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Abstract108

The T2K experiment established the νµ → νe appearance with only 10% of the original beam request109

of 7.8× 1021 30 GeV protons on target (p.o.t.). In view of the J-PARC program of upgrades of the beam110

intensity, the T2K-II proposal requires to run up to 20 × 1021 p.o.t., i.e. an increase of the exposure111

by a factor 10. The Hyper-K proposal consists in a further increase by a factor 10 of the far detector112

mass. Facing the potential increase of statistics by two orders of magnitude, it is of great importance113

to undertake a vigorous program of near detector upgrades, with the aim of reducing the statistical and114

systematic uncertainties at the appropriate level of 3-4% or less on the prediction of the νµ → νe and115

ν̄µ → ν̄e appearance signals in the far detector. In February 2017 the T2K Collaboration launched the116

program of upgrade for the o�-axis magnetic near detector of the T2K experiment (ND280). This report117

presents a baseline proposal, which achieves a much better uniformity of acceptance as function of polar118

angle, by recon�guring the geometry with a fully active scintillator detector acting as neutrino target,119

disposed along the plane including both the beam direction and the magnetic �eld. The favoured option120

for this detector is the Super-FGD concept, consisting of small scintillator cubes each read-out by three121

WLS �bers. Two new TPCs cover the large angles and time-of-�ight detectors allow rejection of out122

of �ducial volume events. First results of performance are given showing a signi�cant reduction of the123

uncertainties.124
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1 Executive summary180

We propose to upgrade the T2K Near Detector ND280 in order to reach a systematic uncertainty at the181

4% level, matching the needs of the T2K-II phase (2020-2026). This phase of the T2K experiment can182

provide a 3 σ exclusion of CP conservation for 36 % of the δCP phase space, around δCP = −π/2.183

We have converged on a design that signi�cantly improves the performance provided by ND280.184

In particular we achieve full polar angle coverage for the muons produced in Charged Current events,185

improve the tracking e�ciency of pions and protons stopping inside the scintillator detector and improve186

the electron-converted gamma separation useful for electron neutrino studies.187

This is obtained with the addition of a highly granular scintillator detector. The most appealing option188

for this detector is the Super-FGD design (small scintillator cubes, with a ∼ 1 cm side, each read out189

with three WLS �ber). This detector is sandwiched between two High-Angle TPC, read out by resistive190

Micromegas detectors, with a compact and light �eld cage. These detectors are surrounded by six large191

TOF planes to determine the track direction and improve the PID. The scintillator detector will be able192

to track over 4π solid angle pions and protons stopping in this detector. Moreover its high granularity193

will allow to distinguish electrons produced by electron neutrino interactions from converted photons.194

The TPC will measure charge, momentum, track angles and dE/dx with excellent e�ciencies and low195

systematics. We propose to conduct beam tests in the CERN PS East Area Hall in 2018 in order to196

validate these detector technologies and to ascertain their performance.197

A related R&D for a High Pressure TPC (HPTPC) is also being developed, with the aim to provide198

a very detailed picture of neutrino interaction on the TPC gas. Several synergies between the ND280199

Upgrade and this R&D have been identi�ed both related to the detector technologies and to the physics200

studies. The HPTPC will be deployed in the neutrino beam in Japan on a di�erent, later, time scale,201

after the design of that detector has been de�ned.202

The construction of these detectors will provide new high quality neutrino beam interaction data useful203

to constrain the cross section models. Moreover, these detectors will represent a signi�cant step forward204

with respect to the current state of the art, and will e�ectively complement other techniques for use in205

other Near Detectors.206

We have checked the e�ectiveness of the new detectors with detailed simulations. Propagating the207

new information by the upgrade Near Detector all the way to the prediction at the T2K Far Detector,208

we obtain a signi�cant improvement both with respect to a �xed neutrino interaction model, and with209

respect to the capability to discriminate between di�erent models. On average, the post-�t uncertainty210

after taking into account the data provided by the upgrade detector will be 30% lower. Furthermore the211

near to far extrapolation will be much less model dependent.212

The detector construction for the ND280 Upgrade will be performed in 2019-2020, for an installation213

in Japan in 2021.214
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2 Introduction215

The T2K neutrino experiment at J-PARC [1] is well known for the observation of the νµ → νe appear-216

ance [2], which occurs at the relatively high rate of ∼ 5% of the original muon-neutrino �ux. This discovery217

was made with only 10% of the approved proton exposure, of which the experiment has now accumulated218

20%. The observation of leptonic CP violation can become accessible to the experiment, given an increase219

of �ux and continuous e�orts to reduce systematic errors. In summer 2017 T2K released the new results220

of the search for CP violation in the leptonic sector by directly comparing neutrino with antineutrino221

oscillations, based on the data taking until May 2017. The CP conserving hypothesis is excluded with a222

signi�cance of 2 standard deviations [3].223

The increase of statistics will come naturally from continuing running up to the full approved 7.8×1021224

protons on target, and beyond. The proton beam power has been growing regularly and reaches by225

November 2017 an operational value of 455 kW. A program of accelerator upgrades is now the highest226

priority of KEK and J-PARC [4], with the aim of reaching a power greater than 800 kW by 2020 and 1.3227

MW a few years later. The experiment has submitted a proposal for an extension of the T2K running228

until 20 × 1021 protons-on-target � 15 times the present exposure which has received phase-I approval.229

This aims at initial observation of CP violation at the 3 σ level or higher signi�cance if the CP violation230

is maximal. A further increase by a factor 10 will come with the Hyper-K, increasing the far detector231

mass from 22.5 kt to more than 200 kt [5, 6, 7].232

Much has been learned about systematic errors since 2010. They can be summarized as an uncertainty233

in the prediction of number of events and their energy distribution in the CC νµ and CC νe channels and234

background thereto, in the SK far detector, given the calculated �ux and the observations in the near235

detector, and for any speci�ed value of the neutrino oscillation parameters. The original design of the236

near detector at a time when only an upper limit on the mixing angle θ13 < 11◦ was known, was made237

with emphasis on background reduction to the search for νµ → νe appearance. Given the large signal, the238

emphasis shifts to systematic errors on its prediction. It is thus justi�ed to revisit the near detector design239

with the bene�t of experience. The present con�guration leads to systematic errors of the order of 6%, the240

goal is to bring this number down to ∼ 4% for T2K-II [8], and to ∼ 3% or below for Hyper-Kamiokande.241

In future measurements of oscillation parameters, a good understanding of possible biases and distor-242

tions on the energy reconstruction will become important. These stem from the fact that event reconstruc-243

tion in the Water Cherenkov detector uses a kinematic formula based on the quasi-elastic assumption,244

which uses the �nal state lepton momentum and angle. Given the good momentum resolution available245

both in the magnetic near detector and in the fully active water Cherenkov far detector, this is quite246

precise, but only rigorously correct for quasi-elastic events on free protons. The presence of additional247

�nal state particles which are below Cherenkov threshold, negative pions in particular, and of nuclear248

e�ects, modi�es the relationship between the reconstructed energy and that of the incoming neutrino,249

which is the parameter that governs neutrino oscillations. An important role of the near detector is to250

acquire enough information to be able to either measure directly this energy response function, or to be251

able to constrain the model inputs that lead to a distortion of this function.252
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This report is organised as follows. We �rst present in section 3 the upgraded near detector con�gu-253

ration, followed by a description of the new TPCs (Sec. 4), the scintillating detector (Sec. 5), and TOF254

(Sec. 6) and the plan for the test beam (Sec. 7). After presenting the integration of the new detector255

for what concerns DAQ and software (Sec. 8) and a related R & D for a High Pressure TPC (Sec. 9), in256

section 10 we discuss the studies performed to evaluate the performances of this new detector, going from257

Geant4 simulations to event reconstruction.258

We �nally conclude the proposal with some indications of the structure, schedule and next steps for259

this project, as well as the proposed contribution by CERN (Sec. 11).260

3 The upgrade detector261

3.1 Design process262

The design described in this report has been developed by a dedicated team over a period of two years.263

First, a T2K task force studied the possible upgrade con�gurations while at the same time developing264

the software tools needed to provide a full simulation and detector response, as well as comparing the265

performances for each con�guration. This �rst period ended with the task force report [9] in January266

2016, endorsed by the T2K collaboration, which issued a public statement o�cially launching the upgrade267

project.268

We then opened the project to the particle physicists community outside of T2K by launching a series269

of open workshops [10], alternating between CERN and J-PARC (Japan). In the process, we prepared270

and submitted to SPSC the Expression of Interest CERN-SPSC-EOI-15 [11]. This proposal embodies the271

studies, discussions and suggestions generated during this process.272

3.2 ND280 strengths and weaknesses273

In a long-baseline experiment the role of the Near Detector is to reduce the �ux and cross-section uncer-274

tainties associated to neutrino production and interactions and allow a prediction of the expected spectra275

at the Far Detector.276

One of the main strength of the T2K Near Detector ND280 (Fig. 1) is that it is a magnetized detector,277

providing momentum and charge determination of the leptons produced by neutrino interactions. This278

allows to distinguish between neutrinos and anti-neutrinos. This capability is particularly important279

when data are collected in anti-neutrino mode since the neutrino component in this case is large due to280

the larger wrong-sign �ux and the larger neutrino cross-section. In addition ND280 is able to precisely281

measure the momentum of the charged particles produced in neutrino interactions and to perform particle282

identi�cation, in particular distinguishing between muons and electrons, thanks to the presence of three283

TPCs and the surrounding electromagnetic calorimeter.284

The main limitation that was identi�ed in the current ND280 design is that most of the leptons are285

selected looking at the TPC downstream the FGD in which the neutrino interaction occurred. As a286

consequence the e�ciency in the forward region is excellent but it drops considerably for scattering angles287

11



Figure 1: Exploded view of the T2K ND280 detector inside the ex-UA1 magnet, donated by CERN. The

oscillation analyses use data from neutrino interactions in the Fine-Grain Detectors FGD1 (scintillator) and

FGD2 (scintillator and water layers) with tracks in the three TPCs. The neutrino beam enter the detector

from the left.

with respect to the beam direction larger than ∼ 40 degrees. At Super-Kamiokande, instead, given the 4π288

symmetry of the detector, the e�ciency is �at with respect to the beam direction. In the extrapolation289

from the expected spectra extracted using forward going tracks at ND280 to the ones at SK, cross-section290

models are needed to describe the dependency on the momentum transferred Q2 or on momentum and291

angle.292

Another limitation of the Near Detector is its poor e�ciency in selecting electron neutrino interactions293

below 1 GeV, related both to limited e�ciency for tracks at high angles, and to a contamination due to294

converted gammas. The method used in T2K to constrain �ux and cross-section systematic uncertainties,295

in fact, relies on the selection of muon neutrinos at ND280 to constrain uncertainties for both νµ and νe296

at SK. The break-down of the systematic uncertainties at Super-Kamiokande is shown in Table 1. An297

additional uncertainty of 3% due to possible cross-section model di�erences between νµ and νe is included298

in the oscillation analysis and has so far a non-negligible e�ect on the �nal systematic error budget.299

ND280 has already measured νe interactions in the Tracker and in the P0D and with the current statistics300

and detector ability it is able to constraint the νe/νµ cross-section di�erence at the 10% level.301

Currently this electron neutrino cross section measurement is limited by the statistical uncertainties,302

especially in the low energy region due to the low e�ciency and large background of photons at low303

momentum. Even with additional statistics the low signal purity will limit the capabilities of ND280 in304

constraining this systematic uncertainty. An upgraded version of ND280, more sensitive to low momentum305

and high angle electrons produced by νe interactions might allow to constrain the νe/νµ cross-section ratio306

based on the near detector data.307

In summary ND280 proved very useful to select clean sample of νµ and ν̄µ interactions thanks to308
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Table 1: E�ect of 1σ variation of the systematic uncertainties on the predicted event rates at Super-

Kamiokande of the ν-mode samples [12].

Source of uncertainty νe CCQE-like νµ νe CC1π+

δN/N δN/N δN/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 presence of the TPCs and of the magnetic �eld. This allowed to reduce the �ux and cross-section309

uncertainties at the level of 5% that is more than enough for the oscillation analyses with the statistics310

collected by T2K so far. With more statistics, an upgraded version of ND280, more e�cient in selecting311

high angle and low momentum particles, as well as a larger sample of νe, will be necessary to achieve the312

physics potential of T2K-II.313

3.3 Requirements for the upgrade detector314

Following the considerations developed in the previous sections of this note, we can here present the315

requirements for the upgraded near detector:316

• Full and precisely known polar angle acceptance for the muons produced in Charged Current neutrino317

interactions with similar performance in term of momentum resolution, dE/dx, charge measurement318

as the current ND280.319

• Fiducial mass of at least a few tons (each of the two present ND280 targets, the FGDs, has a �ducial320

mass of approximately one ton).321

• High e�ciency 4 π tracking for low energy pions and protons contained inside the active target322

detector, in order to determine the event topology, with proton-pion identi�cation.323

• Good T0 determination (at the 0.5 ns level) for tracks traversing the TPCs, in order to determine324

their direction (backward versus forward or inward versus outward) and possibly contribute to the325
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particle identi�cation.326

3.4 The new detector con�guration327

The reference detector design is schematically shown in Fig. 2. It modi�es the current ND280 con�guration328

only in the upstream part and retains all other detectors except the P0D central part. Proceeding along the329

neutrino beam direction, after the Upstream ECal P0D (lead scintillator sandwich, 4.9 X0), we introduce330

a sandwich of a high granularity Scintillator Detector (SD) of approximately 2 ton, with two Horizontal331

TPCs (referred to as High Angle TPC, HA-TPC, in the following), one above and one below. This central332

block of detectors is surrounded by a thin layer of TOF detectors, mounted in front of the large angle333

P0D ECAL.334

Figure 2: Schematic of the upgrade ND280 detector in the basket. The two new High Angle TPCs (light

brown area) as well as the new scintillator detector SD (grey area) are shown on the left hand side. Neutrinos

enter the detector from the left. The axis are de�ned in such a way that x is along the magnetic �eld direction,

y is in the vertical direction and z is along the neutrino beam direction (i.e. the longer axis of the detector

structure).

Charged particles produced in neutrino interactions in the SD will be tracked inside this detector.335

Those exiting SD will traverse a system of TPCs disposed around them, achieving an almost full polar336

angle coverage.337

The downstream part of ND280 will be kept untouched. It will therefore serve as a reference for338

comparing future interaction rate measurements to those obtained in T2K-I. Keeping these detector in339

place will also minimize the installation personnel and time and will avoid the risks intrinsic in moving340

the detectors to a di�erent location inside the basket.341

An important advantage of the upgraded detector, as it will become evident later, is it larger instru-342

mented mass, almost doubling the present mass of the two FGDs. Even more important, the upgrade343

will provide several new samples for the oscillation �t. This comprises a sample of interactions in the new344

SD with the muon in TPC1 (new forward sample) as well as a sample of interactions where the muon345
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enter the HA-TPC above or below. The latter sample contains muons in the forward direction, around346

90 degrees, and backward. These samples provide a signi�cant polar angle coverage, while at the same347

time having signi�cant overlap with the present FGD1 samples.348

The higher tracking performances of SD and the better timing will also provide signi�cant improve-349

ments in the physics performance.350

3.5 TOF counters351

One of the problem of the present ND280 con�guration is that, while low momentum backward particles352

are reconstructed in the TPC, it is also necessary to determine the direction of the track and this requires353

at least two hits in fast scintillation detectors. To overcome this problem we plan to surround the new354

HA-TPCs with scintillator detectors for TOF determination.355

The determination of the direction of tracks (backward vs forward or inward vs outward) requires only356

a modest time resolution as the two hypotheses are typically separated by 6 ns for a 1 m track length.357

However sub-nanosecond time resolution opens the interesting possibility to complement TPC PID with358

TOF. For instance the TOF of a proton is 5.4 ns (1.5 ns) larger than for a positron over a distance of 1359

m for 0.5 GeV/c (1 GeV/c). This will be useful for ν̄e where the overlap between the dE/dx curves for360

protons and positrons is a potential problem.361

3.6 Calorimeters362

Concerning the calorimetric coverage, we plan to keep in place both the downstream calorimeter and the363

barrel calorimeters. The calorimetric coverage is excellent in the downstream basket region. Here the364

calorimeter has a thickness of 10 (11) radiation lengths for the barrel (downstream) region and has good365

segmentation.366

In the upstream basket region (2.2 m in z starting from the upstream part of the basket and cor-367

responding to the current P0D) the calorimetric coverage is performed with 4.3 X0 and a much coarser368

segmentation provided by the ECAL-P0D. We are currently evaluating whether this calorimetric coverage369

is su�cient for the physics program of T2K-II or if some improvements are needed. We notice however370

that at the moment the ECAL information is used only for νe analyses (where it helps the rejection of371

muons) and to tag photons (to increase the purity of the CC0Pi sample).372

4 High Angle TPCs373

4.1 Introduction374

The combination of thin active targets made of scintillators and TPCs inside the magnetised volume375

of the UA1 magnet is the distinctive feature of the current T2K o�-axis near detector ND280. All the376

T2K oscillation analyses use as a constraint on the neutrino �ux and cross-sections the data from these377

detectors.378
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The TPCs [13] have been particularly useful because they provide several crucial informations for the379

event reconstruction and the analysis:380

• track reconstruction in 3D. All other detectors have coarser granularity and projected position381

information (mostly the in the x or y directions). Therefore TPC tracks are used as pivot in the382

reconstruction.383

• charge measurement;384

• momentum measurement;385

• particle identi�cation by combining dE/dx with momentum measurement.386

We would like to maintain all these key features in the upgraded detectors and therefore plan to build387

new TPCs with performances substantially similar to the performances of the existing TPCs.388

Another key consideration is the fact that TPC are especially well suited to track low momentum389

tracks as those produced in neutrino interactions with the T2K o�-axis beam: from a few GeV/c in the390

forward region, to a few hundred MeV/c in the high angle and backward regions.391

4.2 Design consideration and required performances392

The performance obtained with the existing TPC has been completely satisfying and no substantial393

improvement is needed. The requirement on the momentum resolution is rather loose, 10% at 1 GeV/c.394

Indeed, when reconstructing the neutrino energy, the lepton momentum is used in the Charged-Current395

Quasi-Elastic hypothesis : in particular the initial state nucleon is supposed free and at rest. The e�ect396

of the Fermi momentum (of the order of 200 MeV/c) introduces a smearing in the relation between the397

neutrino energy and the lepton momentum of the order of 10% at 1 GeV/c. The requirement on the398

momentum resolution translates into a space point resolution around 800 µm for a magnetic �eld of 0.2399

T, 72 space points and a track length of 72 cm in the forward region (Fig. 3).400

The requirement on the momentum resolution is easily satis�ed in the high angle and backward401

direction, where tracks have lower momenta, around 500 MeV/c and down to 200 MeV/c.402

Another important requirement is related to the separation of electrons from muons for the measure-403

ment of the νe cross-section. Since the νe �ux represents only approximately 1 % of the total neutrino404

�ux, an excellent e-µ separation is needed and the TPC particle identi�cation is crucial to this task. We405

have achieved in the existing TPC a resolution of 8% on minimum ionizing particles for the dE/dx mea-406

surement and this performance is su�cient for the νe studies [14], providing approximately 4 σ separation407

between electrons and muons (Fig. 3). As the resolution on dE/dx is largely driven by the track length408

L (the dependence is roughly σ ∝ 1/
√
L), we conclude that we also need a measured track length of409

approximately 70 cm in the vertical direction.410

The performance required for track position and angles is not critical. Indeed, what matters is a good411

matching between a track in the TPC, and either a track or hits in the Scintillator Detector, with a typical412

resolution at the few mm level.413

Following these considerations, the design of the new TPCs is mainly based on the design of the414

existing TPCs with two major changes:415
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Figure 3: Left: space point resolution for the existing ND280 TPC as a function of the drift distance [13].

Right: Pull in the electron hypothesis of the TPC dE/dx for a control sample of electrons (red) and muons

(blue), together with the MC predictions [14].

• the Micromegas detector will be constructed with the "resistive bulk" technique, that naturally416

introduces a spread in the charge on the anode plane, thereby allowing in principle a lower density417

of readout pads. This technique allows also to eliminate the discharges (sparks) and therefore the418

protecting diodes on the front end cards are no longer necessary.419

• The �eld cage will be realised with a layer of solid insulator mounted on a composite material. This420

will minimize the dead space and maximize the tracking volume.421

A schematic view of a HA-TPC module is presented in Fig. 4.422

The parameters of the High Angle TPC (HA-TPC in the following) can be found in Table 2. They423

are intended as a �rst step of the design and not as �nal values.424

4.3 Field Cage425

The TPC is made out of a gas containment box equipped with �eld-forming strips and a readout plane426

holding several MicroMegas (MM) modules (Fig. 4). In the context of this document, �eld-cage indicates427

the box and its electrostatics elements, excluding the readout modules and its support structure (called428

end-plate).429

The required electric �eld uniformity must be good enough to guarantee distortions in the reconstructed430

position of charge deposits that are small enough not to a�ect the momentum scale by more that 2% ;431

the design of electrostatic elements will be validated by ANSYS simulations at INFN-Bari, also making432

sure that the geometry of the corners of the HA-TPCs will be optimized to avoid high electric �elds in433

these regions.434

The new TPCs di�er substantially from the existing ones not only by their placement and orientation,435
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Table 2: Main parameters of the HA-TPC.

Parameter Value

Overall x - y - z (m) 2.3 - 0.8 - 2.0

Drift distance (cm) 90

Magnetic Field (T) 0.2

Electric �eld (V/cm) 275

Gas AR-CF4-iC4H10 (%) 95 - 3 - 2

Drift Velocity cm/µs 7.8

Transverse di�usion (µm/
√
cm) 265

Micromegas gain 1000

Micromegas dim. z-y (mm) 340 - 410

Pad z - y (mm) 11 - 11

N pads 36864

el. noise (ENC) 800

S/N 100

Sampling frequency (MHz) 25

N time samples 511
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Figure 4: Schematic view of the High-Angle TPC.

but mainly by the need to maximize the acceptance for large angle tracks. This is achieved by reducing436

the dead region around the sensitive gas volume and the amount of material surrounding it. The design437

goal can be ful�lled by adopting a single-volume con�guration where the function of gas containment and438

electrostatics are combined in one single structure. We have set the goal that the total material budget439

should be smaller than 2% of a radiation length.440

4.3.1 Challenges441

442

The gas ampli�cation technique and the drift length will be very similar to the ones of the VTPCs,443

and there is no reason to change the composition of the active gas mixture Ar:CF4:iC4H10 (95:3:2). This444

mixture provides high speed and moderate di�usion even at moderate values of magnetic and electric445

�elds. In these conditions the �eld cage has to stand moderate (≈ 25kV ) central cathode voltages and446

guarantee normal (i.e. . 10ppm) levels of oxygen impurity - but not extreme ones.447

The acceptance and material requirements can therefore be satis�ed by a single-wall �eld cage, knowing448

that the design of the walls will depart substantially from that of the existing ND280 TPCs:449

• The outer �eld-cage and outer gas CO2 gas volume of the existing ND280 TPCs has the functions450

of taking most of the overpressure of the gas and insure the electrical insulation. The advantage451

of this approach is that even in the case of a discharge, no permanent damage can be produced in452
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Figure 5: Left: material budget for the ILC-TPC �eld cage. Right: cross-section of the �eld cage and

interface to the end �ange.

contrast to the case where a solid is used for the HV insulation. On the other hand a signi�cant453

disadvantage of the dual volume approach is the introduction of an additional, non-negligible dead454

space of about 8 cm between the target and the sensitive volume. The walls of the HA-TPCs will455

provide both functions: this is certainly doable, but requires a careful study.456

• The �eld-forming strips of the existing ND280 TPCs are laid on the panels of the inner �eld cage,457

which is not subject to signi�cant mechanical stresses. In the case of the HA-TPCs the strips will458

be made on the inner side of the single-wall structure: any mechanical deformation will induce459

non-homogeneous regions of electric �eld and must therefore be kept under control.460

4.3.2 Possible technical solutions461

462

Several composite materials are being considered for the �eld cage walls, the most straightforward463

one being G10-clad honeycomb panels. This material is well known for the construction of TPC panels;464

it has been used for the VTPCs and is considered for future TPCs, including those studied for the ILC465

detector ILD. The mechanical robustness of possible wall structures has been simulated with respect to466

mechanical and thermal stress by an engineer at IFAE using a Finite Element Analysis Software package467

optimized for this purpose. Samples for testing and the walls for the prototype and the �nal TPCs will468

be build either with an autoclave at INFN Padova or a company from Spain.469

The wall panels will be separately produced and then mounted on a rectangular support structure470

made of G10 or Kevlar. This structure also will serve to install the �ange on which the end plate will be471

mounted. Stability studies of this structure will also be performed.472

Two di�erent schemes are being considered for making the set of the conductive strips on the inner473

face of the walls.474

• The �rst option is derived from the design of the ILC TPC [15]. The honeycomb panel is layered475

with a set of �eld strips and mirror strips, separated by a polyimide �lm. The typical size of the476

strips is of the order of the mm. This scheme gives the smallest possible region of non-uniform �eld477

but comes at the cost of additional complication in the connection of the underlying mirror strips478
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Figure 6: Possible con�gurations for the case of double sided copper strips.

to the voltage divider. This con�guration and the corresponding material budget is shown in Fig. 5.479

Two possible con�gurations for the double sided copper strips are shown in Fig. 6.480

• A mechanically simple alternative comes from the design of the HARP TPC [16]). The scheme is481

also based on a set of �eld and mirror strips, but while the mirror strips are glued on the mechanical482

structure, the �eld ones are made of aluminized mylar strung over a thin mechanical support. This483

technique makes it easier to connect both sets of strips to the voltage divider, but it implies a larger484

step (order of the cm) and therefore a larger amount of active volume a�ected by edge e�ects in the485

electric �eld.486

Combined mechanical and electrostatics simulations will allow to choose the best compromise in terms487

of acceptance and cost of the �eld cage.488

4.4 Micromegas for the readout plane489

Micro-Pattern-Gas Detectors have been successfully used in a variety of particle physics experiments in490

the last two decades. They o�er distinctive advantages in TPC with respect to wire chambers: while491

providing good gas ampli�cation they induce only minor non-uniformities of the electrical �eld (due to492

the E × B e�ect), substantially reduce the ion back-�ow in the drift volume, and are free from the long-493

term aging and mechanical constraints a�ecting wire chambers. They are therefore suited to paving large494

surfaces with minimal dead regions.495

The performance of the ND280 TPCs, the �rst large TPC built with MPGD, has in this respect496

been excellent. Since their installation in 2009, the 72 Micromegas are performing according to the497

speci�cations, without degradation of their response and without failures.498

4.4.1 Resistive Micromegas499

The ILC TPC has succesfully tested a new kind of detector, the resistive Micromegas [17]. A schematic500

cross-section view of this device is shown on Fig. 7.501

The pads are covered by a layer of insulating material and then by a layer of resistive material. An502

avalanche is then naturally quenched because the potential di�erence locally drops in presence of a high503

charge density. The resistive layer acts like a 2-D RC network and the charge deposited by the avalanche504

spreads naturally with time with a Gaussian behaviour. For a point charge deposited at r = 0 and t = 0,505

the charge density as a function of radius r and time t reads506

ρ(r, t) =
RC

2t
e−r

2RC/(4t) (1)
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Figure 7: Schematic cross-section of a normal bulk Micromegas (left) and a resistive Micromegas (right).

The pads are covered by a layer of insulating material and a layer of resistive material.

where R is the resistivity per unit area and C the capacitance per unit area.507

In this way, even for small drifts, when the electron cloud width is low, the resistive layer will enable508

the charge to be detected over several pads. In the ILC TPC this con�guration allowed to reach excellent509

spatial resolution of 70 µm even for small drifts. Examples of the Pad Response Functions (PRF) measured510

in ILC-TPC prototypes are shown in Fig. 8.511

In our case, this device will allow a readout structure with large pads, without compromising the space512

point resolution. In addition, the natural quenching properties naturally suppress Micromegas discharges513

(so-called sparks) and therefore no protection diodes are required for the front-end electronics.514

We plan to use for the resistive layer a kapton (polyimide) foil, on which a layer of Diamond-like-515

Carbon has been deposited by sputtering. The resistivity can be tuned by increasing the thickness of the516

carbon layer, and by doping the carbon with nitrogen. The aim is to use a resistivity of 1 MΩ/square.517

Several resistive Micromegas are in the fabrication process to validate this technology, some of which518

will be produced by the CERN EP/DT MPGD workshop. They will be tested in the next months with519

cosmic rays in the Saclay laboratory.520

4.4.2 The readout plane521

A sketch of the TPC readout plane is presented on Fig. 9. Each readout plane will be composed of eight522

Micromegas modules of approximate dimensions 34 × 41 cm2. Each Micromegas will be segmented in523

32x36 pads of dimensions 1.06 × 1.13 cm2.524

4.4.3 Test bench for the production of the Micromegas detectors525

The test bench for the HA-TPC Micromegas detector is mainly used to qualify the gain and performances526

and to provide an absolute calibration for the signals detected by the TPC. The architecture of the test527

bench will be similar to the one used in the T2K experiment in 2008 [18]. Each produced Micromegas528

will be mounted on this setup and thoroughly tested. A robotic arm equipped with a 55Fe source will529

be used to provide a narrow, collimated beam of X rays generating an input signal for each pad of the530

detector. The scan of the whole detector in the XY directions will provide the following information:531

uniformity, dead pads, gain map and energy resolution. As the X-ray conversion region will be narrow it532
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Figure 8: Pad Response Function (PRF) for two types of resistive Micromegas tested by the ILC TPC

collaboration with a resistivity of 5 MΩ/square.

will be possible to measure the spread of the signal and verify the spatial resolution, which is an important533

factor, especially with resistive Micromegas detectors.534

4.5 TPC Electronics535

The readout system of the HTPC is conceptually very similar to that of the existing TPCs [19]. Di�erences,536

technical improvements and simpli�cations are outlined below.537

4.5.1 Readout architecture538

The architecture of the readout system of the HTPC is schematically shown on Fig. 10. It is based on539

the replication of the modular structure used to read out each Micromegas detector module. The front-540

end electronics is composed of two types of electronic boards: the Front-End Cards (FEC) capture the541

analog signals of the pads of each detector module and convert the acquired samples in digital format542

using a fast multi-channel analog to digital converter (ADC). Elementary data processing such as baseline543

o�set correction, zero-suppression and temporary storage is performed by the Front-End Mezzanine card544

(FEM) which is connected to the number of FECs required to read out one detector module. In order545

to minimize the degradation of the highly sensitive detector analog signals and avoid the high cost of546

cables, the FECs and the FEM are directly mounted at the back of detector modules, as it is done for547

the existing TPCs. The data of each detector module is transported outside of the detector magnet548
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Figure 9: Schematic view of the TPC module frame supporting eight Micromegas modules.

via an optical �ber to a back-end unit that aggregates the data of multiple modules and distributes the549

global clock and common trigger signal to the front-end electronics using the return path of the optical550

link. Each back-end unit is connected via a standard Gigabit Ethernet point-to-point link to a control551

PC that bridges the HTPC readout system to the global run control and data acquisition system of the552

nd280m detectors. Alternatively, the back-end units may be connected directly to the local area network553

of nd280m provided that they run directly the data acquisition programs based on the MIDAS framework554

used by the experiment.555

Figure 10: The architecture of the readout system of the HTPC.

24



4.5.2 Front-end electronics556

Readout ASIC557

Several options have been considered for the readout ASIC of the HTPC: the AFTER chip [20],558

designed for T2K and used in the current TPCs and FGDs, its successor, the AGET chip [21][3], or a559

derivative, the DREAM chip [22]. However, the improvements and additional features of these newer560

devices would not bring any real bene�t compared to the original AFTER chip given the requirements of561

T2K. Therefore, we propose to build the readout system of the HTPC around the AFTER chip, which is a562

proven solution. The remaining stock of encapsulated and tested AFTER chips is 700 units (i.e. 50,000563

channels) which is expected to be su�cient for the project. If required, more chips could be produced, but564

extra time and resources would be needed in that case, and the obsolescence of the plastic encapsulation565

used for the original AFTER chip is an issue that would need to be solved.566

Front-End Cards567

The FECs support the AFTER chips that amplify detector pad signals and sample them in an analog568

memory (511-bucket switched capacitor array) which is digitized by a commercial 25 MHz 12-bit ADC569

when a trigger occurs. Assuming that resistive Micromegas detectors are used, the number of channels570

per detector module will be reduced compared to the current TPCs (e.g. from 1728 pads to 1152 pads)571

and the anti-spark protection circuit currently used on every channel will no longer be needed. We expect572

that the corresponding reduction in channel count and board area for passive components will allow a573

su�cient reduction of the size of the FECs to mount them parallel to the detector sensitive plane instead574

of the signi�cantly less compact perpendicular orientation used on the existing TPCs. We also plan to575

double the number of AFTER chips per front-end card from four to eight, so that only two 576-channel576

FECs per resistive Micromegas detector module will be required instead of the six 288-channel FECs used577

for the metallic Micromegas detectors of the current TPCs.578

Front-end Mezzanine Cards579

Each FEM performs the data aggregation of the two FECs of a detector module. A mid-range FPGA,580

coupled to a memory bu�er and ancillary logic, implements all the required functions and interfaces to581

the back-end electronics via an optical �ber link. Compared to the FEM of the existing TPCs, the FEM582

for the HTPC controls two FECs (double density) instead of six and no longer includes a dedicated583

microcontroller and CANbus slow control network. This simpli�es design, development and maintenance.584

Current, voltage and temperature monitoring on the new FEM is controlled by the local FPGA and585

monitoring data is time multiplexed over the optical link along with detector data. Assuming that the586

two HTPC are composed of two end-plates of eight detector modules each, the corresponding readout587

system comprises 32 detector modules, 32 FEMs and 64 FECs.588

4.5.3 Back-end electronics589

The back-end electronics is composed of several units which control multiples FEMs and interface to the590

data acquisition system of the experiment through an intermediate PC, or directly. Each back-end unit591

is an electronic board composed of a commercial System-On-Module plugged on a custom made carrier592
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board. The carrier board also includes a plurality of optical transceivers to connect to the front-end. The593

physical layer of the optical links may be placed on a mezzanine card that plugs on the carrier board of594

the back-end unit. This structure is adopted for the general purpose "Trigger and Data Concentrator595

Module" (TDCM) currently under development for multiple projects, possibly including T2K. A newer596

improved version could also be built. The current TDCM uses the powerful Mercury ZX1 module [23]597

from Enclustra based on a Xilinx ZYNQ FPGA that integrates a multi-core 800 MHz ARM processor598

(Fig. 11). The TDCM supports up to two 16-optical port mezzanine cards. A TDCM with only one599

16-port optical link mezzanine card would be adequate to read out each HTPC, i.e. the complete system600

would require two TDCMs. The primary 100 MHz clock and the common trigger signal is provided to601

the back-end modules by the Slave Clock Module (SCM), a board currently used in nd280m.602

Figure 11: Prototype of the backend card using a Xilinx ZYNQ FPGA.

4.5.4 Control and data acquisition software603

Two options are being considered for the control and data acquisition software. In the �rst scheme,604

which is unchanged compared to the existing TPCs, the processor of the back-end units execute a simple605

"bare-metal" command interpreter program and an intermediate PC running the MIDAS framework606

performs the translation between the global data acquisition system and the HTPC sub-system. In the607

second scheme, which is currently deployed in the FGD, the processor of the back-end units run the608

Linux operating system and execute MIDAS processes locally so that the connection of the HTPC to the609

common data acquisition of the experiment is made directly. There are pros and cons to each scheme.610
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4.5.5 Ancillary services611

Because the HTPC will have less channels than the existing TPCs, power requirements will be reduced.612

Instead of bringing a high current 5V supply to the front-end modules, we plan to transport a higher613

voltage, e.g. 12 V or more, over cables of signi�cantly smaller cross section and perform e�cient power614

conversion locally using DC/DC converters. Finding a solution usable in a 0.2 T magnetic �eld needs615

further studies. We anticipate that the total power consumption of the front-end electronics of the two616

HTPC will be 640 W (e.g. 4 V x 160 A). Because the front-end electronics is placed in a con�ned space,617

water cooling is necessary. Using bi-directional optical transceivers instead of optical transceivers that618

require di�erent �bers for the transmission and reception path allows halving the number of optical �bers.619

4.5.6 Test-benches620

Test bench for the production of the Front-end Cards621

The role of this test stand is the quick validation of every FEC at the end of the assembly line:622

veri�cation of all input channels, assessment of the noise level and measurement of the crosstalk level623

between neighbouring channels. Calibration pulses will be injected with the built-in pulser of the FEC.624

A custom PCB will make a capacitive load representative of a Micromegas detector. The test bench will625

also consist of a validated FEM and a portable DAQ computer. A user-friendly interface will allow a626

non-expert technician to run a pass or fail test at the production factory. Detailed tests and the analysis627

of eventual defaults will be performed by the designers of the FEC in a laboratory environment.628

Test bench for the production of the Front-end Mezzanine Cards629

This test stand is required for the validation of every FEM at the production site. All the analog and630

digital functions and interfaces of this card have to be tested. Using the appropriate dedicated software631

on a small DAQ computer, a technician at the board factory will run a pass or fail test. Deeper analysis632

will be conducted by the designers of the FEM if that is needed.633

4.6 Gas system634

The existing TPCs were designed to operate with a full volume change of gas every six hours, meaning635

that gas is supplied to each TPC volume at a rate of 10 L/min, for a total of 30 L/min for the three636

TPCs. This rate is set by di�usion of O2, CO2, and H2O into the TPCs. The 30 L/min comes from 27637

L/min of recirculated gas that goes through molecular sieves to be puri�ed, and 3 L/min of new gas.638

The pressure control is made with a pump operating at a constant 55 L/min and a �ow controller639

that operates at 25 ± 2 L/min to keep the chamber pressure relative to atmosphere relatively constant.640

This �ow controller can be adjusted to operate at 10 ± 2 L/min to allow the input �ows to TPCs to be641

increased to 45 L/min. Then when there are �ve TPCs in the upgraded ND280, the �ow rate to each of642

the TPCs will be 9 L/min.643

Then 45 L/min to the TPCs will be supplied from 40.5 L/min of recirculated gas that goes through644

the molecular sieves and 4.5 L/min of fresh gas. With this increased fresh gas �ow, the argon supply645

cylinders would have to be changed every 6 days (rather than every 10 days) during normal operation.646
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The minimum modi�cations to the existing system that would be to add two additional mass �ow647

controllers, bubblers and manual �ow rotameters. The manual �ow rotameters are for the �standby� gas648

�ows of Ar at 250 cc/min per chamber. The stand-bye �ow is through the CO2 gap and TPCs and649

currently totals 1.5 L/min, which would increase to 2.0 L/min with the addition of 2 TPCs without CO2650

gaps.651

Additional gas lines would have to be plumbed to the new TPCs, and additional space in the gas racks652

would need to be found for the �ow controllers and bubblers. Alternatively we may need additional space653

on the SS level for a new gas rack for the new components.654

Finally the Programmable Logic Controller (PLC) would have to be modi�ed for the new Mass Flow655

Controllers. The existing system was programmed by the TRIUMF controls group. It is a Modicon656

Quantum IEC processor, and the PLC code is written in Concept (IEC programming).657

A possibility that we are currently investigating is that the gas system is rebuilt on the basis of the658

CERN EP/DT standard. This will require replacing the mixer, �ow control, puri�ers with standard units659

provided by CERN together with the corresponding PLC control units.660

In either cases, in order for this modi�cation to succeed, the new TPCs will be in the same control661

loop as the existing TPCs, and would see similar pressure variations of 0.4 ± 0.1 mbar.662

At startup, the detector volumes need to be purged with the correct gas mixture. The existing mass663

�ow controllers for the purge can supply a maximum of 31 L/min, and are already operated at 30 L/min664

during the purge. The current purge takes 24 hours for 4.5 full purges, and uses 6/10 of the banks of Ar.665

With two additional TPCs this purge would take 40 hours, and use 9/10 of a bank of Ar.666

In summary, modi�cation of the existing gas system should be possible for an ND280 upgrade that667

would include two new TPCs of similar volume to the existing TPCs.668

4.7 Prototype669

We plan to construct a TPC prototype in 2018 to serve as a test facility to develop the production process670

and to verify the results obtained with simulations and mechanical test samples for the �eld cage. It will671

also provide a full system test and detailed tests of the resistive Micromegas. It will be a mandatory step672

towards the �nal HA-TPCs. The prototype TPC will be a single sided TPC with a maximal drift distance673

of 80 to 100 cm, comparable to the one of �nal TPCs. The xy dimensions of the module frame will allow674

to host one or two Micromegas modules. Suitable magnets comprise the 1T magnet available at DESY675

and the HARP magnet. The requirement to be able to install the TPC prototype in one of these magnets676

limits the xy dimensions to about 57x57 cm. The production of the prototype will start spring 2018. The677

test beam setup will be described in a following section.678
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5 Scintillator Detector679

5.1 Introduction680

The Scintillator Detector (SD) will act as the target for the neutrino interaction as well as the detector681

to reconstruct the tracks around the interaction vertex. It needs to have:682

• su�ciently large mass to provide a su�cient number of neutrino interactions (comparable to the683

total mass of the current FGD, 2 tons)684

• acceptance for charged leptons (muons and electrons) from charged current interactions that matches685

the surrounding TPCs686

• capability to reconstruct and identify short tracks of low energy hadrons around the interaction687

vertex.688

As described earlier, the dimensions of the SD under consideration is approximately 1.8m(W) ×689

2.0m(L) ×0.6m(H), corresponding to about two tons of target mass for neutrino interactions. The690

detector will be based on plastic scintillators read out via wavelength shifting �bers, which is a technology691

commonly used for the existing ND280 detectors except for TPCs. Considering the importance of detection692

of low energy hadrons and the target mass, the current focus of the detector design is a fully active693

scintillator target detector.694

5.2 Detector con�guration695

There are several designs under consideration for the target detector. Each of them has di�erent properties696

such as performance, matureness of technology, and prospective cost. R&D is ongoing to establish the697

feasibility and to evaluate the performance, for both hardware and software aspects. The selection of the698

�nal design is expected to be made after evaluating the performance, feasibility and available resources.699

A brief description of the two designs is given below.700

5.2.1 Super-FGD701

Recently, a novel idea of a �ne grained fully-active plastic scintillator detector made of many optically in-702

dependent cubes was proposed by members of this proposal [24]. The detector design, called Super-FGD,703

consists of many cubes of extruded scintillator read out along three orthogonal directions by wavelength704

shifting (WLS) �bers (Fig. 12). The candidate scintillator is a composition of a polystyrene doped with705

1.5% of paraterphenyl (PTP) and 0.01% of POPOP. The cubes produced by Uniplast, a company in706

Vladimir, Russia, are covered by a ∼ 50µm thick chemical re�ector, obtained by etching the scintilla-707

tor surface with a chemical agent that results in the formation of a white micropore deposit over the708

polystyrene [25]. Each cube has three orthogonal cylindrical holes of 1.5 mm diameter drilled along X, Y709

and Z axes. Three 1.0 mm diameter WLS �bers are inserted through the holes.710

Table 3 shows possible parameters of the detector and scintillator cubes. The current R&D is based711

on the design of 1×1 cm2 cube. If this design turns out to be di�cult to achieve (e.g. due to large number712

29



Scintillator  cube

WLS fibers

Figure 12: Schematic of the super-FGD structure.

Table 3: Main parameters of the super-FGD con�guration of the size of 1.8× 0.6× 2.0 m3.

Parameter Cube edge: 1 cm Cube edge: 1.5 cm Cube edge: 2 cm

# of cubes 2,160,000 638,400 270,000

# of channels 58,800 26,080 14,700

Total �ber length 65 km 29 km 16 km

of channels), a possible alternative option is to enlarge the size of the cube to 1.5×1.5 cm2 or 2×2 cm2,713

which could drastically reduce the number of cubes and readout channels at the risk of granularity. A714

picture of a small prototype is shown in Fig. 13.715

The properties of the scintillator cubes have been measured in INR Moscow. Figure 14 shows the716

measured dimensions for the �rst 166 cubes. The size was measured for three directions and all are717

plotted together. The mean and sigma are measured to be 1004.2 µm and 75 µm, respectively, for this set718

of cubes. A production of 10,000 cubes is in progress to study the mechanical issues. An R&D is ongoing719

to improve the cube size manufacturing precision.720

Figure 13: Picture of a small Super-FGD prototype . Several cubes of extruded plastic scintillator with

three �bers inserted in the three holes are assembled. The size of each cube is 1× 1× 1 cm3.

30



10 
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- 166 cubes  measured 
- each side 

300 mkm 

V  a 75.4 microns 

Figure 14: Measured dimensions of 166 scintillator cubes. Three sides are measured and plotted together.

The distance between the two vertical lines corresponds to 300 µm.
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small trigger counters:  8x8 mm2 
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MPPC 

MPPC 

Setup for cosmic test 

Figure 15: Setup of light yield measurement with cosmic rays

The light yield and timing resolution were measured with cosmic rays. Figure 15 shows a schematic721

view of the measurement setup. Scintillator cubes were read out via wavelength shifting �bers and Multi722

Pixel Photon Counters (MPPCs). The length of �ber was 1.3 m, with a distance between scintillator723

and MPPC of 1 m. The measured light yield is shown in Fig. 16. On average, the light yield was 50-60724

photoelectrons at 1 m from MPPC. The timing resolution is found to be 0.91 ns RMS for 1 �ber readout725

and 0.63 ns RMS in the case the signal from two �bers is used.726

A test beam experiment at CERN has been carried out in October 2017 to evaluate the performance727

in more detail. A small detector with 5×5×5 cubes has been assembled as shown in Fig. 17. More728

information on the performance of cubes will be known with the analysis of test beam data.729
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Figure 16: Measured light yield (left) and timing resolution (right) of 1×1×1 cm3 scintillator cubes.

Figure 17: Small detector with 5×5×5 cubes for a beam test at CERN.

5.2.2 FGD-like scintillator bar detector730

Like the FGD in the current ND280, a detector consisting of plastic scintillator bars is one of the considered731

options. In order to match the acceptance of the horizontal TPCs for the large angle tracks, the bars will732

be arranged in x-z orientation (Fig. 18), rather than x-y in the current FGD.733

Table 4: Main parameters of the FGD-like detector of the size of 1.8× 0.6× 2.0 m3, assuming 1×1 cm2 bars.

Parameter # of bars # of channels Total �ber length

11,400 11,400 22 km

The plastic scintillator bars will be produced by extrusion. Figure 19 shows the cross section of a734

scintillator bar used for the FGD of T2K ND280 [26]. It is made of polystyrene doped with PPO (1%)735

and POPOP (0.03%). A re�ective coating consisting of polystyrene doped with TiO2 is co-extruded. The736

production procedure is established in Fermilab [27]. The Fermilab facility produced scintillator bars for737

neutrino detectors, such as K2K SciBar, MINERvA, T2K INGRID/P0D/ECAL, and WAGASCI, and the738

production of 1 cm2 size bars is well established.739
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Figure 18: Schematic of FGD-like structure.

Figure 19: Cross section of a scintillator bar used for the FGD of T2K ND280 [26].

Table 4 summarizes the parameters of a FGD-like detector with 1×1 cm2 bars. The number of channels740

and amount of material are similar to the sum of existing two FGDs. The assembly and mechanical741

structure for the FGD-like detector are expected to be similar or simpler to those of the Super-FGD.742

Thus, a large part of mechanical study for the Super-FGD is considered to be applicable also for FGD-like743

detector design.744

5.3 Wavelength shifting �ber745

Wavelength shifting (WLS) �bers are commonly used to collect light from large area of scintillators.746

Speci�cally, Kuraray Y11(200) �ber is widely used in recent neutrino detectors, and its performance is747

well established as a standard. One end of each �ber can be mirrored to increase the photon yield, if748

necessary.749

5.4 Multi-Pixel Photon Counter (MPPC)750

As a photosensor for scintillation light detection, we plan to use Multi-Pixel Photon Counter (MPPC)751

produced by Hamamatsu Photonics. MPPCs have been successfully used very stably in all of scintillator-752

based detectors in the current ND280. For the upgraded detector, we plan to utilize the latest version of753
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Chapter 4

Development of MPPC420

characterization system

The WAGASCI detector will have a large number of readout channels. A characterization sys-
tem to measure a large number of MPPCs has been developed. The gain, relative PDE, dark
noise rate, and optical crosstalk will be measured for different temperature and over voltage.

4.1 Requirements425

4.1.1 Outline

The process of measurement will be automated to reduce the burden and mistakes. The mea-
surements are carried out at 15, 20, and 25◦C in a temperature controlled chamber. The gain and
relative PDE are measured with a light source, while the dark noise rate and optical crosstalk
are measured without a light source. It is required that the characterization system is able to430

monitor light intensity by each measurements and to switch the light source on and off.

(a) An array of MPPCs (S13660(ES1)) (b) The circular photosensitive area of the
array of MPPCs

Figure 4.1: An array of MPPCs.

25

Figure 20: Microscopic photo of one MPPC used for INGRID Water Module and the T59 WAGASCI

detector. The size of a pixel is 50× 50 µm2 and the diameter of sensitive area is 1.5 mm.

MPPCs, incorporating recent improvements of performance. Figure 20 shows a picture of recent MPPC754

developed with Hamamatsu for the WAGASCI detector, employing a round sensitive area of 1.5 mm755

diameter.756

Figure 21 shows the comparison of measured performance of three generations of MPPCs [28]. S10362757

is the version used for the current ND280. S13081 is the latest version of the MPPC (now available as758

S13360). The new MPPC has signi�cantly less dark noise rate and cross talk probability, allowing a759

lower threshold. Thanks to an order of magnitude lower dark noise rate, the new MPPC can be operated760

with higher over-voltage than those for the current ND280, resulting in higher gain and higher PDE761

(photo-detection e�ciency).762

With the existing ND280 detectors, we have experience of production, test, and characterization of a763

large number of MPPCs [29, 30, 31].764

5.5 Readout electronics765

There are several candidates for the readout electronics. The current FGD uses electronics based on766

AFTER ASIC [20], while other detectors use Trip-t based electronics [32]. For a test experiment T59,767

a readout system based on SPIROC2 chip [33] has been developed. A similar chip, CITIROC, is used768

for the Baby-MIND detector [34] (Fig. 22). A similar design to those electronics is expected to satisfy769

the requirements for SD. Design work based on these front-end ASIC technologies is expected to start770

soon. The design will be �xed considering the speci�cations, e.g. the timing resolution and dead time,771

and available resources.772

5.6 Mechanics and integration773

The mechanics and integration will be a challenge especially for the Super-FGD structure, while those for774

the FGD-like structure will be somewhat simpler with much overlap of issues. Thus, the current R&D is775

focused on the mechanical issues with Super-FGD design.776

The Super-FGD consists of O(2M) plastic scintillator cubes. In order to avoid possible damages to777
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Figure 5: The results of the performance test for each MPPCs.

Table 2: The comparison of the performance of MPPC. The values are normalized by that of the
S10362 type MPPC.

Type number Applied Dark noise Optical Gain Relative
over voltage rate crosstalk PDE

S10362-11-050C 1.1 V2 1 1 1 1
S13081-050CS(X1) 1.1 V 0.077 N/A 1.1 0.87
S13081-050CS(X1) 4.0 V 0.25 0.21 3.6 1.9

number of photons detected by each MPPCs to the number of photons detected by the S10362 type
MPPC with 1.0 V over voltage. The number of photons detected by the MPPC is calculated as
− ln(P0), where P0 is the fraction of events in which no photon detected. This method is commonly
applied when measuring MPPCs and avoids a bias due to afterpulse and optical crosstalk, assuming
the true number of detected photons follow the Poisson distribution. Figure 5d shows the measured
relative PDE. The newer MPPCs have slightly lower PDE than the S10362 type MPPC for the
same over voltage. With higher over voltage applied, however, the newer MPPCs can achieve
higher PDE.

The performance of the MPPC is summarized in Table 2. The new MPPC can achieve ten

2The value of 1.1 V over voltage is used in the INGRID, one of the T2K near detectors, to operate MPPCs.

5

Figure 21: Measured performance of MPPCs. S10362 is the version used for the current ND280. S13081 is

the same MPPC structure as those used for the INGRID water module. S12825 is an intermediate version

without cross talk suppression. [28]

the coating, we do not plan to glue the cubes to each other. Furthermore, given the very large number778

of cubes, gluing all of them would increase the assembly time by a non-negligible amount of time. A box779

that contains all the cubes is needed. It must be strong enough to keep the cubes in place, and support780

about 2 tons. It must also resist to the mechanical stresses during the shipment or due to earthquakes.781

The current design of the box is shown in Fig. 23. Each panel consists of a 30 mm thick AIREX782

layer sandwiched between two 2 mm thick carbon-�ber skins. From preliminary Finite Element Analysis783

(FEA) simulation studies we expect a maximum deformation of 1.7 mm in the middle of the bottom panel.784

The carbon-�ber skins ensure enough rigidity against the mechanical stresses. The AIREX material has785

very low density (about 60 kg/m2), is similar to honeycomb but homogeneous, and provides good rigidity786

combined with a very low material budget. Inside the box a soft foam material will be used to �ll the787

remaining empty space and keep the cubes in place.788

The readout system will be placed outside the box. In all the panels, except the bottom one that789

support the structure, many holes will be done in order to let the WLS �bers exit the box and bring the790

light to the corresponding MPPC. In order to allow an easier assembly of the detector, the carbon-�ber791

box will be open on the three sides and closed once all the cubes are in place. Several screws will be used792
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Figure 6: Baby MIND readout scheme with an 84-channel implementation per Front-End Board. Up to 96
channels can be connected to one FEB.

Figure 7: First prototype of the Baby MIND Front End Board.

3.3 FPGA firmware

The FPGA mounted on the first prototype board is of the ALTERA ARIA5 family, type
5AGXBA7D4F31C4N. Production boards will employ a cheaper variant from the same family.
The main FPGA firmware functional blocks are organized according to three distinct clock do-
mains running at 400 MHz, 100 MHz and 50 MHz (Levels L0, L1, L2) with some overlap between
levels within blocks. They can be broadly summarized as follows, see also Figure 8:

• Timing block: each of the 96 trigger channels on the FEB must be independently recorded
versus the time with a 2.5 ns counter resolution within a 10 µs window triggered by the trig-
ger signal. The FEB internal global trigger may be selected between either 1) the external
trigger signal entering the FEB via the RJ45 connector or 2) an internal trigger generator
with a programmable period of 5 µs to 10 ms with a resolution of 1 µs. These two op-
tions provide functionality for different scenarios, operation with beam synchronization for
single(1)/multiple(1) FEBs and cosmic measurements on single(2)/multiple(1) FEBs. A fu-

7

P
o
S
(
P
h
o
t
o
D
e
t
2
0
1
5
)
0
3
1

Baby-MIND electronics readout E. Noah

Figure 6: Baby MIND readout scheme with an 84-channel implementation per Front-End Board. Up to 96
channels can be connected to one FEB.

Figure 7: First prototype of the Baby MIND Front End Board.

3.3 FPGA firmware

The FPGA mounted on the first prototype board is of the ALTERA ARIA5 family, type
5AGXBA7D4F31C4N. Production boards will employ a cheaper variant from the same family.
The main FPGA firmware functional blocks are organized according to three distinct clock do-
mains running at 400 MHz, 100 MHz and 50 MHz (Levels L0, L1, L2) with some overlap between
levels within blocks. They can be broadly summarized as follows, see also Figure 8:

• Timing block: each of the 96 trigger channels on the FEB must be independently recorded
versus the time with a 2.5 ns counter resolution within a 10 µs window triggered by the trig-
ger signal. The FEB internal global trigger may be selected between either 1) the external
trigger signal entering the FEB via the RJ45 connector or 2) an internal trigger generator
with a programmable period of 5 µs to 10 ms with a resolution of 1 µs. These two op-
tions provide functionality for different scenarios, operation with beam synchronization for
single(1)/multiple(1) FEBs and cosmic measurements on single(2)/multiple(1) FEBs. A fu-
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Figure 22: Schematics (left) and picture (left) of the frontend board for Baby-MIND detector.

along the vertical edges to provide enough strength.793

Simulation studies and a prototype will be made to optimize the design.794

6 Time-of-Flight Detector795

6.1 TOF goals and con�guration796

The primary goal of the time-of-�ight (TOF) system is to precisely measure the crossing time of charged797

particles. Combined with a timing measurement in the SD, this allows the determination of their direction798

and to separate the incoming background from the products of neutrino interactions in the inner part of799

the detector. An additional goal is to improve the particle identi�cation.800

The TOF will cover the outer side of the volume where the SD and the HA-TPC will be installed.801

The upstream and downstream TOF layers will be installed inside the basket, while the top, bottom and802

side layers will be mounted on the P0D ECAL, the electromagnetic calorimeter covering high scattering803

angles.804

The required timing resolution is around 0.5�0.8 ns to determine the direction of charged particles,805

while particle identi�cation might bene�t from a better timing resolution.806

In the following subsections we are going to describe two alternative detector technologies that are807

being considered for the TOF system.808

6.2 TOF based on cast plastic scintillator counters809

A TOF detector based on the concept of bulk plastic scintillator bars read out directly by large-area810

silicon photomultiplier (SiPM) arrays provides as an attractive option for the TOF detector of the ND280811

upgrade. This novel design was developed by the U. Geneva group in the context of the Fast Advanced812

Scintillator Timing (FAST) action of the European COST programme. Such a detector has applications813

in particle physics experiments which need to cover a large surface with a timing resolution below 100 ps814
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Figure 23: Top Left: the carbon-�ber based box is shown. The dimensions are 1.8 (width)× 0.6 (height)×
2 (length) m3. Top right: the cubes assembled inside the box are shown. Holes are made to let the WLS

�bers exit the box. Bottom: the corner of the box is shown with a MPPC inserted in one of the holes. On

the edge larger diameter holes are made for closing the box with screws.

even in the presence of a magnetic �eld.815

As a �rst test, a 300 cm × 2.5 cm × 11 cm counter read out on both sides by photomultiplier816

tubes (PMTs) was exposed to a test beam at CERN to study its light yield and timing characteristics as a817

function of position and angle of incidence [35]. This permitted to validate our model of light propagation,818

attenuation and detection and understand in detail the factors a�ecting the time resolution, such as the819

bar length and thickness, the type and coverage of the photosensor, and the signal shaping and analysis820

using waveform digitisers.821

The replacement of PMTs by modern SiPM sensors o�ers several advantages: magnetic �eld tolerance,822

a much smaller volume and footprint allowing a compact design for bars without light guides, and an823

increased sensitivity to the part of the light spectrum (towards the green) which is least attenuated inside824

the bar. While these factors are expected to lead to a better timing performance, until recently the cost825

of SiPMs per unit area has typically been at least a factor 2 − 3 higher than that of traditional PMTs.826

However, competition amongst a handful of manufacturers, increase in demand and improvements in827

processing are all leading to the availability of cheaper SiPMs, which makes the cost of such devices828

competitive or even advantageous even for a large area coverage.829

One issue when using large-area SiPMs for timing is that the rise time of a signal increases with the830

sensor capacitance, which is proportional to the total area. The solution is to arrange relatively small831
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sensors (6×6 mm2 was found to be optimal) in an array and read and amplify the individual signals832

from each sensor separately with a dedicated ASIC such as MUSIC [36] before summing them. This833

arrangement yielded very promising results in test-beam measurement with a �rst module prototype,834

where a time resolution around 80 ps was found all along a 1.5 m bar [37].835

Figure 24: Schematic view of the timing detector prototype to be built and tested in 2018 (left) and the

TOF detector for the ND280/T2K upgrade (right).

Figure 25: Arrangement for the light collection at each end of the bar for the cast scintillator TOF, with 16

large-area SiPMs connected in parallel for pairs connected in series, applied directly to the bar surface.

A prototype array comprising 32 bars of type EJ-200 of dimension 168 cm×6 cm×1 cm (depicted in836

Fig. 24, left) is in development and will be built in Spring 2018. The bars can be arranged as a single837

array or as two perpendicular arrays of 16 bars each. This prototype will allow to study the interaction838

of adjacent bars and determine the �nal e�ciency and time performance in the overlapping regions for839

various angles of incidence. We will also test various options for the synchronisation procedure: using840

overlaps between bars, using a separate TOF counter placed upstream, and using a system of light pulse841

delivery with optical �bres.842

The prototype will be installed at the end of 2018 as a part of the test-beam setups for ND280 upgrade843

(see Section 7). Placed in front of the scintillator detector and the high-angle TPC, it will serve as a trigger844

array and provide time-of-�ight information to tag the di�erent particle species inside the beam. It will845
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also play the same role for the test beam of the high-pressure TPC [38].846

The �nal detector, expected to provide a time resolution of 100 ps, will be made of bars of type EJ-847

200 with dimension 230 cm×12 cm×1 cm. It will comprise three modules of 20 bars in the xy and four848

modules of 11 bars in the xz and yz planes for a total of 208 bars, as schematically depicted in Fig. 24849

(right). For each bar, the light will be read out on both sides by an array of 16 6 mm×6 mm SiPMs850

connected in parallel for pairs connected in series, as depicted in Fig. 25.851

6.3 TOF counters with WLS �ber readout852

In this subsection we will describe a TOF detector based on wavelength-shifting (WLS) �ber readout.853

Scintillator bars with WLS �bers and opto-electronic readout are considered as an established tech-854

nology for massive neutrino tracking calorimeters in long-baseline neutrino oscillation experiments. The855

parameters for the conceptual design of TOF counters are determined by the technology developed and856

applied in the ND280 scintillator detectors [39] as well as by the cost considerations. Manufacturing857

extruded scintillators is a well proven technology: 7 mm thick extruded scintillator bars or slabs produced858

a high light yield and demonstrated good stability over years of the T2K operation.859

Y11 Kuraray WLS �bers are used for the readout. The �ber readout provides high response uniformity860

over the scintillator volume. The length of the �bers and counters is limited to 2.6�2.8 m by the available861

space. A slow re-emitting decay time of Y11 �bers (∼12 ns) is compensated by the high light yield862

achieved for WLS �bers. The spacing between the �bers is proposed to be 5 cm. The density of the �ber863

readout (number of the channels) in this case looks like the optimum between the desirable performance864

and acceptable cost of the detector. The studies of the �ber density were performed in many beam tests865

of scintillator counters with WLS �ber readout.866

R&D work was done to �nd the optimum readout con�guration of 3 m long scintillator detectors read867

out with long WLS �bers and Hamamatsu MPPC photodiodes. Results of the timing measurements are868

presented in the next section.869

6.3.1 Cosmic tests of 3 m long TOF prototypes with WLS readout870

A few scintillator samples were made from 7-mm thick extruded scintillator slabs with grooves spaced at871

5 cm. The width of the samples was 5, 10, 15 and 20 cm. The 5-cm wide samples have a single groove.872

The length of the samples varied from 15 to 120 cm. The length of the WLS �bers was �xed to 3 m. Y11873

Kuraray multi-clad �ber of 1 mm diameter are viewed from both ends by Hamamatsu MPPC SiPMs of874

two types, 1× 1 and 3× 3 mm2 size. The signals from MPPCs were ampli�ed by a custom-made preamp875

with gain of 20, then sent to the 5 GHz sampling digitizer CAEN DT5742. Cosmic trigger is arranged876

with 2 cm wide scintillator counter which was placed across the tested samples.877

Fig. 26 shows the two tested con�gurations with four 5-cm wide tiles and two 10-cm wide tiles. In both878

sets 4 �bers are used. The �bers are read out either individually by 1 × 1mm2 MPPCs (S12571-025C)879

or by a single 3× 3 mm2 MPPC (S12572-050C) at each side combining 4 �bers per the MPPC. Smaller880

MPPCs are connected in parallel at each side so that only two front-end electronic channels are used in881
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both readout schemes.

Figure 26: TOF prototype detectors based on WLS readout. Two tested sets of tiles are shown: 5-cm wide

(left) and 10-cm wide (right). The WLS �ber length is 3 m.

882

The time resolution of the counters was measured as follows. The time of an individual signal was883

obtained with the constant fraction method. The maximum amplitude of a digitized signal waveform was884

measured, then the time mark is de�ned as the time where the signal front reaches the 0.1 fraction of the885

maximum amplitude. The combination T=(TL − TR)/2 was plotted, where TL and TR are the timing886

from both sides. The di�erence of times are used to subtract the contribution in time �uctuations from887

the digitizer uncertainty and the jitter of trigger signals.888

The main results obtained in the cosmic tests are reported below.889

• We observed no di�erence in the time resolution if we merge WLS �ber light on a single large890

3× 3 mm2 MPPC or sum pulses from small 1× 1mm2 MPPCs connected in parallel.891

• The width of the counters does not a�ect the resolution at the same spacing between WLS �bers,892

as shown in Table 5.893

• The time resolution was measured for a few layers of 5-cm wide counters with large MPPCs and894

small MPPCs connected in parallel. The obtained results are:895

σt=800�870 ps for a single layer;896

σt=600�630 ps for two layers;897

σt=500�530 ps for three layers;898

σt=450 ps for four layers.899
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Table 5: Parameters of 7-mm thick counters with 3 m long WLS �bers. The spacing between �bers is 5 cm

in all counters.

Width, cm Number Timing σt Light yield

of �bers ns p.e./MIP

5 1 0.85 80.0

10 2 0.80 88.3

15 3 0.87 78.6

20 4 0.86 78.1

6.3.2 Proposed concept for TOF counters with WLS �ber readout900

The TOF module consists of two combined scintillator slabs of 0.7×20×270 cm3 size with 4 WLS Kuraray901

Y11 �bers of 1 mm diameter in each slab. 8 WLS �bers spaced at 5 cm are bundled within a scintillator902

slab into an optical connector at each side. The connector is mounted directly in the scintillator. The903

�bers are read out by a single 3 × 3 mm2 MPPC. The expected time resolution of the module σt is904

630�650 ps, and the light yield is 160�170 p.e./MIP. The conception of the module is shown in Fig. 27.905

Figure 27: Concept sketch of the TOF module.

The TOF system will consists of 152 TOF modules with 304 readout channels. The total weight of906

scintillator counters is about 1300 kg.907

7 Test Beam908

7.1 Test beam goals: detector characterization909

The ND280 Upgrade will be based on innovative detector technologies. We plan to conduct detailed910

characterization of the response of detector prototypes in order to validate the technical solutions adopted911

for the detector design and construction. This concerns in particular the TPC and the scintillator detector.912

The TPC prototype will consists of a prototype of the TPC �eld cage hosting one or two Micromegas913

detector on its end plate. The overall dimensions are approximately 1m × 1m × 0.6 m, for 90 cm drift914
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length and a tracking length of approximately 35 cm (70 cm in the case of two Micromegas). The main915

goals of the beam test of this prototype are:916

• System test, including operation at the nominal electrical �eld con�guration, gas drift properties,917

gas purity etc918

• Study of the uniformity of the electrical �eld and the performance of the �eld cage919

• Study of the Pad Response Function and its uniformity across the Micromegas sensitive surface920

• Study of the dE/dx resolution921

• Optimization of the read-out electronics con�guration and in particular the peaking time and the922

gain settings.923

The TPC setup will consist also of several scintillator as hodoscopes and TOF, and for triggering on924

cosmic ray.925

With a beam of TOF-selected pions, protons, electrons and muons in the 0.5-2 GeV range, we plan926

to expose the TPC prototype to tracks at di�erent drift lengths and incident angles. Further data-taking927

with cosmic rays will complement this dataset.928

The scintillator detector prototype will consist in a medium size detector, built with several thousands929

scintillator cubes. The main goals of this test are:930

• Study of the detector response: light yield, timing properties, cross-talk.931

• Study of the detector response with di�erent charged particles932

7.2 Test beam facility933

Considering the peak energy (600 MeV) of the T2K o�-axis beam, most of the charged particle to be934

reconstructed have momenta below 1 GeV. The PS T9 or T10 beam lines are the most interesting for this935

test. A request to the PS-SPS coordinators has been done for two beam periods (each for two weeks) in936

2018 to test the TPC and the scintillator detector prototype.937

For the TPC we foresee to use a low intensity beam (DAQ event rate is limited to 50 Hz) with938

approximately 100 particles per spill. We need beam instrumentation to select the particle type with939

Cherenkov detectors and hodoscopes to provide the trigger for the TPC DAQ. For the TPC we will use940

premixed bottles with the T2K TPC gas mixture (Ar-CF4-isobutane, 95-3-2%).941

Concerning the magnetic �eld, we will be able to operate the TPC without it, relying on the beam942

instrumentation for PID (the beam below 1 GeV consists of pion, muon, electrons), and on the beam943

collimators to de�ne the momentum bite. However, by carefully designing the TPC prototype and limiting944

its overall dimensions, it will be possible to insert it in the HARP magnet. This will open the possibility945

to continue the prototype tests after 2018 with cosmic rays, provided we can operate the HARP magnet946

with a low magnetic �eld (0.2 T).947

The LS2 period without beam will not allow to expose the �nal detectors to a charged particle beam948

for a characterization of the detector response and precise calibration in 2020. However, we will consider949

the possibility to do this beam test in other European laboratories like DESY or PSI.950
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8 Interface with Existing ND280 DAQ and Online and O�ine951

Software952

The ND280 data acquisition systems and online and o�ine software were designed and built speci�cally953

for the detector, and have been running smoothly since �rst data in 2009, with ongoing debugging and954

proactive maintenance work resulting in no substantial data loss or data processing issues caused by955

problems with these systems.956

The ND280 subdetectors belong to two groups: those with readouts based on the Trip-t ASIC (origi-957

nally designed at Fermilab), which were designed and built in the UK; and the FGD and TPC, with their958

custom AFTER ASIC-based readouts which were primarily developed in France. The outputs from these959

front-end systems are then collected by a back-end DAQ system which is made up of readout merger mod-960

ules (RMMs), a master clock module (MCMs), slave clock modules (SCM), and cosmic trigger modules961

(CTMs), all of which are built on a common hardware platform developed at RAL in the UK. This system962

also allows for the triggering of the entire detector suite when certain internal and external conditions are963

met.964

The software interface with the DAQ electronics is based on MIDAS, with additional custom features965

that have been built upon this to help improve the e�ciency and reliability of the use of the DAQ output966

�les, with the o�ine software being able to read the raw data �les as if they were native o�ine �les. This967

is done by passing on, directly to the o�ine software, the �les which de�ne how data are encoded in the968

MIDAS online systems. This online-o�ine mechanism was written as a UK-led e�ort within the ND280969

Software Group.970

For the o�ine software, the format for MC simulation information mirrors the form that the real data971

appears within it; this allows real data and MC to be treated in identical ways, as appropriate, as they are972

passed through the calibration, reconstruction and analysis stages of the software framework. The software973

suite was built through the collective e�ort of software group members from across the collaboration, whilst974

the group has had a signi�cant amount of UK e�ort in its coordination and leadership, and continues to975

do so.976

For any new detectors to be integrated successfully into this system, and to be accessible for seamless977

analysis use alongside the existing detectors, it is important that the relevant aspects of their design and978

construction are aligned with the schemes outlined above. This includes, in particular, the interfaces of the979

new detector readouts to the MCMs; the encoding of detector data into the binary form conveyed through980

MIDAS, and the formats used to de�ne this encoding; the schema within which detector calibration and981

alignment are handled, and the framework for implementing reconstruction algorithms and producing982

analysis output. This was reported at the ND280 Upgrade workshops in the �rst half of 2017, and983

broad consensus was reached regarding the need for consistency in these designs between the existing and984

upgrade detector systems.985

Members of the existing DAQ and Software groups are willing to advise and support those who will be986

designing and implementing these for the new detectors, and to request further resources to bolster this987

support, under the condition that this design consistency requirement is met. In addition to this, there are988
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many opportunities for the software and the infrastructure within which it is developed and deployed to989

be modernised compared to the early-2000's technologies on which they are currently based�and existing990

and new collaborating groups are welcome to help develop these further to meet the needs of the upgraded991

ND280 detector.992

9 R & D for a High Pressure TPC993

In the long term, the physics goals of T2K motivate a progression of reducing neutrino cross section un-994

certainties down to the 2% level, into the era of Hyper-K. As statistical errors decrease with time, the CP995

violation analysis will become systematics-limited (rather than statistics-limited, as is the case now), and996

therefore an improved treatment of the systematic uncertainties associated with the choice of theoretical997

model for the background processes is required. For example, the e�ects of charged current multi-nucleon,998

ν`p, n→ `−pp (CCMN), modelling uncertainties are an active area of study in both the theory and exper-999

imental communities. A second example is the e�ects of hadronic �nal state interactions (FSI), which can1000

modify the multiplicity and kinematics of secondary particles created by neutrino-nucleus interactions.1001

Both of these topics present a strong challenge to the long term goals of 2% systematic errors. The aim1002

of the High Pressure TPC (HPTPC) is to provide high-resolution measurements of neutrino interactions1003

to reduce cross-section uncertainties, such as those from CCMN and FSI. The R&D goals for the HPTPC1004

work package enjoy strong synergies with the other work packages in this proposal.1005

We will develop the design for an HPTPC near detector, with the purpose of identifying and re-1006

constructing the �nal state particles that emerge from the neutrino interaction vertex with extremely1007

low momentum thresholds. This should be able to mitigate the neutrino interaction cross-section un-1008

certainties, particularly for CCMN, by improving the ability to distinguish between di�erent �nal state1009

topologies. This is accomplished through lowered momentum thresholds for �nal state particle detection,1010

and 4π coverage of the fully-active interaction volume with no dead layers. Mitigating the uncertainties1011

from FSI modelling can be done by making precise measurements with a range of nuclear targets, which1012

is possible by changing the TPC gas. To lower the momentum threshold, increased readout resolution is1013

desirable. Changing target gases presents a di�erent set of challenges due to the di�erent drift velocities,1014

di�usion parameters, and gas gains that will be experienced with di�erent target gases. Recent progress1015

with micropattern gas detectors, driven by development for this T2K upgrade, as well as LHC, and ILC1016

has made high-resolution readout of TPCs possible at a large scale. We seek to develop hybrid readout1017

systems employing high resolution micro pattern detectors in conjunction with high resolution optical1018

readout systems. The optical readout system design draws on the R&D e�orts to build a 1 m3 optical1019

HPTPC prototype for use in a test beam; the testbeam request has been submitted to the CERN SPSC,1020

as CERN-SPSC-2017-030 and SPSC-P-355, within the context of EOI-015. The combination of optical1021

readout with direct charge readout can create a detector system that achieves the resolution speci�cations1022

while at the same time addressing the challenges of using multiple target gases.1023

The 1m3 prototype is an intermediate stage on the road toward the full neutrino detector; we envision1024

to install a 20 m3 HPTPC detector on the neutrino beam in the JPARC NM pit. Thus far, we have1025
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developed the simulation of the prototype detector and extrapolated to a neutrino detector simulation,1026

studied the gas composition and readout pitch, and used T2K analysis tools to study the impact of an1027

HPTPC on the near detector cross section constraints. We have demonstrated that tracking with 501028

MeV/c threshold for protons is viable if the pitch is at the mm scale; this is to be compared with the1029

proton thresholds of 200 MeV/c in liquid argon and 1100 MeV/c in water Cherenkov detectors. The1030

increase in beam power expected from the Main Ring upgrade means that a high-pressure gas detector1031

can accumulate ∼ 104 events per year for a TPC target at 10 bar pressure.1032

In terms of physics studies, we are developing new analysis ideas to utilise the high quality data1033

foreseen from HPTPC neutrino detector. New event selection criteria based on emerging ideas, such as1034

the momentum imbalance in the plane transverse to the neutrino direction, that take advantage of the1035

extraordinarily low momentum detection thresholds of the gas detector are being studied and applied to1036

neutrino oscillation analyses. Using such HPTPC event samples as a constraint on the cross section pa-1037

rameter uncertainties in the current T2K near detector analysis, we have demonstrated that the HPTPC1038

can improve purity of exclusive �nal state selections and hence reduce the uncertainties on the normal-1039

ization uncertainty of CCMN and the target Fermi momentum by more than a factor of 2. An optimal1040

HPTPC analysis, including the high-resolution �nal state lepton and hadron information and associated1041

correlations, will provide more powerful constraints and is under development.1042

We note that the HPTPC and ND280 detector provide highly complementary data sets. While the1043

HPTPC targets multi-nucleon �nal states down to low momentum, the statistics are relatively low; the1044

the ND280 detector provides relatively high statistics samples and the upgraded tracker will provide a1045

new window into neutrino-nucleus kinematics. Both detectors can provide good, and complementary per-1046

formance on intrinsic νe background constraints and neutrino energy reconstruction, with di�erent focus.1047

The strength of the HPTPC is not just the low momentum threshold, but the possibility of using multiple1048

target gases to constrain the nuclear model.1049

On the timescales of this proposal we plan to take forward the existing R&D phase of the programme1050

from a simulation and validation e�ort into prototyping and feasibility studies, speci�cally with respect to1051

high-resolution HPTPC readout since this will be the cost-driver for this detector. Our baseline readout1052

concept is a modi�cation of the existing TPC electronics to use strip rather than pad readout, with 11053

mm pitch, and we will study using ancillary optical sensors to mitigate the reconstruction degeneracies1054

of strips. The R&D goals for this period include: (1) a working charge readout plane prototype, using1055

Micromegas and TPC pad readout electronics; (2) DAQ software to use the TPC readout back-end for1056

charge strip readout; (3) software interface of the charge readout data format to existing TREx recon-1057

struction package; (4) deployment of the prototype charge readout plane and electronics in the HPTPC1058

prototype; (5) data taking in pad vs. strip mode to study �nal state particle threshold and track counting;1059

(6) measurement of the reconstruction degeneracy, and impact on e�ciency/purity, from strip vs. pad1060

readout for cost optimization. The detector design goals include a full simulation of the HPTPC neutrino1061

detector, with related subsystems, and development of a mock-data analysis that can take advantage of1062

the high multiplicity data that an HPTPC can provide.1063

These goals bene�t from strong synergies with the short term developments for the ND280 HA-TPCs,1064
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namely the gas system design work, the Micromegas readout development, and the testbeam work. De-1065

velopments for the HPTPC will leverage the expertise developed during the HA-TPC work.1066

10 Expected performances1067

The performance of the ND280 upgraded detector has been evaluated with simulations. The neutrino1068

interactions were simulated with the GENIE software [40], while the geometry of the upgraded ND2801069

detector was simulated using GEANT4 [41]. The prediction of the T2K neutrino beam has been obtained1070

with the JNUBEAM simulation [42], used for the o�cial ND280 analyses. The beam is simulated both1071

in neutrino enhanced (νµ dominated) and antineutrino enhanced (ν̄µ dominated) modes.1072

The �rst goal was to optimize the design of the upgraded ND280 following the requirements described1073

in Sec. 5. Also the current ND280 geometry was simulated using the same framework in order to directly1074

compare the upgraded and current ND280 performances.1075

Di�erent scintillator detectors were simulated, including the detector response, and the performances1076

were directly compared (Sec. 10.1). The arrangement of the new sub-detectors inside ND280 was opti-1077

mized by maximizing the e�ciency to select Charged-Current neutrino interactions (Sec. 10.2). Finally1078

in Sec. 10.3 the impact of the upgraded-like ND280 con�guration on the constraint of the systematic1079

uncertainties to neutrino oscillation is shown.1080

10.1 Scintillator Detector performance1081

The plastic scintillator technologies considered for the ND280 upgrade SD are presented in Sec. 5. Here1082

the performance of the Super-FGD is compared with the FGD-XZ, where plastic scintillator bars are1083

positioned along the X and Z directions in order to measure the tracks produced at high angles. Both1084

detector responses are parametrized using either the measurement performed with test beams (from the1085

FGD detector) or cosmic rays (Super-FGD). All the following e�ects are taken into account: the quenching1086

of the light in the scintillator, the light collection e�ciency in the WLS �ber, the light attenuation1087

in the WLS �bers and the SiPM light-to-photoelectron e�ciency. The Super-FGD is simulated as a1088

parallelepiped of 1.9 × 0.6 × 1.9 × m3 size, built out of individual cubes of 1 cm side, each read out by1089

three WLS �bers running along X, Y and Z. The simulated FGD-XZ detector has the same size as the1090

Super-FGD, with plastic scintillator bars with a cross section of 1× 1 cm2.1091

The high granularity of the Super-FGD opens up superior possibility in term of pattern recognition1092

and track reconstruction. This is illustrated by Fig. 28, showing an electron and a converted photon, and1093

Fig. 29, showing two neutrino interactions.1094

The track reconstruction was implemented assuming a perfect pattern recognition but requiring the1095

tracks to be separated by at least 1 cm, the size of the scintillator cubes and bars. A charged particle1096

track is considered to be reconstructed if it has at least three hits in a 2D projection for Super-FGD. For1097

FGD-XZ the requirement is to have 3 hits on a 2D-view, 4 layers along Y and | sin θ| < 0.3.1098

In Fig. 30 the reconstruction e�ciency is shown for muons and protons produced by neutrino interac-1099

tions for both Super-FGD and FGD-XZ. True muon tracks can be reconstructed with an e�ciency higher1100
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Figure 28: Simulated event displays of an electron track (left) and a converted photon (right) in the Super-

FGD. The color shows the number of photo-electrons.
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Figure 29: Simulated event displays of neutrino interactions in the Super-FGD. The color shows the number

of photo-electrons.
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than 90% for all the lepton angles in Super-FGD, while in FGD-XZ the e�ciency is about 20% lower for1101

∼ 90◦ tracks. As shown, the weakness of a scintillator bars-based detector is the low e�ciency for muons1102

along the neutrino direction. Another advantage of the Super-FGD is the improved particle momentum1103

threshold: protons down to approximately 300 MeV/c can be detected, against about 450 MeV/c with1104

FGD-XZ.1105
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Figure 30: The reconstruction e�ciencies are shown for the particles produced by GENIE-generated neutrino

interactions. Left: muon reconstruction e�ciency as a function of the true muon cos θ. Right: proton

reconstruction e�ciency as a function of the true proton momentum.

The Particle IDenti�cation (PID) of protons and pions stopping in the target, based on the measured1106

deposited ionization light, has been studied with both target detectors.1107

For Super-FGD the probability for a reconstructed muon to be misidenti�ed as a proton is 8 %, while1108

the probability for a proton to be misidenti�ed as a muon is 17%. The PID performance of FGD-XZ1109

does not di�er signi�cantly. A potential improvement could be obtained by applying di�erent PID cuts1110

at di�erent reconstructed track lengths.1111

Studies of the γ → e+e− conversion in the target were performed. This is the main background to the1112

measurement of νe cross section, given the di�culty to reconstruct both electron and positron tracks, in1113

particular when the e+ (e−) stops before its track is separated from e− (e+). The γ PID was developed by1114

tracking both e+ and e− produced by the γ conversion and, when reconstructed as a single-track event,1115

by measuring the ionization light produced by e+e− in the scintillator, expected to be two times larger1116

with respect to a single e+ or e−. A γ conversion with a single reconstructed track is identi�ed as γ1117

if the measured ionization light of the �rst segment is two times larger than the ionization light of the1118

second segment. In Fig. 31 the SuperFGD distributions of the ratio between the dE/dx in the �rst and1119

second segment of the track is shown for events not rejected by the tracking. The electron and γ → e+e−1120

distributions are very well separated.1121

The expected probability to misidentify a γ → e+e− event as νe is about 19% in SuperFGD. The1122

FGD-XZ detector has a worse capability to reject γ → e+e−: the probability to misidentify it as a νe is1123

about 33%. This means that the γ → e+e− background produced by νµ interactions occurring outside the1124
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Figure 31: The distribution of the dE/dx ratio between the �rst and the second segment of the track in a

Super-FGD detector (left) and FGD-XZ (right) is shown for both converted γ (blue) and electrons from νe

interactions (red) with momenta between 200 and 600 MeV/c. In these �gures only the events where only

one track was reconstructed are shown.

�ducial volume is almost a factor 2 larger in FGD-XZ than SuperFGD. For both detectors the e�ciency1125

to select νe is about 77%. Further improvements could be achieved by studying the shape of the energy1126

deposited around the reconstructed neutrino interaction vertex.1127

10.2 Neutrino event selection e�ciencies1128

A selection of νµ and ν̄µ candidate events was performed in order to evaluate the impact of the new1129

HA-TPCs. A parametrized reconstruction was used for the TPCs. For instance, a track is reconstructed1130

in one of the TPCs if the true track length on the readout projection is larger than 20 cm, consistent1131

with the ND280 o�cial reconstruction. The ECal performances of the o�cial ND280 reconstruction were1132

parametrized as a function of truth variables to be used in this study. The reconstruction and the PID in1133

FGD1 and FGD2 were parametrized based on the ND280 o�cial performance. For particles crossing the1134

scintillator detector, the reconstruction e�ciencies as a function of the true particle momentum and angle1135

with respect to the neutrino direction, described in Sec. 10.1, were used. In this case the performance of1136

the SuperFGD technology was considered. In order to reduce the CPU time and give the possibility to1137

test many di�erent con�gurations, the target detectors were simulated with uniform materials. The total1138

neutrino target detector mass are 2.2 t for the current ND280 and 4.3 t for the upgrade. Only events with1139

a neutrino interacting in one of the target detectors are selected.1140

Figure 32 shows the distribution of true muon momentum versus cos θ for inclusive charged current1141

events in the current ND280 and in the upgraded ND280. The improved and more uniform coverage of1142

the high angle and backward region is evident. In Fig. 33 the selection e�ciency for Charged-Current1143

(CC) Inclusive νµ events in neutrino enhanced mode as a function of the muon angle with respect to the1144

neutrino beam direction is shown. It is clear that the upgraded version of ND280 drastically improves1145
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Figure 32: Distributions of the true muon momentum versus cos θ for inclusive charged current events in the

current ND280 (left) and in the upgraded ND280 (right).

the angular acceptance for muons produced at high angles, thanks to the new HA-TPCs, and backward,1146

thanks to the TOF detector that allows to determine the track direction. Similar e�ciencies are obtained1147

for the CC-ν̄µ antineutrino enhanced mode and neutrino enhanced mode.1148
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Figure 33: The νµ-CC event selection e�ciency as a function of the true muon angle with respect to the z

direction (left) and true muon momentum (right) is shown for both upgrade-like (solid line) and current-like

(dashed line) ND280 con�gurations. The curves are shown for neutrino interactions in FGD1 (black), FGD2

(red) and horizontal target (blue) are shown.

The selected total numbers of CC events in each beam mode are shown in Table 6. Thanks to the1149

larger target mass the upgrade ND280 con�guration provides about twice the selected number of events1150

compared to the current con�guration.1151

Simulation studies were performed to estimate the Out-of-Fiducial-Volume (OOFV) background rejec-1152

tion, about 7% of the total number of selected events in the ND280 νµ o�cial analyses. This background1153

will become negligible in the upgraded ND280, well below 1%. Indeed the probability to reject an OOFV1154
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Table 6: Predicted total number of selected events for each detector con�guration and beam mode The

prediction corresponds to 1 × 1021 POT. The out-of-FV is not included. The wrong-sign background is

included only for ν̄ beam where it corresponds to a quite large fraction of events.

Selection Current-like Upgrade-like

νµ
93,401 194,654

(ν beam)

ν̄µ
33,437 63,687

(ν̄ beam)

νµ
17,998 33,773

(ν̄ beam)

Table 7: Predicted total number of selected νµ-CC events in neutrino enhanced mode for both ND280

upgrade-like and current-like con�gurations in each available neutrino target detector. The purity for each

event topology is also shown. The prediction corresponds to 1×1021 POT. The out-of-FV and the wrong-sign

backgrounds are not included because we expect this e�ect to be negligible.

# of events Purity (%)

(/1021 POT) CC0π CC1π CC Other

current
FGD 1 50012 72.8 65.4 68.9

FGD 2 48119 73.2 64.3 70.2

upgrade

FGD1 48332 74.6 65.0 69.6

FGD2 45636 73.5 64.1 70.2

SuperFGD 100686 73.9 72.9 70.9

event with the TOF detector was evaluated to be better than 95%.1155

The selected νµ-CC events separated according to the �nal state topology, i.e. CC0π (no charged1156

pions in the �nal state), CC1π (1 charged pion) and CC-Other (all the other reaction modes), are shown1157

in Table 7. The purity in the ND280 upgrade con�guration is slightly improved.1158

Additional statistics and sensitivity could be gained by selecting CC-νµ interactions with a muon1159

stopping in the target detector. Though this sample would be a�ected by a worse purity and the kine-1160

matic variables would be measured with a lower precision with respect to the sample with muons in the1161

TPCs, we expect to add a potential 10-15% νµ-CC events, with an expected purity better than 80%, for1162

physics measurements. In particular this sample would contain mainly low momentum muons, particularly1163

powerful to constrain the nuclear recoil models, like 2p2h.1164

Another goal of the upgrade of ND280 is the measurement of the νe (ν̄e) cross section or, at least,1165

of the νµ/νe (ν̄µ/ν̄e) ratio. A CC νe and ν̄e event selection was implemented. The selection e�ciency of1166
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CC-νe with an electron detected in one of the TPCs is shown in Fig. 34. The upgraded ND280 is able1167

to detect many more electrons produced at high angles with respect to the neutrino direction. Electrons1168

produced in the forward direction are less e�ciently selected: the electron produces a shower inside the1169

target and tend to stop after about 1 m. For this reason it becomes more important to detect electrons1170

using the full information provided by the SD detector. It is clear that thanks to a good performance of1171

the target detector, the total number of selected CC-νe events as well can be drastically improved.1172
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Figure 34: The νe selection e�ciency, with an electron detected in a TPC, as a function of the electron

angle is shown for both upgraded (solid lines) and current (dashed lines) ND280 con�gurations. The curves

for FGD1 (black), FGD2 (red) and horizontal target (blue) are shown. The left plot shows the e�ciency as

a function of the electron momentum, while the right plot shows the e�ciency as a function of the electron

angle with respect to the Z direction.

10.3 Sensitivity studies1173

Sensitivity studies were performed to obtain quantitative informations on the impact of an upgrade of1174

ND280 onto the oscillation analysis of T2K. The goals of the study were the following:1175

• evaluate how much we can improve the constraints on the �ux and cross-section models;1176

• estimate the power to discriminate between di�erent cross-section models.1177

The tools developed for the o�cial T2K oscillation analysis, including νµ and ν̄µ candidate event1178

samples, were adapted and used for the study. The Monte-Carlo (MC) simulations was reweighted with1179

the e�ciencies and purities described in Sec. 10.1 and 10.2. The near detector �tter maximizes a binned1180

likelihood ratio as a function of the neutrino �ux, cross section and detector systematic parameters, all1181

constrained with a penalty term except those related to the neutrino CCQE and 2p2h cross-section. This1182

�tter is functionally identical to the �tter used in T2K oscillation analysis.1183

A set of uncorrelated systematic parameters was used to describe the detector systematics as a function1184

of the muon true angle and momentum, for both the ND280 current and upgrade con�gurations �ts.1185
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Table 8: Detector systematic uncertainties parametrized as a function of the muon true momentum and

angle with respect to the Z direction.

Detector con�guration Momentum / cos θ 0 < p < 0.5 GeV/c p > 0.5 GeV/c

−1 < cos θ < −0.6 20% 20%

FGD1, FGD2 −0.6 < cos θ < 0 50% 60%

0 < cos θ < +0.6 30% 50%

+0.6 < cos θ < +1 9% 2.5%

−1 < cos θ < −0.6 9% 2.5%

SD −0.6 < cos θ < 0 9% 2.5%

0 < cos θ < +0.6 9% 2.5%

+0.6 < cos θ < +1 9% 2.5%

Since in the ND280 upgrade con�guration the high angle region is mostly covered by TPCs, we expect1186

the detector systematic uncertainties to be about 2.5% above 0.5 GeV/c, assuming the same performance1187

of the vertical TPCs currently used in ND280. In the ND280 current con�guration the high angle region1188

is covered only by the ECAL detector, where the detector systematic uncertainties are larger than 30%.1189

In Table 8 the detector systematic uncertainties used in the sensitivity studies are shown.1190

The impact of the di�erent detectors on the neutrino �ux and cross-section constraints is evaluated by1191

performing a �t of the Asimov data set, the most probable data set, corresponding to the MC expectation.1192

The simulated beam exposure correspond to 8 × 1021 POT, about a third of the expected total data1193

collected at the end of T2K-II. The sensitivity was obtained for both the ND280 upgrade and current1194

ND280 con�gurations and compared. The post-�t errors of some of the most signi�cant systematic1195

parameters are shown in Table 9. On average the error on the systematic parameters is reduced by about1196

30%.1197

Table 9: Sensitivity to some �ux and cross-section parameters of interest for the current ND280 and the

upgrade con�guration.

Parameter Current ND280 (%) Upgrade ND280 (%)

SK �ux normalisation 3.1 2.4

(0.6 < Eν < 0.7 GeV)

MAQE (GeV/c2) 2.6 1.8

νµ 2p2h normalisation 9.5 5.9

2p2h shape on Carbon 15.6 9.4

MARES (GeV/c
2) 1.8 1.2

Final State Interaction (π absorption) 6.5 3.4
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In Fig. 35 the main post-�t systematic errors are shown. The ND280 upgrade-like con�guration can1198

provide overall smaller systematic uncertainties to the neutrino oscillation measurement.1199

Figure 35: The post-�t errors on the main systematic parameters are shown for both the ND280 upgrade

(blue dots) and the current ND280 con�guration (red bars). These sets of parameters comprise the far

detector νµ �ux (top left), the CCQE cross-section (top right), the Random Phase Approximation (bottom

left) and 2p2h parameters (bottom right).

The uncertainty on the total number of events selected at the T2K far detector, Super-Kamiokande1200

(SK), was evaluated using the best-�t ND280 covariance matrix obtained by the Asimov data set �t. The1201

neutrino cross-section parameters that cannot yet be constrained by the ND280 detector, like σνe/σνµ1202

ratio and the NC parameters, are not propagated from ND280 to SK analysis. A comparison between the1203

current ND280 and the upgrade con�guration for di�erent samples can be seen in Table 10. The uncer-1204

tainty on the total number of events at SK is reduced by 20-30%. In this estimate potential constraints1205

to the ND280-unconstrained systematic parameters, like σνe/σνµ , are not included.1206

These studies provide an indication of the sensitivity of an upgraded detector con�guration but are1207

limited to a speci�c neutrino cross-section model. We know that the current model is not necessarily the1208

correct and complete parametrization of the neutrino interactions for the full phase space. While this1209

model is adequate for the current T2K analyses, which are still dominated by the statistical uncertainty,1210

its shortcomings could be an issue when the systematic uncertainties will become as large as the statistical1211

ones.1212
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Table 10: Sensitivity to some �ux and cross-section parameters of interest for the current ND280 and the

upgrade con�guration.

Source of uncertainty
νe CCQE-like νµ νe CC1π+

δN/N (%) δN/N (%) δN/N (%)

Flux + cross-section Current ND280 2.22 2.27 2.08

(constrained by ND280) Upgrade ND280 1.77 1.94 1.35

In order to provide useful informations on the importance of improving the ND280 angular acceptance,1213

complementary studies were performed: assuming Nature behaves di�erently from the cross section model1214

used for the neutrino events prediction, the bias on the neutrino �ux and cross section systematic pa-1215

rameters was evaluated. A more sensitive detector con�guration will provide larger biases in the best-�t1216

parameters as well as a poorer goodness of �t (g.o.f.). Several alternative models were tested instead of1217

the nominal prediction and it was found that, thanks to the largely improved angular acceptance and the1218

increased target mass, the ND280 upgrade con�guration was able to reject the alternative model with a1219

better signi�cance than the current ND280 con�guration. In particular the models modifying the event1220

distribution at high Q2 showed a much worse g.o.f. and large biases.1221

We have performed these tests but their interpretation is still in progress. We plan to add these results1222

and plots in 1-2 weeks.1223

11 Project organization1224

The group responsible for the ND280 upgrade works in the framework of the T2K collaboration. The group1225

is strong of 218 physicists in 45 laboratories. It consists mainly of European and Japanese groups, with1226

a developing participation of US institutes. Most of these groups were already active in the construction1227

of the present ND280 detector. There are also specialists of MPGD and gas detectors in general, as well1228

as of plastic scintillator detectors. It includes the proponents of the Super-FGD concept.1229

This group is structured in Work Packages presented in Table 11. It has been meeting regularly every1230

two months both with open workshops and during the pre-meeting of the T2K collaboration meetings at1231

JPARC, with bi-weekly phone meetings in between.1232

The participation of the various laboratories to the upgrade activities is summarized in Tables 12 and1233

13. According to this preliminary scheme, the full TOF detector will be provided by the University of1234

Geneva.1235

The major milestones are shown in Table 14. A more detailed project GANTT chart is in preparation.1236

A separate Appendix reports the cost estimated for the deliverables as well as the contribution of each1237

institute.1238
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Table 11: Work Package structure.

WP Task Convener 1 Convener 2 Convener 3

0 ND280 Upgrade conveners Marco Zito Masashi Yokoyama (deputy)

1 Mech. design and integ. Marcela Batkiewicz Thorsten Lux Davide Sgalaberna

2 HA-TPC Marco Zito

3 SD Masashi Yokoyama

4 TOF Yury Kudenko

5 Test beam Stefania Bordoni Federico Sanchez

6 High Pressure TPC R & D Asher Kaboth Morgan Wascko

7 Simulation-Optimization Davide Sgalaberna

8 Physics Studies Sara Bolognesi Claudio Giganti

9 DAQ Giles Barr

10 Software Yoshi Uchida

Table 12: Contributions by the institutes to the deliverables for the HA-TPC.

Deliverable IFAE INFN LPNHE Krakow Saclay Warsaw CERN RWTH

Field cage X X

Micromegas X X X X

Electronics X X X

Gas system X

Calibration X X

Table 13: Contributions by the institutes to the deliverables for the SD and TOF.

Deliverable CERN Geneva INR Japan USA

Scintillator X X

Fibers X

MPPC X

Electronics X X X

Mechanics, assembly X X X X

TOF X
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Table 14: Major milestones.

Milestone Date

Proposal January 2018

Test beam for the TPC Prototype October 2018

Test beam for the Super-FGD Prototype October 2018

TDR December 2018

Start Detector Construction January 2019

Completion of the detector Construction March 2021

Preparation for the Upgrade June 2021

Installation in Japan July -September 2021

Commissioning October-December 2021

11.1 Proposed CERN contribution1239

We have identi�ed several areas where CERN contribution will be very e�ective and help the project1240

attain its objectives thanks to the CERN expertise and research infrastructure. These areas comprise1241

• The design and production of large area resistive Micromegas detectors in the EP/DT MPGD1242

workshop (pending approval from the EP/DT department)1243

• the TPC gas system, for both the new HA-TPC and the existing TPCs. This deliverable will be1244

based on the existing infrastructure at JPARC (gas shack, gas lines etc) and will take advantage1245

of the standardized system using modular elements (mixer, �ow-meters, purity monitors, etc.) and1246

racks developed by EP/DT for a variety of gas detectors, including their PLC controlling units.1247

• speci�c test beam periods on the PS T9/T10 lines1248

• a support for the construction of the Super-FGD detector in particular its assembly, the mechanical1249

structure and its front end electronics1250

• clean rooms for the integration of the TPCs and the Super-FGD, prior to their shipping to Japan.1251

These contributions have been de�ned through discussions with the CERN Neutrino Platform and the1252

CERN Neutrino physics group.1253
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