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e |n addition to providing the target material
for a whole range of neutrino cross section
measurements (more on this in the “Recent
neutrino cross section results from T2K” talk
on Thursday, ND280 is a crucial ingredient
for oscillation measurements

 Fits to near detector data improve our
predictive capabilities at Super-K, e.g. from
16.7% to 3.4% systematic uncertainty on
the charged current induced pionless (CCO

) v, event rate
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Role of ND280 In oscillation analyses
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T2K Near detector upgrade

 POD sub-detector has been SuperFGD Design:

1x1x1 cm?3
Scintillator cube

2 HTPCs Design:

Drift volume

replaced with: m——

~ a new fine grained scintillator
target (Super Fine Grained
Detector aka SFGD) for good low
energy proton and neutron(!)
reconstruction

3 WLS fibres
~56k MPPCs for light readout

~ two high angle TPCs (HATs) to
increase the angular acceptance
closer to that of Super-K UA1 Magnet Yoke

~ six time-of-flight (ToF) detector
panels for directionality info of
charged tracks and for veto

MicroMegas

g
8 ERAMs

Module frame

POD - m .
(x0- Downstream

* Installation at J-PARC completed in \ dotecton) /.~ |0

May 2024 —
For more detalls on the design, refer to the ND280 Original ND280 detector
Upgrade Technical Design Report: arXiv:1901.03750 (2010-2023)
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T2K Near detector upgrade

2 HTPCs Design:

 POD sub-detector has been SuperFGD Design:
replaced with:
_ Scintillator cube

~ a new fine grained scintillator
target (Super Fine Grained
Detector aka SFGD) for good low
energy proton and neutron(!)
reconstruction

MicroMegas

A
N

N
8 ERAMs

Module frame

~ two high angle TPCs (HATs) to
increase the angular acceptance
closer to that of Super-K

~ six time-of-flight (ToF) detector
panels for directionality info of
charged tracks and for veto

_ . ::))D 7 Downstrean;
* Installation at J-PARC completed in \ detector) J o~ LU - T
May 2024 —— \ r"
For more detalls on the design, refer to the ND280 Original ND280 detector
Upgrade Technical Design Report: arXiv:1901.03750 (2010-2023)
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SFGD scintillator cubes

AD20 2560x1920 2020/07/17 17:50:07 Unit: um Magnification: 16.6 x No Calibration

Single machined SFGD cube Single SFGD cube - polystyrene with 1.5% paraterphenyl
™ (PTP) and 0.01% POPOP, produced by the UNIPLAST Co.
: | (VIadimir, Russia) by injection moulding (4,000 cubes per
day during production process)

Channels drilled into the cubes for optical fibre feed-
through (12,000 holes drilled per day to keep up with
manufacturing rate)

Up to 5 drilling machines and 13 operators used at full
production rate

2000.0 um

Reflective layer introduced by chemical etching the cubes
(micro-porosity makes the surface appear white)

Dimensions after etching:
L=288x4]1) mm, W=(10.16 = 0.06) mm

e e T 4 (¢ ~ 1.4 mm stainless steel rods used to mechanically reject

e ‘ Zooming In on the reflective g, drilling',line ' cubes with badly drilled holes)
. |coating (thickness varies

" between 37 and 145 Um  Low tolerances for cube dimensions are crucial for detector
. - assembly (~2,000,000 cubes)

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) /
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SuperFGD assembly: cubes into layers into whole box

1. Cubes lined up on fishing i e 3. Assembly of SFGD layers at J-PARC inside
RS : , e T ox (two box sides are visible)

e — —1
e —

2. A total of 56 XY layers assembled at INR
(Russia), and shipped to J-PARC (Japan)

1,956,864 cubes
(56x182x192)
e 55,888 electronics readout

———— | . channels (one per WLS fibre)
C : A RN e W * 111,776 drilled holes

n Completion of SFGDIayers’ i SOOR - |
assembly at J-PARC ' WA e 5306 kg: weight of empty
5. Removal of fishing lines and installation of mechanical box that holds
WLS fibres after closure of the mechanical box equipment together

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 8
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SuperFGD photosensors

Light detection principle

narged particle
Converted photon: travelling; through cube  Wavelength shifting fiber  Fiber connector \ HAMAMATSU
R ) \ \ \ \ PHOTON IS OUR BUSINESS
| | I ——  Wavelength-shifting fibres

carrying the light: Y-11
(Kuraray Co.) of ¢ 1.0 mm
 Horizontal fibres ~2 m length,

('\‘\" \

Photosensor

‘ /

p— NN Phabessnan PO _ ‘ vertical fibres ~60 cm
, , Reflected photon | - , 0
Reflector coating PlE'EIS(.IC Crosstalk Photons from : [ 1
@m) — photon scintillation process J el
in plastic .
Single Hamamatsu MPPC

(S13360-1325PE)

Item Specification
Effective photosensitive area 1.3 mm x 1.3 mm
Pixel pitch 25 pm
Number of pixels 2668 pixels
e Fill factor 47%
Package type Surface mount

L B Breakdown voltage (Ver) 53+ 5V
‘ Peak sensitivity wavelength 450 nm
Photo detection efficiency 25%

1
@g R Gain 7.0 x 10
4 163 4 Dark count 70 keps (typ.)
Cffe MW S SO AT oI Crosstalk probability 1%

Connector :
side of PCBs

. Attachment of side of PCBs

arrays to the assembled SFGD at J-PARC

TN, -1
Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 9
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SuperFGD LED calibration system

 LED system has been deployed to monitor
detector stability and performance and to
perform gain calibration

 LED system is attached to the WLS fibres
on the other end from the MPPC readout
side

A combination of a Light-Guide-Plate (LGP)

and the Diffuser carries LED light to the

fibres uniformly

Operation principle of the LED

AL AA RN

calibration system

I l l Scintillator cube
7.
|

CF sandwich &
readout interface

(— ||. ' Z LGP module
I WLS fiber T
_(- [ : ) cFwn Diffuse LED light injected

interface at the fibre locations

PCB Diffuser
LGP
Light-tight Wall-type
container L—— LGP module
Notch on LGP ' (47 units)

e

EMMRMRRR

(=

N\ LoP inside - LGP modules of the “wall-type”
L/ Arraw of 7 LEDE Dottom- type installed at the downstream end
E (46 units) of the fully assembled SFGD
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SuperFGD DAQ deS|gn and performance

e October 2023: SFGD detector assembly : ——— One vertical side of SEGD
completed | ' . B . 4.« *"showing the fully installed

* Commissioning of the DAQ system was first g adi- 4 Ll | aleadd ‘ | readout electronics
performed stage-wise (with ~20% and ~50% et ek Lt Y | haaane | ngosssdl | Seamy , |
FEBs) on the surface, before installation in IRBAnEE. - | (8 (BERRREEL w URAaRedy PN, () ' "

the ND280 pit

« Beam operation in November/December
2024 was with ~80% FEBs (~50,000 readout
channels)

* Full electronics installation in the pit
completed in March 2024 and tested during
the summer 2024 data collection

Data taking efficiency of SFGD achieved during the June

MPPC-PCB 8 (222 OCB( 16) 2024 run was over 99% (and 96. 1% for the entire ND280)!
(x881) S — X ‘ Beam ON B B
Clock, slow control, ‘ & X AQ . N L.

06-02 06 03 06- 04 06- 05 06-06 06-07 06-08
09:00 09:00 09:00 09:00 09:00 09:00 09:00

] ‘_ \ Ul synchronization

p  High (SIS Bl signals, MPPC bias EEEEMR 5 *
el x 8 CitiROC:: * ¢ voltage L oW S
,: _ _ e P - s ll—_ 4

Analogue L e slow control, 06-09 06-10 06-11 06 12 06-13 06-14 06-15
SRR M T il DAQ data 09:00 09:00 09:00 09:00 09:00 09:0.0. 09:00'
t 06-16  06-17  06-18  06-19  06-20 0621  06-22
Main power through backplane from low Communication with ox PC for DAQ and 09:00 09:00 09:00 09:00 09:00 09:00 09:00

voltage power supply (at lower floor) global ND280 system Global Slow Control

06-23 06-24 06-25 06-26 06-27 06 28 06-29
09:00 09:00 09:00 09:00 09:00 09:00 09:00
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) SuperFGD prototype at CERN

e CERN prototype commissioning and . .
L ———— P yP g. . In the test beamline
.‘{“ / ','__ . ";ll:i_ TR s ‘-ﬁJ deteCtor performance CharaCterlsatlon or Pb: 5mm Pb:50- 100 mm T
RN s with charged particle beams: JINST 15
(2020) 12, P12003 .
‘ ’ P € R
o0 RN N 3 !

CERN Prototype placed

ty

i
| 1
] i
L \ ||
| R Y |
Y Y il
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\ \ )
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* Also LANL prototype commissioning :\sl | i
(2019-2020) to quantify capacity to : __ prototyee
measure neutron kinematics: Phys. '~ | o C n ©
Lett. B 840 (2023) 137843 (more on
this later) Excellent separation between protons and

MIP-like particles based on energy loss (here
shown at fixed 0.8 GeV/c beam momentum,
0.08 0.2 T magnetic field)

- - § 120— 3 u
o 0.35;_ (-CC_C: - _I_'_ Entries 812 0.07F
N s 100— Mean 1.143 N
0.3 — k=2.94 £ 0.05 - - oosF-
- = i Std Dev 0.0596 =
0.25— . : > 80| osF
- ~3% optical crosstalk with - JI . . E
- . i ~1.1 ns time resolution =
02 the prototype, consistent 60— , 0.0
- . S - per single readout :
015 with later in-situ - 003
: L sl channel (MPPC) -
o commissioning of SFGD - 002 J[
0.05F- or 0.01 f— + Jf L
- i = + -I--I-FI.—I:' gttt +y
- e T T T O_| L T T T e O_I g Lo o H e Lo gl FRFE L e o L b g
0 8 10 12 11<4[%] o9 1 & "2 ' Chan:ﬁ:lr Time F;égolution Eng] ’ Lo R R Asze?ag;;?'aye:g%/dx1[g-oe-/0r%?o
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SFGD preliminary performance at J-PARC: readout electronics

Calibration LED - MIPs, gammas Bragg peaks, vertex activity FEB 36 Channel 245 (Crate 2 Slot 4 ASIC 7 CitirocCh 21) Example of how the single
(LEDLY ~6p.e.) (~20-100p.e.) (upto ~1000 p.e.) h I . . tf d b
2 N 2 a00F — . channel gain is quantifie
ENN A A S ““F  High Gain T2K Work-in-progress nnetg 9 y
g R / N/ \ & F (adc/pe) M | — fitting p.e. peaks to the
ToT (deadtime frec) - (N I AN M ecasured ADC distribution for
---------------- o L4 L DR REsaesa]  - single channel at a fixec
o | Vi R bt voltage setting
HG . S\?(:I:L:;red LI?S-LG - \~1500 oe. 200;— : : l[L | | | | - - Peak 5: 168.83 = 0.50 (x°/NDF=1.89/7)
'\p _ :J : o (x, Y, 2) = (37, 63, 51)
\ /Tglfgséfld ~180 p.e. ‘ 1505_ - 8pe LGP.B-RE;"“‘”
Signa[[p.e.] 100 ;_ Mr;;I::zs.z
* Readout electronics covers a wide dynamic range 5o | Gan = 1606007 0419
~3.5 to ~2,000 p.e. | o s
* MPPC gains (in high and low voltage settings) are N ADC value . N
calibrated and their stability monitored both during Pedestal stability . MPPC gain stability
data acquisition (by shining the LED between neutrin  140- —
. . T2K June/July 2024 Run T2K June/July 2024 Run
beam spills) and on maintenance days 120- Y Y y

« For every MPPC, the gain (ADC value per 1 p.e.)is 3, $ 16-
found by fitting p.e. peaks to the measured LED E - %15- { | | .. \
induced distribution 2 (][] ] | 5.

* The gain pedestal is quantified from LED data 3 g
collected at different voltage settings 40: éw-

* Both the channel pedestal and gain are highly stable = T2K Work-in-progress 1 T2K Work-in-progress
du.rlng data taklng (eg IN nOrmaI COndlthnS mean 0720 3102 04 06 08 10 12 14 16 18 20 22 24 26 28 30 02 04 06 11739 31702 04 06 08 10 12 14 16 18 20 22 24 26 28 30 02 04 06
gain fluctuates by <0.5%) 2034 2024 2024 2024
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SFGD preliminary detector performance at J-PARC

* Preliminary detector performance is showing good
results: post-calibration timing resolution and channel
crosstalk are consistent with prototype commissioning,
light attenuation is consistent with fibre properties,

stopping particle features such as Bragg peak are visible

* First physics analyses of the data sets collected with the

upgraded detector are in progress

Light yield and attenuation in fiber

T2K Work-
Y1 * in-progress

~~
. Data

— i
L,=38.61£0.14 p.e.
a =0.80£0.00

p—

2z

40

UL
e
———

e
-

e

35 it A, = 285.00+ 0.00 cm
- As = 32.00+ 0.00 cm
i R =0.37+ 0.01
30 %2/NDF = 1.89

lllllllll__.l_llll

25
i Extracted attenuation it ¥
- : o
g constants consistent
§ with WLS fibre properties *
15'_1'1lllllllllllllllllllllllllllllllllJllJll
0 20 40 60 80 100 120 140 160 180 200

Distance to MPPC (cm)

o, [ns]

1.8

1.6

1.4

1.2

Optical crosstalk between scintillator cubes

7“\ ToK Work-in-

Ratio below 0 p.e. for
cubes near centre of track

llllllllllll

()lllllllllllllllllllllllllll

l lll l lllllllllllllllll

I LI B l L I LI I ]

Best agreement

—*— Fiber X (Data) with data found

when simulating
~3% MC crosstalk

Fiber Z (Data)
—*— Fiber X (MC)
Fiber Z (MC)

lllllllllllllllllll

S

lllllllll{llll
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Time resolution
- — 2000
= Without calibration, Fit result: o, = 1.49 + 2839 =
— Before | | S, 1800
calibration With calibration, Fit result: o, = 0.93 + 1q71'.§15 § 1600
B 3 1400
! 2 5
- After g 1200
— : : - . . . O
- callarEey Timing calibration g 1000
= improves time resolution |
B ToK Work- (paper is in preparation) 600
B in-progress o
: I | | | | I | | | | I | | | | I | | | I | | | I | | | | I | | | | I | | | | 200
20 30 40 50 60 ,70 80 90 5
q[p.e.] 0
Resolution shown
here Is per fibre
14

140 160 180 200

180
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Bragg peak from
stopping proton tracks
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120

1100

| Bl Y Y |

m [
20 25

TR
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35
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Examples of event displays with the upgraded detector ., ... romseam st 8 sunme 2024

CCOz candidate event with two protons in Unprecedented resolution 3
fralsta ‘p, could be from 2p2h processes around the interaction

_ vertex and level of detall
Zaonping in at the | 25000

LA bion vertex 4 for the T2K near detect.or
- has been achieved during %
' commissioning of the eo0g

Valid Hits / 2 ns

I upgraded ND280 with the Hit times of collected events wrt to
| {Tw}\x& T2K beam 10000 the neutrino beam spill time are

consistent with the specific 8-bunch
5000 structure provided by J-PARC!

Shown here are few of the

events from the June/July
2024 T2K run A ..

I i it S T h—-——- i i i M 1 1 1 ] 1 1 "1 |

3000 3500 4000 4500 5000 5500 6000 6500 7000
Hit Time [ns]

‘CCOz candidate gvent with-a short ggCoil
pfoton and high langle-muon-(which viodid fafl
outside of the original ND280 acceptance)

Ing in at the |
ction vertex |

U .
N
.

Zooming in at thﬁ
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Proton threshold reduction and improved purity

FGD is made of
alternately oriented bars
(each gives 2D info):

2nd Hit MPPC

O

SFGD is made of cubes
(each gives 3D info):

need > 4 cm tracks for

_ track reconstruction Hit Cube
Hit Bar need > 2 cm tracks for
Q track reconstruction
Hit A i
Qi O GO 3rd Hit
MPPC . ‘q MPPC
1st Hit MPPC Yo

=
O
N
oo
O
=
e,
Q
)
Q.

m 2K Work—
INn-progress

Tracking threshold
reduced from ~450 MeV/c
to 300 MeV/c

g E B Proton tracking threshold E CCO didt t
> — .
3 *E T2K Work-in-progress = /1 candicdie cven 00
= 085 4 -
0.75 EN o
- 4 3
0.6 = e

Original ND280

- > -

— -

- -

gt T
—~- True distribution = o) 3
o 4 e TR RS N r t n m ti i it r n
200 400 600 800 1000 1200 1400 010 JIIPHICILy arou

momentum (MeV) vertex Is better resolved
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Fitted energy loss (AU)

Number of events [bin]

One of the SFGD multi-proton

3

3

Number of events [bin]

Proton threshold + purity
FGD1, TPC u+FGD p
000+ - B v, CCOE (60.21% ' i
Fap coor Tl
800 B E \ DIS (2.35%) _-;;
B v, COH (0.10%) --:
pasieni }
600 ‘ s‘:/V, (0.01%) n]'
OOFYV (1.87%) |
Mooy |
400T —j
|
| |
200" *
- - 1]
002 a4 06 08 1 1.2 1.4
[GeV/c]
Lower proton n threshold
Better CCQE purity

= B =

or

: TPC p+ SFGD p

LLLLL

v, CCQE (83 02%)
v, 2p2h (B.21%)
v, AES (7.07™%)
v, DIS (0.53%)

v, COM (0.12%)

v, NC (0.58%)

0, (0.01%)
v, /9, (0.03%)
B OOFV (0.22%)
[ Other (0.22%) |

12 1.4
[GeV/c]

02 04 06 08 1'
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Neutron detection with SFGD

* For the first time, neutron reconstruction will be possible, by

identifying time of flight between the I interaction vertex and * Neutron detection has been demonstrated with the
secondary vertex of the pre-thermalisation re-interaction of the SFGD prototype exposed to the LANL neutron beamline

outgoing neutron (50% tagging efficiency)
* For the measured total neutron cross section refer to

* The impact that this neutron detection will have on energy Phys. Lett. B 840 (2023) 137843
reconstruction of T2K anti-neutrino’s has been assessed:
resolution is reduced from ~15% to ~7% T2K candidate V I e
avent for I/M—CC oxetsize Pr O,DOI’ tiona
2000 with one neutron tO the hitchal e —1400
U - b . .
------------ - e In the final state R i, —
100 - = E 903 y oy —11200
1600 —| | | e | | = e - R
] R ~ o 1.
n il = 25
1400 - — 7, a - 1000
> - - 8 - A | T2K Work- in- progress f
s - . . e g
= 1000 L - a e [l 3D hit voxels shown here are 800
o § - ] 15-}- ¢V =% reconstructed from 3
ur 800 = . { orthogonal 2D hit projections 600
600 : : 10—":' -
- - : B  122.28 mm
400 |- . _ — . » 400
- For-agétails on this method, refer - . n @ 1.73 ns ToF
200 £ te:Phys. Rev. D 101, 092003 = 210 — T =27.3 MeV
O NI R T N N T N T T T T T T TN N [N M T NN N T A N Y M N NN M DOS,'{’O _15_20 200
0 200 400 600 800 1000 1200 1400 1600 1800 2000 Memy =25 _g9

E' . [MeV] B 50 145 0
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Normalised count

0.05

Improved v, selection with SFGD

Dominant background on v,
selection with pre-upgrade

et

e” et overlap
A

ND280 are photons from ,
NC1Pi0 -
Photon

Improved separation
- + +
between single ¢~ and e

from y conversion enabled
by the detector granularity

e/y discrimination with particle gun

T2K Work-in-progress

% i [0'35] GeV electron
= gamma
ly: [0,1.5] GeV

E— gamma-like e-like

Ll L

0 01 02 03 04 05 06 07 08 09 1

GBDT output

Photon miss-identification

conversion point

Expected performance
from the ND280 Upgrade
| Technlcal DeS|gn Report:

O | | | 02 | | 04 | | | 06 | | | 0.8 |
v, selection efficiency
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Summary

 Thanks to a huge campaign that was in making for many years,
T2K ND280 upgrade is complete

 SFGD was designed, built and commissioned through a
combined effort of 37 institutions from France, Germany, Japan,
Russia, Switzerland, UK and USA (including CERN contribution)

* The full post-upgrade ND280 was commissioned during the June/
July 2024 T2K physics run, and further runs (2.7e20 POT) were
collected in November/December 2024 and March/April 2025

* The upgrade unlocks a rich physics programme and allows for
numerous improvements, including faster statistics acquisition to HA-TPC

be able to make 30 level statements on 0,p

UA1 gMagnf}et Yolf{e

POD ECAL Barrel ECAL

SuperFGD

[l bl Bl e 2 L7 2

e Data analysis is ongoing
 SFGD detector paper is in preparation

o Stay tuned for exciting new physics from T2K with the J-PARC
neutrino beam
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Neutrino oscillations

 Mixing between distinct flavour eigenstates (interacting states) and mass eigenstates
(propagating states), as governed by the Pontecorvo-Maki-Nakagawa-Sakata matrix

v, 1 0 0 C13 0 spe ) c, s, 0 (v
Lil=10 <3 823 0 1 0 —s1, ¢, Of]|%2
bz 0 —523 €23 —513€i5CP 0 C13 0 0 1 Y3
Atmospheric & Accelerator Accelerator & Reactor Reactor & Solar Z’; z SCZZS%;
05 ~ 48° 0,5 ~ 8 0,, ~ 34°
|Am, | = |Am3, | = 2.5 % 107 eV? Scp =1 Ami, ~7.5% 107 eV?
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Oscillation probability, full expression from the
CKM matrix

* Neutrino oscillations occur because of different flavour eigenstates (interacting
states) and mass eigenstates (propagating states)

0,, ~ 48° 0); ~ & O = 34 .

| Am3, | m | Am3, | & 2.5 % 107 eV Scp =" Am2 ~ 7.5 % 1075 eV? $j = sin 0
c;; = cos 0

v, | 0 0 C13 0 S13€_i5CP C12 319 0 1 0 0 U1

Lil=10 3 $p 0 1 0 —s515 ¢, 0]]0 e 0 ||

* Three flavour (anti)neutrino oscillation formula in vacuum:
Am L
P((y)—nzﬂ)— aﬁ—42Re{ U*U*Uﬁj}sm +221m{ U*U*Uﬁ]}San 7
k>j k>j
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The T2K Off-Axis Neutrino Flux
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v, (U,) appearance probability at T2K

* Electron (anti)neutrino appearance probabillity:

2
) AmgzL CP-conserving terms

PTzK((D/ft — v, ) = sin* 20,5 sin” O, sin

= Can be neglected ot L/E of Llong

4+ Siﬂz 9 913 Sil’lz @23 . & baseline accelerator @.xpeirimem&s
AmgzL VLOL&?:E;MQ term for 6.p #0, 7

Plus sigh for neubrinos

, , | - AmiL . AmsL
where J = sin 20,, sin 20,5 sin 20,5 cos 0,5 sin T Sin T
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* Electron (anti)neutrino appearance probability

in vacuum: CP-conserving kterm

, Ams3,L

PTQ,K((EIM) —)(V_e)) ~ Sin2 2913 Sin2 923 Sin

<] 3 ! y v:‘ 0 .
2 -:.:.7 .H‘ : .’ ’g Fﬁ [
3 2L e »d f i' : \

sigv\

+J cos ( for ¥

CP-violating term for dqp # 0, 7

 The appearance probability gets modified

because of charged current v, coherent
scattering from electrons in the Earth’s crust

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)
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v, (U,) appearance probability at T2K
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Appearance probability at T2K including matter
effect

» Electron (anti)neutrino appearance probability around oscillation maximum:
_MW\%S sigi %or anti-~neutrinos

) ) Am 2 I -~ 2
PTZK((U; —>(1/; ) & sin” 20, sin’ 055 sin’ 02 (1 =2 sin? 913))

4E ~ Amjz,

) Ami, L ~ Am3L
Sin
4FE 4E

(Dsin 20, sin 20,, sin 20,5 cos 0,5 sin 5qp Sin

Plus sigh for anti-neubrinos

where a = 2\/5 G n, I depends on the electron density in Earth’s crust n,, and
Fermi’s constant G
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v, (U,) appearance probability at T2K

V=V, V

2.5° Off-axis v flux
0.,,=0° NH, v M
— 6Cp=270°, NH, v

- === 0,,=0°% NH, v

<= 8,=270°, NH, ¥
Size of maltter effect!

 The appearance probability gets modified

because of charged current v, coherent

scattering from electrons in the Earth’s crust

 Mikheyev-Smirnov-Wolfenstein effect

V] V] Ve e

Only v, engage

Neubral 7 o 4
scattering for ¢ 20 o - &1‘9? W=
both v and D curTen
scattering
e e e Ve
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';5‘ w2 J-PARC facility

RCYVRILVY—2&EDT (2:R)

* 400 MeV Linac (H") to 3 GeV Rapid
Cycling Synchrotron (p) to
to 600 MeV Neutrino
beam (V)

* Low duty cycle for neutrino beam,
SO beam induced events are
selected based on event timing

Al j ' v 3200? 1 Run1-9(31.28x10 POT)
% Neu%rbwc} B 3 "2 180;— B Run10 (4.73x10% POT)

XA, Ve b@.&m Sy %160;—
S 1401
* 8 bunches per spill, with a spilll B 1000
repetition cycle of 2.48 s (now . E.
decreased to 1.38 s as part of the ™% Z 80;_
beamline upgrade) o
- 80 ns bunch width, and 580 ns 0

bunch separation 20F |

. . . . . . : . 1000 O 1000 2000 3000 4000 5000
Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 30 AT, (nsec)
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Secondary Beamline for T2K/Hyper-K

» 30 GeV (kinetic energy) protons striking the 90 cm long T2K graphite target

» Precise control of the primary proton beam is crucial for successful operation of T2K

» Theory of QCD is non-perturbative at these energies, thus not easily calculable

30 GeV Proton Beam

T2K Target

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)
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Secondary Beamline for T2K/Hyper-K

» Hadronic cascade is produced within the target (chain of hadronic interactions)

» 3 magnetic horns used to bend and (de)focus the pions and kaons exiting from the target,
depending on their charge

30 GeV Proton Beam Magn |
Clic HO n
S

Sy

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)
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Secondary Beamline for T2K/Hyper-K

» Out-of-target interactions with secondary beamline components (horns, decay volume

walls etc.) are important

» In-flight pion and kaon decays inside the decay volume (~96 m) produce neutrinos

mt(K™T) - utvy,
Signal

ot +.,
30 GeV Proton Beam M | H —e Vel
“8hetic H,,. . Background Ll

Graphite Target

I T I T A

Decay Pip

Muon Monitor
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Secondary Beamline for T2K/Hyper-K

» Changing the horn current direction focuses either a neutrino (forward horn current) or an
anti-neutrino (reverse horn current) enhanced beam towards the T2K detectors

= 3 i
O: 2<1.O ; «10° SK: Neutrino Mode, Vi A0° SK: Neutrino Mode, VM
o, - - = - — = n
~ B SK v Flux. 250 kA ] From 20 2 3 g_ -] 320kA Horn Current g- : —320kA Horn Current
2 1000+ u ’ — . &o 1000 ‘_ — 250kA Horn Current ao 30 —250kA Horn Current
S l SKv, Flux,205kA 1 operating horns at £ ™ N . = | .
C i i SK v, Flux, 0 kA 1 300 e 100 < — |[INOW operating E’ Wrong sign
B | k A — 20 . .
S 5001 +250 kA horn | — or 10% ® : at T320 kA | 8 contamination
e : : ‘e 500 y ,
"G current for most of|  1ncrease in tlux s 7 S . is reduced!
3) B . | — e ¢ B
= I re-2023 period - 2 =
é Oaf HIIH]HHHI|]|i||l|IIIIIIl.ll|||.|||..............' p d = i o | L
= 0 1 2 3 - S
- 10 1 E. (GeV) 10 1 E (Ga

Oftt-Axis Near Detector (ND280)

Gmp}fﬁ-@_> M®

30 GeV Proton Bea@n(GeVMag
Ne l‘]C HOr
ns

N‘O‘f‘ﬁdi Far Detectors
y—aXiS OSK & HK)
Beam H
X-2X1S Dump  On-Axis Near Detector

Z-axis (INGRID)
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Number of events

Particle identification at Super-K

80 - —¢— T2K data

N and v, charged current

v, and v, charged current

Neutral current

' IR A A
0 w#ﬁ*m#.* +++ﬂ} - + ++|++*P?‘JW .#.9.."'__

Electron or muon PID discriminator

Electrons undergo more scattering, hence
produce “fuzzy” Cherenkov rings

Good PID achieved using times, charge and
position of all hit PMTs

unhit PMTs hit PMTs
LT.0= || P @nhitit,0) [] {1-P unhit|T.0)}

] [

X f, (q;|11,0) f, (1|1, 0)

L/;nax
PID = In
Lénax
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SFGD Timing Performance

Track time resolution Cube time resolution
@ AT % .
=) £ 2C > q. distribution [a.u.]
% 0.91 ns 2 — fiber
£ 1 Oy k=0.09 ns + 3 1gF
® 1.2 1 = VNcubes © T
E+‘ 1.6—
1 Track time resolution as 1_4:_
i a function of hit cubes -
0.8 1.2
B 11—
0.6— \e —
B 0.8—
0.41— 0.6
| . ) 4: Individual cube time resolution as a
I T2K \Work- - function of the total charge collected
O B ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | : ] ] | | | ] | | ] | ] ] ] ] | ] | | | | | | ] ]
0 10 20 30 40 50 60 0 50 100 150 200 250
Number of cubes in the track >q_ [p.el]
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High Angle Time-Projection Chambers (HATS)

 Bottom and Top HAT detectors (each consisting of two Cu
field cages) with uniform drift fields of ~275 V/cm, allow a

close to 4z acceptance of tracks starting in SFGD

* Instrumented with the Encapsulated Resistive Anode
MicroMegas (ERAM) technology which allows for charge
spread across multiple anode pads (T2K is the first full scale
experiment to use this, 8 ERAMs in every field cage)

Vertical TPC technology HAT allows for charge on
produces charge on single pads multiple pads (200-800 um
(600-1600 um spatial resolution) spatial resolution)
bulk MicroMegas resistive anode MicroMegas PO||Sh|ng of the inner '
field cage surface
i i Mesh @ GND

i Mesh @ ~ -360V Amplification gap: ~1 28u5zﬁ DLC @ ~ 360V ! E

insulator ~50-2 00 Ty

| : 1 T pus For more details on ,\
L ‘ characterisation of charge \d
s g Ll . spread and gain with Completed field cage

ERAMSs refer to:
arXiv:2303.04481
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HAT performance from prototype commissioning

at DESY £ 1400 :—I—'I—Sclm """ -
3 1200 :_ 55 cm _:
* The prototype was exposed to 1-4 GeV/c electron = -+ 95cm :
beams at DESY, and performance was assessed E 1000 |- B
for different beam incident angles wrt to ERAMSs, 2 800 |- o . -
. . . — B -
and for different drift distances 5 60 o, Ut -
S 400 5t : -
X2 B o ¢
200 — e =
0 o Ly |
0 20 40 60 80 100
¢ [deg]
— 120 ———————— -
X115 §—+;°m =
- E - e 3
9 11.05—‘=—95cm -
5 105 F =
S 100 :
= 95E i @ =
S o0f T T
585 Y : g 1 4 =
inside PCMAG solenoid, with a field upto 1.25 T 8.0 =
For more details on the HAT prototype performance, refer to: o E
Nucl. Instrum. Methods Phys. Res., A 1052 (2023) 168248 10 T T 0 0 ' 100
Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 38 ¢ [deg]
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Time-of- fllght (ToF) detectors

Assembly at CERN in ND280
= basket prototype

 Six ToF planes for a full enclosure of
the SuperFGD target and HATs |
- Qo e
 EJ-200 plastic chosen for its high
light output, stable attenuation length,
and fast timing (rise time of 0.9 ns)

 JoF bars: 1 cm thickness for good
rigidity, 12 cm breadth for coupling to
panels of 8 MPPC arrays,
instrumented on either bar end

e 2 mlong bars along beam, and 2.3 m
long in perpendicularly facing
upstream and downstream panels to
accommodate basket size

8 Hamamatsu MPPCs
(S13360-6050PE) on each
custom designed PCB

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 39
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ToF performance

ERN
'g‘ B
[ S— 0.3 —
S [ = é
g I *
5 0.25_—
) B
Q -
-~ W
GE) 0.2— <S
= B s
0.15_"—’—-—-:—_~~ “-____ o il e T ’ﬂ———_‘__“‘
. B 8T g T — | ZBSESHSEETIIE TERT
= Ve \ A ¢ Wi,
R M A
0.1— :
- ® One-side by array-1
- ®=  One-side by array-2
0.05— ¢ Two-side by array-1&2
= v Weighed two-side 1&2
r ] ] ] ] | ] ] ] ] ] ] ] ] ] ] | ] I ] ]
0O 50 100 150 200
X [cm]
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T2K’s 8 bunch beam structure is
clearly captured by the TOF panels

Beam splll

5£ ERRETYEREEFELRERELEEEEN RN TN N T TR
= 120 . o
s 1 Work in progress-
2 1001 —i -
L - Bedm bufhch -
= 80~ ~
@) I 8
- i |
g &0 .
= 8 ¥
Z 40 -

20— -

00500 1000 1300 2000 2500 3000 3500 4000 4500 3000

For more details on the ToF
performance test at CERN, refer to:
2022 JINST 17 PO1016
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T2K oscillation analysis strategy: full overview

o d 4
NAGL/SHINE data NDR¥ e&a&or model

: Neubrino flux model
Beam moniktor

and INGRID daka

B Near detector o G ND2¥ o data

Cross—section doto e d Neubrino cross-section model
A&mosgykeﬁt Oscillabion fit K s Su,g?er-*!( data

neubrine daka Su,perwl( debtector wmodel

T2K oscillation result!

* Frequentist oscillation analyses: first fit to near Am3,, sin® 6,3, Scp
detector data, then fit to Super-K data

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 41



mailto:tomislav.vladisavljevic@stfc.ac.uk

T2K oscillation analysis strategy: full overview

o deleck del
NA&L/ASHINE daka NDREO de t:‘ or mode

: Neubrino flux model
Beam mwoniktor

and INGRID daka
NDR¥ O data

Cross-seckion doto Gams d Neubrine cross—section wmodel Kt Oscillation fik

Sugmr“!( daka

A&mospkerw
neukrinoe daka

SULFET“K detector model

 MaCh3 (Bayesian) oscillation analysis: T2K oscillation result!
simultaneous fit to near and far detector data Amz,, sin* 03, Scp

 T2K produces consistently converging results from
the simultaneous and sequential fitting approaches

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk) 42
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Markov Chain Monte Carlo

« MCMC algorithm presents an efficient
solution for sampling from a complex to 0,
multivariate posterior likelihood distribution

£y ¥Z, Accept 0, = Z,
—.—
f tz 2o Accept o = Ta
. . . . . 2 = 2 = Z3
The algorithm p.rowdes a recipe for building . — NZy. FReject 0.= 0,
the Markov chain —_——————————————————
t4 {24 Accept 94 = Z4
—_’__—__
L Zs o Reject O = 0,
* At each step, an ensemble of model _—
le Z(,\ Accept O = Z¢

parameters is either accepted or rejected
based on a comparison with a metric : :

* Parameters in the resulting Markov Chain tn
have a distribution density proportional to the
posterior likelihood

Figure from Adaptive Markov chain Monte Carlo algorithms for
Bayesian inference: recent advances and comparative study
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Oc-p and Sin2923 constraints from 12K

Confidence level II}terval (NH) Interval (IH) Confidence level Interval (NH) Interval (IH)
lo -2.69,-0.75 | lo [0.464,0.482] U [0.532,0.582]
90% -3.04,-0.34 -2.07,-0.91 90% 0.443,0.592 0.530,0.586
20 -7,-0.13] U [3.06,7] [-2.34,-0.67 20 0.436,0.598] 0.466,0.592]
3o -7,0.43] U [2.54,7]  [-2.92,-0.08

“N 30 I | | | | I | | | | I | | | | I | | | | I | | | | | | | | | I_ NR 20 | | | | I | | | | I | | | | I | | | | | | | | | I | | | I |
<] <]
—— Normal ordering 18 —— Normal ordering
25 |
“Inverted ordering 16 “Inverted ordering
. 771 16 CL 14 777) 16 CL
S 90% CL . S 90% CL
77 26 CL ] 26 CL
15 3¢ CL /\ 10 36 CL

10

T2K Run 1-11 Work in Progress T2K Run 1-11 Work in Progress

|Ill|llIIIII|III|III|III|III|III|III
|lllllllllll|lll|lll|lll|lll|lll|lll

LL%I IIII| [ 1 1 1 | [ 1 1 1 | [ 1 |
= »

0 TR \ 2 i R T T RN SN SN AN T T M g - PN ST ST N N T N M L 1 N T S N BT Y S
1 2 3 8.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
8(_‘,p Sin2623
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