
Commissioning and initial results from 
the Super Fine Grained Detector (SFGD)

Tomislav Vladisavljevic, Rutherford Appleton Laboratory, UKRI 
tomislav.vladisavljevic@stfc.ac.uk


On behalf of the T2K Collaboration

Given at 21st Recontres du Vietnam, 22-25 July 2025, ICISE, Quy Nhon, Vietnam

1



Tokai-to-Kamioka (T2K) 
Experiment

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

295 km baseline for 
neutrino oscillations

(Anti-)neutrino beam (~600 MeV) 
produced at J-PARC

Far detector “measures” the 
oscillated beam composition

International collaboration: 565 members from 
75 institutions in 15 countries (as of 1 July 2025)

Super-Kamiokande

Near Detector Complex aka ND280 
(280 m from production) “measures” 

the initial beam composition

νμ

μ−
n

p

Upgrade completed in May 
2024! (More in this talk)
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Role of ND280 in oscillation analyses
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• In 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 (CC0

)  event rateπ νμ

Tighter constraint on the pionless 
charged current induced neutrino 
interaction rate after ND fit

Original ND280 
(2010-2023)

mailto:tomislav.vladisavljevic@stfc.ac.uk


Limitations of the original ND280
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Original ND280 
(2010-2023)

• The acceptance and reconstruction 
efficiency of the near detector don’t quite 
match the phase space that contributes to 
oscillations at SK (far detector site)


• In particular:

Low selection efficiency for low 
momentum proton track reconstruction

Still have limited ability to match SK 
muon acceptance in high angle and 
backward going tracks with ND280 (due 
to absence of high angle TPCs)

146

In the extrapolation from the expected spectra extracted using forward going tracks at

ND280 to the ones at SK, cross-section models are needed to describe the dependency on

the momentum transferred Q2 or on momentum and angle of the lepton.

In addition, tracks not entering the TPCs can only be reconstructed in two dimensions

with the FGD. This implies limited tracking efficiency and a relatively high momentum

threshold, especially for protons. As an example, the protons reconstruction efficiency in

ND280 is shown in Fig. 6.2. As it will be explained in Sect 6.5, the reconstruction of low

momentum pions and protons is fundamental in order to investigate nuclear effects in

neutrino interactions.
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Figure 6.2: Proton reconstruction efficiency in ND280. The grey histogram corresponds to the spec-
trum of generated protons according to NEUT MC

The possibility of improving the angular acceptance of the current ND280 design has

been investigated by the collaboration [48]. Leptons emitted with large polar angles can be

reconstructed in the ECal or in the upstream TPC and can be distinguished from forward

going tracks emitted by neutrino interactions upstream, thanks to the time of flight between

two scintillator detectors, for example the P0D and the FGD1. As shown in Fig. 6.3, the

direction of the track can be easily determined, since the time difference is of the order of

6 ns, but the efficiency is relatively small (∑20%), due to the requirement of having a track

reconstructed in two high density detectors.

Another limitation of the Near Detector is its poor efficiency in selecting electron neutri-

nos with energies below 1 GeV /c2, related both to limited efficiency for tracks at high angles,

and to a large contamination due to converted gammas (see Fig. 6.4. The small number of ∫e

selected at ND280 prevent the use of this sample in the oscillation analyses and the method

used in T2K to constrain flux and cross-section systematic uncertainties solely relies on the

selection of muon neutrinos at ND280 to constrain uncertainties for both ∫µ and ∫e at SK.

An additional uncertainty of 3% due to possible cross-section model differences between ∫µ

Efficiency from NEUT model 

(pre-upgrade ND280 performance)
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The possibility of improving the angular acceptance of the current ND280 design has

been investigated by the collaboration [48]. Leptons emitted with large polar angles can be

reconstructed in the ECal or in the upstream TPC and can be distinguished from forward

going tracks emitted by neutrino interactions upstream, thanks to the time of flight between

two scintillator detectors, for example the P0D and the FGD1. As shown in Fig. 6.3, the

direction of the track can be easily determined, since the time difference is of the order of

6 ns, but the efficiency is relatively small (∑20%), due to the requirement of having a track

reconstructed in two high density detectors.

Another limitation of the Near Detector is its poor efficiency in selecting electron neutri-

nos with energies below 1 GeV /c2, related both to limited efficiency for tracks at high angles,

and to a large contamination due to converted gammas (see Fig. 6.4. The small number of ∫e

selected at ND280 prevent the use of this sample in the oscillation analyses and the method

used in T2K to constrain flux and cross-section systematic uncertainties solely relies on the

selection of muon neutrinos at ND280 to constrain uncertainties for both ∫µ and ∫e at SK.

An additional uncertainty of 3% due to possible cross-section model differences between ∫µ

Shape of true proton distribution
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Table 6.1: Effect of 1æ variation of the systematic uncertainties on the predicted event rates at Super-
Kamiokande of the ∫-mode samples.

Source of uncertainty ∫e CCQE-like ∫µ ∫e CC1º+

±N /N ±N /N ±N /N
Flux 3.7% 3.6% 3.6%
(w/ ND280 constraint)
Cross section 5.1% 4.0% 4.9%
(w/ ND280 constraint)
Flux+cross-section
(w/o ND280 constraint) 11.3% 10.8% 16.4%
(w/ ND280 constraint) 4.2% 2.9% 5.0%
FSI+SI+PN at SK 2.5% 1.5% 10.5%
SK detector 2.4% 3.9% 9.3%
All
(w/o ND280 constraint) 12.7% 12.0% 21.9%
(w/ ND280 constraint) 5.5% 5.1% 14.8%

The main limitation that has been identified in the current ND280 design is that, in order

to precisely determine the properties of the leptons emitted in neutrino interactions, they

have to be reconstructed in one of the TPCs. As a consequence the efficiency in the forward

region is excellent but it drops considerably for scattering angles with respect to the beam

direction larger than ª 50 degrees. At Super-Kamiokande, instead, given the 4º symmetry of

the detector, the efficiency is flat with respect to the beam direction. The different acceptance

between ND280 and SK is clearly shown in Fig. 6.1.
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Figure 6.1: Reconstructed momentum and angle for muons selected at ND280 (left) and electrons
selected at SK (right).

collaboration is actively working to reduce them to the 1% level. It should be noted that in the current treatment
SK systematics are obtained from atmospheric neutrinos control samples and hence affected by flux and
cross-sections uncertainties.
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T2K Near detector upgrade
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• P0D sub-detector has been 
replaced with:


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


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


• Installation at J-PARC completed in 
May 2024

18

Scintillator  cube

WLS fibers

Figure 2.1: Schematic concept of the SuperFGD structure. The size of each cube is 1£1£1 cm3.

Figure 2.2: Schematic of the signal routing for SuperFGD. The frontend electronics will be placed on
the left and right sides of the detector. Analog signal from the upstream and the top face will be routed
to left/right.

read out along three orthogonal directions by wavelength shifting (WLS) fibers. Figure 2.1

shows a conceptual drawing of SuperFGD. Each scintillator cube has three holes in x, y , and

z directions, where WLS fibers are inserted. One end of each WLS fiber is instrumented with a

Multi-Pixel Photon Counter (MPPC). Because SuperFGD will provide projections of charged

particle trajectories onto three planes without inactive regions, it will provide us significantly

more information on the neutrino interaction compared to the existing FGDs.

In the baseline design, the dimension of the active part of SuperFGD is 192£192£56

cubes, with the size of each cube being 1£1£1 cm3. The total numbers of cubes and readout

channels will be 2,064,384 cubes and 58,368 channels, respectively.

The MPPCs will be placed on the upstream, top, left and right side of the detector. For the

readout of y-z plane, half of MPPCs are placed on each of the left and right side in order to

equalize the density of readout channels. The analog signal from the upstream and the top

SuperFGD Design:
1x1x1 cm 

Scintillator cube
3

3 WLS fibres

SuperFGD

HA-TPC

ToF
Magnet  
coils P0D 

ECAL

Barrel 
ECAL

DS 
ECAL HA-TPC

P0D ECAL Barrel ECAL

DS  
ECALUS  

ECAL

Magnet 
coils

UA1 Magnet Yoke

FGD1 FGD2

TPC1 TPC2
TPC3

192 cm 182 cm

56 cm

~2 million scintillator cubes

~56k MPPCs for light readout

2 HTPCs Design:

72

Figure 3.2: Schematic view of the High-Angle TPC.

Table 3.1: Main parameters of the HA-TPC.

Parameter Value
Overall x £ y £ z (m) 2.0 £ 0.8 £ 1.8
Drift distance (cm) 90
Magnetic Field (T) 0.2

Electric field (V/cm) 275
Gas Ar-CF4-iC4H10 (%) 95 - 3 - 2

Drift Velocity cm/µs 7.8
Transverse diffusion (µm/

p
cm) 265

Micromegas gain 1000
Micromegas dim. z£y (mm) 340 £ 410

Pad z £ y (mm) 10 £ 11
N pads 36864

el. noise (ENC) 800
S/N 100

Sampling frequency (MHz) 25
N time samples 511

Drift volume

MicroMegas

Module frame

8 ERAMs

180 cm

90 cm

80 cm

For more details on the design, refer to the ND280 
Upgrade Technical Design Report: arXiv:1901.03750

Original ND280 detector 
(2010-2023)

Classic ND280 
remains unchanged

New ND280 detector 
(Completed in 2024)

Detector upgrade in 2023/24

mailto:tomislav.vladisavljevic@stfc.ac.uk
https://arxiv.org/abs/1901.03750
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Full ND280 upgrade successfully installed in spring 2024 and running

T2K Near detector upgrade
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For more details on the design, refer to the ND280 
Upgrade Technical Design Report: arXiv:1901.03750

Original ND280 detector 
(2010-2023)

Bottom HAT

SFGD

Top HAT

From June 2024 onwards: 
detector upgrade fully completed!
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SFGD scintillator cubes
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1 cm

all cubes is 10.16±0.06 mm. We observe that in February the average size
was larger (10.19 mm), and in April the size was smaller (10.12 mm).

We attribute the variation of the average cube size to reflector thickness
which is not well controlled during manufacturing process. As a whole we
did not observe the systematic trend in the cube size, but rather random
fluctuations of average values within standard deviation. It is worth to note
that the cube size can be compressed to some extent because of elasticity
of the di↵use reflector, and this factor a↵ects the outer dimensions of Super
FGD cube array.

3.2.3. Precision of the cube holes

While we can consider the cube size as relatively stable for the purpose
of detector assembling the hole positions relative to the cube perimeter show
higher fluctuations that creates a challenge to draw through the WLS fibers.
Drilled channels to accomodate WLS fibers in a cube are shown in Fig. 4.

Figure 4: A zoom view of a scintillator cube with three drilled through channels of 1.5 mm
diameter. Two sides of the cube were polished to see the channels.

The geometry of the holes was measured using a digital microscope. The

12

L

W

ϕ
• Single SFGD cube - polystyrene with 1.5% paraterphenyl 

(PTP) and 0.01% POPOP, produced by the UNIPLAST Co. 
(Vladimir, 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


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


• Dimensions after etching: 

,  

(  stainless steel rods used to mechanically reject 
cubes with badly drilled holes)


• Low tolerances for cube dimensions are crucial for detector 
assembly (~2,000,000 cubes)

L = (2.88 ± 41) mm W = (10.16 ± 0.06) mm
ϕ ∼ 1.4 mm

D.Sgalaberna CERN Detector seminar 21

•Reflecting layer is made by chemically  
etching the scintillator surface

•Micro-porosity made of many air-plastic 
interfaces that make the outer surface 
very white

The plastic scintillator cubes

Keeping tolerances low is crucial for assembling 
2,000,000 cubes in the mechanical box

Reflector thickness varies 
between  

37 and 145 μm

After the chemical etching:
L = 2.88  41 mm
W = 10.16  0.06 mm

±
±𝜙 ~1.4 mm stainless steel used to 

reject cubes with bad fiber holes

Figure 1. The picture of a small prototype is shown. Several cubes of extruded plastic scintillator with three
WLS fibers inserted in the three holes are assembled. The size of each cube is 1 ⇥ 1 ⇥ 1 cm3.

three-view readout looks appropriate. The fine granularity would allow to measure protons with
momenta down to 300 MeV/c. None of the above properties could be achieved with a scintillator
bar detector. In addition the light is enclosed within the cube and the light yield is expected to
be higher than in standard scintillator bars. In this configuration, the energy deposited by a given
ionizing particle is simultaneously collected by three WLS fibers, instead of only one, improving
pattern recognition and the light yield. Furthermore, in order to obtain three views, the energy
deposited by a particle in a single cube is enough. This is a tremendous advantage compared to
scintillator bar detectors where two views are provided by a particle depositing energy in at least

– 4 –

Single machined SFGD cube

Zooming in on the reflective 
coating (thickness varies 
between 37 and 145 mμ

D.Sgalaberna CERN Detector seminar 21

•Reflecting layer is made by chemically  
etching the scintillator surface

•Micro-porosity made of many air-plastic 
interfaces that make the outer surface 
very white

The plastic scintillator cubes

Keeping tolerances low is crucial for assembling 
2,000,000 cubes in the mechanical box

Reflector thickness varies 
between  

37 and 145 μm

After the chemical etching:
L = 2.88  41 mm
W = 10.16  0.06 mm

±
±𝜙 ~1.4 mm stainless steel used to 

reject cubes with bad fiber holes

Effect of cube etching

Ulysse VIRGINET - NuInt 2024 - Friday, April 19th 2024

SFGD
• 2 million optically independent 

plastic scintillator cubes of 1 cm  
made of polystyrene and doped 
with 1.5% of paraterphenyl (PTP) 
and 0.01% of POPOP. 

• ∽40 p.e./MIP/fiber 

3

8

Produce cubes by  
injection molding

Etched in a chemical  
to deposit a reflective layer

3 orthogonal  
holes are drilled

Assembled in 56 X-Y layers with fishing lines before shipment to Japan

• SFGD cubes production at UNIPLAST (Russia)

Nucl.Instrum.Meth.A 1041 (2022) 167219
Hole drilling line

mailto:tomislav.vladisavljevic@stfc.ac.uk


SuperFGD assembly: cubes into layers into whole box

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

Figure 25: Left - Insert the fishing lines for the scintillator layer through the designated
holes in the box. Right - Push the layer of cubes into the corner and align the cubes within
the box.

Figure 26: Left - Check the alignment of the scintillator cubes using metal rods and needles.
Right - Install wooden stoppers to maintain the alignment of the cubes throughout the
installation process.

light emitted by the scintillator cubes. Emission spectrum depends on the
fiber length due to attenuation and peaks at ⇠505 nm for a 1 m long fiber.

We had investigated the performance of 60 cm long Y-11 fiber with dif-
ferent treatment of the open fiber end. The fiber broken by hand, cut by a
wire cutter, grinded by a sandpaper shows almost the same reflection at the
end, with marginally increase for a polished end. Reflector at the broken or
cut end gives no noticeable e↵ect for light yield. Reflective paint at a flat
polished end increases the light signal by 25% in the point close to this end.

However it was found impractical to prepare the fiber ends in advance
before fiber installation because we could not provide the precise position of
the open fiber end at the level of the box plane. Misalignment of the open

43

3. Assembly of SFGD layers at J-PARC inside 
the mechanical box (two box sides are visible)

Figure 29: Installation of fibers for the first 8⇥ 8 channels.

Figure 30: Installation of MPPC-PCBs.

Figure 31: Distribution of normalized light yield of the horizontal fibers before the vertical
fibers were installed (left) and after (right). The fibers were replaced when the relative
light yield was less than 70% of the average.

45

5. Removal of fishing lines and installation of 
WLS fibres after closure of the mechanical box

Ulysse VIRGINET - NuInt 2024 - Friday, April 19th 2024
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1. Cubes lined up on fishing lines

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

45 XY layers

11 XY layers

D.Sgalaberna CERN Detector seminar 26

The Mechanical box

2,056 mm
1,949 mm

687 mm

•1,956,864 sensitive elements 
(56×182×192 cubes) read out by 55,888 
electronics channels 

•111,776 holes: let WLS fibers exit the box

•Total mass of empty box is 536 kg

•Box size and hole pitch was tuned on the 
measured size and tolerance of the 
scintillator cubes (see previous slide) 

4. Completion of SFGD layers’ 
assembly at J-PARC 

Ulysse VIRGINET - NuInt 2024 - Friday, April 19th 2024

SFGD
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plastic scintillator cubes of 1 cm  
made of polystyrene and doped 
with 1.5% of paraterphenyl (PTP) 
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3
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3 orthogonal  
holes are drilled

Assembled in 56 X-Y layers with fishing lines before shipment to Japan

• SFGD cubes production at UNIPLAST (Russia)
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Wavelength-shifting fibres

• 1,956,864 cubes 
(56x182x192)


• 55,888 electronics readout 
channels (one per WLS fibre)


• 111,776 drilled holes

• 536 kg: weight of empty 

mechanical box that holds 
equipment together

mailto:tomislav.vladisavljevic@stfc.ac.uk


Figure 32: Light shielding sheets attached on the box (left). Readout cables were attached
to the MPPC-PCBs and tied on the aluminum supports on the box (right).

Figure 33: Left: picture of the MPPC S13360-1325PE. Right: Dimensional specifications
of S13360-1325PE (from MPPC catalogue of Hamamatsu Photonics).

was measured with 3 di↵erent fiber ends consecutively: (1) polished fiber
end; (2) polished fiber end covered by a reflective paint; (3) fiber end cut
under 45 degrees and painted by a black paint. The last option is believed
to suppress reflections at the fiber end while the second option provide the
highest possible light signal. The first option is close to the real configuration
with the cut end. The attenuation of a 2 m long fiber is shown in Fig. 35 for
all 3 fiber end options. The measurement was repeated 3 times, and error
bars in the plot show the spread in results.

The WLS fiber attenuation curves can be fitted empirically by di↵erent
formulas using di↵erent parameters. Our academic approach was to use the
parameters with physical meaning which could keep their value in the fibers

46

SuperFGD photosensors

9Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

Single Hamamatsu MPPC 
(S13360-1325PE)

Super FGD Overview
• Volume: 192⨯182⨯56 cm3 ;  total active weight of ∼2 tons 
• ∼2M scintillator cubes (1⨯1⨯1 cm3 each, optically isolated) with 3 orthogonal fiber holes
   à 3D WLS fiber readout  
• ~56k SiPMs and electronics channels 

July 18, 2024 Thomas Kutter, LSU 6

• Large, fully active volume with high granularity
àlow threshold
à4$ response

Figure 29: Installation of fibers for the first 8⇥ 8 channels.

Figure 30: Installation of MPPC-PCBs.

Figure 31: Distribution of normalized light yield of the horizontal fibers before the vertical
fibers were installed (left) and after (right). The fibers were replaced when the relative
light yield was less than 70% of the average.
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Attachment of PCBs with 8x8 MPPC 
arrays to the assembled SFGD at J-PARC

Light detection principle

Figure 34: Left: picture of MPPC64-PCB photosensor side. Right: picture of MPPC64-
PCB connector side.

Figure 35: Attenuation of a 2 m long Y11(200) WLS fiber with the di↵erently treated
fiber end: the polished end covered by a reflective paint (red), the polished end (blue) and
the end cut under 45 degrees and covered by a black paint (black).

with the di↵erent treated ends. Formula in Fig. 35 describes the attenuation
process in a fiber through a few following assumptions. The re-emitted light
is divided equally in two directions. One part of light goes directly toward
a photosensor, the other part goes to an open fiber end where a fraction R
of light is reflected toward a photosensor. The emission is broken down into

47

Figure 34: Left: picture of MPPC64-PCB photosensor side. Right: picture of MPPC64-
PCB connector side.

Figure 35: Attenuation of a 2 m long Y11(200) WLS fiber with the di↵erently treated
fiber end: the polished end covered by a reflective paint (red), the polished end (blue) and
the end cut under 45 degrees and covered by a black paint (black).

with the di↵erent treated ends. Formula in Fig. 35 describes the attenuation
process in a fiber through a few following assumptions. The re-emitted light
is divided equally in two directions. One part of light goes directly toward
a photosensor, the other part goes to an open fiber end where a fraction R
of light is reflected toward a photosensor. The emission is broken down into
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Photosensor 
side of PCBs

Connector 
side of PCBs

• Wavelength-shifting fibres 
carrying the light: Y-11 
(Kuraray Co.) of  1.0 mm


• Horizontal fibres ~2 m length, 
vertical fibres ~60 cm

ϕ
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SuperFGD LED calibration system
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The LED calibration system is attached on the opposite side of MPPC. 

• Check detector performance, stability and calibrate gains. 

LED lights are transported by the light-guide-plate(LGP) and the diffuser. 

• With scattering the lights → lights to be inserted into WLS fibers uniformly.

9

Calibration system
The LED calibration system is attached on the opposite side of MPPC. 

• Check detector performance, stability and calibrate gains. 

LED lights are transported by the light-guide-plate(LGP) and the diffuser. 

• With scattering the lights → lights to be inserted into WLS fibers uniformly.
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Calibration system

Operation principle of the 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

Diffuse LED light injected 
at the fibre locations
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3mm

3mm

3mm

3mm

Notches made 
with laser

Inspired by 
CALICE design 

with optical fibers

•Light Guide Plate (LGP) 
distributes blue LED light to 
the 56,000 WLS fibers

•WLS fibers protruding end 
cut off with cutting plier at 
the level of the box wall 
after insertion

The LED calibration system
Optimised for high channel density detectors

LGP modules of the “wall-type” 
installed at the downstream end 
of the fully assembled SFGD
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3mm

3mm

3mm

3mm

Notches made 
with laser

Inspired by 
CALICE design 

with optical fibers

•Light Guide Plate (LGP) 
distributes blue LED light to 
the 56,000 WLS fibers

•WLS fibers protruding end 
cut off with cutting plier at 
the level of the box wall 
after insertion

The LED calibration system
Optimised for high channel density detectors

LGP module design
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Electronics were produced and delivered in the commissioning phase before/after the 
detector installation. 
Before the installation to ND280 pit, commissioning were performed on surface: 
•  May 2023(with ~1,000 channels)→Jul./Aug.(~20% FEBs : ~10,000 channels.) 
→Early-Oct.(~50% : ~30,000 channels) 

After the installation to ND280 pit, remaining electronics were installed: 
•  End-Oct.(~80% FEBs : ~50,000 channels)→Beam operation in Nov. 2023/Feb. 2024 
→Mar. 2024 ~ : Fully installed

15

SuperFGD commissioning with readout electronics

Left side
SuperFGD DAQ design and performance

11Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

In March 2024, we installed fully FEBs, and operated with fully upgraded ND280 from 
June!

17

SuperFGD operation

Neutrino events candidate with fully upgraded  ND280 in June 2024 run

Short track and long track in whole detector

High multiplicity event 

Beam ON
新検出器 DAQ状況

DAQ

ビーム運転
新旧検出器を統合して初めてのデータ取得 → ND280アップグレード本格運転開始
加速器では800 kWでの安定運転を実現
◦ νモード 2.1 x 1020 protons on target

SuperFGD
◦ データ品質モニターの充実
◦ 99%以上の効率で安定にビームデータ取得

2024/9/19 ⽇本物理学会2024年年次⼤会 ⾕川輝 11

Data acquisition status of SuperFGD 
→we achieved to data taking with an 

efficiency over 99% in June run.Data taking efficiency of SFGD achieved during the June 
2024 run was over 99% (and 96.1% for the entire ND280)!

SuperFGD electronics
 MPPC signal digitized by Front-End Board (FEB) using CITIROC chips (Omega).
 Events built in Optical Concentrator Board (OCB) with Zynq.
 Clock and trigger provided by Master Clock Board (MCB).

11

• October 2023: SFGD detector assembly 
completed


• Commissioning of the DAQ system was first 
performed stage-wise (with ~20% and ~50% 
FEBs) on the surface, before installation in 
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

One vertical side of SFGD 
showing the fully installed 
readout electronics

mailto:tomislav.vladisavljevic@stfc.ac.uk


SuperFGD prototype at CERN
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2020 JINST 15 P12003
Figure 4. The SuperFGD Prototype in the CERN-PS East Hall during transport to the T9 beamline. The
minicrates housing the front end electronics can be seen on each of the four corners of the SuperFGD
Prototype mounted in the center of the mechanical assembly.

Type I

Type II

Type III

x

y

z

24 cm

8 cm

16 cm8 cm

24 cm

Preview https://cernbox.cern.ch/byoa/drawio/?embed=1&ui=kennedy&la...

1 of 1 14/05/2020, 22:26

Figure 5. Distribution of the three types of MPPCs around the six faces of the SuperFGD Prototype: 1,152
Type I (S13360-1325CS), 384 Type II (S13081-050CS), and 192 Type III (S12571-025C) MPPCs represented
by blue, red and black respectively.

volume corresponding to the stopping point of 0.8 GeV/2 protons. Each MPPC operating voltage
was set to the manufacturer recommended voltage corresponding to the MPPC gain value reported
in table 1. One common high voltage was defined for each type of MPPC. Individual MPPC
operating voltages were then set by tuning the CITIROC-embedded 8-bit 4.5 V DACs connected to
the MPPC anode. Given the variation in operating voltages of up to 2 V across the whole sample
of MPPCs of a given type, the MPPCs were preselected and sorted into batches of 32 to achieve an
operating voltage spread no greater than ±100 mV per batch.

3 Signal processing and calibration

3.1 Signal processing

Each MPPC is connected to a single input channel on a CITIROC that splits the incoming signal
down two paths, the High Gain (HG) path and the Low Gain (LG) path (figure 6). The HG and LG

– 7 –

CERN SFGD Prototype

48 cm

24 cm

8 cm 2020 JINST 15 P12003

0 50 100 150 200 250 300
Z-fiber Crosstalk Hit Light Yield [p.e.]

0

0.01

0.02

0.03

0.04

0.05p.
d.

f.

w   Tyvek

w/o Tyvek

0 500 1000 1500 2000 2500 3000 3500 4000
Z-fiber Main Hit Light Yield [p.e.]

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012p.
d.

f.
Figure 17. Light yield for I-fiber main and crosstalk hits using 2.0 GeV/c data with `/c trigger. For the
crosstalk samples, the inputs have been classified as coming from cubes insulated by Tyvek or with no Tyvek
insulation with respect to the main cube.

0 2 4 6 8 10 12 14
 [%]κ

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

p.
d.

f.

 0.05± = 2.94 κ

0 2 4 6 8 10 12 14
 [%]κ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8p.
d.

f.

 0.03± = 1.80 κw Tyvek    

 0.06± = 4.11 κw/o Tyvek  

Figure 18. Measurement of the percentage fraction of light ^ that flows from main cubes to neighbour
crosstalk cubes using equation (5.1). The left plot corresponds to the best estimate of ^ = 2.94 ± 0.05 made
using the stopping point of proton events. The right plot shows the optical insulation e�ect of Tyvek sheets.

vertical or horizontal crosstalk hits in the G-H plane. The ratio between both ^ estimates, presented
in figure 18, allows to estimate in 50–60% the crosstalk reduction achieved thanks to Tyvek. For
this measurement, 2.0 GeV/2 tracks with a `/c trigger, instead of stopping protons, have been used
in order to alleviate the saturation e�ects.

5.5 Light attenuation in WLS fiber

Signal photons are attenuated while traveling inside the WLS fibers. The attenuation curve is fitted
using the empirical equation [1]

H(3) = !.0

⇣
U4

�3
!( + (1 � U)4

�3
!!

⌘
, (5.2)

where !.0 is the unattenuated light yield, U is a weighting factor, and !( and !! are respectively
short and long attenuation constants and 3 is the distance from the center of the cube with the main
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~3% optical crosstalk with 
the prototype, consistent 
with later in-situ 
commissioning of SFGD

2020 JINST 15 P12003
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Figure 22. Histograms of the measured channel time resolutions. Channels read out by FEB 18 are excluded.
(a) shows a single histogram containing all the channels with an associated time resolution. (b) displays two
histograms, the blue solid line corresponds to channels read out by long fibers (channels in the I-H plane)
and the red dashed line corresponds to channels read out by short fibers (channels in the G-I plane). Only
channels with Type I MPPCs are shown. (c) splits the channels into three by separating them by MPPC type.
Blue solid, green dashed and red dotted lines correspond to Type I, Type II, and Type III MPPCs respectively.
Only channels with 8 cm fibers are shown.

6 Physics studies

6.1 Simulations of the SuperFGD

Simulations for the SuperFGD were created within the upgraded ND280 framework. The geometry
of the SuperFGD detector is simulated in GEANT4 [21] by creating replicas of the 10⇥10⇥10 mm3

cubes.

In order to simulate some aspects of the detector response, several e�ects were taken into
account and applied to the GEANT4 output. These e�ects include the response of the plastic
scintillator (e.g. saturation e�ects), the response of the fibers (e.g. attenuation), and the response of
the MPPCs. The parameters used to introduce these e�ects were optimized and validated using the
beam tests of the SuperFGD prototypes.

– 24 –

~1.1 ns time resolution 
per single readout 
channel (MPPC)

2020 JINST 15 P12003
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Figure 26. Average energy deposit per unit length for di�erent particle triggers. Data conditions: 0.2 T,
0.8 GeV/2.
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Figure 27. The d⇢ /dG measurement per I-layer for di�erent particle triggers. Data conditions: 0.2 T,
0.8 GeV/2.

mix of muons and pions, and a sample of protons. The light yield for these di�erent samples at a
known beam momentum of 0.8 GeV/2 is shown in figure 26. It is computed using MPPC hits from
the H-I plane only as all these MPPCs are of the same type, Type I.

To measure the average light yield per unit length, the light yield is recorded in each I-layer in
the H-I plane. The range is computed by finding the distance between the centers of the cubes with
highest light yield in the first and last I-layers of the particle track. We obtain the average d⇢ /dG
expressed in p.e./cm by dividing the sum of the light yield in all I-layers by the range of the track.
This is shown in figure 26.

Additional information about the particle track can be extracted by studying the rate at which
the ionization changes along its range. This is measured by computing the average d⇢ /dG in each
I-layer as shown in figure 27. For tracks of similar momentum, the detector shows a very clear
detector response for di�erent particle types.
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Excellent separation between protons and 
MIP-like particles based on energy loss (here 
shown at fixed 0.8 GeV/c beam momentum, 
0.2 T magnetic field)

2020 JINST 15 P12003

Finally, the three resulting values of the amplitude in p.e. are combined to create one value
that is referred to as the hit PE. To create this value, the charge of the hit is considered equal to the
HG signal if it exists and is below saturation. If the HG signal fails one or both of these conditions,
the hit PE is equal to the LG signal (also if it exists and is below saturation). Otherwise, the ToT
signal is used for the hit PE. For the analysis of the data, hit PE is used as the standard value of the
light yield in photoelectrons.

4 Beamline setup

In this section we report on the layout of the beamline used in the 2018 CERN beam tests, on the
properties of the beam and on the particle trigger system that was used to provide information about
the di�erent particle types.

4.1 The beamline layout

The SuperFGD Prototype was tested at the CERN-PS T9 beamline with a TPC placed upstream as
shown in figure 11. This TPC was part of a separate study [10].

Time-of-flight counters were installed along the beamline to provide particle identification.
The beam momentum was fixed for each run, chosen within a range of ±400 MeV/c to ±8 GeV/c, by
setting beamline magnet currents to predefined values. We operated two main beam modes. The
“hadron” beam mode was the standard beam mode, with a mix of charged particle types including
positive beams (negative beams in parentheses) of protons, c+ (c�), `+ (`�) and 4

+ (4�). The
resulting relative fraction of particle species in the beam could be further modified by the insertion
of beam stoppers and para�n, Fe, Cu or Pb converters to enhance or suppress a particular particle
type. The “muon” beam mode operated with a thick beam stopper in the beamline that suppressed
the hadronic component of the beam and most 4+ (4�).

12	October	
2020 3

Proposed layout of	T9	test	area	9m	cable

SuperFGD	
prototype

Figure 11. Layout showing the main components on the PS T9 beamline platform, including the MDX and
MNP17 magnets. Scintillators ((1, (2, (3) and a Cherenkov detector (⇠2) were used in the particle trigger
system.

4.2 Particle triggers

A trigger system based on scintillator detectors ((1, (2, (3) and a Cherenkov detector (⇠2) was
used to discriminate di�erent particle types. The position of the detectors in the beamline can

– 11 –

• CERN prototype commissioning and 
detector performance characterisation 
with charged particle beams: JINST 15 
(2020) 12, P12003

 


• Also LANL prototype commissioning 
(2019-2020) to quantify capacity to 
measure neutron kinematics: Phys. 
Lett. B 840 (2023) 137843 (more on 
this later)

CERN Prototype placed 
in the test beamline

mailto:tomislav.vladisavljevic@stfc.ac.uk
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12003
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12003
https://doi.org/10.1016/j.physletb.2023.137843
https://doi.org/10.1016/j.physletb.2023.137843
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Read out electronics: the dynamic range
Full coverage of a high dynamic 
range from 3.5 to ~2,000 pe:

•Minimum ionising particles

•  conversion

•Bragg peak (protons, , ) 

•“Vertex activity”, i.e. multiple low-p 
hadrons (protons, , ) stopping 
near the neutrino interaction vertex

γ → e+e−

π μ

π μ

Work in 
progress

Work in 
progress

SFGD preliminary performance at J-PARC: readout electronics 
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• Readout electronics covers a wide dynamic range 
~3.5 to ~2,000 p.e.


• MPPC gains (in high and low voltage settings) are 
calibrated and their stability monitored both during 
data acquisition (by shining the LED between neutrino 
beam spills) and on maintenance days


• For every MPPC, the gain (ADC value per 1 p.e.) is 
found by fitting p.e. peaks to the measured LED 
induced distribution


• The gain pedestal is quantified from LED data 
collected at different voltage settings


• Both the channel pedestal and gain are highly stable 
during data taking (e.g. in normal conditions mean 
gain fluctuates by <0.5%)

Example of how the single 
channel gain is quantified by 

fitting p.e. peaks to the 
measured ADC distribution for 

a single channel at a fixed 
voltage setting

Calibration and stability
 Ratio of bad channels is small.
 Pedestal and gain are stable.
 Inter-calibration of high-gain 

ADC, low-gain ADC and time 
over threshold.

17

Pedestal stability

Bad channel mapping
High-gain ADC vs low-gain ADC High-gain ADC vs time over threshold

MPPC gain stability

T2K Work-in-progress T2K Work-in-progress

T2K June/July 2024 Run T2K June/July 2024 Run
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•Excellent performance of the charge 
calibration and monitoring system 

•Dominant fraction of high-quality channels

June-July Neutrino Run 2024

Calibration performance during the neutrino run

High Gain 
(adc/pe)

3pe

8pe

Work in progress
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Detector performance study
 Showing good detector performances.
 Analyses are ongoing for the first physics 

result from the upgraded ND280.
 SuperFGD detector paper is now being written.
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Light yield and attenuation in fiber Time resolution Stopping proton analysis
Work in 
progress

Work in 
progress

Significant
improvement 
by calibrationConsistent with 

expected formula

Bragg peak can 
be seen clearly

Work in 
progress

~3% optical 
crosstalk

Work in 
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Optical crosstalk between scintillator cubes
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Light yield and attenuation in fiber Time resolution Stopping proton analysis
Work in 
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Work in 
progress

Significant
improvement 
by calibrationConsistent with 

expected formula

Bragg peak can 
be seen clearly

Work in 
progress

~3% optical 
crosstalk

Work in 
progress

Optical crosstalk between scintillator cubes
SFGD preliminary detector performance at J-PARC 
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• 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

T2K Work-
in-progress
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Extracted attenuation 
constants consistent 
with WLS fibre properties

Timing calibration 
improves time resolution 
(paper is in preparation)

Bragg peak from 
stopping proton tracks 
is visible
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calibration
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T2K Work-in-
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~3% MC crosstalk
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Detector performance study
 Showing good detector performances.
 Analyses are ongoing for the first physics 

result from the upgraded ND280.
 SuperFGD detector paper is now being written.
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Light yield and attenuation in fiber Time resolution Stopping proton analysis
Work in 
progress

Work in 
progress

Significant
improvement 
by calibrationConsistent with 

expected formula

Bragg peak can 
be seen clearly

Work in 
progress

~3% optical 
crosstalk

Work in 
progress

Optical crosstalk between scintillator cubes

Resolution shown 
here is per fibre
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Physics run in May/June 2024 run

T2K work in progress

Side view

ND280 completed with SuperFGD, High Angle TPCs and 6 ToF panels
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Hit Times From Beam Data, 8 June 2024

Work in progressT2K Work-in-progress

Hit times of collected events wrt to 
the neutrino beam spill time are 
consistent with the specific 8-bunch 
structure provided by J-PARC!

Examples of event displays with the upgraded detector
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Zooming in at the 
interaction vertex p

p
νμ μ−

CC0  candidate event with two protons in 
the final state, could be from 2p2h processes

π

Zooming in at the 
interaction vertex

CC0  candidate event with a short recoil 
proton, and high angle muon (which would fall 
outside of the original ND280 acceptance)

π

Zooming in at the 
interaction vertex

νμ μ−

p

μ−

π

Michel e

νμ

• Unprecedented resolution 
around the interaction 
vertex and level of detail 
for the T2K near detector 
has been achieved during 
commissioning of the 
upgraded ND280 with the 
T2K beam


• Shown here are few of the 
events from the June/July 
2024 T2K run
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Kuraray, and the S13360-1325PE Hamamatsu MPPCs [2].
Compared to the current FGDs, the SuperFGD has the advantage of providing 3D readout

for each 1 cm3 of the detector volume. Figure 5 shows a sketch of an FGD and a particle track.
Each layer of bars can provide information on two of the three coordinates of the interaction
point. Therefore, in order to be able to locate the track, it has to cross a minimum of two layers
of bars in the FGD. The FGD is further limited when several tracks are produced, in which case
the deposited energy cannot be uniquely identified and assigned to a particular spatial direction.

Figure 5. Tracking in the current FGDs. A
distance is introduced between the two layers
of bars for clarity.

Figure 6. Tracking in the SuperFGD. The
rest of the fibers along the Z direction are not
drawn for clarity.

On the other hand, figure 6 shows a sketch of one layer of cubes in the SuperFGD. If an
interaction occurs in one of the cubes, the energy deposition is read out by three orthogonal
fibers providing the three coordinates of that cube. Each of these fibers would provide two of
the three coordinates, hence the term quasi -3D. By combining these three sets of coordinates,
the cube where the interaction occurred can be located. This fine granularity is what allows for
the detection of short tracks around the neutrino interaction vertex.

3. Detector Assembly
After production, the cubes are sent to INR (Moscow) for pre-assembly. Figure 7 shows the steps
of cube assembly. Strings of cubes are pre-assembled using fishing lines of 1.3 mm diameter.
These strings are then sewn together to create 2D arrays of cubes. The planes of 2D arrays are
then stacked to obtain the 3D detector.

Once the whole volume is pre-assembled, the fishing lines are replaced by the WLS fibers one
by one. Finally, the optical interface and readout electronics are connected.

The fishing line method provides the flexibility to align and assemble the large arrays of cubes
despite the small variation in cube sizes and hole positions.
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ICPPA 2020
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4

Kuraray, and the S13360-1325PE Hamamatsu MPPCs [2].
Compared to the current FGDs, the SuperFGD has the advantage of providing 3D readout

for each 1 cm3 of the detector volume. Figure 5 shows a sketch of an FGD and a particle track.
Each layer of bars can provide information on two of the three coordinates of the interaction
point. Therefore, in order to be able to locate the track, it has to cross a minimum of two layers
of bars in the FGD. The FGD is further limited when several tracks are produced, in which case
the deposited energy cannot be uniquely identified and assigned to a particular spatial direction.

Figure 5. Tracking in the current FGDs. A
distance is introduced between the two layers
of bars for clarity.

Figure 6. Tracking in the SuperFGD. The
rest of the fibers along the Z direction are not
drawn for clarity.

On the other hand, figure 6 shows a sketch of one layer of cubes in the SuperFGD. If an
interaction occurs in one of the cubes, the energy deposition is read out by three orthogonal
fibers providing the three coordinates of that cube. Each of these fibers would provide two of
the three coordinates, hence the term quasi -3D. By combining these three sets of coordinates,
the cube where the interaction occurred can be located. This fine granularity is what allows for
the detection of short tracks around the neutrino interaction vertex.

3. Detector Assembly
After production, the cubes are sent to INR (Moscow) for pre-assembly. Figure 7 shows the steps
of cube assembly. Strings of cubes are pre-assembled using fishing lines of 1.3 mm diameter.
These strings are then sewn together to create 2D arrays of cubes. The planes of 2D arrays are
then stacked to obtain the 3D detector.

Once the whole volume is pre-assembled, the fishing lines are replaced by the WLS fibers one
by one. Finally, the optical interface and readout electronics are connected.

The fishing line method provides the flexibility to align and assemble the large arrays of cubes
despite the small variation in cube sizes and hole positions.

FGD layer
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3D reconstruction of  CC w/ stopping protonsνμ

Candidate: CC  1 muon 2 protonsνμ

Candidate: CC  1 muon 1 protonsνμ
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FGD is made of 
alternately oriented bars 
(each gives 2D info): 
need  4 cm tracks for 
track reconstruction

≥ SFGD is made of cubes 
(each gives 3D info): 
need  2 cm tracks for 
track reconstruction

≥

SFGD layer

Hit Cube

1st Hit MPPC
3rd Hit 
MPPC

2nd Hit MPPC

Hit 
MPPC

Hit Bar

Proton tracking threshold

T2K Work-in-progress

Original ND280

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

T2K Work-in-progress

FGD CC0π

SFGD CC0π

T2K Work-
in-progress

One of the SFGD multi-proton 
CC0  candidate eventsπ

μ−

p p

Proton threshold reduction and improved purity

Proton multiplicity around 
vertex is better resolved

mailto:tomislav.vladisavljevic@stfc.ac.uk


D.Sgalaberna CERN Detector seminar 59

3D reconstruction of  CC w/ 1 neutronνμ

Candidate: CC  w/ 1 neutronνμ
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Estimated kinematic parameters 
of the candidate neutron
✓ Lever arm = 122.28 mm
✓ Time of flight = 1.73 ns
✓ Kinetic energy = 27.3 MeV

Voxel size proportional 
to the hit charge

Voxel size proportional 
to the hit time

ν

ν

ν
Work in progress

Work in progress

running time [32] (although only some of this will be
with a predominately antineutrino beam) and the proposed
planned 3D scintillator detector will have a target mass of
around 2 tons [3,14].
Figure 7 demonstrates that a stronger lever-arm cut

worsens the efficiency to select antineutrino hydrogen
events. However, differently from what one may expect,
it does not always improve the purity despite improving the
neutron energy resolution (as shown in Fig. 5). This is
because there is some correlation between the neutron lever
arm and its initial energy, i.e., lower energy neutrons in
general travel a shorter distance. Therefore, choosing a
longer lever arm selects faster neutrons and so they do not
necessarily have a much greater ToF. Furthermore, neutrons
coming from neutrino hydrogen interactions tend to be of a
slightly higher energy (as they are not slowed by nuclear
binding energy or FSI). More details can be found in the
Appendix A.
The selection cuts can considerably change depending

on the experimental conditions. In an experiment domi-
nated by the low statistics, the event selection may favor a
high antineutrino hydrogen selection efficiency compared
to the purity, while in a high-statistics experiment the purity
may be maximized with a reduced efficiency. For example,
by requiring δpT < 20 MeV=c, a purity of almost 75%
could be achieved. Although Fig. 7 demonstrates that the
selection efficiency is largely driven by the lever arm and
δpT cuts, the proportion of neutrons which interact inside
the 2 × 2 × 2 m3 detector volume is also important. As
discussed in Sec. II B, only 71% of neutrons interact
before leaving the detector, representing an approximate
upper limit on the hydrogen efficiency. A larger detector
would therefore have the potential to further increase the
efficiency.

The events passing the δpT and lever-arm cuts are then
used to reconstruct antineutrino energy using Eq. (4) and
the subsequent resolution on the antineutrino reconstructed
energy is shown in Fig. 8, where the cut is shown to
improve the resolution from 15% to around 7% using either
Eq. (2) or (3) for the timing resolution (the change in the
timing resolution alters the number of events passing the
cut more than the resolution of events which pass it). The
contribution of different interaction modes to the selected
events are further analyzed in Appendix B.
As discussed in Sec. II A, the spread of the neutrino

energy for the low δpT events should be largely controlled
simply by the detectors ability to reconstruct the outgoing
lepton kinematics and not so much by poorly understood
nuclear effects. To demonstrate this, the reconstruction of
the antineutrino energy for different normalizations of
the 2p2h interaction component is analyzed in Fig. 9
and for different models of the carbon nuclear ground state
in Fig. 10.
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FIG. 7. The antineutrino hydrogen purity vs efficiency for
different δpT and lever-arm cuts. The first (top left) marker on
each line corresponds to a 10 MeV cut and then the star
corresponds to the chosen δpT cut of 40 MeV. Each line
corresponds to a different lever-arm cut and is made using
Eq. (2) to determine the time resolution.
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FIG. 8. The mapping from true to reconstructed neutrino energy
including smearing from both the nuclear effects described in
Sec. I and the detector effects described in Sec. II D before
applying the δpT and lever-arm cuts (above) and after (below).
The timing resolution used to build δpT is the one given by
Eq. (2). The z-axis of the histograms is normalized such that the
largest value in each column is one.
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Neutron detection with SFGD
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• For the first time, neutron reconstruction will be possible,  by 
identifying time of flight between the  interaction vertex and 
secondary vertex of the pre-thermalisation re-interaction of the 
outgoing neutron (50% tagging efficiency)


• The impact that this neutron detection will have on energy 
reconstruction of T2K anti-neutrino’s has been assessed: 
resolution is reduced from ~15% to ~7%

ν̄ • Neutron detection has been demonstrated with the 
SFGD prototype exposed to the LANL neutron beamline


• For the measured total neutron cross section refer to 
Phys. Lett. B 840 (2023) 137843

interactions occupying the low δpT region are the ones in
which the neutrino energy is better reconstructed. Overall,
it then follows that a low δpT selection of events in an
antineutrino beam may be able to give a heavily hydrogen
enriched sample of events in which even the nonhydrogen

interactions are also largely free of nuclear effects. These
events can then be used to give a relatively unbiased
neutrino energy reconstruction.
Although some of the low-δpT CCQE events in car-

bon can be still affected by both the Fermi momentum
and nuclear binding energy that can cause longitudinal
imbalance (δpL), this corresponds to only a subset of
them. This could potentially be further mitigated using
variables which additionally consider the inferred longi-
tudinal imbalance of an interaction, such as proposed
in [12].

B. Neutron detection

In order to measure δpT in antineutrino interactions, a
precise detection and kinematic characterization of neu-
trons is essential. In order to be able to measure their
energy, the neutrons must be detected before thermalization
(i.e., when they are still “fast neutrons”). Fast neutrons must
be directly identified through their scattering on protons or
nuclei within an active detector medium. The charged
secondary particles of these neutron interactions can then
be identified as small, localized energy deposits within the
detector, in the majority of cases caused by ejected protons
or light ions. Although around 40% of simulated neutron
interactions produce nuclear de-excitation photons, the
subsequent photon conversion tends to leave a lower
energy deposit and a vertex that is displaced in position.
Overall, for neutrons of relevant kinematics (10 MeV–
1 GeVof kinetic energy), the amount of energy transferred
to the secondary particles has only a very weak dependence
on the initial neutron energy, so the neutron initial energy
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FIG. 1. The differential cross section for CC0π interactions on a
hydrocarbon target as a function of δpT for antineutrino inter-
actions from the T2K experiment’s antineutrino flux [24,25]
according to the NEUT 5.4.0 simulation. The cross section is split
by the target nucleus and whether or not the interaction is CCQE
or not (only for carbon, as all CC0π interactions on hydrogen
are CCQE). No detector smearing or acceptance effects are
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FIG. 2. The bias and spread of the neutrino energy recons-
truction for different regions of δpT for antineutrino interactions
on carbon predicted by the NEUT 5.4.0 simulation. The neutrino
energy is reconstructed using the kinematic method discussed in
Sec. I with no binding energy considered. The neutrino energy
reconstructed perfectly from the hydrogen events is also shown,
correctly normalized relative to the size of the carbon contribu-
tion. The systematic offset of the carbon contribution relative to
the hydrogen is due to the nuclear binding energy in carbon
interactions. The legend also shows the rms as an indicator for the
spread of the neutrino energy for each δpT region. No detector
smearing or acceptance effects are considered.

FIG. 3. Representation of an indirect neutron detection through
the identification of a proton coming from a secondary neutron
interaction. Each cube in the picture represents a detection
element (e.g., a single scintillator cube), while the lines represent
true particle trajectories. An antineutrino is shown entering the
detector and interacting with a nucleus to produce a muon and a
neutron at time t1. The neutron then interacts at time t2, ejecting a
proton from a nucleus which is detected. The difference between
t1 and t2 can be used to infer the neutron energy.

NEW METHOD FOR AN IMPROVED ANTINEUTRINO ENERGY … PHYS. REV. D 101, 092003 (2020)

092003-3

ν̄

For details on this method, refer 
to: Phys. Rev. D 101, 092003

T2K Work-in-progress
3D hit voxels shown here are 
reconstructed from 3 
orthogonal 2D hit projections

T2K candidate 
event for -CC 
with one neutron 
in the final state

νμ

νμ

μ−π

n 122.28 mm

1.73 ns ToF


 T = 27.3 MeV→
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ND280 upgrade improvements
 High Angle TPC (HATPC) allows to reconstruct high angle charged 
particles with respect to beam direction
 Super-FGD (SFGD) allows to fully reconstruct 3D tracks from  
interactions 

 Improved PID performance with respect to FGD thanks to high 
granularity and light yield
 Good performance in neutron reconstruction by using time of flight 
between  interaction vertex and neutron re-interaction (
tagging efficiency,  mom. resolution) 
 Better separation between  and  from  interactions thanks to 
sFGD high granularity

 First physics run with full upgrade successfully completed this summer
 Expect to select k   interactions in SFGD
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• Dominant background on  
selection with pre-upgrade 
ND280 are photons from 
NC1Pi0


• Improved separation 
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from  conversion enabled 
by the detector granularity
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Figure 6.15: ∞ mis-identification probability and ∫e selection efficiency requiring one-track events
and different cuts on the particle identification parameter for SuperFGD and FGD with XZ views.

6.5 PROBING NUCLEAR EFFECTS WITH THE SUPERFGD

The phase of neutrino flavour oscillations depends on the distance between neutrino pro-

duction and detection as well as the neutrino energy. In long-baseline neutrino oscillation

experiments, this distance is fixed and well known, but the true neutrino energy needs to

be reconstructed for each event. In order to reconstruct the neutrino energy from outgoing

particle kinematics, assumptions must be made about the nature of the interaction. For

the ‘kinematic’ method used by T2K [53] the neutrino energy is reconstructed using the

kinematics of a selected outgoing lepton, assuming that the neutrino scatters off a stationary

target nucleon and that interaction was quasi-elastic. However, in reality the initial state

nucleon is bound within a complex nuclear environment and a variety of so-called ‘nuclear

effects’ obfuscate any attempt to reconstruct the incoming neutrino energy. Although cur-

rent neutrino-nucleus interaction simulations provide some modelling of these effects, the

associated uncertainties are already the dominant systematic on current T2K measurements

of oscillation parameters and will soon become the principle limitation if an improved un-

derstanding cannot be achieved. This section will demonstrate that the large acceptance and

low tracking thresholds of the SuperFGD may be able to provide such an understanding. This

will be shown mostly by using one particularly powerful probe of nuclear effects (transverse
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ND280 upgrade performance for electron neutrinos
 ν𝑒 cross section is a key for νμ → ν𝑒 oscillation analysis.
 3D fine granularity and large mass of SuperFGD provide 

good separation of electron / 𝛾-ray and high statistics.
→ Enable precise measurement of ν𝑒 cross section.
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BDTG response

Electron

𝛾-ray 

Electron / 𝛾-ray separation

Conversion 
point

ν𝑒 selection with original ND280

ν𝑒 selection with upgraded ND280

Work in 
progress

𝑒+

𝑒−𝑒−𝑒+ overlap

JHEP 10, 114 (2020)

Work in 
progress

𝛾-ray event in SuperFGD

T2K Work-in-progress

 background is reducedγ

Expected performance 
from the ND280 Upgrade 
Technical Design Report: 
arXiv:1901.03750 

T2K Work-in-progress

Purely from Monte 
Carlo (NEUT)

: [0-3.5] GeV

: [0,1.5] GeV

e−

γ
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• 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 
be able to make  level statements on 


• Data analysis is ongoing


• SFGD detector paper is in preparation


• Stay tuned for exciting new physics from T2K with the J-PARC 
neutrino beam

3σ δCP
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Thank you very much! 
Cảm ơn nhiều!
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Neutrino oscillations

22

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

sij = sin θij
cij = cos θij

νe
νμ
ντ

=
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

c12 s12 0
−s12 c12 0

0 0 1

ν1
ν2
ν3

θ23 ≈ 48∘

|Δm2
32 | ≈ |Δm2

31 | ≈ 2.5 × 10−3 eV2
θ12 ≈ 34∘

Δm2
21 ≈ 7.5 × 10−5 eV2

θ13 ≈ 8∘

δCP = ?

Atmospheric & Accelerator Accelerator & Reactor Reactor & Solar

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)
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Oscillation probability, full expression from the 
CKM matrix
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• Neutrino oscillations occur because of different flavour eigenstates (interacting 
states) and mass eigenstates (propagating states)

νe
νμ
ντ

=
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

c12 s12 0
−s12 c12 0

0 0 1

1 0 0
0 eiλ21 0
0 0 eiλ31

ν1
ν2
ν3

sij = sin θij
cij = cos θij

θ23 ≈ 48∘

|Δm2
32 | ≈ |Δm2

31 | ≈ 2.5 × 10−3 eV2
θ12 ≈ 34∘

Δm2
21 ≈ 7.5 × 10−5 eV2

θ13 ≈ 8∘

δCP = ?

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

• Three flavour (anti)neutrino oscillation formula in vacuum:

P( να → νβ ) = δαβ − 4∑
k>j

Re {UαkU⋆
βkU

⋆
αjUβj} sin2

Δm2
kjL

4E
∓ 2∑

k>j

Im {UαkU⋆
βkU

⋆
αjUβj} sin 2

Δm2
kjL

4E
( − ) ( − )
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The T2K Off-Axis Neutrino Flux
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T2K’s neutrino oscillation programme

25Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)  (GeV)νE
0 1 2 3

 (A
.U

.)
29

5k
m

µ
ν

Φ

0

0.5

1 °OA 0.0
°OA 2.0
°OA 2.5

0 1 2 3

) eν 
→
µν

P(

0.05

0.1
 = 0CPδNH,  = 0CPδIH, 

/2π = CPδNH, /2π = CPδIH, 

0 1 2 3

)
µν 

→
µν

P(

0.5

1

 = 1.023θ22sin
 = 0.113θ22sin

2 eV-3 10× = 2.4 32
2m∆

• T2K beamline can be configured to produce a high purity 
 (or ) beam, with ND280 and Super-K located at 2.5 

degrees off-axis wrt beam centre

• Minimum in  survival after after 295 km is sensitive 

to  (via position of dip) and  (via depth of dip)

• Appearance of  after 295 km has sensitivity to  

and the mass hierarchy

νμ ν̄μ

νμ(ν̄μ)
Δm2

32 sin2θ23
νe(ν̄e) δCP

High purity 
J-PARC 
neutrino 
beam

Oscillations occur 
as the beam 
propagates

Unoscillated  fluxes 
shown for different off-
axis angle

νμ

 (GeV)νE
0 1 2 3

 (A
.U

.)
29

5k
m

µ
ν

Φ

0

0.5

1 °OA 0.0
°OA 2.0
°OA 2.5

0 1 2 3

) eν 
→
µν

P(

0.05

0.1
 = 0CPδNH,  = 0CPδIH, 

/2π = CPδNH, /2π = CPδIH, 

0 1 2 3

)
µν 

→
µν

P(

0.5

1

 = 1.023θ22sin
 = 0.113θ22sin

2 eV-3 10× = 2.4 32
2m∆

f(Δm2
32)

f(sin2θ23)

295 km

Tokai village, Ibaraki 
(J-PARC and ND280)

Mt. Noguchi-Goro

2,924 m

Mt. Ikeno-Yama

1,360 m

Super-Kamiokande

mailto:tomislav.vladisavljevic@stfc.ac.uk


 appearance probability at T2Kνe (ν̄e)
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• Electron (anti)neutrino appearance probability:

PT2K( νμ → νe ) = sin2 2θ13 sin2 θ23 sin2 Δm2
32L

4E

J = sin 2θ12 sin 2θ23 sin 2θ13 cos θ13 sin
Δm2

32L
4E

sin
Δm2

21L
4E

Plus sign for neutrinos

( − ) ( − ) CP-conserving terms

CP-violating term for δCP ≠ 0, π

+sin2 2θ13 sin2 θ23 sin2 Δm2
21L

4E

+J cos (
Δm2

32L
4E

± δCP)

Can be neglected at L/E of long 
baseline accelerator experiments

where
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PT2K( νμ → νe ) ≈ sin2 2θ13 sin2 θ23 sin2 Δm2
32L

4E
Minus 
sign 
for ν̄

( − ) ( − )

CP-conserving term

CP-violating term for δCP ≠ 0, π
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• Electron (anti)neutrino appearance probability 
in vacuum:


• The appearance probability gets modified 
because of charged current  coherent 
scattering from electrons in the Earth’s crust

νe

+J cos (
Δm2

32L
4E

± δCP)
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Appearance probability at T2K including matter 
effect

28

• Electron (anti)neutrino appearance probability around oscillation maximum:

PT2K( νμ → νe ) ≈ sin2 2θ13 sin2 θ23 sin2 Δm2
32L

4E (1 ± 2a
Δm2

31
(1 − 2 sin2 θ13))

∓ sin 2θ12 sin 2θ23 sin 2θ13 cos θ13 sin δCP sin2 Δm2
32L

4E
sin

Δm2
21L

4E
Plus sign for anti-neutrinos

( − ) ( − )

where  depends on the electron density in Earth’s crust , and 
Fermi’s constant 

a = 2 2 GF ne E ne
GF
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Minus sign for anti-neutrinos
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Size of matter effect!

• The appearance probability gets modified 
because of charged current  coherent 
scattering from electrons in the Earth’s crust


• Mikheyev-Smirnov-Wolfenstein effect 
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J-PARC facility

Main RingRCS

Neutrino 
beam

Linac
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• 400 MeV Linac ( ) to 3 GeV Rapid 
Cycling Synchrotron ( ) to 30 GeV 
Main Ring ( ) to 600 MeV Neutrino 
beam ( )


• Low duty cycle for neutrino beam, 
so beam induced events are 
selected based on event timing

H−

p
p

ν

• 8 bunches per spill, with a spill 
repetition cycle of 2.48 s (now 
decreased to 1.38 s as part of the 
beamline upgrade)


• 80 ns bunch width, and 580 ns 
bunch separation 

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

mailto:tomislav.vladisavljevic@stfc.ac.uk


Secondary Beamline for T2K/Hyper-K

Magnetic Horns

Beam 
Dump

Muon 

Monitor!

On-Axis Near Detector
(INGRID)

"

Off-Axis Near Detector
(ND280)

Far Detectors
(SK & HK)

#

Beam Axis

2.5° Off-Axis
Angle

295 km

Ø 30 GeV (kinetic energy) protons striking the 90 cm long T2K graphite target
Ø Precise control of  the primary proton beam is crucial for successful operation of  T2K

Ø Theory of  QCD is non-perturbative at these energies, thus not easily calculable
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T2K Target

30 GeV Proton Beam

Graphite Target
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Far Detectors
(SK & HK)

Beam 
Dump

Muon 

Monitor

On-Axis Near Detector
(INGRID)

!

Off-Axis Near Detector
(ND280) "

Beam Axis

2.5° Off-Axis
Angle

295 km

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

Ø 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

Graphite Target

Magnetic Horns

#

T2K Horns
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Secondary Beamline for T2K/Hyper-K
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Far Detectors
(SK & HK)

295 km

On-Axis Near Detector
(INGRID)

Off-Axis Near Detector
(ND280)

Beam Axis

2.5° Off-Axis
Angle

Ø Out-of-target interactions with secondary beamline components (horns, decay volume 
walls etc.) are important

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

30 GeV Proton Beam

Graphite Target

Magnetic Horns

!

Beam 
Dump

Muon 

Monitor

"

#

Decay Pipe
Muon Monitor

!$(#$) → &$'%

&$ → ($'&'̅%
Signal

Background
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Secondary Beamline for T2K/Hyper-K
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FIG. 6: Cross section view of horns.

(⇠0.6 GeV), as illustrated in Fig. 5.
A schematic view of the horns is shown in Fig. 6. The

horn conductor is made of an aluminum alloy. Their
dimensions are summarized in Table I. The thickness
of the inner conductors is 3 mm. They are optimized
to maximize the neutrino flux; the inside diameter is as
small as possible to achieve the maximum magnetic field,
and the conductor is as thin as possible to minimize pion
absorption while still being tolerant of the Lorentz force
from the 250 kA current and the thermal shock from the
beam [16].

The electrical currents of the magnetic horns are mon-

TABLE I: Dimensions of the T2K horns

Horn1 Horn2 Horn3
inner conductor inside diameter (mm) 54 80 140
outer diameter (mm) 400 1000 1400
length (m) 1.5 2 2.5

TABLE II: Uncertainties on the absolute horn current
measurement. In the total error calculation, full width

(FW) errors are scaled by 1/
p
12 to estimate 1�

uncertainty.

uncertainty
coil calibration ±1% (FW)
coil setting ±1% (FW)
electronics calibration < 1%
monitor stability 2% (FW)
total 1.3%

itored by Rogowski coils whose signal are digitized by
65 MHz FADCs. Table II shows the summary of the
horn current uncertainties. The Rogowski coils were cal-
ibrated by the production company with ±1% precision.
The shape of the “loop” of the Rogowski coil may cause
a 1% change of gain.
FADCs and related electronics are calibrated with bet-

ter than 1% precision.
Each horn has several instrumentation ports at vari-

ous positions along the horn axis which permit measure-
ments of the magnetic field between the inner and outer
conductors. Multiple magnetic field measurements have
been made on the horns to validate the nominal 1/r field
and to check for the presence of magnetic field asymme-
tries. The magnetic fields generated by Horns 2 and 3
were measured using an integrated 3-axis Hall probe in-
serted between the inner and outer conductors via the
horns’ instrumentation ports. The results are summa-
rized in Table III. The measured field agrees with the
expected nominal field within 2%.
Measurements of the magnetic field were also taken

on a spare copy of the first horn, identical in design
to the one currently in use in the T2K beamline. As
with Horns 2 and 3, field measurements were taken via
the instrumentation ports using a 3-axis Hall probe. A
comparison of the expected field to the data taken at
the right upstream port is shown in Fig. 7. The results
agree well with the expected nominal field. Additional
measurements were taken along the horn’s axis inside
of the inner conductor. The purpose of these measure-
ments was to detect possible magnetic field asymmetries
caused by path length di↵erences between the upper and
lower striplines supplying current to the horn. While
no field asymmetry due to path length di↵erences was
observed, an on-axis magnetic field with an anomalous

Ø 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

30 GeV Proton Beam

Graphite Target

Magnetic Horns

Beam 
Dump

Muon 

Monitor!

On-Axis Near Detector
(INGRID)
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Secondary Beamline for T2K/Hyper-K

From 2023 
operating horns at 
±320 kA for 10% 

increase in flux 
±250 kA horn 

current for most of  
pre-2023 period

Now operating 
at ±320 kA

Far Detectors
(SK & HK)
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Wrong sign 
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is reduced!
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Particle identification at Super-K

35
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Neutrinos are detected by observing the particles they produce when 
they interact. At neutrino energies of 0.6 GeV the dominant interac-
tion process is charged-current quasi-elastic (CCQE) scattering via the 
exchange of a W boson with a single neutron or proton bound in the 
target nucleus. In this process the neutrino (antineutrino) turns into 
a charged lepton (antilepton) of the same flavour. We are thereby able 
to identify the incoming neutrino’s flavour.

Our near detector facility consists of two detectors both located 
280 m downstream of the beam production target21. The INGRID detec-
tor23, located on the beam axis, monitors the direction and stability of 
the neutrino beam. The ND280 detector24–28 is located at the same angle 
away from the beam axis as SK, and characterizes the rate of neutrino 
interactions from the beam before oscillations have occurred, thereby 
reducing systematic errors. ND280 is magnetized so that charged lep-
tons and antileptons bend in opposite directions as they traverse the 
detector. This effect is used to measure the fraction of events in each 
beam mode that are from neutrino and antineutrino interactions. In 
this analysis, we select samples enriched in CCQE events and also sev-
eral control samples enriched in interactions from other processes, 
allowing their rates to be measured separately. Here we use ND280 data 
that include a neutrino beam exposure of 5.8 × 1020 (3.9 × 1020) protons 
hitting the T2K neutrino production target in neutrino (antineutrino) 
mode. The explanation for the smaller dataset in ND280 and its impact 
on the analysis method is described in the Methods.

SK is a 50-kt water detector instrumented with photo-multiplier tube 
light sensors29. In SK, Cherenkov light is produced as charged particles 
above a momentum threshold travel through the water. This light is 
emitted in ring patterns that are detected by the light sensors. Owing 
to their lower mass, electrons scatter much more frequently (both 
elastically and inelastically) than muons, so their Cherenkov rings are 
blurred. We use this blurring to identify the charged lepton’s flavour, 
as illustrated in Fig. 2. More information on the event reconstruction 
technique for SK data and the systematic uncertainty on SK modelling 
can be found in the Methods Section. SK is not magnetized, so there-
fore relies on ND280’s measurement of the neutrino and antineutrino 
composition of the beam in each mode.

We form five independent samples of SK events. For both neutrino- 
and antineutrino-beam mode there is a sample of events that contain 
a single muon-like ring (denoted 1µ), and a sample of events that con-
tain only a single electron-like ring (denoted 1e0de). These single-lepton 
samples are dominated by CCQE interactions. In neutrino-mode there 
is a sample containing an electron-like ring as well as the signature of 
an additional delayed electron from the decay of a charged pion and 
subsequent muon (denoted 1e1de). We do not use this sample in 
antineutrino-mode because charged pions from antineutrino interac-
tions are mostly absorbed by a nucleus before they decay. Identifying 
both muon and electron neutrino interactions in both the neutrino- and 
antineutrino-mode beams allows us to measure the probabilities for 
four oscillation channels: νµ → νµ and ν ν¯ → ¯µ µ, νµ → νe and ν ν¯ → ¯µ e.

We define a model of the expected number of neutrino events as a 
function of kinematic variables measured in our detectors with degrees 
of freedom for each of the oscillation parameters and for each source 
of systematic uncertainty. Systematic uncertainties arise in the mod-
elling of neutrino-nucleus interactions in the detector, the modelling 
of the neutrino production, and the modelling of the detector’s 
response to neutrino interaction products. Where possible, we con-
strain the model using external data. For example, the solar oscillation 
parameters, m∆ 21

2  and sin2θ12, whose values T2K is not sensitive to, are 
constrained using world average data2. While we are sensitive to sin2θ13, 
we use the combination of measurements from the Daya Bay, RENO 
and Double Chooz reactor experiments to constrain this parameter2, 
as they make a much more precise measurement than using T2K data 
alone (see Fig. 4a). We measure the oscillation parameters by doing a 
marginal likelihood fit of this model to our near and far detector data. 
We perform several analyses using both Bayesian and frequentist 

statistical paradigms. Exclusive measurements of neutrino or anti-
neutrino candidates in the near detector, one of which is shown in 
Fig. 3, strongly constrain the neutrino production and interaction 
models, reducing the uncertainty on the predicted number of events 
in the four single-lepton SK samples from 13–17% to 4–9%, depending 
on the sample. The 1e1de sample’s uncertainty is reduced from 22%  
to 19%.

A neutrino’s oscillation probability depends on its energy, as shown 
in equations (2) and (3). While the energy distribution of our neutrino 
beam is well understood, we cannot directly measure the energy of 
each incoming neutrino. Instead the neutrino’s energy must be inferred 
from the momentum and direction of the charged lepton that results 
from the interaction. This inference relies on the correct modelling 
of the nuclear physics of neutrino-nucleus interactions. Modelling 
the strong nuclear force in multi-body problems at these energies is 
not computationally tractable, so approximate theories are used30–33. 
The potential biases introduced by approximations in these theories 
constitute the largest sources of systematic uncertainties in this meas-
urement. For scale, the largest individual source contributes 7.1% of 
the overall 8.8% systematic uncertainty on the single electron-like ring 
ν-mode sample. Furthermore, as well as CCQE interactions, there are 
non-negligible contributions from interactions where additional  
particles were present in the final state but were not detected by our  
detectors. To check for bias from incorrect modelling of 
neutrino-nucleus interactions, we performed fits to simulated data 
sets generated assuming a range of different models of neutrino inter-
actions31,32. We compared the measurements of the oscillation param-
eters obtained from these fits with the measurement from a fit to 
simulated data generated assuming our default model. We observed 
no large biases in the obtained δCP best-fit values or changes in the 
interval sizes from any model tested. Biases are seen on m∆ 32

2 , and 
these have been incorporated in the analysis through an additional 
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Fig. 2 | Particle identification in the SK detector. Distribution of the particle 
identification (PID) parameter used to classify Cherenkov rings as electron-like 
and muon-like. Events to the left of the blue line are classified as electron-like 
and those to the right as muon-like. The filled histograms show the expected 
number of single ring events after neutrino oscillations, with the first and last 
bins of the distribution containing events with discriminator values below 
and above the displayed range, respectively. The vertical error bars on the data 
points represent the standard deviations due to statistical uncertainty. The PID 
algorithm uses properties of the light distribution such as the blurriness of the 
Cherenkov ring to classify events. The insets show examples of an electron-like 
(left) and muon-like (right) Cherenkov ring.

Electrons undergo more scattering, hence 
produce “fuzzy” Cherenkov rings
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position of all hit PMTs
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SFGD Timing Performance
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High Angle Time-Projection Chambers (HATs)

37Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

Ulysse VIRGINET - NuInt 2024 - Friday, April 19th 2024

HA-TPC

• New TPCs equipped with the resistive 
anode MicroMegas (ERAM) 
technology 

• Contrary to the bulk MicroMegas which 
equip the vertical TPC, ERAM allow a 
charge spreading on several pads
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• Bottom and Top HAT detectors (each consisting of two Cu 
field cages) with uniform drift fields of ~275 V/cm, allow a 
close to 4  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)

π

Vertical TPC technology 
produces charge on single pads 
(600-1600  spatial resolution)μm

HAT allows for charge on 
multiple pads (200-800  

spatial resolution)
μm

Field Cage assembling, characterization at CERN 

3017.07.2023 CERN EP Detector Seminar | 19 July 2024 | S. Levorato Mantle Resistance > 2TΩ ~ 2000 x voltage divider R

Due to 
resistor 
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High-Angle TPC

Existing vertical TPCs:
Bulk MicroMegas

New horizontal TPCs:
Resistive Anode MicroMegas

• Ecapsulated Resistive Anode Micromegas (ERAM)
• Charge spread over several pads improves spatial resolution
• Spreading depends on RC value between adjacent pads
• Increased protection against sparks
• T2K first full-scale experiment to use this technology
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High-Angle TPC

Existing vertical TPCs:
Bulk MicroMegas

New horizontal TPCs:
Resistive Anode MicroMegas

• Ecapsulated Resistive Anode Micromegas (ERAM)
• Charge spread over several pads improves spatial resolution
• Spreading depends on RC value between adjacent pads
• Increased protection against sparks
• T2K first full-scale experiment to use this technology

For more details on 
characterisation of charge 
spread and gain with 
ERAMs refer to: 
arXiv:2303.04481

mailto:tomislav.vladisavljevic@stfc.ac.uk
https://arxiv.org/abs/2303.04481


HAT performance from prototype commissioning 
at DESY

38Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

computer via a Modular Interactive Data Acquisition System (MIDAS) [19]

front-end.

The TPC prototype was placed at the DESY T24/1 facility [20] inside a

large-bore superconducting solenoid, called PCMAG, that provides a mag-

netic field of intensity up to 1.25 T and it was exposed to a beam of electrons

with momenta between 1 and 4 GeV/c, see Fig.1. As we will show in this

paper, this test beam campaign allowed us to validate the performances of

the TPCs for tracks with di↵erent incident angles with respect to the ERAM

detector and for all the drift distances of interest for the T2K TPCs.

Figure 1: The overview of the experimental setup: the HA-TPC prototype is placed inside

the PCMAG of the DESY T24/1 facility.

This paper uses similar methods as those described in Refs. [21, 22] to

analyze the test beam data. The main novelty of this paper is that the data

are also compared with a simulation that has been developed by using the

ND280 software [1], adding the HA-TPCs ERAM geometry and the features

of the resistive layers and of the AFTER chip electronics response.

As it will be shown in the rest of this paper, the ERAM detector allows to

reach a spatial resolution better than 800 µm for all the incident angles and

7

a b

Figure 14: Spatial resolution for di↵erent angles of the electron tracks inclination in the

pad plane with 200 ns peaking time, 0.2 T magnetic field and for various drift distances:

5 cm, 55 cm, 95 cm (a) and spatial resolution versus drift distance for horizontal (0 deg),

inclined (45 deg) and vertical (90 deg) tracks.

Fig. 14 (a) demonstrates that, while the spatial resolution depends on

the angle, it stays between 200 and 800 µm for all the analyzed samples. In

particular, it is interesting to notice in Fig. 14 (b) that, while the spatial

resolution degrades with the drift distance for horizontal and vertical tracks,

it is constant for inclined tracks.

The behavior for diagonal tracks can be understood considering that the

spatial resolution depends on the charge spread over a certain amount of

pads (multiplicity). A diagonal clustering algorithm leads to a smaller mean

multiplicity than in the case of horizontal/vertical clustering as it was shown

in Fig. 7. With the diagonal clustering pad size becomes e↵ectively
p
2 times

larger, thus degrading the spatial resolution but also making the e↵ect of the

transverse di↵usion less significant.

Moreover, diagonal clustering implies a dependence of the resolution on

the length of the track in the cluster. This causes an oscillatory behav-

31

Figure 18: dE/dx resolution with respect to the drift distance for horizontal tracks with

a magnetic field of 0.2 T, and peaking times of 200 ns and 412 ns.

Fig. 18 shows the dE/dx resolution measured for horizontal tracks for

various drift distances.

Figure 19: dE/dx resolution versus di↵erent inclination angles for 200 ns peaking time,

0.2 T magnetic field and for various drift distances: 5 cm, 55 cm, 95 cm.

Fig. 19 shows the dE/dx resolution at various drift distances as a function

of the track inclination angle in the ERAM plane.

36

Experimental setup: HAT prototype is placed 
inside PCMAG solenoid, with a field up to 1.25 T

• The prototype was exposed to 1-4 GeV/c electron 
beams at DESY, and performance was assessed 
for different beam incident angles wrt to ERAMs, 
and for different drift distances

For more details on the HAT prototype performance, refer to: 
Nucl. Instrum. Methods Phys. Res., A 1052 (2023) 168248
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• Six ToF planes for a full enclosure of 
the SuperFGD target and HATs


• EJ-200 plastic chosen for its high 
light output, stable attenuation length, 
and fast timing (rise time of 0.9 ns)


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


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

Ulysse VIRGINET - NuInt 2024 - Friday, April 19th 2024

TOF

• 6 Plastic scintillator planes forming a 
cube that surround SFGD and HAT 

• Reconstruction of track timing with a 
resolution between 100 and 130 ps

17

Work in progress

TOF panels assembled in ND280 basket 
prototype at CERN, June 2022 TOF panel installation in the ND280 pit at 

J-PARC, July 2023

Figure 1. Left: six modules of ToF assembled in a cube covering the sFGD and two TPC detectors. The front ToF
module is not drawn in order to see the interior. Right: photo of four ToF modules during the test with cosmics in the
CERN neutrino platform building.

The time resolution of 0.5 ns which is necessary for determining the direction of flight in ND280, would
require several layers of plastic scintillator described above. A better value of the resolution assumes an
even larger number of layers which makes this approach inconvenient. Given a very limited space inside the
ND280 basket, the solution with a cast plastic scintillator that propagates near-UV photons of the primary
fluor has been taken as a baseline for the ToF detector. The bulk attenuation length of several meters and
very low light losses in successive internal reflections at the surface of the bar eliminate the need for WLS
and allow the number of photons detected at the bar ends to be of the order of hundreds. The combination
of high light yield and fast response time of the scintillator makes possible a reduction in the uncertainty
typically down to the 0.1 ns level for bars with a length of 2 m. This improvement of the time resolution by
an order of magnitude compared to the case of extruded plastic would require, however, a photo-sensor with
a much larger surface coverage.

Traditionally, vacuum photomultiplier tubes (PMTs) are utilised to convert the light to an electronic
signal. However, due to the limited space and 0.2 T magnetic field inside the ND280, this option was not
possible. A readout by arrays of large-area silicon photomultipliers (SiPMs) was chosen as a baseline. This
approach was already tested earlier for the readout of a single plastic scintillator bar [8, 9] and WLS optical
modules [10]. Nowadays, large-area SiPMs have appeared on the market at relatively low cost and o�er
several advantages over PMTs: magnetic field tolerance, a much smaller volume and footprint allowing a
compact design for bars without light-guides, low operation voltage and high photon detection e�ciency.
An increased sensitivity of SiPMs to the longer-_ of the optical spectrum, which is least attenuated inside
the plastic, favours the use of longer bars.

1.2 Assembly of the ToF system

The ToF system consists of six modules of similar construction, which are assembled in a cube as shown
in Fig. 1 (left). Each module is a set of 20 plastic scintillator bars which are arranged in a plane with a
total active area of 5.4 m2. In view of the limited space inside the basket, demands for robustness of the
construction1 and similar dimensions for all modules, the configuration with staggered bars was disfavoured.
The planar configuration makes the detector cheaper and easier to assemble. Bars are therefore positioned

1The module must have a shock resistance of 0.56 in the transverse direction to the plane, according to the J-PARC safety regulations.
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Figure 2. Left: an amplifier PCB with 8 SiPMs (top) and its location inside the end-cap when mounted on the bar
(bottom). Right: a simplified circuit diagram of the 8 SiPM amplifier board.

in a plane with a gap of 1.5 mm between the side faces. The gap is necessary to include steel brackets which
keep the bars attached to the outer aluminum frame. Two bars of the bottom module are removed to leave
space for trays which will guide service cables of sFGD and TPCs outside the basket.

The size of each bar is 220⇥ 12⇥ 1 cm3. The material is a plastic scintillator EJ-200 with a scintillation
rise time of 0.9 ns, a decay time of 2.1 ns and an attenuation length of 380 cm [11]. The wavelength
emission spectrum peaks at 425 nm perfectly matching the SiPM spectral response. The bars were wrapped
in aluminium foils and a black plastic stretch film on top to ensure opacity.

Each scintillator bar is read out on both ends with an array of 8 SiPMs as shown in Fig. 2 (left), for
a total of 236 readout channels. A plastic end-cap was designed in order to provide stable mounting, easy
replacement and light-tightness for the SiPM array. The inner volume of the end-cap fits the cross-sectional
dimension of the SiPM board and it bonds the bar as shown in Fig. 2 (left).

Once the assembly of one module was completed, the module was placed upright, as shown in the photo
of Fig. 1 (right), in order to take data with cosmic rays. The data acquisition module WaveCatcher [12], two
power supplies and the DAQ notebook are also shown in the photo.

2 8 SiPM amplifier board

The jitter of a timing measurement is inversely proportional to the slope of the pulse leading edge [13].
Therefore, to avoid additional dilution of the time resolution, it is preferable to keep the rise time of the
photosensor response function shorter than the rise time of the photon emission pulse in the scintillator.
A large terminal capacitance of SiPM (1.3 nF for a 6 ⇥ 6 mm2 sensor used in this work), however, increases
the charge depletion time that makes the front edge longer. It is the main reason why a parallel connection of
many sensors can not be accepted for precision timing measurements. This issue can be resolved by applying
an independent readout for each sensor in such a way as to isolate the SiPM capacitances from each other.
The signals are then summed up at the end. Another option is to reduce the capacitance by connecting SiPMs
in series which decreases the rise time of the leading edge but worsens the signal-to-noise ratio [14]. There
is an additional time dilution in this case associated with the dependence of transit time on the position of
SiPM in the series. Given the above considerations, a combination of parallel and serial connection has been
chosen for the amplifier presented here.

– 3 –

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

ToF panel commissioning at CERN

Assembly at CERN in ND280 
basket prototype
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T2K’s 8 bunch beam structure is 
clearly captured by the TOF panels

Ulysse VIRGINET - NuInt 2024 - Friday, April 19th 2024

ND280 Upgrade: TOF Preliminary results
• Cosmics data taking

23

Speed of light 
measured 

compatible with c!

• Beam data taking 
• TOF clearly distinguish the eight 

beam bunches structure!

Work in progress

Work in 
progress

Work in 
progress

Results from performance test in CERNFigure 1. Left: six modules of ToF assembled in a cube covering the sFGD and two TPC detectors. The front ToF
module is not drawn in order to see the interior. Right: photo of four ToF modules during the test with cosmics in the
CERN neutrino platform building.

The time resolution of 0.5 ns which is necessary for determining the direction of flight in ND280, would
require several layers of plastic scintillator described above. A better value of the resolution assumes an
even larger number of layers which makes this approach inconvenient. Given a very limited space inside the
ND280 basket, the solution with a cast plastic scintillator that propagates near-UV photons of the primary
fluor has been taken as a baseline for the ToF detector. The bulk attenuation length of several meters and
very low light losses in successive internal reflections at the surface of the bar eliminate the need for WLS
and allow the number of photons detected at the bar ends to be of the order of hundreds. The combination
of high light yield and fast response time of the scintillator makes possible a reduction in the uncertainty
typically down to the 0.1 ns level for bars with a length of 2 m. This improvement of the time resolution by
an order of magnitude compared to the case of extruded plastic would require, however, a photo-sensor with
a much larger surface coverage.

Traditionally, vacuum photomultiplier tubes (PMTs) are utilised to convert the light to an electronic
signal. However, due to the limited space and 0.2 T magnetic field inside the ND280, this option was not
possible. A readout by arrays of large-area silicon photomultipliers (SiPMs) was chosen as a baseline. This
approach was already tested earlier for the readout of a single plastic scintillator bar [8, 9] and WLS optical
modules [10]. Nowadays, large-area SiPMs have appeared on the market at relatively low cost and o�er
several advantages over PMTs: magnetic field tolerance, a much smaller volume and footprint allowing a
compact design for bars without light-guides, low operation voltage and high photon detection e�ciency.
An increased sensitivity of SiPMs to the longer-_ of the optical spectrum, which is least attenuated inside
the plastic, favours the use of longer bars.

1.2 Assembly of the ToF system

The ToF system consists of six modules of similar construction, which are assembled in a cube as shown
in Fig. 1 (left). Each module is a set of 20 plastic scintillator bars which are arranged in a plane with a
total active area of 5.4 m2. In view of the limited space inside the basket, demands for robustness of the
construction1 and similar dimensions for all modules, the configuration with staggered bars was disfavoured.
The planar configuration makes the detector cheaper and easier to assemble. Bars are therefore positioned

1The module must have a shock resistance of 0.56 in the transverse direction to the plane, according to the J-PARC safety regulations.
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8 MPPCs
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For more details on the ToF 
performance test at CERN, refer to: 
2022 JINST 17 P01016

Beam spill

Beam bunch
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Neutrino flux model

Neutrino cross-section model

ND280 detector model

Super-K detector model
Oscillation fit

ND280 data

Super-K data

NA61/SHINE data

Beam monitor 
and INGRID data

Cross-section data

Near detector fit

T2K oscillation result!
Δm2

32, sin2 θ23, δCP

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

• Frequentist oscillation analyses: first fit to near 
detector data, then fit to Super-K data

Atmospheric 
neutrino data
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Neutrino flux model

Neutrino cross-section model

ND280 detector model

Oscillation fit

ND280 data

Super-K data

NA61/SHINE data

Beam monitor 
and INGRID data

Cross-section data

T2K oscillation result!
Δm2

32, sin2 θ23, δCP

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

• MaCh3 (Bayesian) oscillation analysis: 
simultaneous fit to near and far detector data


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

Super-K detector model
Atmospheric 

neutrino data

T2K oscillation analysis strategy: full overview
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• MCMC algorithm presents an efficient 
solution for sampling from a complex 
multivariate posterior likelihood distribution


• The algorithm provides a recipe for building 
the Markov chain


• At each step, an ensemble of model 
parameters is either accepted or rejected 
based on a comparison with a metric


• Parameters in the resulting Markov Chain 
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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 and  constraints from T2KδCP sin2θ23

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