r*"'*r‘**‘*'r*'*—rﬁ*'*—
£ B . CCOE (83.02%) )
&, B -, 2p2n (8.21%)
%’1200 B . rEs 7o | ]
g v, IS (0.5%)
[ B v, COM (0.12%) |
2 1000» v, NC (0.58%)
8 i B ©, (0.01%)
2 800 B /%, (0.00%)
- [ B COFV (0.22%)
= L Other (0.22%)
< 600
400
200}
0; i ' ‘
0 02 04 06 08 1 12 _ 14
[GeV/c]
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sEGD commissioning

e 3 charge readout modes to cover a wide dynami
from few p.e. (calibration) up to ~1500p.e. (Bragg
vertex activities)

C range,
neaks,

e Light vield along the fibre modelled considering attenuation —

and reflections — charge reconstruction

e Achieved a sub-ns time resolution for a single cube and
~200ps resolution for long tracks — Time of flight
measurements

Calibration LED  MIPs, gammas Bragg peaks, vertex activity

(~20-100 p.e.) (upto ~1000 p.e.)

N

ToT (deadtime free)

(LEDLY ~6p.e.)
N

Resolution
7

LG
Required HG-LG
HG . overlan N ~1500 p.e.
Threshold \ ~180 p.e
N / ~3.5pe -©. :
Signal [p.e.]
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Fiber attenuation length for the Z-Fibers for layer 0, Left side

X) = asexp(-

T2K Work
in progress

F=Lof(x) + LoRf (2] = x),
X

A,

llllxllll I ' l L

)+ (1l —a)eexp

(= =)
T A’

L

Data
= Fit
L, =38.61£0.14 p.e.
a =0.80%0.00
A =285.00+ 0.00 cm
Ag = 32.00% 0.00 cm
R=0.37%0.01
X?/NDF = 1.89

TR BTRTRT S BT |

0.8

0.6

0.4

0.2

60
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SFGD Assembly

Single unit

S. Bordoni — DPNC Seminar, September 24th 2025

Removing fishing lines, inserting fibres

-
!Q.‘..

PRC boar

*

Toonotes od i\ !
r ‘
> 0 0 ° : 3. a ol ‘ : f
> ° 2 000 B

Dty - {1/

7 B 4 n g LM b
TR ' [Eight guide p
. D e p0® . { B
. 0 ° s 0 ‘? adPF I _a i o A } 'k g
a a0 : \ \ ot - [~ 'Y
. o £ : y Y
p » ° ~00®" 4 : =\ Iv"‘ 4 LA ]
. , A . » \8 - R
= 3 (3 . , R _7 : N e ds

= TN DN AN
AR ( ¥
X w P [
i) ‘ . \(v
\ -

|
) w
L 3

Installation-intothe JPARC Pit




The High-Angle-TPCs (HAT)

e Argon based gas TPCs with a central cathode and two Tm drift ERAM module
volumes per TPC

Drift volume

e Uniform E field of ~ 275 V/cm

e New field cage design: single gas-tight box with field and mirror I ,
Strips

Central cathode

e New resistive MicroMegas allowing charge spreading across several pads to improve the spatial resolution

Bulk MicroMegas Resistive MicroMegas
Vertical TPCs: charge on single pad. HAT TPCs: charge on multiple pads.
Spatial resolution : 600-1600 pm Spatial resolution : 200-800 pm
Front of ERAM module Back of ERAM module
I
: . r;
. Mesh @ ~ -360V i Mesh @ GND \/ ¥
Amplification gap: ~128pur Tf Amplification gap: ~128ur DLC @ ~ 360VTE \g

insulator ~ 50 UM
glue ~ 75-200_paa

FR4 PCB

rlJJhl\ FR4 PCB
7y BV/' "
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The HAT assembly

@CERN

Field Cage mergi
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NIM-A (2019) 163286
NIM-A (2021) 166109

The HAT commissioning

+ others in preparation

o Spatial resolution between 350-500um stable with drift distance

e Momentum resolution of 10% at 1 GeV

o dE/dx resolution of 6%, stable with drift and track angles

EESCIRARANEACRICRRL RARES ERCEN EERLY RACED LELLY REN s
1.4 - S
- eMC ° 3
w . b ()]
1.2 | T2K work in progress s Data 2
: ] 5
1.0 = :
§ i £
0.8 o — s
" @
& 5 s - i
L e ) -
0.6 [ = . ® : 5
I | e
0.4 8 g =
02 =
00_lllllIlllIllllllllllllll]llllllllllllllllllllll:
O 10 20 30 40 50 60 70 80 90 [ | O R YT I | L AR L | l | 5 ) I 5 10 X ] $ 8 K3l l LB ! | 289 TR 359 | I | B l-;
. . ) g [T AR SRR PRV VISR AR SO SO
HA-TPC spatial resolution vs angle e ‘ 3 5
5 : 5 ; f s i 3
& ; z . : f ;
B 58 Eorrns gy o B
g= E BN H R
o . : : ' H g : : ]
7 04 PO At g EIE]{E.. - e S v
-1 O N it i T
03 :_... ..................................................................................... __:.
g sy e e R . q
01 it T2K WOEK-IN- PrOgress. i
0.0 :l Rl ' R4 NIY M| I LR _§ ' ol R I LAl 1 1l ' . l LA 1 1l i | 500 T R I N R EAS
0 100 200 300 400 500 600 700 800 900

S. Bordoni

— DPNC Semir

drift [mm)]
HA-TPC spatial resolution vs drift

—
|

0.3

IIIIIIIIIIIIIIIIIIIIIII‘IIIIIIIIIII

C | x2/ndf 183.2/ 18 & E z s s | ; =
" — 11 — yreemeseeemnes e Jromesensasons jressevmmmsners jrmvemnenssenne Beam da[a ........ ~—
_ | Prob 2.242e-29 5 - s s 5 : : 7
025| p0  0.02335= 0.0004345 2 DE =
- | p1 8.69e-05 + 3.971e-07 § - 3
E 5 22K e
02— = E
& b .
- N —
" ] 5
0.15[— L { =
i B
0.1 sE
e T2K work in progress A
0.05 :— E
. | o ~
0111111111[1111]11111111111111[1 21:11|]1llilllilllilllilllilllilllilllilll_4
500 1000 1500 2000 2500 3000 0 200 400 600 800 1000 1200 1400 1600 1800 2000

True momentum [MeV/c] Momentum (MCV/ )

HA-TPC momentum resolution vs true momentu

dE/dx resolution with HA-TPC

31


https://www.sciencedirect.com/science/article/pii/S0168900219315426?via=ihub
https://www.sciencedirect.com/science/article/pii/S0168900221010111?via=ihub
https://www.sciencedirect.com/science/article/pii/S0168900223002383

The Time of Flight (ToF) detector

e O panels, each of 240 x 220 cm? active ared

o 20 plastic (EJ-200) scintillator bars per panel (220 x 12 x 1 cm3)

« Fast scintillation signal (rise 0.9ns , decay 2.1ns)

« Lightemitted at A =425nm
« High light yield: 10000 ph/1 MeV e-

« Light Attenuation length of 380cm
e Readout done by arrays of 8 SiPMs per bar end (24% coverage).

Detection Concep

Ave wf in every position, L SiPMs

0.200

0.150 A

o
==
N
w
(=)l
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Amplitude (normalized)
o
o
~
w
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~
w
n
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ju| EI-228 2x2x2cm?

&8 UNIVERSITE
&Y DE GENEVE

o Use of external trigger to select cosmic rays at a given interaction | "" 7
point along the bar. * |

e Time measurements between trigger and bar readout :

At = trrigger - tsipm fOr 20 measurements along the bar . Time resolution of SiPMs readout
| ® RSiPMs
. . o W LSIPMs
e 130ps resolution achieved nearly position . 8 Weighted average
independent! ++ L
% 0.25 ++ ++ + + *ﬁ
§ . + X
%o.zo- + 0 + +
E

0.15 -

0.10 -

0 25 50 75 100 125 150 175 200
Position along bar [cm]
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j| EI-228 2x2x2cm?

&8 UNIVERSITE
&Y DE GENEVE

e Use of external trigger to select cosmic rays at a given interaction . F %

ooint along the bar.

e Time measurements between trigger and bar readout :
At = trrigger - tsipm fOr 20 measurements along the bar

e 130ps resolution achieved nearly position
independent!

—
+

—
N

o Effective light velocity inside the bar about 16 cm/ns

Hit time [ns]

S. Bordoni — DPNC Seminar, September 24th 2025

Global fit to compute velocity in the bar

1 —— Right fit: slope (velocity) is 16.00 cm/ns

—
o
|

(o0)
|

—— Left fit: slope (velocity) is 16.02 cm/ns
}  Right SiPMs
b Left SiPMs

T2K Work in Progress

0 50 100 150 200
Distance from readout [cm]
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@ CERN

S. Bordoni — DPNC Seminar, September 241




ToF commissioning : channel time calibration

UNIVERSITE
%Y DE GENEVE

p— - - -m

T2K Work in Progress -

— -__—i——: -
N ———-'_—.-

A (ns)
I

e Time resolution can be degraded: cable lengths, electronics,
SiPMs response, etc can introduce delays.

+1 ns
variation

| !
no — =) — no w -~ o

o Calibration procedure without a reference clock, using
cosmic muons based on the estimation of the mismatch

measured expect ed

(per hit pair): A=(t1 -t2 )-(s1 -s2)

e |terative offset estimation based on Markov Chain

o Relative offset between all channel hit pairs reduced from
1 ns to O(100ps) % R

1 1 A ! 1 1
R e 1900 s o e 0 22X «

arXiv:2508.07846
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https://arxiv.org/abs/2508.07846

IMPERIAL

= UNIVERSITE
ToF commissioning: hit efficiency RN
e TOF Data Acquisition (DAQ) requires a signal from both ends of a bar
o Odd number of hits observed due to the used coincidence window and DAQ's event
assocliation
e Origin determined :
® 1/3 frOm CrOSS-tCI”( (ﬂelgthurlﬂg ChOﬂﬂe‘S) Blreakdown of Events with Odd Hits Overlaid on Total Numberlovaents per Run
e 2/3 missing hits (delays > 20ns, high | = E%
Qmp‘.tUdeS) wooo| 12K Worki in progress é ——— EZ;:;
% 21532 i
O 28541(8%) 2171 l(lO%) - - 1578 (6%) 1497 (6%)
16572 (02/24) 16878 (06/24) 16910 (06/24) 16947 (06/24) 17660 (11/24) 17831 (12/24)

Run Number (Date)
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First Neutrino Event with the Upgrade

Event number : 345342 | Run number : 16847 | Spill : 28852 | Tim:: : Fri 2024-06-07 18:29:00 JST |Tri yger: Beam Splll

o
-~
P R e

S. Bordoni — DPNC Seminar, September 24th 2025
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Particle identification

e PID for sFGD tracks based on Bragg peak
e HAT dE/dx particle identification enhanced by the improved spatial resolution (< O.5mm)

e HAT p-p separation for momenta above 1300MeV can be improved by ToF PID

U-p separation by momentum using

Bragg peak studies in SuperFGD HAT PID by dE/dx - Horizontal tracks TOF-SFGD time of flight (MC) ) UNIVERSITE
&Y DE GENEVE
e 1S /—\1000 B .l 1 l 1 I 1 L I I I 1 I | L I | L I 1
g 1400 }— _+. Stopping protons g - _ -_;\___ Momentum Vs Beta
3 2 900F AR MC muon o e
- ~ WORK IN PROGRESS g "k el eanx 8555
n )| . L. " ] = . ean Xx .
2 1 200_ 1 Stopping muons g - . r .:.-I_‘ g e — MC proton 0.9 Meany  0.7083
> o s & S 800 . .'-‘:"‘I)‘ gt StdDevx 622.9
s I N iw SRl 0.8 Std Devy 0.1957
2 1000l- @ - 1 T Yol MC electron L0
o [ 8 700 "SRR 07
§ 800 e $ = - s et . 0.6
o - T a o
8’ L —0—_0- g 600 ﬂ: '_. . 05
§ - ] f# g :
z 9|4 ’ © 500 [= T B LA 1 e 0.4 ¢
T o — :
5 [+ 400 | SR g *
B { ....... +++ 11 ﬁ | | K G S BTN e T - 0.2 . .
200 [ *-9—¢ F et T 1 :-: ) ll g - . pan - - i - = : 0.1 !- - - -
i e .. .WORK IN PROGRESS s+ . .7 T~ WORKINPROGRESS
oL W IFEPITEPE PPN B EMEPETEPE EPEPETETE AP B 2003"-'.;_-":.'[-'-,-',' | | il w71 = 0 0 200 1000 1900 290 Moment [Mv?%oo
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ToF time resolution

2 14000 —
.E E FOR A TRACK (2 HITS) T2K Work in Progress
. 12coo~:— Stdev: 422 ps (\
e Time resolution with the full detector of 175ps after e fa:‘:‘:'l‘:” 445 ps |
standalone calibration. Expected to be reduced with MO 248 ps / sqrt(2)
external position reference F .
sco0 - 175 ps!
o Beam profile clearly resolved: 8 bunches - 20ns wide, occF-
580ns spaced, every spill. Stability along multiple runs. " VR oo— 0&1. IUURETOUNTOON |
o Additional beam monitoring BN
e | for HAT o S
o Possible detection of neutron activities (tails)  rernreee oot
or new physics! 580ns Run 16947
T2K beam structure - .
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sFGD Neutron detection ciben 20 viow

Single pion production v, CC 2p2h-np v, CC

v X
v, u. ........................................ == :
“‘.’. n
* “n . t2 _________ »
Tt K‘““_ ______________ n ’
s P
n . n -
N

e Neutron detection helps in discriminating v, and v, and give access to

Quasi-elastic V_u CC

/. +
Vy 7

—2— —_—

NI

N(p) n

the full kinematics for v, CC events with neutrons

Y poston lom)
8 o ¥

e Neutrons re-scatter emitting proton "blips" which in the sFGD are seen as

isolated energy deposits 1223 mm
| | | | | o 1.73 ns ToF
e From the time of flight and t1-t2 distance the neutron kinetic energy can ~ T =273 MeV

be inferred.

e v, energy resolution for events strongly improved (from 15% to 7%)
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v, selection with original ND280

° ° T gy [T ———r -
Background rejection o T
§ 200 :’{/ seegg 5.3.2 Total :297‘.:);(53‘84%)—5
- £t ey, e
J/ —} e'l'e- d ISC rl m I n atlo n a1:Xiv:l901.03750 - :_ / = Other background  91. 92(11.53%):

) 2005— Simulation ' I' E -+)— Systematic Uncertainies
o Main background for ve events : 0 production from ok~ JHEP 10,114 (ZOZOL

1005_ @x \ -r-'-:-.-::-'f.—.-:-:-z:—.::-;-';.—.-:-:-:-.—.-.;-_-_-.-.-.,_ ,,,,,,,,,,,,,

a v, event

1
N L : '. 0 1000 2000 13000 4000 5000
0f— X2 3 ' p [MeV/c]
™ H 1

v, selection with upgraded ND280
s - urely from Monte SSSSSUESss
e Carlo (NEUT) B OOSFG y background

% :, InSFG v background

Distatl'nce from Target Center in Y axis (mm)

o« SFDG long radiation length and granularity allow to =\

oo om0 00 © T L a?‘a"c'k:;::;iund |
. _’ + _ Distance from Target Center in X axis (mm)
better reject y = e*e-events T —
y background is reduced
om—o;o ?oo e
Out of Fiducial Volume Events rejection | ~ HAT muon S
e Some tracks originated outside the Fiducial Volume can mimic CC events  aum I
— ToF-sFGD time difference can help to reject these events I
15000 T2K Work in
e Forward-going muons: At = tsrep - tror = =10 ns. I i
10000+t
e OOFV/backward-going tracks: At > O. *
e Cut on At allow a rejection of ~50% OOFV (MC) 2000, I 00FV
LRT{ —10 0 10 20

SFG-TOF time difference, ns
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Summary

e 12K is along baseline experiment aiming at precise measurement of 823, Am232 and looking
for neutrino mass ordering and CP violation

o Upgrades on the beamline, near detector and far detector have been completed
« Neutrino beam running stably at ~800 kW

« ND280 upgrade installation completed and seeing neutrino interactions!
e Physics potential of ND280 enhanced and new events selection are being developed

e New stringent systematics constraints for oscillation measurements are expected soon!

Stay tuned!

S. Bordoni — DPNC Seminar, September 24th 2025
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Extra material



Neutrino interaction at T2K

NEUT 580, V,J — H20

— CC Total —— CC-Other
—— CC-Omeson === NC
CC-1nm*

Fluxes
B T2K Flux, ®©
e O xXP(y,—vy)

O X P(v, - ve)
leb

1

=
00)
T

O
(@)
|

<
AN
T

I
N

-

Oh,0/E, (10738 cm? /GeV /Nucleon)

{
vf’ e
0.5 1.0
E, (GeV)

Plot from L. Pickering

.
=)

Hayato, Y., Pickering, L. Eur. Phys. J.
Spec. Top. 230, 4469-4481(2021)

e ——

1.5

Percentages show contribution to v,CC interactions at
the near (before oscillation) and far (after oscillation)

detector sites for E, < 2 GeV simulated with NuUWro
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ND: ~72%
FD: ~67%

Other
0.38%

CCQE
80.60%

S S SRR R B S S B B SR B B B B B B B B B B B B B e e

ND: ~21%
FD: ~24%

CC-Other

Courtesy of S. Dolan
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Neutrino beam line upgrade

e Replacement of Main Ring

DOWE
nighe

t0 1.36S

- supplies to allow for
" repetition rate from 2.48s

e Several upgrades done on the

neutrino beam
nigher beam power

ine to cope with

o Hom being operated at 320 kA
instead of 250 kA = ~10%

h

h

crease in the v flux
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New horn PS for

New horns 1

320 kA/1Hz
operation

and_“ 2

Increasing cooling capability for
the heat generated by beam

Improving performance

of beam monitors

(Half sensors)

=L L

Vi Beam Helium vessel/
dump decay volume

Horns Target

Improving performance

of beam monitors

Proton beam monitors

el

Increasing capability of
New MUMON Sij|radio-active waste handling

New water tank for
radioactive water disposal

n
(==

Final focus section

Improving maintainability under
higher radio-active environment

New FVD2
magnet

New target
cooling system
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ND280 - classic limits

e Limited high angle muon reconstruction efficiency due to the absence of the TPCs in the
Nigh angle region Forward

—
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ND280 Upgrade

e Expected improvement in the angular acceptance of ND280 thanks to the upgrade

:

ND280 "classic" ND280 Upgrade

10°

true p_ [MeV/c]
2 3 8 8 &

107

1000 ;
10

8

0-—- e : ‘01 0 gy — d S Bl g — 1o|
-1 08 06 04 02 0 02 04 06 08 1 -1 08 06 04 02 0 02 04 06 08 1

true cos 0 true cos 0
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How to improve..?

e Helps to break the degeneracy between dcp and the mass ordering

e T2K: shorter baseline, more direct access to dcp

« SK:longer baseline, more sensitivity to Mass Ordering

- No strong preference for octant in joint fit.

- Super-K and T2K have different preferences for the octant of 623.

- Limited preference for normal mass ordering, with the inverted ordering rejected at 1.2c

4 "
SK + T2K
3.5
~ — T2K
I SK (+ND)
w 2.5
£
B
a 15
|

0.5

-3 -2 -] | 0 | 2 3
True §,.,, NO

0
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. —T2K
. SK (+ND)

Normal ordering

% - Inverted ordering

Phys. Rev. | ett. 134, 011801



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.011801

How to improve

 Different energies and baselines -> differe

« T2K: shorter baseline, more sensitivity to dcp but degeneracy for dcp= O, T

?

Nt sensitivities to oscillation parameters

« NOVA: longer baseline, better sensitivity to mass ordering but degeneracy for &ce + 11/2

- Constraints for inverted mass ordering are improvead

- Individual fits from T2K and NOvA are consistent with the joint fit results.

0.7
- EEm NOvA+T2K NO Conditional
| —— NOVA Only
- = T2K Only
0.6 =
- .,
D |
~
g o w
E 1 L 1
T T 0 T T
2 6 2
CP
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T2K-NOVA results (oublication in preparation)
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